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Abstract

The wet bulb globe temperature (WBGT)-based occupational exposure limits (OELs) were developed from steady exposures
to heat stress at constant WBGT and metabolic rate (M). The exposure limits were based on compensable heat stress expos-
ures at the upper limit of the prescriptive zone for most healthy people. Professional practice allows for using time-weighted
averages (TWAs) of WBGT and M to account for heterogeneous heat stress exposures. The purpose of the current paper was
to report on the effectiveness of time-weighted averaging to assess occupational heat stress using published studies. Our
hypothesis was using TWA-WBGT and TWA-M was as protective as the recommended OELs for steady exposures. The cur-
rent paper reports on 62 observations of work that alternate between at least two heat stress conditions (usually work and
recovery) reported in 16 papers. The TWA-WBGT and TWA-M were determined for all observations. ALimit was the observed
TWA-WBGT minus the exposure limit at the TWA-M based on acclimatization state. The observations were then classified as
above or below ALimit = 0. Each observation was also classified as uncompensable if the mean core temperature for the group
was greater than 38°C or a less tolerant individual was above 38.5°C. \When comparing exposure classifications to outcome
classifications using 2 x 2 tables, the sensitivity and specificity for all observations were 0.72 and 0.73, respectively. The sen-
sitivity was much less than the expected value near 1.0, and the large difference called into question the ability of TWAs to
represent actual heat stress. There was some suspicion that there were differences between acclimatized and unacclimatized
observations. Before any of these findings are embedded in policy or practice, a more careful evaluation of TWAs is required.
In conclusion, we believe that the use of TWAs for heat stress analysis was not fully evaluated, and we proposed a framework
for evaluation.
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What's Important About This Paper

In the use of WBGT-based occupational exposure limits, it is often necessary to use time-weighted averaging (TWA) for
both assessment and for the prescription of work/rest cycles. While a common practice of long standing, using TWAs have
never been systematically evaluated to determine if the process represents the actual heat stress. This analysis of existing
studies suggests that TWAs may not be adequately protective, and this study describes an approach to evaluation.

Introduction limit (OEL) for acclimatized, healthy workers is
described by the ACGIH® TLV® (ACGIH®, 2022),
the NIOSH recommended exposure limit (REL)
(NIOSH, 2016) and the ISO 7243 exposure limit
(ISO, 2017). (Nomenclature is described in Table
1.) The threshold WBGT is reduced with increasing

Heat stress assessment often includes environ-
mental conditions, metabolic rate, and clothing
as well as acclimatization state. A wet bulb globe
temperature (WBGT)-based occupational exposure
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Table 1. Nomenclature. This table provides the crosswalk from abbreviation to description for classifications used in the analysis and for
abbreviations used throughout the text.

Classifications Description
Accl state Acclimatization state
A Acclimatized
UA Unacclimatized
Clothing Ensemble worn during trials
SN Semi-nude (e.g. shorts and shoes)
SC Semi-clothed (e.g. shorts, tee-shirt/sports bra, shoes)
wWC Work/woven clothing (e.g. long sleeve shirt and trousers, modesty clothing underneath, and shoes)
VB Vapor-barrier coveralls
MWU Modified work uniform: test garment in one study with modified wicking capability
WBGT Classification of exposures as same or different WBGT
M Classification of exposures as same or different metabolic rate
ALimit The elevation above the OEL for acclimatized participants or above the OAL for unacclimatized partici-
pants in °C-WBGT (continuous variable)
Above Exposure classification when ALimit > 0
Below Exposure classification when ALimit < 0
Uncompensable Decision based on final core temperature (may be projected to 3 h)
Yes Core temperature for the mean and/or 95th percentile exceeds 38 or 38.5°C, respectively.
No Core temperature for the mean and 95th percentile does not exceed 38 or 38.5°C, respectively.
Abbreviations
ACGIH ACGIH (formerly American Conference of Governmental Industrial Hygienists)
AL Action limit of ACGIH for unacclimatized workers
CAV Clothing adjustment value (°C) from the ACGIH TLV for heat stress and strain (2022, Notice of Intended
Change)
1SO International Organization for Standardization
M Metabolic rate in Watts
NIOSH National Institute for Occupational Safety and Health
OAL Occupational alert/action limit defined by the limits for unacclimatized workers (e.g. ACGIH AL, NIOSH
RAL)
OEL Occupational exposure limit defined by the limits for acclimatized workers (e.g. ACGIH TLV, NIOSH REL,
1S0)
RAL NIOSH recommended alert limit
REL NIOSH recommended exposure limit
TLV Threshold limit value of ACGIH for acclimatized workers
TWA Time-weighted average
TWA-M Time-weighted average of metabolic rate
TWA-WBGT Time-weighted average of WBGT
ULPZ Upper limit of prescriptive zone
WBGT Wet bulb globe temperature index in °C

