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ARTICLE INFO ABSTRACT
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Heat stress is associated with workplace injuries, likely through a combination of fatigue, reduced cognitive
function, and thermal discomfort. The purpose of this study was to evaluate four cognitive tasks for sensitivity to
heat stress. Eight participants performed treadmill exercise followed by assessments of serial reaction time (RT),

Stroop effect, verbal delayed memory, and continuous performance working memory in an environmental
chamber. A control (21.1 °C) trial, and “Hot 1" and “Hot 2” (both 37.8 °C) trials were run sequentially on two
separate days to evaluate the four cognitive tasks. Heat strain (comparing Hot 1 and Hot 2 with the control trial)
resulted in impairments in the serial RT test response and Stroop accuracy. Delayed memory was impacted only
in the Hot 2 trial compared with the control trial. Given the demonstrated impact of heat on cognitive processes
relevant to workers’ real-world functioning in the workplace, understanding how to assess and monitor vigilant
attention in the workplace is essential.
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1. Introduction

Heat stress can have an adverse impact on the health, safety, and
performance of workers. The incidence and severity of work-related heat
stress are likely to increase over time, with average and extreme tem-
peratures increasing in many parts of the world (National Oceanic and
Atmospheric Administration, NOAA, 2020). One negative effect of heat

stress on the labor force is reduced work production. Dunne et al. (2013)
estimated that over the past decades, heat stress reduced labor capacity
to 90% during the hottest months; further reductions in labor capacity
during peak months are expected by 2050. Additionally, risks to worker
health and safety are predicted to increase as the effects of heat stress
worsen (Levy and Roelofs, 2019).

In multiple studies across different occupations and industries, re-
searchers have found associations between occupational injuries and
heat exposure (Xiang et al., 2014; Tawatsupa et al., 2013; Fogleman
et al., 2005; Knapik et al., 2002; Barreto et al., 1997; Ramsey et al.,
1983). Further, researchers have observed increases in injuries leading
to workers’ compensation claims during hot weather. For example,
Sheng et al. (2018) found that a 1 °C increase in ambient temperature
was associated with a 1.4% increase in daily injury claims. Similarly,
Varghese et al. (2019) demonstrated significantly higher workers’
compensation claims during low and moderately severe heat waves.
Although the underlying mechanism between heat exposure and injury
is not precisely known, it likely involves a combination of fatigue,
reduced cognitive and psychomotor function, and thermal discomfort
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(Varghese et al., 2018). One of the potential cognitive effects of heat
exposure is declining attention, which is thought to affect task perfor-
mance and result in unsafe work behaviors (Varghese et al., 2018).
Declining worker attention could lead to slowed and inaccurate re-
sponses and have an immediate impact on worker safety. A better un-
derstanding of heat-related cognitive dysfunction is needed to decrease
injury rates associated with heat exposure.

Although multiple studies have found links between cognitive per-
formance and heat exposure, the findings are inconsistent. Many studies
have reported decreases in cognitive function related to heat exposure,
but other studies have reported either no effects or even improvements
in cognitive performance with heat stress (MacLeod et al.,, 2018;
Schlader et al., 2015; Lee et al., 2014a; Ely et al., 2013; Caldwell et al.,
2012; Hancock et al., 2007; Hancock and Vasmatzidis, 2003).

Most heat stress studies were laboratory-based (Hancock and Vas-
matzidis, 2003), but some studies evaluated workers on-site, with both
types of studies demonstrating mixed results. Some workplace studies
found that heat-exposed workers performed significantly worse on
cognitive tests (Kumar et al., 1991; Lan et al., 2011; Mazloumi et al.,
2014), whereas others did not find an effect of heat on cognitive function
(Spector et al., 2018). Comparisons between studies are limited by
several factors, including differences in tests used, cognitive domains
assessed, conditions at the time of testing, and use of control measures.
Furthermore, no systematic approach to assessing the cognitive effects
of heat stress was used (Hancock and Vasmatzidis, 2003).

The correlations between cognitive dysfunction, heat stress, and
work-related injuries support the need for systematic methods to iden-
tify heat-related cognitive changes among workers. Evaluating cognitive
changes among workers could help to identify recommended limits for
heat stress exposure in occupational settings (Hancock and Vasmatzidis,
2003). Tests that are feasible for use in the field are needed for future
studies of work-related heat stress and in-person evaluations of workers.
These tests should be brief, available on portable platforms, and require
minimal training to administer. Field-ready tests could potentially
detect performance impairments related to heat stress so adverse out-
comes can be prevented. The purpose of this pilot study was to evaluate
four cognitive tests, each testing specific abilities that could harm the
safety of workers if these abilities were impacted by heat stress; to
determine each test’s effectiveness in identifying heat-related cognitive
changes; and to determine each test’s feasibility for use among workers
in preparation for future field- and laboratory-based studies.

2. Materials and methods
2.1. Participants

Eight participants were recruited from a mine rescue team. These
workers were chosen because they often train in hot, humid conditions.
Similar to workers in other industries, mine rescue workers’ heat
acclimatization status can vary. To prepare for disasters requiring mine
rescue, they take intermittent training in addition to their full-time re-
sponsibilities as miners. Although training activities expose these team
members to heat stress, many of their day-to-day work tasks are not
conducted in the heat and thus, team members are not always accli-
matized to the heat.

All participants were required to be < 45 years of age and have no
underlying chronic health issues. On the initial visit of the study, par-
ticipants signed a written consent form and completed cardiovascular
disease (CVD) risk stratification and an internally designed health
questionnaire that was reviewed by an occupational health physician.
The health questionnaire (NIOSH, 2016) was used to evaluate each
participant’s risk for heat illness and to exclude persons with chronic
diseases or musculoskeletal conditions that could threaten participant
safety. Persons with heart disease or chronic diseases that increased risk
for heart disease were excluded to decrease the risk of an adverse car-
diovascular incident during the treadmill activity. Similarly, persons
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with lower extremity musculoskeletal disorders were excluded to
minimize the risk of exacerbation while walking on the treadmill. CVD
risk stratification included measurement of automated resting blood
pressure and heart rate (HEM-907XL, Omron, Kyoto, Japan), measure-
ment of non-fasting lipids using a fingerstick blood test (Cholestech LDX,
Alere Inc., Waltham, MA, USA), and for participants aged >40 years,
entering the relevant data into the American College of Car-
diology/American Heart Association CVD risk calculator (American
College of Cardiology/American Heart Association, 2013). Persons with
a 10-year CVD risk score of >7.5% or LDL >180 mg/dL were excluded.
None of the participants who began the consent process were excluded
through CVD risk stratification. After risk stratification, participants
were oriented to the cognitive tests, and completed one practice
administration of each test.

2.1.1. Study design

The study design and methods were approved by the Centers for
Disease Control and Prevention (CDC) National Institute for Occupa-
tional Safety and Health (NIOSH) Institutional Review Board. After the
initial visit, participants were scheduled for two study days, each
separated by at least 14 days (Fig. 1). Control, Hot 1 and Hot 2 trials
were run sequentially on the first study day, and this protocol was
repeated >14 days later on a second study day. Participants completed
the full battery of tests on both study days. Participants were asked to
avoid alcohol (Morley et al., 2012; Schlader et al., 2015) and products
containing pseudoephedrine/phenylephrine, diphenhydramine, anti-
histamines, over-the-counter sleep medications, and herbal products
that could affect physiologic functioning or heat tolerance (e.g., ma
huang, yohimbine, ginseng, ephedra, khat, licorice root, bitter orange,
and goldenseal) the day before testing (National Collaborating Centre
for Environmental Health, 2010; NIH 2021).

Each morning at approximately 8 a.m., the participants swallowed
ingestible temperature sensors (Equivital™, Equivital Ltd., Cambridge
UK) and wore a chest bioharness. Participants then completed a brief
health assessment to ensure no change in prior health status and no
acute illness. Resting blood pressure and heart rate were measured.
Baseline cognitive tests were completed in the office at room tempera-
ture, while participants were seated. They were asked to drink 16 ounces
of water, and a urine specific gravity (USG; Atago Pocket Pal-10S, Atago
USA, Inc., Bellevue WA) measurement was taken. If the USG was
>1.010, they were asked to drink an additional eight ounces of water,
and another USG was obtained.

