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Foreword

When the U.S. Congress passed the Occupational Safety and Health Act of 1970 (Public Law
91-596), it established the National Institute for Occupational Safety and Health (NIOSH). Through
the Act, Congress charged NIOSH with recommending occupational safety and health standards
and describing exposure levels that are safe for various periods of employment, including but not
limited to the exposures at which no worker will suffer diminished health, functional capacity, or life
expectancy because of his or her work experience.

Criteria documents contain a critical review of the scientific and technical information about the
prevalence of hazards, the existence of safety and health risks, and the adequacy of control methods.
By means of criteria documents, NIOSH communicates these recommended standards to regula-
tory agencies, including the Occupational Safety and Health Administration (OSHA) and the Mine
Safety and Health Administration (MSHA), health professionals in academic institutions, industry,
organized labor, public interest groups, and others in the occupational safety and health community.

A criteria document, Criteria for a Recommended Standard: Occupational Exposure to Hot
Environments, was prepared in 1972 and first revised in 1986. The revision presented here takes
into account the large amount of new scientific information on working in heat and hot environ-
ments. This revision includes updated information on heat-related illnesses, risk factors affecting
heat-related illness, physiological responses to heat, effects of clothing on heat exchange, and recom-
mendations for control and prevention.

Occupational exposure to heat can result in injuries, disease, death, and reduced productivity.
Workers may be at risk for heat stress when exposed to hot environments. Exposure to hot environ-
ments and extreme heat can result in illnesses, including heat stroke, heat exhaustion, heat syncope,
heat cramps, and heat rashes, or death. Heat also increases the risk of workplace injuries, such as
those caused by sweaty palms, fogged-up safety glasses, and dizziness.

NIOSH urges employers to use and disseminate this information to workers. NIOSH also requests
that professional associations and labor organizations inform their members about the hazards of
occupational exposure to heat and hot environments.

NIOSH appreciates the time and effort taken by the expert peer, stakeholder, and public reviewers,
whose comments strengthened this document.

John Howard, MD

Director, National Institute for
Occupational Safety and Health

Centers for Disease Control and Prevention

Occupational Exposure to Heat and Hot Environments iii



This page intentionally left blank.



Executive Summary

Occupational exposure to heat can result in injuries, disease, reduced productivity, and death.
To address this hazard, the National Institute for Occupational Safety and Health (NIOSH) has
evaluated the scientific data on heat stress and hot environments and has updated the Criteria
for a Recommended Standard: Occupational Exposure to Hot Environments [NIOSH 1986a]. This
document was last updated in 1986, and in recent years, including during the Deepwater Horizon
oil spill response of 2010, questions were raised regarding the need for revision to reflect recent
research and findings. In addition, there is evidence that heat stress is an increasing problem for
many workers, particularly those located in densely populated areas closer to the equator where
temperatures are expected to rise in relation to the changing climate [Lucas et al. 2014]. This revi-
sion includes additional information about the physiological changes that result from heat stress;
updated information from relevant studies, such as those on caffeine use; evidence to redefine heat
stroke and associated symptoms; and updated information on physiological monitoring and per-
sonal protective equipment and clothing that can be used to control heat stress.

Workers who are exposed to extreme heat or work in hot environments indoors or outdoors, or
even those engaged in strenuous physical activities may be at risk for heat stress. Exposure to
extreme heat can result in occupational illnesses caused by heat stress, including heat stroke, heat
exhaustion, heat syncope, heat cramps, heat rashes, or death. Heat can also increase workers’ risk of
injuries, as it may result in sweaty palms, fogged-up safety glasses, dizziness, and may reduce brain
function responsible for reasoning ability, creating additional hazards. Other heat injuries, such as
burns, may occur as a result of contact with hot surfaces, steam, or fire. Those at risk of heat stress
include outdoor workers and workers in hot environments, such as fire fighters, bakery workers,
farmers, construction workers, miners (particularly surface miners), boiler room workers, and fac-
tory workers.

In 2011, NIOSH published with the Occupational Safety and Health Administration (OSHA) a
co-branded infosheet on heat illness. Through this combined effort, many recommendations were
updated, including those on water consumption. In addition, factors that increase risk and symp-
toms of heat-related illnesses were more thoroughly defined. In 2013, NIOSH published “Preventing
Heat-related Illness or Death of Outdoor Workers”. Outdoor workers are exposed to a great deal of
exertional and environmental heat stress.

Chapters on basic knowledge of heat balance and heat exchange largely remain unchanged, although
clothing insulation factors have been updated to reflect current International Organization for
Standardization (ISO) recommendations. Additional information on the biological effects of heat
has become available in recent studies, specifically increasing the understanding of the central ner-
vous system, circulatory regulation, the sweating mechanism, water and electrolyte balance, and
dietary factors. New knowledge has been established about risk factors that can increase a worker’s
risk of heat-related illness. Those over the age of 60 are at additional risk for suffering from heat
disorders [Kenny et al. 2010]. Additional studies have examined sex-related differences regarding
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sweat-induced electrolyte loss and whole-body sweat response, as well as how pregnancy affects heat
stress tolerance [Meyer et al. 1992; Navy Environmental Health Center 2007; Gagnon and Kenny
2011]. As obesity and the increasingly overweight percentage of the population in the United States
continue to increase, this is now a major health concern in workers. Heat disorders among the
obese and overweight occur more frequently than in lean individuals [Henschel 1967; Chung and
Pin 1996; Kenny et al. 2010]. Another factor affecting heat-related illness is use of drugs, includ-
ing cocaine, alcohol, prescription drugs, and caffeine. Caffeine use has long been argued against,
as it has a diuretic effect and may reduce fluid volume, leading to cardiovascular strain during heat
exposure [Serafin 1996]. However, more recent studies have found that the effect of caffeine on heat
tolerance may be much less than previously suspected [Roti et al. 2006; Armstrong et al. 2007a;
Ely et al. 2011].

The definition of heat stroke has also changed in recent years. Heat stroke is now classified as
either classic heat stroke or exertional heat stroke which is more common in workplace settings.
Characteristics of the individual (e.g., age and health status), type of activity (e.g., sedentary versus
strenuous exertion), and symptoms (e.g., sweating versus dry skin) vary between these two classi-
fications [DOD 2003]. Re-education is needed in the workplace especially about symptoms. Many
workers have incorrectly been taught that as long as they were still sweating they were not in danger
of heat stroke.

Measurements of heat stress are largely unchanged since the last revision, although additional
information has been added about bimetallic thermometers and the psychrometric chart. The latter
is a useful graphic representation of the relationships among dry bulb temperature, wet bulb tem-
perature, relative humidity, vapor pressure, and dew point temperature. Such charts are especially
valuable for assessing the indoor thermal environment. In addition, many modern computers and
mathematical models can be used to calculate heat stress indices, based on weather station data.

Heat stress can be reduced by modifying metabolic heat production or heat exchange by convection,
radiation, or evaporation. In a controlled environment, these last three can be modified through
engineering controls, including increasing ventilation, bringing in cooler outside air, reducing the
hot temperature of a radiant heat source, shielding the worker, and using air conditioning equip-
ment. Heat stress can also be administratively controlled through limiting the exposure time or
temperature (e.g., work/rest schedules), reducing metabolic heat load, and enhancing heat toler-
ance (e.g., acclimatization). Although most healthy workers will be able to acclimatize over a period
of time, some workers may be heat intolerant. Heat intolerance may be related to many factors;
however, a heat tolerance test can be used to evaluate an individual’s tolerance, especially after an
episode of heat exhaustion or exertional heat stroke [Moran et al. 2007]. Additional preventive
strategies against heat stress include establishing a heat alert program and providing auxiliary body
cooling and protective clothing (e.g., water-cooled garments, air-cooled garments, cooling vests,
and wetted overgarments).

Employers should establish a medical monitoring program to prevent adverse outcomes and for
early identification of signs that may be related to heat-related illness. This program should include
preplacement and periodic medical evaluations, as well as a plan for monitoring workers on the job.

Health and safety training is important for employers to provide to workers and their supervi-
sors before they begin working in a hot environment. This training should include information
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about recognizing symptoms of heat-related illness; proper hydration (e.g., drinking 1 cup [8 oz.]
of water or other fluids every 15-20 minutes); care and use of heat-protective clothing and equip-
ment; effects of various factors (e.g., drugs, alcohol, obesity, etc.) on heat tolerance; and importance
of acclimatization, reporting symptoms, and giving or receiving appropriate first aid. Supervisors
also should be provided with appropriate training about how to monitor weather reports and
weather advisories.

The NIOSH Recommended Alert Limits (RALs) and Recommended Exposure Limits (RELs) were
evaluated. It was determined that the current RALs for unacclimatized workers and RELs for accli-
matized workers are still protective for most workers. No new data were identified to use as the
basis for updated RALs and RELs. Most healthy workers exposed to environmental and meta-
bolic heat below the appropriate NIOSH RALs or RELs will be protected from developing adverse
health effects. The Wet Bulb Globe Temperature-based limits for acclimatized workers are similar
to those of OSHA, the American Conference of Governmental Industrial Hygienists, the American
Industrial Hygiene Association, and the ISO. In addition, the Universal Thermal Climate Index
(UTCI), originally developed in 2009, is gaining acceptance as a means of determining environ-
mental heat stress on workers [Blazejczyk et al. 2013].

During the 2014 peer review of the draft criteria document, concerns were expressed about the suf-
ficiency of the scientific data to support the NIOSH ceiling limits for acclimatized and unacclima-
tized workers. In fact, many acclimatized workers live and work in temperatures above the ceiling
limits without adverse health effects. Further consideration of the scientific data led to the decision
to remove the ceiling limit recommendations from the document.

Although research has produced substantial new information since the previous revision of this
document, the need for additional research continues. Two newer areas of research that will likely
continue to grow are the effects of climate change on workers and how heat stress affects the toxic
response to chemicals. It is likely but unclear to what extent global climate change will impact
known heat-exposure hazards for workers, especially with regard to severity, prevalence, and dis-
tribution [Schulte and Chun 2009; Schulte et al. 2015]. Toxicological research has shown that heat
exposure can affect the absorption of chemicals into the body. Most of what is known on this sub-
ject comes from animal studies, so a better understanding of the mechanisms and role of ambient
environment with regard to human health is still needed [Gordon 2003; Gordon and Leon 2005].
With changes in the climate, the need for a better understanding will become increasingly impor-
tant [Leon 2008].

In addition to the updated research, this criteria document includes more resources for worker and
employer training. Information about the use of urine color charts, including a chart and additional
information, is in Appendix B. The National Weather Service Heat Index is in Appendix C, along
with the OSHA-modified corresponding worksite protective measures and associated risk levels.

NIOSH recommends that employers implement measures to protect the health of workers exposed
to heat and hot environments. Employers need to ensure that unacclimatized and acclimatized
workers are not exposed to combinations of metabolic and environmental heat greater than the
applicable RALs/RELs (see Figures 8-1 and 8-2). Employers need to monitor environmental heat
and determine the metabolic heat produced by workers (e.g., light, moderate, or heavy work).
Additional modifications (e.g., worker health interventions, clothing, and personal protective
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equipment) may be necessary to protect workers from heat stress, on the basis of increases in risk.
In hot conditions, medical screening and physiological monitoring are recommended. Employers,
supervisors, and workers need to be trained on recognizing symptoms of heat-related illness;
proper hydration; care and use of heat-protective clothing and equipment; effects of various risk
factors affecting heat tolerance (e.g., drugs, alcohol, obesity, etc.); importance of acclimatization;
importance of reporting symptoms; and appropriate first aid.

Employers should have an acclimatization plan for new and returning workers, because lack of
acclimatization has been shown to be a major factor associated with worker heat-related illness
and death. NIOSH recommends that employers provide the means for appropriate hydration and
encourage their workers to hydrate themselves with potable water <15°C (59°F) made accessible
near the work area. Workers in heat <2 hours and involved in moderate work activities should
drink 1 cup (8 oz.) of water every 15-20 minutes, but during prolonged sweating lasting several
hours, they should drink sports drinks containing balanced electrolytes. In addition, employers
should implement a work/rest schedule and provide a cool area (e.g., air-conditioned or shaded)
for workers to rest and recover. These elements are intended to protect the health of workers from
heat stress in a variety of hot environments.

viii Occupational Exposure to Heat and Hot Environments
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A,/SWAp, x 100
ACGIH
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ADH
AIHA
ATP
BLS
BMI
bpm
BUN
°C

C
Cal/OSHA
CDC
CET
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CNS
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CSF
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DOD
-E

E
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Area, Body Surface
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Area, Effective Radiating

Area, Solar Radiation

Area, Wetted

Wettedness, Percent of Skin
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Eoax Maximum Water Uptake
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EMS Emergency Medical Services

ET Effective Temperature

°F Degrees Fahrenheit
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GI Gastrointestinal
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h, Radiative Heat Transfer Coeflicient

h,.. Radiative + Convective Heat Transfer Coeflicient
HAP Heat Alert Program

HHE Health Hazard Evaluation
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HSI Heat Stress Index
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L Thermal Insulation, Still Air

Iq Thermal Insulation, Clothing
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L Liter

M Metabolism

Met Unit of metabolism

min Minute
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mmHg
MR
MRT
ms™
MSHA
Na
NIOSH
NFPA
NOAA
NSAIDs
OEL
OSHA
P,

Py

Py

PCr
PHEL
PPE

R

RAL
RAAS
REL
RER
RH

SACHS
SCBA

Abbreviations

milliliter

Millimeters of Mercury

Metabolic Rate

Mean Radiant Temperature

Meters per Second

Mine Safety and Health Administration

Sodium

National Institute for Occupational Safety and Health

National Fire Protection Association

National Oceanic and Atmospheric Administration

Nonsteroidal Anti-inflammatory Drugs
Occupational Exposure Limit
Occupational Safety and Health Administration
Pressure, atmospheric

Pressure, Wetted Skin

Pressure, Skin Temperature

Creatine Phosphate

Physiological Heat Exposure Limit
Personal Protective Equipment
Radiation

Recommended Alert Limit
Renin-Angiotensin-Aldosterone System
Recommended Exposure Limit
Respiratory Exchange Ratio

Relative Humidity

Body Heat Storage

Standards Advisory Committee on Heat Stress
Self-contained Breathing Apparatus
Sweat Produced Per Unit Time

Stroke Volume

Area of Skin Wet with Sweat
Temperature, Ambient

Temperature, Adjusted Dry Bulb
Temperature, Mean Body
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Abbreviations

Temperature, Core body
Temperature, Dew-point
Temperature, Globe

Temperature, Natural Wet Bulb
Temperature, Operative
Temperature, Oral

Temperature, Radiant

Temperature, Mean Radiant
Temperature, Rectal

Temperature, Skin

Temperature, Mean Skin
Temperature, Tympanic
Temperature, Psychrometric Wet Bulb
Threshold Limit Value

Time Weighted Average

Upper Limit of the Prescriptive Zone
Universal Thermal Climate Index
Air Velocity

Minute Ventilation

Maximum Oxygen Consumption
Wettedness, Skin

Work

Wet Bulb Globe Temperature
Wet Globe Temperature

World Health Organization

Occupational Exposure to Heat and Hot Environments



Glossary

Acclimatization: The physiological changes that occur in response to a succession of days of
exposure to environmental heat stress and reduce the strain caused by the heat stress of the
environment; and enable a person to work with greater effectiveness and with less chance of
heat injury.

Area, DuBois (Ap,): Total nude body surface area in square meters (m?), calculated from the
DuBois formula, and based on body weight (kg) and height (m).

Area, Effective Radiating (A,): Surface area of the body in square meters (m?*) that exchanges
radiant energy with a radiant source.

Area, Solar Radiation (A;): Surface area of the body in square meters (m?) that is projected
normal to the sun.

Area, Wetted (A, ): Square meters (m?) of skin area covered by sweat.

Body Heat Balance: Steady-state equilibrium between body heat production and heat loss to
the environment.

Body Heat Balance Equation: Mathematical expression of relation between heat gain and heat
loss, expressedasS=(M-W)+C+tR+K-E

Body Heat Storage (S): The change in heat content (either + or —) of the body.

