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Abstract
We introduce and provide evidence to support the Proportionality Hypothesis which 
states that Covid-19 infection fatality rates are approximately proportional to all-
cause death rates by age and subgroup (e.g., socio-economic class). We also show 
that vaccination played a very significant role in preventing people infected with 
Covid-19 from needing to be hospitalised, since it reduced the average severity of 
an infection. Death rates involving Covid-19 were very significantly lower for peo-
ple in the fully vaccinated group compared to the unvaccinated group. During the 
pandemic, death rates from other causes were in some cases reduced (e.g., flu and 
pneumonia), in some cases unchanged (e.g., lung cancer) and in some cases elevated 
(e.g., heart disease). We discuss the implications of our findings both for potential 
adjustments to extrapolative mortality models which allow for future pandemics in 
a way that is consistent with the Proportionality Hypothesis and for insurance com-
panies in terms of both modelling extreme scenarios and the design of mortality 
catastrophe bonds.
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1  Introduction

We conduct a detailed examination of the development of Covid-19 mortality in 
England over the period from the beginning of 2020 to Spring 2023. Our analy-
sis allows us to propose the Proportionality Hypothesis which states that Covid-19 
infection fatality rates are approximately proportional to all-cause death rates (1) 
by age (the ‘aggregate’ version) and (2) by age and subgroup, e.g., socio-economic 
class (the ‘subgroup’ version). The Covid-19 ‘infection fatality rate’ (IFR) is defined 
as the proportion of newly infected individuals who subsequently die from Covid-
19.1 We show that the hypothesis holds up well in the phase of the pandemic prior to 
the rollout of the vaccination programme (denoted Phase 1 below) and in the phase 
after the vast majority of the population had either had the full programme of vac-
cines or had Covid-19 (denoted Phase 3).

1.1 � The three phases of the pandemic

The pandemic in England fell into three phases:

•	 Phase 1: the year 2020
•	 Phase 2: from the beginning of 2021 to mid-2022
•	 Phase 3: from mid-2022 onwards.

 Phase 1 covers the initial period of the pandemic when there was a relatively high 
degree of infection synchronisation (as shown in Fig. 2) across regions and socio-
economic subgroups, and, more importantly, vaccination rollouts had not yet com-
menced. Phase 2 is the transition period involving the first vaccine rollout, the sec-
ond and subsequent booster vaccines, together with the sequence of new variants of 
the virus that brought new waves of infection. Phase 3 (which, at the time of writ-
ing, was still ongoing) marks the transition to an endemic state for the virus, with a 
steady flow of new infections and relatively low numbers of deaths, similar to influ-
enza (flu). The relatively low number of deaths in Phase 3 is also partly explained by 
the fact that a high percentage of the population now had antibodies, as a result of 
previous infection or vaccination.

1  IFR is the ratio of the number of individuals who die from Covid-19 to the number of individuals 
who have been infected with Covid-19. In the paper, we also use the term Covid-19 ‘death rate’. This 
is defined as the proportion of the total population who die of Covid-19 during a specified time period. 
The Covid-19 death rate is equal to the infection rate multiplied by the IFR (by age and subgroup)—see 
Eq. (3) below. In our primary statement of the Proportionality Hypothesis—given in Sect. 3.2 below—
we decided to focus on the IFR. Our reason for this is that the Covid-19 death rate depends on infec-
tion rates as well as the IFR. But infection rates vary considerably through time and they can also vary 
considerably between age groups and socio-economic subgroups at any given point in time. So a state-
ment of the Proportionality Hypothesis framed around the Covid-19 death rate—which we also present 
below—is more intricate than the statement expressed in terms of the IFR.
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1.2 � Data sources and definitions

We utilise a range of datasets that are listed in Appendix 1. Much of the data come 
from the UK’s Office for National Statistics (ONS)2 with some additional data from 
the Human Mortality Database and the UK’s National Health Service (NHS). Wher-
ever possible, we try to use data in a consistent way through time. However, there 
are inconsistencies between different datasets. For example, infection rates, hospi-
talisations and death rates are published using different age groupings across the dif-
ferent datasets.

There are also different definitions. We use several distinct measures of Covid-
19 deaths that depend on data availability for specific tasks in the paper. For most 
purposes in this paper, we count a death as a Covid-19 death when Covid-19 is men-
tioned on the death certificate. We also, in places, make use of death counts where 
Covid-19 is listed as the underlying or main cause of death. Alongside these dif-
ferences, death counts can be based on registered deaths during a specified period, 
or on actual occurrences. While death registrations might not be perfect, they have 
the advantage of being consistent over time and accurate (for the given definition), 
apart from the first few weeks of the pandemic when there was some misreporting of 
cause of death. Mostly, we also use week of registration, but we use week of occur-
rence as an alternative in one place in the paper.

1.3 � The concepts of biological and relative frailty

Frailty is an important concept in this paper, but it can have different meanings to 
different professional groups. In an actuarial and demographic context, actuarial 
frailty relates to all the factors (some of which are unobserved) that affect human 
mortality other than age. It generally involves an adjustment up or down to an indi-
vidual’s or subgroup’s death rate relative to a standard rate at the same age and sex 
(see Vaupel et al. [40], and discussions in Carannante et al. [10]). In a medical con-
text, the concept of frailty is quite different: it is an absolute measure of poor health, 
rather than a measure that is relative to an age-dependent benchmark. As such, it 
represents an accumulation of visible comorbidities, disabilities, and chronic and 
acute illnesses, combined with the invisible but gradual deterioration of cells and 
organs.3,4

In this paper, we employ two distinct concepts of frailty and, since these differ 
in definition from actuarial frailty, we give each a precise name. The first concept is 
‘biological frailty’. This is measured in absolute terms (and therefore is closer to the 
medical concept of frailty) and is defined as the 1-year death rate from all causes (in 
a ‘normal’ non-Covid year), excluding deaths from external causes (e.g., road and 

2  Most of which are freely available on the ONS website.
3  See, for example, https://​www.​uptod​ate.​com/​conte​nts/​frail​ty.
4  For other interpretations of frailty and an analysis of the factors which influence frailty at both the 
national and subgroup level, see, e.g., see e.g. Cairns et al. [7], Carannante et al. [11], Savcisens et al. 
[33], Sherris and Wei [35] and Wen et al. [44] (and the references within).

https://www.uptodate.com/contents/frailty
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other accidents, suicide, and accidental poisoning).5 Biological frailty depends on 
both the impact of age (i.e., the baseline mortality curve) and the variation within 
an age group (e.g., due to variation in death rates at the individual or subgroup level 
relative to the average for that age group). We use the term ‘biological frailty’ to 
match the sister concept of ‘biological age’; where the latter can differ from ‘chrono-
logical age’ (see, e.g., Huang et  al. [20], and Milevsky [25]).6 In our study, bio-
logical frailty is based on all-cause mortality rates in a typical pre-Covid year and by 
socio-economic subgroup.

The second concept is Covid-specific ‘relative frailty’. This measures the risk of 
death from Covid-19 by age and subgroup (if data for the latter are available) for a 
person newly infected with Covid-19 relative to the risk of death from all causes in a 
normal non-Covid year.

1.4 � Key findings

The key findings are as follows. The main theme running through the paper is the 
Proportionality Hypothesis, which focuses on the Covid-19 infection fatality rate 
(IFR). There are two versions depending on the granularity of the data published 
during the pandemic. The ‘subgroup’ Proportionality Hypothesis states that the IFR 
is approximately proportional to all-cause death rates (i.e., biological frailty) by both 
age and subgroup. The ‘aggregate’ Proportionality Hypothesis focuses on age only 
and states that the IFR is approximately proportional to all-cause death rates by age. 
As a consequence, and contrary to much media commentary at the time, death rates 
from Covid-19 did not disproportionately affect the more deprived groups in society. 
Where we did observe differences in mortality, these were due both to pre-existing 
health inequalities at the all-cause level and to differences in infection rates between 
sub-groups.

We find strong evidence showing the benefits of vaccination. First, infection rates 
fell significantly following vaccination of older groups in advance of younger age 
groups. Second, for those vaccinated who did become infected with Covid-19, vac-
cination led, on average, to less severe cases and to fewer deaths (i.e., a lower infec-
tion fatality rate). By the end of 2022, the infection fatality rate was 1/20th–1/30th 
of its value at the end of 2020: the result of the combination of vaccination and/or 
prior infection alongside improved treatments.

The impact of Covid-19 on other causes of death was quite varied. For some 
causes, particularly cancers, there was no observable impact in the short term. For 
others, death rates went up (e.g., heart disease). And, in a few cases, most notably 

6  Chronological age measures how many calendar years an individual has lived. However, two individu-
als of the same chronological age might have different prospective death rates (due to differences in the 
cumulative damage to their bodies, disability, ill-health, behaviours, etc.). In each case, we measure their 
current prospective death rate and match this rate to a specific point on the national mortality table. The 
age in the national table that matches the individual’s prospective death rate is referred to as their bio-
logical age. Biological age can therefore be higher or lower than chronological age.

5  In subsequent mentions of the all-cause death rate, it should be assumed that this always excludes 
external causes.
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influenza and pneumonia, death rates dropped substantially, probably as a result of 
lockdowns and social distancing.

Lastly, we discuss some takeaways for insurers. First, insurers should revisit their 
extreme pandemic mortality scenarios. In particular, models should allow for signif-
icant random variation between different geographical areas, age groups and socio-
economic subgroups, as well as being consistent with the Proportionality Hypoth-
esis. Second, we conclude that mortality catastrophe bonds might not be as effective 
as a hedging instrument as had previously been believed, unless they incorporate a 
linkage to sub-population mortality indices.

1.5 � Plan for the rest of the paper

The rest of this paper is structured as follows. In Sect. 2, we review the headline data 
for England, covering the different pandemic waves and regional variations, and 
the emergence of Covid-19 variants. Section 3 discusses Phase 1, covering the year 
2020, in detail, introduces the Proportionality Hypothesis and then assesses it by 
examining infection and death rates by deprivation decile and region. Section 4 anal-
yses Phase 2, covering the period between the beginning of 2021 and mid-2022, in 
detail and assesses how well the Proportionality Hypothesis holds up. Section 5 con-
siders Phase 3, the transition to the endemic state of the virus which began in mid-
2022 and also reassesses the hypothesis. The impact of Covid-19 on other causes 
of death is discussed in Sect.  6, while Sect.  7 shows how extrapolative mortality 
models can be adjusted to allow for future pandemics in a way that is consistent with 
the Proportionality Hypothesis. Section 8 considers the implications for insurers and 
Sect. 9 concludes. The data sources are listed in Appendix 1, Appendix 2 summa-
rises the findings of the paper.

2 � What do the data reveal? The headlines

2.1 � Pandemic waves and regional variations

In this section, we review the key features of the pandemic between the beginning of 
2020 and the Spring of 2023, covering Phases 1–3.

We look, first, at weekly mortality for England and Wales using data from the 
Short-Term Mortality Fluctuations database available from the Human Mortal-
ity Database (see Appendix 1).7 Figure 1 shows, for the period since 2014, weekly 
death rates for males and females in the 75–84 age group, the group that was most 
badly affected by Covid-19. The pre-pandemic years 2014–19 are represented by 
grey lines, 2020 in black, 2021 in red, 2022 in green and 2023 in blue. The grey lines 

7  This database combines England and Wales, so does not allow the data for England to be separately 
identified. Although Wales is more rural than England, any bias will be quite small, since the population 
of England is around 18 times larger than Wales (56.5 million vs 3.1 million in 2021; https://​www.​ons.​
gov.​uk/​peopl​epopu​latio​nandc​ommun​ity/​popul​ation​andmi​grati​on/​popul​ation​estim​ates; accessed 6/8/23). 
The remainder of this study uses data from England only.

https://www.ons.gov.uk/peoplepopulationandcommunity/populationandmigration/populationestimates
https://www.ons.gov.uk/peoplepopulationandcommunity/populationandmigration/populationestimates
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give a good indication of the seasonality in mortality in England and Wales in pre-
pandemic ‘normal’ years. These typically peak in January and bottom out in the late 
summer. Winter rates can be seen to be much more variable than summer rates, due, 
for example, to the severity of seasonal flu. The year 2020 (black line) started off as 
a relatively benign year, but we can then see the very significant first wave of excess 
deaths around weeks 15–20 which was much more severe than any of the recent bad 
flu years. A second wave of excess deaths appeared towards the end of 2020 and 
peaked in January 2021 (red line). Spring 2021 was characterised by a period of 
lower-than-normal mortality. This, perhaps, reflected the possibility that many who 
were already in very poor health and likely to die around this time had died in the 
previous months with or due to Covid-19.8 After that, the weekly mortality curves 
for males and females fluctuated above and below the pre-pandemic curves as new 
waves of Covid-19 came and went, partly in response to the emergence of new vari-
ants of the virus. But Covid-19-related deaths from mid-2021 onwards can be seen 
to be relatively modest compared to the first wave in 2021.

