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Summary 

Background: The Covid-19 pandemic affects mortality directly through infection as well as 

through changes in the social, environmental and healthcare determinants of health. The 

impacts on mortality are likely to vary, in both magnitude and timing, by age and sex. Our aim 

was to estimate the total mortality impacts of the pandemic, by sex, age group and week. 

 

Methods: We developed an ensemble of 16 Bayesian models that probabilistically estimate 

the weekly number of deaths that would be expected had the Covid-19 pandemic not occurred. 

The models account for seasonality of death rates, medium-long-term trends in death rates, 

the impact of temperature on death rates, association of death rates in each week on those in 

preceding week(s), and the impact of bank holidays. We used data from January 2010 through 

mid-February 2020 (i.e., week starting 15th February 2020) to estimate the parameters of each 

model, which was then used to predict the number of deaths for subsequent weeks as 

estimates of death rates if the pandemic had not occurred. We subtracted these estimates 

from the actual reported number of deaths to measure the total mortality impact of the 

pandemic.  

 

Results:  In the week that began on 21st March, the same week that a national lockdown was 

put in place, there was a >92% probability that there were more deaths in men and women 

aged ≥45 years than would occur in the absence of the pandemic; the probability was 100% 

from the subsequent week. Taken over the entire period from mid-February to 8th May 2020, 

there were an estimated ~ 49,200 (44,700-53,300) or 43% (37-48) more deaths than would 

be expected had the pandemic not taken place. 22,900 (19,300-26,100) of these deaths were 

in females (40% (32-48) higher than if there had not been a pandemic), and 26,300 (23,800-

28,700) in males (46% (40-52) higher). The largest number of excess deaths occurred among 

women aged >85 years (12,400; 9,300-15,300), followed by men aged >85 years (9,600; 

7,800-11,300) and 75-84 years (9,000; 7,500-10,300).  
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The cause of death assigned to the majority (37,295) of these excess deaths was Covid-19. 

There was nonetheless a >99.99% probability that there has been an increase in deaths 

assigned to other causes in those aged ≥45 years. However, by the 8th of May, the all-cause 

excess mortality had become virtually equal to deaths assigned to Covid-19, and non-Covid 

excess deaths had diminished to close to zero, or possibly become negative, in all age-sex 

groups.  

 

Interpretation: The death toll of Covid-19 pandemic, in middle and older ages, is substantially 

larger than the number of deaths reported as a result of confirmed infection, and was visible 

in vital statistics when the national lockdown was put in place. When all-cause mortality is 

considered, the mortality impact of the pandemic on men and women is more similar than 

when comparing deaths assigned to Covid-19 as underlying cause of death.   
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Introduction 

The Covid-19 pandemic has led to tens of thousands of deaths among patients with confirmed 

infection in the UK. The pandemic has also profoundly changed the social, economic, 

environmental and healthcare determinants of morbidity and mortality. These changes are 

likely to impact public health beyond the deaths caused directly by infection through a number 

of routes1 including delayed disease prevention and procedures for acute and chronic medical 

care; loss of jobs and income; disruption of social networks; changes in crime and self-harm; 

changes in quantity and quality of food, and the use of tobacco, alcohol and other drugs; and 

changes in mobility and transport patterns with potential impacts on road traffic injuries and 

air pollution.2 How changes in these social, environmental and healthcare determinants impact 

mortality is likely to vary, in both magnitude and timing, by age and sex.  

 

An understanding of the mortality impacts beyond deaths assigned to Covid-19 infection is 

needed to understand the overall public health impacts of the pandemic and control policies, 

titrate and adjust the response, and put in place mitigation mechanisms to minimize the 

adverse impacts as the pandemic and response continue beyond early weeks. We developed 

and applied methodology to quantify the weekly mortality impacts of the Covid-19 pandemic 

and associated responses by age group and sex in England and Wales. The methodology 

can also be used for comparable cross-country analysis on a real-time basis. 

