
The Intergovernmental Panel on Climate
Change has projected that atmospheric con-
centrations of CO2 could double in the next
50–100 years (1). Because of the greenhouse
effect, a doubling of atmospheric concentra-
tions of CO2 could result in an increase in
average global surface air temperatures of
1–3°C. In addition, because approximately
65% of atmospheric concentrations of CO2
are from the combustion of fossil fuels,
increasing concentrations of CO2 could also
be accompanied by increasing concentrations
of air pollutants, particularly in large urban
areas. An increase in surface air temperatures
could be accompanied by a greater frequency
and duration of heat waves. Because heat
waves often occur in large metropolitan areas
during warm summer months, these areas
could experience an increase in the incidence
of heat-related morbidity and mortality (2).

In Tokyo, Japan, heat waves occur most
often during the warm summer months of
July and August. Heat waves are charac-
terized as periods of prolonged high daily
average temperatures, high maximum and
minimum temperatures, high relative
humidities, and in many cases because of
temperature inversions and/or stagnant air
masses, high air pollutant concentrations.
During a heat wave, hot days are often fol-
lowed by hot nights because of the heat
island effect. These weather and air quality

conditions can produce a high degree of heat
and air pollution stress, especially for people
with cardiovascular and respiratory disorders.
During heat waves, combined exposures to
some or all of these factors often occur either
on the same day or within a short time of
each other. Because the frequency and dura-
tion of heat waves may increase as a result of
increasing surface air temperatures, it is
important to determine the extent to which
some or all of these climate and air pollutant
variables contribute to heat-related morbidi-
ty, particularly heat stroke. In addition, the
impacts on different age groups of males and
females as a result of these combined expo-
sures must be determined.

Data and Model Development

Data on emergency transport cases for heat
stroke to four large medical centers within
the city limits of Tokyo were obtained from
medical records compiled by the Tokyo
Emergency Office (Tokyo, Japan). For the
summer months of July and August in
1980–1995, heat stroke data were stratified
by age and gender. The International
Classification of Diseases, 9th Revision (World
Health Organization, Geneva) code for heat
stroke is 992. Data were obtained for three
male and female age groups: 0–14, 15–64,
and > 65 years of age. A diagnosis of heat
stroke could include heat cramps, heat

exhaustion, and severe heat stroke, which is
characterized by a core body temperature
> 40.6°C and multiple organ dysfunction.
The procedures for diagnosing heat stroke
did not change during the 1980–1995 peri-
od. When the patient entered the emergency
room, the attending physician made the
diagnosis and admitted all people diagnosed
with heat stroke to the hospital.

Daily numbers of heat stroke emergency
transport cases/million residents in each age
group of males and females for the months of
July and August were determined from pop-
ulation data provided by the Japan Ministry
of Health and Welfare in Tokyo. From 1980
to 1995, the total population within the city
of Tokyo has remained nearly constant at
approximately 11.8 million inhabitants. The
population is approximately 50% male and
50% female. However, as shown in Table 1,
the percentage of residents in the group > 65
years of age has increased and the percentage
of residents in the group 0–14 years of age
has decreased. Data were not available to
subdivide the 15–64-year age group further,
but the percentage of residents in this age
group remained relatively constant from
1980 to 1995. Linear interpolation was used
to estimate the number of people in each age
group for those years in which population
data were not available so that daily age-
specific numbers of heat stroke emergency
transport cases/million residents could be cal-
culated for each age group of males and
females from 1980 to 1995.

From 1980 to 1995, 85% of the heat
stroke emergency transport cases (2,060 cases
of a total of 2,422) occurred in either July or
August. The daily average July and August
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number of heat stroke emergency transport
cases/million residents from 1980 to 1995
are shown for males and females in each age
group in Figure 1. This graph indicates that
the daily average number of heat stroke
emergency transport cases/million residents
was greater for males than for females for the
same age groups, and that the daily average
number of heat stroke emergency trans-
ports/million residents were greatest for
males and females > 65 years of age. In many
instances, the daily average number of heat
stroke emergency transport cases/million
residents in males 15–64 years of age were
almost as high as for males and females > 65
years of age. These results suggested that
regression models for heat stroke should be
structured to compare expected daily num-
bers of heat stroke cases by gender and age.

