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ARTICLE INFO ABSTRACT

Handling Editor: Hanna Boogaard There is a well-established relationship between temperature and mortality, with older individuals being most at

Keywords: risk in high-income settings. This raises the question of the degree to which lives are being shortened by ex-
Temperature posure to heat or cold. Years of life lost (YLL) take into account population life expectancy and age at which
Mortality mortality occurs. However, YLL are rarely used as an outcome-metric in studies of temperature-related mortality.
Heat This represents an important gap in knowledge; to better comprehend potential impacts of temperature in the
Cold context of climate change and an ageing population, it is important to understand the relationship between

Climate change

temperature and YLL, and also whether the risks of temperature related mortality and YLL have changed over
Years of life lost

recent years.

Gridded temperature data derived from observations, and mortality data were provided by the UK Met Office
and the Office for National Statistics (ONS), respectively. We derived YLL for each death using sex-specific yearly
life expectancy from ONS English-national lifetables. We undertook an ecological time-series regression analysis,
using a distributed-lag double-threshold model, to estimate the relationship between daily mean temperature
and daily YLL and mortality between 1996 and 2013 in Greater London, the West Midlands including
Birmingham, and Greater Manchester. Temperature-thresholds, as determined by model best fit, were set at the
91st (for heat-effects) and 35th (for cold-effects) percentiles of the mean temperature distribution. Secondly, we
analysed whether there had been any changes in heat and cold related risk of YLL and mortality over time.

Heat-effects (lag 0-2 days) were greatest in London, where for each 1 °C above the heat-threshold the risk of
mortality increased by 3.9% (CI 3.5%, 4.3%) and YLL increased by 3.0% (2.5%, 3.5%). Between 1996 and 2013,
the proportion of total deaths and YLL attributable to heat in London were 0.50% and 0.40% respectively. Cold-
effects (lag 0-27 days) were greatest in the West Midlands, where for each 1 °C below the cold-threshold, risk of
mortality increased by 3.1% (2.4%, 3.7%) and YLL also increased by 3.1% (2.2%, 3.9%). The proportion of
deaths and YLL attributable to cold in the West Midlands were 3.3% and 3.2% respectively. We found no
evidence of decreasing susceptibility to heat and cold over time.

The addition of life expectancy information into calculations of temperature-related risk and mortality bur-
dens for English cities is novel. We demonstrate that although older individuals are at greatest risk of tem-
perature-related mortality, heat and cold still make a significant contribution to the YLL due to premature death.

1. Introduction

There is a well-established relationship between heat and cold and
all-cause daily mortality (Gasparrini et al., 2015; Basu, 2009) which has
been demonstrated globally, across varying climates. The relationship
typically follows a U, V or J shape with increased mortality above and
below location-specific thresholds. In general, the size of effect varies
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between regions and studies, in part driven by epidemiological mod-
elling choices and differences in climate, but also by differences in local
population, such as demographic or socio-economic factors affecting
vulnerability to the effects of heat and cold. In the UK (and other lo-
cations), older age groups are most at increased risk of temperature
related mortality (Hajat et al., 2007), though as temperatures continue
to rise, other age-groups may become increasingly vulnerable.
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However, results are rarely presented using a metric which takes the
length of life shortening into account. This is important, both to better
understand the current impact of temperature on population health and
also to appreciate the potential impacts of climate change in an ageing
population, where some degree of mortality displacement may account
for a proportion of temperature related mortality.

Potential years of life lost (YLL) is a composite indicator, which
summarises information on both mortality and life expectancy, pro-
viding information on potential life lost as a result of premature mor-
tality. First used as a concept in the 1940s (Dempsey, 1947), YLL gives
greater weight to deaths occurring at younger ages. Taking life ex-
pectancy and age of death into account gives a metric which is a more
instructive summary statistic, allowing for comparison of how health
risks and conditions can shorten life. YLL can therefore be helpful to
define policy and research priorities (Romeder and McWhinnie, 1977).
In the area of environmental health, YLL are widely used to assess the
burden of air pollution (e.g. (Broome et al., 2015; Cohen et al., 2005;
Huang et al., 2018) and more generally have been used as an outcome
metric to reflect premature mortality in the Global Burden of Disease
studies (Lopez et al., 2006; Murray and Lopez, 2013). In England, the
National Institute for Health and Care Excellence (NICE) uses a metric
for health technology assessment which combines information both
about the length and quality of life (the QALY) to make funding deci-
sions (Sassi, 2006).

