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A B S T R A C T

Background: There is a growing discussion regarding the mortality burdens of hot and cold weather and how the
balance between these may alter as a result of climate change. Net effects of climate change are often presented,
and in some settings these may suggest that reductions in cold-related mortality will outweigh increases in heat-
related mortality. However, key to these discussions is that the magnitude of temperature-related mortality is
wholly sensitive to the placement of the temperature threshold above or below which effects are modelled. For
cold exposure especially, where threshold effects are often ill-defined, choices in threshold placement have
varied widely between published studies, even within the same location. Despite this, there is little discussion
around appropriate threshold selection and whether reported associations reflect true causal relationships – i.e.
whether all deaths occurring below a given temperature threshold can be regarded as cold-related and are
therefore likely to decrease as climate warms.
Objectives: Our objectives are to initiate a discussion around the importance of threshold placement and examine
evidence for causality across the full range of temperatures used to quantify cold-related mortality. We examine
whether understanding causal mechanisms can inform threshold selection, the interpretation of current and
future cold-related health burdens and their use in policy formation.
Methods: Using Greater London data as an example, we first illustrate the sensitivity of cold related mortality to
threshold selection. Using the Bradford Hill criteria as a framework, we then integrate knowledge and evidence
from multiple disciplines and areas- including animal and human physiology, epidemiology, biomarker studies
and population level studies. This allows for discussion of several possible direct and indirect causal mechanisms
operating across the range of ‘cold’ temperatures and lag periods used in health impact studies, and whether this
in turn can inform appropriate threshold placement.
Results: Evidence from a range of disciplines appears to support a causal relationship for cold across a range of
temperatures and lag periods, although there is more consistent evidence for a causal effect at more extreme
temperatures. It is plausible that ‘direct’ mechanisms for cold mortality are likely to occur at lower temperatures
and ‘indirect’ mechanisms (e.g. via increased spread of infection) may occur at milder temperatures.
Conclusions: Separating the effects of ‘extreme’ and ‘moderate’ cold (e.g. temperatures between approximately
8–9 °C and 18 °C in the UK) could help the interpretation of studies quoting attributable mortality burdens.
However there remains the general dilemma of whether it is better to use a lower cold threshold below which we
are more certain of a causal relationship, but at the risk of under-estimating deaths attributable to cold.

1. Introduction

Recently there has been much attention focused on the current and
future effects of temperature on health. This has included debate
around projected reductions in cold-related mortality burdens due to

future climate warming and how these compare to increases in heat
related health burdens (Woodward, 2014). Many epidemiological stu-
dies have demonstrated an increased risk of death as temperatures drop
below a threshold across a number of locations (Bunker et al., 2016; Yu
et al., 2012; Gasparrini et al., 2015). Within these studies, however,
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there are two distinct but linked issues which are rarely discussed, but
which are integral to results obtained and their interpretation: tem-
perature threshold choice (i.e. how ‘cold’ is defined) and whether the
cold effects summarised in studies are indeed causal across the range of
temperatures used to quantify health impacts. These are important is-
sues. Understanding causal mechanisms can help identify downstream
policy options and opportunities to prevent ‘avoidable’ deaths, and the
magnitude of mortality burdens attributable to cold is dependent upon
the threshold used in calculations. Implicit in any calculation of current
or future attributable burden of mortality is that the exposure-response
co-efficient used describes a causal relationship. This has particular
importance for discussions regarding the extent to which reductions in
future cold-related mortality will offset expected increases in mortality
associated with hot weather – where impacts tend to be more direct and
heat-thresholds better defined.

In this paper we explore these two related issues (and issues which
inform these, such as the lagged (delayed) effect of cold on mortality),
and, by integrating evidence from other disciplines, we aim to initiate a
discussion around how best to interpret results from epidemiological
and health impact assessment studies using a variety of cold thresholds.
Of note, the metrics used both for cold exposure (e.g. mean tempera-
ture, apparent temperature, minimum temperature etc.) and for health
outcomes (all-cause mortality vs cause-specific mortality or different
causes of morbidity) are complex and vary across studies. For example,
there is debate about whether the duration of low temperatures may be
important (Barnett et al., 2012) and whether variability is important,
both short term (e.g. diurnal variation in temperatures) or long term
(e.g. deviation from a long-term average for that location) (Zhang et al.,
2018). A wide range of health outcome measures are also used in epi-
demiological studies (e.g. falls and injuries, healthcare consultations
such as hospital or primary care visits, acute respiratory illness in cer-
tain population groups etc.) which may have relevance to particular
policy decisions but also different thresholds, time to effect and me-
chanisms of action.

Here, however, we focus on mean temperature as the exposure and
all-cause mortality as the outcome metric, primarily because these are
frequently used in both epidemiological studies of association between
temperature and health outcomes (mortality is generally a more sensitive
outcome in epidemiological studies) and in assessments of the potential
health effects of temperature changes under climate change scenarios.

We have three main objectives:

1. To highlight some key issues around cold threshold selection – for
example, the differences in temperature threshold choices between
key London-based studies and the influence of threshold on the cold
related mortality burden, using our own London dataset to illustrate
this relationship. In doing this, we are not aiming to illustrate cold-
mortality relationships for every context (we recognise that the
exact relationship between temperature and mortality differs be-
tween regions and contexts (Gasparrini et al., 2015)), but aim to
provide an illustration as a reference point for the evidence synth-
esis and discussion that follows.

2. To investigate and integrate evidence for causality across the dif-
ferent temperature ranges and time-periods used in studies using the
Bradford Hill considerations (Hill, 1965) as a framework to do this.
We appraise the range of evidence which suggests there are different
health effects from extreme cold and more moderate cold condi-
tions, with manifold mechanisms and operating over different (non-
exclusive) time scales.

3. To discuss whether integrating this evidence from different dis-
ciplines can inform appropriate temperature threshold placement
and interpretation of results, and to examine the policy and research
implications of the preceding discussion. We consider the extent to
which cold-related effects are likely to reflect causal mechanisms,
and therefore how appropriate their use is in climate change risk
assessments.

To address each of these objectives we use a range of different
methods, described briefly below and divide our results and discussion
into 3 main sections, which in turn address each of these objectives.

2. Methods

2.1. Objective 1

In order to highlight differences in common strategies used for
threshold placement, we first summarise studies that analysed the re-
lationship between daily temperature and all-cause mortality using data
from Greater London. Given the aim here is not to provide a compre-
hensive review of the literature on the effects of cold in the UK (which
has been done elsewhere (Hajat, 2017)), papers were identified through
one database – Ovid Medline and were searched for combining terms
for cold/low temperature and mortality. Studies which estimated the
relationship between low temperature and all-cause mortality using
Greater London data were selected from these, and the temperature
threshold below which cold effects were estimated plotted in Fig. 1.
Information about the lag period used was also noted (and summarised
in Fig. 1).

In order to demonstrate the relationship between temperature and
all-cause mortality in Greater London, we used mortality data provided
by the Office for National Statistics (ONS). All deaths occurring in
England between 1st January 1996 and December 2013 were used. We
aggregated data to the Greater London conurbation level, as defined by
the ONS Built-up Area codes from the 2011 census (Office for National
Statistics (ONS), 2013). We used daily mean temperature (average of
the daily maximum and minimum temperatures) between January
1996 and December 2013 as our main exposure variable, obtained from
the UK Met Office UKCP09 gridded observation datasets (The Met
Office, n.d). This dataset has the advantage of using observations from
all available UK temperature stations, interpolated using inverse-dis-
tance weighting (using a regression model which includes information
on longitude, latitude and importantly for Greater London, urban land
use) to provide daily temperatures for 5 km2 gridded areas.

We used a time series regression framework to analyse the risk of
all-cause mortality for each 1 °C temperature decrease below a cold
threshold. We controlled for the effect of season and secular trends
using a cubic spline function with 7 degrees of freedom per year
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Fig. 1. Range of ambient (outdoor) cold threshold temperatures used in studies
of cold related mortality in Greater London (where studies reported the
threshold as a percentile of the temperature distribution, this has been con-
verted to degrees Celsius using temperature distributions reported in the study).
All studies used daily mean temeprature as the main exposure variable, with the
exception of the Analitis et al. study (which used daily minimum apparent
temperature). Lag periods for the included studies are as follows: Hajat et al.,
2016 – 28 days, Hajat et al., 2007 – 14 days, Analitis et al., 2008 – 15 days,
Hajat et al., 2014 – 28 days, Eurowinter, 1997 – 3 days, Gasparrini et al., 2015 –
21 days.
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(Bhaskaran et al., 2013) and adjusted the model for over-dispersion,
auto-correlation and other time varying factors such as day of the week
(flu and air pollution have not been included in the model as their
specific roles are addressed in Section 2 of the paper). In order to de-
monstrate the nature of the relationship between temperature and risk
of mortality, we visualised the relationships using natural cubic splines
of the temperature function, whilst controlling for time-varying factors
and plotted graphs at different time lags.