Two hours after temperature capsule ingestion (Kolka et al., 1997;
Ducharme et al., 2001; Byrne and Lim, 2006), participants began the
first of three sequential exercise trials in an environmental chamber. The
first trial was the control, in which the chamber was set at 21.1 °C and
40% relative humidity (RH). These temperature and humidity settings
were based on EPA-recommended school settings for comfort indoors
(EPA, 2009). The second and third trials were identical hot trials, in
which the chamber was set at 37.8 °C and 80% RH. These settings were
based on expert physiologist recommendations and were intended to
generate elevated core body temperature. In all three sessions, partici-
pants walked on the treadmill for 20 min. The treadmill exercise
included 6-min blocks, with a total of three 2-min intervals of increasing
workload before returning to the initial interval at the beginning of the
next 6-min block. For persons reporting that they did not exercise on a
regular basis, a standard protocol was developed to ensure that a
moderate range exercise (i.e., calculated metabolic equivalents [METs]
= 4.7-5.78) as defined by the American College of Sports Medicine
(ACSM, 2016) was not exceeded. Two options existed for these partici-
pants: a speed series with the treadmill incline set at 3.5% and speed
increasing from 4.8 to 6.1 km per hour (kph) during the 6-min block, and
an incline series, with the speed set at 4.8 kph and the incline increasing
from 4.5 to 6.0%. Participants who exercised on a regular basis were
allowed to exercise up to a MET of 7.85, with the treadmill set at an
incline of 6% and the speed increasing from 5.6 to 6.9 kph during the
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Fig. 1. Study scheme.

6-min blocks.

Because persons acclimated to exercise need higher exercise in-
tensity to drive a similar heart rate response, different options for per-
sons who did and did not regularly exercise were provided to achieve a
sufficient heart rate threshold to drive elevations in core body temper-
ature. Similarly, both speed and incline options were provided to ensure
that persons whose heart rates respond better to one of the options had a
high likelihood of a sufficient heart rate response. However, the calcu-
lated METs were similar for the speed and incline series.

Heart rate and core body temperature were monitored in real-time
throughout each exercise session. Testing was stopped if participants
requested to stop, reported symptoms related to heat exposure, or for
persons who reported no regular exercise, if their heart rate exceeded
the 76% age-adjusted maximal heart rate by 10% or greater for over 1
min. Persons who reported regular exercise were allowed to exercise to
within 10% of 90% of age-adjusted maximal heart rate. The age-
adjusted maximal heart rate was calculated as follows: 208 — (0.7 x
age). The speed or incline was reduced by the investigator if heart rate
approached the maximal heart rate that would require termination. If
participants were asymptomatic but stopped exercise because of heart
rate thresholds, they remained in the chamber to complete cognitive
testing.

Each participant was provided water during each of the three exer-
cise sessions and was encouraged to drink at least eight ounces during
each treadmill session. The water was maintained at a tepid temperature
to minimize the effect of cool water on the temperature reading of the
ingested temperature capsule.

The cognitive tests included measures of serial reaction time (RT),
Stroop effect, verbal delayed memory, and continuous performance
working memory (N-back). The RT and N-back tests were administered
by computer tablet, the Stroop effect task was presented on paper forms,
and the memory task was administered verbally. The verbal memory
task was completed first to minimize variability in time between pre-
sentation of to-be-remembered information and delayed recall, whereas
the other three tests were administered in counter-balanced order

following the memory task. At the initial visit after consent was ob-
tained, all participants were familiarized with each of the cognitive tests.
Additionally, during the 2 h after temperature capsule ingestion, while
waiting to begin the trials, participants were administered each of the
tests again for further familiarization. During the control session,
cognitive tests were completed at the end of the 20-min treadmill ex-
ercise. During the heat-exposed second and third sessions (i.e., Hot 1 and
Hot 2), cognitive tests were completed when core temperature reached
38 °C. If this threshold was reached prior to completing 20 min of
treadmill exercise, the participant stopped walking and began the
cognitive tests immediately. If core temperature did not reach the
required threshold of 38 °C by the end of the 20-min treadmill exercise,
the participant remained in the heated chamber (without continued
exercise) until their temperature reached the threshold before beginning
the cognitive tests. The threshold of 38 °C was chosen because the World
Health Organization (WHO), American Conference of Governmental
Industrial Hygienists (ACGIH), and the International Organization for
Standardization (ISO) have developed standards, guidelines, or
threshold limits designed to prevent core body temperatures among
workers from exceeding 38 °C (World Health Organization, 1969;
ACGIH, 2016; ISO, 2004). All cognitive tests were taken while seated
within the chamber. Participants wore noise-reducing earmuffs.

After each exercise session, participants rested outside the chamber.
Core temperature was required to decrease to at least 37.5 °C after the
second session, prior to entering the chamber for the third session.
Allowing core temperature to decrease permitted adequate rest time
between sessions and additionally, ensured that core temperature was
well under the 38 °C threshold recommended by national and interna-
tional organizations such as WHO and ACGIH before beginning the final
session. Each of the hot trials (e.g., second and third sessions) were
identical.

Dehydration has been associated with impaired cognitive function,
although studies are conflicting (Wittbrodt and Millard-Stafford, 2018;
Goodman et al., 2019). Between each session, participants were
encouraged to continue drinking water to prevent dehydration. USG was
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obtained between sessions, and if > 1.010, participants were asked to
drink additional water to ensure that even if USG increased during
sessions, final USG would be < 1.020 (Morley et al., 2012; Schlader
etal., 2015). Weight was checked prior to the first session and at the end
of the third session to assess evidence of dehydration. Participants were
weighed in t-shirts and shorts.

2.2. Cognitive tests

2.2.1. 10-Min serial RT test

The 10-min serial RT test, based on the Psychomotor Vigilance Test
(Inquisit Lab, Millisecond Software, LLC, Seattle, WA), was used to
measure reaction time and sustained vigilance. At random intervals (i.e.,
inter-stimulus intervals ranging from approximately 2-10 s), a red dot
appeared on the tablet screen, and participants pressed a response
button as quickly as possible each time the dot appeared. Reaction time
in milliseconds (ms) was recorded for each individual response (i.e.,
each time the red dot appeared) and averaged over responses
throughout the 10-min test for an overall mean RT per session. Addi-
tionally, each response with an RT > 500 ms was defined as a lapse. The
total number of lapses during each 10-min test was calculated.

2.2.2. Stroop task

The Stroop task is among the most commonly administered measures
of verbally mediated processing speed and executive functioning (Rabin
et al., 2016) and generally consists of three tests: 1) naming color
patches, 2) reading color words printed in black ink, and 3) naming the
ink color of color words printed in incongruous colors (inhibition con-
dition). In the Delis-Kaplan Executive Function System (D-KEFS; Delis
et al., 2001) version of the Stroop task, called the Color Word Interfer-
ence (CWI) subtest, a fourth condition requires examinees to switch
between color naming and word reading of color words printed in
incongruent colors. For example, participants name the ink color of
color words until the color word is surrounded by a box, at which time
they read the actual word instead of naming the color of the ink. For the
current study, the inhibition (referred to as Stroop 1) and inhib-
ition/switching (Stroop 2) tests from the CWI were used. D-KEFS CWI
has demonstrated construct and convergent validity (Delis et al., 2004).
For each Stroop test (i.e., Stroop 1 and 2), word stimuli were presented
on paper forms, with one form containing the entire word collection.
Alternate forms were used for each trial. Performance was measured by
number of words completed within 90 s and total number of errors
(corrected and uncorrected).

2.2.3. Hopkins Verbal Learning Test-Revised

The Hopkins Verbal Learning Test-Revised (HVLT-R; Benedict et al.,
1998) was used as a measure of delayed memory. The HVLT-R has
well-established psychometric properties, including demonstrated
test-retest and inter-form reliability and construct and concurrent val-
idity (Benedict et al., 1998; Shapiro et al., 1999). For administration of
the HVLT-R, a list of 12 words were read aloud by an investigator four
times prior to participants entering the chamber. After each learning
iteration, participants recited as many words as they could remember.
Following the treadmill exercise, participants were asked to recall as
many words from the word list as they could remember. Alternate word
lists were used at each trial (i.e., control, Hot 1, Hot 2) to reduce learning
effects. The delayed recall total correct responses divided by the single
highest word recall during the four learning iterations was used as the
outcome measure.

2.2.4. N-back test

The N-back test was used as a measure of continuous performance
working memory (Kirchner, 1958) and has high test-retest reliability
(Kulikowski and Potasz-Kulikowska, 2016; Sliwinski et al., 2018). A
series of stimuli (e.g., individual letters) were presented on-screen at a
fixed pace. The task required participants to decide whether each

Applied Ergonomics 102 (2022) 103743

stimulus in a sequence matched the one that appeared a certain number
of items ago. For example, in a 1-back task, the participant decided if
each current letter was the same as the letter previously shown, whereas
in a 2-back task, the participant decided if the current letter was the
same as the item shown two items before. A 2-min 2-back test using
letters was presented on a tablet through the Inquisit application
(Millisecond Software, LLC, Seattle, WA), and participants pressed the
response button each time the current letter was the same as the letter
two items before. Each response was recorded as correct or incorrect,
and odds of a correct response was the outcome measure.