In Fig. 2, we use weekly deaths data provided by the ONS which allows analy-
sis across a number of characteristics, including region. In particular, we look at 
Covid-19-related deaths (where Covid-19 is mentioned on the death certificate and 
so might not be the underlying cause of death) as a proportion of the 5-year average 
of all deaths over the 5 years 2015–2019 for the same week of the year (males and 
females combined, all causes, all ages).

Fig. 1   Weekly death rates in England and Wales for males and females aged 75–84 during a given year. 
Grey lines show rates for 2014–2019. Coloured lines show the impact of the pandemic in 2020, 2021, 
2022 and Spring 2023

8  We denote this phenomenon ‘accelerated deaths’ due to Covid-19.
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Fig. 2   Upper: weekly Covid-19 deaths (males and females combined) by region as a percentage of all-
cause deaths (average by week over the period 2015–2019) from week 1 of 2020 through to Spring 2023. 
Covid-19 deaths count deaths where Covid-19 was mentioned on the death certificate. Lower: zoomed in 
to allow analysis of the smaller individual waves from Spring 2021 to Spring 2023
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This figure allows us to observe how much variation there was between different 
parts of England and how this changed during the course of the pandemic. In the 
upper plot, the first wave of the pandemic was closely synchronised across the nine 
official regions of England, with the exception that London was a week or two ahead. 
But, in spite of this synchronisation (and the fact that the first national lockdown was 
introduced simultaneously across the whole country on 26 March 2020), the magni-
tude of the first wave varied considerably between regions. London and other regions 
with dense urban areas experienced significantly higher Covid-19 death rates. Sum-
mer 2020 saw very low death rates from Covid-19 (and also very low infection rates).

The second wave consisted of two parts.9 The first part (labelled Wave 2A) 
occurred in the Autumn of 2020 and was largely focused in the northern regions 
(accompanied by some local lockdowns). But in December 2020, a new variant of 
the virus, Alpha, emerged, generating much higher peak mortality (with a second 
national lockdown) in January 2021 (labelled Wave 2B)—with much higher death 
rates in London and lower death rates in the more-rural South West. This was fol-
lowed by a period in early summer with very low death rates.

For the remainder of 2021 and through the first half of 2022 (Fig. 2, lower plot), 
there was a long and irregular third wave which involved the Delta and Omicron 
variants. Covid-19 death rates were much lower than for Waves 1 and 2.10 Individual 
regions had distinct patterns, and January 2022 witnessed the last significant peak, 
with London death rates clearly higher than other regions.

For the rest of 2022 and into the Spring 2023, the pandemic moved into the 
endemic phase with relatively regular small waves (but with declining amplitude) 
approximately every 3 months. Further, the waves reached their troughs at higher 
levels (indicating more Covid-19 deaths) than those of the Summers of 2020 and 
2021.11 In addition, the waves became much more synchronised, with relatively lit-
tle variation by region. This synchronisation suggests that, as people’s lives returned 
to normal, new Covid variants could circulate between regions much more quickly, 
contrasting with Autumn 2020 when travel restrictions were much more severe and 
this prevented Wave 2A from spreading from the northern regions to the south.

Other cause-of-death data from the ONS (but not publicly available) provides 
information for the whole of 2020 at the sub-regional level of health boards (Clini-
cal Commissioning Groups; CCGs12). Over the data period, there were 106 CCGs 
across England with an average of around 500,000 people in each. The data allow us 
to compare deaths from Covid-19 (as the underlying cause of death) for ages 40–89 

9  Arguably there were two separate waves, but we have chosen to classify them as two parts of the same 
wave.
10  The Spanish flu pandemic of 1918–19 also had three waves with the second wave having the highest 
peak; https://​www.​brita​nnica.​com/​event/​influ​enza-​pande​mic-​of-​1918-​1919.
11  For example, the trough in week 140 is at a higher level than that in week 75 (lower panel of Fig. 2).
12  Clinical Commissioning Groups were created following the Health and Social Care Act in 2012, and 
replaced Primary Care Trusts on 1 April 2013. They were clinically-led statutory NHS bodies responsi-
ble for the planning and commissioning of health care services for their local area. As of 1 April 2021, 
following a series of mergers, there were 106 CCGs in England. They were dissolved in July 2022 and 
their duties taken over by the new Integrated Care Systems (ICSs); https://​www.​nhsco​nfed.​org/​artic​les/​
what-​are-​clini​cal-​commi​ssion​ing-​groups (accessed 6/8/23).

https://www.britannica.com/event/influenza-pandemic-of-1918-1919
https://www.nhsconfed.org/articles/what-are-clinical-commissioning-groups
https://www.nhsconfed.org/articles/what-are-clinical-commissioning-groups
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during 2020 as a percentage of deaths from all causes in 2019. Results are plotted in 
Fig. 3. As with Fig. 2, the chosen metric implicitly adjusts for socio-economic vari-
ation between CCGs. Each CCG is represented by a single dot and shows Covid-19 
deaths as a percentage of 2019 deaths for males (x-axis) versus females (y-axis). 
Dots are coloured according to the urban–rural mix of the CCG: bright green for the 
most rural CCGs and bright red for the most urban. As might be expected, there is 
a strong correlation between male and female death rates from Covid-19. But there 
are other important findings. First, there is much more variation at the sub-regional 
CCG level than at the regional level (compare with Fig. 2). Second, Fig. 3 reveals 
the strong association between Covid-19 death rates and the urban–rural mix. The 
implication of this, again as might be expected, is that Covid-19 spreads more easily 
in more dense urban areas with consequently higher death rates. This has implica-
tions for the development of future (extreme) pandemic scenarios in an insurance 
context and indicates the importance of knowing a victim’s geographic location, as 
discussed further in Sect. 8.

2.2 � The emergence of variants

Figure 4 shows the dominant variants of Covid-19 over time from the end of 2020. 
It can be seen that each new variant (e.g., the Delta variant from late Spring 2021) 

Fig. 3   Number of deaths registered in 2020 by Clinical Commissioning Group (CCG) where Covid-19 is 
recorded as the underlying cause of death as a percentage of deaths due to all causes in 2019, both over 
ages 40–89. Each dot represents one CCG and shows the percentage of Covid-19 deaths for males versus 
females
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typically takes hold quite rapidly, displacing the previous variant in 1–2  months. 
There are a number of possible explanations: higher reproductive numbers for new 
variants (also known as the R number: the average number of new infections caused 
by each existing infected person); a gradually falling R number for the previous var-
iant, as the proportion of the population still susceptible falls and the population 
moves towards herd immunity against that variant; and whether or not prior infec-
tions give strong or only limited protection against new variants.

The emergence of a new dominant variant is typically associated with a fresh 
wave of infections and deaths, e.g., Wave 2B being linked to the emerging Alpha 
variant, and Wave 3 to the Delta variant (Fig. 2).

The period from the end of 2022 was characterised by a sequence of Omicron 
variants. In some cases, single subvariants took over rapidly (e.g., BA.2), while 
BA.4, BA.5, BE and BF coexisted for several months. Each time a new dominant 
subvariant emerges, there was a small wave of new cases and associated deaths (see 
Fig. 2). However, Nyberg et al. [28] found that the Omicron variant was much less 
severe and lethal than the Delta variant.

3 � Phase 1: the year 2020

Section 2 gave an overview of the whole of the pandemic and its main features. In 
this section, we focus on Phase 1, a phase that is characterised as the period before 
vaccinations commenced in December 2020. After this date, the vaccination rollout 
affected infection and Covid-19 death rates in complex ways, and we discuss this 
in the following section. In contrast, Phase 1, while much worse in terms of death 
rates, is much more straightforward to analyse.

Fig. 4   Dominant variants of Covid-19 in the UK between the end of 2020 and Spring 2023
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3.1 � What do the data reveal in detail?

Our starting point in this investigation is to examine Covid-19 death rates by age. 
These are shown in Fig. 5, where Covid-19 death rates are plotted separately against 
age for the first and second waves. Wave 1 (solid red line) runs for 26 weeks from 
March to August 2020 and Wave 2 (dashed red line) a further 26 weeks from Sep-
tember 2020 to February 202113—by which time vaccination was just starting to 
reduce death rates in the highest age groups. For comparison, Fig. 5 also includes 
two further curves: all-cause death rates by age in a pre-pandemic year, 2018 (dotted 
lines), for which we have both accurate exposures and detailed cause-of-death data; 
and all-cause death rates, with deaths from external causes excluded (black line). 
All-cause death rates excluding external causes for 2015, 2016 and 2017 are also 
included for comparison (orange, blue and green lines).

Once external causes have been excluded, we can see a striking, near-parallel 
relationship between (log) death rates from all causes in a normal year and Covid-19 
death rates in both Waves 1 and 2.14 It can be seen that the pre-Covid all-cause death 

Fig. 5   Death rates for males (left) and females (right) by age. Average Covid-19 death rates during Wave 
1 (26  weeks from March to August 2020) and Wave 2 (26  weeks from September 2020 to February 
2021). All-cause death rates and all-cause death rates excluding external causes are included for com-
parison and are based on 2018 values. All-cause death rates excluding external causes for 2015, 2016 and 
2017 are also included for comparison

13  Hence, Waves 1 and 2 cover a complete year.
14  The near-parallel relationship between Covid-19 death rates by age and all-cause death rates was first 
noted in an early-pandemic blog by Professor David Spiegelhalter (https://​medium.​com/​winto​ncent​re/​
what-​are-​the-​risks-​of-​covid-​and-​what-​is-​meant-​by-​the-​risks-​of-​covid-​c8286​95aea​69) and was also hinted 
at by Professor Moshe Milevsky in a blog showing two parallel lines (https://​moshe​milev​sky.​com/​covid-​
19-​and-​longe​vity-​risk/). See, also, Fig. 12.1 of Spiegelhalter and Masters [36] (not split between waves 1 
and 2) which indicates a continuation of the near parallelity to even younger ages.

https://medium.com/wintoncentre/what-are-the-risks-of-covid-and-what-is-meant-by-the-risks-of-covid-c828695aea69
https://medium.com/wintoncentre/what-are-the-risks-of-covid-and-what-is-meant-by-the-risks-of-covid-c828695aea69
https://moshemilevsky.com/covid-19-and-longevity-risk/
https://moshemilevsky.com/covid-19-and-longevity-risk/
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rate curves for 2015 to 2018 are almost identical meaning that the near-parallel rela-
tionship is not sensitive to the choice of ‘normal’ pre-Covid year. The key implica-
tion of this is that a birth cohort’s ability to fight a Covid-19 infection is linked to 
that cohort’s ‘biological frailty’ (defined earlier as its 1-year all-cause death rate).

We now build on this initial link between Covid-19 death rates and biological 
frailty in two ways. First, at any given age, there is evidence of significant heteroge-
neity in death rates. For example, within the same age group, some socio-economic 
groups experience higher death rates than other groups (see, e.g., Wen et al. [44], 
[45]15, and Cairns et al. [7], and references therein). This reflects, for example, dif-
ferences between subgroups in the prevalence of various health-related risk factors. 
For instance, more deprived areas will typically have a higher proportion of people 
who smoke. In turn, this leads to higher death rates from smoking-related diseases. 
So, we extend what we infer at the aggregate level from Fig. 5 to include subgroups. 
Thus, we postulate that Covid-19 death rates will be proportional to all-cause death 
rates by age and by socio-economic or other subgroup.

Second, we know that Covid-19 infection rates vary significantly between socio-
economic subgroups and between age groups. Everything else being equal, if the 
infection rate is doubled, then we would anticipate that the Covid-19 death rate 
would also double approximately.

