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ABSTRACT

In contrast to studies of the effects of atmospheric temperature and pressure on the occur-
rence of acute myocardial infarction (AMI), the interaction of these two factors has rarely been
studied. We analyzed ambulance data (1993-2002) due to AMI in Hiroshima City using the
poisson regression model to examine the main effects and the interaction of atmospheric tem-
perature and pressure on AMI (n=3755). In the analysis, thermohydrological-index (THI), or
humidity adjusted temperature, was calculated to involve the effect of relative humidity. The
significant influence of atmospheric temperature on AMI was confirmed. Daily events of AMI
decreased as temperature increased. Daily events in the low, moderate, and high temperature
groups were 1.16, 1.07 and 0.90, respectively (average=1.03/day). Atmospheric pressure showed
a weaker effect in the presence of temperature. A more profound interaction was found between
temperature and pressure. The highest daily events 1.38 were observed in the low temperature
and low pressure group, while this meteorological type was always accompanied by rain and/or
snow. It was significant (p=0.047) and 37% higher than that of the high temperature and mod-
erate pressure group. The lowest daily events 0.87 were observed in the high temperature and
low pressure group. These associations were reinforced when temperature adjusted by relative
humidity was used. Atmospheric temperature and the interaction of temperature and pressure
had significant influences on the occurrence of AMI. The highest risk was found on days with
low temperature and low pressure. Days with high risk were characterized by winter rain
and/or snow.
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The influence of meteorological factors on the
occurrence of acute myocardial infarction (AMI)
has impressed many clinicians. AMI exhibits a
winter peak and summer trough in incidence and
mortality?425. The higher winter rate of cardiac
events has been demonstrated in both the north-
ern and southern hemispheres?25.12.18-20,23,27)
Although it has been recognized that cold temper-
ature acts as a trigger for coronary events??, some
studies show that both low and high temperatures
cause an increase in coronary heart disease81?.

Meteorological factors, other than atmospheric
temperature, have rarely been studied.
Atmospheric pressure is regarded as one of the
meteorological factors affecting cardiovascular
mortality and morbidity. To the best of our knowl-
edge, only a few studies have referred to the

impact of atmospheric pressure on AMI®2D, but
these results lacked consistency, and no studies
have reported the interaction of atmospheric tem-
perature and pressure.

The influence of meteorological factors on AMI
might not be universal in different geographic
areas. Exploring the influence of meteorological
factors on AMI has an important significance in
public health, especially in Japan, where compli-
cated variations of atmospheric temperature and
pressure are observed.

The aim of this study was to clarify the impact
of atmospheric temperature, pressure, and their
interaction on the occurrence of AMI. We per-
formed this population-based study by analyzing
10 year data of 3755 AMI events from 1993 to
2002.

*Correspondence to: Masayuki Kakehashi, Graduate School of Health Sciences, Hiroshima University, 1-2—-3 Kasumi

Minami-ku Hiroshima, 734-8551, Japan
TEL: +81-82-257-5350 FAX: +81-82-257-5354

E-mail: mkake@hiroshima-u.ac.jp



46 H. Wang et al

MATERIALS AND METHODS

Study area

Hiroshima City is located in southwest Japan
(longitude, from 132°18'34" to 132°41'48" east; lati-
tude, from 34°17'37" to 34°36'41" north), with a
population of 1,126,239. The city faces the Seto
Inland Sea to the south, and is surrounded by
mountains about 600—-1000 meters above sea level
in the other three directions. It extends approxi-
mately 35 km from east to west and north to
south, and has an area of 741.6 km? (as of 2000).

Located in the Seto Inland Climate Zone,
Hiroshima City has a temperate monsoon climate
with relatively low rainfall in Japan. Since the
monsoon from the south in summer and from the
north in winter is often blocked by mountains, it
enjoys a warm and comfortable climate through-
out the year. Average atmospheric temperature,
pressure, and relative humidity (Mean = SD) dur-
ing the 10 year period was 16.5 = 8.3°C (range:
-0.9-32.7°C), 1008.9 =+ 6.7 hPa (range:
986.0-1029.4 hPa) and 68.1 = 10.7% (range:
31.0-99.0%), respectively.