An additional consideration in the devel-
opment of regression models for heat stroke
was the higher daily average numbers of heat
stroke emergency transport cases/million

residents for males 15–64 and > 65 years of
age and females > 65 years of age that were
observed in 1981, 1984, 1987, 1990, and
1994–1995. These observations suggested
that models for heat stroke needed to
account for annual changes in the number of
heat stroke cases for each age group of males
and females.

Because exposures to high daily maxi-
mum temperatures (Tmax) have been strongly
associated with heat stroke (2), it was impor-
tant to understand how daily averages in
Tmax were changing from 1980 to 1995 and
how they were related to the average daily
number of heat stroke emergency transport
cases/million. Figure 2 is a plot of daily aver-
age Tmax temperatures for July and August
1980–1995 and the average daily number of
heat stroke emergency transport cases/million
for males and females > 65 years of age. The
correspondence between the peaks in the
number of heat stroke cases and the peaks in
Tmax suggest that a regression model which
used Tmax as a covariate would best simulate
conditions of maximal heat stress.

Figure 3 shows the frequency of occur-
rence of heat stroke in the three age groups
of males and females for July and August
1980–1995. For most days, there were no
emergency transport cases for heat stroke in
all age groups of males and females. These
results, along with calculated means and
standard deviations for the densities of each
age group of males and females, indicated
that the daily number of heat stroke emer-
gency transport cases for each age group of
males and females were rare and were
assumed to be Poisson distributed.

For a regression model for heat stroke,
citywide daily concentrations of air pol-
lutants and climate variables were obtained
from the Japan Environment Agency
(Tokyo, Japan). Daily 24-hr averages for
each climate and air pollutant variable used
in these analyses were calculated from
pooled hourly measurements from four mea-
surement locations within the city. Tmax(°C)
data were also obtained from this same data
set. From these records, daily averages were
calculated for NO2 concentrations (ppb),
photochemical oxidant concentrations
(ppb); concentrations of particles with mean
diameters ≤ 10 µm (PM10; µg/m3); air tem-
peratures (Tav; °C), and relative humidities
(%). For Tokyo, approximately 80–85% of
photochemical oxidant concentrations were
composed of O3. Therefore, O3 (ppb) was
used throughout this study as the surrogate
for photochemical oxidant concentrations.

A regression model using the heat index
as a model covariate was also considered.
The heat index combines temperatures that
are ≥ 21°C with relative humidities in a for-
mula given by Stedman (4), and makes it
possible to combine two important climate
variables into one variable. However, the
pathophysiology of heat stroke is difficult to
interpret with the heat index because the
temperature contribution to the heat index is
difficult to isolate. As a result, a regression
model for heat stroke that used the heat
index as a model covariate was not consid-
ered further in this analysis.

Correlations of all pairs of covariates
indicated that NO2 and PM10 were moder-
ately collinear, r = 0.59. To determine which
of these concentrations should be used in the
analysis of heat stroke, linear regression
analyses of heat stroke as functions of only
NO2, of only PM10, and of the linear com-
bination of Tmax, NO2, and PM10 were car-
ried out. Results of these model studies indi-
cated that PM10 concentrations were not sig-
nificant contributing risk factors for heat
stroke for both males and females in any age
group whereas concentrations of NO2 were.
As a result, PM10 concentrations were not
considered further as a risk factor for heat
stroke. Table 2 contains summary statistics
for all model covariates.

