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ABSTRACT
Population aging and global warming generate important public health risks, as older adults have
increased susceptibility to heat stress (SHS). We defined and validated sex-specific screening criteria
for SHS during work and leisure activities in hot environments in individuals aged 31–70 years using
age, anthropometry, and cardiorespiratory fitness. A total of 123 males and 44 females [44 § 14
years; 22.9 § 7.4% body fat; 40.3 § 8.6 peak oxygen uptake (mlO2/kg/min)] participated, separated
into the Analysis (n D 111) and Validation (n D 56) groups. Within these groups, participants were
categorized into YOUNG (19–30 years; n D 47) and OLDER (31–70 years; n D 120). All participants
performed exercise in the heat inside a direct calorimeter. Screening criteria for OLDER participants
were defined from the Analysis group and were cross-validated in the Validation group. Results
showed that 30% of OLDER individuals in the Analysis group were screened as SHS positive. A total
of 274 statistically valid (p < 0.05) criteria were identified suggesting that OLDER participants were
at risk for SHS when demonstrating two or more of the following (males/females): age � 53.0/55.8
years; body mass index �29.5/25.7 kg/m2; body fat percentage � 28.8/34.9; body surface area �2.0/
1.7 m2; peak oxygen uptake �48.3/41.4 mlO2/kg fat free mass/min. In the Validation group,
McNemar x2 comparisons confirmed acceptable validity for the developed criteria. We conclude
that the developed criteria can effectively screen individuals 31–70 years who are at risk for SHS
during work and leisure activities in hot environments and can provide simple and effective means
to mitigate the public health risks caused by heat exposure.
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Introduction

Rising environmental temperatures represent a major
threat to public health and industrial competitive-
ness.1 The World Health Organization estimates that
heat exposure will cause 38,000 and >100,000 addi-
tional deaths per year during the 2030s and the 2050s,
respectively.2 Moreover, more than half (56%) of the
estimated total economic cost due to climate change
in 2030 is expected to be due to heat exposure within
the workplace leading to reduced work capacity and
productivity.3 To address this growing public health
issue, experts2,4 have urged the development of criteria
to identify and, ultimately, protect individuals who are
less tolerant of acute exposures to heat stress during
work or leisure activities. This is particularly impor-
tant for those who are still part of the workforce and,

thus, are physically active during periods of increased
ambient heat.

Over the last 100 years, more than 160 heat stress
indices have been proposed,5 the majority of which
consider meteorological factors (e.g., temperature,
humidity, wind, solar radiation) and elements of the
physical environment that can be measured with
instruments. Unfortunately, the efficacy of these indi-
ces for the management of heat strain imposed upon
individuals during work or leisure activities is lim-
ited.6-11 Indeed, the fact that heat injuries can occur in
a wide range of air temperatures (26–49 �C) and
water-vapour pressures (0.8–3.5 kPa, corresponding
to 10–100% relative humidity) has been recognized
since the early studies aiming to develop heat stress
indices.12-14 While these analyses showed that heat
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injuries were more prevalent in unfit, obese, and unac-
climatised individuals, the heat stress indices did not
consider these attributes in the guidelines that were
developed.6 To date, while some indices do consider
human factors (e.g., activity level, clothing, posture),5

this aspect has received much less attention. More
importantly, additional intrinsic factors for heat injury
prevention that are known to increase an individual’s
susceptibility to heat stress (SHS) – such as sex,15

age,16 body composition,17 and cardiorespiratory fit-
ness18 – have not been considered. The aim of the
present study was to define and validate sex-specific
screening criteria for SHS during work and leisure
activities in hot environments in individuals aged 31–
70 years using age, anthropometry, and cardiorespira-
tory fitness.

Materials and methods

Study setting and participants

The study was conducted according to the principles
expressed in the Declaration of Helsinki and was
approved by the University of Ottawa Health Sciences
and Science Research Ethics Board. Exclusion criteria
included age (<18 or >70 years) and history of smok-
ing, hypertension, heart disease, diabetes, or auto-
nomic/thyroid disorders. Participants were informed
of all experimental procedures and associated risks
before providing written consent. The minimum
required sample size was determined using data from
previous studies16,19 where whole-body and local ther-
mal responses of males and females of different ages
were recorded during intermittent exercise in the heat.
Sample size calculations were conducted using
G�Power 3.0.20 The asymptotic relative efficiency
method of the “Wilcoxon signed-rank test” was used
to calculate the power of the within effect. A two-
tailed test was selected. Statistical power and a error
probability were set to 0.95 and 0.05, respectively. The
minimum required sample size was determined by
calculating the effect size d. Using the aforementioned
published data,16,19 the resulting minimum required
sample size was 14 participants. Given that our study
involved not only comparisons among age- and sex-
specific age groups but – primarily – the development
of screening criteria for age, anthropometry, and car-
diorespiratory fitness using Receiver Operating Char-
acteristic (ROC) curves, we recruited a larger sample
of participants.

A total of 203 volunteers (151 males; 52 females)
were screened for this study, of whom 32 (»19%)
were excluded or lost to follow-up. Thus, a total of
171 individuals (127 males; 44 females) participated
from the general community (recruited via posters
and word of mouth). A 3-month physical activity
recall questionnaire21 revealed that participants were
habitually active (average 3–4 days of structured exer-
cise for 30–60 min daily). All females aged �40 years
were pre-menopausal, were not taking any medica-
tions except, in one case, monophasic oral contracep-
tives (30–35 mg of ethinyl estrogen and low dose
progestin for 21 days and placebo for 7 days), and
were tested in the early to mid-follicular phase. Five of
the females aged >40 years were perimenopausal,
while all others were postmenopausal with two being
on hormone replacement therapy.