To assess the impact of a change in threshold on the proportion of
deaths attributable to cold, we used a distributed lag (28 days) linear
model. We set the threshold at 2° intervals between 2 °C and 18 °C (to
include the range of thresholds used in papers reporting the relation-
ship between cold and mortality in Greater London). For any given
threshold, the RR each 1 °C drop in temperature below that threshold
was estimated. The attributable fraction of cold related deaths over the
time period was calculated for each selected threshold. This was done
using previously documented methods (Vardoulakis et al., 2014; Hajat
et al., 2014). We made use of the specific RR from the time-series model
run for each threshold and used this to calculate the risk of mortality for
the number of degrees below the cold-threshold on any given day. This
was used with the corresponding day's baseline mortality to calculate
the cold-attributable deaths and these were totalled over the time
period to give the cold-related mortality burden. Therefore changing
the cold threshold changes not only the specific RR derived from the
time series model, but other key inputs to the attributable mortality
calculation – e.g. the number of days over the time period that are
below the threshold and the change in temperature below the threshold
for any given day.

2.2. Objective 2

In order to integrate information and knowledge from multiple
disciplines, we used the Bradford Hill considerations as a framework to
evaluate a breadth of evidence that could help determine potential
causality. These were first described in 1965, when Sir Bradford Hill
described nine useful considerations that can help determine whether
an observed relationship is causal: coherence, plausibility, strength of
association, consistency, specificity, temporality, biological gradient,
experiment and analogy (Hill, 1965). Over time, these have been in-
formally adopted as ‘criteria’, though Bradford Hill himself didn't in-
tend for them to be used as such – in the original paper they are set out
to allow a systematic approach to consider causality based on in-
formation and considerations in addition to the statistical measure of
association. It has been argued that the considerations differ in re-
levance depending on context and that a nuanced approach should be
taken when using them (Hofler, 2005; Phillips and Goodman, 2004),
but also that the framework is still useful as a tool for data integration
(Fedak et al., 2015). In this paper, we use the considerations as a fra-
mework (as opposed to a set of criteria) to investigate evidence for
causality across different temperature ranges and time-periods used in
studies, and discuss whether this can inform appropriate threshold
placement and interpretation of results. We place more emphasis on the
considerations that are most relevant to considering causality and
threshold placement in this context.

Relevant literature for this section was located using the Ovid
Medline database and combining appropriate search terms for two main
concepts – cold (low temperature) and health outcomes (including
physiological outcomes and markers along pathways that commonly
lead to cardiovascular or respiratory mortality - such as increased blood
pressure). We limited our search to English and to studies conducted in
humans or mammals (further details available on request).

For both objectives, we have focused on mean temperature and on
‘all-cause’ mortality as the main exposure and outcome metrics as these
are frequently used in epidemiological studies and health impact as-
sessments of climate change. Given the majority of cold-attributable
deaths are cardiovascular or respiratory deaths, we primarily consider

these when integrating evidence on causality. We limit the analysis and
summary of epidemiological studies to Greater London, as the aim is to
provide an illustrative example of how temperature thresholds can
change between studies even within one limited location, and then to
use this as a reference point to interrogate causality. Further, it also
removes the complication of differences in thresholds being attributed
to differences in susceptibility between populations as a result of
adaptation to lower temperatures.

3. Results

3.1. Current approaches to cold threshold selection and the nature of the
temperature-mortality relationship

The epidemiologic relationship between ambient (outdoor) tem-
perature and mortality is usually estimated using time–series regression
(or case-crossover) analysis. These approaches require certain model-
ling choices, for example accounting for the length of the possible
lagged effects of temperature and selection of heat and cold thresholds
above or below which health effects are demonstrated. The V or U-
shaped relationship between ambient temperature and daily mortality
is usually characterised either by assuming a single value of tempera-
ture where mortality risk is lowest – a ‘minimum mortality temperature’
(MMT), which places a V-relationship constraint upon models - or by
using separate thresholds for heat and cold. Typically, the risk of heat
related mortality begins at a more clearly defined threshold tempera-
ture and at shorter time lags compared to cold-related mortality. The
use of a single threshold in MMTs adds a further constraint to models
and therefore tends to identify cold thresholds towards the upper end of
the temperature distribution (i.e. cold thresholds will be influenced by
the heat threshold). The rise mortality risk associated with decreasing
temperature occurs more slowly compared to heat-related mortality
and with a less obvious inflexion point, resulting in larger variation in
threshold identification compared to for heat. The wide range of ‘cold’
thresholds used between studies is illustrated for papers using UK data
in Fig. 1, with cold thresholds or MMTs ranging from the 5th percentile
of the overall mean temperature distribution, to as high as the 90th
percentile (Gasparrini et al., 2015; Analitis et al., 2008; The Eurowinter
Group, 1997; Hajat et al., 2016; Hajat et al., 2007; Hajat et al., 2014)
(with the higher thresholds occurring in models using an MMT value).

Fig. 2 illustrates the relationship between ambient temperature and
relative risk (RR) of mortality in Greater London from all-causes over
the range of (outdoor) year-round daily mean temperatures experi-
enced during 1996–2013 (all-cause mortality) The relationship is
shown at lags 0, 2 and 7 days and cumulatively at 28 days.

These data illustrate that in London, the RR of all-cause mortality
associated with low temperatures becomes steeper at lags greater than
zero. As the lag increases, it appears that the temperature above which
cold effects appear generally increases. For example at lag 0 in Fig. 2,
the ‘cold’ threshold (above which the RR of mortality increases) shown
on the graph is between 3 and 4 °C, whereas by lag 7 it is around 8 °C.
i.e. a plausible hypothesis might be that of an initial cold effect, oc-
curring at lower temperatures and shorter lag periods and an effect
which occurs at longer lags and milder temperatures; the longer the lag
period, the higher the threshold above which effects occur is seen to be.
This raises the question as to whether the choice of threshold selection
is also dependent on the lag period considered. We do not address this
point in more detail, although studies have previously reported a dif-
ference in lag structure between cardiovascular and respiratory deaths
(Analitis et al., 2008), with respiratory deaths persisting over longer lag
periods.

The variation in thresholds used across studies, as illustrated in
Fig. 1, is important. It has an impact on the magnitude of cold-related
mortality burdens since this is dependent on the number of days with
temperatures below the assumed threshold. This is illustrated for
Greater London data in Fig. 3. Given health burden estimations are so
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highly sensitive to the choice of threshold temperature, it is notable that
the rationale for the choice of threshold is often not addressed more
fully in publications. Where described, most studies have taken an
empirical approach to determining a threshold (e.g. by comparing
model deviance). Conceptual arguments about causality are rarely used
when considering implications of threshold selection and interpretation
of results. Since the proportion of deaths attributable to cold deaths
determines the relative importance of cold as a risk factor to health,

attributable burdens influence political and economic decisions on how
much to invest in policies to reduce cold-related deaths in relation to
other public health strategies. Attributable burdens also contribute to
the debate in the literature of the importance of climate change on heat
and cold-related deaths and the ‘net’ effect of temperature changes due
to climate change (some studies have projected a net increase in overall
temperature-related mortality as heat deaths outweigh cold-related
deaths under climate change projections, but others have found the

Fig. 2. Relative risk (RR) of temperature related mortality at 0, 2, and 7 day lags and over 28 days for Greater London. The solid lines represent the estimated RR of
mortality, and dashed lines the upper and lower confidence intervals.
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opposite) (Li et al., 2013; Doyon et al., 2008; Martens, 1998; Martin
et al., 2012).

The range of cold thresholds we have demonstrated used in studies
and the sensitivity of attributable burdens to threshold selection leads
to a number of interesting questions (Box 1). For example, to what
extent is threshold selection dependent upon regression modelling
choices? Are these studies describing the same ‘cold’ effect or are there
different ‘cold’ effects e.g. of ‘moderate’ (approximately 9–18 °C) and
more ‘extreme’ (below 9 °C) cold, which may have different causal
mechanisms and policy implications? We next explore the latter of
these possibilities and examine whether threshold placement should be
justified from a causal perspective. We propose that definitions of cold
and interpretation of results for use in policy and risk assessments
should reflect the different causal mechanisms operating.

3.2. A multi-disciplinary perspective on cold and causation

Before considering evidence of causality across a range of tem-
peratures used as cold thresholds, some consideration should be given
to whether the relationship between cold and mortality could be biased
or confounded by certain time-varying factors.

There has been discussion as to whether the demonstrated asso-
ciation at longer lags between temperature and mortality is affected by
collinearity between season and low temperatures within models
(Kinney et al., 2015). This co-linearity is particularly pertinent for cold
effects at longer lag periods and does not present an issue for heat es-
timates where effects are typically estimated at much shorter lags.
However, this co-linearity between season and long lag periods would
likely mean that cold effects are under-estimated rather than over-es-
timated. Results using simulated data (Gasparrini, 2016) indicate both
distributed lag linear and non-linear models give estimates of mortality
with minimal bias even at longer lag periods (models using moving
averages, however, were reliable to investigate the temperature-mor-
tality relationship only at shorter lags). This suggests that the cold effect

does indeed operate at longer lags although does not help determine
whether there are different mechanisms of causality operating at dif-
ferent lag periods.