metabolic rate. To account for lower heat tolerance  are no differences among the OELs and the OALs
among unacclimatized workers, the OEL is reduced for ACGIH, NIOSH, and ISO. Because clothing
for the action limit (AL) in ACGIH, recommended can alter heat stress, both ACGIH® and ISO use a
alert limit (RAL) in NIOSH, and unacclimatized in clothing adjustment value (CAV) to adjust the ob-
ISO. We will refer to the limit for unacclimatized as served WBGT by adding the appropriate CAV (ISO,
the occupational alert limit (OAL). As a note, there 2017; ACGIH®, 2022).
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The heat stress OEL was developed and validated
using laboratory trials at constant environmental
conditions and metabolic rates (M) and designed to
be protective for more than 95% of exposures at the
upper limit of the prescriptive zone (ULPZ) (Lind,
1963a, 1970; Dukes-Dobos and Henschel, 1973).
Often heat stress exposures are not comprised of a
single, constant WBGT and M. In the special case
where exposure conditions consist of work and rest
in the same environment, ACGIH provides a table
of screening criteria (see Table 2 in TLV) (ACGIH®,
2022) and NIOSH provides four curves for both the
REL and the RAL based on the proportion of work in
an hour with the balance being rest in the same envir-
onment (see NIOSH criteria document Figures 8-1 for
RAL and 8-2 for REL) (NIOSH, 2016). (Note: There
are unintentional discrepancies between the equations
used to describe the REL and RAL and the figures;
and the equations are taken to be the intended limit.)
The ACGIH and intended NIOSH exposure limits
were based on a time-weighted average (TWA) of M
assuming the same WBGT. The purpose was to pro-
vide a simple, semi-quantitative method to assess heat
stress exposures. Quantitative exposure assessment
was based on the OEL and OAL equations and the
associated curves as described by ACGIH, ISO, and
NIOSH documentation (NIOSH, 2016; 1SO, 2017,
ACGIH®, 2022).
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For exposures that include different WBGTs, dif-
ferent Ms, or both, TWA of WBGT (TWA-WBGT)
and M (TWA-M) over a period of about 1 h was re-
commended (Dukes-Dobos and Henschel, 1973) and
adopted by ACGIH and NIOSH. This recommendation
was based on one study by Lind (1963b) that looked at
work and rest in a constant environment in two parti-
cipants. In effect, the Lind study was a suggestion that
TWA may work; it does not represent a validation.

In general, TWA scenarios fit into four combinations
of two categories of environment (same or different
WBGTs) and two categories of metabolic rate (same
or different Ms). For a common scenario, work and
rest can occur in the same environment for a combin-
ation of same WBGT and different Ms. Another scen-
ario for work and rest is work in a hot environment
and rest in a cool environment for a combination of
different WBGTs and different Ms. Another reasonable
pair would be different WBGTs but the same M, which
would be the same metabolic rate in different work lo-
cations with different WBGTs. The fourth combination
of same WBGT and same M is the steady condition.

