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Abstract

Objectives: The aim was to ascertain hydration and heat strain of construction workers in Japan dur-
ing the summer who are at the highest risk of heat-related disorders.
Methods: The subjects were 23 construction workers, whose average age was 41, average weight 
was 69 kg, and average height was 170 cm. We measured thermal working conditions with a wet 
bulb globe temperature (WBGT) measurement instrument affixed to the helmet of each worker, at 
fixed points outdoors in the sun and indoors. Heat strain was evaluated for water intake, urine spe-
cific gravity (Usg), urine temperature (UT), heart rate (HR), and body weight during work.
Results: The average WBGT measured on the worker helmets over 3 consecutive days was 28.0 ± 0.7, 
27.6 ± 0.8, and 27.6 ± 1.1°C. The average water intake was 2.6 l during a work shift. The average Usg, 
UT, and % HR reserve were the highest in the first half of afternoon work. Seventy-eight percent of 
the subjects exceeded at least one of the ACGIH TLV physiological guidelines for heat strain in terms 
of HR and weight loss or a clinically dehydrated level of Usg.
Conclusions: Heat strain was the highest in the first half of afternoon work. The number of dehy-
drated workers increased during this shift because of insufficient water intake. Adequate hydration is 
required to decrease the risk of heat-related disorders among construction workers in the summer.
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Introduction

Higher heat stress in the work environment associated 
with climate change has increased the risk of heat-related 

disorders for workers in construction, agriculture, for-
estry, and other outdoor occupations (NIOSH, 2016). 
Epidemiological data (Adelakun et al., 1999; Bonauto 
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et al., 2007; Lin and Chan, 2009; Jackson and Rosenberg, 
2010) have indicated that the construction industry had 
the highest percentage of work-related heat disorders. 
Japan’s Ministry of Health, Labour and Welfare (2016) 
has announced that construction work accounted for 
40.0% of casualties from heat stroke between 2011 
and 2015, the largest industry of all Japanese indus-
tries. The construction industry accounts for 7.8% of all 
employment in Japan (Ministry of Internal Affairs and 
Communication, 2016). Construction is the highest-risk 
industry in terms of work-related heat disorders.

Ambient temperature (Ta), humidity, radiation, air 
velocity, metabolic rate, and clothing are used to cal-
culate the heat exchange between the human body 
and the environment in the thermal model of ISO7933 
(ISO, 2004b) and ISO7730 (ISO, 2005). For construc-
tion workers, high Ta, direct sunlight, radiation from 
the heated ground or building, weakened air velocity, 
strenuous workload, and protective clothing with high 
thermal insulation and vapor resistance contribute to 
increased heat strain in workers. In summer, the daily 
maximum temperature of Ta in Japan is often over 35°C, 
according to the Japan Meteorological Agency (2017). 
On a construction site, Ta would be higher than the tem-
perature indicated by the weather stove, which is meas-
ured at more than 1.5 m above lawn where natural wind 
is not disturbed (Japan Meteorological Agency, 1998). 
When Ta is higher than skin temperature, convective 
heat is transferred to the body from the environment. 
Sweat evaporation is the main way for heat to dissipate 
from the body to the environment. To maintain body 
temperature, construction workers sweat heavily, lead-
ing to dehydration and hyponatremia. Furthermore, 
the protective clothing worn by construction work-
ers prevents the sweat on the skin from evaporating 
and promotes even heavier sweating and dehydration. 
This depletion of water and electrolytes decreases the 
blood volume, extracellular fluid volume, and amount 
of sweating (Sawka et al., 1989), thus making heat dis-
sipation even more difficult. Dehydration exceeding 
2% body weight has been reported to decrease aero-
bic (Cheuvront et al., 2010) and cognitive performance 
(Hancock and Vasmatzidis, 2003). Thus, dehydration 
increases not only the risk of heat stroke, but also the 
likelihood of accidents. Dehydration was found in 17% 
of all cases of heat stroke reported in the US Army over 
a 22-year period (Carter et al., 2005). Previous studies 
(Bates and Schneider, 2008; Bates et al., 2010; Montazer 
et al., 2013) of hydration in construction workers have 
been inconsistent. UAE construction workers (Bates 
and Schneider, 2008; Bates et al., 2010) were reported 
to be well hydrated during work, but construction 

workers (Montazer et al., 2013) in Iran were inade-
quately hydrated from before to the end of work. Thus, 
it is important to ascertain the hydration of construction 
workers.

In terms of workload, some studies reported an aver-
age heart rate (HR) during work as 90–100 beats per 
minute (bpm) (Bates and Schneider, 2008; Miller et al., 
2011), while others reported 110 bpm (Chang et al., 
2009; Wong et al., 2014). Construction workers engage 
in strenuous physical activity even in very hot environ-
ments. A field study in a tropical region found that self-
pacing is a protective response to working under such 
conditions (Miller et al., 2011). However, construction 
workers in Japan are liable to be required to finish 
their tasks on time despite the heat. Time constraints 
could increase the risk of heat strain among construc-
tion workers. According to the Monthly Labour Survey 
by the Ministry of Health, Labour and Welfare Japan 
(2017), in 2016 the average construction worker 
clocked 171.3 h of work a month, which was the long-
est in all industries. Most previous studies were con-
ducted in tropical or subtropical regions (Yoopat et al., 
2002; Bates and Schneider, 2008; Chang et al., 2009; 
Bates et al., 2010; Miller et al., 2011; Montazer et al., 
2013; Wong et al., 2014), and few were done in tem-
perate regions. There is a great need for comprehen-
sive field studies of construction workers in temperate 
regions during the summer.

The aim of this field study was to ascertain hydration 
and heat strain of construction workers in summer in a 
temperate zone. These data would inform the planning 
of effective steps to decrease the incidence of heat stroke 
among construction workers.