Despite the large number of studies that have described the asso-
ciation between temperature and mortality, there are relatively few
studies that have used YLL as an outcome measure (Baccini et al., 2013;
Egondi et al., 2015; Huang et al., 2012a, 2012b; Yang et al., 2015; Sewe
et al., 2018; Bunker et al., 2017; Luan et al., 2017; Zhang et al., 2018,
2017; Urban et al., 2020). For high income settings specifically, Huang
et al. demonstrated a relationship between YLL due to cardiovascular
disease and heat in Brisbane, Australia (Huang et al., 2012), and more
recently Sewe et al. (2018) demonstrated a relationship between YLL
and temperature across a range of settings including low income
countries (Burkina Faso), low-middle income countries (Kenya and
India) and high income countries (the US and Sweden). To our
knowledge, there have been no studies that have focused on the effect
of temperature on YLL in the UK, and this represents a gap in knowl-
edge that may be useful to inform policy decisions. Further, under-
standing temperature related health risks in cities is important. In
England, recent estimates indicate that over 80% of the population live
in cities (Office for National Statistics. Rural population, 2014). Cities
are likely to be at greater risk from the negative health impacts of in-
creased temperatures under climate change, due to factors such as the
Urban Heat Island (UHI) (Heaviside et al., 2016) (the phenomenon
whereby temperatures in cities or urban areas are generally higher than
those in surrounding rural areas) and much adaptation planning in
relation to climate change in the UK is starting at city level (e.g. C40,
Greater London, Manchester and Birmingham climate change plans
(Mayor of London, 2018; Manchester City Council, 2010; Birmingham
City Council, 2012).

A second concept, which has important implications for under-
standing potential impacts of climate change and policy, is that of
changing susceptibility of populations to the effects of heat and cold. It
is often assumed that populations will ‘adapt’ to some extent to the
effects of heat and/or cold and therefore be less vulnerable to tem-
perature effects in the future. There is some evidence that in a number
of locations, populations have become less vulnerable to the effects of
heat due to a potential number of influences — some of which may be
planned adaptive measures (such as heat wave plans, air conditioning)
and some unrelated to climate such as improved healthcare (leading to
decreased susceptibility to heat) (Arbuthnott et al., 2016; Vicedo-
Cabrera et al., 2018). However, changes in the mortality risk associated
with cold over time are less well studied and effects are less consistent
between studies (Arbuthnott et al., 2016). For the UK specifically, re-
ductions in vulnerability to temperature were in evidence throughout
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the last century (Carson et al., 2006). One recent study found little
temporal change in the heat risk in the UK over recent years (Gasparrini
et al., 2015), and a second study examining changes in heat and cold
attributable fractions (AFs) over recent years at the regional level (with
results presented at the aggregated national level) found that AFs for
heat and cold related mortality remained stable over time (Vicedo-
Cabrera et al., 2018). To our knowledge, however, there has been no
study which examines temporal changes in heat and cold related YLL or
in the UK at conurbation (rather than regional or national) level. The
introduction of heat and cold weather plans in England (operational
from 2004 and 2011 respectively), combined with a national level
commitment to understanding the risks of and adaptation to climate
change (Arbuthnott and Hajat, 2017), mean that understanding recent
temporal variation in heat and cold risk and the effect of temperature
on premature mortality, are both important to inform policy in the UK.

In this paper, we aim to address the gaps in knowledge around heat
and cold related premature mortality and changes in this risk in English
conurbations over recent years. Using time series regression, we analyse
data from three major English conurbations chosen to represent the
north, south and middle of England - Greater London, Greater
Manchester and the West Midlands (including Birmingham) to de-
termine the relationship between heat, cold and YLL and changes to this
relationship over recent years.

Specifically, this study has three main objectives: (a) to determine
the nature of the relationship between YLL and temperature in the
studied conurbations, (b) to estimate (and compare) the proportion of
total yearly mortality and YLL attributable to heat and cold and (c) to
examine whether the risk of mortality and YLL due to heat and cold has
changed over the study period.