University of Ottawa investigators have raised con-
cerns that the exposure limits for work and recovery in
the same environment based on TWA-M are not pro-
tective (Wright Beatty et al., 2015; Meade et al., 2016;
Lamarche et al., 2017; Seo et al., 2019; Kaltsatou et
al., 2020). While investigators have examined some

Table 2. 2 x 2 tables with number of observation (%) in each cell for all observations; acclimatized only; unacclimatized only; for same
WBGT, and for all without projections. Included are Pearson y? outcome, sensitivity, and specificity. See footnote for comparisons

between selected groups.?

ALimit = 0 Uncompensable Compensable Sensitivity Specificity

All (3% P < 0.001)
Above 23(37) 8 (13) 0.72 0.73
Below 9(15) 22 (35)

All without projections (y* P < 0.05)
Above 11 (18) 20 (32) 0.79 0.58
Below 3(5) 28 (45)

Acclimatized (y* P < 0.01)
Above 7(37) 421) 1.0 0.67
Below 0 8 (42)

Unacclimatized (y* P < 0.01)
Above 16 (37) 0.64 0.78
Below 9 (21) 14 (33)

Same WBGT (y* P < 0.01)
Above 20 (43) 7(15) 0.77 0.67
Below 6(13) 14 (30)

*Selected comparisons using https://www.statology.org/chi-square-test-of-independence-calculator/ to compare two groups over four

categories:

All versus all without projections: y*: P < 0.01.
Acclimatized versus unacclimatized: y*: P = 0.13.
All versus same WBGT: y% P = 0.90.
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aspects of work and rest cycles (same WBGT/different
Ms and different WBGTs/different Ms), we are not
aware of a systematic evaluation of TWA for all com-
binations of WBGT at two (or more) levels and M at
two (or more) levels to assess heat stress exposures.
The purpose of the current paper was to test the effect-
iveness of time-weighted averaging to assess occupa-
tional heat stress using a sample of published studies.
Our working hypothesis was that using TWA-WBGT
and TWA-M for exposure assessment will lead to com-
pensable heat stress for most people below the appro-
priate exposure limit.

Methods

The data for this study were from a sample of peer-
reviewed papers in which the study design fit one of
three pairs of WBGT and M categories: (i) same WBGT
and different Ms; (ii) different WBGTs and different
Ms; and (iii) different WBGTs and same M. Other cri-
teria for inclusion were experimental conditions lasting
at least 90 min and the time for a complete cycle was
less than an hour, reported exposure conditions with
sufficient information to assign a TWA-WBGT (°C)
and a TWA-M (Wiatts), and reporting of core tempera-
ture (most often rectal temperature) to determine the
exposure condition (compensable or uncompensable).
In all cases, the reported WBGTs and Ms were for the
group; that is, individual exposure data were not avail-
able. Sixteen papers were identified and are referenced
in Supplementary Table S (available at Annals of Work
Exposures and Health online).

For each paper, the number and acclimatization
state of participants, and clothing worn were noted.
For acclimatization state, if the paper did not expli-
citly state that the participants were acclimatized, they
were considered unacclimatized; a common occupa-
tional hygiene practice to be protective. Clothing worn
was categorized as semi-nude (shorts and socks with
shoes), semi-clothed (shorts, tee-shirt/halter top with
socks and shoes), or single layer of woven clothing.
One study reported on a vapor-barrier coverall (Seo
et al., 2019) and another reported on a modified work
uniform (Stapleton et al., 2012). A CAV was assigned
to each clothing configuration as follows. A CAV of
-1.6°C was used for semi-nude based on our analysis
of critical conditions between semi-nude and work
clothing (Belding and Kamon, 1973). For semi-clothed,
CAV was -1.0°C as described in the 2022 TLV Notice
of Intended Change (ACGIH®, 2022). For vapor-
barrier coveralls, CAV of 11°C was assigned following
the TLV (ACGIH®, 2022). For the modified work uni-
form, a CAV of -0.5°C was estimated based on the
data in the paper (Stapleton et al., 2012) and our pro-
fessional judgment. While the CAV is usually added to
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the observed value of WBGT to represent the effective
WBGT (ACGIH®, 2022), we subtracted it from the ex-
posure limit, which was effectively equivalent.