Stanisic Stojic et al. (2016) have suggested that when controlling for
the effect of air pollution (SO2, NO2 and soot) in a study in Belgrade, not
only was the magnitude of the cold-related mortality risk reduced, but
any increased risk between −5 °C (the temperature at which risk in-
creased dramatically) and 20 °C disappeared. However, further analysis
is required across different contexts and cities to determine whether
this is a generalizable result. Other studies have found effect sizes in
London unaltered by inclusion of air pollution in epidemiological
models (Hajat et al., 2014). However, regardless of whether the effect
estimate is altered by controlling for pollution is the question of where
on the causal pathway pollutants lie. The potential complexity of causal
pathways for specific pollutants has been discussed elsewhere (Buckley
et al., 2014).

One confounder which is often included in epidemiological models,
and which may have an impact on the effect of cold on mortality, is
influenza. However, its potential role as a confounder again depends on
where it lies on the causal pathway (see Section 2.1 for the direct effect
of temperature on influenza transmission).

Assuming that the general association between cold and mortality is
not due to bias or confounding, we use the Bradford Hill criteria (Box 2)
as a framework to integrate evidence from different disciplines, and
consider whether this supports a causal relationship across the range of
temperatures used in studies of cold and mortality. In the discussion, we
explore whether this can be used to inform better description of cold
effects and more transparent use of epidemiological evidence to inform
policy.

3.2.1. Bradford Hill criteria: plausibility and coherence
At the most extreme, cold exposure can lead to hypothermia. The

drop in body temperature has a direct physiological effect on most
organs, including inducing bradycardia (due to the effect on cardiac

Box 1
Questions arising around cold threshold selection.

Some important questions arising around cold threshold placement:
How should we define a cold effect? And is this the same as where we place a ‘cold’ threshold?

• Is the effect of cold the same occurring across all temperatures, or are there different causal mechanisms occurring at different temperatures
(e.g. ‘extreme’ and ‘moderate’ cold). How is this reflected in different choices of threshold placement?

• Why do we define cold thresholds? And should the purpose of the modelling affect threshold choice? E.g. are certain thresholds more useful
for policy actions (e.g. defining levels at which to instigate actions or for looking at preventable deaths). Are these the same thresholds as
we would use to quantify the impact of cold on mortality? I.e. should we distinguish between epidemiological thresholds and thresholds for
action?

Box 2
The Bradford Hill considerations.

Bradford Hill considerations
Originally proposed by Sir Bradford Hill in 1965, these considerations are widely used in the field of epidemiology, to assess the evidence

for causality for an observed association between exposure and effect. In brief they are:

• Coherence – between laboratory, physiological and epidemiological studies increases evidence for causality

• Plausibility – a plausible mechanism for the effect of the exposure would increase the evidence for causality

• Strength of association – a stronger association/larger effect of size supports evidence of causality

• Specificity – the more specific the association between exposure and effect, the more likely it is to be causal

• Temporality – the effect must occur after the exposure

• Biological gradient – generally speaking, the greater the exposure, the greater the effect within a population. However this may not always be
the case

• Experiment – reversal of exposure leads to reversal of effect

• Analogy – similar factors or exposures cause similar effects
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pacemaker cells) with a resulting reduction in cardiac output and blood
pressure (BP) or other cardiac arrhythmias and depression of the central
nervous system. However, few deaths associated with low ambient
temperatures are caused directly by hypothermia. The majority of cold-
attributable deaths are cardiovascular or respiratory deaths. For this
reason, we focus on plausible direct and indirect causal mechanisms
and coherence between studies that relate to these causes. We consider
the criteria of coherence and plausibility together, first for cardiovas-
cular and then for respiratory mortality.

3.2.1.1. Direct and indirect mechanisms for cardio -vascular
mortality. There is coherent evidence from a range of disciplines, that
cold exposure can lead to an increase in cardiac risk factors (RFs)
(Fig. 4).

Animal studies have demonstrated exposure to cold induces hy-
pertension through a variety of mechanisms (Liu et al., 2015; Sun,
2010). These include cold-induced activation of the sympathetic ner-
vous system and renin-angiotensin system in rats (Sun, 2010; Papanek
et al., 1991; Fregly et al., 1989; Sun et al., 2002; Sun et al., 2003; Sun
et al., 1997; Sun et al., 1995). A decrease in endothelial Nitric Oxide
Synthase (eNOS) production (nitric oxide is a vasodilator involved in
the regulation of BP and endothelial function) may also play a role in
cold- induced hypertension in mice (Wang et al., 2005). These animal
studies are typically conducted with cold exposures of 5–7 °C. Of note,
one study found that mice exposed to 9 °C did not display the same
increase in BP as those exposed to 5 (± 2) °C (Shechtman et al., 1990).
However, other studies have found increases in cardiac RFs, including
BP at temperatures of around 11 °C in mice (Luo et al., 2012).

Cold exposure has also been shown to result in a significant BP in-
crease in human subjects. This has been demonstrated across a number
of study settings and in general, the studies have shown larger increases
in BP, the lower the temperature subjects were exposed to (Hintsala
et al., 2013; Komulainen et al., 2000; Jevons et al., 2016; Shiue and
Shiue, 2014; Leppaluoto et al., 2001; Collins et al., 1985; Inoue et al.,
1992). For example, in a randomised controlled study set in Japan,
Saeki et al. (Saeki et al., 2013) demonstrated that healthy adults with
intensive room heating (to 22 °C), had significantly lower morning
systolic and diastolic BP when compared to an experimental group with
overnight heating to only 12 °C, and suggested that night-time heating
could reduce the incidence of stroke by 25.5% and of mortality (all-
cause) in the elderly by 12.4%. In a Scottish cross-sectional study (Shiue
and Shiue, 2014), households that were heated to less than 18 °C had
increased odds (OR 2.08) of increased blood pressure (compared to
those heated to above 18 °C) and in those heated to less than 16 °C the
odds of increased BP were higher again (OR 4.92). Leppaluoto et al.
(2001) demonstrated that in healthy males exposed to temperatures of
10 °C for 2 h on 11 consecutive days, there was a significant increase in

BP and Collins et al. (Collins et al., 1985) found subjects exposed to 4 h
of low temperatures (6 °C, 9 °C or 12 °C), experienced significant in-
creases in blood pressure, with the most marked effects with the coldest
(6 °C) exposure.

Epidemiological studies have also established that populations have
a significantly higher BP in winter months compared to summer
(Modesti, 2013). Although this could in part be due to seasonal factors,
such as daylight exposure and vitamin D, an increased BP has also been
associated with decreased temperatures (after control for seasonal ef-
fects) (Modesti, 2013; Halonen et al., 2011a; Li et al., 2016; Madaniyazi
et al., 2016; Madsen and Nafstad, 2006; Alpérovitch et al., 2009),
though typically this has been seen over a broader range of tempera-
tures than those used in physiological experimental protocols.

Human subjects exposed to low temperatures (5 °C for 3 h) have
demonstrated increased activation of norepinephrine release and in-
crease in the relative number of SP1 platelet subtypes (increasing the
tendency for blood to clot) (Opper et al., 1995). Increased coagulability,
mild inflammation and vasoconstriction have also been demonstrated
in humans after exposure to temperatures of 11 °C for an hour, but not
at pathological levels (Mercer et al., 1999). Again, these results from
physiological experiments are largely supported by epidemiological
biomarker studies in human populations (Schneider et al., 2008;
Halonen et al., 2011b). For example, Wu et al. grouped biomarkers to
represent mechanistic pathways (‘indices’) of systemic inflammation
(e.g. coagulation, systemic oxidative stress etc.) and found an inverse
association between the biomarker indices and decreasing temperature
(Wu et al., 2017).

Some specific risks of cold exposure in animals have been demon-
strated. Rats with reno-vascular hypertension exposed to 4 °C for 3 days
were shown to have increased rates of cerebral infarction or haemor-
rhagic stroke (Li et al., 2014), likely linked to release of important
neuro-transmitters. Cold is also known to induce cardiac hypertrophy
(Liu et al., 2015; Sun, 2010; Roufai et al., 2007).

