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ABSTRACT

Objective To examine the short term relation between

ambient temperature and risk of myocardial infarction.

Design Daily time series regression analysis.

Setting 15 conurbations in England and Wales.

Participants 84010 hospital admissions for myocardial

infarction recorded in the Myocardial Ischaemia National

Audit Project during 2003-6 (median 57 events a day).

Main outcome measures Change in risk of myocardial

infarction associated with a 1°C difference in

temperature, including effects delayed by up to 28 days.

Results Smoothed graphs revealed a broadly linear

relation between temperature and myocardial infarction,

which was well characterised by log-linear models

without a temperature threshold: each 1°C reduction in

dailymean temperaturewasassociatedwith a 2.0% (95%

confidence interval 1.1% to 2.9%) cumulative increase in

risk of myocardial infarction over the current and

following 28 days, the strongest effects being estimated

at intermediate lags of 2-7 and 8-14 days: increase per

1°C reduction 0.6% (95% confidence interval 0.2% to

1.1%) and 0.7% (0.3% to 1.1%), respectively. Heat had

no detrimental effect. Adults aged 75-84 and those with

previous coronary heart disease seemedmore vulnerable

to the effects of cold than other age groups (P for

interaction 0.001 or less in each case), whereas those

taking aspirin were less vulnerable (P for interaction

0.007).

Conclusions Increases in risk of myocardial infarction at

colder ambient temperatures may be one driver of cold

related increases in overall mortality, but an increased

risk of myocardial infarction at higher temperatures was

not detected. The risk of myocardial infarction in

vulnerable people might be reduced by the provision of

targeted advice or other interventions, triggered by

forecasts of lower temperature.

INTRODUCTION

In the light of global climate change the relations
between weather and health are of increasing interest.

In several studies ambient outdoor temperature was
shown to affect mortality rates in the short term. A
study in 11 US cities found a U-shaped relation
between temperature and all cause mortality, with
mortality decreasing as temperatures increased from
the coldest days up to a certain threshold temperature,
above which mortality increased with temperature.1 A
similar pattern has been observed in Europe2 and in
several lower and middle income countries.3 Detri-
mental effects of both hot and cold days have also
been associated with cardiovascular mortality.4-6

Less commonly investigated has been the short term
effect of ambient temperature on risk of myocardial
infarction. A recent systematic review suggested com-
pelling evidence of some temperature effect but was
inconclusive on the size or direction of the effect:
eight of the 12 studies with data from the winter season
found a statistically significant increased risk of myo-
cardial infarction at colder temperatures, whereas
seven of 13 studies found a statistically significant det-
rimental effect of heat, with effect estimates ranging
from a 7% to 40% increase in rates of myocardial
infarction on days with the most extreme
temperatures.7 Only a few studies have controlled for
potentially important confounding variables such as
air pollution and circulating influenza levels, which
could be associated with both temperature and risk of
myocardial infarction. Furthermore, concerns were
expressed about the specificity of the outcome in
some studies owing to the lack of separate validation,
with the potential for inclusion of events not related to
myocardial infarction.

We examined the short term effects of temperature
in 15 conurbations in England and Wales, controlling
for important confounders and making use of a large
audit database of myocardial infarction events within
which the validity of events could be confirmed against
marker data from electrocardiographs and labora-
tories.
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METHODS

The Myocardial Ischaemia National Audit Project
(MINAP) is a national register of all hospital admis-
sions for myocardial infarction and other acute coron-
ary syndromes, with participation of all hospitals in
England andWales that admit patients with these con-
ditions. The identification of admissions is managed at
individual hospital level; guidelines recommend a
combination of approaches to identify eligible admis-
sions, including biochemistry records (specifically
measurements of troponin), admission notes, and dis-
charge slips. The database includes 123 fields covering
basic demographic data, timing of onset of symptoms,
changes on electrocardiographs, markers of myo-
cardial necrosis, final diagnosis, thrombolytic or
other treatment received, and the geographical coordi-
nates of the super output area (an area with a mean
population of 1500) containing the patient’s place of
residence. Also recorded are pre-existing comorbid-
ities, including hypertension, diabetes, and previous
cardiovascular events. We included all events with a
discharge diagnosis classified as ST elevation myo-
cardial infarction, non-ST elevationmyocardial infarc-
tion, or troponin positive acute coronary syndrome,
occurring among patients residing within one of 15
conurbations in England andWales (Greater London,
West Midlands, Greater Manchester, West Yorkshire,
Tyneside, Liverpool, Nottingham, Sheffield, Bristol,
Leicester, Potteries, Cardiff, Southampton, Kingston
upon Hull, Norwich) during 2003-6. Conurbation
boundaries were predefined to match earlier work.8

In a separate sensitivity analysis we reran our final
model including only those events that could be vali-
datedwithin theMyocardial IschaemiaNationalAudit
Project database against the presence of recorded
raisedmarkers (troponin or creatine kinase) or an elec-
trocardiograph trace showing ST elevation or left bun-
dle branch block.