Circadian Rhythm: Synchronized, rhythmic biological phenomena that occur on approximately a
24-hour cycle.

clo: A unit expression of the insulation value of clothing, 1 clo = 5.55 kcal-m*h'-°C". A clo of 1 is
equal to the insulation required to keep a sedentary person comfortable at 21°C (~70°F). It is also
sometimes expressed as 1 clo = 0.155 m*°C-W.

Conductive Heat Transfer (K ): The net heat exchange involving the direct transfer of heat via
direct contact between two mediums (solid, liquid, or gas) that have a temperature differential.

Conductive Heat Transfer Coefficient (h;): The rate of heat transfer between two mediums (solid,
liquid, or gas) that have a temperature differential, expressed as W-m=°C"'.

Convective Heat Transfer (C): The net heat exchange by convection between an individual and
the environment.

Convective Heat Transfer Coefficient (h.): The rate of heat transfer between the body surface and
the ambient air per square meters (m?) of skin surface, expressed as W-m=°C™.

Evaporative Heat Loss (-E): Body heat loss by evaporation of water (sweat) from the skin,
expressed as kcal or W.

Evaporative Heat Transfer (E): Rate of heat loss by evaporation of water from the skin or gain
from condensation of water on the skin, expressed as kcal-h!, W-m?, or W.
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Evaporative Heat Transfer Coefficient (h,): The rate of heat exchange by evaporation between the
body surface and the ambient air, as a function of the vapor pressure difference between the two
and air velocity.

Heat Capacity: Mass multiplied by specific heat of a body.

Heat Content of Body: The product of mean body temperature (t,) and body heat capacity (body
mass X tissue specific heat), with the latter being constant for any given body composition.

Heat Cramp: A heat-related illness characterized by spastic contractions of the voluntary muscles
(mainly arms, hands, legs, and feet), usually associated with restricted salt intake and profuse
sweating without significant body dehydration.

Heat Exhaustion: A heat-related illness characterized by elevation of core body temperature
above 38°C (100.4°F) and abnormal performance of one or more organ systems, without injury to
the central nervous system. Heat exhaustion may signal impending heat stroke.

Heat Strain: The physiological response to the heat load (external or internal) experienced by a
person, in which the body attempts to increase heat loss to the environment in order to maintain
a stable body temperature.

Heat Stress: The net heat load to which a worker is exposed from the combined contributions
of metabolic heat, environmental factors, and clothing worn which results in an increase in heat
storage in the body.

Heat Stroke: An acute medical emergency caused by exposure to heat from an excessive rise in
body temperature [above 41.1°C (106°F] and failure of the temperature-regulating mechanism.
Injury occurs to the central nervous system characterized by a sudden and sustained loss of
consciousness preceded by vertigo, nausea, headache, cerebral dysfunction, bizarre behavior, and
excessive body temperature.

Heat Syncope: Collapse and/or loss of consciousness during heat exposure without an increase
in body temperature or cessation of sweating, similar to vasovagal fainting except that it is
heat induced.

Heat Tolerance: The physiological ability to endure heat and regulate body temperature at an
average or better rate than others, often affected by the individual’s level of acclimatization and
physical conditioning.

Humidity, Relative (RH): The ratio of the water vapor present in the ambient air to the water
vapor present in saturated air at the same temperature and pressure.

Hyperpyrexia: A body core temperature exceeding 40°C (104°F).

Hyperthermia: A condition where the core temperature of an individual is higher than 37.2°C
(99°F). Hyperthermia can be classified as mild (37.2-38.5°C; 99-101.3°F), moderate (i.e., heat
exhaustion [38.5-39.5°C; 101.3-103.1°F]), profound (>39.5°C; 103.1°F), or profound clini-

cal hyperthermia (i.e., heat stroke [>40.5°C; 104.9°F]), and death can occur without treatment
(>45°C; 113°F).

Maximum Oxygen Consumption (VO, max): The maximum amount of oxygen that can be used
by the body.
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Glossary

Metabolic Rate (MR): Amount of chemical energy transferred into free energy per unit time.

Metabolism (M): Transformation of chemical energy into free energy that is used to perform
work and produce heat.

Prescriptive Zone: The range of environmental temperatures where exercise at a given intensity
results in thermal equilibrium, i.e., no change in core body temperature.

Pressure, Atmospheric (P,): Pressure exerted by the weight of the air, which averages 760 mmHg
at sea level and decreases with altitude.

Pressure, Water Vapor (P, ): The pressure exerted by the water vapor in the air.

Qualified Health Care Professional: An individual qualified by education, training, and licen-
sure/regulation and/or facility privileges (when applicable) who performs a professional service
within his or her scope of practice in an allied health care discipline, and independently reports
that professional service.

Radiant Heat Exchange (R): The net rate of heat exchange by radiation between two radiant sur-
faces of different temperatures.

Radiative Heat Transfer Coefficient (h, ): Rate of heat transfer between two black surfaces per
unit temperature difference, expressed as W-m=°C..

Recommended Alert Limit (RAL): The NIOSH-recommended heat stress alert limits for unaccli-
matized workers.

Recommended Exposure Limit (REL): The NIOSH-recommended heat stress exposure limits for
acclimatized workers.

Rhabdomyolysis: A medical condition associated with heat stress and prolonged physi-
cal exertion, resulting in the rapid breakdown of muscle and the rupture and necrosis of the
affected muscles.

Standard Man: A representative human with a body weight of 70 kg (154 Ib) and a body surface
area of 1.8 m? (19.4 ft?).

Sweating, Thermal: Response of the sweat glands to thermal stimuli.

Temperature, Adjusted Dry Bulb (t,4 ): The dry bulb temperature is the temperature of the air
measured by a thermometer that is shielded from direct radiation and convection.

Temperature, Ambient (t,): The temperature of the air surrounding a body. Also called air tem-
perature or dry bulb temperature.

Temperature, Ambient, Mean ( 7, ): The mean value of several dry bulb temperature readings
taken at various locations or at various times.

Temperature, Core Body (t.,): Temperature of the tissues and organs of the body. Also called
Core Temperature.

Temperature, Dew-point (t,,): The temperature at which the water vapor in the air first starts
to condense.
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Temperature, Effective (ET): Index for estimating the effect of temperature, humidity, and air
movement on the subjective sensation of warmth.

Temperature, Globe (t,): The temperature inside a blackened, hollow, thin copper globe mea-
sured by a thermometer whose sensing element is in the center of the sphere.

Temperature, Mean Body (7, ): The mean value of temperature at several sites within the body
and on the skin surface. It can be approximated from skin and core temperatures.

Temperature, Mean Radiant (7 ): The mean surface temperature of the material and objects sur-
rounding the individual.

Temperature, Mean Skin (7 ): The mean of temperatures taken at several locations on the skin,
weighted for skin area.

Temperature, Natural Wet Bulb (t,,,): The wet bulb temperature under conditions of the prevail-
ing air movement.

Temperature, Operative (t,): The temperature of a uniform black enclosure within which an
individual would exchange heat by convection and radiation at the same rate as in a nonuniform
environment being evaluated.

Temperature, Oral (t,,): Temperature measured by placing the sensing element under the tongue
for 3 to 5 minutes.

Temperature, Psychrometric Wet Bulb (t,,): The lowest temperature to which the ambient air
can be cooled by evaporation of water from the wet temperature-sensing element with forced
air movement.

Temperature, Radiant (t,): The point temperature of the surface of a material or object, cal-
culated from the following: MRT =T, + (1.8 V, **)(T, - T,), where MRT = Mean Radiant
Temperature (°C), T, = black globe temperature (°C), T, = air temperature (°C), and V, = air
velocity (m-s™).

Temperature, Rectal (t,,): Temperature measured 10 centimeters (cm) into the rectal canal.
Temperature, Skin (t;): Temperature measured by placing the sensing element on the skin.

Temperature, Tympanic (t,,): True tympanic temperature is measured by placing the sensing
element directly onto the tympanic membrane and recording the temperature. Estimates of tym-
panic temperature are usually obtained by placing a device into the ear canal close to the tym-
panic membrane.

Temperature Regulation: The maintenance of body temperature within a restricted range under
conditions of positive heat loads (environmental and metabolic) by physiologic and behav-
ioral mechanisms.

Thermal Insulation, Clothing: The insulation value of a clothing ensemble.
Thermal Insulation, Effective: The insulation value of the clothing plus the still air layer.
Thermal Strain: The sum of physiologic responses of the individual to thermal stress.

Thermal Stress: The sum of the environmental and metabolic heat load imposed on
the individual.
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Total Heat Load: The total heat exposure of environmental plus metabolic heat.

Universal Thermal Climate Index (UTCI): This index takes into account the human thermo-
physiological significance across the entire range of heat exchange and the applicability of whole-
body calculations including local skin cooling; it is valid in all climates and seasons.

Wet Bulb Globe Temperature (WBGT): This is an environmental temperature arrived at by
measuring dry air temperature, humidity, and radiant energy (i.e., usually direct sunlight being
absorbed by clothing), used to calculate a thermal load on the person.

Wettedness, Skin (W ): The amount of skin that is wet with sweat.

Wettedness, Percent of Skin: The percentage of the total body skin surface that is covered
with sweat.

Work: Physical efforts performed using energy from the metabolic rate of the body.
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Symbols

Symbol

Term

Body surface area

Body surface area, DuBois

Skin area exposed to radiation
Wetted area of skin

Heat exchange by convection
Cardiac output of blood per minute

Maximum water vapor uptake by the air at
prevailing meteorological conditions

Amount of sweat that must be evaporated to
maintain body heat balance

Reduction factor for loss of convective heat
exchange due to clothing

Body heat content

Convection heat transfer coefficient
Evaporative heat transfer coefficient
Heart rate

Radiative heat transfer coefficient
Radiative + convective heat transfer coefficient
Thermal insulation of still air layer
Thermal insulation of clothing layer
Moisture permeability index of clothing
Permeability index-insulation ratio
Heat exchanged by conduction

Kilocalories

Occupational Exposure to Heat and Hot Environments

Units
m2

n,12
m2

m2

W, W-m™
L-min!

kg-h
kg-h'
dimensionless

w

W-m2-°C; kcal-h'-m2-°C!

W-m2-kPa™!

bpm

W-m2-°C; kcal-ht-m2-°C!
W-m=2-°C?; kcal-h'\m=2-°C*!

clo

clo
dimensionless
dimensionless
W, W-m™
kcal-h!
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Symbol

Met

mmHg

m-s™

Psk

p sk,s
RH

SR
SV

SWA
%SWA

XXVi

Symbols

Term

Metabolism

Unit of metabolism; 1 met = 50 kcal-m?2-h!

Pressure in millimeters of mercury
Meters per second
Water vapor pressure of ambient air

Water vapor pressure of wetted skin

Water vapor pressure at skin temperature

Relative humidity
Radiant Heat exchange
Sweat produced

Sweat produced per unit time

Units

met

met
mmHg
m-sec’
mmHg, kP,
mmHg, kP,
mmHg, kP,
percent

W, W-m™

L

g'min’, g-h', kg:-min™, kg-h™!

Stroke volume, or amount of blood pumped mL

by the heart per beat
Area of skin wet with sweat

SWA/Ap, x 100 = % of body surface wet
with sweat

Absolute temperature (t + 273)
Ambient air dry-bulb temperature

Ambient dry-bulb temperature, adjusted
for solar radiation

Body core temperature

Dew point temperature

Black globe temperature
Natural wet-bulb temperature
Operative temperature
Radiant temperature

Mean radiant temperature

Rectal temperature

m2

percent

°K
°C, °F
°C, °F

°C, °F
°C,°F
°C, °F
°C, °F
°C,°F
°C, °F
°C, °F
°C, °F
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Symbol

tsk

ZLsk

prb

a Iz T <

[¢o]

Symbols

Term

Skin temperature

Mean skin temperature

Psychrometric wet-bulb temperature

Mean radiant temperature of the surroundings
Wet globe temperature

Air velocity

Maximum oxygen consumption

Work

Mechanical efficiency of work
Skin wettedness
Stefan-Bolzmann constant

Emittance coeflicient

Occupational Exposure to Heat and Hot Environments

Units

°C, °F

°C, °F

°C, °F
°C,°F

°C, °F
m-s™, fpm

mL-kg!-min" (a measure
of aerobic fitness) , or
L-h! (a measure of total
O, consumed at peak or
maximal effort)

kcal-h!

%, percent
dimensionless
W-m=K*

dimensionless
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regulations.gov

Recommendations for an Occupational
Standard for Workers Exposed to Heat
and Hot Environments

The National Institute for Occupational Safety
and Health (NIOSH) recommends that worker
exposure to heat stress in the workplace be
controlled by complying with all sections of the
recommended standard found in this docu-
ment. Compliance with this recommended
standard should prevent or greatly reduce the
risk of adverse health effects to exposed workers.
Heat-related occupational illnesses, injuries,
and reduced productivity occur in situations
in which the total heat load (environmental
plus metabolic heat) exceeds the capacities of
the body to maintain normal body functions.
The reduction of adverse health effects can
be accomplished by the proper application of
engineering and work practice controls, worker
training and acclimatization, measurements
and assessment of heat stress, medical monitor-
ing, and proper use of heat-protective clothing
and personal protective equipment (PPE).

In this criteria document, total heat stress is
considered to be the sum of the heat gener-
ated in the body (metabolic heat), plus the
heat gained from the environment (environ-
mental heat), minus the heat lost from the
body to the environment. Environmental
and/or metabolic heat stress results in physi-
ological responses (heat strain) to promote the
transfer of heat from the body back to the envi-
ronment to maintain core body temperature
[Parsons 2003]. Many of the bodily responses
to heat exposure are desirable and beneficial.
However, at some level of heat stress, a work-
er’s compensatory mechanisms are no longer
capable of maintaining body temperature at a
level required for normal body functions. As
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a result, the risk of heat-related illnesses, dis-
orders, and other hazards increases. The level
of heat stress at which excessive heat strain will
result depends on the heat tolerance capabilities
of the worker. However, even though there is a
wide range of heat tolerance between workers,
each worker has an upper limit for heat stress,
beyond which the resulting heat strain can
cause the worker to become a heat casualty. In
most workers, appropriate repeated exposure to
elevated heat stress causes a series of physiologic
adaptations called acclimatization, whereby the
body becomes more efficient in coping with the
heat stress. Such an acclimatized worker can tol-
erate a greater heat stress before a harmful level
of heat strain occurs.

The occurrence of heat-related illnesses among
a group of workers in a hot environment, or
the recurrence of such illnesses in individual
workers, represents “sentinel health events”,
which indicate that heat control measures,
medical screening, or environmental monitor-
ing measures may not be adequate [Rutstein et
al. 1983]. One occurrence of heat-related illness
in a particular worker indicates the need for
medical inquiry about appropriate workplace
protections. The recommendations in this doc-
ument are intended to provide limits of heat
stress so that workers’ risks of incurring heat-
related illnesses and disorders are reduced.

Almost all healthy workers who are not acclima-
tized to working in hot environments and who
are exposed to combinations of environmen-
tal and metabolic heat less than the applicable
NIOSH Recommended Alert Limits (RALs;
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Figure 8-1) should be able to tolerate the heat
stress (i.e., the sum of metabolic heat plus envi-
ronmental heat, minus the heat lost from the
body to the environment) without a substantial
increase in their risk of incurring acute adverse
health effects. Almost all healthy workers who
are heat-acclimatized to working in hot envi-
ronments and who are exposed to combinations
of environmental and metabolic heat less than
the applicable NIOSH Recommended Exposure
Limits (RELs; Figure 8-2) should be able to tol-
erate the heat stress without incurring adverse
effects. The estimates of both environmental
and metabolic heat are expressed as 1-hour
time-weighted averages (TWAs), as described
by the American Conference of Governmental
Industrial Hygienists (ACGIH) [ACGIH 2014].
In this criteria document, when not otherwise
qualified, the term “healthy workers” refers to
those who are physically and medically fit and
do not require additional protection, modi-
fications in acclimatization procedures, or
additional physiological monitoring beyond
the normal recommendations for the amount
of heat exposure.