Cardiovascular events may also be brought about by a number of
indirect mechanisms and events may be precipitated by preceding in-
fection (Estabragh and Mamas, 2013; Warren-Gash and Udell, 2017;
Barnes et al., 2015; Corrales-Medina et al., 2013; Smeeth et al., 2004;
Wang et al., 2017). For instance, Meier et al. found an increased risk of
acute myocardial infarction (AMI) in subjects with a preceding acute
respiratory tract infection 10 days before (Meier et al., 1998). Plausible
mechanisms for this include a number of pro-inflammatory, pro-coa-
gulant and haemodynamic effects induced by infections, which may
lead to cardiac complications. For example, increased concentrations of
C reactive protein (CRP) are associated with increased risk of AMI
(Kuller et al., 1996; Ridker et al., 2000)) and the systemic inflammation
associated with an acute respiratory tract infection (or directly as a
result of cold exposure) can result in altered endothelial function or be

Fig. 4. a) (left) summary of coherent and plausible mechanisms for cold related cardiovascular and respiratory mortality b) (right) plausible time frames and
temperatures over which these effects may occur.
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associated with plaque rupture (Vallance et al., 1997). Cardiovascular
events may also be triggered by indirect behavioural mechanisms, such
as reduced mobility (e.g. brought about by people being less mobile in
the cold, or being unwilling to move outside heated areas of homes)
which can lead to deep vein thrombosis and pulmonary embolisms.

3.2.1.2. Direct and indirect mechanisms for respiratory mortality. The
direct and indirect mechanisms by which cold causes an increase in
respiratory mortality have not been widely discussed in the
epidemiological literature and a number of plausible mechanisms
exist (Fig. 4).

Facial cooling of −5 to −20 °C has been shown to reduce Forced
Expiratory Volume (FEV1 – a measure of lung function) in healthy
humans and those with asthma or chronic obstructive pulmonary dis-
ease (COPD) (Gavhed et al., 2000; Koskela and Tukiainen, 1995;
Koskela, 2007; Koskela et al., 1996). However, the effects of breathing
cold air in healthy subjects (and in animal experiments) on lung func-
tion have been mixed, with some demonstrating a positive relationship
between inhalation of cold air and bronchoconstriction and others not
(Koskela, 2007). In people with asthma, cold air can trigger broncho-
constriction (Deal Jr et al., 1980; Koskela et al., 1997; Nielsen and
Bisgaard, 2005). Further studies have indicated the presence of cold
sensitive channels in lung epithelium, that when activated (below
18 °C) increase pro-inflammatory (IL-6, IL-8) cytokine secretion (Sabnis
et al., 2008). Release of these cytokines may contribute to the patho-
genesis of cold-induced asthma. These findings are coherent with po-
pulation based studies that have demonstrated exacerbation of symp-
toms in those with COPD and asthma when temperatures decrease
(Tseng et al., 2013; Guo et al., 2012; Huang et al., 2015; Donaldson
et al., 1999).

Studies at a population level that have examined the association
between respiratory tract infections and temperatures have also de-
monstrated an increased risk of upper and lower respiratory tract in-
fection with decreasing temperature (Mäkinen et al., 2009; Hajat et al.,
2004). This is likely to be due to a multitude of factors, such as the
effect of cold on the immune system and on pathogen transmission and
reproduction within the host, and infections that follow cold-induced
bronchoconstriction.

For example, decreasing temperature may result in a direct reduc-
tion on cilia motility and mucociliary clearance (and hence reduction in
clearance of pathogens from the nasal passages) (Mwimbi et al., 2003).
An effect of cold on the immune system (which may in turn affect
mortality from respiratory and other infections) has also been demon-
strated in some physiological experiments, though this has not been a
consistent finding across all studies (Castellani et al., 2002).

Respiratory infection, however, also depends on exposure and rate
of transmission of infective agents and their capacity to cause disease
within the host. There is evidence that certain viruses (EBV, parain-
fluenza) persist within humans for longer in cold conditions
(Mourtzoukou and Falagas, 2007). In guinea pigs, both viral shredding
and transmission of influenza were increased at 5 °C compared to 20 °C
(Lowen et al., 2007). Pneumococcal transmission between humans is
increased in cold and dry conditions (Numminen et al., 2015) and
rhinovirus replication is increased within mouse hosts at lower tem-
peratures (Foxman et al., 2015). Further, within cold seasons, some
populations may spend more time within confined spaces, which may
also increase the chance of pathogen spread. This hypothesised in-
creased exposure risk is likely to happen at any range of temperatures
below which populations spend more time indoors – i.e. in the ‘more
moderate’ temperature range.

3.2.2. Bradford Hill criteria: specificity and consistency.
Whilst the Bradford Hill criteria include specificity of effect for a

given exposure, it could be argued that this is less relevant for direct
temperature effects - ultimately all biological processes are affected by
temperature. However, we have demonstrated that there are specific

mechanistic effects of cold temperatures on the cardiac, respiratory and
immune system. Some of the indirect mechanisms by which cold affects
mortality (e.g. though increased respiratory illness) may also cause
deaths at longer lags. Some indirect causes of mortality may also occur
at milder temperatures. There is some evidence of this in population-
based studies (Analitis et al., 2008), where respiratory deaths occur at
longer lag periods. Cardiovascular effects could plausibly occur at short
or more prolonged time frames – a quick increase in cardiac risk factors
(e.g. BP, arrhythmia) may be enough to trigger a fatal cardiac event. It
could be hypothesised that more extreme cold temperatures have se-
vere enough short-term physiological effects to trigger an event.
However, cardiac events could also occur due to a cumulative/pro-
longed effect of raised BP or at longer time periods due to the effect of
inflammation or infection.

Even though the exact nature of the temperature-mortality re-
lationship changes by location, in almost all settings and populations
there is an increase in the risk of mortality below a given temperature
(Gasparrini et al., 2015). Consistent findings observed in different
places with different samples strengthen the evidence for a common
physiological pathway, especially at lower temperatures. However,
commenting on consistency as support for causality across the full
range of ‘cold’ temperatures used is complex. The different thresholds
or MMTs demonstrated between locations are often interpreted as
evidence that populations differ in their susceptibility to cold and may
be ‘adapted’ to different temperatures through a variety of mechanisms.
These adaptations may range from behavioural mechanisms, to more
societal level mechanisms such as the existence of public health mes-
saging for colder weather (Public Health England, 2016), improved
insulation and housing design. However, a difference in thresholds
between locations may also be due, in part, to different indirect causal
mechanisms between locations. For example one would expect the
physiological mechanisms underlying increased mortality to remain
largely consistent between locations, but that mortality related to cir-
culating pathogens (such as influenza etc.) for example, may vary from
location to location due to differences in endemic diseases which may
respond differently to temperature. Another possibility is that the more
consistent effects at very low temperatures are causal, but the differ-
ence in the pattern of effects at ‘more moderate cold’ temperatures are
due to differences in confounding structures or modifying factors such
as the proportion of vulnerable individuals (e.g. older adults, those with
underlying co-morbidities) and behavioural differences between loca-
tions. For example, there is evidence that older populations are less able
to tolerate cold and therefore may experience physiological effects at
less extreme temperatures.

Generally consistent, however, is that a greater increase in risk oc-
curs in most (but not all) locations below a lower threshold than the
‘optimum’ temperature (where this has been demonstrated in studies)
or that the increase in mortality follows a ‘double’ threshold pattern,
with an obvious additional upturn in risk at very low temperatures (in
some settings). Consistent too is that there is a longer lag period for the
mortality risk associated with cold than for heat. These two observa-
tions may support evidence that there are both direct physiological
impacts of cold which occur at lower temperatures occurring across all
locations (and which can occur at both short and longer time lags) and
indirect (both as a result of infections and the delayed effects of im-
mobility) affects occurring at longer lags.

3.2.3. Bradford Hill criteria: experiment, effect size and gradient,
temporality and analogy

Given the multiple pathways of potential causality and variety of
ways in which populations can be exposed to cold (e.g. through short
exposure to decreased ambient temperatures outside or through ex-
posure within adequately heated or insulated homes), interventions to
reduce exposure to cold or its effect are varied and complex in nature.

However, a number of studies have examined the effect of inter-
ventions (in particular in the area of improved energy efficiency of
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housing) to reduce cold exposure on health outcomes and these have
been systematically reviewed (National Institute for Health and Care
Excellence (NICE), 2014; Thomson et al., 2009).

One review found some evidence that housing interventions to
improve thermal comfort (e.g. through heating, insulation, fuel poverty
interventions) improve a variety of respiratory and mental health out-
comes in study populations (Thomson et al., 2009). More specifically, a
randomised control study investigated the effect of intensive room
heating (compared to ‘weak room heating’) on ambulatory BP. Systolic
morning BP and sleep-trough morning BP surges were significantly
reduced in the intensive heating group (Saeki et al., 2013). This cor-
roborates evidence from animal studies that one of the potential me-
chanisms for cardiovascular effects of cold exposure is its effect on BP.
Whilst mortality is rarely an outcome in studies of this kind (due to
rarity of the end point), there is evidence that respiratory morbidity can
be reduced by interventions to improve housing, though the pathways
through which interventions improve outcome may be multifactorial
(e.g. could be a direct effect of increasing temperature or related to
humidity, changes in indoor air quality or mould growth etc.) Evalua-
tions of the effect of a telephone alert system using meteorological re-
ports to communicate times of increased risk to patients with COPD
(“Healthy Outlook”) produced mixed results. Some concluded it re-
duced hospital admissions (Sarran et al., 2014) or mortality (Steventon
et al., 2014) and some that admissions and GP visits were either un-
affected or increased with the scheme (Steventon et al., 2014;
Maheswaran et al., 2010; Bakerly et al., 2011). One pilot randomised
controlled study examined the effect of providing thermal clothing to
vulnerable groups of patients over the age of 50 (Barnett et al., 2013).
However, the study was too small to determine whether the interven-
tion was of benefit.