2. Methods
2.1. Data

We used two main health outcomes: YLL (primary outcome) and all-
cause mortality (for comparison). Mortality data were obtained from
the Office for National Statistics (ONS). All deaths occurring in England
on each day between 1st January 1996 and mid December 2013 were
used. YLL for the same period were derived by matching each death to
the age specific yearly life expectancy for males and females obtained
from period lifetables provided by the ONS (Office for National
Statistics, 2017) based on the years in the mid-point of our time-series
(2004-2006) and extended up to age 110 years. For example, according
to these 2004-2006 tables, a 90-year-old male had a life expectancy
(and hence YLL in the event of death) of 3.89 years and a 70-year-old
female had a life expectancy of 15.88 years.

Data were aggregated by conurbation, as defined by the ONS Built-
up Area codes from the 2011 census (Office for National Statistics.,
2011). We created time-series of total daily deaths and potential YLL for
Greater London, the West midlands and Greater Manchester by sum-
ming the individual deaths and/or numbers of YLL for all male and
female deaths on any given day. As life expectancy is sex-specific, the
time series were also stratified by sex.

We used daily mean temperature (the average of the daily max-
imum and minimum temperatures) as our main exposure variable, since
this has been shown in previous UK studies to be an effective predictor
of temperature related health effects (Hajat et al., 2016). Daily mean
temperature was obtained from the UK Met Office UKCP09 gridded
observation datasets (UK Met Office, 2017). This dataset was created
using input from all available temperature stations within the UK, in-
terpolated using inverse-distance weighting (based on a regression
model with information on longitude, latitude, coastal influence, alti-
tude, and urban land use) by the UK Met Office to provide daily tem-
peratures for 5 km? gridded areas (Perry, 2009). We took the value
represented by the 5 km? gridded cell that overlapped with the centre of
each conurbation (identified using ArcGIS) to provide the daily mean
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temperature for each conurbation.

In our analysis, we also included regional data on weekly laboratory
confirmed influenza A counts, obtained from Public Health England, as
a potential time-varying confounding factor of cold effects. Daily mean
PM,, and ozone counts for London from the UK-AIR (Air information
resource data archive) were also collected as confounding factors
(DEFRA, 2018).

2.2. Statistical analysis

We undertook an ecological time series regression analysis to de-
termine the risk of YLL and mortality for each 1 °C temperature rise or
fall above or below a given heat or cold threshold.

We assumed a Poisson distribution for the outcomes, corrected for
over-dispersion and autocorrelation. It is well established that the ef-
fects of heat and cold on health can be delayed (lagged), and we used
previously published lag periods of 0-2 days for the heat effect and four
weeks for cold. We controlled for the effect of season and secular trends
using a cubic spline function with 7 degrees of freedom per year
(Bhaskaran et al., 2013) and included a term for day of the week. Re-
lationships were visualised using natural cubic splines of the average
temperature function, having controlled for time varying factors and
confounders. These indicated the presence of heat and cold thresholds,
above or below which the risk of YLL (and mortality) increased.
Therefore, in order to quantify the effects of heat and cold, a distributed
lag double-threshold model was used. Best model fit was used to select
the heat and cold thresholds: the model was run across the three con-
urbations with the heat and cold thresholds fixed separately at tem-
peratures corresponding to all percentiles of each conurbation’s annual
mean temperature distribution. The percentiles with the lowest
summed model deviance across the three conurbations were selected as
the heat and cold thresholds for the primary analysis. This corre-
sponded to the 91st percentile of the annual temperature distribution
for heat effects (18.9 °C for London, 17.6 °C for the West Midlands and
16.8 °C for Greater Manchester), and the 35th percentile of the year
round temperature distribution for cold effects (9.0 °C for London,
8.0 °C for the West Midlands and 7.9 °C for Greater Manchester). These
thresholds are consistent with those seen when the data are represented
graphically.

Results are presented as the relative risk (RR) or percentage increase
in risk for each 1 °C rise or fall above or below the specified threshold
and attributable burdens of heat and cold related YLL and mortality
(calculated using previously published methods) (Vardoulakis et al.,
2014; Hajat et al., 2014) as a proportion (%) of total YLL and mortality
over the time-period studied. We used STATA v 15 for all statistical
analyses. To aid interpretation of results, heat and cold related mor-
tality analysis was also undertaken by age categories (0-65 years,
65-74 years and 75 years and over) and is included in the supple-
mentary materials (Table S1).