Analysis Methods

Generalized linear models (GLMs) were used
to determine which of the model covariates
were significant risk factors for heat stroke
(5). A GLM was used instead of an autore-
gressive-integrated-moving-average (ARIMA)
time–series model because the number of
daily heat stroke emergency transport cases
was count data (6). To filter out any unmea-
sured long-term trends in the daily number
of heat stroke cases that may have occurred
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Table 1. Age distribution changes for Tokyo from
1980 to 1995.a,b

Total Age (years), %
Year populationc 0–14 15–64 > 65

1980 11,618,000 20.6 71.5 7.7
1985 11,829,000 18.0 73.0 8.9
1987 11,898,000 16.7 73.7 9.6
1993 11,830,000 13.9 74.1 12.0
1995 11,771,000 12.6 74.1 13.2
aData from the Ministry of Health and Welfare (3). bLinear
interpolation was used to estimate changes in popula-
tions of individuals 0–14, 15–64, and > 65 years of age for
those years when data were not available.
cApproximately 50% of the population is male and 50% is
female. 

Figure 1. Average daily number of heat stroke emergency transport cases/million residents for males and
females 0–14, 15–64, and > 65 years of age in Tokyo, July and August 1980–1995.
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from 1980 to 1995, 15 index variables for
each year except the reference year (1980)
were incorporated into the models to account
for annual trends. Although it is possible that
part of the long-term annual trend is due to
temperature and air pollution fluctuations, it
is often thought that confounding by other
factors has a smaller influence when dealing
with short-term air pollution and tempera-
ture effects than when dealing with longer
term effects (7). Seasonal patterns were not

explicitly adjusted for because only data for
July and August from each year were used in
this study. Adjustment terms, known as
offsets in Poisson regression models, were
included to account for population changes
in Tokyo from 1980 to 1995.

Because it was possible that Tmax and
concentrations of NO2, O3, and PM10 on
previous days could affect the number of
heat stroke emergency transport cases on the
current day, lag times of 1–4 days for each of

these covariates were initially included in the
models as additional risk factors. Model
covariates were also centered using their
means, as given in Table 2. The final model
was determined using a backward selection
process in which model covariates were
examined for their statistical significance.
Age, gender, and annual trend variables were
always included in all models. Once the final
model was determined, terms to account for
interactions among all pairs of model covari-
ates were also considered.

The daily number of heat stroke cases on
any given day are likely to be correlated with
the number of heat stroke cases on previous
days. To account for serial correlations of
heat stroke cases, model parameters in the
GLMs were estimated using generalized esti-
mating equations (GEEs) with the assump-
tion of Poisson error (mean and variance are
equal) and with a constant dispersion para-
meter (7,8). The correlation matrix for daily
number of heat stroke cases within each year
was assumed to be autoregressive. Responses
from different years were assumed to be
independent. Regression analyses were car-
ried out with SAS software using the GEN-
MOD procedure (9).

Results and Discussion

Based on p-value calculations for model para-
meters, same-day Tmax and NO2 were the
most significant risk factors for heat stroke in
males and females in all three age groups.
The parameter estimates for concentrations
of O3 had a p-value of 0.06 and were exclud-
ed from the final model. Lag effects in all
model covariates were also determined not
to be significant. The final model thus
included Tmax, NO2, gender, age, and annu-
al trend variables. All pairwise interactions
among Tmax, NO2, age, and gender were not
significant. However, age and gender were
significant risk factors for heat stroke. Males
had a higher risk for heat stroke than females
in all age groups. The smallest risk for heat
stroke occurred for females 0–14 years of age
and the greatest risk for heat stroke occurred
for males > 65 years of age. Parameter esti-
mates and their p-values for this model are
given in Table 3. The estimate of the
overdispersion factor for this model was
nearly equal to 1.0.
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Table 2. Summary statistics for model covariates.

Variable
(units) df Min Max Mean ± SD

Tmax (°C) 992 17.3 36.5 28.9 ± 3.8
NO2 (ppb) 988 5.3 72.2 25.4 ± 11.4
O3 (ppb) 990 0.05 59.4 13.9 ± 9.8
PM10 (µg/m3) 902 7.3 85.4 46.0 ± 27.1

Abbreviations: df, degrees of freedom; Max, maximum;
Min, minimum; PM10, particles ≤ 10 µm in aerodynamic
diameter; SD, standard deviation; Tmax, maximum daily
temperature. 