The medical monitoring program should be
designed and implemented to minimize the
risk to workers’ health and safety from any heat
hazards in the workplace (see Chapters 4, 5, and
6). The medical monitoring program should
provide both preplacement medical evaluations
for those persons who are candidates for hot
jobs and periodic medical evaluations for those
workers who are currently working in hot jobs.

1.1 Workplace Limits
and Surveillance

1.1.1 Recommended Limits

Unacclimatized workers

Total heat exposure to workers should be
controlled so that unprotected (i.e., those not
wearing PPE that would provide protection

against heat) healthy workers who are not accli-
matized to working in hot environments are
not exposed to combinations of metabolic and
environmental heat greater than the applicable
RALSs, given in Figure 8-1.

Acclimatized workers

Total heat exposure to workers should be con-
trolled so that unprotected healthy workers
who are acclimatized to working in hot envi-
ronments are not exposed to combinations of
metabolic and environmental heat greater than
the applicable RELs, given in Figure 8-2. For
additional information on acclimatization, see
4.1.5 Acclimatization to Heat.

Effect of Clothing

The recommended limits given in Figures 8-1
and 8-2 are for healthy workers who are physi-
cally and medically fit for the level of activity
required by their jobs and who are wearing the
conventional one-layer work clothing ensem-
ble consisting of not more than long-sleeved
work shirts and trousers (or equivalent). The
RAL and REL values given in Figures 8-1
and 8-2 may not provide adequate protection
if workers wear clothing with lower air and
vapor permeability or insulation values greater
than those for the conventional one-layer work
clothing ensemble. In addition, some workers
at increased risk may need additional modi-
fications to be protected from heat stress. A
discussion of these modifications to the RALs
and RELs is given in 3.3 Effects of Clothing on
Heat Exchange.

1.1.2 Determination of
Environmental Heat

Measurement methods

In most situations environmental heat expo-
sures should be assessed by the Wet Bulb Globe
Thermometer (WBGT) method or equivalent
techniques, such as Effective Temperature
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(ET), Corrected Effective Temperature (CET),
or Wet Globe Temperature (WGT), which are
then converted to estimated WBGT values.
When air- and vapor-impermeable protective
clothing is worn, the dry bulb temperature (t,)
or the adjusted dry bulb temperature (t,q,) is
a more appropriate measurement than the
WBGT, because impermeable clothing does
not transfer humid heat loss but only dry heat
loss (e.g., radiation, convection, and conduc-
tion) [Astrand et al. 2003]. These temperature
readings may be used to determine the degree
of heat stress the worker is experiencing in the
work environment and allow a qualified safety
and health professional to determine how to
mitigate that heat stress to prevent heat injury.

Measurement requirements

Environmental heat measurements should be
made at or as close as feasible to the work area
where the worker is exposed and represents the
environmental heat conditions at the worker’s
position. When a worker is not continuously
exposed in a single hot area but moves between
two or more areas with differing levels of envi-
ronmental heat or when the environmental
heat substantially varies at the single hot area,
the environmental heat exposures should be
measured at each area and during each period
of constant heat levels where employees are
exposed. Hourly TWA WBGTs should be cal-
culated for the combination of jobs (tasks),
including all scheduled and unscheduled
rest periods.

Modifications of work conditions

Environmental heat measurements should be
made at least hourly, during the hottest portion
of each work shift, during the hottest months
of the year, and when a heat wave occurs or is
predicted. If two such sequential measurements
exceed the applicable RAL or REL, then work
conditions should be modified by use of appro-
priate engineering controls, work practices, or
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other measures until two sequential measures
are in compliance with the exposure limits of
this recommended standard.

Initiation of measurements

A WBGT or individual environmental factors
profile (e.g., air- and vapor-impermeable pro-
tective clothing, etc.) should be established for
each hot work area, as a guide for determin-
ing when engineering controls and/or work
practices or other control methods should be
instituted. After the environmental profiles
have been established, measurements should be
made as described in this section, during the
time of year and days when the profile indicates
that total heat exposures above the applicable
RALs or RELs may be reasonably anticipated
or when a heat wave has been forecast by the
nearest National Weather Service station or
other competent weather forecasting service.

1.1.3 Determination of Metabolic Heat

The metabolic contribution to the heat load on
the worker must be estimated or measured to
ensure a safe working environment. A screen-
ing to estimate metabolic heat load should be
calculated for each worker who is performing
light, moderate, or heavy work. The meta-
bolic heat rate should be determined in order
to determine whether the total heat exposure
exceeds the applicable RAL or REL.

Whenever the combination of measured
environmental heat (WBGT) and screening
estimated metabolic heat exceeds the appli-
cable RAL or REL (Figures 8-1 and 8-2), the
metabolic heat production should be measured
using indirect calorimetry (see Chapter 5) or
an equivalent method. Although performing
indirect calorimetry in the field or on-site may
not be feasible, indirect calorimetry can be per-
formed on subjects performing at similar work
levels in a laboratory setting. This information
could provide an estimate of the metabolic heat
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production at that workload and thus support
decisions regarding RAL or REL. Alternatively,
the responsible individual (i.e., qualified safety
and health professional) may refer to the
Compendium of Physical Activities for infor-
mation on metabolic responses to various
types of work in order to determine RALs and
RELs [Ainsworth et al. 2011]. For a short list
of activities and the associated metabolic heat
rate, see Table 1-1.

Metabolic heat rates should be expressed as
kilocalories per hour ( kcal-h™) or as watts (W)
for a 1-hour TWA task basis that includes all
activities engaged in during each period of
analysis and all scheduled and nonscheduled
rest periods (1 kcal-h™ = 1.16 W).

ﬁ EXAMPLE ﬁ

If a moderate-workload task was
performed by an acclimatized 70-kg
(154-1b) worker for the entire 60
minutes of each hour, then the
screening estimate for the 1-hour
TWA metabolic heat would be about
300 kcal-h™* (348.9 W). In Figure

8-2, a vertical line at 300 kcal-h™!
(348.9 W) intersects the 60 min-h'!
REL curve at a WBGT of 27.8°C
(82°F). Then, if the measured WBGT
exceeds 27.8°C (82°F), the worker’s
metabolic heat could be measured
by the indirect open-circuit method
or an equivalent procedure.

If the 70-kg worker was unac-
climatized, Figure 8-1 indicates
that metabolic heat measurement
of the worker would be required
above a WBGT of 25°C (77°F).

. /

1.1.4 Physiologic Monitoring

Physiologic monitoring may be used as an alter-
native to determining the required estimates

and measurements described in the preced-
ing parts of this section. The total heat stress
shall be considered to exceed the applicable
RAL or REL when the physiological functions
exceed the values given in 9.4 Physiological
Monitoring. Heart rate, core body temperature,
and body water loss can be assessed as mea-
sures of physiologic response to heat. More
advanced methods and new tools are also
available for physiologic monitoring (see 8.4
Physiologic Monitoring of Heat Strain and 9.4
Physiologic Monitoring).

1.2 Medical Monitoring

1.2.1 General

(1) The employer should institute a medical
monitoring program for all workers who
are or may be exposed to heat stress above
the RAL, whether they are acclimatized
or not. A medical monitoring program is
essential to assess and monitor workers’
health and physical well-being both prior
to and while working in hot environments;
to provide emergency medical care or other
treatment as needed and gather medical
information (e.g., identify changes in health
status, identify training needs for preven-
tion efforts). More information is available
in Chapter 7 Medical Monitoring.

(2) The employer should ensure that all medical
evaluations and procedures are performed
by or under the direction of the responsible
healthcare provider (e.g., licensed physi-
cian or other licensed and/or credentialed
healthcare professional).

(3) The employer should provide the required
medical monitoring without cost to the
workers, without loss of pay, and at a rea-
sonable time and place.

Occupational Exposure to Heat and Hot Environments
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1.2.2 Preplacement Medical
Evaluations

For the purposes of the preplacement medical
evaluation, all workers should be considered
to be unacclimatized to hot environments. At
a minimum, the preplacement medical evalu-
ation of each prospective worker for a hot job
should include the following elements:

(1) A comprehensive work and medical history.
The medical history should include a com-
prehensive review of all body systems
as would be standard for a preplace-
ment physical examination, along with
specific questions regarding previous epi-
sodes of diagnosed heat-related illness,
rhabdomyolysis, and questions aimed at
determining acclimatization to the new
employment environment.

(2) A comprehensive physical examination
should be conducted. At the discretion of
the responsible healthcare provider, can-
didates who anticipate increased stress of
physical activity of the job in a hot envi-
ronment, those over 50 years of age or
those younger than 50 years of age with
underlying cardiac risk factors may need
to have additional testing (e.g., electro-
cardiogram (ECG) with interpretation by
a cardiologist).

(3) An assessment of the use of therapeu-
tic drugs, over-the-counter medications,
supplements, alcohol, or caffeine that may
increase the risk of heat injury or illness
(see Chapter 7).

(4) An assessment of obesity, defined as a body
mass index (BMI) > 30. Measure height
and weight to calculate body mass index
according to the following formula:

BMI = weight (in pounds) x 703 / [height
(in inches)]?

(5) An assessment of the worker’s ability to
wear and use any protective clothing and
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equipment, especially respirators, that is or
may be required to be worn or used.

(6) Other factors and examination details
included in 7.3.1.1 Preplacement Physical
Examination.

1.2.3 Periodic Medical Evaluations

Periodic medical evaluations should be made
available at least annually to all workers who
may be exposed at the worksite to heat stress
exceeding the RAL. At minimum, the employer
should provide the evaluations specified above.
If circumstances warrant (e.g., an increase in
job-related heat stress or changes in health
status), the medical evaluation should be
offered at more frequent intervals at the discre-
tion of the responsible healthcare provider.

1.2.4 Emergency Medical Care

If the worker develops signs or symptoms of
heat stroke or heat exhaustion, the employer
should provide immediate emergency medical
treatment (e.g., call 911 and cool down the
worker). Other non-life-threatening heat-
related illnesses may be treated with appropriate
first aid procedures (see Table 4-3).

1.2.5 Information to Be Provided to the
Responsible Healthcare Provider

The employer should provide the following
information to the responsible healthcare pro-
vider performing or responsible for the medical
monitoring program:

(1) A copy of this recommended standard.

(2) A description of the affected worker’s
duties and activities (e.g., shift schedules,
work locations) as they relate to the
worker’s environmental and metabolic
heat exposure.

(3) An estimate of the worker’s potential expo-
sure to workplace heat (both environmental
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and metabolic), including any available
workplace measurements or estimates.

(4) A description of any protective equipment
or clothing the worker uses or may be
required to use.

(5) Relevant information from previous
medical evaluations of the affected worker
that is not readily available to the respon-
sible healthcare provider.

1.2.6 Responsible Healthcare
Provider’s Written Report of
Medical Findings

The employer should obtain a written opinion
from the responsible healthcare provider, which
should include the following elements:

(1) Occupationally pertinent results of the
medical evaluation.

(2) A medical opinion as to whether the worker
has any medical conditions that would
increase the health risk of exposure to heat
in the work environment.

(3) An estimate of the individual’s tolerance to
withstand hot working conditions (see 6.2.3
Enhancing Tolerance to Heat and 6.2.5
Screening for Heat Intolerance).

(4) An opinion as to whether the worker can
perform the work required by the job (i.e.,
physical fitness for the job).

(5) Recommendations for reducing the work-
er’s risk for heat-related illness, which may
include use of cooling measures, accommo-
dations or limitations related to work/rest
schedules and/or workload, or reassign-
ment to another job, as warranted.

(6) A statement that the worker has been
informed by the responsible healthcare
provider of the results of the medical eval-
uation and any medical conditions that
require further explanation or treatment.
The worker is cleared to work in the hot
environment so long as no adverse health
effects occur. Specific findings, test results,

or diagnoses that have no bearing on the
worker’s ability to work in heat or a hot
environment should not be included in
the report to the employer. Safeguards to
protect the confidentiality of the worker’s
medical records should be enforced in
accordance with all applicable federal and
state privacy regulations and guidelines.

1.3 Surveillance of
Heat-related Sentinel
Health Events

1.3.1 Definition

Surveillance of heat-related sentinel health
events is defined as the systematic collection
and analysis of data concerning the occur-
rence and distribution of adverse health effects
in defined populations at risk for heat injury
or illness.

1.3.2 Requirements

In order to evaluate and improve prevention
and control measures for heat-related effects
(including the need for exposure assessment),
the following should be obtained and analyzed
for each workplace: (a) workplace modifica-
tions, (b) identification of highly susceptible
workers, (c) data on the occurrence or recur-
rence in the same worker, (d) distribution in
time, place, and person of heat-related adverse
effects, and (e) environmental or physiologic
measurements related to heat.

1.4 Posting of Hazardous
Areas

1.4.1 Dangerous Heat Stress Areas

In work areas and at entrances to work areas or
building enclosures where there is a reasonable
likelihood of the combination(s) of environ-
mental and metabolic heat exceeding the RAL/

Occupational Exposure to Heat and Hot Environments
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REL, readily visible warning signs should be
posted. These signs should contain informa-
tion on the required protective clothing or
equipment, hazardous effects of heat stress on
human health, and information on emergency
measures for heat injury or illness. This infor-
mation should be arranged as follows:

DANGEROUS
HEAT STRESS AREA

HEAT STRESS-PROTECTIVE
CLOTHING OR EQUIPMENT REQUIRED

HEAT STROKE OR OTHER
HEAT-RELATED ILLNESS MAY OCCUR

1.4.2 Emergency Situations

In any area where there is a likelihood of heat
stress emergency situations occurring, the
warning signs required in this section should
be supplemented with signs giving emergency
and first aid instructions, as well as emergency
contact information.

1.4.3 Additional Requirements for
Warning Signs

All hazard warning signs should be printed
in English and, where appropriate, in the pre-
dominant language of workers unable to read
English. Workers unable to read the signs
should be informed of the warning printed
on the signs and the extent of the hazardous
area(s). All warning signs should be kept clean
and legible at all times.

1.5 Protective Clothing

and Equipment
Engineering controls and safe work practices
should be used to ensure that workers’ expo-

sure to heat stress is maintained at or below the
applicable RAL or REL specified. In addition,
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protective clothing and equipment (e.g., water-
cooled garments, air-cooled garments,
ice-packet vests, wetted overgarments, and
heat-reflective aprons or suits) should be pro-
vided by the employer to the workers when the
total heat stress exceeds the RAL or REL (see
6.3 Personal Protective Clothing and Auxiliary
Body Clothing).

1.6 Worker Information
and Training

1.6.1 Information Requirements

All new and current workers who work in areas
where there is reasonable likelihood of heat
injury or illness, and their supervisors, should
be kept informed, through continuing educa-
tion programs, of the following:

(1) Heat stress hazards.
(2) Predisposing factors.

(3) Relevant signs and symptoms of heat injury
and illness.

(4) Potential health effects of excessive heat
stress.

(5) General first aid as well as worksite-specific
first aid procedures.

(6) Proper precautions for work in heat stress
areas.

(7) Workers’ responsibilities for following
proper work practices and control proce-
dures to help protect the health and provide
for the safety of themselves and their
tellow workers, including instructions to
immediately report to the supervisor the
development of signs or symptoms of heat-
related illnesses.

(8) The effects of therapeutic drugs, over-the-
counter medications, alcohol, or caffeine
that may increase the risk of heat injury
or illness by reducing heat tolerance (see
Chapter 7).
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(9) The purposes for and descriptions of the
environmental and medical monitor-
ing programs and the advantages to the
worker of participating in these surveil-
lance programs.

(10) If necessary, proper use of protective
clothing and equipment.

(11) Cultural attitude toward heat stress. A
misperception may exist that someone can
be “hardened” against the requirement for
fluids when exposed to heat by deliber-
ately becoming dehydrated before work
on a regular basis. This misperception
is dangerous and must be counteracted
through educational efforts.