The study design within a paper often included more
than one experimental condition which included dif-
ferent work and rest periods, different resting envir-
onments, or different Ms during work. Each exposure
condition within a paper was treated as a separate ob-
servation. For a given observation, the work times and
rest times, sufficient environmental data to determine
WBGT, and Ms were noted for each period within the
cycle. If water vapor pressure or relative humidity was
reported in lieu of a psychrometric wet bulb tempera-
ture, psychrometric wet bulb was calculated, then the
natural wet bulb was estimated following the method
described in ISO 7243, Annex D (ISO, 2017). (An
Excel® workbook is available on request, which has
the data and macros used to estimate environmental
parameters.) In all the papers, the M for work was re-
ported as representative of the group. Because M for
rest was often not reported, 100 W was used. The
resting metabolic rate was estimated as an average
value based on the US adult population of about 1800
kcal day~! (Bernard et al., 2018). The 1800 kcal day™!
represents an average resting metabolic rate of 90 W.
Allowing for some activity beyond sitting, 100 W was
chosen.

To classify an exposure as above or at/below the ex-
posure limit, the following steps were taken. First, the
TWA-WBGT and TWA-M were computed. Then the
appropriate occupational limit was calculated from
the TWA-M using equations (1) and (2).

Acclimatized : OEL = 56.7 — 11.5 log;o TWA-M
(1)
Unacclimatized : OAL = 59.9 — 14.1log,o TWA-M
(2)
Next the elevation above the limit (ALimit) was com-
puted as

Acclimatized : ALimit = TWA-WBGT — (OEL — CAV)
3)

Unacclimatized : ALimit = TWA-WBGT — (OAL — CAV)

(4)
Finally, the exposures were classified as above for
ALimit > 0, and below for ALimit < 0.

The outcome variable (uncompensable or com-
pensable) was judged by the final peak core tem-
perature. Ashley et al. (2008) reported data at the
ULPZ noting a difference due to metabolic rate but
not clothing. The mean core temperature was 37.8°C
with a standard deviation of about 0.3°C for a mix
of men and women. We extracted the core tempera-

ture data from Lind’s study on individual variability
near the ULPZ (Lind, 1970) and found a mean and
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Table 3. Distributions of compensable and uncompensable
observations based on acclimatization status, clothing, WBGT
(same or different), M (same or different), and pairs of WBGT and
M (same or different). Also reported are the mean and range of
TWA-WBGT, and TWA-M by outcome.

Compensable ~ Uncompensable
Number of observations 30 32
Acclimatization status
Acclimatized 12 7
Unacclimatized 18 25
Clothing
Semi-nude 16 10
Semi-clothed 2 1
Woven clothing 9 20
Modified work uni- 2 0
form
Vapor-barrier cover- 1 1
alls
WBGT
Same 21 26
Different 9 6
M
Same 2 2
Different 28 30
Pairs of WBGT and M
Same WBGT and dif- 21 26
ferent M
Different WBGT and 7 4
different M
Different WBGT and 2 2
same M
ALimit
Mean -0.9 1.8
Standard deviation 3.3 2.9
TWA-WBGT (°C)
Mean 27.3 29.1
Standard deviation 3.4 3.2
TWA-M (W)
Mean 270 260
Standard deviation 97 99

standard deviation of 38.2 and 0.5°C. From these ob-
servations, a value of 38°C was selected to represent
the mean response for sustainable heat stress expos-
ures and 38.5°C for a high individual response. For
outcome classification purposes, if the reported mean
core temperature of the participants was greater than
38°C; if the core temperature of any individual (if re-
ported) was greater than 38.5°C; or if 95th percentile
was greater than 38.5°C, the outcome was classified
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as uncompensable. Otherwise, the outcome was clas-
sified as compensable.