Meteorological data

Meteorological data was obtained from The
Japan Meteorological Agency. The meteorological
variables included atmospheric temperature, pres-
sure, relative humidity, rain, and snowfall.

Acute Myocardial Infarction Data

In order to predict AMI events by using meteo-
rological factors, The Myocardial Infarction
Predicting Committee, consisting of Hiroshima
University, Hiroshima City Medical Association,
Hiroshima City Fire and Ambulance Department
and Hiroshima Weather Association Chugoku
Branch, was established. AMI data used in the
analysis was collected by Hiroshima Ambulance
Service Center during 1993—2002.

The data we used in the analyses is based on
the record of patients carried by ambulance. For
ethical considerations, personal information was
not included and completely anonymous data was
used. Diagnosis of AMI for each patient was given
by physicians in emergency hospitals. In the diag-
nosing process, the data of electrocardiogram
and/or enzyme in blood samples were used in addi-
tion to symptoms for some patients, but not for all.
The criteria are based on the clinical judgment of
physicians and may not be exactly uniform. An
assessment of data quality is described below.

In the record of patients carried by ambulance,
heart disease was classified into: angina pectoris,
myocardial infarction, heart attack and heart fail-
ure. They comprised 35%, 28%, 3% and 34% in
2000 (Hiroshima City Fire and Ambulance
Department, personal communication), respective-
ly. Myocardial infarction was discriminated from

angina pectoris, although more than one third was
classified as heart failure. To clarify the coverage
of ambulance data against total myocardial infarc-
tion in Hiroshima City, the expected numbers of
myocardial infarction were calculated based on the
age-specific incidence data of AMI reported by
Yoshida et al3Y in Shiga and Kinjo et al'V in
Okinawa, dJapan. Using population data in
Hiroshima City in 2000, the results were 442 (294
male and 148 female) and 451 (304 male and 147
female), respectively. The observed numbers of
ambulance data in 2000 were 361 (242 male and
119 female). Approximately 80% of myocardial
infarction in Hiroshima City seemed included in
our data. Viewing the estimated and observed
numbers by sex and age, they showed quite a simi-
lar pattern. We thus concluded that the ambu-
lance myocardial infarction data were valid for the
analysis of risk factors.

Statistical analysis

Statistical analysis was performed using SPSS
12.0 J (SPSS Institute Inc. Chicago, IL). Average
daily events were plotted according to 1°C daily
mean atmospheric temperature and 1 hPa atmos-
pheric pressure variations. The occurrence of AMI
events was perfectly consistent with theoretical
poisson distribution2®, thus we fitted our data
with the poisson regression model to determine
the association between daily events and meteoro-
logical variables.

Daily mean atmospheric temperature and pres-
sure were divided into three groups; the cut-off
points were selected so that group size was nearly
the same. The definition of the groups is as fol-
lows: low temperature (T1: T<10°C), moderate
temperature (T2: 10<T<20°C), and high tempera-
ture (T3: T>20°C); low pressure (P1: P<1005 hPa),
moderate pressure (P2: 1005<P<1012 hPa), and
high pressure (P3: P>1012 hPa). We obtained nine
meteorological groups according to the different
atmospheric  temperatures and  pressures.
Thermohydrological-index was employed to calcu-
late humidity adjusted temperature (THI). The
mathematical formula is

THI=T. - 0.55 x (1 — 0.01RH) x (T, — 14.5)
where T,=Daily mean atmospheric temperature
(Celsius), and RH=Daily mean relative humidity
in percent. This index has been suggested as an
appropriate measure for the evaluation of the
effect of air temperature on health outcomes, since
low or high temperature is adjusted to be milder if
relative humidity is low1®.