Meteorological data

We downloaded data on weather, in particular daily
minimum and maximum temperature, temperature
at 9 am and 3 pm, and dewpoint temperature, from
theBritishAtmosphericDataCentre, listed byweather
monitoring station and date of measurement. Daily
mean temperature was then generated, approximated
as the mean of the daily minimum andmaximum tem-
perature. We derived daily relative humidity from the
measurements of dewpoint and temperature at 9 am
and 3 pm. When data from more than one station
were available in a conurbation, we combined these
to one series using the AIRGENE (air pollution and
inflammatory response in myocardial infarction survi-
vors: gene-environment interaction in a high risk
group) algorithm.9 After combining data in conurba-
tions with multiple stations, eight conurbations had
missing data. However, 10 complete temperature ser-
ies were available at a broader level, based on the fol-
lowing regions: North East, North West, Yorkshire
and the Humber, East Midlands, West Midlands,

East, London, South East, South West, and Wales.
All available monitoring data are drawn from the
area to produce a representative series for the whole
region. We used these series as a basis for imputing
data for days withmissing temperature at the narrower
level of conurbation. Specifically, for each conurbation
we fitted a simple linear regressionmodel over all days
in 2003-6, relating daily conurbation temperature to
daily regional temperature; this model was estimated
using days with no missing data on conurbation tem-
perature and then used to predict conurbation tem-
perature on days with missing data.

Data on pollution and infectious disease levels

We downloaded data on daily mean levels of particu-
latematterwith diameters less than 10μm(abbreviated
to PM10 andmeasured as mass in μg perm3 of air) and
ozone, from the UK air quality data and statistics data-
base. To generate a pollution series for each conurba-
tion for inclusion in our models, we used data from
background pollution monitors only, located within
one of the 15 conurbations (one to 13 monitors per
conurbation). Againwe used theAIRGENEalgorithm
to combine data frommultiple stations within a conur-
bation.
As a measure of level of circulating viral infections,

we obtaineddaily counts of laboratory confirmed cases
of influenza A and respiratory syncytial virus for each
of 10 UK regions, from the UK Communicable Dis-
eases Surveillance Centre at the Health Protection
Agency.

Statistical analysis

We carried out an ecological time series regression
analysis: the daily number of myocardial infarction
events was the outcome in a generalised linear model
with Poisson error structure, and with scale variables
set to the Pearson χ2 statistic divided by the residual
degrees of freedom to model overdispersion.10 11 The
main exposure of interest was dailymean temperature.
To control for seasonality and long term trend we also
included in the model a smooth function of calendar
date based on splines, estimated separately for each
conurbation. A spline function, defined by piecewise
polynomials, has a flexible shape that is useful formod-
elling unknown and potentially variable seasonal and
long term patterns. The smoothness of a spline is a
function of the number of degrees of freedom; we
chose seven degrees of freedom per calendar year in
keeping with previous studies, as a compromise
between providing adequate control for unmeasured
confounders and leaving sufficient information from
which to estimate temperature effects.12 13 We adjusted
the model for day of the week and public holidays,
levels of influenza and respiratory syncytial viruses
(three categories representing 0, 1, or ≥2 laboratory
confirmed cases in the particular conurbation), and
PM10 and ozone levels (each modelled at lag days 0-
3 inclusive as there seems to be little evidence of pollu-
tion effects at longer lags14). We also controlled for
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daily relative humidity (average of the current and pre-
vious three days) using a four knot natural cubic spline
to allow for non-linearity.
To model the effects of mean temperature we used

five lag periods: the average of lag days 0-1, 2-7, 8-14,
15-21, and 22-28. We chose the 0-1 day short lag per-
iod because mortality studies suggest that any effects
from heat would probably operate with little
delay.15 16 Effects of cold have been reported with
longer delays and hence the remaining terms covered
delays of up to 28 days, with weekly groupings chosen
to allowmoreprecise estimationof effects, andbecause
at longer lags any temperature effects would be unli-
kely to vary sharply from day to day. To obtain an
initial visual estimate of the temperature effect, we
included a natural four knot cubic spline for each of
the five lagged temperature effects and we used Wald
tests to assess the statistical significance of the overall
temperature effect (testing all five spline terms) and its
non-linearity (testing only the four non-linear terms).
We then considered simplified temperature effects
with more directly interpretable numerical coeffi-
cients—namely, linear and linear threshold tempera-
ture models. In the linear threshold temperature
models a linear temperature effect only operates
below a certain “threshold” temperature, and we fitted
the model repeatedly with every possible threshold
from the fifth to the 95th centile ofmean daily tempera-
ture in 1°C steps. We also allowed the thresholds to be
specified centiles of temperature within the conurba-
tion, assessing the fifth, 10th, 15th . . . 95th centiles.
These models were compared and we selected the
final temperature effect specification by choosing the
model with the lowest Akaike information criterion.
We estimated the cumulative effect of temperature