If the core temperature did not appear to be steady
at the end of the trial (increasing values of peak core
temperature at the end of a work period) and the clas-
sification was compensable at the end of the trial, a
projected core temperature into the following hour was
used to override the decision. This was accomplished
by extending a straight line from the last two peak tem-
peratures out to 180 min. Eighteen observations were
classified as uncompensable based on projections [2 for
Gagnon (Gagnon and Kenny, 2011); 2 for Kaltsatou
(Kaltsatou et al., 2020); 2 for Maiariaux (Mairiaux
et al., 1986); 1 for Meade (Meade et al., 2016); 3 for
Seo (Seo et al., 2019); 2 for Stapleton (Stapleton et al.,
2012); 2 for Wright Beatty (Wright Beatty et al., 2015);
and 4 for Wright (Wright et al., 2014)].

Tabulation of data were performed using JMP Pro
16 Software (SAS, Cary NC). 2 x 2 tables were con-
structed to report the exposure classification (above or
at/below ALimit) versus the outcome (compensable or
uncompensable). A Pearson x> was computed to deter-
mine the statistical significance of the distribution of
values in the 2 x 2 tables. A y? test for independence
was used to compare two 2 x 2 tables to see if the dis-
tributions were similar. An ANOVA was used to see
if there was a difference in ALimit for acclimatization
state and outcome including the interaction.

Results

Supplementary Table S (available at Annals of Work
Exposures and Health online) provides details about
each observation for 16 reported studies for a total of
62 observations. All studies with different Ms used sit-
ting as one of the exposure conditions with an assigned
resting metabolic rate of 100 W.

Table 3 reports distributions of the observations
classified as compensable or uncompensable. About
half (30) of the observations were associated with com-
pensable levels of heat stress and the other half (32)
were classified as uncompensable. Most of the obser-
vations employed the same environment for work and
rest (47 or 75%), had unacclimatized participants (43
or 70%), and used a work clothing ensemble (29 or
47%). Table 3 also reports the outcomes for all 62 ob-
servations based on the core temperatures at the end of
the trial; that is, without a projection to 180 min. Fig.
1 illustrates the observations as a plot of ALimit versus
last recorded peak core temperature during the trial
(i.e. no projections). The uncompensable observations
where the classification was based on a projection are
those located below or at 38°C.

Table 2 provides 2 x 2 tables for selected obser-
vations, which compares the exposure classification
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Figure 1. Observations plotted as ALimit by mean core
temperature. The compensable observations are gray circles;
the uncompensable observations are black circles; and the area
of the circle is proportional to the number of participants in that
observation. The core temperatures are the last recorded peak
value in the trial period. The uncompensable observations (black
circles) below 38°C are the ones that were reclassified based on
a projection out to 3 h.

(above or below) to outcome state (compensable or
uncompensable). The Pearson y* was significant (P <
0.05) for the selected observations. Overall, the sen-
sitivity and specificity were 0.72 and 0.73. Sensitivity
for acclimatized observations was 1.0; and specificity
was 0.67. In contrast, the sensitivity and specificity
for unacclimatized were 0.64 and 0.78. Looking at
observations associated with the same WBGT, sensi-
tivity and specificity were 0.77 and 0.67, respectively.
Using just the data contained within a trial (i.e. no ex-
trapolation), the sensitivity and specificity were 0.79
and 0.58. Table 2 also reports x? tests for three pairs
of comparisons. There was a significant difference in
the 2 x 2 distributions between all observations and
those for all observations without projections to 3 h.
Comparing the distributions of all to same WBGT
and acclimatized to unacclimatized, there were no
significant findings.