2.3. Changes in YLL and mortality risk over time

A number of approaches have been used previously to analyse the
change in risk of heat and cold related mortality over time, each with
advantages and disadvantages (Arbuthnott et al., 2016). In order to
assess whether the risk of heat and cold exposure on YLL and mortality
had changed over time we divided our data into discrete 4 year bands
(summer 1996-winter 1999/00, summer 2000-winter 2003/4, summer
2005-winter 2008/9, summer 2008-winter 2011/2). Within each band
we estimated the risk of YLL and mortality above and below the given
temperature threshold. Cold and heat thresholds were maintained at
35th and 91st percentiles (see above) of the temperature distribution
for each particular 4 year band within each given conurbation, to allow
the best model fit with the data and the number of hot and cold days
contributing to the analysis to remain consistent between time periods.
However, we also undertook a sensitivity analysis using absolute
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thresholds fixed at the 35th and 91st percentiles of the temperature
distribution for the whole time period (rather than allowing thresholds
to vary with each time band).

2.4. Sensitivity analysis

We undertook a number of analyses to determine the sensitivity of
our main modelling approach to certain methodological choices. In
addition to using lifetables from the middle of the time period to cal-
culate YLL, we used lifetables based on years at the beginning and end
of the times period to calculate YLL as part of our sensitivity analyses.
We also carried out analyses using lifetables adjusted for regional dif-
ferences in life expectancy. As we did not have air pollution data for all
three conurbations (series for Greater Manchester and the West
Midlands contained large sections of missing data), we used a model
which included PM;, and ozone as a sensitivity analysis for London. We
also carried out year by year (June-May to include a summer/whole
winter season) analysis of heat and cold risk to ensure that the overall
trend observed using 4 year bands was not sensitive to the time bands
chosen for analysis and a sensitivity analysis using absolute thresholds
(see Section 2.3 above).

3. Results
3.1. Descriptive statistics

Table 1 summarises the descriptive statistics for our dataset. Greater
London had the highest number of all-cause daily deaths and YLL,
followed by Greater Manchester, then the West Midlands. We analysed
over a million deaths in Greater London and more than 400,000 deaths
in each of the West Midlands and Greater Manchester. This is equiva-
lent to more than 15 million YLL analysed for Greater London and more
than 5 million YLL each for the West Midlands and Greater Manchester.
The mean temperature over the time series was highest in Greater
London and similar in the West Midlands and Greater Manchester. For
each conurbation, the number of days above and below the heat and
cold thresholds respectively are summarised in Table 1. Of note, there
was no consistent increase in temperature over the time period ana-
lysed (see Fig. S1), which is consistent with temperature trends over
this time period published elsewhere (Brohan et al., 2006). In all the
conurbations, the number of daily male YLL is greater than daily female
YLL (but daily female all-cause mortality is higher than male all-cause
mortality in all conurbations) (Table 1).

3.2. Results from regression models

3.2.1. Risk of heat and cold related YLL and mortality: Pattern across the
conurbations and differences in risk by sex

For all conurbations, there was an increased risk in total mortality
and YLL for each 1 °C rise or fall in temperature above or below the
threshold value (Table 2). The relationship between the RR of YLL and
daily mean temperature is shown in Fig. 1. This illustrates that the RR
of YLL associated with mean temperature follows a similar pattern to
that seen using mortality as an outcome.

The RR of YLL per degree above threshold temperature was higher
in London than for the West Midlands or Manchester (Table 2). The RR
of heat related mortality also varied between conurbations, and was
also higher for London, compared to the West Midlands and Manchester
(Table 2). In all conurbations, the RR for total heat-related YLL was
lower than for total heat-related mortality (though confidence intervals
for YLL and mortality risk estimates overlap). In Greater London and
Manchester, the RR of heat related YLL and mortality was higher in
females compared to males. This difference was significant for the risk
of heat related mortality in Greater London. In the West Midlands,
however, the risk of both heat related YLL and mortality were higher in
males compared to females (but not substantially) and in males the RR
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Table 2

Results from time series regression analysis (with control for time varying factors and confounders).
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Mortality

RR (95% CI)

Percentage (%) of total mortality attributable to
heat or cold

(%)

Years of Life Lost (YLL)

RR (95% CI)

Percentage (%) of total YLL attributable to heat
or cold
(%)