Materials and methods

This field study was conducted at a worksite of Aichi 
prefecture in Japan. Aichi prefecture in central Japan is 
one of the hottest regions in the country. The average 
daily maximum temperature and relative humidity (RH) 
in August from 1990 to 2005 were registered at 32.9°C 
and 70%, respectively. Aichi was selected for this study 
because it is one of the largest prefectures in Japan with a 
large number of ambulance transports due to heat disor-
ders (Ministry of Internal Affairs and Communications, 
2008). The daily maximum temperature of the nearest 
meteorological observatory had been over 30°C for 2 
weeks before the study. The subjects were assumed to be 
acclimatized to heat. The construction workers on the 
site were renovating a building to increase earthquake 
resistance. Observations were made for 3 consecutive 
days in August 2009.
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Subjects
Twenty-three male construction workers (age: 
41 ± 15 years; weight: 68 ± 10 kg; height: 170 ± 6 cm; 
body mass index: 24 ± 3) participated in the study. The 
breakdown of the subjects was as follows: seven were 
plumbers, three were demolition workers, two were 
cleaning workers, steel-frame workers, heat insulation 
workers and chipping workers, and five were others. 
They were engaged in various types of work: work-
site supervision, cutting metal rods with an electric saw 
while on a stepladder, peeling off tile and carrying it out, 
installing a curing seat, wrapping pipes with insulation 
while on a stepladder, etc. Some subjects worked indoors 
and others outdoors or both. Moreover, most subjects 
worked at different places between A.M. and P.M. 
Work started at around 9:00 A.M. and finished around 
4:30 P.M. during the study days. There was a scheduled 
30-min break in the morning (10:00 A.M.–10:30 A.M.), 
an hour for lunch (Noon–1:00 P.M.) and a second 
30-min break in the afternoon (3:00 P.M.–3:30 P.M.).

The purpose and study procedures were explained to 
the participants before they gave their written informed 
consent. The Review Board of National Institute of 
Occupational Safety and Health, Japan approved 
this study. This study was conducted according to the 
Declaration of Helsinki. A medical doctor and a health 
care worker joined this study.

Environmental conditions
Environmental conditions were measured inside the build-
ing and outside the building in the sun using a wet bulb 
globe temperature (WBGT) monitor (3M QUESTemp°36) 
at a resolution of 0.1°C, respectively. For the indoor 
WBGT monitor, there was no direct sunlight to the moni-
tor in a room on the first floor of the construction building 
with the windows open. For the outdoor WBGT monitor 
in the sun, there was direct sunlight to the WBGT monitor 
on the ground of the construction site. Buildings were not 
located near the outdoor monitor. Both WBGT monitors 
were placed at fixed points. The monitors had been cali-
brated by the manufacturer before use. Digital data for 
natural wet bulb temperature, dry bulb temperature (Ta), 
wind speed, and globe temperature (Tg) were recorded 
every minute. In addition, portable rod-like WBGT moni-
tors (WBGT-213B, Kyoto Electronics Manufacturing) 
were used to record the digital data of Ta, Tg, and RH 
around each worker every 2 min. The monitor, which was 
24 cm in length and 110 g in weight, was attached to the 
side of each worker’s helmet above the ear position with 
adhesive tape. The portable monitors were used just after 
being purchased from the manufacturer. We checked that 
the fixed-position WBGT monitors and portable WBGT 

monitors showed the same values before the study. The 
sizes of the globe sensor of both WBGT instruments were 
smaller than a standard size of 15 cm in diameter for con-
venience in measurement. The calibration algorithm to fit 
the size of the globe sensor to a standard size was a black 
box.

Physiological conditions
The physiological conditions of workers were monitored 
by HR, weight loss, and urine specific gravity. R-R inter-
val (the inter-beat intervals using R-wave peak) was meas-
ured with a data logger (ActiHR, CamNTech Ltd) from 
the start to the end of the shift. Average HR for each min-
ute was calculated from R-R interval. Heart rate reserve 
(%HRR) was calculated by using the following equation:

 

% /HRR HR restingHR

maximalHR restingHR 1

= ( )
( ) ×

−

− 00  
(1)

where maximal HR was estimated by the following 
equation (Tanaka et al., 2001):

 MaximalHR 2 8 7 age= ×0 0– .  (2)

Resting HR was estimated by the stable minimal HR 
during the shift. Most of the resting HR were registered 
at lunch, morning break, before work, or after work. 
The average resting HR was 75 bpm, which was close 
to the experimental average resting HR of 71–73 bpm 
(Isaka et al., 1990).

Subject weight was measured six times [at the start of 
the work shift (SW), morning break (MB), before lunch 
(BL), after lunch (AL), afternoon break (AB), and at end 
of the work shift (EW)] with only their shorts with an 
accuracy of 20 g (FG-150 KBM, AND). At measure-
ment, subjects wiped their sweat off their skin.

Sublingual temperature was measured by an elec-
tronic thermometer with a predictive function of equilib-
rium temperature (ET-C502, Terumo) within about 90 s 
with a precision of 0.05°C at a resolution of 0.01°C. 
When the prediction was finished, a thermometer bell 
rings. The subjects were asked to put the thermometer 
under their tongue until the bell rings. The thermometers 
were assigned the personal identification numbers and 
distributed to the corresponding subjects only at meas-
urement to maintain sanitary conditions.

Urine was sampled six times at SW, MB, BL, AL, AB, and 
EW to measure urinary volume, urine specific gravity (Usg), 
urine osmolality (Uosm), urine sodium (Uso), and urine creatinine. 
Urine temperature (UT) was measured during urination by a 
thermistor (LT-ST08-00, Gram) as a reference of core temper-
ature. The temperature sensor was set at the bottom of the cup 
for collecting urine. The maximum temperature of the sensor 
was recorded as UT. Usg was measured with a refractometer 
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(Pal-09S, Atago). Urine samples were dispensed to a 5 ml cryo-
tube that was frozen via dry ice and transferred to a measure-
ment firm (SRL, Inc., Tokyo) that measured urine content.

Hydration
Fluid consumption was measured by subtracting the 
remaining weight of a water bottle from the weight of a 
water bottle before the measurement at MB, BL, AL, AB, 
and EW by an electric weight scale with an accuracy of 
1 g. In this study, sweating was estimated by the follow-
ing equation (3),

 

Sweating Body weight loss

water intake urine volume

= +
−  

(3)

Water loss through respiration was included in sweating.