Data collection was conducted between February
2011 and April 2014 at the University of Ottawa. To
eliminate the effects of time of year on the results, half
of the measurements were performed during the cold
part of the year (November-March) and the remaining
half of the measurements were performed during the
warm part of the year (April-September). Participants
were distributed, in a simple randomization order,22

to the Analysis group (87 males; 24 females) and the
Validation group (40 males; 20 females).

Experimental design

During a preliminary session, participants received an
orientation to the instrumentation and experimental
protocol(s), and subsequently completed body compo-
sition and fitness assessments. For each experiment,
participants arrived at the laboratory in the morning
after eating a light meal and having minimized expo-
sure to thermal stimuli. They were instructed to
refrain from intense exercise (i.e., causing them to
sweat) as well as alcohol and caffeine consumption for
24 hours before the experiment. To ensure euhydra-
tion, participants were instructed to drink »500 mL
of water going to bed, in the morning of each experi-
ment, and within 2 hours of the start of the experi-
ment. No fluid was ingested during the experiment.
Pre-experimental session urine specific gravity was
determined in duplicate to ensure euhydration using a
handheld total solids refractometer (model TS400,
Reichter Inc., Depew, NY, USA). Participant hydra-
tion level, based on urine specific gravity
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measurements, was determined and classified as either
euhydrated (< 1.020) or dehydrated (� 1.020).23 The
experiment commenced only if a participant was
deemed as euhydrated, according to these guidelines.
Clothing was standardized to running shorts and san-
dals with a sports bra for women.

Experiments were conducted in the Snellen whole-
body direct calorimeter24 using intermittent physical
activity protocols that followed occupational guide-
lines for moderate-to-high intensity work25 and work-
loads representative of daily living (e.g., mowing lawn,
drilling hardwood, low impact aerobics dancing)26,27

and work-related (e.g., mining, electrical utilities)28

activities.
All 111 participants of the Analysis group under-

went a 2.5-hour experiment in hot-dry conditions
(35�C; 20% relative humidity). On a separate day
(order determined via simple randomization),22 87 of
these participants (70 males, 17 females) completed
the same experiment in hot-humid conditions (35�C;
60% relative humidity). In both cases, after resting in
an upright semi-recumbent position for a 30-min
baseline period, participants performed four 15-min
bouts of semi-recumbent cycling at a constant rate of
metabolic heat production equal to 400 W (males) or
300 W (females), each separated by 15-min of inactive
rest. All 60 participants of the Validation group
underwent a 1-hour experiment in hot-dry conditions
(40�C; 15% relative humidity). Following a 30-min
baseline period, they performed 30-min of cycling in a
semi-recumbent position at a constant rate of meta-
bolic heat production equal to 300 W (males) or
250 W (females).

Screening variables

Age and anthropometry
Age, accurate to 0.5 years, was recorded. Body height,
accurate to 1 cm, was determined using a stadiometer
(Detecto, model 2391, Webb City, MO, USA), while
body mass, accurate to 0.1 kg, was measured using a
digital high-performance weighing terminal (model
CBU150X, Mettler Toledo Inc., Mississauga, ON,
CAN). Body surface area was subsequently calculated
from the measurements of body height and mass
according to DuBois and DuBois.29 Body density was
measured using the hydrostatic weighing technique,
and results were used to calculate body fat percentage
(accurate to 0.1%) using the Siri equation.30

Cardiorespiratory fitness
Peak oxygen uptake [ _VO2peak, expressed as absolute
values (in L¢min¡1), relative to body weight
(in mlO2¢kg¡1¢min¡1), and relative to fat free mass
(in mlO2¢kg¡1¢min¡1)] was measured on a semi-recum-
bent cycle ergometer (Corival, Lode B.V., Groningen,
Netherlands) during a progressive incremental exercise
protocol31 which consisted of a 2-min warm-up at
40 W followed by 20 W increments every minute until
the participant could no longer maintain a pedalling
cadence of at least 60 rev¢min¡1. For participants aged
>50 years, a continuous 12-lead ECG (Pulse Biomedical
Inc., Norristown, PA, USA) was monitored throughout
the graded exercise test by a qualified technician to
detect any abnormalities in heart activity.

Thermoregulatory variables

A comprehensive32,33 approach was used to quantify
participants’ susceptibility to heat stress (SHS). During
each experiment, standardized procedures were used
to monitor several thermoregulatory variables
grouped in the following three categories:

￭& whole-body thermal responses (rate of whole-
body evaporative heat loss, whole-body dry
heat exchange, total heat loss, change in body
heat content, and whole-body sweat rate)
assessed by whole-body direct calorimetry24;

￭& local thermal responses (rectal/visceral/mean
skin temperatures, local sweat rate on the upper
back, and the physiological heat strain index);

￭& perceived strain (rating of perceived exer-
tion,34 thermal comfort and thermal sensa-
tion,35 and the perceptual heat strain index36)
at the end of each exercise bout of the
experiment.