Building on this, we can decompose Covid-19 death rates (annualised) as:

where, for subgroup i at age x,

•	 m
C
(i, x) is the Covid-19 death rate (annualised);

•	 m
A
(i, x) is the corresponding all-cause death rate (annualised) in a normal pre-

Covid-19 year (i.e., biological frailty);
•	 ĨR(i, x) = IR(i, x)∕� is the annualised infection rate (where IR(i, x) is the infection 

rate, the proportion who have become newly infected (i.e., the incidence of new 
infections) over a defined period of time of length � years; this is annualised by 
dividing by the measurement period, � ); and

•	 RF(i, x) is a balancing term that we define as ‘relative frailty’ (RF). This meas-
ures the infection fatality rate due to Covid-19 (as defined in Eq. (2) below) of 
an infected individual relative to annual all-cause mortality within the same sub-
group, i , and at the same age x.

 We need to be careful about interpreting the various components of Eq. (1) in rela-
tion to the measurement period, � . In particular, the proportion of the total popula-
tion who die as a result of an infection during this time period is 1 − exp

(

−m
C
(i, x)

)

 . 
Annualisation (e.g., as shown in Fig. 5) implies that we assume that new infections 
continue to occur for a full year at the same rate.

(1)m
C
(i, x) ≡ m

A
(i, x)ĨR(i, x)RF(i, x)

15  See, also, the LIFE App at Cairns et al. [8].
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Subgroups might be based on a number of different geodemographic measures, 
e.g., the Index of Multiple Deprivation (IMD),16 ethnic group, employment group, 
region and urban–rural location. It is well known (see, e.g., Wen et al. [45] and ref-
erences therein) that, at a given fixed age x , average all-cause mortality in these sub-
groups varies considerably. Cairns et al. [7] find that most of this variation in pre-
Covid all-cause mortality was due to socio-economics factors, implying that region 
or other locational identifiers had relatively little additional impact. This is a very 
important finding which we utilise below.

The infection rate, IR(i, x) , also varies in potentially different ways between sub-
groups. The pattern of variation in infection rates between socio-economic sub-
groups might be quite different from the pattern of variation in all-cause death rates 
in the same subgroups: for example, infection rates show significant dependence on 
regional and other factors in a way that is not evident in all-cause death rates (e.g., 
Ward et al. [43], and, by inference, regional variation in Fig. 2 and urban–rural vari-
ation in Fig. 3).

Next, we define the ‘infection fatality rate’, a quantity that has received consider-
able attention since the early stages of the pandemic (see, e.g., Verity et al. [41]):

which measures the (approximate) proportion of people in group i at age x who are 
newly infected and who subsequently die from Covid-19. This implies that Eq. (1) 
can be rewritten

Further, note that the IFR, as defined in Eq. (2), is a ‘rate’, from which we can 
derive the (exact) probability of death from Covid-19, given an individual has just 
been infected, as 1 − exp(−IFR(i, x)).

3.2 � The Proportionality Hypothesis

We are now in a position to make a formal statement of the Proportionality Hypoth-
esis. There are two versions (subgroup and aggregate) depending on the granularity 
of the data that are available.

The subgroup Proportionality Hypothesis states that:
PHSG: The Covid-19 infection fatality rate, IFR(i, x) , is approximately propor-

tional to the all-cause death rate, m
A
(i, x) , by both age and subgroup.

PHSG can also be expressed in two alternative, but equivalent, ways:

(2)IFR(i, x) ≡ m
A
(i, x)RF(i, x)

(3)m
C
(i, x) ≡ ĨR(i, x)IFR(i, x).

16  The Index of Multiple Deprivation measures relative deprivation (ranked from most to least deprived) 
in small areas in England called lower-layer super output areas. For further details, see https://​www.​gov.​
uk/​gover​nment/​stati​stics/​engli​sh-​indic​es-​of-​depri​vation-​2019.

https://www.gov.uk/government/statistics/english-indices-of-deprivation-2019
https://www.gov.uk/government/statistics/english-indices-of-deprivation-2019
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•	 The Covid-19 death rate, m
C
(i, x), is approximately proportional to the product 

of the all-cause death rate and the annualised infection rate by both age and sub-
group, m

A
(i, x)ĨR(i, x).

•	 Relative frailty, RF(i, x) , is approximately constant across ages and subgroups.

 In Sects. 4 and 5, we will consider the aggregate Proportionality Hypothesis.17 This 
version of the hypothesis is of interest and relevance when suitable data by subgroup 
are not available. In this case, we can still model Covid-19 death rates by age, but at 
the national rather than subgroup level. In this case, Eq. (1) simplifies to

where ĨR(x) is the annualised infection rate by age, IR(x)∕�.
The aggregate Proportionality Hypothesis is then formally stated as:
PHA: The Covid-19 infection fatality rate, IFR(x) , is approximately proportional 

to the all-cause death rate, m
A
(x) , by age.

PHA can also be expressed in two alternative, but equivalent, ways:

•	 The Covid-19 death rate, m
C
(x) , is approximately proportional to the product of 

the all-cause death rate and the annualised infection rate by age at the national 
level, m

A
(x)ĨR(x).

•	 Relative frailty, RF(x), is approximately constant across ages at the national level.

 Further, if the annualised infection rate, ĨR(x) , is approximately constant across 
ages, then the Covid-19 death rate, m

C
(x) , will be proportional to m

A
(x)—which is 

what Fig. 5 shows for ages above 40. However, there is no guarantee that the infec-
tion rate will always be constant across ages. For this reason, we decided to express 
the primary version of the Proportionality Hypothesis in terms of the proportionality 
between the infection fatality rate and the all-cause death rate, since this does not 
require the constancy of the infection rate across ages to hold.

3.3 � Assessing the Proportionality Hypothesis

Assessing the Proportionality Hypothesis is cleanest in Phase 1, since vaccinations 
had not yet commenced and there were few, if any, reinfections. We now look at 
two sources of data that, in combination, demonstrate consistency with the subgroup 
Proportionality Hypothesis, PHSG in Phase 1.

(4)m
C
(x) ≡ m

A
(x)ĨR(x)RF(x),

17  In particular, we will discuss the IFR in the context of the Proportionality Hypothesis in more detail in 
Sects. 4.2 and 5.2.
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3.3.1 � Infection rates

The first large-scale analysis of infection rates was published as part of the Imperial 
College REACT study [43]. This study established that around 6% of the population 
had been infected by Covid-19 during the first wave of the pandemic (based on anti-
body prevalence). It then looked at which subgroups had higher or lower antibody 
prevalence. The following is a summary of the conclusions of this study concerning 
infection rates:

•	 There was no significant difference in infection rates between males and females.
•	 There were only relatively modest differences between deprivation quintiles (the 

most deprived had about 10% higher infection rates than the least deprived).
•	 Similarly, there were only relatively modest differences between age groups, 

especially at higher ages. Compared with REACT’s 35–44 reference age group, 
younger age groups (e.g., the 18–24 age group) had infection rates that were 
about 40% higher. However, older age groups had at most 20% higher infection 
rates than the reference age group. This level of variation would not significantly 
alter our conclusion that the lines in Fig. 5 are almost parallel above age 40.18

•	 There were much higher levels of variation by:

•	 region (consistent with Fig.  2; e.g., infection rates in London were 200% 
higher than the more-rural South West)19;

•	 ethnic group (Blacks had 100% higher infection rates than Whites);
•	 employment group (patient-facing healthcare and care-home workers had 

infection rates up to 200% higher than ‘other workers’);
•	 household size (seven-or-more-person households had a 60% higher infection 

rate than single-person households).

 Infection rates on their own do not prove the Proportionality Hypothesis, but we use 
the information above (specifically the relatively modest variation in the first wave 
between deprivation groups) in the mortality analysis that follows.

3.3.2 � Age‑standardised mortality rates by deprivation decile and region

Figure  6 plots age-standardised mortality rates (ASMRs)20 relative to the least 
deprived decile 10. The grey bars show ASMRs for all-cause mortality with values 
that are consistent with ASMRs in pre-pandemic years.

In the summer months of 2020, the  Office for National Statistics (ONS, [29]) 
published analysis of Covid-19 death rates by IMD decile and region. A key graphic 

18  Because of the log scale in Fig. 5 and the fact that all-cause mortality varies significantly, perturbing 
infection rates by ± 20% at one or other end of the age range is only just noticeable and certainly does not 
alter the conclusion that the lines are nearly parallel above age 40.
19  This contrasts with the findings discussed above of Cairns et al. [7] who conclude that region is not 
significant in a normal non-Covid year.
20  Despite being called a mortality rate, the ASMR is calculated using death rates.
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focused on the impact of deprivation (redrawn as the dark blue bars in Fig. 6 for the 
period March to August 2020) with the conclusion that the more deprived groups 
had been disproportionately affected by Covid-19. Relative to the grey bars, it 
appeared that Covid-mortality exhibited increasing levels of mortality as depriva-
tion increased. However, we know that, compared with other parts of the country, 
London (a) had much higher Covid-19 infection rates and (b) has disproportionately 
higher levels of deprivation. The combination of the two in a city hosting a signifi-
cant percentage of the total population of England (around 16%21), was potentially 
distorting the Covid-19 ASMRs for the most-deprived deciles during the first wave 
of the pandemic.

The ONS simultaneously published ASMRs by region, allowing us to assess this 
potential regional distortion. We used a simple log-bilinear model for the Covid-19 
ASMR in region r and decile i:

with �(10) = 0 to ensure identifiability. This model allows us to separate the regional 
effects (which the REACT study, reported above, identified as significant) from the 
deprivation effects. The orange bars in Fig. 6 show Covid-19 death rates by depriva-
tion decile relative to the least-deprived decile 10, with regional effects filtered out: 
that is, the orange bars are equal to 100exp(�(i)), for deciles i = 1, …, 10. They are 

ASMR(r, i) = exp(�(r) + �(i))

Fig. 6   Death rates (%) relative to IMD decile 10 mortality for all-cause mortality (grey bars) and for 
Covid-19 mortality (orange and blue bars), March-August 2020. Blue bars: unadjusted Covid-19 mortal-
ity by decile. Orange bars: Covid-19 mortality, controlling for regional effects. IMD decile 1 is the most 
deprived, while IMD decile 10 is the least deprived

21  https://​www.​stati​sta.​com/​stati​stics/​294729/​uk-​popul​ation-​by-​region/.

https://www.statista.com/statistics/294729/uk-population-by-region/
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much closer in height to the grey bars for all-cause mortality. Thus, after controlling 
for regional effects, we can conclude that Covid-19 did not, in fact, disproportion-
ately affect more deprived subgroups. Instead, it reflected (and, indeed, highlighted) 
pre-existing health inequalities.

3.3.3 � What does the evidence indicate about the Proportionality Hypothesis?

Our broad conclusion from the evidence above is as follows. During the pre-vac-
cination Phase 1 of the pandemic, data by region and IMD decile are consistent 
with the subgroup Proportionality Hypothesis. In particular, relative frailty does 
not depend on socio-economic subgroup (specifically, data support the hypoth-
esis that relative frailty does not depend on deprivation decile).

However, a lack of granularity in the data also meant that our ability to assess 
the full subgroup hypothesis (specifically jointly by subgroup and age) was not 
possible. Hence, the differences we observe in Covid-19 death rates between 
groups are most likely to be due to:

•	 existing differences in the average biological frailty of different socio-eco-
nomic groups (which we measure as the average all-cause death rate in the 
coming year for these groups) as well as by age;

•	 differences in Covid-19 infection rates between groups as well as by age.

 As we progress, in the next section, to a discussion of Phase 2, we should be 
mindful that the model expressed in Eq. (1) needs to be adjusted to take account 
of vaccinations (and which vaccine) and prior infections of the virus (and which 
variant).

4 � Phase 2: from the beginning of 2021 to mid‑2022

4.1 � What do the data reveal in detail?

Phase 2 covers the statistically much more complex period during which a vari-
ety of new vaccines were developed and rolled out across the population, new 
variants emerged (see Fig. 4), improved treatments for severe cases were devel-
oped and many in the population caught Covid-19 for a second or third time.

4.1.1 � Vaccinations and antibody prevalence

In Fig.  7, we plot (by way of illustration) the proportion of people in the 18–24 
and 65–69 age groups who had received 1, 2 or 3 vaccines (the latter known as the 
booster vaccine). Vaccines in the UK were given by age (eldest first) as well as to 
people who were clinically vulnerable due to pre-existing health conditions. Thus, 
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we can see that the first main wave of vaccinations in the 18–24 age group lags the 
65–69 age group by about 4–5  months. But, in the 18–24 age group, while most 
vaccinations took place in June 2021, around 15% had been vaccinated at an earlier 
stage due to clinical vulnerability. Second vaccinations took place about 8–12 weeks 
after the first, and then the third or so-called booster vaccination occurred in Novem-
ber and December 2021. Take-up of the three vaccines was lower in the younger 
than the older age groups. Potential reasons for this include (see, for example, ONS, 

Fig. 7   Vaccination and antibody status of specific age groups (18–24 (top) and 65–69 (bottom); males 
and females combined), December 2020 to April 2023. Vaccination status shows the proportion of the 
age group who have received 1, 2 or 3 (booster) vaccinations. Antibody status shows prevalence: the per-
centage of the age group who have significant levels of antibodies
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[31]): prior infections leading to a perception that there was less need for a vaccina-
tion; vaccine hesitancy related to social media discussions or general distrust; and 
personal judgements concerning the benefits of vaccination versus the potential side 
effects.