by summing (on the log scale) the regression coeffi-
cients of the five individual lagged effects. For a given
day, this cumulative effect can be interpreted as the
total effect of a difference in daily temperature over
the current and following 28 days.17 We assessed the
heterogeneity of the estimated effects of temperature
and potential confounders by including interaction
terms and usingWald tests to assess their statistical sig-
nificance.
Finally, we did an exploratory analysis to assess

effect modification by age, sex, previous coronary
heart disease, previous hypertension, and current
aspirin use.We investigated eachpotential effectmodi-
fier separately: the daily number of events was broken
down by the factor under consideration, which was
itself included in the model as an interaction with the
daily temperature. For the purposes of this exploratory
analysis, we included only a single temperature term
(average of lag days 0-28) to allow the models to fit,
given the small numbers of events in some subgroups.
The temperature effect from such a model is compar-
able to the estimate of the cumulative effect over all lag
days, as obtained by summing the five lag terms in our
main model.
As well as rerunning our final model including only

validated myocardial infarction events, we carried out

several other sensitivity analyses, modifying the final
model. Firstly, we used minimum and then maximum
daily temperature in place of mean daily temperature.
Secondly, we varied the number of degrees of freedom
per year used to define the spline function of date, used
to adjust for season and long term trends. Thirdly, we
excluded all but the five conurbations with the highest
daily event rates—Greater London, Greater Manche-
ster, West Midlands, Tyneside, and West Yorkshire,
all of which had median daily events of at least four).
Fourthly, to include information from the 9.5% of
observations with missing pollution levels (PM10 or
ozone, or both), we used a multiple imputation proce-
dure with five imputations to handle the missing data.
For the imputation we used a multivariate normal
model for PM10 and ozone levels containing all vari-
ables from the final temperaturemodel. Finally, in case
of residual autocorrelation in the finalmodel,we added
lagged deviance residuals to the model for each
conurbation in which significant early residual auto-
correlation was seen (as defined by absolute partial
autocorrelations of the deviance residuals exceeding
0.05 at lag days 0-3).18 For each sensitivity analysis we
estimated the temperature effect at each lag, as well as
the cumulative temperature effect.

RESULTS

Between January 2003 and December 2006, 84 010
events (median 57 per day, interquartile range 50-64
per day) were recorded within the 15 conurbations of
interest (table 1). Greater London had the largest num-
ber of events (26 607, median 18, interquartile range
15-21, range 5-36 per day) and Kingston upon Hull
the least, with events recorded on only 23.5% of days
(407, median 0, interquartile range 0-0, range 0-3 per
day). Overall, 35 664/84 010 (42%) of myocardial
infarction diagnoses were ST elevation myocardial
infarction and 74 185 (88%) were confirmed by at
least one recorded corroborative electrocardiograph
trace (for ST elevationmyocardial infarction) or raised
troponin or creatine kinase levels, or both.
Myocardial infarction eventswere recorded at amed-

ian age of 70 years (interquartile range 58-79 years) and
64.5% (53 819/83424) of patients whose sex was
recorded were men. The daily mean temperature ran-
ged from−3°C to27°Cacross the 15 conurbations,with
individual conurbations having a median value of
between 9°C and 12°C during 2003-6 (table 1).

Modelling temperature effects as flexible curves

Flexible curves representing the combined effect of
temperature across all 15 conurbations, adjusted for
potential confounders, were compatiblewith a broadly
linear effect of temperature at short lags (days 0-1 and
2-7), with the risk ofmyocardial infarction increasing at
lower temperatures, although the temperature effect
was not significant at days 0-1 (P=0.62, fig 1). At days
8-14 evidence of a temperature effect was strong
(P=0.006); again an increase in the risk of myocardial
infarction was seen at lower temperatures, and
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although the curve suggested a levelling off of the effect
at both the lower and the upper extremes of the tem-
perature range, confidence intervals in these regions
were wide, reflecting the limited number of days on
which these extremes of temperature occurred. At lag
days 15-21 and 22-28 we found little evidence of any
continuing temperature effect, although in both cases
the estimated curves were broadly in the direction of a
detrimental effect of cold.

Selection of linear or threshold temperature models

Simplified specifications of the temperature effect
using linear and cold threshold models were consid-
ered within the same modelling framework. The
Akaike information criterion was minimised by the
most parsimonious “all-linear”model (that is, without
threshold, Akaike information criterion 67 414.1); in
the optimal threshold model the cold threshold was at
the 90th centile of temperature (Akaike information
criterion 67 414.9). This in any case represents close
to a linear temperature effect.

