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Basic Epidemiological Models



Preliminaries

- Suppose N is the size of a population
- How does this population change over time?

- Let’s look at                               and











Model

𝛽 … is the contact rate
(each individual has 𝛽 contacts per unit time with a randomly chosen other)
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Basic Reproduction Number: R0

- Average number of additional people an infected person infects before recovering
- Assumes that everybody is susceptible (we are at the start of an epidemic)
- R0 = 𝛽 / 𝛾

- Averages might be a poor summary of the distribution
- Fat tails, super-spreaders, requires different interventions



Basic Reproduction Number: R0

- The probability of being infected until time 𝜏 and then recovering is

- On average, one individual infects 𝜏𝛽 others during time 𝜏

Newman (2018, p. 617)



The Complexity of R0

- Variation in R0
- 3 key influences: duration of infectiousness, likelihood of infection at contact, contact rate
- 20 different R0 values have been reported for measles (ranging from 3.7 - 203.3)
- “Limited evidence supports the applicability of R0 outside the region where the value was 

calculated” (p. 2)

- R0 is technically not influenced by vaccination campaigns
- It assumes a completely susceptible population; Rt is the right measure

- R0 is very difficult to estimate
- Nearly always retrospectively estimated
- When estimated using mathematical models, highly dependent on assumptions

Delamater et al. (2019)

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6302597/


Model

𝛽 … is the contact rate
(each individual has 𝛽 contacts per unit time with a randomly chosen other)

𝛾 … is the recovery rate
(𝛾 = 1/D where D is the time it takes an individual to recover)

𝜇 … is the reinfection rate
(𝜇 = 1/D where D is the time it takes an individual to lose immunity)
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Interventions
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Limitations

- Interventions change R0 by magic, leading to no mechanistic insight

- All these models assume uniform mixing
- Every person is equally likely to have contact with every other person
- One way to incorporate spatial structure is with networks



Epidemics on Networks



Adding Network Structure

- Relax the assumption of a fully connected graph
- Nodes need to be connected for disease to transmit

- Epidemic depends on network structure and position of initially infected people

Newman (2018)



Size of the Outbreak

- Use bond percolation to calculate the expected size of the outbreak
- A fraction of 𝜙 edges is occupied at random
- Disease starts at a randomly chosen node

Newman (2018, p. 628)



Dottori et al. (2015) and https://github.com/ryansmcgee/seirsplus 

Dynamics on Networks

https://www.sciencedirect.com/science/article/pii/S0378437115003660
https://github.com/ryansmcgee/seirsplus
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Incorporating Interventions
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Modeling in the Real-world



Modeling in the Real-world
Modeling Interventions



- Two Strategies: Mitigation and Suppression
- Mitigation: Slowing but not necessarily stopping epidemic growth
- Suppression: Reversing epidemic growth (i.e., R0 < 1)

- Authors used an individual-based transmission model developed for influenza
- Individuals reside in areas defined by high-resolution population density data
- Contacts are made within households, schools, at work, etc.
- Age and household size defined by census data
- Schools defined by data on schools (average class-sizes, staff-student ratios)
- Workplace size and commuting distance between them was also calibrated
- Individuals start at locations and then move around
- ⅓ of transmission occur in households, ⅓ in schools & workplace, ⅓ in community (match 

social mixing surveys) 

et al.

16th March

Ferguson et al. (2020)

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=2ahUKEwi04aa54MnoAhULa8AKHTOjAVMQFjABegQIBxAB&url=https%3A%2F%2Fwww.imperial.ac.uk%2Fmedia%2Fimperial-college%2Fmedicine%2Fsph%2Fide%2Fgida-fellowships%2FImperial-College-COVID19-NPI-modelling-16-03-2020.pdf&usg=AOvVaw1hsNx-bJFA4q9qC2xTRHVd


Imperial College Report: Modeling Interventions

- Parameters (among others)
- Incubation period 5.1 days
- 6.5 days mean duration of infectiousness (50% more infectious than asymptomatic)
- R0 = 2.4 [2.0, 2.6]
- Infection seeded early January to reach cumulative number of deaths (14th March)
- ⅔ assumed to be sufficiently symptomatic to self-isolate within 1 day of symptom onset
- 5 days mean duration from infection to hospitalization
- Bed demand