Results

Ten, nine, and four male subjects participated in this 
study on the first, second, and third days of the field 
study, respectively. No subject participated on more than 
one day. The average time length for first half (w1), break 
(b1) and second half (w2) in the morning, lunch (b2), and 
the first half (w3), break (b3) and second half (w4) in 
the afternoon were 83, 21, 90, 53, 115, 25, and 84 min, 
respectively. The mean outdoor WBGT of the first day 
from 10:40 to 16:30 was 32.2°C. The mean outdoor 
WBGT of the second and third day from 10:40 to 16:30 
were 30.0 and 30.4°C, respectively (Fig. 1). Mean WBGT 
inside the building was 27.4°C (first day), 26.5°C (second 
day), and 26.6°C (third day). Air conditioners were not 
installed inside the building. Stationary measurement of 

Figure 1. Time course of fixed WBGT monitors for indoor (In) and outdoor in the sun (Out). RH: relative humidity; Tw: wet bulb 
temperature; Ta: ambient temperature; Tg: globe temperature. The data of WBGT monitors of outdoor in the sun were missing in 
the first half of the morning work in the first day.
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WBGT, Ta, Tg, Tnw, and RH for indoor and outdoor in 
the sun from the first to the third day are shown together 
in Fig. 1. Average WBGT recorded by portable WBGT 
instruments attached to the helmet of each subject dur-
ing work was 28.0 ± 0.7°C (first day), 27.6 ± 0.8°C (sec-
ond day), and 27.6 ± 1.1°C (third day). Since the average 
WBGTs on the helmets were not significantly different 
over the 3 days of field study, we clustered the data for 
the analysis. The average personal monitoring WBGTs, 
Ta, Tg, and RH are shown in Fig. 2A–D, respectively. The 
average personal WBGT values were 27.4, 28.0, 28.5, 
and 27.3°C for w1, w2, w3, and w4, respectively.

Average UT increased from SW to AB and average UT 
at AB was significantly higher than the others (Fig. 3A, 
Table 1). The UT of more than half of the workers was 
more than 37.5°C at AB. The average %HRR of w3 was 
significantly higher than those at other times (Fig. 3B). 
The average body weight relative to initial body weight 
decreased during morning work, increased at lunch, and 

decreased during afternoon work (Fig. 3C). Average body 
weight decreased by 1.3% at EW. Body weight decreased 
more than 2.0% for five workers at EW. In Fig. 3D, sweat 
rate, water intake, and urine rate are shown per 1 h per 
70 kg body weight. For 16 subjects, whose water intake 
data were completely registered at six measuring times, 
water intake was 0.84 l h−1 70 kg−1 at lunch (Fig. 3D), 
and total water intake during shift including lunch was 
2.6 l. During lunch, the sweat rate was not shown due 
to unavailability of lunch weight. Sweat rate in the after-
noon was a little larger than in the morning but was not 
significant. Two subjects defecated between the morning 
break and lunch. There were no other subjects who defe-
cated during work hours. Thus, the error in sweating rate 
resulting from defecation that was calculated by equation 
(3) was negligible. During the work shift, the ratios of 
fluid intake to water loss (sweat loss + urine) were 56% 
at w1, 52% at w2, 37% at w3, 74% at w4 (Fig. 3D), and 
52% at work shift except for lunch.

Figure 2. Thermal working environment of construction workers. (A) WBGT, (B) dry bulb temperature, (C) globe temperature, (D) 
RH. Pers: average value measured by WBGT monitor fixed on workers’ helmet; Out: average value measured by WBGT monitor 
set at standpoint in outdoor in the sun; In: average value measured by WBGT monitor set at standpoint in outdoor in the sun; w1: 
first half of morning work; w2: second half of morning work; w3: first half of afternoon work; w4: second half of the afternoon 
work. The error bars represent SD. From Fig. 2A–D, w1 showed the average of second and third day. W2, w3, and w4 showed the 
average of first to third day.
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Nineteen subjects had urine samples collected at six 
measurement times (SW, MB, BL, AL, AB, EW). The 
urine biochemical data were analyzed. Average Uosm was 
larger in the afternoon, but not significant. Usg increased 
from SW (1.019 g ml−1) to AB (1.024 g ml−1). Usg of AB 
was significantly higher than SW, MB, and BL (P < 0.05) 
and Usg of EW was larger than that of SW and BL 
(P < 0.05) (Table 1). The ratio of workers whose Usg was 
above the clinically dehydrated level of 1.030 g ml−1 was 
5, 16, 11, 21, 26, and 21% at SW, MB, BL, AL, AB, and 
EW, respectively. The correlation between Usg and Uosm 

was very high (R = 0.87). Urine sodium concentration 
corrected by creatinine was significantly lower in AB 
than samples collected at other shifts and urine sodium 
concentration corrected by creatinine at SW were signifi-
cantly larger than those of the other times (Table 1).

Discussion

The physiological effects of heat stress were monitored 
for construction workers in Japan during the summer. 
The average personal WBGT were 27.4, 28.0, 28.5, 

Figure 3. Average physiological indexes of construction workers during shift. (A) Urine and sublingual temperature, (B) HRR, (C) 
relative body weight difference, (D) sweat rate, water intake, urine volume per 1 h on assumption of the weight of 70 kg. Sweat 
rate in lunch was not calculated due to unavailability of weight of lunch. AB: afternoon break; AL: after lunch; BL: before lunch; EW: 
end of the work shift; MB: morning break; SW: start of the work shift; w1: first half of the morning work; w2: second half of the 
morning work; b2: lunch time; w3: first half of the afternoon work; w4: second half of afternoon work. *The values are significantly 
different by Student’s t-test (P < 0.05). The error bars represent SD.
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and 27.3°C for w1, w2, w3, and w4, respectively. Body 
weight decreased by 1.3% at EW. Average water intake 
was 52% compared with water loss during work exclud-
ing lunch time. UT and Usg were highest in AB. Urine 
sodium corrected by creatinine decreased significantly 
from SW to AB.