1.6.2 Training Programs

(1) The employer should institute a training
program, conducted by persons qualified
by experience or training in occupational
safety and health, to ensure that all workers
potentially exposed to heat stress and
their supervisors have current knowl-
edge of at least the information specified
in this section. For each affected worker,
the instructional program should include
adequate verbal and/or written commu-
nication of the specified information. The
employer should develop a written plan of
the training program that includes a record
of all instructional materials.

(2) The employer should inform all affected
workers of the location of written training
materials and should make these materi-
als readily available, without cost to the
affected workers.

1.6.3 Heat Stress Safety Data Sheet

(1) The information specified in this section
should be recorded on a heat stress
safety data sheet or on a form specified
by the Occupational Safety and Health
Administration (OSHA).

(2) In addition, the safety data sheet should
contain:

(a) Emergency and first aid pro-
cedures, including site-specific con-
tact information.

(b) Notes to the responsible healthcare pro-
vider regarding classification, medical
aspects, and prevention of heat injury
and illness. These notes should include
information on the category and clinical
features of each injury and illness, pre-
disposing factors, underlying physiologic
disturbance, treatment, and preven-
tion procedures.

1.7 Control of Heat Stress

1.7.1 General Requirements

(1) The employer should establish and
implement a written program to reduce
exposures to or below the applicable RAL
or REL by means of engineering and work
practice controls.

(2) Where engineering and work practice con-
trols are not sufficient to reduce exposures
to or below the applicable RAL or REL, they
should be used to reduce exposures to the
lowest level achievable by these controls
and should be supplemented by the use of
heat-protective clothing or equipment. In
addition, a heat alert program should be
implemented as specified in this section.

1.7.2 Engineering Controls

(1) The type and extent of engineering controls
required to bring the environmental heat
below the applicable RAL or REL can be
calculated with the basic heat exchange
formulae (see Chapters 4 and 5). When the
environmental heat exceeds the applicable
RAL or REL, the following control require-
ments should be used.

Occupational Exposure to Heat and Hot Environments
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(a) When the air temperature exceeds the
skin temperature, convective heat gain
should be reduced by decreasing air
temperature and/or decreasing the
air velocity if it exceeds 1.5 meters per
second (m-sec!) (300 ft-min'). When
air temperature is lower than skin tem-
perature, convective heat loss should
be increased by increasing air velocity.
The type, amount, and characteristics
of clothing will influence heat exchange
between the body and the environment.

(b) When the temperature of the sur-
rounding solid objects exceeds skin
temperature, radiative heat gain should
be reduced by placing shielding or
barriers that are radiant-reflecting or
heat-absorbing between the heat source
and the worker; by isolating the source of
radiant heat; by increasing the distance
to the heat source; or by modifying the
hot process or operation.

(c) When necessary, evaporative heat loss
should be increased by increasing air
movement over the worker, by reducing
the influx of moisture from steam leaks
or from water on the workplace floors,
or by reducing the water vapor content
(humidity) of the air. The air and water
vapor permeability of the clothing worn
by the worker will influence the rate of
heat exchange by evaporation.

1.7.3 Work and Hygienic Practices
(1) Work modifications and hygienic prac-

tices should be introduced to reduce both
environmental and metabolic heat when
engineering controls are not adequate or
are not feasible. The most effective pre-
ventive work and hygienic practices for
reducing heat stress include, but are not
limited to the following:
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(a) Limiting the time the worker spends
each day in the hot environment by
decreasing exposure time in the hot
environment and/or increasing recovery
time spent in a cool environment.

(b) Reducing the metabolic demands of the
job by such procedures as mechanization,
the use of special tools, or an increase in
the number of workers per task.

(c) Increasing heat tolerance by instituting
a heat acclimatization plan (see Table
4-1 Acclimatization in workers) and by
increasing physical fitness.

(d) Training supervisors and workers to rec-
ognize early signs and symptoms of heat
illnesses and to administer relevant first
aid procedures.

(e) Implementing a buddy system in which
workers are responsible for observ-
ing fellow workers for early signs and
symptoms of heat intolerance, such as
weakness, unsteady gait, irritability, dis-
orientation, changes in skin color, or
general malaise.

(f) Some situations may require workers
to conduct self-monitoring, and a
workgroup (i.e., workers, responsible
healthcare provider, and safety manager)
should be developed to make decisions
on self-monitoring options and standard
operating procedures.

(g) Providing adequate amounts of cool (i.e.,
less than 15°C [59°F]), potable water
near the work area and encouraging all
workers that have been in the heat for
up to 2 hours and involved in moderate
work activities to drink a cup of water
(about 8 0z.) every 15 to 20 minutes.
Individual, not communal, drinking
cups should be provided. During pro-
longed sweating lasting more than 2
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hours, workers should be provided with
sports drinks that contain balanced
electrolytes to replace those lost during
sweating, as long as the concentration
of electrolytes/carbohydrates does not
exceed 8% by volume.

1.7.4 Heat Alert Program

A written Heat Alert Program should be devel-
oped and implemented whenever the National
Weather Service or other competent weather
service forecasts that a heat wave is likely to
occur the following day or days. A heat wave is
indicated when the daily maximum tempera-
ture exceeds 35°C (95°F) or when the daily
maximum temperature exceeds 32°C (90°F)
and is 5°C (9°F) or more above the maximum
reached on the preceding days. More details are
described in 6.2.6 Heat Alert Program.

1.8 Recordkeeping

1.8.1 Environmental and Metabolic
Heat Surveillance

(1) The employer should establish and main-
tain an accurate record of all measurements
made to determine environmental and
metabolic heat exposures to workers,
as required in this recommended stan-
dard (see 1.1.2 Determination of
Environmental Heat).

(2) Where the employer has determined that no
metabolic heat measurements are required
as specified in this recommended standard,
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the employer should maintain a record of
the screening estimates relied upon to reach
the determination (see 1.1.3 Determination
of Metabolic Heat).

1.8.2 Medical Surveillance

The employer should establish and maintain
an accurate record for each worker subject to
medical monitoring, as specified in this recom-
mended standard (see 1.2 Medical Monitoring).

1.8.3 Surveillance of Heat-related
Sentinel Health Events

The employer should establish and maintain
an accurate record of the data and analy-
ses specified in this recommended standard
(see 1.3 Surveillance of Heat-related Sentinel
Health Events).

1.8.4 Heat-related lliness Surveillance

The employer should establish and maintain an
accurate record of any heat illness or injury and
the environmental and work conditions at the
time of the illness or injury (see 7.4 Medical
Surveillance—Periodic Evaluation of Data).

1.8.5 Heat Stress Tolerance
Augmentation

The employer should establish and maintain an
accurate record of all heat stress tolerance aug-
mentation for workers by heat acclimatization
procedures (see 4.1.5 Acclimatization to Heat)
and/or physical fitness enhancement.

Occupational Exposure to Heat and Hot Environments



Introduction

Criteria documents are developed by the
National Institute for Occupational Safety
and Health (NIOSH) under the authority of
section 20(a) (3) of the Occupational Safety
and Health Act of 1970. Through the Act,
Congress charged NIOSH with recommend-
ing occupational safety and health standards
and describing exposure limits that are safe for
various periods of employment. These limits
include, but are not limited to, the exposures at
which no worker will suffer diminished health,
functional capacity, or life expectancy as a result
of his or her work experience. By means of cri-
teria documents, NIOSH communicates these
recommended standards to regulatory agencies
(including the Occupational Safety and Health
Administration [OSHA] and the Mine Safety
and Health Administration [MSHA]), health
professionals in academic institutions, indus-
try, organized labor, public interest groups, and
others in the occupational safety and health
community. Criteria documents contain a
critical review of the scientific and technical
information about the prevalence of hazards,
the existence of safety and health risks, and the
adequacy of control methods.

In 1972 NIOSH published the Criteria for a
Recommended Standard: Occupational Exposure
to Hot Environments [NIOSH 1972], and in
1986 it published a revised criteria document
[NIOSH 1986a] and a companion pamphlet,
“Working in Hot Environments, Revised 1986”
[NIOSH 1986b]. These publications presented
the NIOSH assessment of the potential safety
and health hazards encountered in hot envi-
ronments, regardless of the workplace, and
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recommended a standard to protect workers
from those hazards.

Heat-related occupational illnesses and injuries
occur in situations where the total heat load
(environmental and metabolic) exceeds the
capacities of the body to maintain homeostasis.
In the 1986 documents, NIOSH recommended
sliding scale limits based on environmental and
metabolic heat loads. These recommendations
were based on the relevant scientific data and
industry experience at that time. This crite-
ria document reflects the most recent NIOSH
evaluation of the scientific literature and super-
sedes the previous NIOSH criteria documents.
This document presents the updated criteria
and methods for recognition, evaluation, and
control of occupational heat stress by engi-
neering and preventive work practices. It also
addresses the recognition, treatment, and pre-
vention of heat-related illnesses by providing
guidance for medical supervision, hygienic
practices, and training programs.

The recommended criteria were developed to
ensure that adherence to them will (1) protect
against the risk of heat-related illnesses and
heat-related reduction in safety performance,
(2) be achievable by techniques that are valid
and reproducible and (3) be attainable by
means of existing techniques. This recom-
mended standard is also designed to prevent
harmful effects from interactions between heat
and toxic chemical and physical agents. The
recommended environmental limits for various
intensities of physical work, as indicated in
Figures 8-1 and 8-2, are not upper tolerance
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limits for heat exposure for all workers but,
rather, levels at which engineering controls,
preventive work and hygienic practices, and
administrative or other control procedures
should be implemented in order to reduce the
risk of heat-related illnesses, even in the least
heat tolerant workers.

Despite efforts to prevent heat-related deaths
and illnesses, they continue. A 2008 Centers for
Disease Control and Prevention (CDC) report
identified 423 worker deaths among U.S. agri-
cultural industries (16% were crop workers)
and nonagricultural industries during 1992-
2006. The heat-related average annual death
rate for the crop workers was 0.39 per 100,000
workers, compared with 0.02 for all U.S. civil-
ian workers [Luginbuhl et al. 2008]. Even with
heat-specific workplace regulations in place in
California, heat-related illnesses and deaths
still occur particularily in agricultural workers
who are at additional risk (e.g., extreme condi-
tions, lack of knowledge, poverty, seasonality,
low level of education, and other vulnerabilities
related to migratory status) [Stoecklin-Marois
et al. 2013].

In 2010, 4,190 injury or illness cases arising
from exposure to environmental heat among

12

private industry and state and local govern-
ment workers resulted in one or more days of
lost work [Bureau of Labor Statistics 2011].
Eighty-six percent of the heat-affected workers
were aged 16-54 years. In that same year, 40
workers died from exposure to environmental
heat. The largest number of workers (18) died
in the construction industry, followed by 6
deaths in natural resources (including agricul-
ture) and mining, 6 deaths in professional and
business services (including waste management
and remediation), and 3 deaths in manufac-
turing. Eighty percent of the deaths occurred
among workers 25-54 years of age. Because
heat-related illnesses are often not recognized,
and only illnesses involving days away from
work are reported, the actual number of occu-
pational heat-related illnesses and deaths is not
known. Additionally, estimates of the number
of workers exposed to heat are not available.

A study of OSHA citations issued between
2012 and 2013 revealed 20 cases of heat-
related illness or death of workers [Arbury et
al. 2014]. In most of these cases, employers
had no program to prevent heat illness, or pro-
grams were deficient; and acclimatization was
the program element most commonly missing
and most clearly associated with worker death.

Occupational Exposure to Heat and Hot Environments



Heat Balance and Heat Exchange

An essential requirement for continued normal
body function is that the deep body core tem-
perature be maintained within the range of
about 37°C (98.6°F) + 1°C (1.8°F). Achieving
this body temperature equilibrium requires a
constant exchange of heat between the body and
the environment. The rate and amount of the
heat exchange are governed by the fundamen-
tal laws of thermodynamics of heat exchange
between objects. The amount of heat that must
be exchanged is a function of (1) the total heat
produced by the body (metabolic heat), which
typically range from about 1 kcal per kilogram
(kg) of body weight per hour (1.16 W) at rest to
5 kcal-kg™ body weight-h! (7 W) for moderately
hard industrial work, and (2) the heat gained,
if any, from the environment. The rate of heat
exchange with the environment is a function
of air temperature and humidity, skin tempera-
ture, air velocity, evaporation of sweat, radiant
temperature, and type, amount, and charac-
teristics of the clothing worn. Respiratory heat
loss is generally of minor consequence except
during hard work in very dry environments.
The following is a simple version of the heat
balance equation.

3.1 Heat Balance Equation
The basic heat balance equation is
S=(M-W)+*C+R*+K-E
where
S = change in body heat content

(M-W) = total metabolism minus
external work performed
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C = convective heat exchange
R = radiative heat exchange

K = conductive heat exchange
E = evaporative heat loss

To solve the equation, measurement of met-
abolic heat production, air temperature,
water-vapor pressure, wind velocity, and mean
radiant temperature are required [Belding 1971;
Ramsey 1975; Lind 1977; Grayson and Kuehn
1979; Goldman 1981; Nishi 1981; ISO 1982b;
ACGIH 1985; DiBenedetto and Worobec 1985;
Goldman 1985a,b; Horvath 1985; Havenith
1999; Malchaire et al. 2001].

3.2 Modes of Heat Exchange

The major modes of heat exchange between
humans and the environment are convection,
radiation, and evaporation. Conduction usually
plays a minor role in workplace heat stress,
other than for brief periods of body contact
with hot tools, equipment, floors, or other items
in the work environment, or for people working
in water or in supine positions [Havenith 1999].
The equations for calculating heat exchange
by convection, radiation, and evaporation are
available in Standard International (SI) units,
metric units, and English units. In SI units, heat
exchange is in watts per square meter of body
surface (W-m). The heat-exchange equations
are available in metric and English units for
both the seminude individual and the worker
wearing a conventional long-sleeved work shirt
and trousers. The values are in kcal-h™ for the
“standard man,” defined as one who weighs
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70 kg (154 1b) and has a body surface area of
1.8 m? (19.4 ft?). For the purpose of this dis-
cussion, only SI or metric units will be used.
For workers who are smaller or larger than the
standard man, appropriate correction factors
must be applied [Belding 1971]. The equations
utilizing the SI units for heat exchange by C, R,
and E are presented in Appendix A.

3.2.1 Convection (C)

The rate of convective heat exchange between
the skin of a person and the ambient air imme-
diately surrounding the skin is a function of the
difference in temperature between the ambient
air (t,) and the mean weighted skin tempera-
ture (7 4) and the rate of air movement over
the skin (V,). This relationship is stated alge-
braically for the “standard man” wearing the
conventional one-layer work clothing ensemble
as [Belding 1971]:

C=7.0V,%(t, — fg)
where

C = convective heat exchange, kcal-h™!

V, = air velocity in meters per second
(m-sec?)

t, = ambient air temperature °C

t « = mean weighted skin temperature,

usually assumed to be 35°C

When t, >35°C, there will be a gain in body
heat from the ambient air by convection;

when t, <35°C, heat will be lost from the body
to the ambient air by convection.

This basic convective heat-exchange equation
in English units has been revised for the “stan-
dard man” wearing the conventional one-layer
work clothing ensemble:
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C=0.65V,%(t, — i 4)
where

C = convective heat exchange in Btu-h™!
V, = air velocity in feet per minute (fpm)
t, = ambient air temperature °C (°F)

f « = mean weighted skin temperature,
usually assumed to be 35°C (95°F)

3.2.2 Radiation (R)

The radiative heat exchange is primarily a func-
tion of the temperature gradient between the
mean radiant temperature of the surroundings
(7\) and the mean weighted skin temperature
( 4)- Radiant heat exchange is a function of the
fourth power of the absolute temperature of the
solid surroundings, less the skin temperature
(T,—Tg4)* but an acceptable approximation for
the conventional one-layer clothed individual
is this [Belding 1971]:

R=6.6 (1y— 1)

R = radiant heat exchange, kcal-h™ or
W-m™

f w= mean radiant temperature of the solid
surrounding surface, °C (°F)

i « = mean weighted skin temperature

For the conventional one-layer clothed indi-
vidual and English units, the equation becomes

R=15.0(fy— )

R = radiant heat exchange, Btu-h!

i w = mean radiant temperature,
°C(°F)
f « = mean weighted skin temperature

3.2.3 Evaporation (E)

The evaporation of water (sweat) from the skin
surface results in a heat loss from the body. The
maximum evaporative capacity (and heat loss)

Occupational Exposure to Heat and Hot Environments



3 - Heat Balance and Heat Exchange

is a function of air motion (V,) and the water
vapor pressure difference between the ambient
air (P,) and the wetted skin at skin tempera-
ture (Pgy). The equation for this relationship is
for the conventional one-layer clothed worker
[Belding 1971]:

E= 14Va 06 (Psk - Pa)

E = Evaporative heat loss, kcal-h!