2.3. Statistical analysis

Statistical analyses were performed using R (v4.0.3, R Foundation for
Statistical Computing, Vienna Austria) for developing predictive models
specific to each cognitive test. Statistical significance was set at a = 0.05.
We adjusted all models for the study day (i.e., first or second study day),
session (i.e., control, Hot 1, or Hot 2), and age of the participant.

In the serial RT task, RTs were modeled with a log-logistic time to
event models clustered by subject to account for repeated measures.
Responses >2000 ms were censored at 2000 ms. Lapses (i.e., RTs >500
ms) were modeled with a random effects logistic mixed model to cluster
observations within participants.

Two analyses were used for Stroop 1 and Stroop 2, with the first used
to estimate response speed and the second to estimate accuracy of re-
sponses. A Poisson mixed model was used to estimate the total number
of words completed within the time period (i.e., response speed). A lo-
gistic regression model with random intercept to cluster measurements
within subjects was used to model the proportion of correct answers.
Analyses were conducted with self-corrections counted as incorrect.

For HVLT-R, a logistic regression model was used to estimate the
proportion of correctly recalled words after the delay in comparison
with the maximum number of words recalled during the initial four
readings. In addition to study day, session, and age, the model also
adjusted for the number of minutes in the delay because some partici-
pants did not reach the temperature threshold directly after their 20-min
exercise sessions.

The probability of a correct response for the N-back was modeled
using a random intercept mixed logistic regression model to cluster
measurements within subjects.

3. Results

Eight males with an average age of 32.8 years (range 20-40)
participated in the study. Of these, three (38%) had body mass indices in
the obese range (BMI >30). Participants lost an average of 0.4% of their
body weight during study days, with only two participants losing >2%
of body weight on one of the two study days. Average USG was 1.006
before exercise sessions and 1.009 after exercise sessions.

We assessed cognitive results from control, Hot 1, and Hot 2 trials on
each of two study days for eight study participants, for a total of 16
session days and 48 sessions (i.e., 16 control, 16 Hot 1, and 16 Hot 2 trial
results over two study days). Of 16 session days, 12 session days were
completed in full, whereas 15 sessions included data through Hot 1, and
all sessions completed the control trial. Cognitive tests in five total
sessions lacked results because participants either left the chamber due
to heat strain symptoms or equipment malfunction. Remaining data for
these analyses originate from 16 control sessions, 15 Hot 1 sessions, and
12 Hot 2 sessions.

The average maximum core body temperatures and heart rates
during Hot 1 and Hot 2 sessions were similar (Table 1). During both hot
trials on both study days, the age-adjusted percent of maximal heart rate
for participants who did not report regular exercise ranged from 80% to
87% (mean 83%). For participants who did report regular exercise, the
range was 65%-95% (mean 83%). Other than one participant whose
percent maximal heart rate was 65% and 68% during both hot trials on
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Table 1
Average maximum core body temperatures (°C) and heart rates (beats per
minute) during control, Hot 1, and Hot 2 trials.

Control Hot 1 Hot 2
Maximum core body temperature 37.3 38.2 38.2
Maximum heart rate 122 154 152

one study day, all other percent maximal heart rate values were similar
(i.e., near the mean of 83%) for persons who regularly exercised. Mean
number of minutes from beginning the treadmill exercise to reaching the
threshold temperature of 38 °C was 37.9 min on study day 1 and 26.3
min on study day 2. Similarly, the average time to reach threshold
temperature by hot trial was 30.8 min during Hot 1 and 34.4 min during
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Hot 2.

The cognitive tests showed varying impacts from heat exposure
(Table 2). In the serial RT task, mean RTs were significantly slower in
Hot 1 and Hot 2 compared with control, with Hot 1 being 8% slower
than control (p < 0.001) and Hot 2 being 12% slower than control (p <
0.001). Mean RT in the control, Hot 1, and Hot 2 trials was 343.7 (SD
6.3), 366.3 (SD 6.3), and 379.0 (SD 6.6) ms, respectively. The odds of
having a lapse during testing also significantly increased with heat
exposure, with the odds of a lapse in Hot 1 and Hot 2 1.44 and 3.13 times
that of control, respectively. The odds of a lapse during study day 2 was
2 times that of study day 1. The mean number of lapses in the control,
Hot 1, and Hot 2 trials were 2.14 (SD 0.7), 2.7 (SD 0.7), and 5.5 (SD 0.8),
respectively.

Both Stroop 1 and 2 demonstrated significantly faster responses on

Table 2
B estimates of model variables for N-back, Serial Reaction Time (RT) and lapses, Stroop 1 and 2, and Hopkins Verbal Learning Test-Revised (HVLT-R) tests.
Cognitive test Independent B Std Pvalue e’ Interpretation”
(dependent variable) variable estimate” error
Model 1
Serial RT Day 2 0.030 0.023 0.19 1.03  Reaction time was 3% slower on day 2 compared with day 1.
Hot 1 0.077 0.013 <0.001 1.08  Reaction time was 8% slower during Hot 1 compared with control.
Hot 2 0.115 0.022 <0.001 1.12  Reaction time was 12% slower during Hot 2 compared with control.
Age —0.005 0.004 0.16 0.99 For every one-year increase in age, reaction time increases by 1%.
Model 2
Serial RT lapse Day 2 0.691 0.148 <0.001 2.0 Odds of lapse on study day 2 was twice that of study day 1.
Hot 1 0.368 0.182 0.04 1.44  0Odds of lapse in Hot 1 was 1.44 times that of control.
Hot 2 1.144 0.166 <0.001 3.13  Odds of lapse in Hot 2 was 3.13 times that of control.
Age —0.064 0.029 0.03 0.94  For every one-year increase in age, odds of a lapse decrease by 6%.
Model 3
Stroop 1 speed Day 2 0.136 0.031 <0.001 1.15  Stroop 1 speed was 15% faster on study day 2 compared with day 1 (i.e.,
participants provided responses to 15% more color words).
Hot 1 —0.032 0.035 0.37 0.97  Stroop 1 speed in Hot 1 was 0.97 times that of control.
Hot 2 —0.005 0.037 0.89 1.0 Stroop 1 speed in Hot 2 was equivalent to that of control.
Age —0.021 0.007 0.004 0.98  For every one-year increase in age, speed decreased by 2%.
Model 4
Stroop 1 accuracy Day 2 0.564 0.294 0.06 1.76  The odds of a correct answer during Stroop 1 was 76% higher on day 2 compared
with day 1 (not significant).
Hot 1 —0.878 0.383 0.02 0.42  The odds of a correct Stroop 1 answer during Hot 1 was 42% that of control.
Hot 2 —0.942 0.393 0.02 0.39  The odds of a correct Stroop 1 answer during Hot 2 was 39% that of control.
Age —-0.030 0.040 0.46 0.97  For every one-year increase in age, the odds of a correct answer decreased by 3%.
Model 5
Stroop 2 speed Day 2 0.107 0.033 0.001 1.11  Stroop 2 speed was 11% faster on study day 2 compared with day 1.
Hot 1 0.029 0.038 0.45 1.03 Stroop 2 speed was 3% faster in Hot 1 compared with control.
Hot 2 0.012 0.041 0.77 1.01 Stroop 2 speed was 1% faster in Hot 2 compared with control.
Age —0.014 0.007 0.07 0.99  For every one-year increase in age, speed decreased by 1%.
Model 6
Stroop 2 accuracy Day 2 -0.169 0.184 0.36 0.84  Stroop 2 accuracy (correct responses) on day 2 was 84% that of day 1.
Hot 1 —0.255 0.207 0.22 0.77 Stroop 2 accuracy (correct responses) in Hot 1 was 77% that of control.
Hot 2 0.030 0.236 0.9 1.03  Stroop 2 accuracy in Hot 2 was 3% higher than in control.
Age —0.034 0.024 0.16 0.97 For every one-year increase in age, accuracy decreased by 3%
Model 7
HVLT-R correct Day 2 0.461 0.284 0.1 1.59  Odds of remembering any of the previous words on study day 2 was 1.59 times that
responses of study day 1.
Hot 1 —0.272 0.425 0.52 0.76 Odds of remembering any of the previous words in Hot 1 was 0.76 times that of
control.
Hot 2 —0.838 0.353 0.02 0.43  Odds of remembering any of the previous words in Hot 2 was 0.43 times that of
control.
Minutes after 4th —0.014 0.017 0.42 0.99  For every additional minute delay, odds of remembering any of the previous words
trial decreased by 1%.
Age 0.058 0.058 0.32 1.06  For every one-year increase in age, odds of remembering any of the previous words
was 1.06 times higher than one year younger age.
Model 8
N-back accuracy Day 2 0.111 0.119 0.36 1.12  Odds of getting a letter challenge correct was 12% higher on study day 2 compared
with study day 1 (not significant).
Hot 1 —0.188 0.138 0.17 0.83  Odds of getting a letter challenge correct in Hot 1 was 0.83 times that of control (not
significant).
Hot 2 —0.182 0.153 0.23 0.83 Odds of getting a letter challenge correct in Hot 2 was 0.83 times that of control (not
significant).
Age 0.034 0.025 0.19 1.03  Odds of getting a letter challenge correct was 1.03 times higher with each additional

year in age.

