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Analysis and Modelling



• The study of the incidence, distribution and control of disease 

in a population

• Strongly quantitative (statistical)

• Focus on rigorous data collection and analysis 

• Most studies are observational, so need to account for biases 

• Different challenges for chronic vs infectious diseases

➢ Chronic diseases result from long-term exposures

➢ Infectious disease spread from person to person

• Now a very broad subject, making use of many other 

disciplines: modern statistics, genetics, mathematical 

modelling, machine learning/AI,…

Epidemiology



Outbreak analytics
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• Analysis:

➢ Incubation period, generation time

➢ Severity

➢ Transmissibility

➢ Risk assessment

➢ Assessment of interventions

• Dynamic modelling:

➢ Intervention options (counterfactuals)

➢ Forecasting
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Types of modelling

Retrospective:

- Understand past trends

- Estimate parameters 

(transmissibility, severity, variants)

- Assess impact of interventions 

(NPIs, vaccines) 

- Less controversial

(except severity & interventions)

Prospective:

- Short-term projections

- Risk assessment

- Counterfactual scenario 

modelling of intervention 

options

➢ Easy to criticise - reality rarely 

matches scenarios modelled

➢ But invaluable for policymakers



Model uncertainty during a pandemic

Retrospective

Prospective

Early                             Late
• Little data (or time)

• Extrapolation from 

other diseases

High

Low

• Lots of data

• Well-established 

models/analytical tools



Multiple models

github.com/mrc-ide/individual

mrc-ide.github.io/squire/
github.com/mrc-ide/sircovid

odin

github.com/mrc-ide/odin

github.com/mrc-ide/safir2

github.com/mrc-ide/covid-sim

Compartmental Individual-basedAnalytical

github.com/mrc-ide/EpiEstim

epidemia

github.com/

ImperialCollegeLondon/

epidemia



Early findings which drove policy

https://www.wired.com/story/coronavirus-research-preprint-servers/



Science in a pandemic

• Limited data

• High uncertainty

• Research needs to be fast to be useful

• Multiple views better than one

• Aiming for consensus while 

understanding differences



Early questions

• What is the true scale of the epidemic?

• How fast is it spreading?

• How much of a threat does it pose?

• What can we do?



• 16 January 2020

- 41 cases reported in Wuhan

- 2 deaths

• 3 international cases

- 2 Thailand

- 1 Japan

• 1 in 600 chance a case 

would have flown from 

Wuhan

Size of the outbreak in Wuhan



Size of the outbreak in Wuhan

Results as of 17 January 2020
Report 1, shorturl.at/rsNO4

By 3 Feb, estimated 110,000 (49,000-266,000) cumulative symptomatic cases (compared with 6,400 reported cases)



Transmissibility

• 25th January estimate of from v limited data on the early Wuhan epidemic

• Later confirmed by detailed cases data from Wuhan

Report 3, shorturl.at/bxPQU

As of Jan 29th

R0 = 2.6 (1.5-3.5) 



Spectrum of COVID-19 cases

Severity 

• IFR (Infection Fatality Ratio) = 

proportion who die from infection

• Difficult to estimate

➢ Delays to death

➢ Easier to detect severe cases

➢ Hard to estimate number 

infected

• Early infection prevalence 

estimates were crucial

Report 4, shorturl.at/oxQ03



Severity

Early (Feb 2020) estimates for China

➢ 0.7% IFR = 0.9% in UK

➢ Exponentially increasing with age

➢ 3x more need hospital

Later estimate using European data –

0.8-1.2% in UK

Verity et al. 2020 (Lancet ID)

Brazeau et al. 2020 - https://www.imperial.ac.uk/mrc-global-

infectious-disease-analysis/covid-19/report-34-ifr/
Age



Intervention modelling for COVID-19

• No drugs or vaccines initially

• Only social-distancing, case-isolation etc.

• Some data on effectiveness for flu (1918)

• Economically costly

• Key strategic question:

➢ follow China and supress transmission?

➢ or “mitigate” only?