 

Methods 

Data sources 

We used data on the weekly number of deaths in England and Wales, by age group and sex 

released by the Office for National Statistics (ONS). Weekly death files include all deaths 

registered from Saturday through the subsequent Friday. They also include data on the 

number of deaths involving Covid-19, which are deaths with a mention of Covid-19 anywhere 

on the death certificate, including in combination with other health conditions. We used data 

from first week in January 2010 through the week starting on Saturday 2nd May 2020 (ending 
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on 8th May 2020). We used data on mid-year population by age group and sex from the ONS. 

We calculated weekly population through interpolation, as done by the ONS for quarterly 

population.3 We obtained data on temperature from ERA5,4 which uses data from global in 

situ and satellite measurements to generate a worldwide meteorological dataset, with full 

space and time coverage over our analysis period. We used gridded estimates measured four 

times daily at a resolution of 30 km to generate weekly temperatures for each local authority 

district, which we weighted by local authority population to create national level summaries. 

 

Statistical methods 

The total mortality impact of the Covid-19 pandemic should be calculated as the difference 

between the observed number of deaths and the number of deaths had the pandemic not 

occurred, which is not directly measurable. The most common approach to addressing this 

issue has been to use the average number of deaths over previous years, e.g., the most recent 

five years, for the corresponding week or month when the comparison is made.5 This approach 

however does not take into account changes in population size and age structure, nor long- 

and short-term trends in mortality, which are particularly pronounced for some age groups.6,7 

Nor does this approach account for time-varying factors like temperature, that are largely 

external to the pandemic, but also affect death rates. In addition, bank holidays such as Easter 

that do not occur in the same week of the year affect number of deaths and death registration. 

 

We developed an ensemble of 16 short-term Bayesian mortality projection models that each 

make an estimate of weekly death rates that would be expected if the Covid-19 pandemic had 

not occurred. We used multiple models because there is inherent uncertainty in the choice of 

model that best predicts death rates in the absence of pandemic. These models were 

formulated to incorporate features of weekly death rates as follows: 

• First, death rates may have a medium-to-long-term trend.6-8 We developed two sets of 

models, one with no trend and one with a linear trend term over weekly deaths.  
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• Second, death rates have a seasonal pattern, which varies by age group and sex.9-12 We 

included weekly random intercepts for each week of the year. To account for the fact that 

seasonal patterns “repeat” (i.e., late December and early January are seasonally similar) 

we used a seasonal structure13,14 for the random intercepts. The seasonal structure allows 

the magnitude of the random intercepts to vary over time, and implicitly accounts for time-

varying factors such as annual fluctuations in flu season. 

• Third, death rates in each week may be related to those in preceding week(s). We 

formulated four sets of models to account for this relationship. The weekly random 

intercepts in these models had a first, second, fourth or eighth order autoregressive 

structure13,14 The higher order autoregressive models allow death rates in any given week 

to be informed by those in a progressively larger number of preceding weeks. Further, 

trends not picked up by the linear or seasonal terms would be captured by these 

autoregressive terms. 

• Fourth, beyond having a seasonal pattern, death rates depend on temperature, and 

specifically on whether temperature is higher or lower than its long-term norm during a 

particular time of year.15-20 The effect of temperature on mortality varies throughout the 

year, and may be in opposite directions for different times of year. We used two sets of 

models, one without temperature and one with a weekly term for temperature anomaly, 

defined as deviation of weekly temperature from the local average weekly temperature 

over the entire analysis period. The coefficients of temperature anomalies were specified 

as a random effect with a random walk prior of order one, so that temperature effect is 

more similar in adjacent weeks. The random effect had a circular structure so that late 

December and early January are treated as adjacent. 

• Fifth, reported death rates in weeks that contain or follow a holiday may be different from 

other weeks. We included effects (as fixed intercepts) for the week containing and the 

week after each of the following holidays: Christmas and/or boxing day; Good Friday; 
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Easter Monday; New Year’s day; early-May bank holiday; spring bank holiday; and 

summer bank holiday. 

• We also tested, but did not include, model terms for the weeks that coincided with a change 

to and from daylight saving time because the effect was negligible. 