@ Statistically significant values in bold.
b All interpretations are assuming adjustments for study day, session, and age; HVLT-R interpretations additionally assume adjustment for number of minutes in

delay.
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study day 2 compared with study day 1 (i.e., participants were able to
respond to more color words on the list), with no difference in accuracy
between the two study days (i.e., no differences in odds of correct
response; Table 2). The mean numbers of words for Stroop 1 on days 1
and 2 were 95.7 (SD = 8.1) and 110.3 (SD = 8.0), respectively. The
mean number of words for Stroop 2 on days 1 and 2 were 83.0 (SD = 5.6)
and 92.6 (SD = 5.5), respectively. Stroop 1 had no significant difference
in speed (i.e., number of words) between the hot trials and control,
whereas accuracy was significantly lower in the hot trials compared
with control (Table 2). The mean number of words for Stroop 1 in the
control, Hot 1, and Hot 2 trials was 104.9 (SD = 8.3), 101.4 (SD = 8.3),
and 102.7 (SD = 8.6), respectively. The mean number of errors for
Stroop 1 in control, Hot 1, and Hot 2 trials was 1.4 (SD = 0.5), 2.1 (SD =
0.5), and 2.3 (SD = 0.5), respectively. Stroop 2 had no significant dif-
ferences in either speed or accuracy when comparing the hot trials with
control (Table 2).

No significant difference in delayed recall of the HVLT-R test was
seen between study days 1 and 2 and between Hot 1 and control,
whereas word recall in Hot 2 was significantly lower compared with
control (p = 0.02; Table 2). On study days 1 and 2, respectively, 90%
(SD = 0.09) and 89% (SD = 0.08) of words were retained during delayed
recall. During control, Hot 1, and Hot 2 trials, respectively, 96% (SD =
0.09), 90% (SD = 0.09), and 82% (SD = 0.1) of words were retained.

N-back results were not significantly different comparing either Hot
1 or Hot 2 with control, and no significant differences in performance
were seen between study days 1 and 2 (Table 2). Specifically, the odds
ratios for getting a letter challenge correct in Hot 1 and Hot 2 compared
with control were each 0.83 (p = 0.17 and 0.23 respectively). The
proportion of correct responses in the control, Hot 1, and Hot 2 trials was
33.8 (SD = 1.0), 32.7 (SD = 1.0), and 34.1% (SD = 1.1), respectively.
During study days 1 and 2, proportion of correct responses was 31.2 and
31.8%, respectively.

4. Discussion

In our study, we found that heat stress negatively affects cognitive
performance. These findings may inform the known relationships be-
tween heat stress, workplace safety incidents, and worker productivity.
However, our use of four different measures revealed that not all
cognitive tasks were sensitive to heat stress, a finding that could
partially explain why previous studies have found conflicting results.
Some cognitive tasks may be more sensitive or resilient to the effects of
heat stress. Heat stress impacted performance on the serial RT task, in-
hibition of automatic responses on Stroop 1, and delayed memory on
HVLT-R. However, heat stress did not affect the continuous performance
working memory task on N-back or inhibition with set-shifting task on
Stroop 2. Serial RT task and inhibition task accuracy exhibited perfor-
mance declines in both hot trials. In contrast, significant differences in
delayed recall were only seen in the second hot trial. Significant dif-
ferences between study days 1 and 2 were seen in the serial RT lapses
and Stroop speed.

The serial RT task had the greatest effect size of all tests evaluated in
our study. As this task measures response speeds and ability to sustain
vigilant attention, our results indicate a significant worsening of vigi-
lance during heat exposure. Several other studies have evaluated the
impacts of heat on vigilant attention using a standard serial RT task that
is widely used in the field of sleep research: the Psychomotor Vigilance
Test (PVT; Lim and Dinges, 2008). However, study methods were too
variable to discern notable patterns or consistency in findings. The task
used in the present study did not include real-time feedback on RTs to
participants and therefore does not meet the specifications to be
considered a true PVT. This limitation could affect comparisons with
results from other studies. However, the increases observed in mean RTs
and lapses suggest that the task functioned similarly to a PVT.

Similar to our study, Qian et al. (2014, 2015) and Song et al. (2017)
demonstrated slower reaction times with hyperthermia, even though
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these studies used passive rather than exercise-induced heat exposure. In
contrast, other studies demonstrated that hyperthermia significantly
improved reaction time (Lee et al., 2014b). Although Lee et al. (2014a,
2014b) conducted the PVT after exercise-induced hyperthermia, the
testing conditions were different, with cooler ambient and higher core
temperatures. Legault et al. (2017) found that workers with higher (but
not elevated) core temperatures performed the PVT faster than those
with lower temperatures. The possibility exists that reaction times
improve with increased temperatures until a certain threshold of hy-
perthermia is reached, at which time performance begins to decrease.
Yet, other studies demonstrated no difference in performance between
hyperthermic and normothermic conditions (Ely et al., 2013; Parker
et al., 2013). Morley et al. (2012) demonstrated mixed effects of heat
exposure on PVT, with no changes in performance directly after exercise
in the heat but increased mean RT of the 10 slowest RTs during the
recovery period following the exercise.

Studies using vigilance tests other than the PVT also demonstrated
variable findings. Faerevik and Reinertsen (2003) demonstrated no ef-
fects of heat on reaction time or missed reactions but did note signifi-
cantly more incorrect responses in the heat condition. In contrast,
Greenlee et al. (2014) demonstrated that the reaction time of the
Continuous Performance Task improved immediately after simulated
exercise under heat exposure, although reaction time slowed during
recovery. Caldwell et al. (2018) demonstrated no change in reaction
time under hyperthermic conditions.

Along with differences in heat stress conditions, the studies refer-
enced above used different durations of RT tasks. We studied the effects
of heat on a 10-min serial RT task, while other studies used a PVT or
similar task ranging from 3 to 20 min. Different test lengths could lead to
varying cognitive impairment findings, as vigilant attention has been
shown to become progressively worse with increased time-on-task (i.e.,
vigilance decrement; Kribbs and Dinges, 1994). This performance
instability is exacerbated with sleep deprivation (Doran et al., 2001;
Honn et al.,, 2015). Results of repeated PVTs among sleep-deprived
subjects demonstrated substantial variability, with increasing RT
means and standard deviations (Doran et al., 2001). Performance
instability during tasks requiring vigilant attention in the workplace
might contribute to mistakes that could lead to injuries.

In addition to maintaining vigilant attention, workers also need to
switch tasks and to inhibit automatic reactions (e.g., prevent oneself
from pressing the wrong button on equipment). This is expressed in a
worker’s self-correction ability. Our study demonstrated that heat
exposure affected the ability to inhibit automatic reactions from
incongruent stimuli (Stroop 1) but did not affect performance when a
set-shifting component was added (Stroop 2). We also found that heat
affected speed and accuracy differently. In Stroop 1, speed was the same
between hot and control trials, but accuracy decreased in the hot trials.
These results suggest that heat exposure may affect a person’s cognitive
load, requiring them to choose between speed and accuracy. Unlike
Stroop 1, Stroop 2 accuracy was the same between hot and control trials.
Practice effects may be one possible reason for this occurrence, as par-
ticipants always completed Stroop 1 prior to Stroop 2. As such, the effort
required to inhibit the word reading response may have been reduced
after the inhibition test (Lippa and Davis, 2010). Further, the inhibition
(Stroop 1) test requires 100% color naming, whereas the inhib-
ition/switching test (Stroop 2) requires that the participant simply read
the word for 50% of the items. This could make the inhibition/switching
test simpler despite the task switching component, as they are not
inhibiting their automatic response.

Other studies have used Stroop tests (equivalent to Stroop 1 in our
study) to investigate heat stress, with varying results. In two ecologic
studies of heat stress, those living or working in heated environments
performed significantly worse on the Stroop compared to those living or
working in cooler environments (Laurent et al., 2018; Lan et al., 2011).
Mazloumi et al. (2014) demonstrated significantly worse speed, reaction
time, and accuracy among workers in a hot area compared with those in
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a cool area. Similar to our Stroop 1 results, accuracy but not speed was
significantly reduced among persons exposed to higher heat loads (Chen
et al., 2020; Tian et al., 2021). Chen et al. (2020) did not demonstrate
these cognitive effects until persons had been exposed to heat for over 1
h, suggesting that cumulative heat loads affect cognitive performance.
Tian et al. (2021) demonstrated reduced accuracy on Stroop only in high
environmental temperatures coupled with high humidity (39 °C, 70%
RH), which was similar to our environmental conditions of 37.8 °C and
80% RH. MacLeod et al. (2018) demonstrated no effect of heat on Stroop
performance.