Greater London

Heat Total 1.039 0.498 1.030 0.391
(Threshold (1.035, 1.043) (1.025,1.035)
18.9 °C) Male 1.029 0.377 1.026 0.338
(1.024, 1.035) (1.019, 1.032)
Female 1.049 0.619 1.035 0.454
(1.043, 1.054) (1.027, 1.042)
Cold Total 1.029 3.266 1.025 2.675
(Threshold (1.026, 1.033) (1.020, 1.030)
9.0 °C) Male 1.027 2.991 1.022 2.370
(1.022,1.032) (1.016, 1.029)
Female 1.032 3.521 1.028 3.000
(1.027, 1.037) (1.021, 1.035)
Greater Manchester Mortality YLL
Heat Total 1.020 0.262 1.015 0.206
(Threshold (1.014, 1.027) (1.007,1.024)
16.8 °C) Male 1.017 0.220 1.0140 0.188
(1.008. 1.026) (1.003, 1.025)
Female 1.024 0.303 1.017 0.228
(1.015, 1.032) (1.005, 1.029)
Cold Total 1.026 2.685 1.021 2.150
(Threshold (1.019, 1.032) (1.012, 1.030)
7.9 °C) Male 1.026 2.658 1.028 2.761
(1.017, 1.035) (1.016, 1.040)
Female 1.026 2.703 1.014 1.436
(1.017, 1.035) (1.004, 1.026)
West Midlands
Heat Total 1.025 0.301 1.024 0.309
(Threshold (1.018, 1.031) (1.016, 1.033)
17.6 °C) Male 1.025 0.310 1.030 0.387
(1.014, 1.037) (1.018, 1.043)
Female 1.021 0.256 1.017 0.218
(1.012, 1.031) (1.004, 1.030)
Cold Total 1.031 3.298 1.031 3.213
(Threshold (1.024, 1.037) (1.022, 1.039)
8.0 °C) Male 1.028 2.921 1.030 3.142
(1.019, 1.036) (1.019, 1.042)
Female 1.034 3.706 1.032 3.295

(1.025, 1.042)

(1.019, 1.043)

The RR of cold related YLL and mortality did not show any con-
sistent increase or decrease over time within or between the conurba-
tions (Fig. S2b). Whilst in the West Midlands, there is a possible in-
crease in risk from the first to the third time-bands for both cold related
YLL and mortality, the yearly estimates (Fig. S2b) do not demonstrate a
pattern of increasing risk and it is likely that the first time band of the 4
yearly estimates was sensitive to the very low cold risk in the winter of
1998/1999 in this conurbation. Of note, in the yearly estimates (sup-
plementary materials, Fig. S1b), a peak in cold related risk can be seen
in 1999/2000 in Greater London and Greater Manchester, which may
be related to high flu deaths that year (Hardelid et al., 2013), not
adequately controlled for in the model using laboratory influenza A

counts. Tables S2 and S3 (supplementary materials) detail the relative
risks and burdens of heat and cold related mortality and YLL (as a
percentage of mortality or YLL for each time period). The increased
percentages of cold related deaths and YLL attributable to cold in later
time periods (Tables S2 and S3) are likely due to the colder winters
during these times (reflecting the contribution of greater extremes in
cold temperatures where the threshold temperature is exceeded by a
greater amount, to the attributable mortality for these time periods).

4. Discussion

We investigated the association between heat, cold and YLL and

RR
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Fig. 2a. Changes in heat related RR of YLL and mortality over time.

mortality and whether these associations have changed in magnitude
over recent years. We found an increased risk in YLL for each 1 °C in-
crease or decrease in temperatures above and below identified tem-
perature thresholds in Greater London, the West Midlands and Greater
Manchester. We demonstrate that in these conurbations, the nature of
this relationship between YLL and temperature is similar to that be-
tween mortality and temperature. We found no evidence for a trend of
decreasing risk (RR) of heat or cold related mortality or YLL over time
in the conurbations, and therefore no evidence of population adaptation
to ambient heat or cold over this time period. Heat risks were highest in
Greater London, and cold risks were highest in the West Midlands,
though variation in risk between conurbations was less pronounced for
cold effects. This is broadly consistent with findings from previous
studies (Vardoulakis et al., 2014; Hajat et al., 2007; Arbuthnott and
Hajat, 2017; Hajat, 2017), though cold effects have not been specifi-
cally examined at conurbation level for the UK. This geographical
variation in heat and cold effects may be due to social, demographic,
built environment and economic factors. For example, the West Mid-
lands has the highest proportion (13.5% of households) of fuel poverty
across England (Office for National Statistics, 2017) which may con-
tribute to the increased risk in cold mortality.