In some settings, the effect size at more extreme ends of the tem-
perature distribution is observed to be larger than at more mild tem-
peratures (Gasparrini et al., 2015), lending more support to causal
mechanisms at lower temperatures. Studies in animals have also shown
increased effects on cardiac risk factors with increasing intensity of cold
exposure (Luo et al., 2014).

Lastly we consider temporality and analogy. In epidemiological

studies of the effect of cold exposure on mortality, the criterion of
temporality is easily fulfilled - reverse causality between cold tem-
peratures and mortality cannot feasibly exist. Lagged effects of cold
exposure are also seen, as previously discussed.

Analogy seems less applicable to cold exposure, compared to other
environmental exposures and is not likely to be helpful in determining
causation or in considering threshold choice.

4. Discussion

4.1. Can using evidence from different disciplines help in the placement of
cold thresholds?

We have demonstrated the range of temperature thresholds used in
studies of cold – mortality effects in Greater London, the sensitivity of
attributable burdens to threshold selection, and examined evidence for
a causal relationship between cold and mortality. An important ques-
tion is whether the physiological and experimental evidence supports
threshold temperature choices for cold-related mortality (Fig. 5) and
how it can aid interpretation of evidence from epidemiological studies.
Most of the experimental evidence of the direct effect of cold is from
animal studies, and the exposure used is between 4 and 7 °C. This may
support a lower threshold, but only if thermoregulation and body
temperatures in rats and mice is deemed to be similar to humans. Some
experiments in humans have used a more ‘moderate’ cold exposure
(above 11–18 °C) – for example, one study demonstrated increases in BP
in houses heated below 18 °C (Shiue and Shiue, 2014), but the majority
of studies showed that effects were largest at lower temperatures, for
example with exposures to indoor temperatures below 12 °C. The
paucity of experiments performed at more moderate cold temperatures
(taken here to mean up to 18 °C, or the ‘optimum/minimum mortality’
temperature used in some studies) in humans and animals does not
mean that physiological effects do not occur at higher temperatures – it
may just reflect experimental protocols.

It is plausible that indirect mechanisms, operating through infective
pathways (Fig. 4b), may start at higher temperatures depending on how
air temperature affects droplet survival and behaviour related to

Fig. 5. Use of the Bradford Hill criteria as a framework to summarise evidence for a causal relationship across the range of low temperatures used in studies of cold
related mortality.

K. Arbuthnott et al. Environment International 121 (2018) 119–129

126



transmission (time spent indoors and contact with others etc.). Some
indirect effects of cold due to behaviour change (e.g. reduced activity
and staying in one (heated) room, increasing the risk of DVTs for ex-
ample, may occur across a range of temperatures depending on af-
fordability of heating and quality of housing stock.

One further complicating factor is that the thresholds set in epide-
miological studies are usually related to outdoor air temperatures. In
reality, the temperatures that populations are exposed to will vary with
the amount of time spent indoors and access to heating etc. There is
evidence across the UK that heating of homes is variable and depends
on a number of factors (Tod et al., 2012) and also that in some settings
indoor and outdoor temperatures are poorly correlated at cooler tem-
peratures (Nguyen et al., 2014; Vadodaria et al., 2014). However, there
is a paucity of studies which examine the correlation between indoor
and outdoor temperatures and more work in this area would be wel-
comed.

4.2. Relevance to risk assessment and policy setting and conclusions

In order for attributable mortality fractions of ‘cold’ deaths to be
valid, the underlying association between cold temperatures and mor-
tality must be causal. Evidence from a range of disciplines appears to
support a causal relationship across a range of temperatures and lag
periods, although evidence is more consistent for a causal effect at
lower temperatures. It is also plausible that ‘direct’ mechanisms for cold
mortality are likely to occur at lower temperatures and ‘indirect’ me-
chanisms (e.g. via increased spread of infection) may occur at milder
temperatures.

This is important when thinking about policy and future adaptation
(Fig. 6). For example, if a substantive proportion deaths are attributable
to moderately cold temperatures (Gasparrini et al., 2015) then along-
side policies which focus on keeping active, keeping warm and reducing
exposure to extremely low temperatures, policies which include re-
duced disease transmission (such as vaccination programmes, public
health campaigns about reducing influenza spread) are also important
to consider. This could be achieved by a mixture of policies including
improvement of housing and affordability of heating, by activating
emergency responses such as those in Public Health England's cold
weather plan at relevant cold thresholds (Public Health England, 2016)
and by policies which reduce infectious disease transmission. Under-
standing the causal mechanisms behind cold related mortality also
highlights the importance of general management of risk factors for
cardiac and respiratory disease within the population; improvement
here may substantially reduce cold related mortality. For policy

purposes it is not realistic to issue cold warnings or have policies for
ambient daily mean temperatures as mild as say 18 °C (similar to
‘minimum mortality temperature used in some studies). For example,
Public Health England's cold weather plan (Public Health England,
2016) advocates background prevention policies are in place year-
round with winter preparedness measures between November and
March but more focused public health messaging and alerts are only
triggered when temperatures drop below 2 °C for a period of 48 h.

Care must be taken when using epidemiological baseline estimates
for projections of mortality under different climate scenarios - the va-
lidity of future estimates relies upon assumptions that the causal re-
lationship will remain. This seems valid for mortality attributable to
direct physiological mechanisms (though population adaptation to
temperature extremes may negate some of this effect). However, where
indirect infectious mechanisms lead to an increase in mortality, the
assumption that these pathways do not change in the future is harder to
justify – circulating pathogens and infections may change. Separating
the effects of ‘extreme’ and ‘moderate’ cold in any given setting, may
help better describe these effects and make interpreting results of stu-
dies quoting attributable mortality burdens easier. The increased evi-
dence for causality at more extreme or increasingly cold temperatures
does raise the dilemma of whether it is better to use a lower threshold
(e.g. in London below 8–9 °C) to estimate cold related mortality bur-
dens, below which we are more certain of a causal relationship, but at
the risk of under-estimating deaths attributable to cold. We conclude
that as a minimum, the choice of threshold be justified in this type of
research, and that where appropriate (e.g. in cases where an MMT is
used or where there appears to be distinct increase in risk at lower
temperatures and a smaller risk at more moderate temperatures) at-
tributable burdens are given separately for extreme cold in addition to
‘moderate’ or the overall cold effect. This would enable those using the
research to take a more nuanced and critical approach to using the
results informed by likely causal mechanisms, and for policy makers to
better determine future risks of temperature to health and appropriate
policy actions.

Acknowledgments

KA is supported by the Public Health England PhD studentship
scheme. The research was partly funded by the National Institute for
Health Research Health Protection Research Unit (NIHR HPRU) in
Environmental Change and Health at the London School of Hygiene and
Tropical Medicine in partnership with Public Health England (PHE),
and in collaboration with the University of Exeter, University College

Fig. 6. Direct and indirect pathways of cold related mortality.

K. Arbuthnott et al. Environment International 121 (2018) 119–129

127



London, and the Met Office. The views expressed are those of the au-
thors and not necessarily those of the NHS, the NIHR, the Department of
Health or Public Health England. We are grateful for the insightful
comments of Dr. Angie Bone and Dr. Thomas Waite on earlier versions
of the manuscript.

Competing Financial Interests Declaration

The authors declare they have no actual or potential competing fi-
nancial interests.

References

Alpérovitch, A., Lacombe, J.-M., Hanon, O., Dartigues, J.-F., Ritchie, K., Ducimetière, P.,
Tzourio, C., 2009. Relationship between blood pressure and outdoor temperature in a
large sample of elderly individuals: the three-city study. Arch. Intern. Med. 169 (1),
75–80.

Analitis, Katsouyanni K., Biggeri, A., Baccini, M., Forsberg, B., Bisanti, L., Kirchmayer, U.,
Ballester, F., Cadum, E., Goodman, P., 2008. Effects of cold weather on mortality:
results from 15 European cities within the PHEWE project. Am. J. Epidemiol. 168
(12), 1397–1408.

Bakerly, N., Roberts, J.A., Thomson, A.R., Dyer, M., 2011. The effect of COPD health
forecasting on hospitalisation and health care utilisation in patients with mild-to-
moderate COPD. Chron. Respir. Dis. 8 (1), 5–9.

Barnes, M., Heywood, A.E., Mahimbo, A., Rahman, B., Newall, A.T., Macintyre, C.R.,
2015. Acute myocardial infarction and influenza: a meta-analysis of case-control
studies. Heart 101 (21), 1738–1747.

Barnett, A.G., Hajat, S., Gasparrini, A., Rocklov, J., 2012. Cold and heat waves in the
United States. Environ. Res. 112, 218–224.