V, = air speed, m-s™*

P, = water vapor pressure of ambient air,
mmHg

P, = vapor pressure of water on skin,
assumed to be 42 mmHg (5.6 kP,) at
a 35°C (95°F) skin temperature

This translates in English units for the conven-
tional one-layer clothed worker to:

E =24V, (P ~P)

E = Evaporative heat loss, Btu-h™!

V, = air velocity, f-min™!

P = water vapor pressure air, nmHg

P_ = water vapor pressure on the skin,
assumed to be 42 mmHg (5.6 kP,) at
a 95°F (35°C) skin temperature

3.2.4 Conduction (K)

This type of heat exchange involves the direct
transfer of heat via direct contact between
two mediums (solid, liquid, or gas) that have
a temperature differential. Therefore, for the
purposes of this document, rate of heat transfer
depends on the temperature gradient between
the skin surface and the surrounding surfaces
(hot metal surface, ice vest against the skin) and
the thermal qualities of the surfaces (e.g., water
absorbs heat at a much greater rate than air or
stone) [McArdle et al. 2010a]. Under most cir-
cumstances, conduction is small in comparison
with radiation, convection, and evaporative
losses. However, under special circumstances
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such as wearing ice vests or liquid circulating
personal cooling systems, conduction becomes
more important. The equation for this theoreti-
cal relationship is as follows:

h,=KA (T, - T,) /1

h, = Heat exchange via conduction
K = thermal “conductivity” determined by
the physical properties of the objects
A = area for conduction of heat, m?
| = distance between points at T, and T,
for the conduction for heat, m
T, = temperature of the warmer
object, °C
T, = temperature of the cooler
object, °C
This equation could be rewritten to represent
thermal conduction to or from skin, as follows:

hk = KA (Tskin - Tobject) / l

where

K = conductive heat exchange in kcal-h™

3.3 Effects of Clothing on
Heat Exchange

Clothing serves as a barrier between the skin
and the environment to protect against normal
environmental elements of heat, cold, mois-
ture, and abrasion. Special clothing has been
developed to add further protection against haz-
ardous chemical, physical, and biologic agents.
A clothing ensemble will, of necessity, alter the
rate and amount of heat exchange between the
skin and the ambient air by convection, con-
duction, radiation, and sweat evaporation.
Therefore, to calculate heat exchange by each
of these modes, it is necessary to apply correc-
tion factors that reflect the type, amount, and
characteristics of the clothing being worn when
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the clothing differs substantially from the con-
ventional one-layer work clothing (i.e., more
than one layer and/or greater air and vapor
impermeability). This clothing efficiency factor
(Fy) for dry heat exchange is nondimensional
[Goldman 1978; McCullough et al. 1982; Vogt
et al. 1982]. In general, the thicker and greater
the air and vapor impermeability of the cloth-
ing barrier layer or layers, the more it interferes
with convective, radiative, and evaporative
heat exchange.

Corrections of the RAL and REL have been
suggested to reflect the F, based on heat trans-
fer calculation for a variety of environmental
and metabolic heat loads and three clothing
ensembles [Heat Stress Management Program
for the Nuclear Power Industry: Interim Report
1986]. The conventional one-layer clothing
ensemble was used as the basis for compari-
sons with the other clothing ensembles. When
a two-layer clothing ensemble is worn, the RAL
and REL should be lowered by 2°C (3.8°F).
When a partially air and/or vapor imperme-
able ensemble or heat reflective or protective
aprons, leggings, gauntlets, etc., are worn, the
RAL and REL should be lowered 4°C (7.2°F).
These suggested corrections of the RAL or REL
are scientific judgments that have not been sub-
stantiated by controlled laboratory studies or
long-term workplace experience.

In those workplaces where a vapor and air
impermeable encapsulating ensemble must be
worn, the WBGT is not the appropriate mea-
surement of environmental heat stress. In these
instances, the adjusted dry bulb air temperature
(t.a») must be measured and used instead of the
WBGT. Where the t,q, exceeds approximately
20°C (68°F), physiologic monitoring (core body
temperature and/or pulse rate) is required. The
method used for measuring core body tem-
perature and pulse rate will be determined by
the circumstances, and proper advance plan-
ning (attaching the physiological monitoring
system) must take place prior to donning of
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the impermeable PPE. This physiologic moni-
toring must be conducted on a time schedule
based upon metabolic heat production and t,q.
The suggested frequency of physiologic moni-
toring for moderate work varies from once
every two hours at t,q, of 24°C (75°F) to every
15 minutes for moderate work at t,q, of 32°C
(90°F) [NIOSH 1985].

3.3.1 Clothing Insulation and
Non-evaporative Heat loss

Even without any clothing, a thin layer of still
air (the boundary layer) is trapped next to the
skin. This external still air film acts as a layer of
insulation against heat exchange between the
skin and the ambient environment. Typically,
without body or air motion, this air layer (1,)
provides about 0.8 clo units of insulation. One
clo unit of clothing insulation is defined as
allowing 5.55 kcal'm*h' of heat exchange by
radiation and convection (Hg,¢) for each °C of
temperature difference between the skin (at a
mean skin temperature 7 4) and adjusted dry
bulb temperature t,q, = (t,+7,)/2. The mean
skin temperature is the average of temperatures
taken at several locations on the skin, weighted
for skin area. The “weighting” system takes into
consideration the amount of heat transfer over
these various areas of skin. The areas of skin are
typically chest, bicep, forearm, thigh, calf, and
subscapular region. The weighting system used
by Ramanathan [1964] is generally considered
an accurate manner of determining mean skin
temperature from these data. For the standard
man with 1.8 m?* of surface area, the hourly heat
exchange by radiation and convection (Hg.c)
can be estimated as

HR+C = (IO/CIO) (Esk - tadb)

Thus, the 0.8 clo still air layer limits the heat
exchange by radiation and convection for the
nude standard individual to about 12.5 kcal-h™
(14.5 W) for each °C of difference between skin
temperature and air temperature. A resting
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individual in still air producing 90 kcal-h!
(104.7 W) of metabolic heat will lose about
11 kcal-h (12.8 W or 12%) by respiration and
about the same by evaporation of the body
water diffusing through the skin. The worker
will then have to sweat and lose heat by evapo-
ration to eliminate some of the remaining 68
kcal-h™! (79.1 W) of metabolic heat if the t,q, is
less than 5.5°C below ty [Goldman 1981].

The still air layer is reduced by increasing air
motion, reaching a minimal value of approxi-
mately 0.2 clo at air speeds above 4.5 m-sec’
(890 f-min™ or 10 mph). At this wind speed, 68
kcal-h™! (79.1 W) can be eliminated from the
skin without sweating at an air temperature
only 1.4°C below skin temperature, that is,
68/(10/0.2) = 1.4°C.

Studies of clothing materials have led to the con-
clusion that the insulation provided by clothing
is generally a linear function of its thickness.
Differences in fibers or fabric weave have only
very minor effects on insulation, unless these
directly affect the thickness or the vapor or air
permeability of the fabric. The function of the
fibers is to maintain a given thickness of still
air in the fabric and block heat exchange. The
fibers are more conductive than insulating;
increasing fiber density (as when trying to fit
two socks into a boot that has been sized to fit
properly with one sock) can actually reduce the
insulation provided [Goldman 1981].

The typical value for clothing insulation is 1.57
clo-cm! of thickness (4 clo-inch™). It is difficult
to extend this generalization to very thin fabric
layers or to garments like underwear, which
may simply occupy an existing still air layer
of not more than 0.5 cm thickness. These thin
layers show little contribution to the intrinsic
insulation of the clothing, unless there is (a)
“pumping action” of the clothing layers by body
motion (circulation of air through and between
layers of clothing due to body movement); (b)
compression of the clothing by pressure from
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other clothing, by objects in contact with the
body, or by external wind; or (c) penetration
of some of the wind (as a function of the air
permeability of the outer covering fabric)
into the trapped air layer [ASHRAE 1981b;
Goldman 1981; McCullough et al. 1982]. Table
3-1 lists the intrinsic insulation contributed by
adding each of the listed items of typical cloth-
ing ensembles. The total intrinsic insulation is
not the sum of the individual items, but 80%
of their total insulation value; this allows for
an average loss of 20% of the sum of the indi-
vidual items to account for the compression of
one layer on the next. This average 20% reduc-
tion is a rough approximation, which is highly
dependent on such factors as the nature of the
fiber, the weave, the weight of the fabric, the
use of foam or other nonfibrous layers, and the
clothing fit and cut.

In summary, insulation is generally a function
of the thickness of the clothing ensemble, and
this, in turn, is usually a function of the number
of clothing layers. Thus, each added layer of
clothing, if not compressed, will increase the
total insulation. That is why most two-layer
protective clothing ensembles exhibit quite
similar insulation characteristics and most
three-layer systems are comparable, regard-
less of some rather major differences in fiber or
fabric type [Goldman 1981].

Because clothing can significantly insulate the
wearer from the external environment and trap
body heat because of the insulation or low per-
meability, the thermal influence of the clothing
has led to the development of clothing adjust-
ment factors that can be used to determine the
overall thermal stress of the wearer. An example
of adjustments for the thermal properties of
clothing appears in Table 3-2.

As can be seen from Table 3-2, adjustments
to the total thermal stress can be made for
a variety of clothing and PPE. This table is
useful for determining the total heat stress
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Table 3-1. Clo insulation values for typical clothing ensembles

Icl
Clothing ensemble Clo M?°CW!

Underpants, coveralls, socks, shoes 0.70 0.11

Underpants, shirt, pants, socks, shoes 0.75 0.115

Underpants, shirt, coveralls, socks, shoes 0.80 0.125

Underpants, shirt, pants, light jacket, socks, shoes 0.85 0.135

Underpants, shirts, pants, smock, socks, shoes 0.90 0.14

Underpants, short-sleeve undershirt, shirt, pants, light jacket, 1.0 0.155
socks, shoes

Underpants, short-sleeve undershirt, shirt, pants, coveralls, 1.1 0.17
socks, shoes

Long underwear shirt and bottoms, heavy jacket, pants, 1.2 0.185
socks, shoes

Underpants, short-sleeve undershirt, shirt, pants, light jacket, 1.25 0.19
heavy jacket, socks, shoes

Underpants, short-sleeve undershirt, coveralls, heavy jacket 1.40 0.22
and pants, socks, shoes

Underpants, short-sleeve undershirt, pants, light jacket, 1.55 0.225
heavy jacket and pants, socks, shoes

Underpants, short-sleeve undershirt, pants, light jacket, 1.85 0.285
heavy quilted outer jacket and overalls, socks, shoes

Underpants, short-sleeve undershirt, pants, jacket, heavy 2.0 0.31
quilted outer jacket and overalls, socks, shoes, cap, gloves

Long underwear shirt and bottoms, heavy jacket and pants, 2.55 0.395

parka with heavy quilting, overalls with heavy quilting,
socks, shoes, cap, gloves

Adapted from the International Organization for Standardization (ISO) [2007].

that is imposed on the worker wearing these
or similar types of clothing. More comprehen-
sive lists are available in the literature or in
ACGIH guidelines.

3.3.2 Clothing Permeability and
Evaporative Heat Loss

Evaporative heat transfer through clothing
tends to be affected linearly by the thickness of
the ensemble. The moisture permeability index
(i) is a dimensionless unit with a theoretical
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lower limit value of 0 for a vapor- and air-
impermeable layer and an upper value of 1 if
all the moisture that the ambient environment
can take up (as a function of the ambient air
vapor pressure and fabric permeability) can
pass through the fabric. Since moisture vapor
transfer is a diffusion process limited by the
characteristic value for diffusion of moisture
through still air, values of i, approaching 1
should be found only with high wind and thin
clothing. A typical i,, value for most clothing
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Table 3-2. Clothing adjustment factors for types of clothing

Clothing adjustment factors (*C—WBGT)

Clothing Previous 2006
Work clothing (baseline) 0 0
Cloth coveralls 3.5 0
Double-layer cloth clothing 5 3
Spunbound melt-blown synthetic (SMS) coveralls - 0.5
Polyolefin coveralls - 1
Limited-use vapor-barrier coveralls - 11

Adapted from Bernard TE, Threshold Limit Values for Physical Agents Committee, ACGIH [2014].

materials in still air is less than 0.5 (e.g., in
will range from 0.45 to 0.48). Water repellent
treatment, very tight weaves, and chemical pro-
tective impregnations can reduce the i,, value
significantly. However, even impermeable
layers seldom reduce the i,, value to zero, since
an internal evaporation-condensation cycle is
set up between the skin surface and the inner
surface of the impermeable layer, which effec-
tively transfers some heat from the skin to the
vapor barrier. This shunting, by passing heat
across the intervening insulation layers, can be
reflected as an i,, value of about 0.08, even for a
totally impermeable overgarment.

Very few fiber treatments have been found
to improve the i,, index value of fabric layers;
surfactants, which increase the number of free
hydroxyl (OH) radicals on the fiber surface
or which somehow improve wicking, appear
to increase the i,, value of a fabric. However,
the ultimate evaporative heat transferred from
the skin through the clothing and external
air layers to the environment is not simply a
function of the i,, but a function of the per-
meability index-insulation ratio (i,/clo). The
maximum evaporative heat exchange with the
environment can be estimated for the Hy,c of a
“standard man” with 1.8 m? of surface area, as:
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HE,...=10i,/clo x 2.2(Py4—P,)

The constant 2.2 is the Lewis number; Py is the
water vapor pressure of sweat (water) at skin
temperature (ty); and P, is the water vapor pres-
sure of the ambient air at air temperature, t,.
Thus, the maximum evaporative transfer tends
to be a linear, inverse function of insulation,
if not further degraded by various protective
treatments, which range from total imperme-
ability to water repellent treatments [Goldman
1973, 1981, 1985a]. The Lewis number is
derived from fraction of skin wettedness, latent
heat, and evaporative heat transfer (h.).

3.3.3 Physiologic Problems of Clothing

The percent of sweat-wetted skin surface area
(W) needed to eliminate the required amount
of heat from the body by evaporation can be
estimated simply as the ratio of the required
evaporative cooling (E,.;) and the maximum
water vapor uptake capacity of the ambient air
(Emax)- A totally wetted skin = 100%.

n} = Ereq/ Emax

Having some sweat-wetted skin is not uncom-
fortable; in fact, some sweating during exercise
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in heat increases comfort. As the extent of
skin wetted with sweat approaches 20%, the
sensation of discomfort begins to be noted.
Discomfort is marked and performance dec-
rements can appear with between 20% and
40% wetting of the body surface; performance
decrements become increasingly noted as W
approaches 60%. Sweat begins to be wasted,
dripping rather than evaporating at 70%;
physiologic strain becomes marked between
60% and 80% W . Increases of W above 80%
result in limited tolerance, even for physi-
cally fit, heat-acclimatized young workers. The
above arguments indicate that any protective
work clothing will pose some limitations on
tolerance, since with I, plus I, rarely below
2.5 clo, their i,/clo ratios are rarely above 0.20
[Goldman 1985b].