• Decision driven by predicted (overwhelming) 

level of healthcare demand

Report 9 https://www.imperial.ac.uk/mrc-global-infectious-disease-

analysis/covid-19/report-9-impact-of-npis-on-covid-19/

Davies et al, 2020, Lancet Public Health 

Walker et al, Science 2020

https://www.imperial.ac.uk/mrc-global-infectious-disease-analysis/covid-19/report-9-impact-of-npis-on-covid-19/
https://www.imperial.ac.uk/mrc-global-infectious-disease-analysis/covid-19/report-9-impact-of-npis-on-covid-19/


Early global projections

Walker et al, Report 12, https://doi.org/10.25561/77735 

Walker et al, Science 2020

• In March 2020, projected pandemic could cause 

40m deaths and 7bn infections globally, in the 

extreme counterfactual of no interventions

• And that this could be halved to 20m deaths by 

adopting “mitigation” measures (short of 

suppression)

• Suppression measures could reduce this further, but 

would need to be sustained until vaccination could 

be rolled out

• Highlighted the importance of demography – low 

income countries have younger populations, would 

experience much lower total per capita mortality 

https://doi.org/10.25561/77735


Timing of suppression

• Acting early always beneficial

• If infections are doubling every 4 days, then:

➢ A 4-day delay in implementing controls 

can lead to a 2x more cases

➢ An 8-day delay to 4x more cases

➢ …

1 week earlier – 15k deaths

1 week later – 100k deaths

Actual UK first wave deaths = 37k

Knock et al. Science Translational Medicine, 2021



Inferring impact of NPIs

• Significant research theme throughout 

pandemic

• Focussed on inferring impact on R

• Many subtle data and inferential issues

Flaxman et al, Nature 2020

Brauner et al, Science 2020



NPIs and behaviour

• High correlations between self-

reported behaviour, mobility data, 

intervention stringency and impact 

on transmission

• But significant country differences in 

the precise relationships

Mishra et al, Scientific reports 2021

UK   Sweden     Denmark



Non-UK work

• Squire: estimate transmission (R) and make 

short-term forecasts using mortality data

• Information to support resource planning: 

https://mrc-ide.github.io/global-lmic-reports/

• In-depth work with 11+ countries through 

existing research or public health partnerships:

➢ Brazil, Colombia, Panama, Malawi, 

Zimbabwe, Senegal, Nigeria, Sierra 

Leone, India, Indonesia, Italy, US,…

• Scenario Analysis Tool for user-generated 

simulations: https://www.covidsim.org/

https://github.com/mrc-ide/squire

https://github.com/mrc-ide/squire


Some of our work with Brazilian colleagues



Multiple lockdowns predicted to be needed

• Aim – to keep infections low

• On/off trigger based on health care 

usage
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60 

0.25 85,000 12,000 8,700 

0.5 85,000 15,000 10,000 

0.75 85,000 14,000 11,000 

100 

0.25 87,000 19,000 13,000 

0.5 87,000 20,000 15,000 

0.75 88,000 21,000 16,000 

200 

0.25 90,000 30,000 24,000 

0.5 92,000 36,000 27,000 

0.75 94,000 40,000 30,000 

300 

0.25 94,000 43,000 34,000 

0.5 97,000 48,000 37,000 

0.75 99,000 52,000 39,000 

400 

0.25 98,000 53,000 39,000 

0.5 100,000 61,000 46,000 

0.75 100,000 65,000 51,000 

 

Ferguson et al. Imperial College Report 9

https://en.wikipedia.org/wiki/COVID-19_pandemic_in_Europe

Walker et al, Science 2020



Alternative to suppression: test and trace

• Difficult due to pre-symptomatic/asymptomatic 

transmission

• Prompt case isolation: 25-30% reduction in R

• + household quarantine: 35-40%

• + intensive contact tracing: 55-65%

• e.g. S. Korea, Vietnam – but requires very 

intensive tracing, cluster detection

• UK and other European countries achieved 

much less (perhaps 35%) 

• Insufficient to keep R<1 in autumn

Kucharski et al., Lancet ID 2020



The second (UK) wave

• Countries across Europe slow to act, despite clear science

• Economic and social impacts of controls more apparent

• Noise in the popular discourse, more scepticism

• Hope that test-and-trace would suffice

• Governments adopted incremental and localised approach

• Resulted in “levelling up” of most regions to high infection levels

• Countries which acted earlier (e.g. Denmark) saw many fewer deaths

UK deaths:

74% after 1/9/2020



Real-time modelling to inform policy

• Complex mathematical 

transmission model 

• Fitted to multiple data streams 

• Run each week during pandemic:

➢ Estimate R

➢ Medium-term projections

➢ Evaluate potential policy 

options

https://github.com/mrc-ide/sircovid

Knock et al. Science Translational Medicine, 2021



October 2020: example of counterfactual modelling

• For SAGE

• Evaluating need for November and January lockdowns

• (and Christmas relaxation of rules)

Knock et al., Sci Trans Med, 2021

https://github.com/mrc-ide/sircovid

https://github.com/mrc-ide/sircovid


Science, policy and politics



UK approach

• Generally, academic scientists do not give advice direct 

to ministers

• Advice through committees – SAGE, NERVTAG, SPI-M, 

….

• CSA and CMO responsible for communicating 

consensus (and uncertainty) to politicians

• Intent: advise on the likely impacts of different policy 

options, but don’t say what policy should be

• Multiple academic groups examine each question

• Checks and balances enhance authority, reduce agility



Issues

• Fine line between advising on policy options and 

recommending particular policies

• SAGE walked either side of that line at different times

• Too much initial focus on the “reasonable worst case”, 

rather than planning for a range of scenarios

• Strategic objectives lacking – e.g. “what policy will 

minimise economic impact while preventing health 

service being overwhelmed”

Kochańczyk, M., Lipniacki, T. Sci Rep 11, 2425 

(2021). https://doi.org/10.1038/s41598-021-81869-2



Diversity of scientific views

• Inevitable when data is noisy, not always consistent

• Uncertainties remained – plenty of areas for debate

• Unhelpful and inaccurate to portray diversity as dichotomous 

(two ‘camps’)

• Infectious disease researchers working on COVID more 

credible than scientists with no background in the area

• False balance was a problem in Summer/Autumn 2020 – 

encouraged lockdown scepticism, delayed action



Ideologically-motivated criticism

• Scientists received a torrent of abuse 

• Attacks on science & scientists have been 

primarily ideologically driven:

➢ Downplaying risk, cherry-picking, 

misinformation, conspiracies

➢ Various groups: lockdown sceptics, 

antivaxers, COVID-sceptics, … 

➢ Reject evidence incompatible with world view, 

rely on rhetoric, want someone to blame

• Not just UK – and worse in current populist, 

polarised, “post-truth”, social media age



2021: Variants and Vaccines

© CNRS



Modelling got more difficult

• Prediction always hard – though only a small 

part of what we do:

➢ Predicting impact of policies in advance

➢ And population behaviour change

• But easier to model spread of new virus in 

population with no immunity

• Things got more complicated:

➢ Naturally-acquired immunity

➢ New variants

➢ Vaccination

https://nextstrain.org/ncov/

gisaid/global



Characterising variants



Alpha variant (B.1.1.7)

• The first of many variants of concern

• Originated Aug-Sept 2020 in UK

• Spread accelerated Nov-Dec, even 

during 2nd England lockdown 

• Rapidly dominated in UK, then EU

• Higher transmissibility (50-80%) and 

severity

Volz et al., Nature 2021



The solution: vaccines

• Now 90%+ coverage in 

high-risk (65+) age 

groups in most 

European countries



Global vaccination modelling

• Modelling alternative strategies

• This and a lot of later work 

informed decisions by WHO, Gavi, 

CEPI, countries

Hogan et al, Report 33 and Vaccine, 2021



• Simulate impact of vaccine rollout

• Input data on vaccine 

effectiveness and variants

• Simulated possible lockdown “exit 

strategies”