Although the effects of temperature on YLL have to date not been
specifically studied within England, our results are consistent with
those from other high-income settings which have used YLL as an
outcome, and have demonstrated an increased risk of YLL with in-
creased temperatures (Huang et al,, 2012; Sewe et al.,, 2018). The
percentages of overall YLL attributable to heat and cold related YLL
were lower compared to those for mortality in Greater London and
Greater Manchester but similar in the West Midlands. However, the
overall similarity in RR between temperature related mortality and YLL
in all conurbations may imply that the results are mostly dominated by
the large number of deaths occurring in older people. This is consistent
with existing knowledge that in the UK, older people are at increased
risk from temperature related mortality (Arbuthnott and Hajat, 2017;
Hajat, 2017).

We found that over the studied time period, there was no consistent
decrease in heat or cold related risk across the conurbations based on
four yearly and yearly estimates. Importantly, this result remained
unchanged when heat and cold related risks were analysed using an
absolute threshold value (fixed at the 35th and 91st percentiles of the
temperature distribution for the entire time period). This means pos-
sible adaptation denoted by an undetected increase in heat thresholds

Greater London RR of Cold related mortality and

Greater Manchester RR of cold related mortality

but masked by a lack of increase in the RR, is unlikely for this time
period. Across a number of other settings, however, the risk of heat
related mortality has been shown to decrease over time, including in
studies using data over short (less than 20 years) time periods and in
recent years, though this has not been the case in all locations (Sheridan
and Allen, 2018). Trends in cold related health outcomes over time are
less well studied, and results have been more heterogeneous
(Arbuthnott et al., 2016). Some of these studies of changes in heat and
cold risks over time have included English data in their analysis. Carson
et al. (Carson et al., 2006) found that between 1900 and 1996 there was
a decrease in both heat and cold related deaths in London. The time
period for this study does not overlap with ours and by contrast in-
cludes the period over which England underwent the epidemiological
transition, meaning that temperature related deaths may have declined
rapidly due to rapid improvements in health and social care. Donaldson
et al. (Donaldson et al., 2003) also found a significant reduction in heat
related mortality in South East England in an earlier (but similar in
length) time period to ours - between 1971 and 1996. However, our
results are broadly consistent with more recent UK studies. For ex-
ample, Gasparrini et al. did not find any attenuation in heat related
mortality risk in the UK (Gasparrini et al., 2015). A recent analysis by
Vicedo-Cabrera et al. (2018) showed no attenuation in heat and cold
related AFs over the time period 1990-2011. However the study did
find some attenuation in the relative risk of mortality at a national level
when comparing the risk at the 99th or 1st temperature percentile with
the minimum mortality temperature, though this may highlight
changes in risk of mortality at ‘extreme’ temperatures (Vicedo-Cabrera
et al., 2018). Our study adds to this body of evidence, and contributes
information on changes in YLL over time and disaggregated by con-
urbation.

It is not surprising that vulnerability to heat and cold is context
specific and will depend on a number of factors from individual to
societal, city and national level influences — the age structure of the
population, potentially the rate of recent temperature change, health
and social care and also more specific factors which could be adapted to
modify the heat or cold risk (e.g. availability of air conditioning, in-
dividual behaviour, housing fabric and ventilation and urban design).
The similar pattern over time in risk of YLL and mortality would imply
that the population age structure over the period is not contributing to
an increase in risk. However, in our study, the lack of any decrease in
temperature (hot or cold) related risk in these conurbations (compared
to other global locations which have seen decreases in risk over similar
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Fig. 2b. Changes in cold related RR of YLL and mortality over time.
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time periods) may be due to several factors. For example, regarding
specific ‘heat adaptation’, a recent survey (Khare et al., 2015) indicated
that the prevalence of air conditioning is still low in the UK (< 3%) and
also that populations at high risk, such as the elderly, were less likely to
engage in personal and home-related protective behaviours. Regarding
specific ‘cold adaptation’, there have also been a number of UK housing
improvements made (12.2 million UK homes have undergone some
energy efficiency retrofit since 2000 (Hamilton et al., 2016) to reduce
energy demand, which may improve indoor air temperatures in the
winter and the proportion of energy efficient homes rose from 2% in
1996 to 18% in 2012 (NICE, 2015). Despite this and winter fuel pay-
ments, one in-depth survey suggested that in the previous winter those
whose income was less than 60% of the national average had trouble
paying fuel bills (Anderson et al., 2010). The absence of any decreasing
risk of cold related mortality highlights that policies to reduce the effect
of cold weather on public health (e.g. Public Health England’s Cold
weather plan and the NICE recommendations on cold homes (NICE,
2015)) in the UK remain important, and should not be overlooked in
the context of climate change.