 

These choices led to an ensemble21 of 16 short-term Bayesian mortality projection models (2 

trend options x 4 autoregressive options x 2 temperature options). We used the time-series of 

weekly reported deaths from January 2010 through mid-February 2020 (i.e., week starting 15th 

February 2020) to estimate the parameters of each model, which was then used to predict 

death rates for subsequent weeks as estimates of the counterfactual death rates (i.e., if the 

pandemic had not occurred). For the projection period, we used recorded temperature so that 

our projections take into consideration actual temperature in 2020. This choice of training and 

prediction periods assumes that the number of deaths that are directly or indirectly related to 

the Covid-19 pandemic was negligible through mid-February 2020, which is about two weeks 

after the first confirmed case in the UK, but it allows for impacts to have appeared in 

subsequent weeks.  

 

We used weakly informative log gamma priors on log precision with both shape and rate equal 

to 0.01. We tested the sensitivity of the results to the choice of prior through the use of 

penalized complexity priors and found that the results were similar. All models were fitted 

using integrated nested Laplace approximation (INLA),22 implemented in the R-INLA software 

(version 20.03). We took 1,000 draws from the posterior distribution of age-specific deaths 

under each model, and pooled the 16,000 draws to obtain the posterior distribution of age-

specific deaths if the Covid-19 pandemic had not taken place. The reported credible intervals 

represent the 2.5th and 97.5th percentiles of the posterior distribution of the draws from the 

entire ensemble. This approach incorporates both the uncertainty of estimates from each 

model and the uncertainty in the choice of model. 
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We did all analyses separately by sex and age group (0-14 years, 15-44 years, 45-64 years, 

65-74 years, 75-84 years and 85+ years) because death rates, and how they are impacted by 

the pandemic, vary by age group and sex. To obtain estimates across age groups and both 

sexes, we summed draws from age-sex-specific estimates. For the purpose of reporting, we 

rounded results on number of deaths that are ≥1000 to the nearest hundred to avoid giving a 

false sense of precision in the presence of uncertainty; results <1000 are rounded to the 

nearest ten. 

 

We tested the performance of the projections from the model by withholding data for 11 weeks 

starting from mid-February (i.e., the same projection period as done for 2020) for an earlier 

year and used the preceding time-series of data to train the models. We then projected death 

rates for the weeks with withheld data, and evaluated how well the model ensemble 

projections reproduce the known-but-withheld death rates. We repeated this for three different 

years: 2017 (i.e. train model using data from January 2010 to mid-February 2017 and test for 

the subsequent 11 weeks), 2018 (i.e., train model using data from January 2010 to mid-

February 2018 and test for the subsequent 11 weeks), and 2019 (i.e., train model using data 

from January 2010 to mid-February 2019 and test for the subsequent 11 weeks). We report 

the projection error (which measures systematic bias) and absolute forecast error (which 

measures any deviation from the data). Additionally, we report coverage of the projection 

uncertainty; if projected death rates and their uncertainties are well estimated, the estimated 

95% credible intervals should cover 95% of the withheld data. 

 

Results 

Weekly mortality varied substantially over time in all ages with evidence of seasonal pattern 

above 45 years of age (Figure 1). From 22nd February through 20th March 2020, the observed 

number of deaths in every age group was well within the credible interval of what was expected 

to have occurred if the Covid-19 pandemic had not taken place (Figures 1 and 2). In the week 

that began on 21st March, the same week that a national lockdown was put in place, there was 
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already a >92% probability that there were more deaths in both sexes and all age groups ≥45 

years than would occur in the absence of the pandemic; the probability was 100% (i.e., every 

one of the 16,000 draws were positive) from the subsequent week (Figures 2 and 3). The 

same phenomenon occurred in those aged 15-44 years in the first week of April 2020.  

 

Taken over the entire period from mid-February to 8th May 2020 and across all age groups, 

164,373 deaths were registered in England and Wales. This represents an estimated ~ 49,200 

(44,700-53,300) or 43% (37-48) more deaths than would be expected had the pandemic not 

taken place. 22,900 (19,300-26,100) of these deaths were in females (40% (32-48) higher 

than if there had not been a pandemic), and 26,300 (23,800-28,700) in males (46% (40-52) 

higher). The largest overall (i.e. from any cause) number of excess deaths occurred among 

women aged >85 years (12,400; 9,300-15,300), followed by men aged >85 years (9,600; 

7,800-11,300) and 75-84 years (9,000; 7,500-10,300).  

