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Abstract

Heat stress has an adverse impact on worker health and well-being, and the effects will increase with more frequent and severe
heat events associated with global warming. Acclimatization to heat stress is widely considered to be a critical mitigation strat-
egy and wet bulb globe temperature- (WBGT-) based occupational standards and guidelines contain adjustments for acclimatiza-
tion. The purpose here was to 1) compare the mean values for the upper limit of the prescriptive zone (ULPZ, below which the
rise in core temperature is minimal) between unacclimatized and acclimatized men and women; 2) demonstrate that the change
in the occupational exposure limit (DOEL) due to acclimatization is independent of metabolic rate; 3) examine the relation between
DOEL and body surface area (BSA); and 4) compare the exposure-response curves between unacclimatized and acclimatized popu-
lations. Empirically derived ULPZ data for unacclimatized participants from Pennsylvania State University (PSU) and acclimatized par-
ticipants from University of South Florida (USF) were used to explore the difference between unacclimatized and acclimatized heat
exposure limits. The findings provide support for a constant 3�C WBGT OEL decrease to account for unacclimatized workers. Body
surface area explained part of the difference in ULPZ values between men and women. In addition, the pooled PSU and USF data
provide insight into the distribution of individual values for the ULPZ among young, healthy unacclimatized and acclimatized popula-
tions in support of occupational heat stress guidelines.

NEW & NOTEWORTHY Occupational exposure limit guidelines using wet bulb globe temperature (WBGT) distinguish between
acclimatized and unacclimatized workers with about a 3�C difference between them. For the first time, empirical data from two
laboratories provide support for acclimatization state adjustments. Using a constant difference rather than increasing differences
with metabolic rate better describes the limit for unacclimatized participants. Furthermore, the lower upper limit of the prescrip-
tive zone (ULPZ) values set forth for women do not relate to fitness level but are partly explained by their smaller body surface
area (BSA). An examination of individual ULPZ values suggests that many unacclimatized individuals should be able to sustain
safe work at the exposure limit for acclimatized workers.

heat stress; occupational exposure limit; ULPZ; WBGT

INTRODUCTION

Occupational heat exposure is widely recognized as con-
tributing to heat-related disorders, and heat-related risks to
industrial workers will increase with extreme temperature
events caused by global warming. From 2011 through 2020,
there were 400 fatalities due to environmental heat exposure
(1, 2). Between 1906 and 2005, the global average surface tem-
perature rose by 0.6–0.9�C. The rate of temperature increase
has nearly doubled in the last 50 years, and over the next 20

years the rate of rise will accelerate (3, 4). As unstable weather
patterns grow in number and severity, more workers will be
exposed to extreme heat in the workplace. Heat acclimatiza-
tion, or more specifically the detrimental effects of the lack of
acclimatization, will be an increasingly important considera-
tion in themanagement of occupational heat stress.

Heat acclimatization—defined as beneficial physiological
adaptations to heat stress induced by repeatedwork-heat expo-
sures over a prolonged period—increases heat tolerance,
enhances worker safety, and minimizes the risk and incidence
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of heat-related illness (5–7). The importance of acclimatization
for occupational exposures is commonly expressed by adjust-
ing wet-bulb globe temperature (WBGT) exposure limits used
by the National Institute for Occupational Safety and Health
(8), the ACGIH (previously known as the American Conference
of Governmental Industrial Hygienists) (9), and the International
Organization for Standardization (10). Generally, the WBGT
limit for unacclimatized workers (referred to in this paper as
the occupational alert limit, OAL) is �3�C lower than the ex-
posure limit for acclimatized workers (i.e., occupational expo-
sure limit, OEL) at a moderate work rate of 300 W. Overall,
the OEL-OAL difference gradually increases with metabolic
rate from 2�C at 115W to 3.5�C at 500W.

A progressive heat stress protocol was designed to deter-
mine the upper limit of the prescriptive zone (ULPZ) (11, 12) at
a given metabolic rate. As the metabolic rate increases, the
WBGT representing the ULPZ decreases (11, 13). To account
for the combined effects of environment and metabolic rate,
we have suggested expressing exposures as the elevation
above the OEL (DOEL, see METHODS for more details) (14, 15).
By asking whether DOEL changes as a function of metabolic
rate, it is possible to demonstrate whether DOEL is a satisfac-
torymethod to represent the combined effects.