Studies evaluating heat-related performance on tests similar to
Stroop also demonstrated differing results. Two studies using a filtering
test found heat had no effect on performance (Caldwell et al., 2011,
2012), but substantial variability in performance was seen with heat
exposure (Caldwell et al., 2012). The multiple variations of Stroop that
exist make comparisons of studies difficult and could be one reason for
differing results. Stroop also seems to be susceptible to a substantial
learning effect, demonstrated in our study by significant improvements
in speed from day 1 to day 2. A practice-related reduction in size of
interference effect has also been reported in previous studies (Beglinger
et al., 2005; Chen et al., 2013; Davidson et al., 2003; Edwards et al.,
1996). Practice effects could mask the impact of heat exposure on per-
formance, decreasing the usefulness of this test for studies in which
participants are required to perform cognitive tests multiple times.

In addition to vigilant attention, task switching, and inhibition of
automatic responses, manual labor workers also need active memory
capacity to complete their tasks successfully. Our results using a word
list memory task demonstrated significant effects of heat on verbal
delayed recall, but only during the second hot trial. Consistent with our
results, Gaoua et al. (2011) demonstrated that visual memory using a
pattern recognition paradigm was significantly affected by heat, with
the proportion of correct answers significantly lower in the hot trial than
in the control trial. Masuda et al. (2020) demonstrated that villagers
performing harvesting work in deforested conditions with higher
ambient temperatures had significantly worse scores on an episodic
memory test, where a series of 10 words was recalled at two points
during a survey. However, other studies have demonstrated no differ-
ence in performance on memory tests between heat-exposed and unex-
posed persons. For example, Schlader et al. (2015) demonstrated no
differences in visual pattern recognition memory among heat-exposed
subjects. McMorris et al. (2006) demonstrated no differences in verbal
and visual spatial recall when comparing heat exposure to baseline
among subjects. Lan et al. (2011) demonstrated no effect of heat on
visual memory.

The vast number of memory paradigms used in these studies makes
comparisons among studies difficult. Our findings of decreased verbal
recall during the second hot trial could reflect cumulative effects of heat.
Morley et al. (2012) demonstrated no difference in memory between hot
and baseline conditions, although significant impairments in memory
were noted 1 h after exercising in the heat, possibly implicating late
effects of heat. Our study was limited by variability in the delay
following the fourth word list in the hot trials. In some participants, this
delay correlated to a 20-min delay, while a longer delay was seen in
participants whose temperatures rose more slowly. The delay between
the fourth word list iteration and the HVLT-R delayed recall ranged from
20 to 66 min.

Like studies assessing verbal, visual, and delayed memory, studies
evaluating the impact of heat stress on working memory have used
multiple types of tests. Using the N-back, a continuous performance task
measuring aspects of working memory, we did not find a significant
difference in the odds of getting a letter challenge correct in the hot
trials. This finding could be related to sample size, but other studies have
demonstrated adverse effects of heat on working memory using back-
wards digit span performance (Hocking et al., 2001; Kumar et al., 1991).
Tian et al. (2021) evaluated the effects of heat exposure on N-back.
Similar to our N-back (2-back) results, they did not demonstrate a
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difference in accuracy in 2-back between environmental conditions,
although they did find that reaction time was significantly faster in the
highest heat and humidity condition compared with control (Tian et al.,
2021).

Several investigators have hypothesized reasons for inconsistencies
in study results. Absolute core temperature might have less effect on
cognitive function than dynamic or relative changes in body tempera-
ture (Hancock, 1986; Hancock and Vasmatzidis, 2003; Gaoua, 2010).
Although our participants began cognitive tests when their temperature
reached 38 °C, their body temperatures were dynamic at the time of
testing. Dynamic changes in temperature at the time of testing have not
generally been assessed in studies, and thus, variability in results could
be related in part to whether body temperatures of participants changed
or were stable during the testing process.

Differences in gender distribution among study participants could
also affect results of previous studies. Females might be able to tolerate
heat-related negative effects on memory better than males (Hancock and
Vasmatzidis, 2003). Varied physiologic responses to heat stress between
men and women are also reported (Gaoua, 2010). Although women
were recruited for our study, all participants were male.

Many previous studies reported changes in body weight, and varia-
tions in dehydration level could have affected results. Dehydration has a
harmful effect on cognitive changes (Gaoua, 2010), but this may depend
on the severity of dehydration, and the extent to which mild dehydration
affects cognitive performance is unknown (Secher and Ritz, 2012). In
general, our participants did not demonstrate evidence of dehydration,
although two participants lost >2% body weight on one of the study
days.

Few studies, including ours, have evaluated acclimatization status.
However, Gaoua (2010) argued that “habitual acclimatization” is likely
not an important confounder in studies of heat and cognition. Duration
of heat exposure is different in the various studies, and evidence suggests
that short exposures of up to 18 or 30 min can improve certain cognitive
functions (Gaoua, 2010; Hancock and Vasmatzidis, 2003). Furthermore,
heat likely affects various cognitive tasks differently, depending on task
complexity (Gaoua, 2010; Hancock and Vasmatzidis, 2003). On average,
our participants spent >30 min in the chamber prior to reaching the
threshold required for the cognitive tests, but this varied by participant.

Finally, the type of heat exposure may affect study results. Evidence
exists that a short duration of low or moderate exercise can improve
certain cognitive functions, and thus, studies using exercise may blunt
the adverse effects of heat (Gaoua, 2010). On the other hand, studies
have also demonstrated that prolonged or intense exercise can adversely
affect cognitive performance (Gaoua, 2010). Our study used moderate
exercise to increase core temperature and therefore may have blunted
the effect of heat exposure on cognitive function.

The results and implications of the current study should be consid-
ered in the context of several limitations. Sample size may have limited
the ability to distinguish differences in performance. However, our
method of modeling outcomes using measurements on a continuous
scale allowed us more power to demonstrate differences in results.
Participants were members of a mine rescue team with training re-
quirements and might be more capable than others to perform arduous
work in elevated temperatures. Although female participants were
recruited, all participants were male, which could limit generalizability
to women. Additionally, participants with a limited age range were
included; however, our study included participants in their early 40s,
whereas some laboratory-based studies only included persons in their
20s. The time between the start of exercise and the start of cognitive
testing differed between participants, depending on how quickly their
core temperature rose. Some participants reached the threshold core
temperature more quickly than others, resulting in a shorter heat
exposure time. Although exercise can affect cognitive performance apart
from its effects on body temperature, we used exercise to drive core
temperature elevations. Many workers at risk for heat stress perform
tasks requiring physical exertion; therefore, using exercise to drive core
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body temperature is relevant to understanding these workers’ responses.
We tested four cognitive tests to evaluate different cognitive functions.
Including more tests might have had a larger impact on body tempera-
ture changes during testing, because temperatures continued to rise
during testing. Despite limiting the number of tests, core body temper-
ature was still dynamic during cognitive testing and could have affected
results differentially depending on the direction of temperature change.
Cognitive tests not evaluated in this study might be even more sensitive
to heat stress than those we tested. Finally, differences in cognitive re-
sults between hot and control conditions could have resulted from
thermal discomfort related to changes in ambient temperature or hu-
midity, rather than from elevated core body temperature.

Despite these limitations, this study provides valuable information
on heat-related cognitive function that has implications for future
research. The serial RT task is feasible for use in both field and
laboratory-based studies and is impacted by heat. Because it can be
administered electronically, requires little training, and is brief, the se-
rial RT task is also feasible for use in workplaces. The N-back test is
feasible but did not demonstrate sensitivity to heat stress, although
sample size might have limited our ability to detect heat-related im-
pacts. Stroop test demonstrates heat-related decrements in performance
but is highly susceptible to practice effects, making it less useful for
future studies and for workplace applicability. HVLT-R is not feasible for
field studies or workplaces, because the requirement for multiple
learning readings and recall after several minutes may be challenging to
achieve in the field and disruptive to workflow.

In addition to gaining a better understanding of test feasibility for
future studies, we demonstrated unexpected findings that have impli-
cations for workplaces and should be investigated in future research.
Unlike many studies, we performed two hot trials on the same day.
Although we lacked the sample size for trend analyses from control to
Hot 1 to Hot 2, elevated lapses in the Hot 2 trials suggest the possibility
of a cumulative effect of heat on vigilant attention. This effect was seen
even after a break between the Hot 1 and Hot 2 trials, where core
temperatures cooled to at least 37.5 °C. Further investigation is needed
to evaluate the discrepancies in performance between study days in the
serial RT lapses, worse performance in both hot trials of the serial RT
task and Stroop 1 accuracy, and in Hot 2 of HVLT-R. This finding could
be related to variability in performance or to the cumulative effects of
heat. Additionally, we do not have information on recent heat exposure
outside the lab that could have affected performance.