 

The cause of death assigned to the majority (37,295) of these excess deaths was Covid-19 

(Figures 2 and 3). Nonetheless, there was a >99.99% probability that there has also been an 

increase in deaths assigned to other causes in those aged ≥45 years. The share of total 

excess deaths not assigned to Covid-19 was higher in those aged 75 years and older and was 

particularly high in 85+ year olds. Specifically, over the entire period from 22nd February to 8th 

May 2020, the share of non-Covid excess deaths was 18%, 17%, 18% and 25% in men aged 

45-64, 65-74, 75-84 and 85+ years, respectively, and 20%, 15%, 23% and 37% in women 

aged 45-64, 65-74, 75-84 and 85+ years. The number of non-Covid excess deaths also 

increased with age, reaching 1,600 (180-3,000) and 1,500 (110-2,800) in men and women 

aged 75-84 years, respectively, and 2,400 (580-4,100) and 4,600 (1,400-7,400) in men and 

women aged 85+ years. However, by the 8th of May, non-Covid excess deaths had diminished 

to close to zero or possibly become negative in all age-sex groups. In boys and young men 

aged 0-14 and 15-44 years, there may have been a short-term decline, lasting two weeks in 

mid-late March, in non-Covid deaths but the probability that deaths were lower than would be 
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expected without the pandemic in different weeks was <80%. Similarly, in the first week of 

May, deaths in boys/men and girls/women aged <45 years may have dropped below what 

would be expected without the pandemic with posterior probabilities ranging from 69% to 89%. 

 

The results of model validation (Table 2) show that the estimates of how many deaths would 

be expected in different weeks had the pandemic not occurred had mean projection errors 

<6% in all age-sex groups. The mean absolute error was also <9% in all age-sex groups 

except in those aged 0-14 years where the number of deaths is small. 95% coverage, which 

measures how well the posterior distributions of projected deaths coincide with withheld data 

was >93% for all age and sex groups which shows that the posterior distribution is well-

estimated. 

 

Discussion 

We applied a robust probabilistic method to coherently and consistently estimate the total 

death toll of Covid-19 pandemic from the 22nd February to 8th May. At this stage, the Covid-19 

pandemic was responsible for over 49,000 excess deaths in England and Wales. We also 

found that when all-cause mortality is considered, the mortality impact of the pandemic on 

men (~46% increase in deaths) and women (~40% increase in deaths) is more similar than 

when comparing deaths assigned to Covid-19. Deaths that were not assigned to Covid-19 

made up 24% of all excess deaths, but had diminished in most age-sex groups by the first 

week of May. We also rule out, with virtual certainty (posterior probability >99.99%), the 

hypothesis that the death toll of the pandemic may be smaller than direct Covid-19 deaths 

either because some of those dying of Covid-19 would have died in this same time period from 

other underlying conditions even if the pandemic had not occurred,23,24. Further, although 

children and young adults may have experienced shot-term declines in deaths, taken across 

all age groups any “positive” impacts of the lockdown (e.g., reductions in deaths due to air 

pollution or traffic injuries) are dwarfed by the negative impacts of the epidemic. 
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Our overall estimates are similar to those reported by the ONS25 and the Financial Times5 but 

our findings reveal important details on excess deaths by age group and sex which these 

sources do not. EuroMoMo does not report country-specific excess deaths and hence could 

not be compared with our results.  

 

The main strength of our work is the systematic use of time-series data from 2010 to early 

2020 to estimate how many deaths would be expected in the absence of pandemic. By 

modelling death rates, rather than simply the number of deaths as is done in most other 

analyses, we account for changes in population size and age structure. The models 

incorporated important features of mortality, including seasonality of death rates, how mortality 

in one week may depend on previous week(s) and the seasonally-variable role of ambient 

temperature. The use of a modelling framework, as we have done, allowed us to make 

estimates by age group and sex, and, as data become available, will allow doing so for specific 

causes of death and subnational geographies which would, because of smaller numbers, not 

be possible for other methods. We used an ensemble of models which typically leads to more 

robust projections and represent both the uncertainty associated with each individual model 

and that of model choice.21 Finally, this framework, specifically the inclusion of seasonality and 

ambient temperature, is well suited for more robust estimation and standardised comparisons 

of excess deaths across countries on a real-time basis.  