The physiologic strain that arises with wearing
clothing, heat transfer, and work can be esti-
mated from equations that describe the
competition for the blood pumped by the
heart. The cardiac output (CO) is the stroke
volume (SV) (or volume of blood pumped per
beat) multiplied by heart rate (HR) in beats per
minute (CO = SV x HR). The cardiac output
increases essentially linearly with increasing
work; the rate-limiting process for metabolism
is the maximum rate of delivery of oxygen to
the working muscle via the blood supply. It is
expressed in liters per minute (L-min™). In heat
stress, this total blood supply must be divided
between the working muscles and the skin
where the heat exchange occurs. In this con-
sideration, it is important to realize that not all
of the CO is diverted to muscle and skin. Other
organ systems must receive oxygenated blood
during exercise as well, especially the brain,
heart, and viscera [McArdle et al. 2010a].

SV rapidly reaches a constant value for a given
intensity of work. Thus, the work intensity (i.e.,
the rate of oxygen delivered to the working
muscles) is essentially indicated by HR; the
individual worker’s maximum HR limits the
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ability to continue work. Conditions that
impair the return of blood from the peripheral
circulation to fill the heart between beats will
affect work capacity. The maximum achievable
HR is a function of age and can be roughly
estimated by this relationship: 220 beats per
minute (bpm) minus age in years [Hellon and
Lind 1958; Drinkwater and Horvath 1979].
Given equivalent HR at rest (e.g., 60 bpm),
a 20-year-old worker’s HR has the capacity
to increase by 140 bpm, i.e., (220-20)-60,
while a 60-year-old worker can increase his
HR only 100 bpm, i.e., (220-60)—60. Because
the demands of a specific task will be roughly
the same for 20- and 60-year-old individuals
who weigh the same and do the same amount
of physical work, the decline in maximum
achievable HR with age increases both the per-
ceived and the actual relative physiologic strain
of work on the older worker. Given the above,
it is preferable to use a percent of the person’s
HR,,., rather than refer to a specific absolute
HR as a target for work.

The ability to transfer the heat produced by
muscle activity from the core of the body to
the skin is also a function of the CO. Blood
passing through core body tissues is warmed
by heat from metabolism during rest and work.
The basic requirement is that skin temperature
(tg) must be maintained at least 1°C (1.8°F)
below deep body temperature (t,.) if blood that
reaches the skin is to be cooled before return-
ing to the body core. The heat transferred to
the skin is limited, ultimately, by the CO and
by the extent to which t, can be maintained
below t,.

A worker’s t,. is a function of metabolic heat
production (M) (t. = 36.7 + 0.004M), as
long as there are no restrictions on evapo-
rative and convective heat loss by clothing,
high ambient vapor pressures, or very low air
motion; for example, at rest, if M = 105W, t,.
is about 37.1°C (98.8°F). Normally, under the
same conditions of unlimited evaporation,
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skin temperatures are below t,. by about 3.3°C
+ (0.006M); thus, at rest, when t,. is 37°C, the
corresponding t is about 33°C, that is, 37—
(3.3 + 0.6). This 3° C-4°C difference between
t.and ty indicates that, at rest, each liter of
blood flowing from the deep body to the skin
can transfer approximately 4.6 watts or 4 kcal
of heat to the skin. Since t,. increases and ty
decreases from the evaporation of sweat with
increasing M, it normally becomes easier to
eliminate body heat with increasing work,
since the difference between t,.and ty increases
by about 1°C (1.8°F) per 100 watts (86 kcal) of
increase in M (i.e., t,. up 0.4°C (0.7°F), and ty
down 0.6°C (1.1°F) per 100 watts of M). Thus,
at sustainable hard work (M = 500 watts or
430 kcal-h), each liter of blood flowing from
core to skin can transfer 9 kcal (10.5 W) to the
skin, which is 2.5 times that at rest [Goldman
1973, 1985a].

Work under a heat stress condition sets up a
competition for CO, particularly as the blood
vessels in the skin dilate to their maximum and
less blood is returned to the central circulation.
Gradually, less blood is available in the venous
return to fully fill the heart between beats,
causing the SV to decrease; therefore, HR
must increase to maintain the same CO. For fit,
young workers, the average work HR should
be limited to about 110 bpm if an 8-hour work
shift is to be completed; an average HR of 140
bpm should be maintained for no more than 4
hours, and an average HR of 160 bpm should be
maintained for no more than 2 hours [Brouha
1960]. If the intensity of work results in a HR
in excess of these values, then the intensity of
work should be reduced. Thus, heat added to
the demands of work rapidly results in prob-
lems, even in healthy, young workers. These
problems are amplified if circulating blood
volume is reduced as a result of inadequate
water intake to replace sweat losses, which can
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average one liter an hour over an 8-hour work
shift, or by vomiting, diarrhea, or diuresis.

The crisis point, heat exhaustion and col-
lapse, is a manifestation of inadequate blood
supply to the brain; this occurs when CO
becomes inadequate because of insufficient
return of blood from the periphery to fill the
heart for each beat or because of inadequate
time between beats to fill the heart as HR
approaches its maximum.

Clothing interferes with heat loss from the
skin, and skin temperature rises predictably
with increased clothing. Because of the insu-
lation-induced rise in ty and the resultant
limited ability to dissipate heat that has been
transferred from the core to the skin, core tem-
perature (t.) also rises when clothing is worn.
Another type of interference with heat loss
from the skin arises when sweat evaporation is
required for body cooling (i.e., when M + HR
+ C > O) but is limited by high ambient water
vapor pressure, low wind, or low clothing per-
meability index (i,/clo).

As E, approaches E,,, skin temperature
increases dramatically and deep body tem-
perature begins to increase rapidly. Deep body
temperatures above 38.0°C (100.4°F) are con-
sidered undesirable for an average worker.
The risk of heat-exhaustion collapse is about
25% at a deep body temperature of 39.2°C
(102.6°F), associated with a skin temperature
of 38°C (100.4°F) (i.e., ty converging toward
t.. and approaching the 1°C [1.8°F] limiting
difference where one liter of blood can trans-
fer only 1 or 2 kcal-h™ [1.16 W or 2.33 W] to
the skin). At a similarly elevated ty where t,.
is 39.5°C (103.1°F), there is an even greater
risk of heat-exhaustion collapse, and as t,.
approaches 40°C (104°F), with elevated skin
temperatures, most individuals are in immi-
nent danger of heat-related illness. Finally, t,.
levels above 41°C (105.8°F) are associated with
heat stroke, a life-threatening major medical
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emergency. The competition for CO is exacer-
bated by dehydration (limited SV), age (limited
maximum HR), and reduced physical fitness
(compromised CO). These work-limiting and
potentially serious deep body temperatures are
reached more rapidly when combinations of
these three factors are involved.

As indicated in the above statements,
maximum work output may be substantially
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degraded by almost any protective clothing
worn during either heavy work in moderately
cool environments or low work intensities in
hot conditions, because of the clothing inter-
fering with heat elimination. Heat stress is also
likely to be increased with any two-layer pro-
tective ensembles or any effective single-layer
vapor barrier system for protection against
toxic products, unless some form of auxiliary
cooling is provided [Goldman 1973, 1985a].

Occupational Exposure to Heat and Hot Environments



Biologic Effects of Heat

4.1 Physiologic Responses
to Heat

4.1.1 The Central Nervous System

The central nervous system is responsible for
the integrated organization of thermoregula-
tion. The hypothalamus is thought to be the
central nervous system’s primary seat of control.
Historically, in general terms, the anterior
hypothalamus has been considered to function
as an integrator and “thermostat,” whereas the
posterior hypothalamus provides a “set point”
of the core or deep-body temperature and ini-
tiates the appropriate physiologic responses to
keep the body temperature at that set point if
the core temperature changes.

According to this model, the anterior hypothal-
amus receives the information from receptors
sensitive to changes in temperature in the
skin, muscle, stomach, other central nervous
system tissues, and elsewhere. In addition, the
anterior hypothalamus itself contains neurons
that are responsive to changes in temperature
of the arterial blood serving the region. The
neurons responsible for the transmission of
the temperature information use monoamines,
among other neurotransmitters; this has been
demonstrated in animals [Cooper et al. 1982].
These monoamine transmitters are important
in the passage of appropriate information to
the posterior hypothalamus. It is known that
the set point in the posterior hypothalamus
is regulated by ionic exchanges. However, the
set-point hypothesis has generated consider-
able controversy [Greenleaf 1979]. The problem
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with the notion of a set point is that (1) a neuro-
anatomical region controlling the set point has
never been identified and (2) the physiological
responses to heat cannot be explained by the
notion of a set point. At present, it appears that
the hypothalamic region does integrate neural
traffic from thermoreceptors and integrates a
physiological response to an increase in tem-
perature. However, the current data suggest
that the hypothalamus controls temperature
within a so-called inter-thermal threshold
(range of temperatures around a mean with
which no physiological response occurs). The
physiological responses occur only when the
temperature moves beyond the “thresholds”
to elicit either sweating or thermogenesis and
the appropriate vasomotor response (i.e., vaso-
constriction or vasodilation) [Mekjavic and
Eiken 2006]. The ratio of sodium to calcium
ions is also important in thermoregulation.
The sodium ion concentration in the blood and
other tissues can be readily altered by exercise
and by exposure to heat.

When a train of neural traffic is activated from
the anterior to the posterior hypothalamus,
it is reasonable to suppose that once a “hot”
pathway is activated, it will inhibit the function
of the “cold” pathway and vice versa. However,
there is a multiplicity of neural inputs at all
levels in the central nervous system, and many
complicated neural “loops” undoubtedly exist.

Current research suggests that, instead of the
historical notion of a set point, neural input into
the hypothalamus is integrated into a response
that can be described as “cross inhibitory.” In
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other words, when neural inputs from warm
thermoreceptors in the skin are dominant,
the integrated response results in an increase
in sweating and cutaneous vasodilation,
while simultaneously inhibiting thermogen-
esis and vice versa [Mekjavic and Eiken 2006].
Paradoxically, when appropriate, the core body
temperature will increase and be regulated at
a higher level in order to maintain an increase
in heat loss, by maintaining a thermal gradi-
ent between the core body temperature and
the skin temperature for the transfer of heat to
the environment [Taylor et al. 2008]. Although
this discussion focuses on the role of the ante-
rior hypothalamus in heat stress and injury,
there are many other factors that influence
the anterior hypothalamus and the control of
heat balance. These factors include thyroid and
reproductive hormones, cerebrospinal fluid
(CSF) ions and osmolality, glucose, and input
from other brain regions related to arousal,
circadian variation, and menstrual function
[Kandel and Schwartz 2013].

A question that must be addressed is the dif-
ference between a physiologically raised body
temperature and a fever; it is considered that
the set point is elevated, as determined by
the posterior hypothalamus. At the onset of
a fever, the body invokes heat-conservation
mechanisms (such as shivering and cutaneous
vasoconstriction) in order to raise the body
temperature to its new, regulated stable temper-
ature [Cooper et al. 1982]. In contrast, during
exercise in heat, which may result in an increase
in body temperature, body temperature rises to
a new stable level where it is regulated by the
hypothalamus, and only heat-dissipation mech-
anisms are invoked. Once a fever is induced,
the elevated body temperature appears to be
normally controlled by the usual physiologic
processes around its new and higher regulated
level [Taylor et al. 2008].
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4.1.2 Muscular Activity and
Work Capacity

The muscles are by far the largest single group
of tissues in the body, representing some 45% of
body weight. The bony skeleton, on which the
muscles operate to generate their forces, repre-
sents a further 15% of body weight. The bony
skeleton is relatively inert in terms of meta-
bolic heat production. Even at rest, the muscles
produce about 20% to 25% of the body’s total
heat production [Rowell 1993]. The amount of
metabolic heat produced at rest is quite similar
for all individuals when it is expressed per
unit of surface area or of lean or fat-free body
weight. On the other hand, the heat produced
by the muscles during exercise can be much
higher and must be dissipated if a heat balance
is to be maintained. The heat load from metab-
olism is therefore widely variable, and working
in hot environments (which imposes its own
heat load or restricts heat dissipation) poses the
greatest challenge to normal thermoregulation
[Parsons 2003].

The proportion of maximal aerobic capac-
ity (\'/‘O2 max) needed to do a specific job is
important for several reasons. First, the car-
diovascular system must respond with an
increased CO, which, at levels of work up to
about 40% VO, max, is brought about by an
increase in both SV and HR. When maximum
SV is reached, additional increases in CO can be
achieved solely by increased HR until maximal
HR is reached [McArdle et al. 1996b; Taylor et
al. 2008]. These changes in the cardiovascular
response to exercise are responsible for provid-
ing sufficient blood flow to muscle to allow for
the increase in muscular work [McArdle et al.
1996b]. Further complexities arise when high
work intensities are sustained for long periods,
particularly when work is carried out in hot
surroundings [Astrand et al. 2003]. Second,
muscular activity is associated with an increase
in muscle temperature, which then is associ-
ated with an increase in core temperature, with
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attendant influences on the thermoregulatory
controls. Third, at high levels of exercise, even
in a temperate environment, the oxygen supply
to the tissues may be insufficient to completely
meet the oxygen needs of the working muscles
[Taylor et al. 2008].

In warmer conditions, an adequate supply of
oxygen to the tissues may become a problem
even at moderate work intensities because of
competition for blood distribution between the
working muscle and the skin [Rowell 1993].
Because of the lack of oxygen, the working
muscles must begin to draw on their anaerobic
reserves, deriving energy from the oxidation of
glycogen in the muscles [McArdle et al. 1996b].
That leads to the accumulation of lactic acid,
which may be associated with the develop-
ment of muscular fatigue. As the proportion
of VO, max used increases further, anaerobic
metabolism assumes a relatively greater pro-
portion of the total muscular metabolism. An
oxygen “debt” occurs when oxygen is required
to metabolize the lactic acid that accumulates
in the muscles. This debt must be repaid during
the rest period. In hot environments, the recov-
ery period is prolonged as both the heat and the
lactic acid stored in the body must be eliminated
and water loss must be replenished. Generally,
a euhydrated (normal hydration) state can be
reached readily with normal ad libitum con-
sumption of nonalcoholic beverages [Montain
and Cheuvront 2008]. However, if a person
consumes alcoholic beverages after a long day
of hot work, the diuretic properties of alcohol
may cause dehydration [Schuckit 2011]. This
may delay the return to a euhydrated condition
until the following day. There are also so-called
alactate (absence of lactic acid accumulation)
components to the oxygen debt and recovery
process. Some of these alactate components
involve blood returning to the lungs after distri-
bution to the muscle, release of oxygen bound
to myoglobin, residual effects of thermogenic
hormones (epinephrine, norepinephrine,
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thyroxine, and glucocorticoids), and replen-
ishment of adenosine triphosphate (ATP) and
creatine phosphate (PCr) within the muscle
cells [McArdle et al. 2010a].

It is well established that in a wide range of
cool to warm environments, 5°C to 29°C
(41°F-84.2°F), the deep body temperature rises
during exercise to a similar equilibrium value
in subjects exercising at the same proportion of
VO, max [Lind 1976, 1977]. However, two indi-
viduals doing the same job and working at the
same absolute load level who have widely dif-
ferent VO, max values will have quite different
core temperatures. Current recommendations
for an acceptable proportion of VO, max for
daily industrial work vary from 30% to 40% of
the VO, max, which, in comfortably cool sur-
roundings [Astrand et al. 2003], is associated
with rectal temperatures of, respectively, 37.4°C
to 37.7°C (99.3°F-99.9°F), whereas work at 50%
VO, max yields a rectal temperature of 38°C
(100.4°F) in the absence of heat stress.

In addition to sex- and age-related variability,
the interindividual variability of VO, max is
high; in a diverse worker population the range
of VO, max that includes 95 of every 100 indi-
viduals is +20% of the mean VO, max value.
Differences in body weight (particularly the
muscle mass) can account for about half that
variability, but the source of the remaining vari-
ation has not been identified. Age is associated
with a reduction in VO, max after its peak at
about 20 years of age; in healthy individuals, the
VO, max falls by nearly 10% each decade after
age 30. The decrease with age is less in indi-
viduals who have maintained a higher degree
of physical fitness. Women’s VO, max average
about 70% of those for men in the same age
group, because of lower absolute muscle mass,
higher body fat content, and lower hemoglo-
bin concentration [Astrand and Rodahl 1977;
Astrand et al. 2003]. Many factors affect deep
body temperature when men and women of
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varying body weights, ages, and work capaci-
ties do the same job.