The two-way ANOVA looked for a change in ALimit
due to the outcome (uncompensable versus compen-
sable) and acclimatization state as the independent
variables in addition to the interaction of outcome and
acclimatization. Both outcome and acclimatization
state were significant (P < 0.05) and the interaction was
not. Rerunning the model without interaction found a
difference in least square means due to outcome with
2.3°C for uncompensable and -0.7°C for compen-
sable; and a difference in least square means for ac-
climatization state was —0.1°C for unacclimatized and
1.7°C for acclimatized. The overall mean for reference
was 0.5°C.
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Discussion

The goal of WBGT-based heat stress exposure limits
was to limit exposures to the ULPZ (Lind, 1963a,
1970; Dukes-Dobos and Henschel, 1973; Garzén-
Villalba et al., 2017), or at least to assure that thermal
equilibrium can be maintained (ACGIH®, 2022).
Several steps were taken to classify the heterogeneous
exposures as above the exposure limit or not. The
first step was to determine TWA-WBGT and TWA-M
based on the data for environment and M provided in
each paper. The second step was to determine the dif-
ference between the exposure based on TWA-WBGT
and TWA-M and the exposure limit appropriate to the
acclimatization state (OEL or OAL) (ALimit). The last
step was to classify the exposures (above or at/below
the limit).

The outcome decision was based on reported core
temperature (usually rectal temperature). An extrapo-
lation past the exposure time to 3 h was considered if
core temperature was continuing to increase and the
outcome was compensable at that time. The observa-
tion was classified as uncompensable if the mean value
of core temperature for the participants was >38°C, any
individual’s reported core temperature was >38.5°C,
or the 95th percentile core temperature was >38.5°C.
Using both the mean and the 95th percentile criteria
provided two checks on whether the rectal temperature
responses appeared to be consistent with the ULPZ
(Ashley et al., 2008) or demonstrated ability to sustain
the exposure for 3 h (Lind, 1970). The classification
criterion for the mean was for the population of par-
ticipants in the study, and thus represented the group
response. The 95th percentile would identify a less
heat-tolerant individual. The outcomes (compensable
or uncompensable) are illustrated in Fig. 1 on a plot of
ALimit versus last recorded peak core temperature. It
is not surprising to see the difficulty in separating the
compensable from uncompensable data. The problem
addressed below is the number of uncompensable ob-
servations less than ALimit = 0. These represent false-
negative decisions.

Least square mean values of ALimit for compen-
sable and uncompensable exposures were -0.7 and
2.3°C-WBGT, respectively. The higher average ALimit
for uncompensable was expected, but there was con-
siderable overlap associated with standard deviations
of 3°C. We expected to see compensable levels of heat
stress above the exposure limit (ALimit = 0) because
of the protective nature of the exposure limits (Lind,
1970; Dukes-Dobos and Henschel, 1973; Garzén-
Villalba et al.,2017). Lind’s study of 95 unacclimatized,
semi-nude men divided among four WBGTs at 350
W (OAL adjusted for semi-nude is 25.6°C-WBGT)
provided insight into how many participants could
sustain a heat stress exposure for 3 h (Lind, 1970).
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While 24 of 25 completed the trial at 27.4°C-WBGT
(ALimit = 1.8°C-WBGT), Lind reported that 68% of
participants (13 of 19) could complete the 3-h trial at
29.2°C-WBGT (ALimit = 3.6°C-WBGT) and 40% (10
of 25) at 30.8°C-WBGT (ALimit = 5.2°C-WBGT). At
ALimit of 2°C and assuming the heat tolerance curve
has similar shape for unacclimatized, we would ex-
pect that 95% of the exposures would be compen-
sable (Garzén-Villalba et al., 2017). Thus, exposures
above the OEL or OAL were expected to result in
false-positive outcomes; and that the probability of
false-positive outcomes would decrease with increasing
levels above the exposure limit.