England does, however, have heat and cold weather plans (Public
Health England, 2020), introduced in 2004 and 2011 respectively. The
time period of our analysis would mean that any beneficial effects of the
cold weather plan would not be adequately captured, though one recent
study suggests that since the introduction of the cold weather plan, cold
related mortality has decreased in the under 65s but increased in the
over 75s and that geographical variability in cold related mortality has
increased since the introduction of the plan (Murage et al., 2018).
Importantly, we found no reduction in mortality risk in the time periods
after the introduction of the Heatwave Plan (HWP) compared to before
its introduction. Whilst the outcomes used in this study may be too
narrowly defined to adequately capture all the beneficial effects of the
HWP, our findings are broadly consistent with a recent evaluation of
the HWP for England. The evaluation found that although mortality
during extreme events or heatwave periods has reduced in recent years,
there was little evidence since its introduction for a reduction in the risk
of annual heat related mortality outside heatwave events (and conse-
quently for those more moderately hot days which contribute to the
largest public health burdens) (Williams et al., 2019). It highlighted
that in accordance with previous studies, most adults at risk of heat
related mortality did not perceive themselves to be at personal risk and
that further work around public health messaging (amongst other re-
commendations) is needed (Williams et al., 2019). Whilst the HWP has
motivated the implementation of an alert and response system for high
temperatures, many activities could go beyond this acute response (for
example into longer term planning such as in levels 0 and 1 of the plan).
There are many interventions which may be introduced at the housing
or urban/conurbation level to reduce ambient heat exposure, such as
those which reduce the effect of the urban heat island effect through
reflecting solar radiance or increasing evaporative cooling through in-
creased urban green and blue spaces (Heaviside et al., 2017). For ex-
ample, a recent modelling study suggested cool roofs could reduce UHI
intensity and the associated mortality during heatwave events in the
West Midlands (Macintyre and Heaviside, 2019), and well-designed
urban greenspaces, have the potential for multiple and varied addi-
tional health co-benefits in addition to those from reducing ambient
temperatures (though specifics depend on a number of contextual fac-
tors) (van den Bosch and Nieuwenhuijsen, 2017; Wheeler et al., 2015;
Rojas-Rueda et al., 2019; Twohig-Bennett and Jones, 2018).

To our knowledge, this is the first study to specifically examine the
effects of heat and cold on YLL in the UK, and to assess changes in these
risks over time at conurbation level. One strength is the assessment of
both heat and cold effects: in the context of climate change, many
studies have focused on increased temperature effects, while significant
cold burdens remain (Almendra et al., 2019). Examining YLL in dif-
ferent English conurbations can reveal differences in risk and trends
over time (which may be masked in a larger scale analysis) and
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contributes to specifically understanding urban temperature risks. Ad-
ditional strengths include the use of life expectancies specific to each
individual year of age (many previous studies have used life expectancy
for 5 year age bands), which is especially important for the majority of
deaths which occur in older age categories, and the different ap-
proaches taken to analysing changes over time. We also made use of
gridded temperature data (Perry, 2009), which is more likely to provide
an accurate reflection of urban temperatures than previous datasets
based on interpolations which have not taken into account urban land
use.