RESULTS

During this 10 year period, 3755 AMI events
occurred (average 1.03 events per day). The range
of annual events was from 344 to 402 (Mean + SD:
376 + 17). There was a linear decreasing relation-
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Fig. 1. Average daily events of AMI versus daily
mean atmospheric temperature or humidity adjusted
temperature (THI). The x-axis represents daily mean
atmospheric temperature and humidity adjusted
temperature (THI), respectively. Slanting dashed
and solid lines show average daily events predicted
by regression model. A linear decreasing relationship
is shown between average daily events and daily
mean atmospheric temperature (or THI). Average
daily events were all lower than the 10 year average
level (1.03/day) when atmospheric temperature was
higher than 18°C.
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Fig. 2. Average daily events of AMI versus daily
mean atmospheric pressure. Dashed line shows aver-
age daily events predicted by regression model. There
is an increasing linear relationship between average
daily events and daily mean atmospheric pressure (at
the range of 993-1015 hPa). Average daily events
were higher than the 10 year average level when
atmospheric pressure increased above 1010 hPa.

ship between average daily events and daily mean
atmospheric temperature. Average daily events
were all lower than the 10 year average level
when atmospheric temperature was higher than
18°C. The same relationship also existed when
atmospheric temperature was adjusted by relative
humidity, even though the temperature range
changed from —0.9-32.7°C to 1.3-28.2°C (Fig. 1).

There was an increasing linear relationship
between average daily events and daily mean
atmospheric pressure. The linear relationship was
only clearly observed from 993 to 1015 hPa, while
deviation was large at both ends due to the small
sample size. Average daily events were higher
than the 10 year average level when atmospheric
pressure increased above 1010 hPa (Fig. 2).

Atmospheric temperature showed significant
main effects on the occurrence of AMI. Daily
events for the low, moderate, and high tempera-
ture groups were 1.16, 1.07 and 0.90, respectively.
Compared to the high temperature group, daily
events for the low and moderate temperature
groups increased by 17% (p=0.037) and 12%
(p=0.079), respectively. Interactions between
atmospheric temperature and pressure were found
in the low and high temperature groups. In these
two temperature groups, daily events varied for
different pressure groups. The highest daily
events were 1.38 which occurred in the low tem-
perature and low pressure group, and 37% higher
compared with the high temperature and moder-
ate pressure group. The lowest daily events were
observed in the high temperature and low pres-
sure group, with 0.87 events per day (Table 1).
The above associations are strengthened when
atmospheric temperature is adjusted by relative
humidity (Table 2).

The most dangerous days for AMI, which
occurred in the low temperature and low pressure
group (T1P1), were characterized by lower temper-
ature, lower pressure, and highest relative humid-
ity (days with rain were 100%; days with rain and
snow together were 25%). There were only 40 days
of this type during the 10 year period, and all
occurred in winter or early spring (Jan: 11 days;
Feb: 15 days; Mar: 14 days). The second worse
days (T1P3) with the lowest temperature and the
highest pressure, happened in winter, spring and
late autumn; these days were characteristic of a
cold and dry climate. The worst days for AMI were
also found in the high temperature and high pres-
sure group (T3P3). This type was characteristic of
a hot and dry climate, with the lowest relative
humidity, and the lowest percentage of days with
rain. The safest days were found in the high tem-
perature and low pressure group (T3P1); these
days were characteristic of a hot and wet climate
and were distributed in summer, early autumn,
and late spring (Table 3, Fig. 3).
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Table 1. AMI events and parameters estimated from poission regression model by atmospheric temperature and pressure