Among a group of young unacclimatized participants,
there were significant differences in DOEL between men and
women that could not be explained by aerobic fitness (15).
Because the ULPZ occurs near the upper limit of thermal
equilibrium, the DOEL may be affected by the body surface
area (BSA); such that a higher BSA would allow for greater
dissipation of metabolic heat and thus a higher DOEL. If this
is true, it may partly explain why the DOEL would be higher
for men than women.

Garz�on et al. (14) showed that the WBGT range of critical
environments adjusted for metabolic rate among young,
healthy, hydrated, acclimatized individuals can be as large
as 10�C WBGT. For a large representative sample of young,
healthy, hydrated, unacclimatized, and minimally clothed
men and women, Wolf et al. (15) reported a range of 6�C
WBGT. If the range of individual values (6�C) is greater than
the benefit of acclimatization (3�C), there may be implica-
tions for acclimatization-based WBGT adjustments in occu-
pational heat stress management.

The purposes of the present paper were to 1) compare the
mean values for the upper limit of the prescriptive zone
(ULPZ, below which the rise in core temperature is minimal)
between unacclimatized and acclimatized men and women;
2) demonstrate that the change in the occupational exposure
limit (DOEL) due to acclimatization is independent of meta-
bolic rate; 3) examine the relation between DOEL and body
surface area; and 4) compare the exposure-response curves
between unacclimatized and acclimatized populations. The
results may provide context for understanding the benefits
of acclimatization on promulgated occupational heat stress
exposure limits. This may have implications for future
research on how occupational policies and practices for ac-
climatization are articulated and promoted.

METHODS

To determine the implications of dichotomous acclimati-
zation status in the context of WBGT-based heat stress

management, this paper re-examined published data from
the Pennsylvania State University (PSU) (16, 17) and the
University of South Florida (USF) (13, 18) for unacclimatized
and acclimatizedmen and women, respectively. Both groups
used a progressive heat stress protocol to determine the
ULPZ for a given trial (called critical conditions in previous
papers). The typical trial began with climatic conditions that
easily allowed thermal equilibrium for the metabolic rate
and clothing ensemble. A physiological steady-state was typ-
ically established in the first 30 to 45 min. Once the steady-
state was established, dry bulb temperature or vapor pres-
sure for PSU or dry bulb at constant relative humidity (RH)
for USF was increased in small steps every 5 min, which
allowed a quasi-steady-state to exist before the next incre-
ment. After the critical condition, core temperature (Tc)
increased steadily and continuously. The critical condition
was noted using the judgment of experienced investigators
as the last climatic condition for which Tc was steady; and af-
ter which Tc increased �0.1�C per 5-min step. The informed
judgment method provides the same results as segmented
regressions (19). At the critical condition, dry bulb, natural
wet bulb, and globe temperatures were used to compute the
WBGT, and this represented the environment at the ULPZ
for a given metabolic rate and clothing ensemble. Tc and
heart rate (HR) were also noted.

In the PSU studies reported here, participants were
tested in a semiclothed ensemble (tee shirt/sports bra,
shorts, socks, and shoes) in ambient conditions represent-
ing a wide range of temperature (33–53�C) and relative hu-
midity (10–85%) (19–21). The participants were healthy,
hydrated, and unacclimatized. The metabolic rates were
light (Bike Study at 83 W·m�2) and moderate (Walking
Study at 133 W·m�2).

The USF data were reported previously to examine cloth-
ing effects on WBGT at critical condition (13, 18). The young
and healthy participants completed a 5-day acclimatization
protocol to dry heat (50�C and 20% relative humidity) by
walking on a treadmill at a metabolic rate of �160 W·m�2 for
2 h. The experimental trials included four clothing ensem-
bles (woven clothing as either shirt and trousers or coverall,
nonwoven particle barrier, water barrier using microporous
film, and vapor barrier). Only the data on woven clothing is
reported here. In one study, metabolic rates were considered
at three levels (Low, Moderate, and High) with average rates
of 115, 180, and 254 W·m�2 in which each participant wore
the two woven clothing ensembles at all three metabolic
rates (Met Study) with relative humidity held at 50%. A sec-
ond study (RH Study) used the two woven clothing ensem-
bles at three humidity levels (20, 50, and 70% RH) and a
moderatemetabolic rate (155W·m�2).