The cumulative effect of heat on cognitive performance needs to be
characterized further. Many workplaces involve prolonged and repeated
exposure to heat over the course of several days or longer. Our study
provides important information regarding the impact of repeated ex-
posures on workers. Repeated exposure to heat stress of short duration
and its associated cognitive performance needs further evaluation as
well because some workers have short, intermittent elevations of core
body temperature (Yeoman et al., 2019). The impact of a break between
heat exposures in the same day or between separate heat-exposed days
could be further investigated to determine how to mitigate the effects of
heat stress on cognitive performance. Understanding how to assess and
monitor the cumulative effects of heat is also an important aspect of heat
stress research moving forward. Given the potential impact of lapses on
real-world functioning in the workplace, understanding how to assess
and monitor vigilant attention in the workplace is essential.

Finally, a better understanding of the operational relevance of these
cognitive tests to workplaces is essential. Correlations between cognitive
domains evaluated by various tests with specific types of workplace
tasks, and the real-world consequences of decrements in these cognitive
domains is vital. For example, PVT performance is predictive of specific
aspects of simulated driving performance (Jackson et al., 2013) and
simulated train driving (Dorrian et al., 2007). The tests selected evalu-
ated delayed memory, executive functioning, vigilance, and working
memory. All four functions are vital for efficient and safe work in any
environment. For example, intact memory is required to safely carry out
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tasks or updated safety instructions dictated by supervisors earlier in the
shift. Executive functioning, including the ability to inhibit information,
multitask, and shift from one activity to another, is important for
adequate planning of activities, thinking before acting, and safe execu-
tion of task demands. Working memory is needed to stay on task and
integrate new information as needed. Finally, lapses in attention may
result in reduced ability to act quickly or safely in various situations.
Although studies have been performed in workplaces to identify
whether workers in real-world situations experience heat-related
cognitive declines, whether these tests can be operationalized for use
in workplaces to identify performance decrements is unknown. Cogni-
tive tests that are valid, reliable, feasible, and provide actionable data
for workplaces should be implemented and assessed for effectiveness.
This study contributes to this need by providing information on tests
that are sensitive to heat stress and feasible for field use.

5. Conclusions

Heat stress had differential impacts on cognitive tests, with the
greatest impact on the serial RT task and the least impact on a contin-
uous performance working memory task (N-back). In our study, heat
stress appeared to impact vigilance, inhibition of automatic responses,
and verbal memory more than aspects of working memory, although
sample size could have limited our ability to demonstrate an effect.
These cognitive domains are relevant to safety-critical work tasks where
workers may be exposed to heat stress. The serial RT task demonstrated
the highest sensitivity and feasibility of all tests evaluated in our study.
Future studies could expand on these findings by accounting for addi-
tional factors relevant to workplaces, including the effects of cumulative
and variable durations of heat on workers.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

References

American College of Cardiology/American Heart Association ACC/AHA, 2013. ACC/
AHA Guideline on the Assessment of Cardiovascular Risk. Published. November 23,
2020. https://www.ahajournals.org/doi/full/10.1161/01.cir.0000437741.48606.
98. (Accessed 12 November 2013).

American Conference of Governmental Industrial Hygienists, 2016. TLVs and BEIs Based
on the Documentation of the Threshold Limit Values for Chemical Substances and
Physical Agents & Biological Exposure Indices, 2016. ACGIH, Cincinnati, OH.

American College of Sports Medicine ACSM, 2016. ACSM’s Guidelines for Exercise
Testing and Prescription, tenth ed. Wolters Kluwer.

Barreto, S.M., Swerdlow, A.J., Smith, P.G., Higgins, C.D., 1997. A nested case-control
study of fatal work related injuries among Brazilian steel workers. Occup. Environ.
Med. 54 (8), 599-604.

Benedict, R.H., Schretlen, D., Groninger, L., Brandt, J., 1998. Hopkins verbal learning
test-revised: normative data and analysis of inter-form and test-retest reliability.
Clin. Neuropsychol. 12 (1), 43-55.

Beglinger, L.J., Gaydos, B., Tangphao-Daniels, O., Duff, K., Kareken, D.A., Crawford, J.,
Fastenau, P.S., Siemers, E.R., 2005. Practice effects and the use of alternate forms in
serial neuropsychological testing. Arch. Clin. Neuropsychol. 20 (4), 517-529.

Byrne, C., Lim, C.L., 2006. The ingestible telemetric body core temperature sensor: a
review of validity and exercise applications. Br. J. Sports Med. 41 (3), 126-133.

Caldwell, J.N., Engelen, L., van der Henst, C., Patterson, M.J., Taylor, N.A.S., 2011. The
interaction of body armor, low-intensity exercise, and hot-humid conditions on
physiological strain and cognitive function. Mil. Med. 176 (5), 488-493.

Caldwell, J.N., Patterson, M.J., Taylor, N.A.S., 2012. Exertional thermal strain,
protective clothing and auxiliary cooling in dry heat: evidence for physiological but
not cognitive impairment. Eur. J. Appl. Physiol. 112, 3597-3606.

Caldwell, A.R., Burchfield, J., Moyen, N.E., Tucker, M.A., Butts, C.L., Elbin, R.J.,
Ganio, M.S., 2018. Obesity, but not hypohydration, mediates changes in mental task
load during passive heating in females. PeerJ 6, €5394. https://doi.org/10.7717/
peerj.5394.

Chen, Z., Lei, X., Ding, C., Li, H., Chen, A., 2013. The neural mechanisms of semantic and
response conflicts: an fMRI study of practice-related effects in the Stroop task.
Neuroimage 66, 577-584.

Chen, Y., Tao, M., Liu, W., 2020. High temperature impairs cognitive performance during
a moderate intensity activity. Build. Environ. 186, 1-12.


https://www.ahajournals.org/doi/full/10.1161/01.cir.0000437741.48606.98
https://www.ahajournals.org/doi/full/10.1161/01.cir.0000437741.48606.98
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref2
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref2
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref2
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref3
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref3
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref4
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref4
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref4
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref5
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref5
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref5
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref6
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref6
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref6
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref7
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref7
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref8
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref8
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref8
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref9
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref9
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref9
https://doi.org/10.7717/peerj.5394
https://doi.org/10.7717/peerj.5394
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref11
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref11
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref11
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref12
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref12

K. Yeoman et al.

Davidson, D.J., Zacks, R.T., Williams, C.C., 2003. Stroop interference, practice, and
aging. Aging Neuropsychol. Cognit. 10 (2), 85-98.

Delis, D.C., Kaplan, E., Kramer, J.H., 2001. Delis-Kaplan executive function system. APA
PsycNet. https://doi.org/10.1037/t15082-000.

Delis, D.C., Kramer, J.H., Kaplan, E., Holdnack, J., 2004. Reliability and validity of the
delis-Kaplan executive function system: an update. J. Int. Neuropsychol. Soc. 10 (2),
301.

Doran, S.M., Van Dongen, H.P.A., Dinges, D.F., 2001. Sustained attention performance
during sleep deprivation: evidence of state instability. Arch. Ital. Biol. 139, 253-267.

Dorrian, J., Roach, G.D., Fletcher, A., Dawson, D., 2007. Simulated train driving: fatigue,
self-awareness and cognitive disengagement. Appl. Ergon. 38 (2), 155-166.

Ducharme, M.B., McLellan, T.M., Moroz, D., Buguet, A., 2001. Radomski MW. A 36-hour
comparison of core temperature at rest and during exercise using rectal probe and
pill telemetry. Proc. Aust. Physiol. Pharmacol. Soc. 32 (2), 28P. In: http://aups.org.
au/Proceedings/32(2)Suppl.1/28P/28P.pdf. (Accessed 29 November 2021).

Dunne, J.P., Stouffer, R.J., John, J.G., 2013. Reductions in labour capacity from heat
stress under climate warming. Nat. Clim. Change 3, 563-566.

Edwards, S., Brice, C., Craig, C., Penri-Jones, R., 1996. Effects of caffeine, practice, and
mode of presentation on Stroop task performance. Pharmacol. Biochem. Behav. 54
(2), 309-315.

Ely, B.R., Sollanek, K.J., Chevront, S.N., Lieberman, H.R., Kenefick, R.W., 2013.
Hypohydration and acute thermal stress affect mood state but not cognition and
dynamic postural balance. Eur. J. Appl. Physiol. 113, 1027-1034.

