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Extra stu�...

 The datasets and code used in the analysis is available at https://github.com/gkonstantinoudis/ExcessDeathsCOVID
 The results are also provided in a ShinyApp available at http://atlasmortalidad.uclm.es/excess/

I'll take all the credit if you like this, but the blame is all on them if you don't... 😉
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"But in the US each state can have its own legal
de�nition of death, and although the Uniform
Declaration of Death Act was introduced in 1981
to try to establish a common model, some small
di�erences remain. Someone who had been
declared dead in Alabama could, at least in
principle, cease to be legally dead were they
across the border in Florida, where the
registration must be made by two quali�ed
doctors"

Nothing can be said to be certain, except death and taxes...
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Background

Why excess mortality?

The total impact of the COVID-19 pandemic on mortality should be the least controversial outcome to measure. But this is
complicated by

– Lack of real time cause speci�c data
– Quality of coding on death certi�cate

Excess mortality during the COVID-19 pandemic is the combination of deaths caused, or contributed to, by infection with
SARS-CoV-2 plus deaths that resulted from the widespread behavioural, social and healthcare changes that accompanied
national responses to the emergency.

Focus

Much of the existing literature focus on national data

In order to understand the dynamics of the pandemic there is the need to move to a sub-national level

– Di�erences in the socio-demographics/environmental characteristics/healthcare provision

Limited contribution, mainly for large regions
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Data

All cause mortality

Data for all-cause deaths and population counts from o�cial sources in the 5 countries

– Italy
– England
– Spain
– Switzerland
– Greece

Geographical resolution de�ned at Nomenclature of Territorial Units for Statistics (NUTS)

– Speci�cally NUTS 3 level (small regions for speci�c diagnoses)

– Some results aggregated back at NUTS2 level (basic regions for the application of regional policies)

– National level

Grouped by

– Sex, age, week and NUTS3 region de�ned as areas with a population varying from 150,000 to 800,000, for 2015-2020

Use of International Organization for Standardization (ISO) week calendar

– Seven consecutive days beginning with a Monday and ending with a Sunday

Mortality and population data by age groups

– <40, 40-59, 60-69, 70-79 and 80 years and above
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Data

Population at risk

O�cial yearly estimates for the population for 2014-2020

– Directly available for Greece, Spain and Italy at 1 January of every year

– For Switzerland, available at 31 December

– England a bit di�erent... (more on this later)

Two-steps linear interpolation to predict the population at 1 January 2021

 For England, only mid-year �gures are available

But in 2020 these are a�ected by COVID-19 deaths during the �rst wave (March-May)

Use yearly data for 2015-2019 to estimate the mid-year population in 2020 using linear interpolation

Then use the estimated population at 1 January 2020 and linear interpolation to obtain the weekly population for 2015-
2019

Use weekly data for 2019 as a proxy for 2020
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Use data for 1 January 2015 to 1 January 2020 to predict population counts by age, sex and NUTS3 region at 1 January
2021
1

Calculate weekly 2015-2020 population by linear interpolation of estimates on 1 January 2020 and 1 January 2021, by
age, sex and NUTS3

2
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Data

Ambient temperature

Typically a�ects death rates  use data on temperature from the ERA5 reanalysis dataset of the Copernicus climate data

– Global in situ and satellite measurements

– Provides hourly estimates

– Available measurements compatible with spatial and temporal resolution for our analysis

For each centroid of the grid cells (at  resolution) that fall into the NUTS3 regions, calculate the daily mean
temperature during 2015-2020 and then the weekly mean to align temperature and mortality data

Additionally, as mortality from all causes can be di�erent during national holidays, we also included a binary variable taking
the value 1 if the week contains a public holiday and 0 otherwise
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Modelling – Bayesian spatio-temporal model

Main objective

Predict deaths in 2020 in the hypothetical scenario of no pandemic

Notation

For each country, de�ne separately

 number of all-cause deaths in week  of year  for NUTS3 area  and age-sex group 

 age-sex group (male/female and 40, 40-59, 60-69, 70-79, 80)

 population at risk in week  of year  for NUTS3 area  and age-sex group 

 the risk of death (mortality rate) in week  of year  for NUTS3 area  and age-sex group 

 dummy variable for public holiday

 average weekly temperature in each area

NB: Main analysis excludes younger groups

Based on cross-validation and poor predictive performance
Not too surprising – less a�ected in the earlier waves of the pandemic...
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yjtsk = j t s k

k = 1, … , K = 10 = < ≥

Pjtsk = j t s k

ρjtsk = j t s k

zj =

xjts =
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Modelling – Bayesian spatio-temporal model

: year-speci�c intercept

– : global intercept

– : unstructured random e�ect

: e�ect of public holidays

Non-linear e�ect of average weekly temperature 

RW2 model: 

Spatial component

: Besag-York-Mollié (BYM)-type model

– : unstructured random e�ect

– : spatially structured random e�ect

– : mixing parameter (measures proportion of variance explained by the structured e�ect)

Temporal component (non-linear weekly e�ect)