Heat stress
As far as we know, this is the first study to measure the 
thermal work environmental conditions around workers 
by WBGT monitor. The average outside WBGT in the 
sun over 3 days of 30.9°C was close to that in studies 
of other construction workers [31°C (Montazer et al., 
2013), 31.4°C (Chang et al., 2009), 30.1°C (Morioka 
et al., 2006)]. Since the other studies did not measure 
the environment around workers, it is possible that the 
measured environmental data did not accurately reflect 
the work environment. Some subjects would work in the 
sun, some subjects work in the shade or inside, and oth-
ers work in both. Measured Ta, Tg, RH, and WBGT by 
a personal WBGT monitoring instrument were between 
those of a stationary WBGT placed indoors and out-
doors in the sun (Fig. 2). The WBGT of workers in direct 
sunlight was close to those in a sunny area, and the 
WBGT in indoor workers was close to that in indoor 
settings. The differences between maximum and min-
imum average personal WBGT were 3.1, 3.0, 4.9, and 
3.4°C for w1, w2, w3, and w4, respectively, which were 
not negligible. These data showed that personal moni-
toring of thermal environmental conditions during work 
was needed.

Heat strain
HR is a suitable single index of heat strain (Goldman, 
1988), since it reflects the combination of physical work, 
heat elimination difficulty, and psychological stress. 
According to ISO 8996 (ISO, 2004a), the contributing 

factors to a change in HR is dynamic muscular load, 
static muscular work, heat stress, mental load, and other 
factors, such as respiratory effects, circadian rhythms, 
and dehydration (ISO, 2004). To regulate body tempera-
ture in a hot work environment, the autonomic nervous 
system increases blood flow from the core to the skin 
and triggers sweating. Both the demand of blood flow 
to muscle by work and to the skin by body temperature 
regulation increases HR. In this study, the average HR 
of construction workers in w3 was 112 bpm, signifi-
cantly higher than average HR at other times in the shift. 
%HRR, which removed inter-subject variability by age 
or resting HR from original HR, was also highest in w3. 
One reason for this is that higher environmental heat 
stress in afternoon work could activate the autonomic 
nervous system and HR would increase. Dimri et al. 
(1980) showed that total metabolic rate increases in high 
heat stress conditions at the same work output. Ueno 
et al. (2014) also reported increased metabolic rate by 
higher Ta. A higher metabolic rate increases body tem-
perature, activates the autonomic system, and increases 
HR. Another factor is food intake, which is also a con-
tributing factor to increase HR. Sidery and Macdonald 
reported that HR increased by 5–10 bpm after food 
intake and lasted for about 2 h (Sidery and Macdonald, 
1994). Considering the effect of food, average HR in w3 
was at the same level as the other work times.

A field study (Bates and Schneider, 2008) of UAE con-
struction workers reported that average HR during work 
was about 90 bpm in a thermal environment of WBGT 
over 27.5°C. It is suggested that low humidity, adequate 
water intake, and self-paced work would help to keep 
the HR at a safe level despite the high Ta and radiant 
temperature of the work environment. A field study of 
construction workers in Taiwan (Chang et al., 2009) and 
Hong Kong (Wong et al., 2014) found that the average 
HR of scaffolders (Chang et al., 2009) was 120 bpm and 

Table 1. Urine biochemical measurements of the subjects.

Time of measurement

SW MB BL AL AB EW

Urine temperature (°C) Average 36.74 36.99 37.26 36.97 37.47 37.25

SD 0.30 0.40 0.33 0.33 0.28 0.27

Urine osmolality (mOsm kg−1 H2O) Average 723 689 748 779 765 787

SD 2709 243 273 289 308 291

Urine specific gravity (g ml−1) Average 1.019 1.019 1.02 1.022 1.024 1.024

SD 0.008 0.009 0.009 0.009 0.011 0.009

Urine Na corrected by Cr (mEQ mg−1) Average 0.180 0.121 0.114 0.119 0.074 0.091

SD 0.084 0.073 0.075 0.063 0.048 0.05

The values which are significantly larger or smaller than the other value by Student’s t-test (P < 0.05) are marked in bold.
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that of bar benders (Wong et al., 2014) was 114 bpm. 
Our results were close to those of Chang et al. (2009) 
and Wong et al., (2014). For miners, Kalkowsky and 
Kampmann (2006) reported that HR exceeded a limit 
of ‘200-age’ in 61 out of 125 shifts. The World Health 
Organization (WHO) recommends that a maximum 
allowable average HR as 110 bpm (WHO, 1969). Our 
results of construction workers’ HR showed that cardio-
vascular strain exceeded the WHO limit. The subjects in 
our study were allocated a designated amount of work 
that they had to complete by a certain time.

Core body temperature was measured by UT 
and sublingual temperature. In our data, average UT 
increased significantly by 0.73°C from the start of work 
to the afternoon break (Fig. 3A, Table 1). According to 
ACGIH TLV (2017) for heat stress and strain, the limits 
on core temperature are determined by a maximum tem-
perature of 38°C for unacclimatized workers and 38.5°C 
for acclimatized workers. In this study, none of the UT 
samples were over 38.0°C. The average largest increase 
of the UT from the start of work to the first half of the 
afternoon work was 0.8°C. Due to circadian rhythms, 
body temperature differs diurnally by 1°C or more, with 
the lowest at 4:00 A.M. and highest at 6:00 P.M. Since 
the work time was approximately from 9:00 A.M. to 
5:00 P.M., the amplitude of the diurnal core tempera-
ture would be close to 1°C. Some part of the UT change 
could be explained by circadian rhythm.

The next contributing factor is food intake. A large 
meal was reported to increase core body temperature by 
0.3°C (Nielsen, 1987). Furthermore, a hot work envi-
ronment could increase metabolic rate (Dimri et al., 
1980; Ueno et al., 2014) and consequently increase UT 
(Fig. 3A). Another factor is physical work. The decrease 
of UT after lunch and a sharp increase after the first 
half of the afternoon work would be caused by rest and 
physical work in a hot work environment.

UT has been used as an index of body core tempera-
ture (Fox et al., 1975; Samples and Abrams, 1984). Fox 
et al. showed that rectal temperature was higher than 
UT by 0.33°C. Since the ambient temperature in our 
study was closer to body temperature than their condi-
tion (20°C) and because we used a quicker temperature 
response thermistor, the measured UT would not be as 
decreased after urination as in Fox’s study. Since the dif-
ference between rectal and measured UT was estimated 
to be smaller than 0.33°C, UT was a reliable index of 
core temperature in our study. Samples and Abrams also 
provided data that the maximum temperature of the 
voided UT records was close to vaginal temperature.