Other sources of variability when individuals
work in hot environments are differences in
circulatory system capacity, sweat production,
and ability to regulate electrolyte balance, each
of which may be large.

Work capacity is reduced to a limited extent
in hot surroundings if body temperature is
elevated. That reduction becomes greater as
body temperature increases. The VO, max is
not reduced by dehydration itself (except for
severe dehydration), so its reduction in hot
environments seems to be principally a func-
tion of body temperature. Core temperature
must be above 38°C (100.4°F) before a reduc-
tion is noticeable; however, a rectal temperature
of about 39°C (102.2°F) may result in some
reduction of VO, max.

The capacity for prolonged exercise of moder-
ate intensity in hot environments is adversely
affected by dehydration, which may be associ-
ated with a reduction of sweat production and
a concomitant rise in rectal temperature and
HR. If the total heat load and the sweat rate are
high, it is increasingly more difficult to replace
the water lost in the sweat (750-1,000 mL-h!).
The thirst mechanism is usually not strong
enough to drive one to drink the large quanti-
ties of water needed to replace the water lost in
the sweat [DOD 2003]. Evidence shows that as
body temperature increases in a hot working
environment, endurance decreases.

Cognitive function of individuals exposed to
physical activity in a hot environment may
increase, decrease, or change very little [O’Neal
and Bishop 2010]. If cognitive function is
impaired as the environmental heat stress
increases, psychomotor, vigilance, and other
experimental psychological tasks may show
decrements in performance [Givoni and Rim
1962; Ramsey and Morrissey 1978; Hancock
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1981, 1982; Marg 1983]. The decrement in
performance may be at least partly related to
increases in core temperature and dehydra-
tion. In some cases of heat exhaustion the rectal
temperature is raised to the range of 38.5°C to
39.0°C (101.3°F-102.2°F), and disorganized
central nervous system activity, as evidenced
by poor motor function, confusion, increased
irritability, blurring of vision, and changes in
personality are present. These observations
have prompted the unproven suggestion that
reduced oxygen supply to the brain, called cere-
bral anoxia may be responsible [Macpherson
1960; Leithead and Lind 1964; Hancock 1982].

4.1.3 Circulatory Regulation

The autonomic nervous system and endocrine
system control the allocation of blood flow
among competing organ systems. The circula-
tory system delivers oxygen and nutrients to all
tissues and for transports unwanted metabolites
and heat from the tissues. However, as work in
heat continues, the heart reaches a point where
it cannot provide enough CO to meet both the
peak needs of all of the body’s organ systems
and the need for dissipation of body heat.

During exercise, widespread, sympathetic
circulatory vasoconstriction occurs initially
throughout the body, even in the cutaneous
bed. The increase in blood supply to the active
muscles is ensured by the action of locally
produced vasodilator substances, which also
inhibit (in the blood vessels supplying the active
muscles) the increased sympathetic vasocon-
strictor activity. In inactive vascular beds, there
is a progressive vasoconstriction with the sever-
ity of the exercise. This is particularly important
in the large vascular bed in the digestive organs,
where venoconstriction also permits the return
of blood sequestered in its large venous bed,
allowing up to one liter of blood to be added
to the circulating volume [Rowell 1977, 1993].
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If the need to dissipate heat arises, the
autonomic nervous system reduces the vaso-
constrictor tone of the cutaneous vascular bed,
followed by “active” dilation by an unknown
mechanism. The sweating mechanism and an
unknown critical factor that causes the impor-
tantly large dilation of the peripheral blood
vessels in the skin are mutually responsible for
humans’ large thermoregulatory capacity in
the heat.

When individuals are exposed to continuous
work at high proportions of VO, max or to
continuous work at lower intensities in hot sur-
roundings, the cardiac filling pressure remains
relatively constant, but the central venous blood
volume decreases as the cutaneous vessels
dilate. The SV falls gradually and the HR must
increase to maintain the CO. The effective cir-
culatory volume also decreases, partly because
of dehydration from sweating, and partly as
the thermoregulatory system tries to maintain
adequate circulation to the exercising muscles
and the skin [Rowell 1977].

One of the most important roles of the car-
diovascular system in thermoregulation is the
circulation of warm blood from the body core
to the skin for heat transfer to the environment.
When the body is at rest, in the absence of heat
strain, the skin blood flow is approximately
200 to 500 mL-min™, but it can increase up to
7-8 L-min™ when under high heat strain. The
skin blood flow responds to changes in body
core temperature and is required to mobilize
warm blood from the body core to the periph-
ery to transfer heat to the environment [Taylor
et al. 2008]. However, the redistribution of
blood flow to the skin results in a correspond-
ing decrease in splanchnic, renal, and muscle
blood flow. During exercise in the heat, blood
is simultaneously required to supply oxygen to
working muscle and to carry heat from the body
core to the periphery (skin). However, muscle
blood flow decreases by about 25% under heat
strain, from approximately 2.4 mL-g"'-min"
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down to 2.1 mL-g"-min”, because of increased
cutaneous demands [Taylor et al. 2008]. This
is readily accomplished in a well-hydrated
individual under compensable heat stress
[Gonzalez-Alonzo et al. 2008; Taylor et al.
2008]. In the dehydrated individual working
in the heat, increased core body temperature
imposes stress on the cardiovascular system,
as well as the thermoregulatory system in the
hypothalamus [Taylor et al. 2008]. The mecha-
nism of redistribution of blood to muscle and
to the cutaneous circulation, under conditions
of dehydration secondary to sweating, leads
to an effective contraction of plasma volume
[Gonzalez-Alonzo et al. 2008]. A decrease in
an effective plasma volume can result in an
increase in heart rate and myocardial oxygen
demand [Parsons 2003]. During heat stress at
both rest and exercise, the HR, CO, and SV all
increase to a greater extent at a given workload
than would normally be observed under ther-
moneutral conditions [Rowell 1993]. However,
this cannot be sustained indefinitely or when
the body is dehydrated from sweating or sub-
stantial blood flow is redistributed to the
cutaneous circulation because they effectively
reduce pressure volume and, therefore, SV and
CO [Taylor et al. 2008].

4.1.4 The Sweating Mechanism

In a hot environment, where heat transfer by
radiation is not possible, the primary means
for the transfer of heat to the environment is
evaporative heat loss through the vaporization
of sweat from the skin. The sweat glands are
found in abundance in the outer layers of the
skin. They are stimulated by cholinergic sym-
pathetic nerves and secrete a hypotonic watery
solution onto the surface of the skin. Several
other mechanisms for heat transfer to the
environment include convection, conduction,
and behavioral (e.g., leave the area, put on or
take off clothes, drink water, or modify envi-
ronmental controls) [Taylor et al. 2008]. In a
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hot environment that has an ambient wet-bulb
temperature of 35°C (95°F) the body at rest can
sweat at a rate that results in a body fluid loss
of 0.8 to 1.0 L-h™. For every liter of water that
evaporates, 2,436 kJ (580 kcal) are extracted
from the body and transferred to the environ-
ment [McArdle et al. 1996a]. The enormous
capacity for heat loss through evaporation
is generally more than adequate to dissipate
metabolic heat generated by a subject at rest
(~315 kJ-h 'for a 75-kg man) and at high levels
of activity. The mean sweat rate in endurance
athletes ranges from 1.5 to 2.0 L-h™', which pro-
vides an evaporative heat loss capacity of 3,654
to 4,872 kJ that is about 11.6-15.5 times the
amount of heat produced at rest [Gisolfi 2000].
This is generally more than adequate to remove
heat from the body, even at extreme levels of
metabolic heat production.

However, in environments with high humid-
ity, even though sweating continues (increasing
the level of dehydration), the evaporation of
sweat is inhibited, heat transfer from the body
is reduced, and the internal body temperature
increases. Thus, when the heat index is greater
than 35°C (95°F), largely due to high relative
humidity (RH) (or with a WBGT of 33°C to
25°C [91.4°F to 77°F], depending on the work-
load), the evaporative heat loss is virtually
nonexistent. Consequently, even if the ambient
dry temperature is within a comfortable range
(e.g., 23°C [73.4°F]), the high humidity could
result in an “apparent temperature” or heat
index high enough to cause heat stress for
the worker and possible heat injury [Taylor et
al. 2008].

Sweating results in significant dehydration,
which leads to thermal and cardiovascular
strain. People who are acclimatized to the heat
lose water at a peak rate of 3 L-h' through
sweating and may lose up to 12 L-h™ during
intense exercise in hot environments [McArdle
et al. 1996a]. Thus, a major issue resulting
from high heat stress is the need for adequate
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rehydration in order to replace the water lost to
the environment from sweating and to reduce
the risk of hyperthermia.

A rule of thumb is that a 0.45-kg (1.0-1b)
decrease in body weight represents a 450-mL
(15.2-0z) decrease in body water in extracel-
lular and intracellular compartments that
needs to be replaced by consumption of water.
Another source of body water loss is the respi-
ratory tract [McArdle et al. 1996a]. Average
water loss from the respiratory tract at rest is
about 350 mL per day under mild conditions
of heat and humidity. Respiratory water loss
will also contribute to the dehydration of the
worker, and fluid loss increases with activity.

An important constituent of sweat is salt, or
sodium chloride. In most circumstances in
the United States, a salt deficit does not readily
occur because the normal American diet pro-
vides 4 grams per day (174 mEq per day) of
sodium [Food and Nutrition Board, Institute
of Medicine 2004]. However, the sodium
content of sweat in unacclimatized individuals
may range from 10 to 70 mEq per day sweat
(0.23-1.62 g-L"') [Montain and Cheuvront
2008], whereas for the acclimatized individ-
ual, sodium lost to sweat may be reduced to
23 mEq-L" (0.530 g-L'"), less than 50% of that
of the unacclimatized individual. It is possible
for a heat-unacclimatized individual who con-
sumes a restricted salt diet to develop a negative
salt balance. In theory, a prolonged negative
salt balance with a large fluid intake may result
in a need for moderate supplementation of
dietary salt. If there is a continuing negative
salt balance, acclimatization to heat is dimin-
ished. However, salt supplementation of the
normal diet is rarely required, except possibly
for heat-unacclimatized individuals during the
first 2 or 3 days of heat exposure [Lind 1976;
DOD 2003]. By the end of the third day of heat
exposure, a significant amount of heat acclima-
tization will have occurred, and salt loss in the
sweat and urine and the need for salt in the diet
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are decreased. In view of the high incidence of
elevated blood pressure in the U.S. worker pop-
ulation and the relatively high salt content of
the average U.S. diet, even for those who watch
salt intake, recommending an increase in salt
intake is probably not warranted. Salt tablets
can irritate the stomach and should not be
used [DOD 1980; 2003]. Heavier use of salt at
meals has been suggested for heat-unacclima-
tized workers during the first 2 or 3 days of heat
exposure if they are not on a restricted salt diet
by order of the responsible healthcare provider
[DOD 2003]. Sodium can also be replenished
by drinking fluids containing approximately 20
mEq-L"! sodium, which is an amount found in
many sports drinks [Montain and Cheuvront
2008]. In general, simply adding salt to the
diet will adequately restore electrolyte balance.
Moreover, carefully induced heat acclimati-
zation reduces or eliminates the need for salt
supplementation of the normal diet.

Because potassium is lost in sweat, it can be
substantially depleted when unacclimatized
workers suddenly have to work hard in hot cli-
mates; marked depletion of potassium can lead
to serious physiologic consequences, including
the development of heat stroke [Leithead and
Lind 1964]. High table salt intake may increase
potassium loss. However, potassium loss is
usually not a problem, except for individuals
taking diuretics, because potassium is present
in most foods, particularly meats and fruits
[Greenleaf and Harrison 1986]. Since some
diuretics cause potassium loss, workers taking
such medication while working in a hot envi-
ronment should seek medical advice, telling
their doctor that they work in the heat and
asking how medications may affect how their
body responds to the hot environment. Salt and
potassium supplements, if recommended by
the responsible healthcare provider, may only
be needed during the acclimatization period or
under extraordinary circumstances.
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4.1.4.1 Water and Electrolyte Balance and
the Influence of Endocrines

It is imperative to replace the water lost in the
sweat. It is not uncommon for workers to lose
6 to 8 L of sweat during a working shift in hot
industries. If the lost water is not replaced, then
body water levels will progressively decrease,
which shrinks the extracellular space, intersti-
tial and plasma volumes, and water in the cells.
Evidence supports that the amount of sweat
production depends on the state of hydra-
tion [Leithead and Lind 1964; Henschel 1971;
Greenleaf and Harrison 1986], so that pro-
gressive dehydration results in a lower sweat
production and a corresponding increase in
body temperature, which can be a danger-
ous situation.

Water lost in large quantities of sweat is often
difficult to replace completely as the day’s work
proceeds, and it is not uncommon for individu-
als to register a water deficit of 2% to 3% or
greater of their body weight. During exercise
in either cool or hot environments, a correla-
tion has been reported between the elevation
of rectal temperature and the percentage of
water deficit in excess of 3% of body weight
[Kerslake 1972 (p. 316)]. Because the normal
thirst mechanism is not sensitive enough to
ensure a sufficient water intake [Greenleaf and
Harrison 1986; DOD 2003], every effort should
be made to encourage individuals to drink
water or other fluids (e.g., sports drinks). The
fluid should be as palatable as possible, at less
than 15°C (59°F). Small quantities taken at fre-
quent intervals is a more effective regimen for
practical fluid replacement than the intake of
large amounts of fluids per hour [McArdle et
al. 2010b]. Individual, not communal, drinking
cups should be provided. Individuals are seldom
aware of just how much sweat they produce or
how much water is needed to replace that lost
in the sweat; 1 L-h™! is a common rate of water
loss. With suitable instruction on how much to
drink, most individuals will comply. A general
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rule of thumb for those exercising in the heat
for 1 to 2 hours is to drink plain, cool water.
Sweat is hypotonic to the plasma, and one
does not lose a significant amount of sodium
in the first hour or two of exercise [McArdle
et al. 1996b]. Therefore, one does not require
fluids containing electrolytes for this exposure.
However, during prolonged sweating lasting
several hours, it is advisable to consume a
sports drink that contains balanced electrolytes
to replace those lost during sweating, as long as
the concentration of electrolytes/carbohydrates
does not exceed 8% by volume. Exceeding the
8% limit will slow absorption of fluids from the
gastrointestinal (GI) tract [Parsons 2003]. Since
thirst is a poor indicator of hydration status,
fluids should be consumed at regular intervals
to replace water lost from sweating [McArdle
et al. 1996b].

Plasma electrolytes (primarily sodium, potas-
sium, and chlorine) are very strongly regulated
by physiologic mechanisms because of their
high importance in cellular volume and func-
tion. The control is accomplished by the kidney
and is influenced by several hormonal pathways,
including the renin-angiotensin-aldosterone
system (RAAS) as well as antidiuretic hormone
(ADH). Normal plasma sodium (Na*) con-
centration falls within the range of 135 to 145
mmol-L". Thus, hyponatremia is defined as a
Na* concentration <135 mmol-L? (mild) and
severe hyponatremia as a plasma Na* concen-
tration of 120 mmol-L"'. Hyponatremia (low
plasma sodium) is regarded as the consequence
of a poor fluid-replacement strategy before,
during, and after prolonged exercise and may
become a potentially life-threatening condi-
tion. However, consumption of large quantities
of water alone is not enough to cause hypo-
natremia. The condition is accompanied by
significant loss of Na* from sweating [Montain
et al. 2006].

Hyponatremia usually occurs in high-endur-
ance athletes participating in marathons,
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ultra-marathons, and so-called Iron Man tri-
athlons, but it can also occur in people working
for long periods of time in hot environments
[Rosner and Kirven 2007]. The incidence of
hyponatremia in high-endurance athletes
ranges from 13% to 18%. Symptoms of hypona-
tremia can range from none to minimal (~70%
of cases) to severe, including encephalopathy,
respiratory distress, and death. During these
events or work periods, hyponatremia develops
when the athlete or worker consumes too much
plain water in an attempt to rehydrate after
copious sweating. The excess water results in a
dilution of plasma Na*, which, in turn, causes
an osmotic disequilibrium that can lead to cere-
bral edema (brain swelling) and pulmonary
edema. These conditions can be fatal in a small
number of patients [Rosner and Kirven 2007].