Figure 7 also shows the percentage of the population who were antibody posi-
tive. A positive test would reflect either prior infection or vaccination. For the 65–69 
group, it can be seen that the first vaccine was only partially successful in build-
ing up antibody counts to a high enough level to produce a positive result. How-
ever, the second vaccine pushed antibody levels much higher. But we also see in 
the older age groups that antibody prevalence gradually declined after the first and 
second vaccinations. This might be a general age-related effect (older people are less 
able to maintain antibody levels), but it could also be that younger age groups were 
mixing more during 2021 and the consequent repeated exposure to infected persons 
might have kept their antibody levels higher. However, following the Autumn 2021 
booster, antibody prevalence in the 65–69 and other older age groups was much 
more persistent. This might simply be because a third vaccine was required to keep 
antibody levels high, but it might also be due to a change to what was perceived to 
be a more effective vaccine for the booster.

By around the middle of 2022, antibody levels had reached very high levels in all 
age groups. This indicates that almost everyone by that time had either received one 
or more vaccinations or they had been infected with Covid-19. Specifically, it meant 
that most people who had chosen not to get vaccinated had now had at least one 
dose of Covid-19. We discuss this further in Sect. 5.1.

4.1.2 � Infection rates (prevalence)

Figure 8 shows the prevalence of infection rates by age group over time using data 
available from the weekly ONS infection survey. The survey takes a large random 
sample each week and measures the prevalence of Covid-19.22 The nature of the 
survey means that the data can be considered to be reasonably accurate, as well as 
being consistent through time. An alternative measure could be based on self-report-
ing of new cases, for example, following home testing. However, the latter is prone 
to mis-reporting and growing levels of under-reporting, so results would not be con-
sistent through time.

The left-hand plot of Fig. 8 shows the raw infection rates with a Winter 2020–21 
peak followed by low levels of infection in the Spring of 2021, and then rising again 
through the remainder of 2021 as the Delta and then Omicron variants took hold. 
However, the form of the left-hand plot makes it difficult to discern the relationship 
between different age groups during 2021. The right-hand plot shows the prevalence 
in each age group relative to the arithmetic average of the prevalences across the 
seven age groups. This reveals considerable swings between different age groups 
during 2021, being the result of at least two drivers. First, the vaccination rollout 

22  Prevalence measures the number of people who are infected with Covid-19 at any point in time. It is 
different from the incidence of new infections which requires further assumptions about the duration of 
infection to estimate accurately the number of new infections from the infection survey data.
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targeted older people first. This coincided with a drop in infection rates in the older 
age groups (70 + and 50–69) relative to the younger age groups in late 2020 and 
the early part of 2021: the older groups had been vaccinated; the younger groups 
had not. In the middle of 2021, infection rates for the middle-aged groups of adults 
dropped as they, in turn, got vaccinated, while relative infection rates amongst chil-
dren continued to rise towards the autumn before dropping back once they too were 
vaccinated. Second, the benefits of and timing of vaccination were augmented by 
behavioural changes. During 2021, younger adults might have become less vigilant 
in terms of avoiding social contact (pushing up infection rates), while older adults 
continued to practise social distancing.

The first half of 2021 suggests that vaccination did, indeed, provide significant 
protection against infection (e.g., in the 50–69 group relative to the then unvacci-
nated 18–24 age group), although this fell well short of complete protection from 
infection.

4.1.3 � Hospital admissions

Figure 9 shows daily hospital admission rates (counting admissions of persons with 
an existing Covid-19 diagnosis plus persons diagnosed with Covid-19 once they 
were in hospital). The left-hand plot shows the raw admission rates by age group, 
and the right-hand plot shows admission rates for each age group as a percentage of 
the numbers of admissions across all ages.

The (generally) positive age gradient23 on the far-left side of both plots (i.e., 
before the vaccination rollout in 2021) indicates that, given someone had become 

Fig. 8   Left: infection rates (prevalence) over time (males and females combined; log scale) by age group, 
October 2020 to February 2023. Right: infection rates by age group relative to the arithmetic average 
over all age groups

23  In this case, the age gradient refers to the generally positive, although not necessarily a completely 
monotonic, relationship between hospital admissions and age. In Fig.  9, it is measured by the vertical 
spreads between the lines for any given date. The wider the vertical spreads, the steeper the gradient.
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infected, age had a significant positive influence on subsequent hospitalisation rates 
(supporting the link to biological frailty by age in the Proportionality Hypothesis). 
However, during 2021, we see significant disruption to the age gradient which, most 
likely, reflected the rollout of vaccinations to older people first. Specifically, in the 
right-hand plot, the grey and light-blue lines (85 + and 75–84 age groups) declined 
rapidly in the early months of 2021, while the proportions for younger age groups 
(e.g., red and green lines) increased. Then, as the summer progressed and younger 
adults received two vaccines, the age gradient was restored. This strongly supports 
the conjecture that vaccination had a much more important effect than behavioural 

Fig. 9   Covid-related hospital admissions by day (males and females combined) by age group over time, 
October 2020 to February 2023. Left: daily numbers of admissions. Right: daily admissions by age 
group as a proportion of daily admissions across all age groups
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changes in all age groups. We conclude that vaccination did play a very significant 
role in preventing people infected with Covid-19 from needing to be hospitalised, 
since it reduced the average severity of an infection.

The age gradient in the Autumn of 2021 was not as steep as it was in December 
2020. The most likely explanations for this are: the higher vaccination rates in the 
older age groups (Fig. 7); behavioural changes; and a transition from the Alpha to 
the milder Delta variant. We then see that the age gradient changed again between 
the Autumn of 2021 and Spring 2022, narrowing first before widening again to near 
December 2020 levels. In the intervening 6 months, there was the booster rollout 
(initially narrowing the gap between age groups), a rise in antibody levels to the 
high 90%s (Fig. 7), and a transition to the even milder Omicron variant.

4.1.4 � Average ages

The complex age-related information about infection rates, hospitalisation and 
deaths can be summarised into average ages. All data sets use age groups rather 
than single ages, and we use the mid-point of each age range in the calculation of 
the average ages. Data are available for deaths of males and females separately, so 
we present average ages for both in Fig. 10 over time. Data for hospitalisations and 
infections are for males and females combined. Average ages at death for females 

Fig. 10   The average age of people affected by Covid-19 at various levels of severity of outcome, 
July 2020–April 2023. Green line: average age of persons infected based on the ONS infection sur-
vey. Orange: average age of persons with a Covid-19-related hospital admission. Blue (males) and red 
(females): average age of those who died with Covid-19 (i.e., Covid-19 mentioned on the death certifi-
cate)
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are about 2 years higher than males, but, otherwise, males and females moved up 
and down in synchronisation with each other.

The average age of those infected with Covid-19 was relatively low, although this 
was consistent with the general age profile of the population, allowing for higher 
infection rates at younger ages as a consequence of closer social contacts. The aver-
age age of those hospitalised was significantly higher, reflecting the observation 
that, given someone was infected, the older they were, the more likely they were 
to be hospitalised (in line with the age gradient seen in Fig. 9). The average age at 
death was higher still, implying that the death rate of those hospitalised was higher 
for older people.

Now consider how the average ages changed as the pandemic progressed. In the 
early part of 2021, the average age at infection, hospitalisation and death dropped 
significantly, reflecting the impact of vaccination. The average age at hospitalisation 
dropped by as much as 20 years by the middle of 2021, providing strong support 
for the proposition that vaccination had a very strong impact on the severity of the 
infection, by keeping more people out of hospital.24 Average ages then rose as the 
rollout of vaccines 1 and 2 covered all age groups, but then dipped temporarily again 
at the end of 2021 due to the booster vaccines starting with the elderly. Most boost-
ers had been delivered by the end of January 2022.

A final observation is that, after March 2022, the average age of those infected 
rose above its December 2020 level, while, in contrast the average ages at hospi-
talisation and death were similar to December 2020. The reasons for this are not 
clear, but it could be a complex interaction of age effects related to vaccination, type 
of vaccine, behaviour, prior infection with Covid-19 and the variant. For example, 
Nyberg et al. [28] indicate that the difference between Omicron and Delta in terms 
of rates of hospitalisation was bigger at higher ages. Thus, everything else being 
equal, the transition from Delta to Omicron reduced the spread between the average 
ages of infection and hospitalisation. However, it is difficult to see this in the data as 
the booster rollout was happening at the same time.

4.1.5 � Severity and lethality

Individual cases of Covid will lie somewhere on a scale from mild to life-threat-
ening, and, ultimately, death in some cases. We refer to this sliding scale as 
‘severity’. As a way of measuring severity at the aggregate level in an objective 
way through time, we consider the ‘infection hospitalisation rate’ (IHR) which 
we define as the number of hospitalisations (as defined above in subsection 4.1.3) 
divided by the number of new infections for the same age group.

24  We think it is possible to go further than this and argue that the size of the drop is so big and the tim-
ing so closely linked to the timing of vaccination by age group that the big dip in Fig. 10 could only be 
down to vaccination. Variation in infection rates could make a small contribution to the dip, but it would 
have to be a very big coincidence that infection rates tipped one way and then went into reverse in the 
middle of June 2021.
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‘Lethality’ refers to the probability that a newly infected person subsequently 
dies with (or due to) Covid-19. This equates lethality with the ‘infection fatality 
rate’ (IFR; Eq. (2)). We calculate IFRs by 10-year age group: 35–44, 45–54, etc.

The IHRs and IFRs for each age group are plotted in Fig. 11. Each line has a 
certain amount of volatility due to sampling variation in the data, but the trends 
for each age group in each plot are clear. Each has a downward trend (before sta-
bilising in mid-2022), reflecting a combination of the benefits from vaccination 
(lowering both the IHR and IFR), better treatments (lowering the IFR), reinfec-
tions (mainly arising in 2022) and changes in the severity and lethality of new 
variants. But the key takeaway from this plot is that, by the middle of 2022, the 
IFR was about 1/20th to 1/30th of what it was around the end of 2020: a remark-
able reduction in such a short period of time. In comparison, the IHR had fallen 
to around 1/10th of what it was over the same period, indicating that the propor-
tion of severe cases had also fallen significantly. In both panels, there is a strong 
and well-defined age gradient.

In each of the plots in Fig. 11, we can see that the lines for the six age groups 
bunch up somewhat in the middle of 2021, reflecting the age-related vaccine rollout. 
We can also compare Autumn 2021 (all adults vaccinated who chose vaccination) 
with late Spring 2022 (all adults having received the booster). The spread between 
the age groups in the IHR plot widened over this period to December 2020 lev-
els. The reason for this widening is not clear, and is, in fact, not consistent with 
the analysis of Nyberg et al. [28] which suggested that the transition from Delta to 
Omicron benefitted older adults more than younger adults, nor with the lower uptake 
of the booster vaccine amongst the younger adults. But the widening spread might 
be consistent with a greater proportion of infections in younger adults being reinfec-
tions compared to older adults. Everything else being equal, an individual who has 
recovered fully from a prior infection might have a higher degree of protection from 
future infections than a fully vaccinated individual who has so far avoided infection.

Fig. 11   Infection hospitalisation rates by age group (left), and infection fatality rates by age group 
(right), October 2020–February 2023
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Our findings about the IHR are, however, consistent with those of Ferdinands 
et al. [17]. They focused on vaccine effectiveness—how good vaccines are at pre-
venting hospitalisation relative to the unvaccinated group—and found that this 
depended on which vaccine has been received, the variant of Covid, and the time 
elapsed since vaccination. Vaccine effectiveness was found to wane over time at a 
rate that supports the case for annual boosters—as is the case of flu.