Bates and Schneider (2008) reported that the mean 
aural temperature of construction workers during work 

as shown in Fig. 2 in their paper was 36.5°C, though 
it increased slightly in the afternoon, suggesting that 
worker heat strain was not severe. Nag et al.’s (2013) 
field study on body temperature of construction work-
ers in India by using oral temperature showed that 90% 
of workers were under 38°C and 4% were over 39°C. 
Nag et al. concluded that the workers regulated their 
core temperature by pacing themselves. Our research 
showed the same results as those found by Bates and 
Schneider (2008) and Nag et al. (2013). On the contrary, 
Kalkowsky and Kampmann (2006) reported that maxi-
mum rectal temperature (Tre) measured by rectal thermal 
probe exceeded 38.0°C for most miners during work. 
Brake and Bates (2002) showed field research data about 
miners whose average maximum core temperature was 
38.9°C. Severe heat stress and the heavy physical work-
load led miners to have a higher core temperature than 
construction workers.

Hydration
Hydration status is an important determinant of a per-
son’s heat tolerance. In this study, water intake, body 
weight loss, Usg, and Uosm were measured as parameters 
for hydration status. Since the weight of bowel move-
ments was not measured and there were only two occur-
rences for all subjects, we did not take bowel movements 
into account. On average, body weight decreased by 
1.3% at EW compared to SW. Body weight decreased 
by more than 2.0% for five workers. Dehydration 
over 2% of body weight decreases aerobic (Cheuvront 
et al., 2010) and cognitive performance (Hancock and 
Vasmatzidis, 2003). A previous study (Peiffer and Abbiss, 
2013) showed that 2–4% dehydration by weight loss 
reduces maximum aerobic power. Physical work capac-
ity has also been reported to decrease with 1–2% dehy-
dration, reducing work performance (Armstrong et al., 
1985). Moreover, dehydration decreases the sweating 
rate (Sawka et al., 1989) and skin blood flow due to 
reduced blood volume. Decreased heat dissipation from 
the skin due to dehydration would increase the core tem-
perature of workers (Montain et al., 1995) and elevate 
the risk of heat stroke.

The low rate of fluid intake to water loss during 
morning work was partly compensated by fluid intake 
during lunch (Fig. 3D). The average fluid intake during 
lunch was 0.84 l h−1 70 kg−1, which was four times larger 
than that of w3. The rate of fluid intake to water loss 
during the shift would be a little higher than that exclud-
ing lunch of 52%. In this study, participant fluid intake 
was insufficient. To prevent dehydration, it is necessary 
to drink water frequently during work and also replen-
ish water during lunch.
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The other hydration indices we used in this study 
were Usg and Uosm. The mean Usg of 19 subjects whose 
samples were collected and measured six times in a day 
increased from 1.019 g ml−1 at SW to 1.024 g ml−1 at 
EW. In this study, the percentage of hydrated subjects 
(Usg < 1.020 g ml−1) (Oppliger et al., 2005) of 47% 
at SW decreased to 21% at EW. A study of miners 
(Polkinghorne et al., 2013) found that 41% of subjects 
were hydrated before work and 42% were hydrated 
after work. The average rate of water intake compared 
to water loss during work time was about 52% in our 
study, which could cause a decreased level of hydra-
tion in the afternoon. In this field study, we measured 
physiological indexes without intervention. Since volun-
tary drinking was reported to lead to insufficient water 
intake, workers without knowledge of the importance of 
hydration or instruction to drink water could become 
dehydrated (Greenleaf and Sargent, 1965).

Some previous studies reported on the hydration of con-
struction workers in hot environments. Bates and Schneider 
(2008) reported that Usg of UAE construction workers was 
about 1.012 mg ml−1 in the morning, 1.013 at midday, and 
1.012 in the afternoon, which meant that workers were 
slightly overhydrated (Usg < 1.015 g ml−1). The subjects of 
Bates and Schneider (2008) drank 5.4 l of water during a 
12-h shift compared to the 2.6 l that workers in our study 
drank in an 8-h shift. Miller and Bates (2007) presented 
data on construction workers whose Usg was 1.018 mg 
ml−1 in pre-shift, 1.018 mg ml−1 in mid-shift, and 1.018 mg 
ml−1 in post-shift. Their fluid intake was 1.04 l h−1 and 
sweat rate was 1.03 l h−1, which maintained a fluid bal-
ance. The unchanged Usg of workers in their study (Miller 
and Bates, 2007; Bates and Schneider, 2008) showed that 
water intake was comparable to water loss. ACGIH TLV 
standard of drinking a cup of cool water (about 235 ml) 
every 20 min during work in a hot environment to prevent 
heat illness would not be enough for a sweat rate of over 
1 l h−1 in a hot environment. Another study of construc-
tion workers in Iran (Montazer et al., 2013) reported that 
average Usg was 1.026 g ml−1 at the start of the workday, 
1.027 g ml−1 in the middle, and 1.025 g ml−1 at the end. Usg 
stayed constant from the beginning to the end. In the paper 
(Montazer et al., 2013), the workers were asked to drink 
a specific amount of water during their shift. Similarly, a 
field study of miners (Brake and Bates, 2003) showed that 
Usg was kept constant at about 1.025 g ml−1 from the start 
of work to the end with an average fluid intake at 6.5 l 
for 10–12.5 h. High Usg at the beginning of work would be 
caused by insufficient water intake outside of work. Thus, 
to keep workers adequately hydrated, lost fluid during the 
shift would have to be replaced and hydration at the start 
of work would have to be increased.

To study the reliability of Usg as a hydration index, 
Oppliger et al. (2005) compared the criteria of dehy-
dration of Usg over 1.020 g ml−1 and plasma osmolality 
(Posm) over 290 mOsm kg−1, and found high sensitivity 
(80% subjects whose Usg was over 1.020 had Posm > 290), 
but low specificity (31.3% subjects whose Usg was under 
1.020 had Posm < 290). Their study showed that workers 
with a high Usg had a high probability of dehydration, 
but that low Usg does not guarantee euhydration.

