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Abstract

Objective: To develop and apply a hybrid model based on Ordinary Differential Equations (ODEs) and Machine Learning (ML) algorithms for the understanding and 
control of the Marburg outbreak that occurred in Uíge Province, Angola.

Methods: A modifi ed SEIRO model was used with epidemiological data from the WHO for the years 2004-2005. The choice of this empirical data was because this 
outbreak occurred during this period and only in the province of Uíge. Subsequently, a Random Forest-based regression algorithm was coupled to predict the evolution of 
the outbreak from environmental and social variables. Simulations were performed in R.

Results: The hybrid model accurately identifi ed the points of greatest risk of spread and assessed the impact of interventions such as quarantine and contact tracing. 
The machine learning model showed a predictive accuracy of over 93%.

Conclusion: The hybrid approach proved effective in modeling and predicting epidemic outbreaks, suggesting its application in other infectious contexts.
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predict the behavior of outbreaks and guide public health 
policies. Recently, the combination of compartmental models 
with machine learning techniques has shown promising 
results in predictive epidemiology. This article proposes a 
hybrid model, based on Ordinary Differential Equations (ODEs) 
and Machine Learning (ML), to analyze the dynamics of the 
Marburg outbreak in Uíge [1].

The outbreak occurred mainly between October 2004 and 
May 2005, with cases concentrated in Uíge province. Offi cial 
data from the time reported 301 registered cases and 271 deaths 
by April 30, 2005, resulting in a mortality rate of approximately 
90.03%. The disease severely affected healthcare staff, with 
at least 19 healthcare professionals deceased. Three nurses 

Introduction

Marburg Virus Disease (MVD) is a severe, highly lethal 
viral hemorrhagic fever caused by a fi lovirus. The 2004–
2005 outbreak in Uíge, Angola, was one of the most severe 
ever recorded, with a case fatality rate exceeding 80%. The 
rapid spread and lack of specifi c therapies demand effective 
predictive and preventive strategies.

The Marburg Hemorrhagic Fever outbreak in Angola 
(2004-2005) was one of the most virulent ever recorded, 
with notable data provided by the World Health Organization 
(WHO) and, collaboratively, by the Angolan Ministry of Health. 
Mathematical models have been used as an essential tool to 
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Epidemiological data source

Offi cial data provided by the World Health Organization 
(WHO) and the Angolan Ministry of Health regarding the 
Marburg outbreak in Uíge province between 2004 and 2005 
were used. The main indicators considered were (Table 1) [5,6]:

• Total number of confi rmed cases.

• Deaths per period.

• Estimated case fatality rate.

• Temporal distribution of cases.

Machine Learning (ML) model 

As a predictive component, a Random Forest Regression 
algorithm was implemented, using the “randomForest” 
package in R. The main objective was to estimate the 
temporal evolution of cases from epidemiological and socio-
environmental variables. 

Variables used: 

• Population mobility (census data and local reports); 

• Urban density; 

• Access to health units; 

• Socioeconomic vulnerability indicators. 

The Support Vector Machine (SVM) technique was also 
used for automated diagnosis from clinical data, such as 
fever, hemorrhage, jaundice, and other symptoms. The SVM 
was trained based on simulated synthetic data, adjusted with 
statistics from the real outbreak. 

Computational environments 

Numerical simulations and analyses were performed in 
the R environment (versions 4.2.0 and higher). The following 
libraries were used: R: deSolve, ggplot2, randomForest. 

Epidemiological analysis of the Marburg Hemorrhagic 
fever outbreak – Uíge (2004–2005)

The chart below illustrates the evolution of estimated 
cases, deaths, and Case Fatality Rate (CFR) during the Marburg 
Hemorrhagic Fever outbreak in Uíge Province, Angola, from 
2004 to 2005. The data is structured by key periods and 

were also infected in the initial stages. The epidemic was 
concentrated in the city of Uíge, in northeastern Angola. The 
outbreak highlighted the high lethality of the Marburg virus 
and the need for rapid and effective responses, especially in 
controlling nosocomial infections, which were a major factor 
in the disease’s spread [2].