Whole body thermal responses
The rates of whole body evaporative heat loss, whole-
body sweat rate, and dry heat exchange were measured
using the whole-body direct calorimetry technique in
the modified Snellen air calorimeter. The measure-
ments of evaporative and dry heat exchange were sub-
tracted from concurrent measures of indirect
calorimetry to calculate the change in body heat con-
tent as detailed previously.37 These variables were
assessed separately for the entire duration of the
experiment as well as for each separate exercise bout.
The reader is referred to a full technical description of
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the fundamental principles and performance charac-
teristics of the Snellen calorimeter.24 In summary,
direct calorimetry continuously measured whole-body
evaporative heat loss and dry heat exchange (radia-
tion, conduction, convection), yielding an accuracy of
§ 2.3 W for the measurement of whole-body heat
loss. Given that a fundamental characteristic of direct
calorimetry is to ensure complete evaporation of the
sweat produced, whole-body sweat rate (in g∙min¡1)
was calculated as: evaporative heat loss (in W) multi-
plied by 60 s and divided by the latent heat of vapor-
isation of sweat at 30�C (2426 J . gsweat¡1). Metabolic
heat production was measured via indirect calorimetry
using electrochemical gas analyzers (AMETEK model
S-3A/1 and CD 3A, Applied Electrochemistry, Pitts-
burgh, PA, USA) located outside of the calorimeter
which were used to determine the concentration of
expired O2 and CO2 during each experimental session
and subsequently the respiratory exchange ratio.
Using the energy equivalent for the full oxidation of
carbohydrates (19.63 kJ per L of O2 consumed) and
fats (21.13 kJ per L of O2 consumed), metabolic heat
production can be subsequently calculated.37 To
account for respiratory heat exchange, expired air was
recycled back into the calorimeter. The change in
body heat storage was subsequently calculated by sub-
tracting the total amount of heat produced and heat
dissipated over the experimental protocol.

Local thermal responses
Given the known limitations of single-point core tem-
perature measurements,33 core temperature was mea-
sured in the rectum, the esophagus, and in the visceral
organs. Rectal temperature was measured by inserting
a thermocouple probe (Mon-a-therm General Purpose
Temperature Probe, Mallinckrodt Medical, St. Louis,
MO) to a minimum of 12 cm past the anal sphincter.
The same type of temperature probe was inserted
»40 cm past the nostril and into the esophagus for
the measurement of esophageal temperature. Visceral
temperature was measured using a telemetric pill
(VitalSense, Mini Mitter Company Inc., USA) which
moves freely and unobstructed through the digestive
tract and is typically eliminated within 48 hours of
ingestion. Skin temperature was measured at four sites
using 0.3-mm diameter T-type thermocouples (Con-
cept Engineering, Old Saybrook, CT, USA) attached
to the skin with surgical tape. Mean skin temperature
was subsequently calculated using the four skin

temperatures weighted to the following regional pro-
portions: upper back, 30%; chest, 30%; quadriceps,
20%; and back calf, 20%. All temperature data were
collected continuously using a HP Agilent data acqui-
sition module (model no. 3497A) at a sampling rate of
15 sec and simultaneously displayed and recorded in
spreadsheet format on a personal computer with Lab-
VIEW software (version 7.0; National Instruments
Corp., Austin, TX, USA). Average values for the base-
line period as well as each exercise bout were calcu-
lated and used for analysis.

Heart rate was recorded continuously using a Polar
coded WearLink and transmitter, Polar RS400 inter-
face, and Polar ProTrainer 5 software (Polar Electro
Oy, Kempele, Finland). The physiological heat strain
index (PSI) was calculated from the measurements of
core temperature and heart rate using the following
equation38:

PSI D 5� Tct ¡Tc0

39:5¡Tc0
C 5�HRt ¡HRmax

180¡HR0

where TCt is the core temperature recorded at a given
time point, TC0 is the core temperature recorded at
baseline, HRt is the heart rate recorded at a given time
point and HR0 is the heart rate recorded at baseline.

The ventilated capsule technique was employed
to measure local sweat rate. Sweat production on
the upper back was measured from a plastic capsule
attached to the skin with adhesive rings and topical
skin glue (Collodion HV, Mavidon Medical Prod-
ucts, Lake Worth, FL, USA). Anhydrous com-
pressed air was passed through each capsule at a
rate of 1 L¢min¡1. Water content of the effluent air
was measured using high-precision dew point mir-
rors (model 473; RH Systems, Albuquerque, NM,
USA). Subsequently, local sweat rate was deter-
mined by calculating the difference in water content
between effluent and influent air multiplied by the
flow rate and normalized for the skin surface area
under the capsule (mg¢min¡1¢cm¡2). Average values
for each exercise bout were calculated and used for
analysis.

Perceived strain
The rating of perceived exertion was assessed with a
standardized scale (6 D no exertion at all, and
20 D maximal exertion)34 at the end of each exercise
bout. Thermal comfort was measured using the
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American Society of Heating, Refrigerating and Air
Conditioning Engineers 7-point scale (0 D neutral
and 7 D extremely hot) at the end of each exercise and
recovery period.39 Thermal sensation was measured
using a previously described scale.35 The perceptual
heat strain index (PeSI) was calculated from the meas-
urements of thermal sensation and perceived exertion
using the following equation36:

PeSI D 5�TSt¡ 7
6

C 5�RPEt
10

where TSt is the thermal sensation recorded at a given
time point and RPEt is the rating of perceived exertion
recorded at a given time point.