B-coefficient + S.E. RR (95%CI) P Total Number Daily
events of days events

Daily mean atmospheric temperature (°C)
T1 0.15 £ 0.07 1.17 (1.01 1.35) 0.037* 1266 1096 1.16
T2 0.11 £ 0.06 1.12(0.99 1.27) 0.079 1190 1117 1.07
T3 reference 1299 1439 0.90
Daily mean atmospheric pressure (hPa)
P1 —-0.08 + 0.06 0.92 (0.82 1.03) 0.161 1038 1118 0.93
P2 reference 1276 1252 1.02
P3 0.09 +0.14 1.09 (0.82 1.44) 0.556 1441 1282 1.12
Interaction of atmospheric temperature and pressure
T1*P1 0.31+0.16 1.37 (1.00 1.86) 0.047* 55 40 1.38
T1 * P2 reference 297 270 1.10
T1*P3 -0.03 £ 0.16 0.97 (0.71 1.32) 0.848 914 786 1.16
T2 * P1 0.11 £ 0.10 1.11 (0.92 1.35) 0.287 228 211 1.08
T2 * P2 reference 488 462 1.06
T2 * P3 -0.07 £ 0.16 0.93 (0.68 1.27) 0.638 474 444 1.07
T3 * P1 reference 755 867 0.87
T3 * P2 reference 491 520 0.94
T3 * P3 reference 53 52 1.02

T1: Low temperature T2: Moderate temperature T3: High temperature

P1: Low pressure P2: Moderate pressure P3: High pressure * p<0.05
Reference: The high temperature and moderate pressure group

RR: Daily events compared with the reference group

Table 2. AMI events and parameters estimated from poission regression model by humidity adjusted temperature
(THI) and pressure

B-coefficient + S.E. RR (95%CI) p Total Number Daily
events of days events

Humidity adjusted temperature (THI) ("C)
THI1 0.20 = 0.08 1.22 (1.04 1.42) 0.014%* 1099 943 1.17
THI2 0.11 £ 0.06 1.11(0.98 1.26) 0.095 1552 1448 1.05
THI3 reference 1134 1261 0.90
Daily mean atmospheric pressure (hPa)
P1 -0.07 £ 0.06 0.93 (0.82 1.05) 0.239 1038 1118 0.93
P2 reference 1276 1252 1.02
P3 0.32 +0.17 1.37(0.99 1.91) 0.060 1441 1282 1.12
Interaction of THI and pressure
THI1 * P1 0.37+0.16 1.45 (1.05 1.99) 0.023* 53 35 1.51
THI1 * P2 reference 254 224 1.13
THI1 * P3 —-0.30 £ 0.18 0.74 (0.52 1.06) 0.104 792 684 1.16
THI2 * P1 0.06 = 0.10 1.07 (0.87 1.28) 0.496 293 285 1.03
THI2 * P2 reference 618 595 1.04
THI2 * P3 -0.28 £ 0.18 0.75 (0.53 1.07) 0.113 611 568 1.08
THI3 * P1 reference 692 798 0.87
THIS3 * P2 reference 404 433 0.93
THI3 * P3 reference 38 30 1.27

THI1: Low temperature (THI<10°C) THI2: Moderate temperature (10<THI<20°C)
THI3: High temperature (THI>20°C) *: p< 0.05

Reference: The high temperature and moderate pressure group

RR: Daily events compared with the reference group

DISCUSSION two factors on the occurrence of AMI. Our study

showed that it was not only atmospheric tempera-

This is the first study to clarify the impact of the ture, but also the interaction of atmospheric tem-
interaction between atmospheric temperature and perature and pressure that influenced the

pressure, in addition to the main effects of these occurrence of AMI.
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Table 3. Seasonal distribution for the different meteorological type groups
Mean Mean Number Seasonal distribution