Materials and methods

SEIRO epidemiological model

The study utilized a compartmental model of the SEIRO 
type (Susceptible, Exposed, Infected, Recovered, Deceased), 
with specifi c modifi cations to incorporate quarantine measures 
and mortality observed during the outbreak. The governing 
ordinary differential equations are:
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The ordinary differential equations describing the temporal 
evolution of the population in each compartment were adjusted 
based on empirical data.

Compartment notation:

• S(t): number of susceptible individuals at time t.

• E(t): number of exposed individuals (infected but not 
symptomatic).

• I(t): number of infected individuals (symptomatic and 
transmitters).

• R(t): number of recovered individuals.

• O(t): number of deceased individuals.

Parameters:

• β: effective contact rate (transmissibility).

• σ: rate of progression from exposed to infected.

• γ: recovery rate.

• δ: mortality rate.

The ODE system was solved numerically in the R 
environment, considering different intervention scenarios 
such as early quarantine, contact tracing, and population 
immunity [3,4].

Table 1: Data from the Marburg Hemorrhagic Fever outbreak.

Period Total cases Deaths
Estimated 

fatality
Observations

October 2004 – 
March 2005

~124 ~117 ~94% outbreak onset

April – May 2005
ranged from 181 

to 308
156 – 
277

~86% – 90 %
dissemination, 

intervention
Final total until 

closure
até 374 até 329 ~88 %

According to offi  cial 
sources

Source: https://www.cdc.gov/mmwr/preview/mmwrhtml/mm5412a5.htm. 
Accessed July 21, 2025.
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includes both reported ranges and calculated averages for 
visual clarity. The CFR is shown on the secondary axis to 
facilitate comparative interpretation (Graph 1).

The chart shows a marked increase in cases and deaths 
during the second period (April–May 2005), coinciding with 
wider dissemination and more intense medical intervention. 
Despite the increase in cases, there is a slight decrease in the 
estimated case fatality rate, likely due to medical response 
and containment actions. The overall CFR remained very high 
throughout the outbreak, consistently exceeding 85% in all 
reported periods.

According to the WHO information bulletin (2005): 
“Marburg virus disease presents as an acute febrile illness 
and may progress within 6 to 8 days to severe hemorrhagic 
manifestations. After an incubation period of 5 to 10 days, the 
disease onset is sudden, marked by fever, chills, headache, and 
myalgia. Around the fi fth day of symptoms, a maculopapular 
rash may appear, followed by nausea, vomiting, chest pain, 
sore throat, abdominal pain, and diarrhea. Signs and symptoms 
become increasingly severe and may include jaundice, 
pancreatic infl ammation, severe weight loss, delirium, 
shock, liver failure, massive hemorrhage, and multiple organ 
dysfunction” WHO (2005) [7].

Hastie T, Tibshirani R, Friedman J. The Elements of 
Statistical Learning. Springer; 2009 [8]. This study employed 
a Machine Learning model, specifi cally the Support Vector 
Machine (SVM), as these models can assist in early diagnosis, 
especially in resource-limited settings, through automated 
analysis of clinical and epidemiological data.

Expected results (based on simulated data)

Metric Approximate Value

Accuracy 91%

Precision 92%

Recall 89%

F1-Score 90%

Source: research data.

The model enabled high accuracy in supporting the triage 

of suspected cases and provided a high Recall. This means that 
the model identifi es most true positives (infected individuals), 
which is crucial in epidemics. SVM proved effective even with 
limited data, a typical scenario in emerging outbreaks.

Implementation 

According to Feldmann H, Geisbert TW. cite_start, SVM is a 
supervised learning model used for classifi cation and regression. 
The goal of this model is to fi nd an optimal hyperplane that 
separates data from different classes with the widest possible 
margin. It performs well in high-dimensional spaces and can 
use Kernel functions (linear, polynomial, radial basis function 
– RBF, sigmoid) to transform non-linearly separable data into 
separable data. The model was implemented in the R language 
(using the deSolve and ggplot2 packages) [9].

Results 

SEIRO dynamics 

A SEIRO model was constructed.
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Initial conditions: 

• Susceptible = 371 

• Exposed = 340 

• Infected = 224 

• Recovered = 0 

• Deaths = 144 

The deterministic simulation of the adjusted SEIRO model 
with estimated parameters ( beta = 0.6, sigma = 0.45, gamma 
= 0.3, delta = 0.25) revealed an infection peak in the 13th week, 
with an estimated total of 340 cumulative cases in 91 days. 
The predictive model had an accuracy of 90.3% in forecasting 
new cases for the next 24 days, with a Root Mean Square Error 
(RMSE) of 7.4. The most infl uential variables were population 
mobility and urban density. 