Data analysis to develop screening criteria for SHS

Definition of SHS limits in the analysis group
As SHS and heat-stress mortality develop progres-
sively during the 4th decade of life,40-42 participants
were divided into YOUNG (19–30 years; 47 indi-
viduals) and OLDER (31–70 years; 118 individuals)
during the data analysis. Data from the YOUNG
participants were used to define the limits of SHS
using the following logic: mortality during intense
heat is typically increased by 15% in young adults
aged �30 years.42,43 In this light, the value at the
16th percentile (i.e., one standard deviation beyond
the mean value) of the YOUNG individuals was
used as a demarcation point signifying SHS for
each thermoregulatory variable. Consequently,
OLDER individuals were defined as SHS positive
(SHSC) when their results were below the
demarcation point in the following heat dissipation
parameters: evaporative/dry/total heat loss, and
local/whole-body sweat rate. Similarly, OLDER
individuals were defined as SHSC when their
results were above the demarcation point in the
following heat dissipation parameters: heat storage,
core/skin temperatures, physiological strain index,
and perceived strain. This procedure enabled label-
ling OLDER individuals based on whether their
capacity to dissipate heat was within (SHS-) or not
(SHSC) the “optimum” 84% (given the above-men-
tioned 16th percentile criterion) of the YOUNG
group’s variance in terms of whole-body thermal
responses, local thermal responses, and perceived
strain. It is important to note that each thermoreg-
ulatory variable was evaluated individually.

Consequently, an individual could be labelled as
SHS- based on one thermoregulatory variable (e.g.,
rectal temperature) and SHSC based on another
thermoregulatory variable (e.g., PeSI). The process
used to select robust screening criteria from this
labelling is described in the following section.

Selection of screening criteria for SHS in the analysis
group
Data from the hot-dry and the hot-humid experi-
ments were merged and analysed together to maxi-
mize accuracy (by increasing data pool) and
practicality (by generating a single criterion per
thermoregulatory variable). In order to select
screening criteria for SHS, it was necessary to first
confirm whether OLDER individuals, indeed, dem-
onstrate a reduced capacity to dissipate heat. This
was assessed by two-way repeated measures analy-
sis of variance with age group (YOUNG, OLDER)
and sex (males, females) used as factors to investi-
gate the changes across time (baseline and exercise
bouts 1, 2, 3, and 4) for total heat loss, whole-body
sweat rate, and rectal temperature. Post hoc inde-
pendent samples t-tests were used for pairwise
comparisons between age and sex groups. Thereaf-
ter, it was necessary to confirm whether SHSC
individuals demonstrated a reduced capacity to dis-
sipate heat. This was assessed via univariate analy-
sis of variance with SHS status (SHSC, SHS-) and
sex (males, females) used as factors to investigate
the changes across time (baseline and exercise
bouts 1, 2, 3, and 4) in total heat loss, whole-body
sweat rate, and rectal temperature. Post hoc inde-
pendent samples t-tests were used for pairwise
comparisons between age and sex groups.

The following approach was adopted to select
screening criteria that are robust enough to accurately
identify individuals who are at risk of SHS, without
falsely restricting people’s ability to work or perform
leisure activities in hot environments. All screening
diagnostics were conducted in OLDER participants
(the YOUNG were only used to define the SHS
demarcation point, as described in the previous sub-
section). Chi-square tests were used to compare preva-
lence rates of SHSC in males and females. Having
labelled individuals as SHSC and SHS- based on each
thermoregulatory variable (see previous section), ROC
curve analysis was used to detect screening criteria
identifying SHSC for the following screening
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variables: age, BMI, height, weight, body surface area,
body fat percentage, and _VO2peak. Separate ROC curve
analyses in males and females for each thermoregula-
tory variable were computed for the baseline period
and for each exercise bout of the experiment. Cohen’s
Kappa statistic was used to evaluate the agreement
between each screening result and the individual’s
true SHS status.

Once all statistically significant criteria were identi-
fied, mean values were computed for each thermoregu-
latory category: whole-body thermal responses, local
thermal responses, and perceived strain. Based on pre-
vious guidelines,44 the screening criteria demonstrating
the highest diagnostic odds ratio (DOR) were selected
for further analysis. For the _VO2peak, only the highest-
DOR format [either absolute values (in L¢min¡1), or rel-
ative to body weight values (in mlO2¢kg¡1¢min¡1), or
relative to fat free mass values (in mlO2¢kg¡1¢min¡1)]
was used to select a screening criterion to avoid redun-
dancy. The DOR indicates how much an individual is
more likely to be disease-positive if the test is positive,
compared to cases where the test is negative (e.g., DOR
of 2 means that the chance that the positive event occurs
is twice higher if the test is positive than if it is negative).
The DOR has been recommended as a single indicator
of diagnostic performance, as it is closely linked to sen-
sitivity and specificity, it enables formal meta-analysis,
and it is derived from logistic models that allow correct-
ing for heterogeneity between study characteristics (e.g.,
cohort vs. case-control).44 Once a single criterion was
selected for each screening variable (i.e., age, BMI,
height, weight, body surface area, body fat percentage,
and _VO2peak), the true SHS prevalence (i.e., the one
determined based on the thermoregulatory variables)
was used as a guide to determine how many positive
screening variables would be needed to bestow a SHSC
diagnosis.