Uosm is considered a better index than Usg, because 
osmotic pressure is not influenced by the dissolved sub-
stances in urine. However, analysis of Uosm requires an 
osmometer installed in a laboratory, making it unsuited 
for use in the field. On the other hand, Usg can be measured 
quickly with a portable refractometer. For the collected 
urine from the subjects in this study, there was a high 
correlation (R = 0.87) between Uosm and Usg. The mean 
Uosm of 19 subjects who had all of their samples collected 
at each measurement increased from 682 mOsm kg−1 to 
804 mOsm kg−1. Since the cutoff value of euhydration 
for Uosm is considered as 700 mOsm kg−1 (Kenefick et al., 
2012), the average Uosm showed that the subjects were 
euhydrated at the start of work and hypohydrated at the 
end of work. Every urine sample more than 1.030 g ml−1 
in Usg was more than 1000 mOsm kg−1 in Uosm. However, 
there are also limitations in Uosm. Oppliger et al. (2005) 
reported that Uosm has poor association with body weight 
loss or Posm. Moreover, Usg or Uosm lags behind Posm during 
acute dehydration (Popowski et al., 2001). This lagging 
would reflect the fact that urine indices were the average 
of previous urination and present urinations.

Hyponatremia
Hyponatremia, which arises due to loss of sodium by 
heavy sweating coupled with an intake of a large amount 
of water or other low sodium drink, sometimes causes 
severe conditions, including pulmonary edema, respira-
tory arrest, coma, or death. In this field study, the possi-
bility of hyponatremia for the subjects would be low due 
to a low intake of beverage and maintenance of the Uso 
level during work. However, creatinine-adjusted sodium 
concentration (Vought et al., 1963) in urine decreased 
significantly during work (Table 1), suggesting a sign of 
decreased sodium. A mean body weight loss under 0.9% 
of body weight at the end of work and ample salt intake 
from food or drink during work would prevent hypona-
tremia (Hew-Butler et al., 2008).

Heat stress standards
We referred to the physiological heat strain recommen-
dations proposed by ACGIH TLV guidelines (2017) for 
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cardiac strain of sustained HR in excess of 180 bpm 
minus the individual’s age, body core temperature of 
38.5°C for a medically selected and acclimatized  person, 
and weight loss over a shift of 1.5% of body weight. In 
addition to ACGIH TLV guidelines, a clinical guideline 
of Usg over 1.030 mg ml−1, which is used as a  criterion 
of clinical dehydration by the Australian Pathology 
Association (Bates and Schneider, 2008), was included. 
Among four referred heat strain recommendations, no 
subjects were over the body core temperature of 38.5°C. 
Therefore, a Venn diagram was drawn for 23 subjects 
based on three recommendations, excluding body tem-
perature, to clarify the relationships among the recom-
mendations (Fig. 4). Six of the 23 workers exceeded the 
recommendations for HR, 11 exceeded body weight 
loss, and 8 exceeded Usg. Only four workers were under 
the limits for all the four recommendations. There were 
no subjects whose physiological indexes exceeded all 
the four recommendations. These results showed that 
heat strain of the subjects in this study was not severe. 
Figure 4 shows that gold heat strain recommenda-
tions which include all recommendations did not exist. 
Although weight loss and Usg are classified under the 
same hydration recommendations, only two subjects 
overlapped. It also could be considered that not exceed-
ing one criterion of heat strain does not guarantee that 
there is little risk of a heat-related disorder. Examining 
more than one physiological parameter is needed to 
identify workers at risk of heat stroke and ensure ade-
quate protection.

Limitations
The use of UT as a measure of deep body temperature 
can be constrained as urination times can be limited. 

This makes it difficult to detect quick changes of body 
temperature. However, the results of this study showed 
that UT was sensitive to body temperature changes 
(Fig. 3A). The benefit of estimating body core temper-
ature by UT is to free the subjects from the stress of 
restrictions imposed by body temperature measurement. 
An instrument to measure UT in a toilet would provide a 
good tool to allow workers to check deep body temper-
ature on their own. An additional limitation was that we 
did not have a chance to measure the weight of a lunch 
meal. If the weight of the lunch that the subjects ate was 
available, it would be possible to calculate the sweat rate 
during lunch time (Fig. 3D).

Conclusions

In Japan, the number of construction workers who died 
from heat stroke during summer work was the largest 
in all kinds of industry. To survey the heat strain of con-
struction workers, environmental conditions, HR, water 
intake, body weight, UT, urine specific gravity (Usg), urine 
osmolality (Uosm), urine sodium (Uso), and urine creati-
nine were measured. The heat strain of subjects was high-
est in the first half of afternoon work (w3). The average 
work environment, measured on the helmet of each sub-
ject, was 28.5°C in w3. The rate of water intake to water 
loss excluding lunch time was 52%. The average UT, 
Usg, %HRR, and sweat rate were 37.5°C, 1.024 g ml−1, 
35%, and 0.55 l h−1 70 kg−1, respectively, in w3. Average 
Usg increased during the shift, reflecting the low rate of 
fluid replacement. Compared with ACGIH TLV physio-
logical recommendations for HR, weight loss, core tem-
perature, and clinical limit for Usg, 19 out of 23 subjects 
were over at least one of these recommendations (Fig. 4).  

Figure 4. Venn diagram of the overlap of physiological guidelines limiting the heat strain by ACGIH of weight loss, HR, and clin-
ically dehydrated urine specific gravity for 23 subjects. (I) The subjects whose heart rate was over 180—age for more than 3 min, 
(II) those whose weight decreased more than 1.5% in the shift, (III) those whose urine specific gravity was over 1.030 mg ml−1 were 
counted. The number in the figure stands for the subject’s number corresponding to each area of Venn diagram.
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No subjects exceeded the core temperature recommenda-
tion of 38.0°C. A gold-standard heat strain recommen-
dations that include all recommendations does not exist 
(Fig. 4). Therefore, to prevent heat-related disorders in 
construction workers, many physiological indexes about 
heat strain should be checked. Additionally, workers 
should be encouraged to drink enough water and salt and 
pace themselves when working in a hot environment.

Funding

Funding for this project (principal investigator: Dr Shin-ichi 
Sawada) was provided by Ministry of Health, Labour and 
Welfare.