Environmental Protection Agency, 2009. Indoor Air Quality Tools for Schools Reference
Guide. Published January. https://www.epa.gov/sites/default/files/2014-08/do
cuments/reference_guide.pdf. (Accessed 27 August 2021).

Faerevik, H., Reinertsen, R.E., 2003. Effects of wearing aircrew protective clothing on
physiological and cognitive responses under various ambient conditions. Ergon 46
(8), 780-799.

Fogleman, M., Fakhrzadeh, L., Bernard, T.E., 2005. The relationship between outdoor
thermal conditions and acute injury in an aluminum smelter. Int. J. Ind. Ergon. 35,
47-55.

Gaoua, N., 2010. Cognitive function in hot environments: a question of methodology.
Scand. J. Med. Sci. Sports 20 (Suppl. 3), 60-70.

Gaoua, N., Racinais, S., Grantham, J., El Massioui, F., 2011. Alterations in cognitive
performance during passive hyperthermia are task dependent. Int. J. Hyperther. 27
@), 1-9.

Goodman, S.P.J., Moreland, A.T., Marino, F.E., 2019. The effect of active hypohydration
on cognitive function: a systematic review and meta-analysis. Physiol. Behav. 204,
297-308.

Greenlee, T.A., Horn, G., Smith, D.L., Fahey, G., Goldstein, E., Petruzzello, S.J., 2014.
Ergon 57 (5), 764-773.

Hancock, P.A., 1986. Sustained attention under thermal stress. Psychol. Bull. 99 (2),
263-281.

Hancock, P.A,, Ross, J.M., Szalma, J.L., 2007. A meta-analysis of performance response
under thermal stressors. Hum. Factors 49 (5), 851-877.

Hancock, P.A., Vasmatzidis, I., 2003. Effects of heat stress on cognitive performance: the
current state of knowledge. Int. J. Hyperther. 19 (3), 355-372.

Hocking, C., Silberstein, R.B., Lau, W.M., Stough, C., Roberts, W., 2001. Evaluation of
cognitive performance in the heat by functional brain imaging and psychometric
testing. Comp. Biochem. Physiol., A 128 (4), 719-734.

Honn, K.A., Riedy, S.M., Grant, D.A., 2015. Validation of a portable, touch-screen
psychomotor vigilance test. Aerosp Med Hum Perform 86 (5), 428-434.

International Organization for Standardization, ISO 7933, 2004. Ergonomics of the
Thermal Environment — Analytical Determination and Interpretation for Heat Stress
Using Calculation of the Predicted Heat Strain, second ed. International Organization
for Standardization, Geneva, Switzerland.

Jackson, M.L., Croft, R.J., Kennedy, G.A., Owens, K., Howard, M.E., 2013. Cognitive
components of simulated driving performance: sleep loss effects and predictors.
Accid. Anal. Prev. 50, 438-444.

Kirchner, W.K., 1958. Age differences in short-term retention of rapidly changing
information. J. Exp. Psychol. 55 (4), 352-358. https://doi.org/10.1037/h0043688.

Knapik, J.J., Canham-Chervak, M., Hauret, K., Laurin, M.J., Hoedebecke, E., Craig, S.,
Montain, S.J., 2002. Seasonal variations in injury rates during US Army basic combat
training. Ann. Occup. Hyg. 46 (1), 15-23.

Kolka, M.A., Levine, L., Stephenson, L.A., 1997. Accuracy of a Commercially Available
Telemetry System to Measure Core Temperature during Exercise when Wearing
Chemical Protective Clothing. /tardir/mig/a331884.tiff (psu.edu). Army Research
Institute of Environmental Medicine. Published January. (Accessed 29 November
2021).

Kribbs, N.B., Dinges, D., 1994. Vigilance decrement and sleepiness. In: Ogilvie, R.D.,
Harsh, J.R. (Eds.), Sleep Onset: Normal and Abnormal Processes. American
Psychological Association, pp. 113-125. https://doi.org/10.1037/10166-007.

Kulikowski, K., Potasz-Kulikowska, K., 2016. Can we measure working memory via the
Internet? The reliability and factorial validity of an online n-back task. Pol. Psychol.
Bull. 47 (1), 51-61.

Kumar, P., Rastogi, S.K., Gupta, B.N., Husain, T., 1991. Psychological responses to
thermal stress in a glass bangle factory. Occup. Med. 41 (4), 157-160.

Lan, L., Wargocki, P., Lian, Z., 2011. Quantitative measurement of productivity loss due
to thermal discomfort. Energy Build 43 (5), 1057-1062.

Laurent, J.G.C., Williams, A., Oulhote, Y., Zanobetti, A., Allen, J.G., Spengler, J.D., 2018.
Reduced cognitive function during a heat wave among residents of non-air-
conditioned buildings: an observational study of young adults in the summer of
2016. PLoS Med. https://doi.org/10.1371/journal.pmed.1002605.

Applied Ergonomics 102 (2022) 103743

Lee, J.LK.W., Koh, A.C.H., Koh, S.X.T., Liu, G.J.X., Nio, A.Q.X., Fan, P.W.P., 2014a. Neck
cooling and cognitive performance following exercise-induced hyperthermia. Eur. J.
Appl. Physiol. 114, 375-384.

Lee, J.K.W., Ang, W.H., Ng, J.W.X,, Fan, P.W.P., Teo, Y.S., Nolte, H.W., Yeo, Y.Y.W.,
2014b. Effects of a carbohydrate-electrolyte solution on cognitive performance
following exercise-induced hyperthermia in humans. J Int Soc Sports Nutrition 11,
51.

Legault, G., Clement, A., Kenny, G.P., Hardcastle, S., Keller, N., 2017. Cognitive
consequences of sleep deprivation, shiftwork, and heat exposure for underground
miners. Appl. Ergon. 58, 144-150.

Levy, B.S., Roelofs, C., 2019. Impacts of climate change on workers’ health and safety, 25
Global Publ. Health. https://doi.org/10.1093/acrefore/9780190632366.013.39.
Published online.

Lippa, S.M., Davis, R.N., 2010. Inhibition/switching is not necessarily harder than
inhibition: an analysis of the D-KEFS color-word interference test. Arch. Clin.
Neuropsychol. 25 (2), 146-152.

MacLeod, H., Cooper, S., Bandelow, S., Malcolm, R., Sunderland, C., 2018. Effects of heat
stress and dehydration on cognitive function in elite female field hockey players.
BMC Sports Sci Med Rehabil 10, 12.

Masuda, Y.J., Garg, T., Anggraeni, 1., Wolff, N.H., Ebi, K., Game, E.T., Krenz, J.,
Spector, J.T., 2020. Heat exposure from tropical deforestation decreases cognitive
performance of rural workers: an experimental study. Environ. Res. Lett. 15, 1-12.

Mazloumi, A., Golbabaei, F., Khani, S.M., Kazemi, Z., Hosseini, M., Abbasinia, M.,
Dehghan, S.F., 2014. Evaluating effects of heat stress on cognitive function among
workers in a hot industry. Health Promot. Perspect. 4 (2), 240-246.

McMorris, T., Swain, J., Smith, M., Corbett, J., Delves, S., Sale, C., Harris, R.C., Potter, J.,
2006. Heat stress, plasma concentrations of adrenaline, noradrenaline, 5-hydroxy-
tryptamine and cortisol, mood state and cognitive performance. Int. J.
Psychophysiol. 61, 204-215.

Morley, J., Beauchamp, G., Suyama, J., Guyette, F.X., Reis, S.E., Callaway, C.W.,
Hostler, D., 2012. Cognitive function following treadmill exercise in thermal
protective clothing. Eur. J. Appl. Physiol. 112, 1733-1740.

National Collaborating Centre for Environmental Health (Canada), 2010. Drugs and
Heat. September. Published. https://ncceh.ca/content/drugs. (Accessed 2
September 2021).

National Institute for Health. National center for complementary and integrative health.
Herbs at a glance. September 2, 2021. https://www.nccih.nih.gov/health/herbs
ataglance. (Accessed 2 September 2021). Updated.

National Institute for Occupational Safety and Health, 2016. Criteria for a Recommended
Standard: Occupational Exposure to Heat and Hot Environments. February. htt
ps://www.cdc.gov/niosh/docs/2016-106/pdfs/2016-106.pdf?id=10.26616
/NIOSHPUB2016106. (Accessed 24 November 2021).

National Oceanic and Atmospheric Administration (NOAA), 2020. Geophysical Fluid
Dynamics Laboratory. Heat Stress and Temperature Extremes. Updated. November
18, 2020. https://www.gfdl.noaa.gov/heat-stress-and-temperature-extremes/.
(Accessed 4 August 2020).

Parker, S.M., Erin, J.R., Pryor, R.R., Khorana, P., Suyama, J., Guyette, F.X., Reis, S.E.,
Hostler, D., 2013. The effect of prolonged light intensity exercise in the heat on
executive function. Wilderness Environ. Med. 24, 203-210.