 

The main limitation of our work is that we did not have data on underlying cause of death 

beyond the distinction between Covid-19 and non-Covid deaths. Having a breakdown of 

deaths by underlying cause will help develop cause-specific models and understand which 

causes have exceeded or fallen below the levels expected. We also could not access age-

specific data by region because the ONS only releases aggregate numbers for regions. Nor 

did we have data on total mortality by socio-demographic status to understand inequalities in 

the impacts of the pandemic beyond deaths assigned to Covid-19 as the underlying cause of 

death. Releasing these data will allow more granular analysis of the impacts of the pandemic, 
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which can in turn inform resource allocation and a more targeted approach to mitigating both 

the direct and indirect effects of Covid-19, now and for future waves of the pandemic. Further, 

weekly mortality files from the ONS cover deaths registered in any given week. These include 

some deaths from prior weeks and leave out some deaths in the reporting week.26 However, 

the approach is consistent over time and does not affect year to year comparisons, including 

for 2020 as the lags in registration of deaths assigned to Covid-19 seem to be the same as 

those from other causes.27 

 

It is likely that some of the apparently non-Covid excess deaths are due to undetected Covid-

19 infections.28 An example of such deaths are the likely Covid-19 deaths in care homes.29,30 

Other such deaths may be those who called the NHS helpline or the ambulance service, were 

advised to self-isolate because their symptoms were not deemed sufficiently severe to be 

admitted, and died at home.31,32 That the share of excess deaths from non-Covid causes 

became smaller over time may be because with increasing awareness of, and attention to, 

clinical symptoms more of such deaths are assigned to Covid-19 as the underlying cause. It 

is also possible that many excess deaths have been caused, and may continue to do so in 

coming months, by the pandemic due to changes in personal and family economic and 

employment circumstances, and in healthcare provision, access and utilisation, as evidenced 

by reductions in A&E attendance and procedures for a diverse range of acute and chronic 

conditions.33-41 While the official position on this has been to encourage people to seek care, 

the situation is more complex: for some accessing care becomes more restricted because 

their family members are infected and cannot continue supporting them. Others, typically 

those in limited and marginalised housing and employment, may not do so in fear of losing 

their livelihood.  

 

The large death toll of the pandemic, from deaths assigned to Covid-19 as well as other 

causes, together with the fact that excess death toll was already happening when a national 

lockdown was announced indicate that the cessation of community contact tracing in early 
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March, hesitation in putting a lockdown in place earlier, and sub-optimal identification and 

management of those with complex conditions in the community at increased risk from both 

the virus and effects of lockdown, is likely to have contributed to the substantial excess deaths. 

Minimising these impacts requires a coherent strategy that supresses the epidemic and 

strengthens the social safety net and healthcare provision, in facilities as well as in the 

community and at home, together with transparent communication to encourage resumption 

of care seeking. 
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Table 1. Number of deaths by age group and sex. Numbers in brackets show 95% credible 

intervals. We report the number of deaths registered by the ONS without rounding. We 

rounded the estimated number of excess deaths that are ≥1000 to the nearest one hundred 

and those <1000 to the nearest ten. 

 

Age group 
(years) 

Number of 
deaths 

Deaths expected 
if no pandemic 

Excess deaths 
due to pandemic 

(all causes) 

Deaths 
assigned to 
Covid-19 

Excess deaths 
from other 

causes 

Male 

0-14 388 
410 

(360-470) 
-20 

(-80-30) 
1 

-20 
(-80-30) 

15-44 2,187 
2,000 

(1,900-2,200) 
180 

(0-330) 
256 

-80 
(-250-80) 

45-64 11,148 
8,000 

(7,500-8,600) 
3,100 

(2,600-3,600) 
2,541 

570 
(10-1,100) 

65-74 15,560 
11,000 

(10,300-11,700) 
4,600 

(3,900-5,200) 
3,799 

750 
(60-1,400) 