Risk factors for the development of hypona-
tremia are an exercise duration of >4 hours,
gender (females are more likely to develop
hyponatremia), low body mass, excessive con-
sumption of water (>1.5 L-h), pre-exercise
hydration, consumption of nonsteroidal anti-
inflammatory medications (although not all
studies have shown this), and extreme envi-
ronmental temperature [Rosner and Kirven
2007]. Consumption of large quantities of water
is highly correlated with the development of
hyponatremia [Almond et al. 2005], the major-
ity of athletes or workers in hot environments
proceed to develop hyponatremia; however, not
all those with hyponatremia become symptom-
atic [Rosner and Kirven 2007]. Therefore, the
presence of mild hyponatremia may not be
harmful. Although hyponatremia can have dev-
astating consequences, such as death, for the
sufferer and the pathophysiology of the con-
dition involves multiple factors including the
environmental as well as individual predispo-
sition, the condition can be treated effectively
to reduce the level of morbidity and mortality
[Rosner and Kirven 2007]. Prevention of this
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condition involves appropriate use of fluid-
replacement strategies.

Two hormones are important in thermoregula-
tion: ADH and aldosterone. A variety of stimuli
encourage the synthesis and release of those
hormones, such as changes in plasma volume
and plasma concentration of sodium chloride.
ADH is released by the pituitary gland, which
has direct neural connections with the hypo-
thalamus but may receive neural input from
other sources. Its function is to reduce water
loss by the kidney, but it has no effect on the
water loss through sweat glands. Body water,
including the plasma volume in the vascu-
lar compartment, is also controlled by the
RAAS. Changes in fluid volume or electro-
lyte (sodium) concentration will activate the
RAAS to conserve fluids and electrolytes at the
level of the kidney and sweat glands through
the action of aldosterone [Jackson 2006]. The
control of fluid (especially plasma) volume is
also important in the maintenance of blood
pressure and organ perfusion. Another product
of the RAAS is angiotensin II, a powerful vaso-
constrictor that helps maintain blood pressure
and overall cardiovascular function in the pres-
ence of significant fluid loss from the vascular
compartment, as well as a significant stimulator
of the release of aldosterone from the adrenal
glands [Williams et al. 2003].

4.1.4.2 Dietary Factors

A well-balanced diet in temperate environments
usually suffices for hot climates. A very high
protein diet might increase the urine output
needed for nitrogen removal and increase water
intake requirements [Greenleaf 1979; Greenleaf
and Harrison 1986]. The importance of water
and salt balance has been emphasized in the
previous discussion, and the possibility that
it might be desirable to supplement the diet
with potassium has also been discussed. In
some countries where the normal diet is low
or deficient in vitamin C, supplements may
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enhance heat acclimatization and thermoregu-
latory function [Strydom et al. 1976]. Sodium
supplements can be abused in the interest of
increasing fluid retention. However, an excess
of dietary sodium may actually decrease plasma
volume, even with a controlled fluid intake.
Therefore, supplemental dietary sodium must
be used judiciously to prevent further dehy-
dration and electrolyte depletion in workers
[McArdle et al. 1996a; Williams et al. 2003].
In addition, certain dietary supplements may
impair or alter cellular and systemic adaptions
associated with both thermotolerance and heat
acclimation in exercising humans [Kuennen
etal. 2011].

4.1.4.3 Gastrointestinal Factors

Exertional hyperthermia may result in changes
in GI permeability (“leaky gut”) that can result
in the release of paracellular endotoxins [Zuhl
et al. 2014]. The release of these endotoxins
can trigger the release of leukocytes, which can
result in the further release of proinflamma-
tory cytokines [Leon 2007]. This inflammatory
cascade results in further damage to the organ
systems. Certain factors increase the sus-
ceptibility to increased GI permeability and
endotoxin damage, including age; dehydration;
loss of electrolytes from sweating; cardiovas-
cular disease; use of certain medications (e.g.,
diuretics, anticholinergics, and NSAIDs); and
alcoholism. In addition, certain foods contain-
ing quercetin (e.g., capers, red onions, etc.) can
increase hyperthermia-induced GI permeabil-
ity and aggravate the effects of hyperthermia
[Kuennen et al. 2011; Zuhl et al. 2014].

4.1.5 Acclimatization to Heat

When workers are exposed to hot work envi-
ronments, they readily show signs of distress
and discomfort, such as increased core temper-
atures and heart rates, headache or nausea, and
other symptoms of heat exhaustion [Leithead
and Lind 1964; WHO 1969; Kerslake 1972
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(p- 316); Wyndham 1973; Knochel 1974;
Hancock 1982; Spaul and Greenleaf 1984; DOD
2003]. On repeated exposure to a hot environ-
ment, there is a marked adaptation in which
the principal physiologic benefit appears to
result from an increased sweating efficiency
evidenced by earlier onset of sweating, greater
sweat production, and lower electrolyte concen-
tration) and a concomitant stabilization of the
circulation. As a result, after daily heat expo-
sure for 7 to 14 days, most individuals perform
the work with a much lower core temperature
and HR and a higher sweat rate (i.e., a reduced
thermoregulatory strain) and with none of
the symptoms that were experienced initially
[Moseley 1994; Armstrong and Stoppani 2002;
DOD 2003; Navy Environmental Health Center
2007; Casa et al. 2009; ACGIH 2014]. During
that period, the plasma volume rapidly expands,
so that even though the blood is concentrated
throughout the exposure to heat, the plasma
volume at the end of the heat exposure in accli-
matized individuals is often equal to or greater
than before the first day of heat exposure.

Acclimatization to heat is an example of physi-
ologic adaptation, which is well demonstrated
in laboratory experiments and field experience
[Lind and Bass 1963; WHO 1969]. However,
acclimatization does not necessarily mean that
individuals can work above the Prescriptive
Zone (see Glossary) as effectively as below it
[Lind 1977].

Full heat acclimatization occurs with relatively
brief daily exposures to working in the heat. It
does not require exposure to heat at work and
rest for the entire 24 hours; in fact, such exces-
sive exposures may be deleterious because it is
difficult for individuals without heat acclima-
tization experience to replace all of the water
lost in sweat. The minimum exposure time for
achieving heat acclimatization is at least 2 hours
per day, which may be broken into 1-hour
exposures [DOD 2003]. Some daily period of
relief from exposure to heat, in air-conditioned
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surroundings, is beneficial to the well-being
of the individuals, if for no other reason than
that they find it difficult to rest effectively in a
hot environment [Kerslake 1972 (p. 316)]. The
level of acclimatization depends on the initial
level of individual physical fitness and the total
heat stress experienced by the individual [DOD
2003]. Thus, a worker who does only light work
indoors in a hot climate will not achieve the
level of acclimatization needed to work out-
doors with the additional heat load from the
sun or to do harder physical work in the same
hot environment indoors. Increased aerobic
fitness confers at least partial acclimatization
to the heat because of the increased metabolic
heat production that occurs during exercise.
Physically fit individuals have a reduced inci-
dence of heat injury or illness during exposure
to hot environments [Tipton et al. 2008].

Failure to replace the water lost in sweat will
slow or even prevent the development of
the physiologic adaptations described. It is
important to understand that heat acclimati-
zation increases the sweating rate; therefore,
workers will have an increased water require-
ment [DOD 2003; Navy Environmental Health
Center 2007]. In spite of the fact that acclima-
tization will be reasonably well maintained for
a few days of no heat exposure, absence from
work in the heat for a week or more results
in a significant loss in beneficial adaptations.
However, heat acclimatization can usually be
regained in 2 to 3 days upon return to a hot job
[Lind and Bass 1963; Wyndham 1973]. Heat
acclimatization appears to be better maintained
by individuals who are physically fit [Pandolf et
al. 1977].

The total sweat production increases with accli-
matization, and sweating begins at a lower core
temperature [DOD 2003]. Cutaneous circula-
tion and circulatory conductance decrease with
acclimatization, reflecting the reduction in the
proportion of CO that must be allocated for
thermoregulation because of the more efficient
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sweating mechanism. Also during acclimatiza-
tion, cardiovascular stability is improved, heart
rate is lowered, stroke volume is increased, and
myocardial compliance is improved [DOD
2003]. It is clear, however, that during exercise
in heat, the production of aldosterone increases
to conserve salt from both the kidney and the
sweat glands, whereas an increase in ADH con-
serves the amount of water lost through the
kidneys. The increase in levels of aldosterone
results in a lower concentration of sodium in
the sweat and thus serves to limit sodium and
fluid loss from the plasma during exercise in
the heat [Taylor et al. 2008].

It is clear from the foregoing descriptions that
sudden seasonal shifts and sudden increases in
environmental temperature may result in ther-
moregulatory difficulties for exposed workers.
At such times, cases of heat disorder may occur,
even for acclimatized workers.

Acclimatization to work in hot, humid envi-
ronments provides adaptive benefits that also
apply in desert environments, and vice versa;
the qualifying factor appears to be the total
heat load experienced by the individual [DOD
2003]. An acclimatization plan should be
implemented at all workplaces where workers
are exposed to heat. A recent study presented
20 cases of heat-related illness or death among
workers [Arbury et al. 2014]. In most of these
cases, employers had no program to prevent
heat illness, or the program was deficient.
Acclimatization was the program element most
commonly missing and most clearly associated
with worker death.

For a summary on acclimatization, see
Table 4-1.

4.1.6 Other Related Factors

Many factors can increase a worker’s risk of
heat-related illness. Some of the factors are
environmental, such as direct sun exposure,

Occupational Exposure to Heat and Hot Environments

high temperatures, and humidity. Indoor
radiant heat sources, like ovens and furnaces,
also can increase the amount of heat in the
environment. An indoor work environment
can become a heat hazard if air conditioning is
unavailable or ventilation is insufficient [Chen
et al. 2003]. Other factors may be related to
characteristics of each individual worker or
an individual’s current status of health at the
time of exposure to heat stress in a hot environ-
ment. Heat-related illness factors are presented
in Figure 4-1.

4.1.6.1 Age

The aging process results in a more sluggish
response of the sweat glands, which leads to a
less effective control of body temperature in the
sedentary individual [Taylor et al. 2008]. Aging
also results in a decreased level of skin blood
flow associated with exposure to heat. The cause
remains undetermined, but the decrease in skin
blood flow implies an impaired thermoregula-
tory mechanism, possibly related to reduced
efficiency of the sympathetic nervous system
[Hellon and Lind 1958; Lind 1977; Drinkwater
and Horvath 1979]. For women, it has been
found that the skin temperature increases
with age in moderate and high heat loads but
not in low heat loads [Hellon and Lind 1958;
Drinkwater and Horvath 1979]. When two
groups of male coal miners of average age 47
and 27 years, respectively, worked in several
comfortable or cool environments, they showed
little difference in their responses to heat near
the REL with light work, but in hotter environ-
ments the older men showed a substantially
greater thermoregulatory strain than their
younger counterparts; the older men also
had lower aerobic work capacities [Lind et al.
1970]. In analyzing the distribution of 5 years’
accumulation of data on heat stroke in South
African gold mines, Strydom [1971] found a
marked increase in heat stroke with increasing
age of the workers. Thus, men over 40 years of
age represented less than 10% of the mining
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Table 4-1. Acclimatization in workers

Topics

Additional information

Disadvantages of
being unacclimatized

Benefits of acclimatization

Acclimatization plan

Level of acclimatization

Maintaining acclimatization

Readily show signs of heat stress when exposed to hot environments.
Difficulty replacing all of the water lost in sweat.

Failure to replace the water lost will slow or prevent acclimatization.
Increased sweating efficiency (earlier onset of sweating, greater sweat
production, and reduced electrolyte loss in sweat).

Stabilization of the circulation.

Work is performed with lower core temperature and heart rate.

Increased skin blood flow at a given core temperature.

Gradually increase exposure time in hot environmental conditions
over a period of 7 to 14 days.

For new workers, the schedule should be no more than 20% of the
usual duration of work in the hot environment on day 1 and a no more
than 20% increase on each additional day.

For workers who have had previous experience with the job, the
acclimatization regimen should be no more than 50% of the usual
duration of work in the hot environment on day 1, 60% on day 2, 80%
on day 3, and 100% on day 4.

The time required for non—physically fit individuals to develop
acclimatization is about 50% greater than for the physically fit.

Relative to the initial level of physical fitness and the total heat stress
experienced by the individual.

Can be maintained for a few days of non-heat exposure.

Absence from work in the heat for a week or more results in a
significant loss in the beneficial adaptations leading to an increased
likelihood of acute dehydration, illness, or fatigue.

Can be regained in 2 to 3 days upon return to a hot job.
Appears to be better maintained by those who are physically fit.
Seasonal shifts in temperatures may result in difficulties.

Working in hot, humid environments provides adaptive benefits that
also apply in hot, desert environments, and vice versa.

Air conditioning will not affect acclimatization.

Adapted from [Moseley 1994; Armstrong and Stoppani 2002; DOD 2003; Casa et al. 2009; ACGIH 2014; OSHA-NIOSH 2011].
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Figure 4-1. Examples of heat-related illness risk factors

population, but they accounted for 50% of the
fatal cases and 25% of the nonfatal cases of
heat stroke. The incidence of cases per 100,000
workers was 10 or more times greater for men
over 40 years than for men under 25 years of
age. In all the experimental and epidemiologic
studies described above, the workers had been
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medically examined and were considered free
of disease. Chronic hypohydration increases
with age, which may be a factor in the observed
higher incidence of fatal and nonfatal heat
stroke in the older group. The reasons for hypo-
hydration in older adults appear to be related
to a decreased thirst drive resulting in, among
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other things, a suboptimal plasma volume. A
reduced plasma volume (and most likely total
body water, given the normal transfer of fluids
between compartments) can impair thermo-
regulatory dynamics [McArdle et al. 2010a].
Another study suggests that age-related impair-
ments in heat loss may not be evident during
durations of <15 minutes of exercise; therefore,
older workers may be safe from thermal strain
and dehydration if they work for shorter inter-
vals [Wright et al. 2014].

Older people are more susceptible to the effects
of heat, and a significant fraction of those who
suffer from heat disorders are older than 60
[Kenny et al. 2010]. The age-related susceptibil-
ity to heat is multifactorial and may be related
to decreases in sweating and cutaneous blood
flow, changes in cardiovascular function, and
decreases in overall fitness [Kenney et al. 1990;
Minson et al. 1998; Inoue et al. 1999]. Decreased
sweating may be due to reduced sweat produc-
tion rather than a reduced number of sweat
glands [Inbar et al. 2004]. Thus, while acclima-
tization to heat can occur in the elderly, the rate
of acclimatization is reduced [Armstrong and
Kenney 1993; Inoue et al. 1999].

4.1.6.2 Sex

Although not all aspects of heat tolerance
in women have been fully examined, their
thermoregulatory capacities have been. An
average-sized woman has a lower aerobic
capacity than an average-sized man. When they
work at similar proportions of their O,max,
women perform either similarly or only slightly
less well than men [Drinkwater et al. 1976;
Avellini et al. 1980a; Avellini et al. 1980b; Frye
and Kamon 1981].

A study examining sweat electrolyte loss during
exercise in the heat found that sweat concentra-
tions of Na* and CIl" in men were higher than
in women [Meyer et al. 1992]. The study was
unable to explain why there appeared to be a
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difference between the sexes, although sweating
rate and the effects of hormonal variations may
play a part.

A recent study investigated whether there was
an effect of sex on whole-body sudometer (a
device to measure total sweat loss from the
individual) activity during exercise in the heat
[Gagnon and Kenny 2011]. Gagnon and Kenny
found that females have a lower whole-body
sweat response during exercise in the heat,
which results in a greater increase in body tem-
perature. The study concludes that the “results
were not due to differences in physical charac-
teri