Description of effects in final model

It was estimated that a 1°Creduction in temperature on
a given day would cumulatively increase the risk of
myocardial infarction by 2.0% (95% confidence inter-
val 1.1% to 2.9%) over the current and following
28 days, with the strongest effects being estimated at
intermediate lags of 2-7 and 8-14 days (relative risk
1.006 (95% confidence interval 1.002 to 1.011) and
1.007 (1.003 to 1.011), respectively, table 2).
Estimates from the final model also showed evi-

dence of effects of day of the week and PM10 levels.
As expected, the risk of myocardial infarctions being
reported on weekdays compared with weekends was

estimated to increase: compared with Sunday, the
risk of a myocardial infarction being recorded on a
Monday was increased by 14%11-17 and on Tuesday to
Friday by 4-8%. Increases in PM10 levels were
associated with a small increase in risk of myocardial
infarction on the same day (relative risk 1.001, 95%
confidence interval 1.000 to 1.002), although no effect
of ozone level was observed (P=0.19).
Relative humidity did not seem to be associatedwith

risk of myocardial infarction (P=0.29), although there
was a non-significant increase in risk at both low and
high humidity values: relative risk 1.03 (95% confi-
dence interval 0.99 to 1.06) and 1.06 (0.99 to 1.13) at
55% and 95% compared with 75%).
Finally no evidence was found of effects of public

holiday or of influenza or respiratory syncytial virus
in the final model although effect estimates were in
the direction expected in each case—that is, a reduced
risk ofmyocardial infarctions being recordedonpublic
holidays and an increased risk on days with several
laboratory confirmed cases of influenza or respiratory
syncytial virus infection.

Variation across conurbations

The temperature effect across conurbations was not
heterogeneous (P for interaction 0.43). At lag days 2-7
and 8-14, at which significant combined cold effects
were estimated, effect estimateswere in a direction sug-
gesting cold effects for 11 and 12 conurbations, respec-
tively; however, the only conurbation in which these
effects were individually statistically significant was
Greater London (fig 2). Greater London had a median
of 18 events a day comparedwith fewer than eight in all
other conurbations and therefore was much better
powered to detect these effects.

Table 1 | Temperature and characteristics of myocardial infarction events in 15 conurbations and overall

Conurbation
Median (range) of daily
mean temperature (°C)

Total
No of MIs

STEMI
(%)

Median (interquartile
range) MIs per day

Men
(%)

Median (interquartile
range) age*

Evidence supporting
diagnosis† (%)

Bristol 11 (−2-26) 2376 1007 (42) 1 (0-2) 1519/2354 (64.5) 71 (60-80) 2224 (94)

Cardiff 12 (0-25) 1471 507 (34) 1 (0-2) 857/1464 (58.5) 75 (63-83) 1446 (98)

Greater London 12 (−1-27) 26 607 12 048 (45) 18 (15-21) 17 863/26 532 (67.3) 69 (57-79) 23 319 (88)

Greater Manchester 11 (−3-26) 12 434 5139 (41) 8 (6-11) 7722/12 424 (62.2) 71 (59-80) 10 492 (84)

Kingston upon Hull 11 (−2-23) 407 369 (91) 0 (0-0) 278/406 (68.5) 64 (56-73) 400 (98)

Leicester 10 (−2-23) 1768 969 (55) 1 (0-2) 1239/1768 (70.1) 68 (56-77) 1685 (95)

Liverpool 11 (−3-24) 4358 1674 (38) 3 (2-4) 2623/4355 (60.2) 72 (61-80) 3775 (87)

Norwich 10 (−2-25) 874 339 (39) 0 (0-1) 605/874 (69.2) 70 (60-77) 863 (99)

Nottingham 10 (−2-23) 1488 907 (61) 1 (0-2) 974/1476 (66.0) 68 (57-77) 1374 (92)

Potteries 10 (−3-25) 2205 854 (39) 1 (1-2) 1437/2205 (65.2) 72 (60-80) 1713 (78)

Sheffield 10 (−2-24) 4903 1443 (29) 3 (2-5) 2891/4878 (59.3) 72 (61-81) 4536 (93)

Southampton 12 (0-25) 1259 517 (41) 1 (0-1) 875/1259 (69.5) 69 (58-78) 1248 (99)

Tyneside 10 (−2-23) 8017 2409 (30) 5 (4-7) 4697/8010 (58.6) 72 (60-81) 6717 (84)

West Midlands 10 (−3-24) 9265 4827 (52) 6 (4-8) 6258/9245 (67.7) 68 (57-77) 8646 (93)

West Yorkshire 9 (−2-22) 6578 2655 (40) 4 (3-6) 3981/6174 (64.5) 69 (58-77) 5747 (87)

Overall 11 (−3-27) 84 010 35 664 (42) 57 (50-64) 53 819/83 424 (64.5) 70 (58-79) 74 185 (88)

MIs=myocardial infarctions; STEMI=ST elevation myocardial infarction.