• Aim: balance increasing immunity 

with higher contact rates

• Relaxing too quickly risked large 

third wave 

• So UK adopted incremental, 

staggered relaxation

Modelling the UK roadmap out of lockdown in 2021

https://assets.publishing.service.gov.uk/government/uploads/system/uploads/

attachment_data/file/963440/S1129__Unlocking__Roadmap_Scenarios_for_England_.pdf

Sonabend et al. Lancet, 2021



The Omicron era

Ferguson et al., Report 50, Imperial College

Nyberg, Ferguson et al. Lancet, 2022

• Seeded into UK from southern Africa, Nov 2021

• Most rapid growth of any variant – immune escape

• First assessments of severity –  21-22 December

• Massive data linkage exercise + survival analysis

• Indicated much lower severity than Delta 

➢ 60% lower for hospitalisation, 70% for death

• Reduction varied substantially by age
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Transition to endemicity

• 2022-23: Waves of antigenically 

diversifying Omicron variants

• Significant healthcare burden 

(mitigated by additional boosters)

• High immunity across world

• >1% infected all year in 2022 (in 

UK) – so high mutation rate

• When infection incidence drops, so 

does mutation rate – may now be 

happening

• But long-term trajectory remains 

uncertain

Hospitalisations

Deaths



Contribution to clinical studies 

• REACT infection survey (Elliott, Ward, Riley, …)

• Personal interest in viral kinetics

➢ Transmission in households (Lalvani,…)

➢ Human challenge (Chiu, Barclay,…)



Reflections

© FT/PA



Global mortality to date

• 6.5m reported COVID-19 deaths to date

• But excess deaths 3x higher

• Three sets of global estimates, none perfect:

➢ The Economist – 20.1m (14.0m-24.4m) to 18/3/2022

➢ IHME – 18.2m (17.1m-19.6m) to 31/12/2021

➢ WHO – 14.9m (13.3m-16.6m) to 31/12/2021

• Same ballpark as our 20m from March 2020

• But reality didn’t fully match Walker et al – new 

variants, vaccine roll-out, control measures a mix

Wang et al, Lancet 2022

https://www.economist.com/graphic-

detail/coronavirus-excess-deaths-estimates



Global impact of vaccines

• Estimated 20m deaths 

averted under simple 

counterfactual

Watson et al., Lancet ID, 2022



Lessons for future crisis management

• 2020 response rooted in the experience of earlier crises

• In UK, too much focus on single “reasonable worst case” 

scenarios – led to several problems in 2020 

• Key issues: decision-making under uncertainty, time horizon for 

costs/benefits, trust in counterfactual modelling

• In future: 

➢ need to plan for a range of scenarios

➢ generate policy playbooks for each

➢ evaluate the costs of both inaction and action

➢ use accumulating data to narrow down the set of compatible 

scenarios



More general reflections

• COVID testing initially inadequate and misdirected

• Small differences in the timing of suppression led to large

differences in deaths

• Science rapidly caught up in polarised politics

– second wave predicted, but perhaps unavoidable

• Lack of international political coordination, but

unpreceded scientific openness and collaboration

• UK punched above its weight in research, surveillance

• But mortality higher than other Northern European countries

• Analysis and modelling has played an important role
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Epidemic as

chain reaction:

 Governed by Reproduction Number R.

 Need R0 >1 for a large outbreak.

Transmissibility

0

1

2

3

4

5

6

7

8

1 2 3 4

t

Y

Exponential growth



• Public health measures 

explain 1918 pattern well.

• Transmission cut by >50% in 

some cities.

• But measures often started too 

late, always lifted too early.

• Evidence of spontaneous 

behaviour change.

Interventions: 1918 in US cities

Bootsma and Ferguson, PNAS, 2007



• Seeded into UK from India in 

April 2021

• Delta grew while Alpha was 

declining

• 40-80% more transmissible 

than Alpha

April 2021: Delta (B.1.617.2) variant in UK

Ferguson et al., Report to 

SAGE, 2021, 

https://assets.publishing.service

.gov.uk/government/uploads/sys

tem/uploads/attachment_data/fil

e/993159/S1270_IMPERIAL_B.

1.617.2.pdf
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Comparing countries

• Countries should look outside their borders

• e.g. Netherlands: ~1/2 per-capita deaths of UK

• Denmark: ~1/2 of Netherlands

• Eastern Europe – 2nd and 3rd wave mortality 

much worse than Western Europe

• Final burden determined by timing of controls, 

vaccination coverage, demography, prevalence 

of comorbidities, health systems
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