Cross-validation of screening criteria for SHS
Data from the Validation group were used to cross-val-
idate the selected criteria. Once again, the YOUNG
participants in this group were used to define the SHS
demarcation point for body heat storage, total heat
loss, esophageal temperature, the PHSI, and the rating
of perceived exertion, as described above. Thereafter,
OLDER individuals in the Validation group were
labelled as SHSC or SHS- for each of these thermoreg-
ulatory variables based on whether their results were
within the limits of SHS. Additionally, OLDER individ-
uals were labelled as SHSC or SHS- based on the
selected criteria (see previous section) for age, BMI,
height, weight, body surface area, body fat percentage,
and _VO2peak. Cohen’s Kappa statistic and McNemar x2

tests assessed whether the age/anthropometry/fitness
screening criteria resulted in the same proportion of
SHSC and SHS- OLDER individuals as measured via
the thermoreguatory variables.

Statistics properties
The level of statistical significance for all analyses was
set at p � 0.05. The ROC curve analyses and the asso-
ciated Kappa statistics and p values were computed
using FAME Lab Statistics V1 (www.famelab.gr/
research/downloads), while all other analyses were
conducted using SPSS 21 (IBM, Armonk, NY, USA)
statistics software.

Results

Participant characteristics appear in Table 1. No dif-
ferences in age, height, weight, body surface area,
body fat percentage, and peak oxygen uptake were
detected between the Analysis and Validation groups
(effect sizes ranging from 0.04 to 0.13).

Table 1. Participant characteristics [mean § SD and range (in brackets)] and participant age distribution [sample size and percentage
(in brackets)] in the two study groups.

Analysis group Validation group Entire sample

Age (years) 44.5 § 3.3 [19–70] 43.7 § 17.1 [19–68] 44.2 § 14.7 [19–70]

Body mass index (kg¢m¡2) 26.6 § 3.8 [18.8–38.6] 24.4 § 2.8 [19.3–32.0] 25.8 § 3.6 [18.8–38.6]

Body surface area (m2) 1.98 § 0.2 [1.55–2.55] 1.89 § 0.2 [1.54–2.27] 1.95 § 0.2 [1.54–2.55]

Body fat (%) 23.9 § 7.7 [6.9–46.6] 22.7 § 6.2 [9.9–34.7] 22.8 § 7.3 [6.9–46.6]

Peak O2 uptake (mlO2¢kg¡1¢min¡1) 39.1 § 8.2 [23.2–67.6] 42.5 § 8.6 [25.9–67.3] 40.3 § 8.5 [23.2–67.6]

Participant age distribution (n)
19–30 years 27 [24.3%] 20 [33.3%] 47 [27.5%]
31–40 years 6 [5.4%] 1 [1.7%] 7 [4.1%]
41–50 years 38 [34.2] 15 [25.0%] 53 [31.0%]
51–60 years 29 [26.1] 11 [18.3%] 40 [23.4%]
61–70 years 11 [9.9%] 13 [21.7%] 24 [14.0]

TEMPERATURE 91

http://www.famelab.gr/research/downloads
http://www.famelab.gr/research/downloads


Effects of age and sex

In the Analysis group, OLDER individuals demon-
strated a reduced capacity to dissipate heat
compared with YOUNG adults (Fig. 1). Specifically,
while all variables in each group increased across
time (main effect of time; F(9, 2277) D 25.68;
p < 0.001), OLDER individuals (main effect of age
group; F(3, 757) D 27.98; p < 0.001) and females
(main effect of sex; F(3, 757) D 214.35; p < 0.001)
demonstrated significantly reduced total heat loss
and whole-body sweat rate as well as increased rec-
tal temperature (all p < 0.005). Additionally, an
interaction effect of age group�sex was detected on
total heat loss whereby the difference between
YOUNG and OLDER participants was more evi-
dent in males compared to females (p D 0.034).

SHS in the analysis group

As expected, both YOUNG and OLDER individuals
identified as “susceptible to heat stress” (SHSC) had a
reduced capacity to dissipate heat [Fig. 2; 25 out of 30
comparisons indicated significant differences (p <

0.05)]. Specifically, although variables in YOUNG and
OLDER participants labelled as SHSC increased

across time (main effect of time p < 0.001), values of
total heat loss and whole-body sweat rate were signifi-
cantly reduced, while rectal temperature was signifi-
cantly increased (all p < 0.001) in SHSC individuals
compared to those labelled as “not susceptible to heat
stress” (SHS-).

Overall, 30% (95% confidence interval: 24–36%) of
OLDER individuals were identified as SHSC (Table 2).
Whole-body thermal responses were the most restric-
tive heat dissipation parameters reporting the highest
SHSC prevalence, while local thermal responses were
the least restrictive group of heat dissipation parame-
ters reporting the lowest number of SHSC individuals
(p < 0.05).

Selection of screening criteria for SHS

A total of 274 statistically valid (p < 0.05) screening cri-
teria for SHS were identified via ROC curves in the
Analysis group, demonstrating sensitivity, specificity,
and DOR equal to 0.75 § 0.09, 0.69 § 0.12, and 7.99 §
8.49, respectively (mean § 95% confidence interval).
Detailed results for each individual criterion are pro-
vided in an Online Supplement. Mean results for the
statistically significant screening criteria that were finally