temperature (°C) pressure (hPa) of days Winter Spring Summer Autumn
Low temperature (T1, T<10°C)
T1P1 6.8+25 1002.6 + 2.6 40 (100) 26 (65.0) 14 (35.0) 0( 0.0 0( 0.0
T1P2 6.8 +£2.2 1009.3 £ 1.9 270 (100) 192 (71.1) 59 (21.9) 0( 0.0 19( 7.0)
T1P3 6.3+2.1 1016.7 + 3.2 786 (100) 600 (76.3) 132 (16.8) 0( 0.0 54 ( 6.9)
T1 6.5+22 1014.4 £4.9 1096 (100) 818 (74.6) 205 (18.7) 0( 0.0 73 ( 6.7)
Moderate temperature (T2, 10<T<20°C)
T2P1 16.2 £ 2.8 1001.9 £ 2.5 211 (100) 9( 4.3) 170 (80.6) 9( 4.3) 23 (10.9)
T2P2 15.5 £3.0 1008.8 + 2.0 462 (100) 37 ( 8.0) 265 (57.4) 4(0.9) 156 (33.8)
T2P3 14.3+£29 1015.5 £ 2.7 444 (100) 38 ( 8.6) 132 (29.7) 0( 0.0 274 (61.7)
T2 15.2+3.0 1010.2+5.5 1117 (100) 84 ( 7.5) 567 (50.8) 13( 1.2) 453 (40.5)
High temperature (T3, T>20°C)
T3P1 25.6 = 3.0 1001.1 £ 3.2 867 (100) 0( 0.0 67 ( 7.7) 655 (75.6) 145 (16.7)
T3P2 25.1+3.4 1007.4 £ 1.7 520 (100) 0( 0.0 71(13.6) 252 (48.5) 197 (37.9)
T3P3 21.7+1.5 1014.0+ 1.6 52 (100) 0( 0.0 10 (19.2) 0( 0.0 42 (80.8)
T3 25.2 +3.2 1003.8 £4.5 1439 (100) 0( 0.0 148 (10.3) 907 (63.0) 384 (26.7)

Number in parentheses is the percentage of days in each meteorological type group (%)
Winter: (Dec Jan Feb) Spring: (Mar Apr May) Summer: (Jun Jul Aug) Autumn: (Sep Oct Nov)
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Fig. 3. Relative humidity and percentage of days
with rain and/or snow for different meteorological
groups (Relative humidity is shown as Mean-SD).
The most dangerous days for AMI (T1P1, the low
temperature and low pressure group) were with the
highest relative humidity, days with rain were 100%,
and days with rain and snow together were 25%.

Atmospheric temperature independently influ-
enced AMI events. Daily events of AMI were high-
er at low temperatures, and decreased with
atmospheric temperature linearly. Poisson regres-
sion analysis revealed a dose response relation-
ship existing in the low, moderate, and high
temperature groups. Our findings support the
results of studies from countries with various cli-
mates, demonstrating that low temperature was
related to the winter peak of AMI mortality, and
an increase in hospital admission rate251218.20,22-25.27)

Several studies reported a U-shaped or V-shaped
relationship, indicating that both low and high
temperatures increase AMI mortality®1”. We did
not observe any independent bad effects of high
temperature. One reason for this might be that
our study was based on occurrence data, rather
than mortality data in which fatal cases tend to be
easily affected by atmospheric temperature.
Another reason might be that the atmospheric
temperature in Hiroshima City was not high
enough to show an obvious harmful effect on the
heart. We found that daily events were all lower
than the 10 year average as daily mean atmos-
pheric temperature increased from 18°C, and the
lowest daily events were at 28°C (0.75 events per
day), except for small sample points located at
both ends. This result is consistent with Pan et
all'”, who noted that the lowest AMI mortality
happened on days with a daily mean atmospheric
temperature from 26 to 29°C. Huynen et al® found
the optimum temperature to be 16.5°C for cardio-
vascular mortality.

Temperature was generally accepted as one of
the environmental risk factors that influence the
occurrence and mortality of AMI. Low tempera-
ture may exert a direct effect on the heart, or has
an indirect effect via changes in blood pressure.
One study reported that prolonged differences in
the usual diastolic blood pressure of 5, 7.5, and 10
mmHg, were associated with at least 21%, 29%
and 37% less coronary heart disease incidence,
respectively!®. Environmental temperatures have
a negative linear correlation with blood
pressure!®, In Britain, winter blood pressure
exceeds summer pressure by around 5 mmHg??;
raised blood pressure in cold temperatures has
been reported in many studies'*91016 Low tem-
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perature also affects hematological variables by
increasing fibrinogen and VII clotting activity?-39).
These effects could explain a large part of the
increase in cardiovascular diseases in winter.