For sensitivity and specificity, the expected sensi-
tivity was near 1.0 with lesser specificities that were
dependent on the design of the study (Garzén-Villalba
et al.,2017). Table 2 presents a much different picture.
The overall sensitivity and specificity were weak at
0.72 and 0.73, respectively. The goal of protection of
most workers [e.g. 95% (Dukes-Dobos and Henschel,
1973)] was elusive with the lower sensitivity; and low
specificity meant it was also difficult to identify com-
pensable exposures with any certainty. This remained
true when the 18 cases where the decision was based
on projected changes in core temperature were classi-
fied based on core temperature at the end of the trail
(specificity of 0.79 and sensitivity of 0.58). There was a
statistically significant change in the distribution from
compensable to uncompensable due to the projection.
In sum, the TWA appeared to underestimate the actual
heat stress experienced by the observations leading to
false-negative classifications and lower sensitivity.

TWA appeared to work for the observations from
acclimatized participants. That is, the sensitivity was
1.0 and the specificity near what would be expected
for widely different exposures (Garzon-Villalba ez
al., 2017). This was not true for the unacclimatized
observations where sensitivity was 0.64. The mean
ALimit was not statistically significant at 1.32°C for
acclimatized and 0.12°C for unacclimatized. There
was not a statistically significant difference in the dis-
tribution of observations between the acclimatized
and unacclimatized. The high sensitivity for acclima-
tized and lack of statistical significance may be due to
a small sample size.

Most of the exposure scenarios were work and re-
covery in the same environment (75%), which basic-
ally evaluated only TWA-M. When observations based
on the same environment were considered alone, there
was no improvement in the ability to discriminate
for uncompensable heat stress and the distribution of
same WBGT was not statistically different from all the
observations.

There were only 11 of 62 observations for different
WBGTs and different Ms. The sensitivity was poor at
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0.25 and the specificity was 0.86. Again, the TWAs did
not provide the expected sensitivity.

The four observations for same M and different
WBGTs were above the limit and split two and two
for compensable status. There was no opportunity to
explore the value of TWA-WBGT alone because there
were no observations below the exposure limit to add
contrast.

Criteria for the case definition were based on a linear
extrapolation of core temperature to 3 h. This led to
18 more cases (12 true positives and 6 false negatives)
with a decrease in sensitivity (0.79-0.72) and increase
in specificity (0.58-0.73). A more appropriate ex-
trapolation might have been a first order exponential
increase based on all the preceding data. At best, the
exponential extrapolation might have resulted in fewer
than 18 additional cases with specificity still less than
0.79. The extrapolation to 3 h did not explain the un-
expected results.

Not included among the data for evaluating TWAs
were seven observations of continuous exposures (same
WBGT and same M) for unacclimatized groups among
the included papers (Mairiaux et al., 1986; Graveling
and Morris, 1995; Gagnon and Kenny, 2011; Meade
et al., 2016; Lamarche et al., 2017; Kaltsatou et al.,
2020). The sensitivity was O (no true positives and four
false negatives) and the specificity was 0.67 based on
three compensable observations. Assuming the OAL
is adequately protective, the case definition using core
temperature thresholds may not be representative of
compensable heat stress.

The WHO report on heat stress (WHO, 1969) re-
commended a maximum core temperature of 38°C;
this goal was stated in the development of WBGT-
based exposure limits (Dukes-Dobos and Henschel,
1973); and repeated in earlier versions of the TLV and
REL. If 38°C limit for any individual was used for the
case definition, there would be many more outcome
classifications as uncompensable. While not tested, the
result would be even lower sensitivity for the TWA
observations.