Figure 1. Selected whole-body and local thermal responses in YOUNG and OLDER males and females of the Analysis group during the
experiment. Figure note: YOUNG D individuals aged 19–30 years; OLDER D individuals aged 31–70 years; EX D exercise bout; � D sta-
tistically significant difference from OLDER participants of the same sex within the same time period (p < 0.05); y D statistically signifi-
cant difference from the females of the same age group within the same time period (p < 0.05).
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retained based on the DOR appear in Tables 3 (males)
and 4 (females), and were as follows (males/females):

i) age �53.0/55.8 years;
ii) body mass index �29.5/25.7 kg¢m¡2;
iii) body fat �28.8/34.9 percentage;
iv) body surface area �2.0/1.7 m2;
v) peak oxygen uptake �48.3/41.4 mlO2 ¢ fat free

kg¡1 ¢min¡1.
Summarized results for all statistically significant

screening criteria within each thermoregulatory cate-
gory (whole-body thermal responses, local thermal
responses, and perceived strain) appear in an Online
Supplement. The proportion of OLDER individuals in

the Analysis group testing positive in one, two, three,
or four of these criteria was: 0.40 § 0.08, 0.28 § 0.07,
0.06 § 0.04, and 0.05§ 0.04 (prevalence§ 95% confi-
dence interval). There was no participant who tested
positive in all five screening criteria. Given the above-
mentioned overall true SHSC prevalence (i.e., the one
determined based on the thermoregulatory variables)
of 0.30 § 0.06, it was determined that two positive
screening variables would be needed to bestow a
SHSC diagnosis. Based on these criteria, healthy indi-
viduals aged 31–70 years are at increased risk for SHS
if they test positive in two or more of the aforemen-
tioned criteria.

Figure 2. Selected whole-body and local thermal responses in YOUNG and OLDER participants of the Analysis group at high (SHSC) and
low (SHS-) risk for susceptibility to heat stress. Figure note: YOUNG D individuals aged 19–30 years; OLDER D individuals aged 31–70
years; EX D exercise bout; SHSC D positive screening for susceptibility to heat stress; SHS- D negative screening for susceptibility to
heat stress; � D statistically significant difference from SHSC of the same age group within the same time period (p<0.05); y D statisti-
cally significant difference from OLDER participants of the same SHS group within the same time period (p<0.05).

Table 2. Prevalence rates (§95% confidence interval) for SHSC in OLDER participants of the Analysis group across each group of heat
dissipation parameters.

Overall Whole-body thermal responses Local thermal responses Perceived strain

Entire sample 0.30 § 0.06yz 0.44§ 0.07z 0.15§ 0.05y 0.31 § 0.07yz
Males 0.28§ 0.04yz 0.46§ 0.04z 0.14§ 0.03y 0.26 § 0.04�yz
Females 0.32§ 0.09yz 0.42§ 0.09z 0.16§ 0.08y 0.35 § 0.10yz

Note: � D significantly decreased (p < 0.05) compared to females.
yD significantly decreased (p < 0.05) compared to whole-body thermal responses.
z D significantly increased (p < 0.05) compared to local thermal responses.
Key: The variables included in each group of heat dissipation parameters are listed in the Methods section. SHSC D positive screening for susceptibility to heat
stress; OLDER D individuals aged 31–70 years.
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Cross-validation of SHS screening criteria

In the independent subgroup of individuals used to
cross-validate the developed SHS screening criteria
(i.e., the Validation group), all Cohen’s Kappa statistic
comparisons demonstrated significant agreement
between the proportion of OLDER individuals
screened as SHSC by the developed criteria and those
measured as SHSC by the measured thermoregulatory
variables during the experiment (p < 0.05; Table 5).
The same was indicated by the McNemar x2 compari-
sons which showed that the two marginal probabilities
(the one from the screening criteria and the one from
the measured thermoregulatory variables) were simi-
lar (p>0.05). The prevalence of SHSC in the OLDER
adults of the Validation group using the screening cri-
teria was 0.48, while the prevalence of SHSC using the
thermoregulatory variables measured during the
experiment was 0.55. Overall, the sensitivity, specific-
ity, and DOR of the developed screening criteria were
0.72 § 0.07, 0.73 § 0.05, and 7.51 § 2.53 (mean §
SD) when applied to this independent subgroup of
OLDER adults.

Discussion

Susceptibility to heat stress (SHS) impacts the ability
of individuals to perform their daily leisure and work-
related activities.2,4,28,45,46 This is particularly evident
in older individuals who have a reduced capacity to
dissipate heat and are, thus, predisposed to heat-
induced pathologies (i.e., heat cramps, heat exhaus-
tion, and heat stroke).2,47–49 In this observational
study, we adopted a comprehensive32,33 approach
aimed at detecting heat stress, by assessing a number
of thermoregulatory variables covering whole-body
thermal responses, local thermal responses, and indi-
ces of perceived strain. Thereafter, we identified and
validated sex-specific simple and practical screening
criteria for SHS during work and leisure activities in
hot environments in individuals aged 31–70 years. A
total of five screening criteria were developed from
simple information derived from age, anthropometry,
and cardiorespiratory fitness. Our results demonstrate
that men and women aged 31–70 years who test posi-
tive in two or more of these screening criteria have a
higher risk for being unable to dissipate a sufficient

Table 3. Summarized ROC curve results for the statistically significant (p < 0.05) SHSC screening criteria that were finally retained in
the males of the Analysis group.