Barnett, A.G., Lucas, M., Platts, D., Whiting, E., Fraser, J.F., 2013. The benefits of thermal
clothing during winter in patients with heart failure: a pilot randomised controlled
trial. BMJ Open 3 (4), e002799.

Bhaskaran, K., Gasparrini, A., Hajat, S., Smeeth, L., Armstrong, B., 2013. Time series
regression studies in environmental epidemiology. Int. J. Epidemiol. 42 (4),
1187–1195.

Buckley, J.P., Samet, J.M., Richardson, D.B., 2014. Commentary: does air pollution
confound studies of temperature? Epidemiology 25 (2), 242–245.

Bunker, A., Wildenhain, J., Vandenbergh, A., Henschke, N., Rocklöv, J., Hajat, S.,
Sauerborn, R., 2016. Effects of air temperature on climate-sensitive mortality and
morbidity outcomes in the elderly; a systematic review and meta-analysis of epide-
miological evidence. EBioMedicine 6, 258–268.

Castellani, J.W., IK, M.B., Rhind, S.G., 2002. Cold exposure: human immune responses
and intracellular cytokine expression. Med. Sci. Sports Exerc. 34 (12), 2013–2020.

Collins, K.J., Easton, J.C., Belfield-Smith, H., Exton-Smith, A.N., Pluck, R.A., 1985. Effects
of age on body temperature and blood pressure in cold environments. Clin. Sci.
(Lond.) 69 (4), 465–470.

Corrales-Medina, V.F., Musher, D.M., Shachkina, S., Chirinos, J.A., 2013. Acute pneu-
monia and the cardiovascular system. Lancet 381 (9865), 496–505.

Deal Jr., E.C., McFadden Jr., E., Ingram Jr., R., Breslin, F.J., Jaeger, J., 1980. Airway
responsiveness to cold air and hyperpnea in normal subjects and in those with hay
fever and asthma 1–3. Am. Rev. Respir. Dis. 121 (4), 621–628.

Donaldson, G.C., Seemungal, T., Jeffries, D.J., Wedzicha, J.A., 1999. Effect of tempera-
ture on lung function and symptoms in chronic obstructive pulmonary disease. Eur.
Respir. J. 13 (4), 844–849.

Doyon, B., Belanger, D., Gosselin, P., 2008. The potential impact of climate change on
annual and seasonal mortality for three cities in Quebec, Canada. Int. J. Health
Geogr. 7.

Estabragh, Z.R., Mamas, M.A., 2013. The cardiovascular manifestations of influenza: a
systematic review. Int. J. Cardiol. 167 (6), 2397–2403.

Fedak, K.M., Bernal, A., Capshaw, Z.A., Gross, S., 2015. Applying the Bradford Hill cri-
teria in the 21st century: how data integration has changed causal inference in mo-
lecular epidemiology. Emerg. Themes Epidemiol. 12, 14.

Foxman, E.F., Storer, J.A., Fitzgerald, M.E., Wasik, B.R., Hou, L., Zhao, H., Turner, P.E.,
Pyle, A.M., Iwasaki, A., 2015. Temperature-dependent innate defense against the
common cold virus limits viral replication at warm temperature in mouse airway
cells. Proc. Natl. Acad. Sci. Vol. 112 (3), 827–832.

Fregly, M.J., Kikta, D.C., Threatte, R.M., Torres, J.L., Barney, C.C., 1989. Development of
hypertension in rats during chronic exposure to cold. J. Appl. Physiol. 66 (2),
741–749.

Gasparrini, A., 2016. Modelling lagged associations in environmental time series data: a
simulation study. Epidemiology 27 (6), 835–842.

Gasparrini, A., Guo, Y., Hashizume, M., Lavigne, E., Zanobetti, A., Schwartz, J., Tobias,
A., Tong, S., Rocklöv, J., Forsberg, B., 2015. Mortality risk attributable to high and
low ambient temperature: a multicountry observational study. Lancet 386 (9991),
369–375.

Gavhed, D., Mäkinen, T., Holmér, I., Rintamäki, H., 2000. Face temperature and cardi-
orespiratory responses to wind in thermoneutral and cool subjects exposed to
−10 °C. Eur. J. Appl. Physiol. 83 (4), 449–456.

Guo, Y., Jiang, F., Peng, L., Zhang, J., Geng, F., Xu, J., Zhen, C., Shen, X., Tong, S., 2012.
The association between cold spells and pediatric outpatient visits for asthma in
Shanghai, China. PLoS One 7 (7), e42232.

Hajat, S., 2017. Health effects of milder winters: a review of evidence from the United

Kingdom. Environ. Health 16 (Suppl. 1), 109.
Hajat, S., Bird, W., Haines, A., 2004. Cold weather and GP consultations for respiratory

conditions by elderly people in 16 locations in the UK. Eur. J. Epidemiol. 19 (10),
959–968.

Hajat, S., Kovats, R.S., Lachowycz, K., 2007. Heat-related and cold-related deaths in
England and Wales: who is at risk? Occup. Environ. Med. 64 (2), 93–100.

Hajat, S., Vardoulakis, S., Heaviside, C., Eggen, B., 2014. Climate change effects on
human health: projections of temperature-related mortality for the UK during the
2020s, 2050s and 2080s. J. Epidemiol. Community Health 68 (7), 641–648.

Hajat, S., Chalabi, Z., Wilkinson, P., Erens, B., Jones, L., Mays, N., 2016. Public health
vulnerability to wintertime weather: time-series regression and episode analyses of
national mortality and morbidity databases to inform the cold weather plan for
England. Public Health 137, 26–34.

Halonen, J.I., Zanobetti, A., Sparrow, D., Vokonas, P.S., Schwartz, J., 2011a. Relationship
between outdoor temperature and blood pressure. Occup. Environ. Med. 68 (4),
296–301.

Halonen, J.I., Zanobetti, A., Sparrow, D., Vokonas, P.S., Schwartz, J., 2011b. Outdoor
temperature is associated with serum HDL and LDL. Environ. Res. 111 (2), 281–287.

Hill, A.B., 1965. The environment and disease: association or causation? Proc. R. Soc.
Med. 58, 295–300.

Hintsala, H., Kandelberg, A., Herzig, K.-H., Rintamäki, H., Mäntysaari, M., Rantala, A.,
Antikainen, R., Keinänen-Kiukaanniemi, S., Jaakkola, J.J., Ikäheimo, T.M., 2013.
Central aortic blood pressure of hypertensive men during short-term cold exposure.
Am. J. Hypertens. 27 (5), 656–664 (hpt136).

Hofler, M., 2005. The Bradford Hill considerations on causality: a counterfactual per-
spective. Emerg. Themes Epidemiol. 2, 11.

Office for National Statistics (ONS), 2013. Built-up areas - methodology and guidance.
http://www.nomisweb.co.uk/articles/ref/builtupareas_userguidance.pdf.

The Met Office https://www.metoffice.gov.uk/climatechange/science/monitoring/
ukcp09/faq.html#faq1.1.

Huang, F., Zhao, A., Chen, R.J., Kan, H.D., Kuang, X.Y., 2015. Ambient temperature and
outpatient visits for acute exacerbation of chronic bronchitis in Shanghai: a time
series analysis. Biomed. Environ. Sci. 28 (1), 76–79.

Inoue, Y., Nakao, M., Araki, T., Ueda, H., 1992. Thermoregulatory responses of young and
older men to cold exposure. Eur. J. Appl. Physiol. Occup. Physiol. 65 (6), 492–498.

Jevons, R., Carmichael, C., Crossley, A., Bone, A., 2016. Minimum indoor temperature
threshold recommendations for English homes in winter - a systematic review. Public
Health 136, 4–12.

Kinney, P.L., Schwartz, J., Pascal, M., Petkova, E., Tertre, A.L., Medina, S., Vautard, R.,
2015. Winter season mortality: will climate warming bring benefits? Environ. Res.
Lett. 10 (6), 064016.

Komulainen, S., Tähtinen, T., Rintamäki, H., Virokannas, H., Keinänen-Kiukaanniemi, S.,
2000. Blood pressure responses to whole-body cold exposure: effect of carvedilol.
Eur. J. Clin. Pharmacol. 56 (9), 637–642.

Koskela, H.O., 2007. Cold air-provoked respiratory symptoms: the mechanisms and
management. Int. J. Circumpolar Health 66 (2), 91–100.

Koskela, H., Tukiainen, H., 1995. Facial cooling, but not nasal breathing of cold air, in-
duces bronchoconstriction: a study in asthmatic and healthy subjects. Eur. Respir. J. 8
(12), 2088–2093.

Koskela, H.O., Tukiainen, H.O., Koskela, A.K., 1996. Bronchoconstriction due to cold
weather in COPD: the roles of direct airway effects and cutaneous reflex mechanisms.
Chest 110 (3), 632–636.

Koskela, H., Räsänen, S., Tukiainen, H., 1997. The diagnostic value of cold air hy-
perventilation in adults with suspected asthma. Respir. Med. 91 (8), 470–478.