Participant characteristics by study are described in Table 1.
Table 2 describes the distribution of trials with the mean
and standard deviation of the metabolic rate (MR), Tc, and
HR. The standard deviations for the Met trials were higher
due to the wider range ofmetabolic rates in the experimental
design.

Because heat stress is a combination of environment, met-
abolic rate, and clothing, Eq. 1 was used to provide a single
metric referenced to the WBGT-based occupational exposure
limit (OEL) (15, 22)
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DOEL ¼ WBGTobs þ CAV�OEL

¼ WBGTobs þ CAV� 56:7� 11:5 log10 MRð Þ� �
; ð1Þ

where WBGTobs is the observed WBGT in �C, CAV is the
clothing adjustment value in �C, and MR is the observed
metabolic rate in watts (W). For the USF data, clothing com-
prised woven work clothes with CAV ¼ 0. For the PSU data,
participants wore minimal clothing with CAV taken as
�1.0�C based on the 2023 ACGIH TLV for heat stress and
strain (9).

Statistical Analysis

JMP v16 (SAS, Cary NC) was used for statistical analysis. A
mixed-effects ANOVA with fixed effects for acclimatization
state (2 levels) and sex (2 levels) plus the interaction of accli-
matization and sex and a random effect for participants was
used to examine the DOEL for systematic differences in ac-
climatization state. Significance was accepted at a¼ 0.05.

The next step examined the independence of DOEL from
metabolic rate and explored whether there was a difference

between acclimatized and unacclimatized. Tomake the eval-
uation, a linear regression (Eq. 2) with participants as a ran-
dom effect was computed. A slope near zero for metabolic
rate (MR) (b1) would indicate that DOEL was independent of
MR. The addition of the acclimatization state (Accl) as a
fixed effect and as an interaction with MR would consider if
the intercept or slope was affected by acclimatization

DOEL ¼ a þ b1 MR þ b2 Accl þ b3 MR� Accl þ ɛ: ð2Þ
To demonstrate the independence of DOEL from body sur-

face area (BSA), a similar approach was taken in Eq. 3 with
participants as a random effect. A slope (b1 and b2) near zero
would support no effect for BSA. Recognizing that BSA and
sex are systematically related and to see if BSA accounted for
sex effects, a mixed effects model with the main effects of
BSA, acclimatization state and sex with participants as a ran-
dom effect was used to see if sex was an effect

DOEL ¼ a þ b1 BSA þ b2 Accl þ b3 Accl� BSA þ ɛ: ð3Þ
To fit an exposure-response curve, the DOEL data were

rank ordered from the lowest to highest (15, 22). The

Table 1. Distribution of participant characteristics (age, weight, height, and body surface area) by study

Age, yr Weight, kg Height, m Body Surface Area, m2

Study* Sex n Means ± SD Means ± SD Means ± SD Means ± SD

PSU�� Bike Men 24 23.7 ± 4.2 84.7 ± 15.4 1.81 ± 0.08 2.05 ±0.18
Women 23 23.0 ± 3.8 68.2 ± 15.2 1.65 ±0.05 1.75 ±0.17

PSU�� Walk Men 23 23.3 ± 3.8 83.0 ± 13.2 1.81 ± 0.07 2.03 ±0.16
Women 26 22.6 ± 3.7 68.1 ± 15.0 1.66 ±0.05 1.75 ±0.18

USF��� Met Men 12 27.3 ± 9.4 84.5 ± 14.4 1.76 ± 0.11 2.01 ± 0.20
Women 4 23.0 ± 4.7 64.2 ± 18.0 1.65 ±0.06 1.70 ±0.22

USF��� RH Men 9 29.2 ± 6.8 97.4 ± 18.4 1.83 ± 0.05 2.19 ± 0.20
Women 4 34.0 ± 8.9 63.5 ± 20.0 1.63 ±0.06 1.68 ±0.26

�Study: Pennsylvania State University (PSU) Bike (light metabolic rate); PSU Walk (moderate metabolic rate); University of South
Florida (USF) Met Trials (low, moderate, and high metabolic rates at 50% relative humidity); USF RH Trials (20, 50, 70% relative humid-
ity at moderate metabolic rate); ��the PSU studies used more participants and each participant completed about two trials in each study;
���the USF studies used fewer participants and each participant completed about six trials.