Screening variable # Screening criterion
Mean

SE § CI95%
Mean

SP § CI95%
Mean

PPV § CI95%
Mean

NPV § CI95%
Mean

LLR§ CI95% Mean Kappa(p) Mean DOR

Age (years) 7 53.0 0.73 § 0.07 0.65 § 0.09 0.23§ 0.07 0.90 § 0.04 2.09 § 0.84 0.15(0.04) 3.71
BMI (kg¢m¡2) 2 29.5 0.90 § 0.04 0.72 § 0.09 0.10§ 0.06 0.99 § 0.01 3.54 § 0.82 0.12(0.03) 7.41
Body fat (%) 1 28.8 0.55 § 0.09 0.75 § 0.08 0.17§ 0.07 0.94 § 0.04 2.14 § 0.77 0.15(0.04) 3.57
BSA (m2) 12 2.0 0.69 § 0.08 0.72 § 0.08 0.27§ 0.08 0.93 § 0.04 2.55 § 0.79 0.23(0.01) 7.42
VO2peakF (mlO2¢kg¡1¢min¡1) 5 48.3 0.77 § 0.08 0.66 § 0.09 0.28§ 0.08 0.92 § 0.04 2.27 § 0.85 0.22(0.01) 9.45

Note: Summarized ROC curve results for the identified statistically significant (p < 0.05) SHSC screening criteria using whole-body thermal responses, local ther-
mal responses, and perceived strain responses appear in an Online Supplement.

Key: ROCD receiver operating characteristics; # D number of identified statistically significant (p < 0.05) screening criteria; Screening criterion D mean cutoff
value based on all #; SE D sensitivity; CI95% D 95% confidence interval; SP D specificity; PPVD positive predicted value; NPVD negative predicted value; LLRD
positive likelihood ratio; Kappa(p) D Cohen’s Kappa statistic with associated p value; DOR D diagnostic odds ratio; BMI D body mass index; BSA D body surface
area; VO2peakF D peak oxygen uptake (VO2peak) relative to fat free mass.

Table 4. Summarized ROC curve results for the statistically significant (p < 0.05) SHSC screening criteria that were finally retained in
the females of the Analysis group.

Screening variable # Screening criterion
Mean

SE § CI95%
Mean

SP § CI95%
Mean

PPV § CI95%
Mean

NPV § CI95%
Mean

LLR § CI95% Mean Kappa(p) Mean DOR

Age (years) 9 55.8 0.80 § 0.12 0.82 § 0.16 0.57 § 0.21 0.92 § 0.08 5.40 § 1.11 0.50(0.02) 17.55
BMI (kg¢m¡2) 6 25.7 0.97 § 0.03 0.71 § 0.21 0.38 § 0.22 0.99 § 0.02 3.37 § 1.26 0.41(0.04) 9.85
Body fat (%) 6 34.9 0.95 § 0.04 0.83 § 0.17 0.39 § 0.21 0.99 § 0.02 5.61 § 1.14 0.46(0.03) 13.18
BSA (m2) 7 1.7 0.91 § 0.08 0.85 § 0.16 0.61 § 0.21 0.97 § 0.05 6.30 § 1.10 0.62(0.01) 32.01
VO2peakF (ml O2¢kg¡1¢min¡1) 6 41.4 0.84 § 0.11 0.81 § 0.16 0.55 § 0.21 0.95 § 0.07 7.77 § 1.08 0.52(0.03) 23.59

Note: Summarized ROC curve results for the identified statistically significant (p < 0.05) SHSC screening criteria using whole-body thermal responses, local ther-
mal responses, and perceived strain responses appear in an Online Supplement.

Key: ROCD receiver operating characteristics; # D number of identified statistically significant (p < 0.05) screening criteria; Screening criterion D mean cutoff
value based on all #; SE D sensitivity; CI95% D 95% confidence interval; SP D specificity; PPVD positive predicted value; NPVD negative predicted value; LLRD
positive likelihood ratio; Kappa(p) D Cohen’s Kappa statistic with associated p value; DOR D diagnostic odds ratio; BMI D body mass index; BSA D body surface
area; VO2peakF D peak oxygen uptake (VO2peak) relative to fat free mass.
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amount of heat to avert marked increases in thermal
strain and, therefore, are more likely to succumb to
heat-related injuries.

We found that 30% (95% confidence interval:
24–36%) of healthy individuals aged 31–70 years are at
risk for SHS. Although our measurements refer to
acute heat stress, it is interesting to note that this mir-
rors epidemiological data for morbidity and mortality
during extreme heat events.42,43 The array of indicators
[age, sex, anthropometry (i.e., body composition), and
cardiorespiratory fitness] used in our study have been
very well studied and rigorously identified as risk fac-
tors for SHS5,15-18 as well as morbidity and mortality
during extreme heat events.6,42,43,50,51 In this study, we
used these same risk factors in a more controlled envi-
ronment and showed, for the first time, that they can
be used to reliably detect SHS. Therefore, implement-
ing the proposed screening criteria may help protect a
significant proportion of the population, as the success
of previously-developed safety criteria for the manage-
ment of heat strain imposed upon individuals during
work or leisure activities is limited.6-11 This may be due
to the requirements of previous criteria for sophisti-
cated measurements and/or calculations that are also
associated with high costs, requirements for advanced
knowledge and training, and need for continuous mon-
itoring. In sharp contrast, the current screening criteria
are based on simple metrics. Moreover, the current
analysis used the largest dataset ever collected to create
screening criteria for work and leisure in hot environ-
ments and validated the developed criteria in an inde-
pendent sample of individuals. Taken together with the
high sensitivity and specificity, the developed screening
criteria are the first to combine accuracy and validity
with feasibility of implementation.