- 8 days if no critical care
- 16 if critical care (10 days ICU)

Ferguson et al. (2020)

https://www.imperial.ac.uk/media/imperial-college/medicine/sph/ide/gida-fellowships/Imperial-College-COVID19-NPI-modelling-16-03-2020.pdf


Type of Interventions

Ferguson et al. (2020)

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=2ahUKEwi04aa54MnoAhULa8AKHTOjAVMQFjABegQIBxAB&url=https%3A%2F%2Fwww.imperial.ac.uk%2Fmedia%2Fimperial-college%2Fmedicine%2Fsph%2Fide%2Fgida-fellowships%2FImperial-College-COVID19-NPI-modelling-16-03-2020.pdf&usg=AOvVaw1hsNx-bJFA4q9qC2xTRHVd


Type of Interventions

Ferguson et al. (2020)

Mitigation Strategies

Deaths (Best case): 250,000 GB and 1.1-1.2 Million US

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=2ahUKEwi04aa54MnoAhULa8AKHTOjAVMQFjABegQIBxAB&url=https%3A%2F%2Fwww.imperial.ac.uk%2Fmedia%2Fimperial-college%2Fmedicine%2Fsph%2Fide%2Fgida-fellowships%2FImperial-College-COVID19-NPI-modelling-16-03-2020.pdf&usg=AOvVaw1hsNx-bJFA4q9qC2xTRHVd


Modeling Interventions

Ferguson et al. (2020)
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Modeling Interventions: Conclusions

- Mitigation is not feasible (healthcare system overloaded many times over)

- Need population-wide social distancing + other interventions (home case isolation, 
school and university closure) to suppress R0 below 1

- These measures need to be in place for a long time (could be 18 months or more) to 
avoid rebound

- Adaptive population-wide social distancing is an idea, but in place still ⅔ of the time

Ferguson et al. (2020)

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=2ahUKEwi04aa54MnoAhULa8AKHTOjAVMQFjABegQIBxAB&url=https%3A%2F%2Fwww.imperial.ac.uk%2Fmedia%2Fimperial-college%2Fmedicine%2Fsph%2Fide%2Fgida-fellowships%2FImperial-College-COVID19-NPI-modelling-16-03-2020.pdf&usg=AOvVaw1hsNx-bJFA4q9qC2xTRHVd
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Pueyo (2020b)

https://medium.com/@tomaspueyo/coronavirus-the-hammer-and-the-dance-be9337092b56


Ferguson et al. (2020) on South Korea

“The measures used to achieve suppression might also evolve over time. As case 
numbers fall, it becomes more feasible to adopt intensive testing, contact tracing and 
quarantine measures akin to the strategies being employed in South Korea today. 
Technology – such as mobile phone apps that track an individual’s interactions with 
other people in society – might allow such a policy to be more effective and scalable if 
the associated privacy concerns can be overcome. However, if intensive NPI packages 
aimed at suppression are not maintained, our analysis suggests that transmission will 
rapidly rebound, potentially producing an epidemic comparable in scale to what would 
have been seen had no interventions been adopted.”

- Ferguson et al. (2020, p. 15)



Contact Tracing

- Ferretti et al. (2020)
- Transmission can be

- Pre-symptomatic
- Symptomatic
- Environmental
- Asymptomatic

https://science.sciencemag.org/content/early/2020/03/30/science.abb6936


Contact Tracing
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Modeling in the Real-world
Assessing the Effect of Interventions



- Interventions influence the basic reproductive number Rt

- Difficulties in estimating Rt:
- High proportion of infections not detected
- Different proportions of infections being detected over time due to changes in testing policies
- Most countries measure only severely ill patients or high-risk groups

Flaxman et al.  (2020)

et al.