4.1.6 � Death rates by vaccination status

The ONS also publishes monthly death rates by vaccination status [32]. Figure 12 
shows the results for males in their 70s, a particularly high risk group. In general, the 
data indicate that death rates involving Covid-19 were very significantly lower for 
people in the fully vaccinated group compared with the unvaccinated group (Fig. 12, 
right panel). However, these rates are not adjusted for geodemographic differences 
between the vaccinated and unvaccinated groups, so it is less clear how much of 
the spread in Covid-19 death rates is due to vaccination and how much due to other 
differences. We can gain some insight into this by comparing the Covid-19 mortal-
ity spread (Fig.  12, right panel) with the all-cause mortality spread (Fig.  12, left 
panel) for the same month. Two observations are notable. First, all-cause mortality 
was significantly lower for the fully vaccinated group.25 Second, the spread between 
the fully vaccinated and unvaccinated groups was much wider for Covid-19 mor-
tality than for all-cause mortality. Both these observations indicate that there were 
clear benefits from a programme of full vaccination. Patterns for other age groups 
are similar.

As we move towards the middle of 2022, however, the spread between the fully 
vaccinated and unvaccinated groups narrowed, although the vertical ranking is 
broadly maintained. Most likely this is because, as remarked earlier, almost all of 
the unvaccinated group had had at least one dose of Covid-19 and so their levels 
of immunity might be similar to or even stronger than those in the fully vaccinated 
group. Some studies have investigated the relative benefits of prior infection over a 
full programme of vaccination. For example, Altarawneh et al. [1] suggest that the 
future protection provided by each is about the same, but a combination of prior 
infection plus full vaccination (i.e., hybrid immunity) is stronger. The meta-analysis 
of Bobrovitz et al. [6] draws similar conclusions. The numbers of people with hybrid 
immunity only began to rise steeply after the Omicron variant began to dominate. In 
due course, it will be possible to investigate how the protection enjoyed by people 
with hybrid immunity persists relative to vaccination only or prior infection only.

The other notable observation from Fig. 12 is that those who dropped out of the 
vaccination programme after 1 or 2 vaccines ended up with higher all-cause mortal-
ity than the unvaccinated group. This is a feature that has been discussed in ONS 
[30] where two potential reasons are offered for the higher rate in this group. First, 

25  The vertical spread in all-cause mortality by vaccination status is consistent with vaccine uptake being 
heavily dependent on socio-economic group.
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the demographics of the group that dropped out might be quite different from the 
general population. Specifically, people from more deprived groups and from cer-
tain ethnic groups were more likely to drop out: these are groups that also have sig-
nificantly higher death rates than the population average. Second, people who were 
in very poor health and who, for example, might be undergoing significant medical 
treatment, were much more likely to defer getting their second (or booster) vaccina-
tion. For the 70–79 male age group, the spread that we observe between the unvac-
cinated and those who dropped out after one vaccine (from June 2021 onwards) was 
much wider than can be explained by general socio-economic differences (see, e.g., 
Wen et al. [44]), so the wide spread in this case was likely to be driven by drop-outs 
due to very poor health.

Part of the spread in all-cause mortality between the unvaccinated and the fully 
vaccinated groups (Fig. 12, left panel) might be due to socio-economic differences 
between those who declined to be vaccinated versus those who were fully vacci-
nated. If there were no benefits to vaccination, then the all-cause mortality spread 
between the two groups would be the same as for deaths with Covid-19 (Fig. 12, 
right panel). The fact that the spread is significantly wider for Covid-19 deaths pro-
vides further evidence that vaccination reduced the lethality of Covid-19.

Fig. 12   Age-standardised mortality rates (ASMRs) per 100,000 by month for males aged 70–79 by vac-
cination status, April 2021 to December 2022. Left: ASMRs for all-cause mortality excluding deaths 
with Covid-19 mentioned on the death certificate. Right: ASMRs for deaths with Covid-19. Dots show 
the ONS best estimates (Source ONS [32]). Dashed lines: 95% confidence limits. Dots and confidence 
intervals are omitted when there are insufficient data. The fully vaccinated group jumps from the red to 
green dots in month 4 and from the green to blue dots in month 10. Month 1 is January 2021
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4.2 � Assessing the Proportionality Hypothesis

We can now assess the Proportionality Hypothesis in Phase 2. As discussed earlier 
(Sect. 3.3), in Phase 1 of the pandemic, it was possible to establish that death rates 
by deprivation level were consistent with the subgroup Proportionality Hypothesis, 
due to the relative simplicity of the data (i.e., no vaccinations and one dominant 
variant). In Phases 2 and 3, the data are much more complex.

Let us start with the infection fatality rate (IFR) at the level of the individual. It 
will depend on several factors:

•	 the all-cause death rate for the individual’s age and socio-economic subgroup 
(see Eq. (2));

•	 new factors including vaccination status (unvaccinated or 1, 2 or 3 vaccines), 
which vaccines have been administered and when, prior infection status, and 
with which variant an individual is currently infected.

 This would then allow us to generalise our definition of relative frailty (by general-
ising the formulation in Eqs. (1) and (2)) to

In this equation, we have introduced a time element, t , to the IFR that is evident 
at the aggregate (national) level in Fig. 11. Additionally, the socio-economic sub-
groups, i , are further subdivided to reflect the additional factors or characteristics 
listed in the second bullet point above and these are represented in Eq.  (5) by the 
vector �.

For this generalised version of the subgroup Proportionality Hypothesis to be 
true, we would have to establish that, for each set of characteristics � , relative frailty 
is approximately constant across ages and socio-economic subgroups. Unfortu-
nately, data from the ONS are not available at this level of granularity (e.g., infection 
rates and death counts by socio-economic group and vaccination status are not avail-
able). This lack of detail is particularly relevant during Phase 2, when the propor-
tions in the different vaccination groups were changing significantly from month to 
month (as shown in Fig. 7). This means that we are not able to assess the subgroup 
Proportionality Hypothesis in Phase 2 (or indeed Phase 3).

We do, however, have data at the national level throughout all three phases and so 
this does allow us to calculate the aggregate version of relative frailty:

where there is no subdivision by socio-economic subgroup, by vaccination status, 
or other characteristics. RF is shown in Fig. 13. It declined substantially over time 
(since each line mimics the shape of the corresponding IFR for each age group), but 
it stabilised from the middle of 2022.

(5)RF(i, �, t, x) ≡ IFR(i, �, t, x)∕m
A
(i, x).

(6)RF(t, x) ≡ IFR(t, x)∕m
A
(x)
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We therefore have the data to assess the aggregate Proportionality Hypothesis. 
Specifically, we can see from Fig. 13 that relative frailty had some dependence on 
age in the last quarter of 2020 before vaccination began, with a steady age gradient 
(e.g., in December 2020, the brown line for ages 75–84 is higher than the orange 
line for ages 35–44).

The strict age gradient disappeared in the middle in 2021 during the vaccine roll-
out (e.g., the brown line is no longer consistently above the orange line), but then 
re-emerged during the early part of 2022, following the full rollout of the booster 
vaccines. It is clear that vaccination had a significant impact on relative frailty, mim-
icking the IFR discussion above. But, without more granular data, it is difficult to 
disentangle precisely the impact of vaccinations from the impact of new variants 
and the development of new treatments.26 So, although there are some interesting 
comments to be made on relative frailty, the lack of data granularity means that 
we cannot formally test for the continuing validity of the aggregate Proportionality 
Hypothesis during Phase 2 in the way that we were able to do during Phase 1.

Nevertheless, an alternative and powerful graphical illustration of the aggregate 
Proportionality Hypothesis can be seen in Fig. 14. In the left-hand panel, we plot 
both the IFR in December 2020 (solid red line) and the all-cause death rate (solid 
black line) in a pre-Covid year (2018) for ages above 40. The plot shows an approxi-
mately parallel relationship between the IFR by age at the end of Phase 1 and the 
all-cause death rate by age (on a log scale). This mimics what we saw in Fig. 5, but 
now with the effect of the infection rate filtered out. It is this approximate parallel 
relationship that justifies one of the ways we express the aggregate Proportional-
ity Hypothesis, namely that infection fatality rates are approximately proportional to 
all-cause death rates by age.

Fig. 13   Relative frailty by age group over time, October 2021–February 2023. The grey region on the 
right indicates the period where death occurrences might be underreported due to late registration and, 
hence, might be subject to later revision

26  For example, anti-viral drugs, such as Nirmatrelvir-ritonavir (Paxlovid), and therapeutic interventions.
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In the right-hand panel, we plot RF in December 2020 (solid blue line) and the 
all-cause death rate (solid black line) in a pre-Covid year (2018) for ages above 40. 
The plot shows the relative flatness of the RF curve across ages at the end of Phase 
1 compared with the all-cause death rate curve.27 It is this approximate constancy of 
the RF curve that justifies another way in which we express the aggregate Propor-
tionality Hypothesis, namely that relative frailty is approximately constant across 
ages (relative to the dependence of all-cause death rates on age).

5 � Phase 3: mid‑2022 onwards—transition from pandemic 
to endemic state

5.1 � What do the data reveal in detail?

Data from the middle of 2022 onwards can be seen towards the right-hand sides of 
Figs. 2, 7, 8, 9, 10, 11, 12 and 13. A key feature of these plots is the cyclical nature 
of infection rates, hospitalisations and death rates. The wave amplitudes are much 

Fig. 14   Left: the infection fatality rate (IFR) above age 40 in December 2020 (solid red line) and July 
2022 (dashed red line) in comparison with the all-cause death rate for 2018 (solid black line). Right: 
relative frailty (RF) above age 40 in December 2020 (solid blue line) and July 2022 (dashed blue line) in 
comparison with the all-cause death rate for 2018 (solid black line)

27  The slight upward tilt of the solid blue RF line in the right-hand panel of Fig. 14 follows from the 
slight upward tilt of the solid red IFR line relative to the solid black all-cause death line in the left-hand 
panel (see Eq. (5)).
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lower than the initial waves of the pandemic and the troughs are higher. Also, trends 
flatten out for some variables (e.g., relative frailty in Fig.  13) as the virus transi-
tioned from a pandemic to an endemic state.

Figure 7 also suggests that most of the adult population at all ages had either been 
vaccinated (with at least three doses) or infected with Covid resulting in a very high 
percentage carrying antibodies. During Phase 2, there was a rebalancing between 
age groups, discussed in Sect. 4, in terms of antibody prevalence with a resulting 
significant impact on the age distribution of infections, hospitalisations and deaths. 
In Phase 3, the high level of antibody prevalence makes it reasonable to assume that 
all age groups were approximately the same in terms of their vulnerability to infec-
tion without having to account for (as, for example, in early 2021) differing propor-
tions of vaccinated and unvaccinated (or antibody positive and negative).

In younger age groups, there was a higher proportion of people who had not been 
vaccinated, but who had been infected compared to older age groups. By contrast, in 
the older age groups, there was a higher proportion of people who had had at least 
three vaccines—and it seems that it was the third booster vaccine that kept antibody 
levels high for much longer. Either way, from mid-2022, antibodies in the popula-
tion stayed high for the remainder of the period covered by the data. A consequence 
is that relative frailty was much lower in Phase 3 than in Phase 1  (see Figure 13, 
right-hand panel), reflecting the high levels of prior infections and/or vaccinations as 
well as improved treatments for serious cases of Covid-19. This therefore provides a 
good basis for assessing the Proportionality Hypothesis in Phase 3.

5.2 � Assessing the Proportionality Hypothesis

Strong support for the aggregate Proportionality Hypothesis in Phase 3 comes from 
both Figs. 13 and 14. Figure 13 shows that, after July 2022, relative frailty for each 
age group remains reasonably constant (i.e., has no discernible trend), although there 
is some volatility across different months. In Fig. 14, the dashed red and blue lines 
(for July 2022) are approximately parallel to the solid red and blue lines (for Decem-
ber 2020)—although at a lower level—so the same conclusions as in Sect. 4.2 hold, 
namely that infection fatality rates are approximately proportional to all-cause death 
rates by age (left-hand panel) and relative frailty is approximately constant across 
ages (right-hand panel).

As with Phase 2, the data in Phase 3 lack the granularity to allow us to check the 
validity of the subgroup Proportionality Hypothesis across different socio-economic 
groups or by vaccination and infection status.

6 � The impact of Covid‑19 on other causes of death

The ONS monthly mortality analysis also reports monthly death rates (ASMRs) for 
the top 10 causes that month. These can be compared to pre-pandemic levels by 
month, allowing us to gain some insight into the indirect impact of the pandemic on 
other causes of death.
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Figure 15 shows monthly ASMRs for 9 of the leading causes of death over the 
period March (the top 5 only were reported initially by the ONS) or April (the top 
10) 2020 to March 2023, with the named cause as the underlying cause, rather than 
rates with the named cause being mentioned on the death certificate. The blue lines 
(except for Covid-19) show the average for the previous 5 years. The orange line 
shows the actual monthly rates during the pandemic.