Acknowledgements

The authors declare no conflict of interest relating to the mate-
rial presented in this article. Its contents, including any opinions 
and/or conclusions expressed, are solely those of the authors.

References

Adelakun A, Schwartz E, Blais L. (1999) Occupational heat 
exposure. Appl Occup Environ Hyg; 14: 153–4.

American Conference of Governmental Industrial Hygienists 
(ACGIH). (2017) Threshold limit values for chemical sub-
stances and physical agents and biological exposure indices. 
Cincinnati, OH: American Conference of Governmental 
Industrial Hygienists.

Armstrong LE, Costill DL, Fink WJ. (1985) Influence of diuretic-
induced dehydration on competitive running performance. 
Med Sci Sports Exerc; 17: 456–61.

Bates GP, Miller VS, Joubert DM. (2010) Hydration status of 
expatriate manual workers during summer in the Middle 
East. Ann Occup Hyg; 54: 137–43.

Bates GP, Schneider J. (2008) Hydration status and physiolog-
ical workload of UAE construction workers: a prospective 
longitudinal observational study. J Occup Med Toxicol; 3: 
21.

Bonauto D, Anderson R, Rauser E et al. (2007) Occupational 
heat illness in Washington State, 1995–2005. Am J Ind 
Med; 50: 940–50.

Brake DJ, Bates GP. (2002) Deep body core temperatures in 
industrial workers under thermal stress. J Occup Environ 
Med; 44: 125–35.

Brake DJ, Bates GP. (2003) Fluid losses and hydration status of 
industrial workers under thermal stress working extended 
shifts. Occup Environ Med; 60: 90–6.

Carter R 3rd, Cheuvront SN, Williams JO et  al. (2005) 
Epidemiology of hospitalizations and deaths from heat ill-
ness in soldiers. Med Sci Sports Exerc; 37: 1338–44.

Chang FL, Sun YM, Chuang KH et al. (2009) Work fatigue and 
physiological symptoms in different occupations of high-
elevation construction workers. Appl Ergon; 40: 591–6.

Cheuvront SN, Kenefick RW, Montain SJ et  al. (2010) 
Mechanisms of aerobic performance impairment with heat 
stress and dehydration. J Appl Physiol; 109: 1989–95.

Dimri GP, Malhotra MS, Sen Gupta J et al. (1980) Alterations in 
aerobic-anaerobic proportions of metabolism during work 
in heat. Eur J Appl Physiol Occup Physiol; 45: 43–50.

Fox RH, Brooke OG, Collins JC et al. (1975) Measurement of 
deep body temperature from the urine. Clin Sci Mol Med; 
48: 1–7.

Goldman RF. (1988) Standards for human exposure to 
heat. In Mekjavic IB, Baniser EW, Morrison JB, editors. 
Environmental ergonomics—sustaining human perfor-
mance in harsh environments. London: Taylor and Francis. 
pp. 99–129. ISBN 0850664004.

Greenleaf JE, Sargent F 2nd. (1965) Voluntary dehydration in 
man. J Appl Physiol; 20: 719–24.

Hancock PA, Vasmatzidis I. (2003) Effects of heat stress on cog-
nitive performance: the current state of knowledge. Int J 
Hyperthermia; 19: 355–72.

Hew-Butler T, Ayus JC, Kipps C et al. (2008) Statement of the 
second international exercise-associated hyponatremia con-
sensus development conference, New Zealand, 2007. Clin J 
Sport Med; 18:111–21.

International Organisation for Standardisation (ISO). (2004a) 
ISO8996. Ergonomics of the thermal environment—
determination of metabolic rate. Geneva, Switzerland: 
International Organisation for Standardisation.

International Organisation for Standardisation (ISO). (2004b) 
ISO7933. Hot environments—analytical determination and 
interpretation of thermal stress using calculation of required 
sweat rate. Geneva, Switzerland: International Organisation 
for Standardisation.

International Organisation for Standardisation (ISO). (2005) 
ISO7730. Ergonomics of the thermal environment—ana-
lytical determination and interpretation of thermal comfort 
using calculation of the PMV and PPD indices and local 
thermal comfort criteria. Geneva, Switzerland: International 
Organisation for Standardisation.

Isaka T, Ueno Y, Ishii K. (1990) Effect of age on relationship 
between exercise intensity and heart rate—from the view-
point of exercise instruction. Bull Nippon Sport Sci Univ; 
19: 13–9.

Jackson LL, Rosenberg HR. (2010) Preventing heat-related illness 
among agricultural workers. J Agromedicine; 15: 200–15.

Japan Meteorological Agency. (1998) Guide for weather observa-
tion. (In Japanese) Available at http://www.jma.go.jp/jma/kishou/
know/kansoku_guide/tebiki.pdf. Accessed 8 August 2017.

Japan Meteorological Agency. (2017) The number of points 
whose daily maximum temperature was over 30 or 
35°C. Available at http://www.data.jma.go.jp/obd/stats/
etrn/view/temp/2016_hp.pdf. Accessed 20 December 2017.

Kalkowsky B, Kampmann B. (2006) Physiological strain of min-
ers at hot working places in German coal mines. Ind Health; 
44: 465–73.

Kenefick RW, Cheuvront SN, Montain SJ et  al. (2012) 
Human water and electrolyte balance with physical 
activity. In Erdman J, MacDonald I, Zeisel S, editors. 

Downloaded from https://academic.oup.com/annweh/article-abstract/62/5/571/4953550
by National Institute of Industrial Health user
on 29 May 2018

http://www.jma.go.jp/jma/kishou/know/kansoku_guide/tebiki.pdf
http://www.jma.go.jp/jma/kishou/know/kansoku_guide/tebiki.pdf
http://www.data.jma.go.jp/obd/stats/etrn/view/temp/2016_hp.pdf
http://www.data.jma.go.jp/obd/stats/etrn/view/temp/2016_hp.pdf


582 Annals of Work Exposures and Health, 2018, Vol. 62, No. 5

Present knowledge in nutrition. 10th edn. Chapter 32. New 
Jersey: Wiley-Blackwell.

Lin R, Chan C. (2009) Effects of heat on workers’ health 
and productivity in Taiwan. Global Health Action; 2: 1, 
2024. doi: 10.3402/gha.v2i0.2024.