Kuller, L.H., Tracy, R.P., Shaten, J., Meilahn, E.N., Group MR, 1996. Relation of C-re-
active protein and coronary heart disease in the MRFIT nested case-control study.
Am. J. Epidemiol. 144 (6), 537–547.

Leppaluoto, J., Korhonen, I., Hassi, J., 2001. Habituation of thermal sensations, skin
temperatures, and norepinephrine in men exposed to cold air. J. Appl. Physiol. 90 (4),
1211–1218.

Li, T., Horton, R.M., Kinney, P., 2013. Future projections of seasonal patterns in tem-
perature-related deaths for Manhattan. Nat. Clim. Chang. 3, 717–721.

Li, X.P., He, L., Wang, Y.D., Li, Y., Li, M., Peng, Y., 2014. Identification of potential
biomarkers for artificial cold exposure-induced hypertensive stroke by proteomic
analysis. J. Stroke Cerebrovasc. Dis. 23 (10), 2671–2680.

Li, Q., Guo, Y., Wei, D.-M., Song, Y., Song, J.-Y., Ma, J., Wang, H.-J., 2016. Does local
ambient temperature impact children's blood pressure? A Chinese national survey.
Environ. Health 15 (1), 21.

Liu, C., Yavar, Z., Sun, Q., 2015. Cardiovascular response to thermoregulatory challenges.
Am. J. Physiol. Heart Circ. Physiol. 309 (11), H1793–H1812.

Lowen, A.C., Mubareka, S., Steel, J., Palese, P., 2007. Influenza virus transmission is
dependent on relative humidity and temperature. PLoS Pathog. 3 (10), e151.

Luo, B., Zhang, S., Ma, S., Zhou, J., Wang, B., 2012. Artificial cold air increases the
cardiovascular risks in spontaneously hypertensive rats. Int. J. Environ. Res. Public
Health 9 (9), 3197–3208.

Luo, B., Zhang, S., Ma, S., Zhou, J., Wang, B., 2014. Effects of different cold-air exposure
intensities on the risk of cardiovascular disease in healthy and hypertensive rats. Int.
J. Biometeorol. 58 (2), 185–194.

Madaniyazi, L., Zhou, Y., Li, S., Williams, G., Jaakkola, J.J., Liang, X., Liu, Y., Wu, S., Guo,
Y., 2016. Outdoor temperature, heart rate and blood pressure in Chinese adults: effect
modification by individual characteristics. Sci. Rep. 6.

Madsen, C., Nafstad, P., 2006. Associations between environmental exposure and blood
pressure among participants in the Oslo health study (HUBRO). Eur. J. Epidemiol. 21
(7), 485–491.

Maheswaran, R., Pearson, T., Hoysal, N., Campbell, M.J., 2010. Evaluation of the impact
of a health forecast alert service on admissions for chronic obstructive pulmonary

K. Arbuthnott et al. Environment International 121 (2018) 119–129

128

http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0005
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0005
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0005
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0005
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0010
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0010
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0010
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0010
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0015
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0015
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0015
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0020
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0020
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0020
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0025
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0025
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0030
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0030
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0030
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0040
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0040
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0040
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0045
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0045
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0050
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0050
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0050
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0050
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0055
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0055
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0065
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0065
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0065
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0070
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0070
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0075
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0075
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0075
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0080
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0080
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0080
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0090
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0090
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0090
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0095
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0095
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0100
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0100
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0100
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0105
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0105
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0105
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0105
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0110
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0110
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0110
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0115
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0115
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0120
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0120
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0120
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0120
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0125
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0125
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0125
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0130
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0130
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0130
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0135
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0135
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0140
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0140
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0140
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0145
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0145
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0150
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0150
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0150
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0160
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0160
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0160
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0160
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0165
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0165
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0165
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0170
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0170
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0180
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0180
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0185
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0185
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0185
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0185
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0190
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0190
http://www.nomisweb.co.uk/articles/ref/builtupareas_userguidance.pdf
https://www.metoffice.gov.uk/climatechange/science/monitoring/ukcp09/faq.html#faq1.1
https://www.metoffice.gov.uk/climatechange/science/monitoring/ukcp09/faq.html#faq1.1
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0205
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0205
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0205
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0210
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0210
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0215
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0215
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0215
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0220
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0220
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0220
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0225
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0225
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0225
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0230
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0230
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0235
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0235
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0235
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0240
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0240
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0240
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0245
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0245
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0250
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0250
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0250
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0255
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0255
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0255
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0260
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0260
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0265
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0265
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0265
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0270
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0270
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0270
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0275
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0275
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0280
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0280
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0285
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0285
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0285
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0290
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0290
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0290
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0295
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0295
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0295
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0300
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0300
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0300
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0305
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0305


disease in Bradford and Airedale. Aust. J. Public Health 32 (1), 97–102.
Mäkinen, T.M., Juvonen, R., Jokelainen, J., Harju, T.H., Peitso, A., Bloigu, A.,

Silvennoinen-Kassinen, S., Leinonen, M., Hassi, J., 2009. Cold temperature and low
humidity are associated with increased occurrence of respiratory tract infections.
Respir. Med. 103 (3), 456–462.

Martens, W.J., 1998. Climate change, thermal stress and mortality changes. Soc. Sci. Med.
46 (3), 331–344.

Martin, S.L., Cakmak, S., Hebbern, C.A., Avramescu, M.L., Tremblay, N., 2012. Climate
change and future temperature-related mortality in 15 Canadian cities. Int. J.
Biometeorol. 56 (4), 605–619.

Meier, C.R., Jick, S.S., Derby, L.E., Vasilakis, C., Jick, H., Meier, C., Jick, S., Derby, L.,
Vasilakis, C., Jick, H., 1998. Acute respiratory-tract infections and risk of first-time
acute myocardial infarction. Lancet 351 (9114), 1467–1471.

Mercer, J.B., Osterud, B., Tveita, T., 1999. The effect of short-term cold exposure on risk
factors for cardiovascular disease. Thromb. Res. 95 (2), 93–104.

Modesti, P.A., 2013. Season, temperature and blood pressure: a complex interaction. Eur.
J. Intern. Med. 24 (7), 604–607.

Mourtzoukou, E., Falagas, M., 2007. Exposure to cold and respiratory tract infections
[review article]. Int. J. Tuberc. Lung Dis. 11 (9), 938–943.

Mwimbi, X.K., Muimo, R., Green, M., Mehta, A., 2003. Making human nasal cilia beat in
the cold: a real time assay for cell signalling. Cell. Signal. 15 (4), 395–402.

National Institute for Health and Care Excellence (NICE), 2014. Evidence Review and
Economic Analysis of Excess Winter Deaths. Review 3: Delivery and Implementation
of Approaches for the Prevention of Excess Winter Deaths and Morbidity. London
School of Hygiene & Tropical Medicine, Public Health England, University College
London.

Nguyen, J.L., Schwartz, J., Dockery, D.W., 2014. The relationship between indoor and
outdoor temperature, apparent temperature, relative humidity, and absolute hu-
midity. Indoor Air 24 (1), 103–112.

Nielsen, K.G., Bisgaard, H., 2005. Hyperventilation with cold versus dry air in 2- to 5-
year-old children with asthma. Am. J. Respir. Crit. Care Med. 171 (3), 238–241.

Numminen, E., Chewapreecha, C., Turner, C., Goldblatt, D., Nosten, F., Bentley, S.D.,
Turner, P., Corander, J., 2015. Climate induces seasonality in pneumococcal trans-
mission. Sci. Rep. 5.

Opper, C., Hennig, J., Clement, C., Laschefski, U., Dey, D., Dieckwisch, J., Netter, P.,
Wesemann, W., 1995. Lowering of body temperature affects human platelet functions
and norepinephrine release. Pharmacol. Biochem. Behav. 51 (2–3), 217–221.

Papanek, P.E., Wood, C.E., Fregly, M.J., 1991. Role of the sympathetic nervous system in
cold-induced hypertension in rats. J. Appl. Physiol. 71 (1), 300–306.

Phillips, C.V., Goodman, K.J., 2004. The missed lessons of sir Austin Bradford Hill.
Epidemiol. Perspect. Innov. 1 (1), 3.

Public Health England, 2016. The Cold Weather Plan for England: Protecting Health and
Reducing Harm From Cold Weather.

Ridker, P.M., Hennekens, C.H., Buring, J.E., Rifai, N., 2000. C-reactive protein and other
markers of inflammation in the prediction of cardiovascular disease in women. N.
Engl. J. Med. 342 (12), 836–843.

Roufai, M.B., Li, H., Sun, Z., 2007. Heart-specific inhibition of protooncogene c-myc at-
tenuates cold-induced cardiac hypertrophy. Gene Ther. 14 (19), 1406–1416.

Sabnis, A.S., Shadid, M., Yost, G.S., Reilly, C.A., 2008. Human lung epithelial cells express
a functional cold-sensing TRPM8 variant. Am. J. Respir. Cell Mol. Biol. 39 (4),
466–474.