A number of different patterns can be observed. The blue lines reveal the sea-
sonal nature of death rates to varying degrees: very strong seasonality for flu and 
pneumonia; negligible for long-term diseases such as cancers. These pre-pandemic 
patterns match the findings of Marti-Soler et al. [24]: strong seasonality for cardio-
vascular diseases, no seasonality for cancers. Marti-Soler et al. [24] also find that the 
seasonality is stronger for countries in colder climates compared with those nearer 
the Equator. Seasonality in cardiovascular diseases is reviewed in more detail by 
Fares [16] who finds that the reasons for seasonality are quite varied, depending on 
the specific cause of death, so the causes of seasonality are complex and not always 
clear.

The most striking plot in Fig. 15 is that for flu and pneumonia. The main obser-
vation is that, during the pandemic, standardised mortality rates were much lower 
than normal, but we also see much less seasonality than in normal years. The strong 
implication is that the combination of lockdowns, social distancing and home work-
ing substantially reduced people’s exposure to pneumonia pathogens (bacterial and 
viral pneumonia), resulting in fewer cases and fewer deaths. This is backed up by 
data from the Royal College of General Practitioners (RCGP). The RCGP publish 
weekly reports on the numbers of new cases of communicable diseases28 and the 
pattern of reported cases of pneumonia during the pandemic relative to the 5-year 
average for the same week in the year is very similar to the flu and pneumonia death 
rate.

At the other end of the spectrum, in the case of lung and bowel cancers, the pan-
demic had effectively no impact on the level or weekly pattern of standardised mor-
tality rates. This is because these are long-term illnesses, so Covid-19 had no impact 
on the average level of deaths and little impact on accelerating death (i.e., no impact 
related to the waves of Covid-19). We can also observe that the lung cancer stand-
ardised mortality rate during the pandemic was a bit lower than the 5-year average, 
but this mostly likely reflected the gradual, pre-pandemic downward trend in lung 
cancer death rates associated with falling numbers of smokers.

For other causes of death in Fig. 15, we can see varying degrees of seasonality in 
pre-pandemic standardised mortality rates, but much less seasonality during the pan-
demic, as with influenza and pneumonia. To take one example, chronic lower respir-
atory diseases typically have a chronic obstructive pulmonary disease (COPD), such 
as emphysema and bronchitis, as the main cause. Unlike flu and pneumonia, COPD 
is a long-term illness. But, unlike cancers, the strong seasonality suggests that the 
end of life is often triggered by the onset of a seasonal illness. During the pandemic, 

28  https://​www.​rcgp.​org.​uk/​repre​senti​ng-​you/​resea​rch-​at-​rcgp/​resea​rch-​surve​illan​ce-​centre/​public-​health-​
data.

https://www.rcgp.org.uk/representing-you/research-at-rcgp/research-surveillance-centre/public-health-data
https://www.rcgp.org.uk/representing-you/research-at-rcgp/research-surveillance-centre/public-health-data
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the change in behaviour again dampened down the seasonality in COPD death rates 
considerably, smoothing out the deaths over 2020 and 2021. Overall deaths were 
lower and the relative size of the reduction was greater than that for lung cancer. 
But does this mean that we will see a wave of delayed COPD deaths in the years 
to come (so instead of deaths accelerated by Covid-19, we have decelerated deaths 
due to COPD which are linked to social distancing, etc.)? Individuals diagnosed 
with COPD are at increased risk of death from other causes, such as cardiovascular 

Fig. 15   Monthly age-standardised mortality rates (ASMR) for 9 of the leading causes of death (deaths 
with the named cause as the underlying cause of death), April 2020 to March 2023. Orange lines: 
monthly ASMR’s during the pandemic. Blue lines: 5-year average ASMR for each specific month
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disease (Finkelstein et al. [18]). So, the decelerated COPD deaths might appear with 
something other than COPD as the underlying cause of death.

In contrast with the general lower rates observed in Fig. 15, some recent medi-
cal studies point to the greater onset of certain neurological diseases (in compari-
son with other respiratory diseases; [37]) and heart disease [42, 46]. Taquet et  al. 
[37] noted that the onset rates for certain disorders could be dependent on the vari-
ant of Covid-19 with which individuals had been infected. Using the same large-
scale health-insurance database, Xie et al. [46] and Wang et al. [42] concluded that 
cardiovascular events were up to twice as likely in the period after infection with 
Covid-19 compared with the control population (no Covid-19 infection). Wang et al. 
[42] found that individuals who were hospitalised within 30 days of a positive test 
for Covid-19 had a much higher risk of cardiovascular problems, including death, 
than those who were not hospitalised. Furthermore, those who were not hospitalised 
had a lower risk of many cardiovascular events than the control population. This 
tentatively suggests a link, again, between underlying biological frailty and hospi-
talisation: those who are at higher risk of suffering a cardiac event prior to infection 
are more likely to be hospitalised following infection. However, Wang et  al. [42] 
did not directly address this question. So, although a Covid-19 infection is likely to 
increase cardiovascular risk in the short term, the increased rates observed might be 
explained, in part, by residual heterogeneity in individual risk, even after controlling 
for known risk factors.

Uusküla et al. [38] used individual medical records for the general Estonian popula-
tion to compare outcomes for people who had been infected with Covid-19 (with three 
levels of severity) versus those who had not. They found that, post-infection, death rates 
were significantly higher for most causes of death (cardiovascular, cancer, respiratory, 
and other) than the control group (no infection) for a period of weeks to as much as 
a whole year (for those aged 60 +). Whether or not these cases are labelled as ‘long-
Covid’,29 the results collectively point to variation in individual biological frailty. A 
Covid-19 infection leaves an individual in a temporary state of heightened frailty that 
gradually reverts back to normal over a period of weeks or months: for example, in 
fighting the infection, the body uses up resources that take time to renew.30

Bhaskaran et al. [3] conducted a similar study based on individual health records 
in England. They drew similar conclusions that people discharged from Covid-19 
hospital admission had a significantly higher risk of death following discharge for a 
period of time. Additionally, they found similarly increased mortality risk for people 
discharged from influenza-related hospital admissions during the period 2017–2019.

These studies allow us to broaden our observation above: following recovery from a 
severe illness, an individual will be subject to higher mortality risk for a period of time 
than would otherwise be the case after taking account of other risk factors.

29  Long-Covid is defined as symptoms, such as extreme tiredness, feeling short of breath, loss of smell, 
and muscle aches, lasting longer than 12 weeks after a Covid-19 infection; https://​www.​nhs.​uk/​condi​
tions/​covid-​19/​long-​term-​effec​ts-​of-​covid-​19-​long-​covid (accessed 10/9/24).
30  This observation equally applies to the periods following other adverse health events, not just Covid-
19.

https://www.nhs.uk/conditions/covid-19/long-term-effects-of-covid-19-long-covid
https://www.nhs.uk/conditions/covid-19/long-term-effects-of-covid-19-long-covid


	 A. J. G. Cairns et al.

Dale et al. [13] provide other reasons for increased death rates in the general pop-
ulation from various potential future causes. Using primary care prescription data in 
the UK, they found that prescription initiation rates for key cardiovascular preventa-
tive medicines fell significantly during the pandemic, with a prediction of higher 
future cardiovascular mortality as a result. Contrasting with Fig. 15 (top right, deaths 
due to ischaemic heart disease), the numbers of deaths with ischaemic heart disease 
(IHD) mentioned on the death certificate were significantly higher than expected 
(that is, due to IHD or with IHD as a secondary or contributing factor).31 Partial 
explanations for this difference are emerging (e.g., delayed prescription initiation or 
missed cardiovascular operations), but more analysis is required to understand this 
phenomenon better.32 From a statistical perspective, we note that the excess deaths 
due to ‘ill-defined’ causes (Fig. 15, bottom left; ICD 10: R00-99) could explain a 
large proportion of the increase in deaths with IHD mentioned. Verifying this would 
require publication or access to more detailed death records than are currently pub-
licly available. At the present time, it seems plausible that the increase in ill-defined 
deaths could be the result of a combination of (a) delayed diagnosis and treatments, 
and (b) long-Covid.

There is also significant concern about increased cancer deaths in the short to 
medium term, resulting from late diagnosis of new cancers or delayed treatments for 
cancer during the national lockdowns. Morris et al. [26] reported a significant reduc-
tion in suspected bowel cancer referrals and colonoscopies following the start of 
the first Covid-19 lockdown, resulting in around 3500 fewer formal cancer diagno-
ses over a 6-month period. These missing cases will, inevitably, emerge later when 
the cancer has advanced and so the survival prospects for the patient will be lower. 
Englum et al. [15] also report similar falls in the diagnosis of a range of cancers. 
Luo et al. [23] model the effects of late diagnosis and delayed treatment in Australia. 
They estimate, for example, that the pandemic will result in 460 additional deaths 
and 437 accelerated deaths from bowel cancer in Australia. The timing and magni-
tude of additional cancer deaths will depend on how much a cancer advances over 
the 3 to 6 months of a diagnosis delay, what the subsequent impact is on survival 
and remission probabilities, and the general time lag between stage of cancer (1 to 4) 
at diagnosis and death.

A detailed analysis by cause of death is beyond the scope of this paper, but we 
note that, over time, a clearer picture will emerge in terms of additional cancer and 
other deaths that resulted indirectly from the Covid-19 pandemic. It is likely that the 
consequences of the Covid-19 pandemic will have a very long tail.

31  See, for example, the Office for Health Improvement and Disparities (OHID) visualisation tool at 
https://​app.​power​bi.​com/​view?r=​eyJrI​joiYm​UwNmF​hMjYt​NGZhY​S00ND​k2LWF​lMTAt​OTg0O​
GNhNm​FiNGM​0Iiwi​dCI6I​mVlNG​UxNDk​5LTRh​MzUtN​GIyZS​1hZDQ​3LTVm​M2NmO​WRlOD​Y2NiI​
sImMi​Ojh9 (accessed 28/6/2024).
32  As an aside, the numbers of excess ‘with IHD’ deaths have recently been declining, so perhaps what 
has been observed is a temporary effect. See https://​app.​power​bi.​com/​view?r=​eyJrI​joiYm​UwNmF​hMjYt​
NGZhY​S00ND​k2LWF​lMTAt​OTg0O​GNhNm​FiNGM​0Iiwi​dCI6I​mVlNG​UxNDk​5LTRh​MzUtN​GIyZS​
1hZDQ​3LTVm​M2NmO​WRlOD​Y2NiI​sImMi​Ojh9 (accessed 28/6/2024).

https://app.powerbi.com/view?r=eyJrIjoiYmUwNmFhMjYtNGZhYS00NDk2LWFlMTAtOTg0OGNhNmFiNGM0IiwidCI6ImVlNGUxNDk5LTRhMzUtNGIyZS1hZDQ3LTVmM2NmOWRlODY2NiIsImMiOjh9
https://app.powerbi.com/view?r=eyJrIjoiYmUwNmFhMjYtNGZhYS00NDk2LWFlMTAtOTg0OGNhNmFiNGM0IiwidCI6ImVlNGUxNDk5LTRhMzUtNGIyZS1hZDQ3LTVmM2NmOWRlODY2NiIsImMiOjh9
https://app.powerbi.com/view?r=eyJrIjoiYmUwNmFhMjYtNGZhYS00NDk2LWFlMTAtOTg0OGNhNmFiNGM0IiwidCI6ImVlNGUxNDk5LTRhMzUtNGIyZS1hZDQ3LTVmM2NmOWRlODY2NiIsImMiOjh9
https://app.powerbi.com/view?r=eyJrIjoiYmUwNmFhMjYtNGZhYS00NDk2LWFlMTAtOTg0OGNhNmFiNGM0IiwidCI6ImVlNGUxNDk5LTRhMzUtNGIyZS1hZDQ3LTVmM2NmOWRlODY2NiIsImMiOjh9
https://app.powerbi.com/view?r=eyJrIjoiYmUwNmFhMjYtNGZhYS00NDk2LWFlMTAtOTg0OGNhNmFiNGM0IiwidCI6ImVlNGUxNDk5LTRhMzUtNGIyZS1hZDQ3LTVmM2NmOWRlODY2NiIsImMiOjh9
https://app.powerbi.com/view?r=eyJrIjoiYmUwNmFhMjYtNGZhYS00NDk2LWFlMTAtOTg0OGNhNmFiNGM0IiwidCI6ImVlNGUxNDk5LTRhMzUtNGIyZS1hZDQ3LTVmM2NmOWRlODY2NiIsImMiOjh9
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7 � Extrapolative models and the Proportionality Hypothesis

We now discuss how extrapolative mortality models might need to be modified 
(stopping short of a full exercise in model fitting) to incorporate the Proportionality 
Hypothesis by considering the Lee and Carter [21] (LC) and the CBD-X model [14]. 
We will consider the national death rate only, m(t, x) . In related work, van Berkum 
et al. [39] consider how to generalise the multi-population Li and Lee [22] model to 
capture weekly effects (including both seasonality and Covid-19 waves). What we 
outline here is similar in spirit to van Berkum et al. [39] with the additional consid-
eration of the Proportionality Hypothesis.