30th March

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=3&ved=2ahUKEwimpJ-n4cnoAhWaO8AKHRiQC54QFjACegQIAxAB&url=https%3A%2F%2Fwww.imperial.ac.uk%2Fmedia%2Fimperial-college%2Fmedicine%2Fsph%2Fide%2Fgida-fellowships%2FImperial-College-COVID19-Europe-estimates-and-NPI-impact-30-03-2020.pdf&usg=AOvVaw1dK-kRaNFukYzq849PJYwr


Wu & McGoogan (2020) in Pueyo (2020a)

https://jamanetwork.com/journals/jama/fullarticle/2762130
https://medium.com/@tomaspueyo/coronavirus-act-today-or-people-will-die-f4d3d9cd99ca


Estimating Number of Infections: Hack

- Case data is unreliable
- Alternative way: back-calculate infections from observed deaths (Pueyo, 2020a)
- Germany has 85,025 reported cases and 1,111 reported deaths (Wikipedia, 3rd of April, 09:51)

Verity et al. (2020)

https://medium.com/@tomaspueyo/coronavirus-act-today-or-people-will-die-f4d3d9cd99ca
https://www.sciencedirect.com/science/article/pii/S1473309920302437


Imperial College Model

Flaxman et al.  (2020)
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Imperial College Death Model

Dtm … deaths for day t and country m

𝜋m … time from infection to death

ifrm … infection-fatality ratio per country

c𝜏m … number of new infections

Flaxman et al.  (2020)

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=3&ved=2ahUKEwimpJ-n4cnoAhWaO8AKHRiQC54QFjACegQIAxAB&url=https%3A%2F%2Fwww.imperial.ac.uk%2Fmedia%2Fimperial-college%2Fmedicine%2Fsph%2Fide%2Fgida-fellowships%2FImperial-College-COVID19-Europe-estimates-and-NPI-impact-30-03-2020.pdf&usg=AOvVaw1dK-kRaNFukYzq849PJYwr


Imperial College Death Model



Imperial College Death Model



Imperial College Infection Model

g … serial interval distribution
(time between when a person gets infected and subsequently infects others)

ctm … number of new infections

Rtm … Reproduction number

Iktm … Indicator variable for Intervention

𝛼k … coefficient for intervention k

Flaxman et al.  (2020)

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=3&ved=2ahUKEwimpJ-n4cnoAhWaO8AKHRiQC54QFjACegQIAxAB&url=https%3A%2F%2Fwww.imperial.ac.uk%2Fmedia%2Fimperial-college%2Fmedicine%2Fsph%2Fide%2Fgida-fellowships%2FImperial-College-COVID19-Europe-estimates-and-NPI-impact-30-03-2020.pdf&usg=AOvVaw1dK-kRaNFukYzq849PJYwr


Imperial College Modeling Results

Flaxman et al.  (2020)
1Wikipedia, 3rd of April, 09:51

~ 7 Million

~ 2.1 Million
~ 600,000
~ 5.9 Million

~ 4.8 Million

~ 832,000

~ 112,000

~ 34,000

~ 115,000
~ 85,000
~ 59,000

~ 15,000

Reported Cases1
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Flaxman et al.  (2020)
~ 38,000 saved ~ 16,000 saved
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Assessing Interventions: Conclusions

- Interventions have drastically reduced Rt and saved lives
- Too little data to estimate effect of intervention per country
- Difficult to disentangle individual intervention effects due to correlation in time

- Substantially more infections than currently reported
- Yet still only about 4.9% [1.1% - 11%] of people have been infected
- To few to get herd immunity (which is ~ 50 - 75% for an R0 = 2-4)
- Interventions reduce rate of herd immunity drastically

- Virus will be able to spread quickly after they are lifted
- Estimates of the attack rate need to be validated using newly developed antibody tests

- Seriously cool modeling, all code publicly available 
Flaxman et al.  (2020)

https://github.com/ImperialCollegeLondon/covid19model
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=3&ved=2ahUKEwimpJ-n4cnoAhWaO8AKHRiQC54QFjACegQIAxAB&url=https%3A%2F%2Fwww.imperial.ac.uk%2Fmedia%2Fimperial-college%2Fmedicine%2Fsph%2Fide%2Fgida-fellowships%2FImperial-College-COVID19-Europe-estimates-and-NPI-impact-30-03-2020.pdf&usg=AOvVaw1dK-kRaNFukYzq849PJYwr
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Thank you for your attention!