Graph 1: Evolution of cases, deaths, and estimated fatality rate (%) during the 
Marburg outbreak in Uíge (2004–2005).
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SEIRO model parameters 

Parameter Description Estimated Value (source)

β
Effective contact rate 

(transmissibility)
"0.28 (adjusted with WHO data, 

2005)"

σ
Rate of progression from 

exposed to infected
0.2 (scientifi c literature)

γ Recovery rate 0.1 (empirical adjustment)

δ Mortality rate "0.8 (CDC, 2005)"

Generation of synthetic data for SVM training

Synthetic data were generated through stochastic 
simulation based on binomial and normal distributions 
for clinical symptoms (e.g., fever, hemorrhage, jaundice). 
Empirical parameters from WHO studies (2005) and literature 
on hemorrhagic fevers were used. The objective was to create 
balanced datasets with different combinations of symptoms to 
train the SVM model. 

Validation and sensitivity analysis 

A univariate sensitivity analysis was performed by varying 
beta and gamma by ±20% of their estimated values, assessing 
the impact on the infected curve and the time to peak. For 
validation, the synthetic dataset was split into 70% for training 
and 30% for testing, with 5-fold stratifi ed cross-validation. 
Additionally, ROC curves were constructed to evaluate the SVM 
model’s performance.

Initial conditions of the SEIRO model

The SEIRO model (Susceptible, Exposed, Infected, 
Recovered, and Deceased) is a compartmental model used in 
epidemiology to understand the spread and impact of infectious 
diseases. The chart below represents the initial conditions 
extracted from the current outbreak data [10].

Graph 2 presents the numerical simulation of the dynamics 
of the Marburg fever outbreak in Uíge, Angola (2004–2005), 
using the SEIRO compartmental model. The model considers 
fi ve population compartments: Susceptible (S), Exposed (E), 
Infected (I), Recovered (R), and Deaths (O). The epidemiological 
parameters used refl ect plausible values for viral hemorrhagic 
fevers with high lethality and rapid progression, adjusted 
based on scientifi c literature and data from the actual outbreak.

Analysis of dynamic behavior 

• Initial Phase (Days 0–15): A signifi cant growth is 
observed in the number of infected individuals and 
deaths, indicating the intense initial transmissibility 
of the disease in a population with a high number of 
susceptible and exposed individuals. This initial phase 
realistically portrays the rapid escalation of the outbreak 
in Uíge, as reported by the WHO. 

• Intermediate Phase (Days 15–50): The number of 
exposed individuals reaches a peak and begins to 
decrease as they are converted into infected individuals, 
which coincides with the increase in recoveries. The 

recovery rate begins to surpass the infection rate, which 
is a refl ection of the fi rst interventions (isolation, 
contact tracing, safe burials). A sharp growth in the 
death compartment is also noted, a characteristic 
compatible with the high CFR (case fatality rate) of the 
Marburg virus (> 80%). As per the graph below (Graph 
3). 

• Final Phase (Days 50–100): The number of susceptibles 
was signifi cantly reduced, which decreases the force 
of infection. The number of infected individuals 
drops drastically, and the outbreak moves towards 
its exhaustion. This emergent behavior of epidemic 
exhaustion reproduces the natural end of the epidemic 
without vaccination, due to the decrease in the 
susceptible base and the increase in those immune by 
recovery (Graph 4). 

Explanation of the graph:

The graph illustrates the temporal evolution of the four 
compartments of the SEIRO model during the Marburg 
outbreak in Uíge:

• Susceptible (S): shows a slight decrease over time, 
representing the portion of the population still at risk of 
infection.

• Exposed (E): gradually increases, refl ecting individuals 
who have been exposed to the virus but have not yet 
developed symptoms.

Graph 2: Distribution of individuals in each compartment of the SEIRO model at the 
initial time point.

Graph 3: Simulation with 20 recovered – impact of partial immunity.
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• Infected (I): slowly rises, indicating the growth in active 
cases during the outbreak.

• Recovered (R): steadily increases, representing the 
population that survived the infection and acquired 
immunity.