7.1 � The Lee–Carter model

The standard LC model for all-cause death rates is log m(t, x) = �
x
+ �

x
�
t
+ �(t, x) , 

the sum of age and age-period terms plus �(t, x) , a set of independent, zero-mean 
error terms. If we first assume a constant Covid-19 infection rate and constant rela-
tive frailty across all ages, then the Proportionality Hypothesis would result in an 
all-cause death rate (including Covid-19) of log m(t, x) = �

x
+ �

x
�
t
+ � . The addi-

tional � term is consistent with what we see in Fig. 5, but, even with constant infec-
tion rates, this does not capture the time dependency. More generally, in the pan-
demic setting and being mindful of the Proportionality Hypothesis, the LC model 
needs to be modified by adding at least one further age-period term33:

The interpretation of I
x
 and �

t
 and justification for this form is as follows. We start 

with the aggregate Proportionality Hypothesis (Eq.  (4)) modified to incorporate a 
time dimension

where m̃
A
(t, x) represents the underlying all-cause death rate in the 

absence of Covid. The all-cause death rate including Covid-19 is then 
m(t, x) = m̃

A
(t, x)

{

1 + ĨR(t, x)RF(t, x)
}

 . It follows that

Now suppose that we can write ĨR(t, x) = I
1
x
�1
t
 . This assumes that the relative age 

distribution of infections remains stable over time (as a first approximation), while �1
t
 

models the waves of the pandemic over time (e.g., Figs. 2 and 8). Similarly, suppose 
that we can write RF(t, x) = I

2
x
�2
t
 , where and I2

x
 models the relative variation by age 

in the relative frailty (Fig. 14), and �2
t
 captures the decline in the relative frailty over 

log m(t, x) = �
x
+ �

x
�
t
+ I

x
�
t
+ �(t, x).

m
C
(t, x) ≡ m̃

A
(t, x)ĨR(t, x)RF(t, x)

log m(t, x) ≈ log m̃
A
(t, x) + �IR(t, x)RF(t, x)

33  Zhou and Li [47] and Schnürch et al. [34] take a similar approach.
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time (Fig.  13). The net result of this is that log m(t, x) ≈ �
x
+ �

x
�
t
+ I

x
�
t
+ �(t, x) 

where I
x
= I

1
x
I
2
x
 , and �

t
= �1

t
�2
t
,

It might be that more than one additional age-period component is required to 
capture properly the impact of Covid-19 on mortality rates. The assumptions in the 
preceding paragraph require stability in the relative age-profile of infections and rel-
ative frailty. But we saw (Figs. 8 and 13) that these both tilted one way and then the 
other during 2021, implying that more than one additional age-period component 
might be necessary. This would be particularly relevant if (as in van Berkum et al. 
[39]) mortality rates are being modelled on a weekly basis rather than annual and 
over the full course of the pandemic.

7.2 � A CBD‑X model

We will take a simple version of the CBD-X models from Dowd et al. [14] without 
a cohort effect:

This model can capture some of the Covid-19 dynamics in a way that is consist-
ent with the Proportionality Hypothesis. With constant infection rates and relative 
frailty across ages, the resulting parallel shift (as in the LC model) would be cap-
tured by the �1t period effect, while the �2t period effect in combination with the 
age effect (x − x) picks up some of the variation by age in infection rates and rela-
tive frailty (as the latter varies through Phase 2). But an additional age-period com-
ponent similar to the modified LC model ( I

x
�
t
 ) might be required if the linear age 

effect turns out to be insufficient.

8 � Implications for insurance: future extreme scenarios 
and catastrophe bonds

In this section, we raise a number of issues relevant for insurance companies in the 
light of the pandemic. They are discussed only briefly here, and a more detailed 
analysis is left for further work.

Drivers of extreme mortality events include terrorist attacks (e.g., New York, 
September 2001), tsunamis (e.g., Sumatra, 2004), earthquakes (e.g., Haiti, 2010) 
and pandemics (e.g., Spanish Flu, 1918; Covid-19, 2020). Past experience34 sug-
gests that (deadly) pandemics are likely to be the most extreme mortality events 
even though they are likely to be much less frequent. It follows, therefore, that when 
modelling extremes at, for example, the 99.5% confidence level, we should focus on 
pandemics.

log m(t, x) = �
x
+ �1t + �2t

(

x − x
)

+ �(t, x).

34  Past experience, of course, might not be the best guide to the future. Future larger extremes could also 
include terrorism involving biological agents (perhaps leading to a pandemic) as well as nuclear missile 
attacks and other acts of war (although these are typically not covered in standard insurance contracts).
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8.1 � Future extreme scenarios

Our discussion in the preceding sections suggests the following: when modelling 
an extreme pandemic-related mortality event, it would be inappropriate to simply 
model this by adding a fixed percentage to regular death rates.35 Instead, stochastic 
models need to be developed which allow for significant variation within a coun-
try, for example: at regional and sub-regional level; between urban and rural areas; 
between different socio-economic groups; and between different age groups. This 
variation will introduce a form of risk diversification, and insurers whose liabilities 
are well diversified across the groups above should benefit from that diversification 
through a lower provision for extremes. Conversely, an insurer that holds a more 
concentrated group of lives (e.g., a high percentage located in London and from a 
particular socio-economic group) might be expected to post higher reserves against 
extreme mortality events.

A model that assumes all groups experience the same magnitude of mortality 
shock effectively assumes that all groups are perfectly correlated, but the Covid-
19 pandemic has proved otherwise. The challenge here concerns how much credit 
should be given to a well-diversified portfolio of lives, and, of course, we really have 
very little data with which to calibrate a model that allows for variation between 
groups. This remains an open question, but it should not be ignored.

8.2 � Parametric mortality catastrophe bonds

The last two decades have a seen a small but steady issuance of mortality catas-
trophe bonds, mainly by insurers and reinsurers; they have been used principally 
as hedging instruments by the same issuers. Many of these use national mortality 
indices to determine the payments to the issuer and bondholders, for example, para-
metric mortality catastrophe bonds (as discussed in Blake et  al. [5], or Blake and 
Cairns, [4]). The linkage to national mortality indices assumes a high correlation (in 
an extreme scenario) between the national mortality index and the (re)insurer’s own 
portfolio of lives and associated sums-at-risk. However, the Covid-19 pandemic has 
revealed significant variation between regions and other groups, and so it is not clear 
that the assumption of a high correlation between portfolio and national mortality is 
valid. For example, based on Fig. 3, national mortality might have been 15% higher 
than normal, but an insurer that is concentrated in highly urban areas might have 
experienced as much as 25% higher mortality.

This might cause issuers of mortality catastrophe bonds to prefer linkage to a cus-
tomised mortality index (i.e., based on their own mortality experience). However, 
an alternative would be to subdivide the national mortality index into regional and 

35  Other approaches to handling a Covid-19-type shock have been proposed by Schnürch et al. [34] and 
Hanika [19], but these do not consider the level of granularity proposed here.
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socio-economic mortality indices,36 in a way that mimics the current linkage in a 
parametric bond to several national mortality indices.37

9 � Conclusions

Although Covid-19 was evidently present in China towards the end of 2019, the 
pandemic finally took hold around the world early in 2020 resulting in a range of 
different public health measures, including temporary lockdowns and the develop-
ment and rollout of vaccines, designed to slow down the spread of the virus and 
reduce cases and fatalities. These measures and their timing, as well as differing 
behavioural responses by individuals, resulted in quite different patterns of spread 
in different countries even during the first significant wave of the pandemic in the 
spring of 2020.

Nevertheless, despite the differences in the timing and magnitude of the pan-
demic waves in different parts of the world, we believe that many features of the 
disease’s impact in England are likely to apply to other countries as well. To identify 
the impact, researchers would need to filter out the effects of varying infection rates 
over time and between different age and socio-economic groups. We then conjecture 
that, given an individual has been infected, risk factors such as age, socio-economic 
status, ethnicity, and region have a similar impact on health outcomes in different 
countries. In particular, we would expect the Proportionality Hypothesis to hold, 
with Covid-19 infection fatality rates being proportional to all-cause death rates 
across ages and subgroups.

Supporting evidence for this comes from Atanasov et al. [2], one of the few stud-
ies that has data available with sufficient granularity to be able to conduct a simi-
lar analysis to ours. They identify a pattern similar to our analysis of the subgroup 
Proportionality Hypothesis (Fig.  6), using a measure which they call the Covid 
Excess Mortality Percentage (CEMP). Their data consists of death counts rather 
than ASMRs for the US state of Indiana, subdivided by age group, sex, race and 
socio-economic quintile. They found a very strong correlation between Covid deaths 
during the first wave of the pandemic and all-cause deaths in a non-Covid year by 
subgroup: a result that is consistent with the subgroup Proportionality Hypothesis. 
As with our analysis underpinning Fig.  6, they do not make any adjustments for 
potentially different infection rates in different subgroups. Their further subdivision 
by age group also supports the subgroup and aggregate proportionality hypotheses 
by age.

Global insurers are recommended to investigate new extreme pandemic mortality 
scenarios that take into account the significant random variation between different 

36  In England, these might be based on national data subdivided by region and deprivation level, or 
using a customised index such as the Longevity Index for England [7–9] or a proprietary index (e.g. Club 
Vita).
37  Chen et al. [12] have considered the design of a pandemic catastrophe bond based on infection and 
mortality rates.



Covid‑19 mortality: the Proportionality Hypothesis﻿	

geographical areas, age groups and socio-economic subgroups. They are also rec-
ommended to design mortality catastrophe bonds that incorporate a linkage to sub-
population mortality indices.

The Proportionality Hypothesis also has implications for the pricing and valua-
tion of annuities post-pandemic. This is investigated further in Cairns et al. [9].

Finally, we note that the next pandemic might be closer than we fear. At the time 
of writing (August 2024), the World Health Organization added the Black Death 
plague, bird flu and the mpox virus to its pandemic watchlist [27].