Miller V, Bates G. (2007) Hydration of outdoor workers in north-
west Australia. J Occup Health Safety – Aust NZ; 23: 79–87.

Miller V, Bates G, Schneider JD et al. (2011) Self-pacing as a 
protective mechanism against the effects of heat stress. Ann 
Occup Hyg; 55: 548–55.

Ministry of Health, Labour and Welfare, Japan. (2016) Work-
related death by heat stroke. Available at http://www.mhlw.
go.jp/file/04-Houdouhappyou-11303000-Roudoukijunkyo-
kuanzeneiseibu-Roudoueiseika/0000125407.pdf. Accessed 
30 March 2017.

Ministry of Health, Labour and Welfare, Japan. (2017) Monthly 
labour survey. Available at http://www.mhlw.go.jp/toukei/iti-
ran/roudou/monthly/28/28r/28r.html. Accessed 7 April 2017.

Ministry of Internal Affairs and Communications, Japan. (2008) 
Emergency transport affairs due to heat stroke. Available at 
http://www.fdma.go.jp/neuter/topics/fieldList9_2_1.html. 
Accessed 29 August 2017.

Ministry of Internal Affairs and Communications, Japan. (2016) 
Labor force survey. Available at http://www.stat.go.jp/data/
roudou/longtime/zuhyou/lt01-c30.xls. Accessed 29 August 
2017.

Montain SJ, Latzka WA, Sawka MN. (1995) Control of thermo-
regulatory sweating is altered by hydration level and exer-
cise intensity. J Appl Physiol (1985); 79: 1434–9.

Montazer S, Farshad AA, Monazzam MR et  al. (2013) 
Assessment of construction workers’ hydration status using 
urine specific gravity. Int J Occup Med Environ Health; 26: 
762–9.

Morioka I, Miyai N, Miyashita K. (2006) Hot environment and 
health problems of outdoor workers at a construction site. 
Ind Health; 44: 474–80.

Nag PK, Dutta P, Nag A. (2013) Critical body temperature pro-
file as indicator of heat stress vulnerability. Ind Health; 51: 
113–22.

National Institute for Occupational Safety and Health 
(NIOSH). (2016) Criteria for a recommended standard: 
occupational exposure to heat and hot environments. 
Available at http://www.cdc.gov/niosh/docs/2016–106/. 
Accessed 30 March 2017.

Nielsen B. (1987) Does diet-induced thermogenesis change 
the preferred ambient temperature of humans? Eur J Appl 
Physiol Occup Physiol; 56: 474–8.

Oppliger RA, Magnes SA, Popowski LA et al. (2005) Accuracy 
of urine specific gravity and osmolality as indicators of 
hydration status. Int J Sport Nutr Exerc Metab; 15: 236–51.

Peiffer JJ, Abbiss CR. (2013) Thermal stress in North Western 
Australian iron ore mining staff. Ann Occup Hyg; 57: 
519–27.

Polkinghorne BG, Gopaldasani V, Furber S et  al. (2013) 
Hydration status of underground miners in a temperate 
Australian region. BMC Public Health; 13: 426.

Popowski LA, Oppliger RA, Patrick Lambert G et al. (2001) Blood 
and urinary measures of hydration status during progressive 
acute dehydration. Med Sci Sports Exerc; 33: 747–53.

Samples JT, Abrams RM. (1984) Reliability of urine tempera-
ture as a measurement of basal body temperature. JOGN 
Nurs; 13: 319–23.

Sawka MN, Gonzalez RR, Young AJ et al. (1989) Control of 
thermoregulatory sweating during exercise in the heat. Am J 
Physiol; 257: R311–6.

Sidery MB, Macdonald IA. (1994) The effect of meal size on 
the cardiovascular responses to food ingestion. Br J Nutr; 
71: 835–48.

Tanaka H, Monahan KD, Seals DR. (2001) Age-predicted maxi-
mal heart rate revisited. J Am Coll Cardiol; 37: 153–6.

Ueno S, Ikeda K, Tai T. (2014) Metabolic rate prediction in 
young and old men by heart rate, ambient temperature, 
weight and body fat percentage. J Occup Health; 56: 
519–25.

Vought RL, London WT, Lutwak L et al. (1963) Reliability of 
estimates of serum inorganic iodine and daily fecal and uri-
nary iodine excretion from single casual specimens. J Clin 
Endocrinol Metab; 23: 1218–28.

Wong del PL, Chung JW, Chan AP et al. (2014) Comparing 
the physiological and perceptual responses of construction 
workers (bar benders and bar fixers) in a hot environment. 
Appl Ergon; 45: 1705–11.

World Health Organization. (1969) Health factors in workers 
under conditions of heat stress. Technical Report Series 412. 
Geneva, Switzerland: WHO.

Yoopat P, Toicharoen P, Glinsukon T et al. (2002) Ergonomics in 
practice: physical workload and heat stress in Thailand. Int 
J Occup Saf Ergon; 8: 83–93.

Downloaded from https://academic.oup.com/annweh/article-abstract/62/5/571/4953550
by National Institute of Industrial Health user
on 29 May 2018

http://www.mhlw.go.jp/file/04-Houdouhappyou-11303000-Roudoukijunkyokuanzeneiseibu-Roudoueiseika/0000125407.pdf
http://www.mhlw.go.jp/file/04-Houdouhappyou-11303000-Roudoukijunkyokuanzeneiseibu-Roudoueiseika/0000125407.pdf
http://www.mhlw.go.jp/file/04-Houdouhappyou-11303000-Roudoukijunkyokuanzeneiseibu-Roudoueiseika/0000125407.pdf
http://www.mhlw.go.jp/toukei/itiran/roudou/monthly/28/28r/28r.html
http://www.mhlw.go.jp/toukei/itiran/roudou/monthly/28/28r/28r.html
http://www.fdma.go.jp/neuter/topics/fieldList9_2_1.html
http://www.stat.go.jp/data/roudou/longtime/zuhyou/lt01-c30.xls
http://www.stat.go.jp/data/roudou/longtime/zuhyou/lt01-c30.xls
http://www.cdc.gov/niosh/docs/2016–106/