*Data on age available for 81 441/84 010 (97%) of diagnoses, and sex for 83 424/84 010 (99%) of diagnoses.

†Evidence for STEMI diagnoses was defined as either an electrocardiograph trace indicating ST elevation or left bundle branch block, or raised markers (troponin or creatine kinase);

evidence on diagnoses for non-ST elevation myocardial infarction was defined as raised markers (troponin or creatine kinase) only.
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The effects of day of week (P=0.13), holiday
(P=0.16), influenza (P=0.96), respiratory syncytial
virus (P=0.23), PM10 levels (P=0.91), and ozone levels
(P=0.56) did not vary across conurbations.

Effect modification by individual level factors

In a simplified model with a single temperature term
(the average of lag days 0-28) evidence of effect mod-
ification by age was strong (P for interaction <0.001);
notably, adults aged 75-84 seemed more vulnerable to
the effects of cold than other age groups including the
eldest (≥85): relative risk per 1°Creduction in tempera-
turewas 1.016 (95%confidence interval 1.007 to 1.025)
for those aged less than 65, 1.018 (1.009 to 1.027) for
those aged 65-74, 1.027 (1.018 to 1.036) for those aged
75-84, and 1.019 (1.009 to 1.029) for those aged 85 or
more (fig 3). The temperature effect did not differ
between men and women (P=0.80). Data were avail-
able on previous coronary heart disease (myocardial
infarction or angina) for 82% of events, and those
patients with previous disease seemed more vulner-
able to the effects of temperature than those with no
history of disease: relative risks per 1°C reduction in
temperature 1.025 (1.015 to 1.034) and 1.019 (1.011 to
1.029); P for interaction 0.001. However, there was lit-
tle evidence of any effect modification by previous
hypertension (P for interaction 0.16). Finally, consider-
ing the 86% of events when data on current use of
aspirin were available, those taking aspirin seemed
less vulnerable to the effects of temperature than
those not taking aspirin: relative risk per 1°Creduction

in temperature 1.016 (1.006 to 1.026) compared with
1.022 (1.012 to 1.031); P for interaction 0.007. Effect
modification by statin use was not assessed because of
incomplete data.

Sensitivity analyses

To test the robustness of the effect estimates several
modifications were made to the final model. The esti-
mated overall temperature effect did not seem to be
sensitive to restricting to only validated myocardial
infarction events, using minimum and maximum
daily temperature in place of mean temperature,
restricting analyses to the five conurbations with the
highest event rates, imputing pollution data to enable
all observed data to be used, or including additional
terms to allow for residual autocorrelation in the final
model. For all of these sensitivity analyses the esti-
mated cumulative effect of a 1°Creduction in tempera-
ture was between a 1.7% and 2.2% increase in risk of
myocardial infarction, comparable to our final model
estimate of a 2.0% increase in risk. Considering the
temperature effect at specific lag periods, the effects
of temperature at lag days 2-7 and 8-14 were estimated
at 0.4-0.8% per 1°C reduction in temperature in all
models, with no evidence of non-linearity in these
effects. At shorter (0-1 day) and longer (15-21,
22-28 day) lag periods, the lack of evidence for a tem-
perature effect was consistent across models.
Varying the level of seasonal control had only a

small effect on the size and not direction of the esti-
mated cumulative temperature effect: estimated effect

R
el

at
iv

e 
ri

sk
 a

nd
 9

5%
 C

I Lag days 0-1

0

Mean daily temperature (˚C)

10 20 30

0.8

0.9

1.0

1.1

1.2

0.8

0.9

1.0

1.1

1.2

0.8

0.9

1.0

1.1

1.2

Relative risk of myocardial infarction

95% CI

Mean daily temperature (˚C)

R
el

at
iv

e 
ri

sk
 a

nd
 9

5%
 C

I Lag days 15-21

Lag days 2-7 Lag days 8-14

Lag days 22-28

0 010 20 30

Mean daily temperature (˚C)

10 20 30

0.8

0.9

1.0

1.1

1.2

0.8

0.9

1.0

1.1

1.2

P for overall effect = 0.623
P for non-linearity = 0.736

P for overall effect = 0.294
P for non-linearity = 0.489

P for overall effect = 0.054
P for non-linearity = 0.410

P for overall effect = 0.006
P for non-linearity = 0.144

P for overall effect = 0.077
P for non-linearity = 0.056

Fig 1 | Estimated relative risk of myocardial infarction by temperature in 15 conurbations combined, from a model including all five lag periods for temperature

(0-1, 2-7, 8-14, 15-21, and 22-28 days) and adjusted for calendar time (stratified by conurbation), relative humidity (average of lags 0-3), day of week, public

holiday, influenza, respiratory syncytial virus, PM10 level (lags 0-3), and ozone level (lags 0-3). Reference value for relative risk estimates is mean value of

daily mean temperature across all days included
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sizes were 1.2-1.4% for a 3-6 degrees of freedom per
year spline; 1.8-2.0% for 7-9 degrees of freedom per
year, and 1.0-1.4 for 10-14 degrees of freedom per
year. Confidence intervals included our original esti-
mate of a 2.0% increase in risk per 1°C reduction in
temperature for all levels of seasonal control above 3
degrees of freedom per year.