Saeki, K., Obayashi, K., Iwamoto, J., Tanaka, Y., Tanaka, N., Takata, S., Kubo, H.,
Okamoto, N., Tomioka, K., Nezu, S., et al., 2013. Influence of room heating on am-
bulatory blood pressure in winter: a randomised controlled study. J. Epidemiol.
Community Health 67 (6), 484–490.

Sarran, C., Halpin, D., Levy, M.L., Prigmore, S., Sachon, P., 2014. A retrospective study of
the impact of a telephone alert service (healthy outlook) on hospital admissions for
patients with chronic obstructive pulmonary disease. In: NPJ Primary Care
Respiratory Medicine. 24. pp. 14080.

Schneider, A., Panagiotakos, D., Picciotto, S., Katsouyanni, K., Löwel, H., Jacquemin, B.,
Lanki, T., Stafoggia, M., Bellander, T., Koenig, W., 2008. Air temperature and in-
flammatory responses in myocardial infarction survivors. Epidemiology 19 (3),
391–400.

Shechtman, O., Fregly, M.J., Papanek, P.E., 1990. Factors affecting cold-induced hy-
pertension in rats. Proc. Soc. Exp. Biol. Med. 195 (3), 364–368.

Shiue, I., Shiue, M., 2014. Indoor temperature below 18 degrees C accounts for 9% po-
pulation attributable risk for high blood pressure in Scotland. Int. J. Cardiol. 171 (1),
e1–e2.

Smeeth, L., Thomas, S.L., Hall, A.J., Hubbard, R., Farrington, P., Vallance, P., 2004. Risk
of myocardial infarction and stroke after acute infection or vaccination. N. Engl. J.
Med. 351 (25), 2611–2618.

Stanisic Stojic, S., Stanisic, N., Stojic, A., 2016. Temperature-related mortality estimates
after accounting for the cumulative effects of air pollution in an urban area. Environ.
Health 15 (1), 73.

Steventon, A., Bardsley, M., Mays, N., 2014. Effect of a telephonic alert system (healthy
outlook) for patients with chronic obstructive pulmonary disease: a cohort study with
matched controls. Aust. J. Public Health 37 (2), 313–321 (fdu042).

Sun, Z., 2010. Cardiovascular responses to cold exposure. Front. Biosci. (Elite Ed.) 2, 495.
Sun, Z., Fregly, M.J., Cade, J.R., 1995. Effect of renal denervation on elevation of blood

pressure in cold-exposed rats. Can. J. Physiol. Pharmacol. 73 (1), 72–78.
Sun, Z., Cade, J.R., Fregly, M.J., Rowland, N.E., 1997. Effect of chronic treatment with

propranolol on the cardiovascular responses to chronic cold exposure. Physiol.
Behav. 62 (2), 379–384.

Sun, Z., Cade, R., Morales, C., 2002. Role of central angiotensin II receptors in cold-
induced hypertension. Am. J. Hypertens. 15 (1), 85–92.

Sun, Z., Cade, R., Zhang, Z., Alouidor, J., Van, H., 2003. Angiotensinogen gene knockout
delays and attenuates cold-induced hypertension. Hypertension 41 (2), 322–327.

The Eurowinter Group, 1997. Cold exposure and winter mortality from ischaemic heart
disease, cerebrovascular disease, respiratory disease, and all causes in warm and cold
regions of Europe. Lancet 349 (9062), 1341–1346.

Thomson, H., Thomas, S., Sellstrom, E., Petticrew, M., 2009. The health impacts of
housing improvement: a systematic review of intervention studies from 1887 to 2007.
Am. J. Public Health 99 (Suppl. 3), S681–S692.

Tod, A.M., Lusambili, A., Homer, C., Abbott, J., Cooke, J.M., Stocks, A.J., McDaid, K.A.,
2012. Understanding factors influencing vulnerable older people keeping warm and
well in winter: a qualitative study using social marketing techniques. BMJ Open 2 (4).

Tseng, C.M., Chen, Y.T., Ou, S.M., Hsiao, Y.H., Li, S.Y., Wang, S.J., Yang, A.C., Chen, T.J.,
Perng, D.W., 2013. The effect of cold temperature on increased exacerbation of
chronic obstructive pulmonary disease: a nationwide study. PLoS One 8 (3), e57066.

Vadodaria, K., Loveday, D.L., Haines, V., 2014. Measured winter and spring-time indoor
temperatures in UK homes over the period 1969–2010: a review and synthesis. Energ
Policy 64, 252–262.

Vallance, P., Collier, J., Bhagat, K., 1997. Infection, inflammation, and infarction: does
acute endothelial dysfunction provide a link? Lancet 349 (9062), 1391.

Vardoulakis, S., Dear, K., Hajat, S., Heaviside, C., Eggen, B., McMichael, A.J., 2014.
Comparative assessment of the effects of climate change on heat- and cold-related
mortality in the United Kingdom and Australia. Environ. Health Perspect. 122 (12),
1285–1292.

Wang, X., Sun, Z., Cade, R., 2005. Prolonged attenuation of cold-induced hypertension by
adenoviral delivery of renin antisense. Kidney Int. 68 (2), 680–687.

Wang, H.E., Moore, J.X., Donnelly, J.P., Levitan, E.B., Safford, M.M., 2017. Risk of acute
coronary heart disease after sepsis hospitalization in the REasons for Geographic and
Racial Differences in Stroke (REGARDS) cohort. Clin. Infect. Dis. 65 (1), 29–36.

Warren-Gash, C., Udell, J.A., 2017. Respiratory tract infections, nonsteroidal anti-in-
flammatory drugs and acute myocardial infarction: is understanding interaction be-
tween risk factors the key to personalizing prevention? J. Infect. Dis. 215 (4),
497–499.

Woodward, A., 2014. Heat, cold and climate change. J. Epidemiol. Community Health 68
(7), 595–596.

Wu, S., Yang, D., Pan, L., Shan, J., Li, H., Wei, H., Wang, B., Huang, J., Baccarelli, A.A.,
Shima, M., 2017. Ambient temperature and cardiovascular biomarkers in a repeated-
measure study in healthy adults: a novel biomarker index approach. Environ. Res.
156, 231–238.

Yu, W., Mengersen, K., Wang, X., Ye, X., Guo, Y., Pan, X., Tong, S., 2012. Daily average
temperature and mortality among the elderly: a meta-analysis and systematic review
of epidemiological evidence. Int. J. Biometeorol. 56 (4), 569–581.

Zhang, Y., Peng, M., Wang, L., Yu, C., 2018. Association of diurnal temperature range
with daily mortality in England and Wales: a nationwide time-series study. Sci. Total
Environ. 619-620, 291–300.

K. Arbuthnott et al. Environment International 121 (2018) 119–129

129

http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0305
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0310
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0310
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0310
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0310
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0315
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0315
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0320
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0320
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0320
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0325
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0325
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0325
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0330
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0330
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0335
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0335
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0340
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0340
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0345
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0345
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0350
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0350
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0350
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0350
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0350
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0355
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0355
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0355
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0360
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0360
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0365
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0365
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0365
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0370
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0370
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0370
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0375
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0375
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0380
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0380
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0385
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0385
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0390
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0390
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0390
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0395
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0395
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0400
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0400
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0400
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0405
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0405
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0405
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0405
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0410
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0410
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0410
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0410
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0415
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0415
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0415
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0415
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0420
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0420
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0425
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0425
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0425
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0430
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0430
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0430
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0435
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0435
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0435
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0440
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0440
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0440
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0445
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0450
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0450
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0455
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0455
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0455
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0460
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0460
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0465
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0465
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0470
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0470
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0470
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0475
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0475
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0475
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0480
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0480
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0480
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0485
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0485
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0485
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0490
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0490
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0490
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0495
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0495
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0500
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0500
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0500
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0500
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0505
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0505
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0510
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0510
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0510
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0515
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0515
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0515
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0515
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0520
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0520
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0525
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0525
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0525
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0525
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0530
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0530
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0530
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0535
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0535
http://refhub.elsevier.com/S0160-4120(18)30899-7/rf0535

	What is cold-related mortality? A multi-disciplinary perspective to inform climate change impact assessments
	Introduction
	Methods
	Objective 1
	Objective 2

	Results
	Current approaches to cold threshold selection and the nature of the temperature-mortality relationship
	A multi-disciplinary perspective on cold and causation
	Bradford Hill criteria: plausibility and coherence
	Direct and indirect mechanisms for cardio -vascular mortality
	Direct and indirect mechanisms for respiratory mortality
	Bradford Hill criteria: specificity and consistency.
	Bradford Hill criteria: experiment, effect size and gradient, temporality and analogy


	Discussion
	Can using evidence from different disciplines help in the placement of cold thresholds?
	Relevance to risk assessment and policy setting and conclusions

	Acknowledgments
	Competing Financial Interests Declaration
	References