The consequence and mechanism of atmospheric
pressure on AMI is unknown. One hospital-admis-
sion-based study in Athens failed to observe any
effect of atmospheric pressure!®. Whereas, two
studies revealed that atmospheric pressure affects
AMI independently®2V. Weinbacher et al2® report-
ed a weak negative correlation between systolic
blood pressure and atmospheric pressure in hyper-
tensive patients who did not respond to treatment.
This association may offer a mechanism to explain
the effect of atmospheric pressure on AMI.
Furthermore, the deleterious effects of pressure
higher than 1022 hPa on intracerebral hemor-
rhage reported by Chen et al® indicated that
atmospheric pressure affects some cardiovascular
and cerebrovascular diseases.

Although our study did not find any indepen-
dent significant effect of atmospheric pressure on
AMI, we observed an increasing linear relation-
ship which was completely different from Danet’s
V-shaped relationship in France®. Climate is dif-
ferent between the two areas. Daily mean temper-
ature in France was colder (ranged from —14.5 to
27.8°C; annual average daily mean temperature
was 10.3°C). Daily atmospheric pressure was high-
er, and the range was wider (ranged from 964 to
1044 hPa; annual average daily mean pressure
was 1017 hPa) compared to Hiroshima City. The
discrepancy might be due to the fact that low pres-
sure most likely happened on cold days in France,
whereas in Hiroshima City, low pressure days
were mostly accompanied by high temperatures.
These controversial results indicated that compli-
cated interactions of meteorological variables
affect the results of studies performed in different
geographical areas.

We actually found a strikingly significant inter-
action between atmospheric temperature and
pressure. Daily events of AMI were highest on the
days with low temperature, low pressure, together
with high humidity, resulting in rain and/or snow
in winter and early spring. This meteorological
type is very impressive to clinicians in Hiroshima
City who found that these days produced more
AMI patients and hospital admissions. This find-
ing is consistent with the former half of Danet’s V-
shaped relationship, which showed that daily
incident event rates decrease up to 1016 hPa of
atmospheric pressure®. Our result is also support-
ed by Sarna et al2? who declared that the highest
risk of heart attack turned out to be relatively cold
and moist weather, with low atmospheric pres-
sure. Observed interactive effects can also be seen
in the second worse meteorological type with low
temperature, high pressure, and dry climate in
winter, spring, and autumn. The third most dan-

gerous meteorological type was associated with
relatively high temperatures, high pressure, and
dry climate in autumn and spring. It is compara-
tively safe on high temperature, low pressure, and
low humidity days, which usually occur in sum-
mer, spring, and autumn.

The additional effect of atmospheric pressure is
not uniform in all ranges of temperature; interac-
tion between temperature and pressure is
stronger on days of low/high temperature. For low
pressure, the daily occurrence of AMI was highest
in cold temperatures, but was lowest in warm
temperatures. Limited by our present knowledge,
we can not explain this phenomenon caused by the
interaction of temperature and pressure. Further
studies in places with similar climates to
Hiroshima City are needed to verify our results.

We found dangerous meteorological types in
Hiroshima City, concerning the interaction of
atmospheric temperature and pressure. The
results of this study also suggest that it might be
possible to predict AMI events by knowledge of
meteorological factors. Matsumura et al'® have
been trying to establish a prediction system of
AMI based on meteorological factors, and have
displayed their prediction results on The
Hiroshima Prefecture Medical Association home-
page every day since 2003. Prediction systems for
AMI may have a practical public significance on
primary and secondary prevention. It might also
cause the public to pay more attention to, or to
take preventive measures on high risk days. At
the same time, local ambulance service centers
and hospitals could prepare for rapid patient res-
cue.

Study limitations

The results of our analyses are limited to
Hiroshima City. It is uncertain whether our
results are valid to other geographical regions.
Further studies based on data from different areas
are required to establish a comprehensive rela-
tionship between meteorological variables and
AMI.
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