75-84 26,557 
17,600 

(16,200-19,100) 
9,000 

(7,500-10,300) 
7,326 

1,600 
(180-3,000) 

85+ 28,233 
18,600 

(16,900-20,500) 
9,600 

(7,800-11,300) 
7,176 

2,400 
(580-4,100) 

Total 84,073 
57,700 

(55,300-60,300) 
26,300 

(23,800-28,700) 
21,099 

5,200 
(2,700-7,600) 

Female 

0-14 313 
320 

(270-370) 
-0 

(-60-40) 
2 

-10 
(-60-40) 

15-44 1,264 
1,100 

(1,000-1,200) 
150 

(40-260) 
166 

-20 
(-130-90) 

45-64 7,081 
5,500 

(5,200-5,800) 
1,600 

(1,300-1,900) 
1,301 

320 
(20-610) 

65-74 10,174 
7,900 

(7,300-8,400) 
2,300 

(1,800-2,800) 
1,973 

340 
(-210-860) 

75-84 21,509 
15,100 

(13,800-16,500) 
6,400 

(5,000-7,700) 
4,881 

1,500 
(110-2,800) 

85+ 39,959 
27,500 

(24,700-30,700) 
12,400 

(9,300-15,300) 
7,873 

4,600 
(1,400-7,400) 

Total 80,300 
57,400 

(54,200-61,000) 
22,900 

(19,300-26,100) 
16,196 

6,700 
(3,100-9,900) 
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Table 2. Results of the validation projections from the Bayesian model ensemble. Each 

number represents the average across three validation runs, using data through mid-February 

2017, 2018 and 2019 respectively, and forecasting 11 weeks ahead.  

 

Age group 
(years) 

Projection error 
(relative projection error) 

Absolute projection error 
(relative absolute projection 

error) 

Percent covered by 95% 
credible interval 

 M F M F M F 

0-14 20 (5.17%) -5 (-1.03%) 66 (15.95%) 67 (20.04%) 96.97% 93.94% 

15-44 14 (0.88%) 1 (0.08%) 179 (8.80%) 97 (8.77%) 96.97% 100.00% 

45-64 -45 (-0.50%) 27 (0.52%) 335 (4.02%) 280 (5.07%) 100.00% 100.00% 

65-74 193 (1.75%) 312 (3.99%) 595 (5.29%) 530 (6.62%) 93.94% 93.94% 

75-84 583 (3.40%) 673 (4.57%) 1,146 (6.48%) 1,120 (7.28%) 93.94% 96.97% 

85+ 563 (3.28%) 
1,002 

(3.78%) 
1,356 (7.39%) 2,520 (8.64%) 96.97% 93.94% 
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Figure 1. Weekly number of deaths by age group from January 2010 through 8th May 2020. 

The black points show reported deaths. Each point is placed at the beginning of the week. 

The grey-shaded areas show the posterior distribution of how many deaths would have 

occurred from the week starting on 22nd February 2020 (shown in the vertical dashed line) 

through the week starting on 2nd May 2020 (ending on 8th May 2020) had Covid-19 pandemic 

not taken place. The grey shading shows the levels of credible intervals around the median 

prediction, from 5% (dark grey) to 95% (light grey). 
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Figure 2. Weekly number of deaths by age group from January 2020 through 8th May 2020. 

The points show reported deaths: black for total; red for Covid-19 and blue for other causes 

of death. Each point is placed at the beginning of the week. The grey-shaded areas show the 

predictions of how many deaths would have been expected from the week starting on 22nd 

February 2020 (shown in the vertical dashed line) through the week starting on 2nd May 2020 

(ending on 8th May 2020) had Covid-19 pandemic not taken place. The grey shading shows 

the levels of credible intervals around the median prediction, from 5% (dark grey) to 95% (light 

grey). 
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Figure 3. Estimated number of deaths due to Covid-19 pandemic. (A) weekly deaths and (B) 

cumulative deaths. The grey shading shows the levels of credible intervals around the median 

prediction, from 5% (dark grey) to 95% (light grey). The red points show the number of deaths 

assigned to Covid-19 as underlying cause of death. The difference between these points and 

the curves is excess non-Covid-19 deaths.  
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