DISCUSSION

Across the 15 conurbations in England and Wales
included in our analyses we found a broadly linear
association between daily mean ambient temperature
and risk of myocardial infarction, with a 1°C reduction
in temperature associated with a cumulative 2% (95%
confidence interval 1.1% to 2.9%) increase in risk of
myocardial infarction over the current and subsequent
28 days. Because myocardial infarctions are common,
and ambient temperature is experienced by the whole
population, even a small increase in risk translates to
substantial absolute numbers of extra myocardial
infarctions. For example, in the United Kingdom,
which has an estimated 146 000myocardial infarctions
per year,19 11 600 events would be expected on aver-
age in a 29 dayperiod; our results suggest that each 1°C
reduction in temperature nationwide on a single day
would be associated with around 200 extramyocardial
infarction events. We found no evidence of any detri-
mental heat effect.

Comparison with other studies

The effects of lower temperatures seemed to operate
most strongly at two to 14 days after the reduction in
temperature. The absence of a more immediate effect
may be characteristic of the underlying mechanism at
work, or might simply reflect delays in patients with
myocardial infarction being admitted to hospital. A
similarly delayed cold effect has also been seen for
overall mortality16 although more immediate effects
have also observed.1

In a recent systematic review of ambient tempera-
ture effects in studies with myocardial infarction out-
comes, increases in risk of myocardial infarction at
both higher and lower temperatures were reported by
different studies, with four studies reporting both
effects.1 However, a key finding of the review was the
highly variable methodology among studies in this
area to date; only a few controlled for air pollution
and levels of infectious diseases such as influenza, or
investigated lagged temperature effects beyond a few
days; control for season and long term trend has also
been inconsistent. Two studies that did address all of
these methodological concerns were those of data on
myocardial infarction relatedmortality, which found a
detrimental effect of heat20 or of both heat and cold.21

Such datamay, however, have poor specificity because
in a proportion of cases themyocardial infarction diag-
nosis is likely to be assumed; therefore these findings in
reality may reflect temperature effects on more broad
health outcomes. In contrast, of five studies that ana-
lysed validated myocardial infarction outcomes sepa-
rately, only one based in a subarctic area reported a
detrimental heat effect,22 most reporting an adverse
effect only of cold.23-25 This is in keeping with the pre-
sent analysis, which was based on an audit database in
which 88%ofmyocardial infarction events were corro-
borated by an electrocardiograph trace, raised mar-
kers, or both, and in which our findings were robust
to exclusion of the remaining 12% of events.

Table 2 | Estimated effects of temperature and potential

confounders in final model

Potential confounders Relative risk (95% CI) Pvalue

Temperature (per °C drop):

Lag 0-1 1.002 (0.998 to 1.005)

<0.001

Lag 2-7 1.006 (1.002 to 1.011)

Lag 8-14 1.007 (1.003 to 1.011)

Lag 15-21 1.003 (0.999 to 1.007)

Lag 22-28 1.002 (0.998 to 1.006)

Cumulative effect over all lags 1.020 (1.011 to 1.029)

Relative humidity (%):

55 1.03 (0.99 to 1.06)

0.29

65 1.01 (0.99 to 1.03)

75 1.00 (reference)

85 1.01 (0.98 to 1.04)

95 1.06 (0.99 to 1.13)

Day of week:

Sunday 1.00 (reference)

<0.001

Monday 1.14 (1.11 to 1.17)

Tuesday 1.05 (1.02 to 1.08)

Wednesday 1.07 (1.04 to 1.10)

Thursday 1.04 (1.01 to 1.07)

Friday 1.08 (1.05 to 1.11)

Saturday 0.99 (0.96 to 1.02)

Public holiday:

No 1.00 (reference)
0.21

Yes 0.97 (0.92 to 1.02)

Confirmed cases of influenza A*:

0 1.00 (reference)

0.581 1.02 (0.99 to 1.05)

≥2 1.01 (0.97 to 1.05)

Confirmed cases of respiratory
syncytial virus*:

0 1.00 (reference)

0.841 0.99 (0.96 to 1.02)

≥2 1.01 (0.95 to 1.06)

PM10 (per μg/m3)†:

Lag 0 1.001 (1.000 to 1.002)

0.02
Lag 1 0.999 (0.998 to 1.000)

Lag 2 0.999 (0.998 to 1.000)

Lag 3 1.000 (0.999 to 1.001)

Ozone (per μg/m3)

Lag 0 1.000 (0.999 to 1.001)

0.19
Lag 1 0.999 (0.999 to 1.000)

Lag 2 1.000 (0.999 to 1.001)

Lag 3 1.000 (0.999 to 1.000)

Model adjusted for season and trend using spline function of calendar

date, with 7 knots per calendar year.