The core temperature limits were selected as a surro-
gate to demonstrate thermal equilibrium. The WBGT-
based limits were based on Lind’s concept of the ULPZ,
below which thermal equilibrium can be established. In
practice, the exposure limits have the goal of thermal
equilibrium or compensable heat stress, which can
occur above the ULPZ. While the belief that exposures
below the ULPZ can limit core temperature to 38°C
(Dukes-Dobos and Henschel, 1973) or about 38.3°C
(Ashley ez al., 2008) or 39°C (Lind, 1970) might be
reasonable, the reverse is not necessarily true. A fixed
core temperature cannot be used to demonstrate an
exposure below the ULPZ or to demonstrate thermal
equilibrium.
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In addition to the problem of using core tem-
perature limits to demonstrate thermal equilibrium,
there were notable limitations to evaluating TWAs.
The first limitation was the fact that there was no
uniform reporting of population or individual heat
stress exposure data. This left us to make our best
judgment about the exposure and outcome data.
Another was that by reporting population data, (i)
we could not capture individual metabolic rates to
better classify the heat stress level and (ii) we needed
to make an informed guess about the response of
the less tolerant individuals. Another limitation was
the need to estimate a WBGT for trial conditions
and a lack of specificity about the instrumentation
used to report environmental data. When air velocity
was not reported, 0.3 m s™! was assumed, which al-
lows for air exchanges to control environments with
little sensible motion. For globe temperature, the air
temperature was used as the surrogate when no ra-
diant heat sources were reported (61 of 64 obser-
vations). Often natural wet bulb temperature was
not reported and it was estimated using a nonlinear
relationship among natural wet bulb temperature,
psychrometric wet bulb temperature (or ambient
water vapor pressure), globe temperature, and air
speed. Resting metabolic rate was not reported for
most observations and a value of 100 W was used.
Thus, there were potential classification errors for
both exposure and outcome.

The number of participants in each study ranged
from 2 to 14 with an average across observations of
8. Each observation was treated with the same weight,
which overstated the findings with few participants in
comparison to the observations with higher numbers.

The search for papers to include was not exhaustive
but there was no intentional bias in the search or se-
lection of papers. While more papers would add to the
database, they would not likely change the outcome
that sensitivity was lower than would be expected due
to the large number of false-negative outcomes and
low sensitivity already reported.

A more rigorous test of TWAs with exposures
above and below compensable levels of heat stress
should include the four TWA pairs of same and dif-
ferent WBGT and M, where the exposure data and
the outcomes are reported and analyzed on an in-
dividual basis. To demonstrate that TWAs are ap-
plicable to heterogeneous exposures, TWAs should
be determined for the four pairs of conditions (i.e.
different WBGTs/different Ms; different WBGTs/
same M; and same WBGT/different Ms with same
WBGT/same M as a control). Ideally, a study would
use the same participants in a cross-over design to
better control for individual differences where the
TWA-WBGT and TWA-M are held constant for
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each of the four pairs. A study that changes the pro-
portions of work and rest cycles is also necessary
to better evaluate TWAs. In summary, it is neces-
sary to explore all the exposure pairs with some
variation in the proportion of work and rest (e.g.
75125, 50/50, and 75/25; or 33/67 and 67/33) and
conditions below, at, and above the exposure limit.
Acclimatized participants help reduce the vari-
ability but an unacclimatized population should
also be included due to the uncertainty found in
this paper and a relevant population for heat stress
management. Steady exposures below the ULPZ for
an individual will establish the work-driven body
core temperature (Saltin and Hermansen, 1966)
for comparison with the TWA trials for that indi-
vidual to see if the core temperatures are similar or
different for TWAs below the exposure limits and
how much elevation there may be during exposures
where thermal equilibrium can be demonstrated.

The OELs were designed to allow most healthy, hy-
drated people to achieve a compensable level of heat
stress based on constant exposures. The classified data
presented in the 2 x 2 tables (Table 2) suggested that
the TWAs did not reflect heat stress exposures con-
sistent with the goals of the OELs. Using core tempera-
ture criteria that were higher than 38°C, the findings
of the University of Ottawa investigators (Wright
Beatty et al., 2015; Meade et al., 2016; Lamarche et
al.,2017; Seo et al., 2019; Kaltsatou et al., 2020) were
confirmed. There was some suspicion that there were
differences between acclimatized and unacclimatized
observations. Before any of these findings are em-
bedded in policy or practice, a more careful evaluation
of TWAs is required.
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