Figure 2. Comparison of average maximum daily temperature in Tokyo, July and August 1980–1995, with
the average daily number of heat stroke emergency transport cases/million for males and females > 65
years of age. Tmax, maximum daily temperature.
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Figure 3. Frequency of daily occurrence of heat stroke emergency transport cases for males and females
0–14, 15–64, and > 65 years of age in Tokyo, July and August 1980–1995.
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With this model, the expected daily
number of heat stroke emergency transport
cases/million for each age group of males
and females is given as 

HS = exp[αo + β1 × (Tmax) + β2 × (NO2)] [1]

where HS is the expected daily number of
heat stroke emergency transport cases/mil-
lion residents for each age group of males
and females; αo is the intercept; β1 is the
slope for Tmax for all age groups of males and
females; and β2 is the slope for NO2 concen-
trations for all age groups of males and
females. The terms in Table 3, designated
gender_m, age_> 65 and age_15–64, are
adjustments to the intercept (αo) and make
it possible to compare the expected number
of heat stroke emergency transport cases/mil-
lion by age and gender.

Heat stroke has always been strongly
associated with exposure to high tempera-
tures and has been classified as either exer-
tional or classic. Exertional heat stroke is
more likely to be observed in healthy people
who have been working or playing too hard
during periods of high air temperature and
high humidity and is usually observed in
younger and middle-aged males and females.
Classic heat stroke results from prolonged
exposures to high air temperatures and
humidity and occurs most often in elderly
adults, the very young, and the chronically
ill of all ages. Along with high core body
temperatures, classic heat stroke patients
often exhibit multiple organ dysfunction and
many neurologic abnormalities. It was not
possible to distinguish between these types
of heat stroke from the data provided by the
Tokyo Emergency Office.

During the Chicago, Illinois, heat wave
of July 1995, the most common comorbid
conditions that accompanied symptoms
associated with classic heat stroke for 58
near-fatal heat stroke patients with a mean
age of 67.5 (standard deviation = 17) were
hypertension, alcohol abuse, coronary artery
disease, and diabetes mellitus (10). In addi-
tion, 16 patients were taking diuretics and
phenothiazines, medications that may pre-
dispose people to the development of heat
stroke. Biological markers for heat stroke

were described by Bouchama et al. (11), who
showed that circulating concentrations of
pyrogenic cytokines were elevated in patients
with heat stroke. These cytokines included
tumor necrosis factor-α, interleukin-6, inter-
leukin-1 β, and interferon-γ. The authors
suggested that the elevated levels of these
pyrogenic cytokines were important in
explaining the pathophysiology of multiple
organ failure, shock, and hyperglycemia
often observed in heat stroke patients.

An additional response to exposures to
higher temperatures is the synthesis of heat
shock proteins to protect vital cells, tissues,
and organs from thermal damage (12,13). In
the synthesis of heat shock proteins, studies
in laboratory rats have shown that peroxida-
tive damage from exposure to higher temper-
atures was greater in older male and female
rats than in younger male and female rats
(14). Peroxidative damage was mitigated by
the production of the protective enzymes glu-
tathione (GSH) peroxidase, GSH transferase,
and catalase. As an indicator of the animal’s
ability to adapt to higher temperatures,
hepatic cytosolic GSH peroxidase activities
were much higher in younger rats than in
older rats. This study with laboratory animals
suggested that the capacity to synthesize heat
shock proteins diminished with age and com-
promised the animal’s ability to adapt to pro-
longed exposures to high temperatures.