*Laboratory confirmed cases.

†Particulate matter with diameters less than 10 μm.
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Weobserved evidence of effectmodification by age,
with those aged 75-84 apparently more vulnerable to
temperature effects than other age groups. Only a few
studies have investigated the effects of temperature on
risk of myocardial infarction by age group; one report-
ing an increased cold effect among those aged more
than 6526 and a further two found no difference in
effects when restricting their analyses only to older age
groups.23 24 The age structure of patients recorded in
MINAP allowed us to subdivide those aged 65 or
more into three age groups and it was of interest that
an increased vulnerability did not extend into the old-
est group (85 or more). A possible explanation is that

people in this age group may spend less time outdoors
andmay bemore likely to live in residential or nursing
homes with effective heating systems. We also
observed an increased vulnerability to cold among
those with previous coronary heart disease, although
we were not able to assess the three way interaction
between temperature, age group, and previous coron-
ary heart disease owing to low numbers of daily events
in the combined subgroups; therefore whether the vul-
nerabilities owing to age and previous disease are inde-
pendent remains an open question. People not taking
aspirin also seemed to be more vulnerable to tempera-
ture effects.

Lag days 0-1 Lag days 2-7 Lag days 8-14

Lag days 15-21 Lag days 22-28

Bristol

Cardiff

Greater London

Greater Manchester

Kingston upon Hull

Leicester

Liverpool

Norwich

Nottingham

Potteries

Sheffield

Southampton

Tyneside

West Midlands

West Yorkshire

All conurbations

0.90 0.95 1 1.05 1.10 0.900.85 0.95 1 1.05 1.10 0.95 1 1.05 1.151.10

Relative risk per 1˚C drop
in temperature (95% CI)

Bristol

Cardiff

Greater London

Greater Manchester

Kingston upon Hull

Leicester

Liverpool

Norwich

Nottingham

Potteries

Sheffield

Southampton

Tyneside

West Midlands

West Yorkshire

All conurbations

0.90 0.95 1 1.05 1.10

Relative risk per 1˚C drop
in temperature (95% CI)

0.90 0.95 1 1.05 1.10

1.002
(0.998 to 1.005)

1.006
(1.002 to 1.011)

1.003
(0.999 to 1.007)

1.002
(0.998 to 1.006)

1.007
(1.003 to 1.011)

Relative risk per 1˚C drop
in temperature (95% CI)

Fig 2 | Estimated relative risk of myocardial infarction per 1°C reduction in temperature by conurbation. Estimates from a

combined model including five temperature terms (lag days 0-1, 2-7, 8-14, 15-21, and 28), adjusted for calendar time

(stratified by conurbation), and fixed effects across conurbations of relative humidity (average of lags 0-3), day of week, public

holiday, influenza, respiratory syncytial virus, PM10 level (lags 0-3), and ozone level (lags 0-3)
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Policy implications and possible mechanisms

Identifying subgroups that might be particularly vul-
nerable to cold effects is of interest since one potential
application of our findings would be to inform a tar-
geted early warning system based on forecasted
weather, similar to that recently set up by the UK
MeteorologicalOffice for peoplewith chronic obstruc-
tive pulmonary disease: when the risk of exacerbation
of this disorder is increased because of low ambient
temperature, people who are at risk are given advice
through automated telephone calls, such as to keep
warm, stay indoors, and watch for warning signs of
their condition worsening; reductions in hospital
admissions of between 15% and 76% have been
reported among practices in the scheme.27 Our results
suggest that for risk of myocardial infarction at colder
temperatures, older people, those with coronary heart
disease, and people who do not take aspirin could ben-
efit from a similar targeted approach. However, since
our findings imply an effect of temperature across the
temperature range, and even among people outside
the most vulnerable groups, a more widespread health
education message aimed at reducing the impact of
lower temperatures may be of value; such approaches
should be evaluated.
Several mechanisms have been proposed to explain

an effect of temperature reductions on risk of myo-
cardial infarction. Exposure to cold under controlled
conditions has been associated with increases in arter-
ial pressure, blood viscosity, and cardiac workload.28 29