However, our study has a number of potential limitations. The
method of deriving YLL from the age at death and English life ex-
pectancy assumes that those dying from the effects of heat and cold
have the same life expectancy as others of their age. Some evidence of
mortality displacement in high income settings has previously sug-
gested that a proportion of deaths, due to heat at least, are likely to
have been brought forward by only a short amount of time (Hajat et al.,
2005; Baccini et al.,, 2013). More recently, however, methods of
quantifying mortality displacement such as those based on displace-
ment ratios from short term Poisson regression analyses have been
shown to be unreliable (Armstrong et al., 2014) and a number of more
recent studies suggest that deaths are displaced by at least one year
(rather than a few weeks as suggested in previous analyses) (Armstrong
et al,, 2017; Goggins et al., 2015). If this is the case, then the as-
sumptions made when calculating YLL are less likely to have affected
our results; the similarity between risk of mortality and YLL would
indicate the majority of deaths due to heat and cold occurring in those
with close or less than a year’s life expectancy, less than the amount by
which deaths have recently been shown to be brought forward. We used
England-wide life expectancy rather than city-specific life expectancy,
which was not available. However, to account for this, we undertook a
sensitivity analysis using YLL corrected for regional differences in life
expectancy (produced by ONS), which did not significantly alter results.
We also matched deaths to life expectancy values from the mid-point of
the time period analysed, meaning that for the years early in the series,
life expectancies could be over-estimated, with the opposite being true
for the latter part of the study. Consequently, it is possible that upward
trends in risk of temperature related YLL may be overlooked. However,
we would expect this to be more consequential if changes in suscept-
ibility over time were presented as total attributable burdens or if there
was an observed downward trend in risk which may have been ex-
aggerated.

We did not include relative humidity or air pollutants as potential
confounders or effect modifiers in our primary analysis (though inclu-
sion of air pollution in our sensitivity analysis for London did not sig-
nificantly alter the estimates), and note that previous analyses did not
find a significant contribution of humidity or air pollution when as-
sessing the relationship between temperature and health within the UK
(Hajat et al., 2006). There is also a methodological question as to
whether air pollution is indeed a confounder or in fact lies on the causal
pathway in the relationship between temperature and health - this has
been well considered for ozone (Buckley et al., 2014) and a similar
argument could be made for PM being on the causal pathway, for ex-
ample combustion is likely to be higher on cold days and there may be
less dispersion of air pollution on cool still days in the winter. A lim-
itation of our study is that the time-period over which changes in RR of
heat or cold related mortality or YLL were examined was relatively
short, which has two implications. Firstly, the period may be too short
to examine population ‘adaptation’ (and of note, no consistent increase
in temperature was seen over the time period), though it does include
time-periods over which changes in heat and cold risk have been ob-
served in other settings. Secondly, splitting the time series into 4-year
time-bands increases the sensitivity of the analyses to particularly hot
or cold winters within each time-band. However, a sensitivity analysis
was undertaken splitting the data yearly and results from this have been
discussed and presented (supplementary materials Fig. 2a and 2b).
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5. Conclusions and implications for policy and research

We have demonstrated a positive association between YLL and
temperatures above and below a given threshold, in the three largest
conurbations in England — Greater London, Greater Manchester and the
West Midlands. The risks of YLL and mortality due to heat and cold
were largely similar, though the percentages of total YLL attributable to
heat and cold were lower than for mortality in Greater London and
Greater Manchester, likely indicating a proportion of deaths are oc-
curring in those with less than one year of life expectancy. Despite this,
there remains a significant burden in terms of YLL attributable to heat
and cold across all conurbations, indicating that heat and cold remain
an important public health concern, warranting attention both now and
in the consideration of adaptation to the effects of further climate
change. Additional research, using further outcomes relevant to public
health and planning, such as those that take into account health losses
that are not fatal (for example Disability Adjusted Life Years) would
also make an interesting area of study. We did not find evidence of any
changes in the risk of heat and cold related mortality or YLL over the
course of our study. This is in contrast to studies in other locations and
is important, since it has implications for assumptions that are often
made (for example in the context of climate change risk assessments)
that populations will ‘adapt’ to heat. We highlight that adaptation is
context specific, and will not occur without active policy or structural
changes in the UK. There is a growing evidence base of urban adapta-
tion measures that can reduce heat related mortality, for example urban
greening, improved architectural and urban design. Whilst the in-
creased use of some interventions such as air conditioning is proble-
matic and can result in anthropogenic warming and increased GHG
emissions, many interventions at conurbation level could serve to both
reduce heat related mortality and have additional health co-benefits.
Further research is needed to better evaluate the specific and contextual
adaptive measures to heat and cold which have already been under-
taken within UK cities and to better understand how cities can best
adapt and mitigate the effects of climate change using measures that
will be beneficial to health. Improved integration of research and policy
development in this area would be of great benefit.
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