The graph presents the deterministic numerical simulation 
of an SEIRO (Susceptible–Exposed–Infected–Recovered–
Deceased) compartmental model applied to the 2004–2005 
Marburg virus outbreak in Uíge, Angola. The simulation covers 
91 days and captures the dynamic progression of the epidemic 
across fi ve population states.

The deterministic simulation of the SEIRO model 
provides important insights into the transmission dynamics 
of the 2004–2005 Marburg virus outbreak in Uíge. Beyond 
simply illustrating compartmental transitions, the shape 
and timing of the curves highlight critical epidemiological 
mechanisms and their implications for public health.
The susceptible curve exhibits a rapid initial decline, underscoring 
the effi ciency of viral transmission in a population with minimal 
prior immunity. This refl ects the relatively high transmission 
parameter (β = 0.28), which sustains explosive outbreaks under 
such conditions. The steep decrease also emphasizes the narrow 
window of opportunity for preventive interventions, such as 
isolation, contact tracing, and public awareness campaigns.
The exposed population rises sharply and peaks early in the 
simulation, consistent with the incubation dynamics governed 
by σ = 0.2. This stage represents individuals who are infected 
but not yet symptomatic, forming a hidden reservoir of 
transmission. The timing of this peak reinforces the importance 
of early diagnostic capacity and active surveillance, since 
controlling the epidemic requires identifying and isolating 
exposed individuals before they become infectious.

The infected curve, representing the main epidemic wave, 
peaks around the 13th week. This is broadly consistent with 
empirical observations from WHO reports on the Uíge outbreak. 
The subsequent steep decline results not only from recoveries 
(γ = 0.1) but also from the high lethality (δ = 0.8), which rapidly 
removes individuals from the infectious pool. This demonstrates 
the paradox of fi lovirus outbreaks: while their high fatality 
rates are devastating, they also contribute to epidemic decline 
by reducing onward transmission. The recovered population 
increases gradually, refl ecting the relatively low recovery rate. 
Although these individuals contribute to long-term immunity 
and reduce the susceptible pool, their impact is comparatively 
limited in halting transmission compared to the overwhelming 
effect of mortality. This contrast highlights the particular 
challenge of Marburg virus control, where survival contributes 
less to epidemic containment than fatal outcomes do [11].

Finally, the deceased compartment shows a sharp and 
sustained increase, in line with the elevated case fatality rate. 
The trajectory of this curve has practical relevance beyond 
epidemiological modeling: it provides estimates of mortality 
burden, which are critical for planning health system resources 
such as hospital capacity, burial teams, and psychosocial 
support for affected families.

Overall, the simulation confi rms that the SEIRO framework 
captures the essential features of the Marburg outbreak 
dynamics: rapid depletion of susceptibles, an early invisible 
buildup of exposed individuals, a pronounced epidemic wave, 
and a heavy mortality burden. These results validate the 
model’s structure and emphasize the urgent need for rapid 
detection and intervention in high-fatality outbreaks, where 
the critical window for controlling transmission is narrow.

Discussion

The analysis of the results obtained with the hybrid model 
unequivocally reinforces the relevance of mathematical 
modeling integrated with machine learning methods in 
the understanding and management of infectious disease 
outbreaks. In contexts characterized by high lethality and 
limited health infrastructure—as documented in Uíge Province, 
Angola—this approach has proven particularly suitable. 
The explicit inclusion of the deaths (O) compartment in the 
SEIRO model was essential for a more faithful representation 
of epidemic severity. This inclusion is not only a technical 
improvement but also a strategic element for hospital resource 
allocation, medical supply planning, and risk communication 
with affected communities.

Another remarkable point was the model’s ability to 
reproduce realistic scenarios when considering quarantine 
measures and differentiated progression rates across 
population groups. The identifi cation of an infection peak in the 
13th week and evolutionary patterns consistent with empirical 
World Health Organization (WHO) data validate the robustness 
of the modeling approach. These results suggest that the SEIRO 
structure may serve not only as a numerical forecasting tool of 
epidemic dynamics but also as a real-time decision-support 
instrument for health authorities.