RW1 model (accounts for seasonality): 
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yjtsk ∼ Poisson (ρjtskPjtsk) log (ρjtsk) = β0t + β1zj + f(xjts) + bs + wj

β0t = β0 + εt

β0 ∼ Normal(0, 103)
εt ∼ Normal(0, τ −1

ε )

β1 ∼ Normal(0, 103)

f(xjts)

xjts ∣ x(j−1)ts, x(j−2)ts, τx ∼ Normal (2x(j−1)ts + x(j−2)ts, τ −1
x )

bs = (√1 − ϕτ 0.5
v vs +√ϕτ 0.5

u us)
1

√τb

vs ∼ Normal(0, τ −1
v )

us ∣ u−s ∼ Normal( , )
∑

R

r=1 nrsur

∑
R

r=1 nrs

1

τu ∑
R

r=1 nrs

ϕ ∈ [0, 1]

wj ∣ wj−1, τw ∼ Normal(wj−1, τ −1
w )

9 / 18

https://twitter.com/giabaio
https://github.com/giabaio
mailto:g.baio@ucl.ac.uk
https://gianluca.statistica.it/
https://sites.uci.edu/geomed2022/


Modelling – Bayesian spatio-temporal model

Priors (hyperparameters)

All the hyperparameters are modelled using  Penalised Complexity (PC) priors

Regularise inference while not forcing too strong information

Penalise departure from a "base" model (eg parameter = some �xed value)

– Prior tends to favour the base model  need fairly strong evidence to move away from it

– Distance between the base model  and an alternative, more complex model  is measured by

Penalisation done at a constant rate

PC prior de�ned using probability statements on the model parameters (in the appropriate scale) to determine the value of 
 using "reasonable" information
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⇒

g(ξ) f(ξ)

d(f, g) = √2kld(f, g) with kld(f, g) = ∫ f(ξ)log( ) dξ
f(ξ)

g(ξ)

p(d) = λexp(−λd) ∼ Exponential(λ) ⇒ p(ξ) = λe−λd(ξ) ∣
∣
∣

∣
∣
∣

∂d(ξ)

∂ξ

λ
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Set  

– Basically implies 

– Very unlikely to have a relative risk > , based

solely on spatial variation

Set 

– Re�ect lack of knowledge about which spatial
component dominates the �eld

– NB: Resulting distribution is non-standard

Variance components

Set 

Modelling – Bayesian spatio-temporal model

Priors (hyperparameters)

Spatial �eld
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Pr(τ −0.5
b

> 1) = 0.01 ⇒ λ = −log(0.01) ≈ 4.61

σb ∼ Exponential(4.61)

exp(2)

Pr(ϕ < 0.5) = 0.5

Pr(σε >1)=Pr(σx >1)=Pr(σw >1)=0.01
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Modelling – Bayesian spatio-temporal model

Training and prediction

Use data from 2015-2019 to "train" the model

Predict area-level weekly mortality for 2020 ( ), in the hypothetical scenario in which the pandemic hadn't occurred

–  all model parameters
–  observed data in 2015-2019
– Mortality rates applied to 2020 come from the model trained on 2015-2019

Compare observed deaths in 2020 with model predictions

 This assumes exchangeability between 2015-2019 and 2020...

Which is obviously an unjusti�able assumption – the pandemic did change the underlying data generating process!

But: it allows us to measure the excess mortality
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t = 6

p(yj6sk ∣ D) = ∫ p(yj6sk ∣ θ)p(θ ∣ D)θ

θ =
D =
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Modelling – Bayesian spatio-temporal model

Model validation

Based on cross-validation

Fit the model for 2015-2019 multiple times, leaving out one year at a time

Predict the weekly number of deaths by NUTS3 region for the year left out

Repeat for di�erent age/sex groups and countries

Assess agreement based on

Correlation between predicted and observed deaths

95% coveage = 

Generally, models had good predictive ability

– Highest correlation for >80 yo: 0.83 (0.82-0.84) for females/England to 0.97 (0.97-0.98) for males/Spain
– Coverage range from 0.90 (females/Spain) to 0.95 (males/Switzerland)

<40 yo had poorer performance

– Coverage close to nominal 0.95, but correlation much lower  excluded from base-case analysis
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Pr(Observed deaths lie within 95% interval from the model)

⇒
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Results

Country-level trends & excess mortality
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Results

Sub-national level trends & excess mortality (NUTS2)

Relative excess death (%)
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Probability that relative excess deaths is > 0%

Results

Sub-national level trends & excess mortality (NUTS3)
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Conclusions
Wide variation in 2020 excess mortality both within and across countries

– Spain seems to have experienced the largest excess mortality

– Greece and Italy especially had a very strong spatial gradient

– Temporal patterns in all countries (possibly less so for Greece)

Results are generally in line with other �ndings in the literature

– Slightly lower point estimates than national analyses for England (but intervals agree)

– Consistent results for national estimates for Greece, Italy, Switzerland and Spain

Overall, seem to suggest that a timely lockdown led to reduced community transmissions and, subsequently, lower excess
mortality
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