Appendix 1: Data sources

•	 Human Mortality Database (HMD): Short Term Mortality Fluctuations database
	   https://​www.​morta​lity.​org/​Data/​STMF
•	 Office for National Statistics (ONS): deaths registered weekly in England and 

Wales
	   https://​www.​ons.​gov.​uk/​peopl​epopu​latio​nandc​ommun​ity/​birth​sdeat​hsand​

marri​ages/​deaths/​datas​ets/​weekl​yprov​ision​alfig​ureso​ndeat​hsreg​ister​edine​nglan​
dandw​ales

•	 ONS: Coronavirus (Covid-19) antibody and vaccination data for the UK
	   https://​www.​ons.​gov.​uk/​peopl​epopu​latio​nandc​ommun​ity/​birth​sdeat​hsand​

marri​ages/​deaths/​bulle​tins/​death​sinvo​lving​covid​19byv​accin​ation​statu​sengl​and/​
death​soccu​rring​betwe​en1ja​nuary​2021a​nd31m​ay2022

•	 ONS: Deaths involving Covid-19 by vaccination status, England: deaths occur-
ring between 1 January 2021 and 31 May 2022

	   https://​www.​ons.​gov.​uk/​peopl​epopu​latio​nandc​ommun​ity/​healt​hands​ocial​care/​
condi​tions​anddi​seases/​datas​ets/​coron​aviru​scovi​d19an​tibod​ydata​forth​euk

•	 ONS: Deaths by vaccination status, England
	   https://​www.​ons.​gov.​uk/​peopl​epopu​latio​nandc​ommun​ity/​birth​sdeat​hsand​

marri​ages/​deaths/​datas​ets/​death​sbyva​ccina​tions​tatus​engla​nd
•	 ONS: Number of positive Covid-19 tests by genetic lineages seen in samples by 

week
	   https://​www.​ons.​gov.​uk/​peopl​epopu​latio​nandc​ommun​ity/​healt​hands​ocial​care/​

condi​tions​anddi​seases/​datas​ets/​covid​19inf​ectio​nsurv​eytec​hnica​ldata
•	 NHS: Daily Covid-related hospital admissions
	   https://​www.​engla​nd.​nhs.​uk/​stati​stics/​stati​stical-​work-​areas/​covid-​19-​hospi​tal-​

activ​ity/
•	 ONS: Monthly mortality analysis, England and Wales
	   https://​www.​ons.​gov.​uk/​peopl​epopu​latio​nandc​ommun​ity/​birth​sdeat​hsand​

marri​ages/​deaths/​datas​ets/​month​lymor​talit​yanal​ysise​nglan​dandw​ales
•	 ONS: Monthly mortality analysis, England and Wales monthly bulletins
	   https://​www.​ons.​gov.​uk/​peopl​epopu​latio​nandc​ommun​ity/​birth​sdeat​hsand​

marri​ages/​deaths/​bulle​tins/​month​lymor​talit​yanal​ysise​nglan​dandw​ales/​latest
•	 ONS: Antibody prevalence
	   https://​www.​ons.​gov.​uk/​peopl​epopu​latio​nandc​ommun​ity/​healt​hands​ocial​care/​

condi​tions​anddi​seases/​artic​les/​coron​aviru​scovi​d19la​testi​nsigh​ts/​antib​odies

https://www.mortality.org/Data/STMF
https://www.ons.gov.uk/peoplepopulationandcommunity/birthsdeathsandmarriages/deaths/datasets/weeklyprovisionalfiguresondeathsregisteredinenglandandwales
https://www.ons.gov.uk/peoplepopulationandcommunity/birthsdeathsandmarriages/deaths/datasets/weeklyprovisionalfiguresondeathsregisteredinenglandandwales
https://www.ons.gov.uk/peoplepopulationandcommunity/birthsdeathsandmarriages/deaths/datasets/weeklyprovisionalfiguresondeathsregisteredinenglandandwales
https://www.ons.gov.uk/peoplepopulationandcommunity/birthsdeathsandmarriages/deaths/bulletins/deathsinvolvingcovid19byvaccinationstatusengland/deathsoccurringbetween1january2021and31may2022
https://www.ons.gov.uk/peoplepopulationandcommunity/birthsdeathsandmarriages/deaths/bulletins/deathsinvolvingcovid19byvaccinationstatusengland/deathsoccurringbetween1january2021and31may2022
https://www.ons.gov.uk/peoplepopulationandcommunity/birthsdeathsandmarriages/deaths/bulletins/deathsinvolvingcovid19byvaccinationstatusengland/deathsoccurringbetween1january2021and31may2022
https://www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/conditionsanddiseases/datasets/coronaviruscovid19antibodydatafortheuk
https://www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/conditionsanddiseases/datasets/coronaviruscovid19antibodydatafortheuk
https://www.ons.gov.uk/peoplepopulationandcommunity/birthsdeathsandmarriages/deaths/datasets/deathsbyvaccinationstatusengland
https://www.ons.gov.uk/peoplepopulationandcommunity/birthsdeathsandmarriages/deaths/datasets/deathsbyvaccinationstatusengland
https://www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/conditionsanddiseases/datasets/covid19infectionsurveytechnicaldata
https://www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/conditionsanddiseases/datasets/covid19infectionsurveytechnicaldata
https://www.england.nhs.uk/statistics/statistical-work-areas/covid-19-hospital-activity/
https://www.england.nhs.uk/statistics/statistical-work-areas/covid-19-hospital-activity/
https://www.ons.gov.uk/peoplepopulationandcommunity/birthsdeathsandmarriages/deaths/datasets/monthlymortalityanalysisenglandandwales
https://www.ons.gov.uk/peoplepopulationandcommunity/birthsdeathsandmarriages/deaths/datasets/monthlymortalityanalysisenglandandwales
https://www.ons.gov.uk/peoplepopulationandcommunity/birthsdeathsandmarriages/deaths/bulletins/monthlymortalityanalysisenglandandwales/latest
https://www.ons.gov.uk/peoplepopulationandcommunity/birthsdeathsandmarriages/deaths/bulletins/monthlymortalityanalysisenglandandwales/latest
https://www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/conditionsanddiseases/articles/coronaviruscovid19latestinsights/antibodies
https://www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/conditionsanddiseases/articles/coronaviruscovid19latestinsights/antibodies
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•	 Coronavirus Data website: Vaccination uptake by age group
	   https://​coron​avirus.​data.​gov.​uk/​detai​ls/​vacci​natio​ns?​areaT​ype=​natio​n&​areaN​

ame=​Engla​nd
•	 ONS: Infection survey, England
	   https://​www.​ons.​gov.​uk/​peopl​epopu​latio​nandc​ommun​ity/​healt​hands​ocial​care/​

condi​tions​anddi​seases/​datas​ets/​coron​aviru​scovi​d19in​fecti​onsur​veyda​ta
•	 Royal College of General Practitioners (RCGP): Communicable and respiratory 

disease reports
	   https://​www.​rcgp.​org.​uk/​repre​senti​ng-​you/​resea​rch-​at-​rcgp/​resea​rch-​surve​illan​

ce-​centre/​public-​health-​data.

Appendix 2: Summary of findings

In this section, we summarise the findings of the paper.

What do the data reveal?

•	 Prior to the introduction of vaccination:
•	 There were no differences in infection and death rates between males 

and females, although average ages at death for females were about 
2 years higher than for males.

•	 For those who became infected, there was a clear dependency between 
severity, hospitalisation, lethality and age. Given that someone had 
become infected, age had a significant positive impact on subsequent 
hospitalisation and death rates. Death rates were higher for older peo-
ple.

•	 There was considerable variation in death rates by region, sub-region 
and other subgroups (e.g., socio-economic groups).

•	 However, after adjustment for regional effects, Covid-19 did not dis-
proportionately affect more deprived subgroups. Instead, it reflected 
pre-existing health inequalities.

•	 Accordingly, differences in Covid-19 death rates between groups were 
most likely because of:
•	 existing differences in the average biological frailty of different 

socio-economic groups (which we identify with the average all-
cause death rate in the coming year for a particular group, excluding 
external causes) as well as by age;

•	 differences in Covid-19 infection rates between groups, as well as by 
age.

https://coronavirus.data.gov.uk/details/vaccinations?areaType=nation&areaName=England
https://coronavirus.data.gov.uk/details/vaccinations?areaType=nation&areaName=England
https://www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/conditionsanddiseases/datasets/coronaviruscovid19infectionsurveydata
https://www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/conditionsanddiseases/datasets/coronaviruscovid19infectionsurveydata
https://www.rcgp.org.uk/representing-you/research-at-rcgp/research-surveillance-centre/public-health-data
https://www.rcgp.org.uk/representing-you/research-at-rcgp/research-surveillance-centre/public-health-data
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•	 During the course of vaccine rollout in 2021 and 2022:
•	 Vaccination provided significant but not complete protection against 

infection. It reduced infection rates and, for those who became infected, 
it reduced the average severity of the infection, as well as hospitalisa-
tion rates and lethality. Further, vaccination appears to have had a much 
more important effect than behavioural changes in all age groups

•	 Death rates involving Covid-19 were very significantly lower for peo-
ple in the fully vaccinated group compared with the unvaccinated group. 
Those who drop out of the vaccination programme after 1 or 2 vaccines 
ended up with higher all-cause mortality than the unvaccinated group, 
but this could be because the drop-outs were already in very poor health 
and some would have died before completing the vaccination pro-
gramme. In short, there were clear benefits from a programme of full 
vaccination.

•	 In the older age groups, antibody levels gradually declined after the first 
and second vaccinations, but were much more persistent after the third 
(booster) vaccine. It seems that it was the third vaccine, or the use of an 
improved vaccine, that kept antibody levels high for much longer.

•	 By mid-2022, antibody levels had reached very high levels in all age 
groups. This indicates that almost everyone by that time had either 
received one or more vaccinations or they had been infected with Covid-
19. Specifically, it meant that most people who had chosen not to get 
vaccinated had now had at least one dose of Covid-19.

•	 The infection fatality rate was, by the middle of 2022, 1/20th to 1/30th 
of what it was at the end of 2020: being a combination of the impact of 
vaccination, new less lethal variants, and improved hospital treatments 
for Covid-19. Over the same period, the infection hospitalisation rate 
fell to 1/10th of what it had been, indicating the reduction in the severity 
of the infections.

•	 The combination of vaccination and prior infection conferred stronger 
protection than either one on its own.

The Proportionality Hypothesis

•	 We propose two versions of the Proportionality Hypothesis: the subgroup 
hypothesis and the aggregate hypothesis.

•	 The subgroup Proportionality Hypothesis can be expressed in three mathe-
matically equivalent ways:

•	 The Covid-19 infection fatality rate is approximately proportional to the 
all-cause death rate across ages and subgroups

•	 The Covid-19 death rate is approximately proportional to the product of 
the all-cause death rate and the infection rate across ages and subgroups
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•	 Relative frailty (the infection fatality rate of a Covid-19-infected indi-
vidual relative to that individual’s all-cause mortality rate, excluding 
external causes) is approximately constant across ages and subgroups.

•	 The aggregate Proportionality Hypothesis can be expressed at the national 
level in the same three ways.

•	 On the basis of evidence from Phase 1, when Covid-19 death rates were not 
affected by vaccination and other factors, we conclude that the data are con-
sistent with the subgroup Proportionality Hypothesis. In particular, Covid-19 
infection fatality rates by age and subgroup are approximately proportional to 
all-cause death rates by age and subgroup. Further, relative frailty:

•	 while having some dependence on age, has much lower age dependence 
than all-cause death rates;

•	 does not depend on socio-economic subgroup (specifically, data sup-
port the hypothesis that relative frailty does not depend on deprivation 
decile).

•	 This implies that the differences we observe in Covid-19 death rates by age 
and subgroup are likely to reflect: existing differences in the average biologi-
cal frailty (i.e., the average all-cause death rate) by age and subgroup; and 
differences in infection rates by age and subgroup.

•	 On the basis of evidence from Phase 2, we conclude that there is some sup-
porting evidence for the aggregate Proportionality Hypothesis. Infection 
fatality rates are again approximately proportional to all-cause death rates by 
age. Similarly, the variation by age in relative frailty is much less than the 
variation by age in all-cause death rates (although the situation is complicated 
by the fact that relative frailty also depends on vaccination status, which vac-
cines have been received and when, prior infection status, and which variant 
is dominant at the time of infection).

•	 In Phase 3, when the great majority of the population had either been fully 
vaccinated or infected with Covid-19, we find that the Proportionality 
Hypothesis still holds at the aggregate level: Covid-19 infection fatality rates 
by age group at the national level continue to be approximately proportional 
to all-cause death rates by age. Relative frailty continues to have only mod-
est age dependence as in Phase 1, but its level is much lower than in Phase 
1, reflecting the now high levels of protection resulting from vaccinations 
and/or prior infections, as well as improved treatments for serious cases of 
Covid-19; it also has much lower variation by age than all-cause death rates, 
as required by the hypothesis.

Other causes of death

•	 Lockdown and behavioural changes during the pandemic have had an impact 
on death rates from some diseases: most notably flu and pneumonia. Death 
rates from some other causes have exhibited less seasonality than in normal 
years, perhaps linked to lower seasonality in flu and pneumonia. However, 
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some death rates, such as those relating to cancer, have not been impacted 
at all so far, although it is anticipated that these death rates might rise tem-
porarily in the next few years due to late diagnosis and treatments of cancers 
during the pandemic. It is likely that the consequences of the Covid-19 pan-
demic will have a very long tail.

•	 Some studies point to temporarily elevated death rates from other causes 
such as heart disease following recovery from Covid-19. In other words, the 
biological frailty of an individual who has recently recovered from Covid-19 
remains at an elevated level for a few weeks or months, while the individual 
makes a more general recovery from the infection, especially those who were 
hospitalised. This pattern of elevated biological frailty is similar to people 
recovering from a severe case of influenza.

Implications for the future

•	 Insurers should revisit their extreme pandemic mortality scenarios. Models 
should allow for significant random variation between different geographical 
areas, age groups and socio-economic subgroups.

•	 Mortality catastrophe bonds might not be as effective as hedging instruments 
as had previously been anticipated, unless they incorporate a linkage to sub-
population mortality indices.
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