A mobilisation of granulocytes has been observed,30

and red cell counts and plasma cholesterol and fibrino-
gen concentrations, all of whichmay be thrombogenic,
seem to be raised after exposure to cold.28 31 Finally,
one study has suggested that the density distribution
of blood platelet subpopulations may be affected,
with an observed increase in less dense platelets that
were more sensitive towards agents that induce
aggregation.32 These small experimental studies com-
bine to suggest that a pathway for cold induced throm-
bogenesis might involve a combination of factors,
including haemoconcentration, an inflammatory
response, and a tendency for an increased state of
hypercoagulability. Furthermore, our observation
that aspirin seemed to be partially protective suggests
that part of the effect may be mediated by changes in
platelet function. However, more recent data have
been lacking and these hypothesised mechanisms
need to be tested in larger studies examining a range
of updated measures. Finally, it is possible that the
observed effect of temperature reductions is not
explained purely by direct biological pathways, but
wholly or partly by other behaviour associated with
lower temperatures—for example, increased snow
shovelling activity might explain increases in risk of
myocardial infarction at the lower extremes of
temperature,33 although this would not explain the
observed effect across the temperature range.
Interestingly, we did not detect any detrimental

effect of temperature increases on risk of myocardial
infarction. There are a few possible explanations for
this. Firstly, temperature in the United Kingdom is
rarely very high in global terms; although we included
data from the unusually hot summer of 2003, even the
warmest periods are brief, whichmay have limited our
ability to detect a heat effect. Such heat effects, how-
ever, have been established in studies of overall mor-
tality even in aUK setting.15 A second possibility is that
any heat effects might have been too immediate to be
detected by a daily time series study; data at a finer
temporal resolution would be of interest. Finally, our
results might simply reflect a genuine absence of any
heat effect on myocardial infarction, indicating that
other mechanisms are more important drivers of the
heat-mortality relation; this is also indicated bymortal-
ity data from London that showed no increase in mor-
tality from myocardial infarction at higher
temperatures despite clear heat related increases in
other cardiovascular deaths.34

Strengths and limitations of the study

Our study has some limitations. Firstly, the MINAP
database is restricted to patients admitted to hospital;
we therefore would not have included myocardial
infarctions leading to death before hospital admission.
The likelihood of a patient with myocardial infarction
surviving to be admitted to hospital could conceivably
be related to temperature if, for example, bad weather
led to a delay in the ambulance. If such a mechanism
were operating, however, it seems likely that the num-
ber of myocardial infarctions would then be

Age

  <65

  65-74

  75-84

  ≥85

Females

Males

No previous coronary heart disease

Previous coronary heart disease

No previous hypertension

Previous hypertension

Receiving aspirin

Not receiving aspirin

<0.001

0.802

0.001

0.164

0.007

P for
interaction

1 1.01 1.02 1.03 1.04

Relative risk per 1˚C drop
in temperature (95% CI)

Fig 3 | Estimated relative risk of myocardial infarction per 1°C
reduction in temperature: effect modification by age, sex,

history, and aspirin use. Graph shows estimated effect of

temperature (average of lag days 0-28), adjusted for calendar

time (stratified by conurbation), and fixed effects across

conurbations of relative humidity (average lags 0-3), day of

week, public holiday, influenza, respiratory syncytial virus,

PM10 levels (lags 0-3), and ozone levels (lags 0-3)
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underestimated onparticularly cold days, leading to an
underestimation of the estimated adverse effects of
cold. Secondly, owing to low numbers of events in
some conurbations, the power to detect geographical
heterogeneity of temperature effects was limited, and
furthermore since our data were restricted to England
andWales wewere unable to assess the hypothesis that
temperature effects may vary with latitude and local
climate.7 Finally, data were not widely available on
levels of particulates with a diameter less than 2.5 μm
(PM2.5), which may be a more important predictor of
risk of myocardial infarction than PM10,14 therefore
we cannot exclude residual confounding, although in
the one monitoring station where both measures were
recorded the correlation was high (0.92), so we believe
that including PM10 in our models should have
accounted for any major confounding effects of finer
particulates.
Despite these limitations, to our knowledge this is

the first large study to investigate the short term effects
of ambient temperature on risk of myocardial infarc-
tion in which key potential confounders (air pollution,
influenza activity, seasonality, and long term trend)
were controlled for, non-linear effects were investi-
gated, and in which most cases of myocardial infarc-
tion could be validated against electrocardiographic
ormarker criteria to confirm the diagnosis. In addition
a range of sensitivity analyses confirmed that our main
conclusions were robust to changes in aspects of the
model specification, and to restricting to only the
most “reliable” data.

Conclusions

In conclusion, our study shows a convincing short term
increase in risk of myocardial infarction associated
with lower ambient temperature, predominantly oper-
ating in the two weeks after exposure. International
studies with consistent methods will be required to
clarify the dependence of these effects on local climate,
whereas individual level studies collecting demo-
graphic, clinical, and behavioural data may shed light
on the role of adaptive measures such as clothing and
home heating, and further clarify which subgroups are

likely to be themost vulnerable. Finally, studies of spe-
cific public health interventions aimed at reducing the
impact of temperature related increases in risk of myo-
cardial infarction are needed.
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