Whereas exposures to high temperatures
have been well established as a significant
risk factor for heat stroke, exposures to ele-
vated concentrations of NO2 have usually
been associated with respiratory disease dis-
orders. The results of this study suggest that
exposures to NO2 are also significant risk
factors for heat stroke in all age groups of
males and females. Further, temperature and
air quality conditions that produce high lev-
els of heat and air quality stress may result in
a greater risk for heat stroke in individuals
with existing or preexisting respiratory and
cardiovascular disorders.

There is considerable evidence that
exposures to NO2 reduce pulmonary vital
capacity in humans. Investigators in the
Harvard School of Public Health Six Cities
Study extensively studied the effects of air

pollutants on male and female children 7–11
years of age (15–23). In one study from this
large prospective assessment program (23), a
multiple logistic regression model was used
to show that for a mean indoor NO2 concen-
tration of 14.4 ppb (range 10–19.9 ppb), the
odds ratio for an increase in the prevalence of
lower respiratory symptoms was 1.36 [95%
confidence interval (CI), 0.89–2.08]; for a
mean NO2 concentration of 31 ppb (range
20–78.2 ppb), the odds ratio increased to
1.65 (CI, 1.03–2.63). During the summer
months, indoor NO2 concentration are close
in magnitude to outdoor NO2 concen-
tration. Currently, the World Health
Organization guideline exposure concentra-
tions for NO2 are an annual average of 53
ppb and a 1-hr maximum of 214 ppb (24).
Data for July and August 1980–1995 in
Tokyo indicated that average daily NO2
concentrations were > 50 ppb on 39 days
(3.9%) and > 20 ppb on 638 days (64.3%).
Concentrations of NO2 only exceeded a 1-hr
maximum of 100 ppb on 34 days (3.4%)
and never exceeded 200 ppb during the
months of July and August in 1980–1995.
These studies on the effects of NO2 expo-
sures on pulmonary function in children
indicate that respiratory dysfunction may
also be important in the pathophysiology of
heat stroke for the young and possibly for
elderly adults.

It is not clear why there should be such a
significant difference in the daily number of
heat stroke emergency transport cases/million
residents between male and female Tokyo
residents > 65 years of age. The body’s
response to heat stress is to return core body
temperature to a normal range. This attempt
to restore thermal equilibrium involves mul-
tiple organ systems and physiologic func-
tions. The pathological consequences of heat
stress for the elderly may be attributable to
the collapse of multiple physiologic control
systems. For elderly males, the strain on the
cardiovascular system that is induced by the
systemic response to heat stress may combine
additively and/or synergistically with in-
creased respiratory dysfunction from chronic
obstructive pulmonary diseases, such as
emphysema or asthma, in a manner that is
greater than for elderly females. Reports from
the July 1995 Chicago heat wave (10) and
earlier studies on the heat wave in St. Louis
and Kansas City, Missouri, in July 1980
(25,26) provided no information on differ-
ences in response for males and females or
information on the presence or absence of
chronic obstructive pulmonary diseases.

The peaks in the daily numbers of heat
stroke cases for males and females > 65 years
of age in 1981, 1984, 1987, 1990, and
1994–1995 closely corresponded with peaks
in Tmax, as shown in Figure 2. It is important

Articles • Piver et al.

914 Volume 107, Number 11, November 1999 • Environmental Health Perspectives

Table 3. Model risk factors for heat stroke, adjusted for annual trends.

95% confidence limits
Model parameter Estimate (SE)a Lower Upper Z-value Pr > |Z |

αo -3.88 (0.21) -4.29 -3.48 -18.67 0.0000
Tmax 0.48 (0.024) 0.433 0.527 20.13 0.0000
NO2 0.016 (0.003) 0.011 0.022 5.61 0.0000
Gender_mb 1.054 (0.104) 0.85 1.26 10.1 0.0000
Age_> 65b 1.019 (0.17) 0.69 1.34 6.17 0.0000
Age_15–64b 0.568 (0.134) 0.305 0.831 4.24 0.0000