Qian, S., Jiang, Q., Liu, K., Li, B., Li, M., Li, L., Yang, X., Yang, Z., Sun, G., 2014. Effects of
short-term environmental hyperthermia on patterns of cerebral blood flow. Physiol.
Behav. 128, 99-107.

Qian, Q., Li, M., Li, G., Liu, K., Li, B., Jiang, Q., Li, L., Yang, Z., Sun, G., 2015.
Environmental heat stress enhances mental fatigue during sustained attention task
performing: evidence from an ASL perfusion study. Behav. Brain Res. 280, 6-15.

Rabin, L.A., Paolillo, E., Barr, W.B., 2016. Stability in test-usage practices of clinical
neuropsychologists in the United States and Canada over a 10-year period: a follow-
up survey of INS and NAN members. Arch. Clin. Neuropsychol. 31 (3), 206-230.

Ramsey, J.D., Burford, C.L., Beshir, M.Y., Jensen, R.C., 1983. Effects of workplace
thermal conditions on safe work behavior. J. Saf. Res. 14, 105-114.

Schlader, Z.J., Gagnon, D., Adams, A., Rivas, E., Cullum, C.M., Crandall, C.G., 2015.
Cognitive and perceptual responses during passive heat stress in younger and older
adults. Am. J. Physiol. Regul. Integr. Comp. Physiol. 308, R847—R854.

Secher, M., Ritz, P., 2012. Hydration and cognitive performance. J. Nutr. Health Aging
16 (4), 325-329.

Shapiro, A.M., Benedict, R.H., Schretlen, D., Brandt, J., 1999. Construct and concurrent
validity of the Hopkins verbal learning test-revised. Clin. Neuropsychol. 13 (3),
348-358.

Sheng, R., Li, C., Wang, Q., Yang, L., Bao, J., Wang, K., Ma, R., Gao, C,, Lin, S., Zhang, Y.,
Bi, P., Fu, C., Huang, C., 2018. Does hot weather affect work-related injury? A case-
crossover study in Guangzhou, China. Int. J. Hyg Environ. Health 221 (3), 423-428.

Sliwinski, M.J., Mogle, J.A., Hyun, J., Munoz, E., Smyth, J.M., Lipton, R.B., 2018.
Reliability and validity of ambulatory cognitive assessments. Assessment 25 (1),
14-30.

Song, X., Qian, S., Liu, K., Zhou, S., Zhu, H., Zou, Q., Liu, Y., Sun, G., Gao, J.H., 2017.
Resting-state BOLD oscillation frequency predicts vigilance task performance at both
normal and high environmental temperatures. Brain Struct. Funct. 222, 4065-4077.

Spector, J.T., Krenz, J., Calkins, M., Ryan, D., Carmona, J., Pan, M., Zemke, A.,
Sampson, P.D., 2018. Associations between heat exposure, vigilance, and balance
performance in summer tree fruit harvesters. Appl. Ergon. 67, 1-8.

Tawatsupa, B., Yiengprugsawan, V., Kjellstrom, T., Berecki-Gisolf, J., Seubsman, S.,
Sleigh, A., 2013. Association between heat stress and occupational injury among
Thai workers: findings of the Thai cohort study. Ind. Health 51 (1), 34-46.

Tian, X., Fang, Z., Liu, W., 2021. Decreased humidity improves cognitive performance at
extreme high indoor temperature. Indoor Air 31, 608-627.


http://refhub.elsevier.com/S0003-6870(22)00066-7/sref13
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref13
https://doi.org/10.1037/t15082-000
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref15
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref15
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref15
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref16
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref16
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref17
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref17
http://aups.org.au/Proceedings/32(2)Suppl.1/28P/28P.pdf
http://aups.org.au/Proceedings/32(2)Suppl.1/28P/28P.pdf
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref19
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref19
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref20
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref20
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref20
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref21
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref21
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref21
https://www.epa.gov/sites/default/files/2014-08/documents/reference_guide.pdf
https://www.epa.gov/sites/default/files/2014-08/documents/reference_guide.pdf
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref23
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref23
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref23
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref24
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref24
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref24
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref25
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref25
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref26
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref26
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref26
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref27
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref27
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref27
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref28
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref28
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref29
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref29
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref30
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref30
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref31
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref31
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref32
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref32
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref32
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref33
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref33
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref34
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref34
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref34
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref34
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref35
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref35
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref35
https://doi.org/10.1037/h0043688
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref37
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref37
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref37
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref38
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref38
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref38
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref38
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref38
https://doi.org/10.1037/10166-007
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref40
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref40
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref40
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref41
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref41
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref42
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref42
https://doi.org/10.1371/journal.pmed.1002605
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref44
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref44
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref44
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref45
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref45
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref45
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref45
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref46
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref46
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref46
https://doi.org/10.1093/acrefore/9780190632366.013.39
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref48
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref48
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref48
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref49
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref49
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref49
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref50
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref50
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref50
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref51
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref51
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref51
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref52
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref52
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref52
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref52
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref53
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref53
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref53
https://ncceh.ca/content/drugs
https://www.nccih.nih.gov/health/herbsataglance
https://www.nccih.nih.gov/health/herbsataglance
https://www.cdc.gov/niosh/docs/2016-106/pdfs/2016-106.pdf?id=10.26616/NIOSHPUB2016106
https://www.cdc.gov/niosh/docs/2016-106/pdfs/2016-106.pdf?id=10.26616/NIOSHPUB2016106
https://www.cdc.gov/niosh/docs/2016-106/pdfs/2016-106.pdf?id=10.26616/NIOSHPUB2016106
https://www.gfdl.noaa.gov/heat-stress-and-temperature-extremes/
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref58
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref58
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref58
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref59
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref59
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref59
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref60
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref60
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref60
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref61
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref61
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref61
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref62
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref62
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref63
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref63
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref63
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref64
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref64
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref65
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref65
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref65
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref66
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref66
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref66
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref67
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref67
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref67
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref68
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref68
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref68
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref69
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref69
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref69
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref70
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref70
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref70
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref71
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref71

K. Yeoman et al.

Varghese, B.M., Hansen, A., Nitschke, M., Nairn, J., Hanson-Easey, S., Bi, P.,
Pisaniello, D., 2019. Heatwave and work-related injuries and illnesses in Adelaide,
Australia: a case-crossover analysis using the Excess Heat Factor (EHF) as a universal
heatwave index. Int. Arch. Occup. Environ. Health 92, 263-272.

Varghese, B.M., Hansen, A., Bi, P., Pisaniello, D., 2018. Are workers at risk of
occupational injuries due to heat exposure? A comprehensive literature review. Saf.
Sci. 110 (A), 380-392.

Wittbrodt, M.T., Millard-Stafford, M., 2018. Dehydration impairs cognitive performance:
a meta-analysis. Med. Sci. Sports Exerc. 50 (11), 2360-2368.

10

Applied Ergonomics 102 (2022) 103743

World Health Organization, 1969. Health Factors Involved in Working under Conditions
of Heat Stress. World Health Organization, Geneva, Switzerland. Technical Report
Series No. 412.

Xiang, J., Bi, P., Pisaniello, D., Hansen, A., Sullivan, T., 2014. Association between high
temperature and work-related injuries in Adelaide, South Australia, 2001—2010.
Occup. Environ. Med. 71 (4), 246-252.

Yeoman, K., DuBose, W., Bauerle, T., Victoroff, T., Finley, S., Poplin, G., 2019. Patterns of
heat strain among a sample of U.S. underground miners. J. Occup. Environ. Med. 61
(3), 212-218.


http://refhub.elsevier.com/S0003-6870(22)00066-7/sref72
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref72
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref72
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref72
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref73
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref73
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref73
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref74
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref74
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref75
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref75
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref75
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref76
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref76
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref76
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref77
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref77
http://refhub.elsevier.com/S0003-6870(22)00066-7/sref77

	Effects of heat strain on cognitive function among a sample of miners
	Funding source
	Disclaimer
	1 Introduction
	2 Materials and methods
	2.1 Participants
	2.1.1 Study design

	2.2 Cognitive tests
	2.2.1 10-Min serial RT test
	2.2.2 Stroop task
	2.2.3 Hopkins Verbal Learning Test-Revised
	2.2.4 N-back test

	2.3 Statistical analysis

	3 Results
	4 Discussion
	5 Conclusions
	Declaration of competing interest
	References