In determining the optimal level for each criterion,
we selected a score that retained a low frequency of

false-positive and false-negative rates because SHSC is
a serious health threat, but it usually does not require
immediate medical attention. Therefore, our screening
criteria are robust enough to accurately identify indi-
viduals who are at risk of SHS, without falsely restrict-
ing people’s ability to work or perform leisure
activities in hot environments. For example, the SHS
prevalence rate suggests that any population of 200
equally distributed healthy men and women aged
31–70 years includes 60 people who are at risk for
SHS. The average sensitivity and specificity obtained
in the Analysis group indicate that the developed cri-
teria would correctly identify 45 of these SHSC indi-
viduals. These individuals would be referred to a
health/occupational specialist for further assessment
and education regarding prevention and management
strategies. These results demonstrate that implement-
ing the developed screening criteria has a high poten-
tial to drastically reduce heat-related morbidity and
mortality. It is important to note, however, that 43
SHS- individuals in the aforementioned example
would be misdiagnosed (i.e., false-positives: deemed as
SHSC when, in fact, they are SHS-). This means that
the result provided by the developed criteria should be
considered only as initial screening and that additional
tests (e.g., a heat tolerance test) are required to con-
firm the SHSC diagnosis. To ensure that the high per-
formance of the proposed screening criteria is not
specific to our Analysis group (the individuals used to
derive these criteria), we applied them to an indepen-
dent Validation group. This procedure confirmed that
the vast majority of adults who work or perform lei-
sure activities in hot environments and who are SHSC
would be detected by these simple screening criteria.

The SHS criterion detected for age (males: �53.0
years; females: �55.8 years) is higher compared to the
criterion of 40 years reported in laboratory studies

Table 5. Performance of the developed criteria to detect OLDER individuals in the Validation group measured as SHSC by the measured
thermoregulatory variables.

SE § CI95% SP § CI95% PPV § CI95% NPV § CI95% LR § CI95% DOR

Body heat storage 0.67 § 0.18 0.81§ 0.19 0.84 § 0.16 0.62§ 0.21 3.56 § 0.27 8.67(0.003)
Total heat loss 0.68 § 0.21 0.71§ 0.19 0.68 § 0.21 0.71§ 0.19 2.39 § 0.28 5.4(0.011)
Tes 0.83 § 0.21 0.68§ 0.17 0.53 § 0.22 0.91§ 0.13 2.59 § 0.27 10.6(0.003)
PHSI 0.67 § 0.24 0.69§ 0.23 0.67 § 0.24 0.69§ 0.23 2.13 § 0.33 4.4(0.048)
RPE 0.75 § 0.21 0.74§ 0.18 0.67 § 0.22 0.81§ 0.17 2.88 § 0.28 8.5(0.003)

Note: All Cohen’s Kappa statistic p values were statistically significant (p < 0.05); McNemmar x2 tests showed no differences in the probabilities of the screening
results and those of the thermoregulatory variables (p > 0.05).

Key: SE D sensitivity; CI95% D 95% confidence interval; SP D specificity; PPVD positive predicted value; NPV D negative predicted value; LR D positive likelihood
ratio; DOR(p) D diagnostic odds ratio and Kappa statistic p value; Tes D esophageal temperature; PHSI D physiological heat strain index; RPE D rating of
perceived exertion.
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assessing age-dependent thermoregulatory deficits19,52

as well as somewhat lower compared to the rise in
excess deaths observed in individuals older than 60,53

65,54,55 70,56 or 7557,58 years during heat waves in epi-
demiological studies. However, it is important to note
that the age groups/categories in previous studies were
created by the investigators based on logic and/or the-
ory. In contrast, the ROC curve analysis adopted in
the current study is data-driven, allowing for the
detection of the true demarcation point based on the
obtained results.

It is important to note the clear effects of sex and
cardiorespiratory fitness on the body’s capacity to dis-
sipate heat. Older females have a greater physiological
impairment in sweat secretion relative to their male
counterparts15 which is the reason for females in our
study being assigned lower heat loads compared to the
males. Consequently, we urge health professionals and
industry managers to consider separate criteria, espe-
cially considering the important physiological and
morphological differences between sexes.15 On the
other hand, cardiorespiratory fitness typically declines
with age, thereby placing older adults at greater risk
for SHS.16 It is important to note, however, that our
study included primarily physically active individuals
without chronic disease. Thus, our criteria require fur-
ther validation to be used for more vulnerable popula-
tions including sedentary adults and patients with
chronic diseases such as hypertension and type 2 dia-
betes.59 Moreover, the air flow inside the direct calo-
rimeter ensured all secreted sweat to be evaporated.
Therefore, the proposed criteria may be less accurate
for scenarios where the environment is characterized
by very high humidity combined with very low air
movement and/or individuals are wearing protective
clothing that restricts the body’s evaporative capacity.
Finally, the heat acclimatization status of the partici-
pants was not recorded. While the measurements
were equally distributed in the cold (November-
March) and the warm part of the year (April-
September), we were unable to include acclimatization
as a factor in our analysis and this may have affected
our data interpretation.

In conclusion, we identified and validated sex-
specific simple and practical screening criteria for
SHS during work and leisure activities in hot envi-
ronments in individuals aged 31–70 years. These
guidelines are based on a set of robust risk factors
that have been rigorously studied during the past

three decades and, now for the first time, are used
as simple and effective means for detecting the vast
majority of people who are less able to work or
play in hot environments owing to their reduced
capacity to dissipate heat. Therefore, the proposed
criteria can play an important role in preventing
and mitigating the public health risks caused by
increased ambient temperatures.
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