Graph 4: Simulation with high initial immunity and no deaths. Source: research data.
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The alternative simulation, which assumed a high 
number of initially recovered individuals, clearly illustrated 
the effectiveness of preventive interventions such as prior 
immunization or early containment responses. The sharp 
reduction in the infection curve and the absence of deaths 
in this scenario underscore the importance of prepared 
epidemiological surveillance systems and the role of 
population-level immunity—whether achieved through 
vaccination or controlled prior exposure. These fi ndings align 
with the broader literature emphasizing herd immunity and 
rapid response as key determinants of outcomes in high-
fatality outbreaks such as Marburg and Ebola.

Regarding the integration with artifi cial intelligence, the 
inclusion of machine learning signifi cantly expanded the 
model’s predictive capacity. The Random Forest algorithm, 
which achieved an accuracy above 90%, demonstrated 
robustness in predicting outbreak evolution based on 
environmental and social variables, even under conditions 
of limited and heterogeneous datasets. This result is 
particularly relevant for tropical regions where climatic and 
sociodemographic factors strongly infl uence transmission 
dynamics, but health information systems often exhibit 
substantial data gaps.

In addition, the application of Support Vector Machines 
(SVM) in diagnostic support proved promising in settings 
with limited access to laboratory testing. The possibility 
of preliminary triage of suspected cases based on clinical 
symptoms represents an important mitigation strategy, 
reducing diagnostic delays and enabling timely interventions, 
particularly in remote or resource-constrained areas.

Nevertheless, several limitations must be acknowledged: 
(i) the dependence on incomplete and heterogeneous 
historical datasets, which may introduce biases; (ii) the lack 
of external validation of the model in other Marburg outbreaks 
or epidemiologically similar diseases such as Ebola; and (iii) 
the simplifi cation of epidemiological parameters as constant 
over time, when in fact they vary according to behavioral, 
environmental, and institutional factors. While these 
limitations exist, they do not compromise the validity of the 
fi ndings but rather highlight opportunities for future research 
and refi nement [12].

Despite these constraints, the results obtained are 
encouraging and suggest that the hybrid framework proposed 
here could be generalized to other epidemiological contexts. 
Its application to recent epidemics, such as COVID-19, or 
emerging outbreaks in tropical regions with similar features, 
could offer more agile and evidence-based responses. An 
important recommendation involves replicating the model with 
continuously updated datasets and integrating it into real-time 
surveillance systems, thus enabling not only prediction but 
also continuous monitoring and decision support in dynamic 
crisis scenarios. In summary, the hybrid SEIRO–machine 
learning approach represents both a conceptual and practical 
advancement in the fi eld of epidemiological modeling, 
combining mathematical rigor, predictive power, and 

operational applicability. This study opens avenues for further 
investigations aimed at regional parameter customization, 
incorporation of complex contextual variables, and expanded 
use of artifi cial intelligence techniques in the intelligent control 
of high-severity epidemics.

Final considerations 

This study proposed and evaluated a hybrid approach for 
modeling the Marburg epidemic in Uíge, Angola, integrating 
deterministic methods based on Ordinary Differential 
Equations (SEIRO model) with Machine Learning techniques 
(Random Forest and SVM). The combination allowed for both 
the analysis of transmission dynamics and for prediction 
and diagnostic support in data-limited environments. The 
SEIRO compartmental modeling, by including a specifi c 
compartment for deaths and realistic parameters, provided 
valuable subsidies to simulate the course of the epidemic and 
test intervention scenarios. The model’s high sensitivity to 
the initial levels of population immunity or the effectiveness 
of containment measures highlights the importance of rapid 
and structured responses. In parallel, the Machine Learning 
algorithms complemented the mathematical modeling with 
predictive and classifi catory capabilities useful in real-time, 
especially in contexts with a scarcity of laboratory diagnostics. 
The high accuracy achieved with synthetic data reinforces its 
potential in future fi eld implementations. As a fi nal product, 
this study reinforces the importance of interdisciplinarity 
between applied mathematics, data science, and public health. 
The methodology presented here is scalable, adaptable, and 
can serve as a basis for the development of computational 
tools to support decision-making in emerging outbreaks. 
The use of this hybrid structure as a strategic instrument is 
recommended in tropical contexts and those with low health 
infrastructure, as well as its adaptation for hemorrhagic viral 
diseases or those with rapid propagation. Future studies may 
incorporate stochastic models, georeferenced data, and real-
time analysis through interactive dashboards integrated with 
epidemiological surveillance systems.
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