Abbreviations: α0, intercept; Age_> 65, individuals > 65 years of age; Age_15–64, individuals 15–64 years of age;
Gender_m, male; Pr > |Z|, p-value for the parameter estimate; SE, standard error; Tmax, maximum daily temperature; Z,
parameter estimate/SE.
aEstimate based on the assumption that data are Poisson distributed. bAdjustments to the α0.



to ask why these annual peaks in Tmax in
Tokyo occur and if they are related to other
climatic events that may be useful in predict-
ing when these high temperatures would occur
during summer months in Tokyo. As a possi-
ble explanation of the relationship of Tmax in
Tokyo to large-scale climatic events, data from
the Climate Analysis Section of the University
Corporation for Atmospheric Research
[Boulder, CO; (27)] indicate that sea-surface
temperatures in a region of the equatorial
Pacific Ocean designated Niño region 3.4,
bounded by 120°W–170°W by 5°S–5°N,
were abnormally high (+ 0.4°C above mean
seasonally adjusted sea-surface temperatures)
in 1983, 1988, and 1990–1995. Abnormally
high sea-surface temperatures in this region of
the Pacific Ocean usually cause ocean temper-
atures along the coastlines of Japan to be
warmer than usual and may explain the higher
air temperatures observed in Tokyo in those
years. Figure 4 compares the daily number of
heat stroke emergency transport cases/million
for males and females > 65 years of age with
sea-surface temperature anomalies for Niño
region 3.4 for July and August 1980–1995.
The horizontal dotted lines in Figure 4 indi-
cate the normal range of variability in sea-
surface temperatures for this region in the
Pacific Ocean (± 0.4°C).

Conclusions

When the parameter estimates given in Table
3 are used in Equation 1, the expected daily
number of heat stroke emergency transport

cases/million residents can be estimated for
each age group of males and females over a
wide range of Tmax and NO2 concentrations.
In Figure 5, the expected daily number of
heat stroke emergency transport cases/million
for male and female residents > 65 years of

age is plotted as a function of daily Tmax and
NO2 concentrations. The graphs illustrate
that the expected daily number of heat stroke
emergency transport cases/million residents
increases as a result of increasing NO2 con-
centrations and Tmax and that the expected
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daily number of heat stroke emergency
transport cases/million is greater for males
> 65 years of age than for females in the
same age group. 

Why the group > 65 years of age is the
most vulnerable and why there are signifi-
cant differences in response between males
and females are important areas for addition-
al research. In addition to a better under-
standing of the physiology and biochemistry
of heat stroke as a result of combined expo-
sures to higher temperatures and air pollu-
tant concentrations, data on smoking habits,
preexisting respiratory and cardiovascular
diseases, diabetes, working practices, medica-
tions, and exercise habits may be required to
explain the differences in response between
males and females in similar age groups.
Laboratory studies that examine heat stroke
as a result of combined exposures to high
Tmax and NO2 concentrations in both
young and older laboratory animals could
provide important information on response
mechanisms and on how circulating levels of
pyrogenic cytokines and heat shock proteins
are affected as a result of these combined
exposures. Other diseases that also must be
examined because the number of emergency
transport cases may be affected by increasing
surface air temperatures and air pollutant
concentrations include cardiovascular dis-
eases such as hypertension, angina, myocar-
dial infarction, and cardiac insufficiency;
cerebral vascular diseases such as cerebral
hemorrhage, cerebral ischemia, and cerebral
infarction; and respiratory diseases such as
pneumonia and asthma.

Finally, for reducing the daily number of
heat stroke cases, the relationship between
higher sea surface temperatures in the equa-
torial Pacific Ocean in Niño region 3.4 and
surface air temperatures in Tokyo must be

examined in greater detail. There appears to
be a possible relationship between when
abnormally high sea-surface temperatures
occur in this region of the Pacific Ocean,
when abnormally high air temperatures
occur in Tokyo, and when abnormally high
numbers of emergency transports for heat
stroke for the elderly occur in Tokyo.
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