Table 2. Distribution of progressive heat stress trials by the four types of trials and clothing for metabolic rate, core
temperature, heart rate, and physiological strain index at the upper limit of the prescriptive zone; and the distribu-
tions by sex for the four types of trials

Number of Trials†
MR, W Tc, �C HR, beats/min

Study* Clothing** Means ± SD Means ± SD Means ± SD

PSU Bike SC 91 161 ± 37 37.38 ±0.27 94 ± 14
Walk SC 99 280 ±57 37.66 ±0.35 113 ± 21

USF Met Trials WC 90 347 ± 118 37.67 ± 0.30 117 ± 20
RH Trials WC 86 305 ±82 37.77 ± 0.36 117 ± 16

Sex
PSU Bike Men 49 183 ± 31 37.26 ±0.22 91 ± 11

Women 42 135 ± 24 37.51 ± 0.25 97 ± 16
Walk Men 52 314 ± 47 37.54 ±0.34 105 ± 16

Women 47 243 ± 42 37.79 ±0.31 121 ± 21
USF Met Trials Men 66 369 ± 115 37.68 ±0.32 114 ± 17

Women 24 287 ± 107 37.65 ±0.25 126 ± 24
RH Trials Men 55 343 ±65 37.70 ±0.33 112 ± 16

Women 31 236 ±63 37.90 ±0.38 127 ± 13

Values are means ± SD. HR, heart rate; MR, metabolic rate; Tc, core temperature; ULPZ, upper limit of the prescriptive zone. �Study:
Bike (light metabolic rate); Walk (moderate metabolic rate); Met Trials (low, moderate, and high metabolic rates at 50% relative humid-
ity); RH trials (20, 50, 70% relative humidity at moderate metabolic rate); ��clothing: SC (semiclothed); WC (cotton shirt/trousers or cot-
ton coverall; †note that there was considerable overlap in participants between the two Pennsylvania State University (PSU) studies with
each participant completing about two trials in each study. The University of South Florida (USF) studies used fewer participants, each
participant completed about 6 trials (2 types of woven clothing at either three metabolic rates or three relative humidity levels) and no
overlap between studies.
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probability (p) for each observation was the rank (i, starting
at 1) divided by the number of observations (n) plus 1; that is
pi ¼ i

nþ 1. The odds for each observation was oddsi ¼ pi
1�pi

. A ln

(odds) linear regression model (Eq. 4) was used to explore
the main effects of acclimatization and sex, and their inter-
action with DOEL using a forward stepwise regression using
the minimum Akaike information criterion (AICc) to select
themodel.

ln oddsð Þ ¼ a þ b1DOEL þ b2Accl þ b3Sex
þb4DOEL� Accl þ b5DOEL� Sex þ ɛ: ð4Þ

To provide additional context to the ULPZ profiles for
unacclimatized participants, data from Lind’s study of 3-h
exposures were also examined (23). The trials were per-
formed with seminude participants with an approximate
metabolic rate of 350 W. For his exposures just below (Tdb/
Twb; estimated WBGT) (35.0/25.3; 27.4�C) and above (37.8/
26.7; 29.2�C) his proposed limit and well above (40.0/29.4;
31.8�C). The OEL at 350 W for standard clothing was 27.4�C.
The effective WBGT was the observed value minus 1.5�C for
seminude based on our analysis of a study looking at critical
environments for seminude and clothed participants (12).
The DOELs and proportion of participants not completing
the 3-h exposure were: DOEL ¼ 0.0�C and 0.04 (1 of 25 did
not complete the trial); 1.8�C and 0.32 (6 of 19); and 4.4�C
and 0.64 (16 of 25).

RESULTS

From the ANOVA, the least square means are provided in
Table 3. Both acclimatization state and sex were significant
contributors to DOEL (P < 0.001; P ¼ 0.59 for interaction).
The mean increase in the ULPZ attributable to acclimatiza-
tion was 3.4�C, going from a mean for unacclimatized of
2.5�C to 5.9�C. Men had a higher ULPZ (4.9�C) than women
(3.5�C) by 1.4�C.

To demonstrate whether the DOEL was independent of
metabolic rate, the linear regression found both metabolic
rate and acclimatization state as well as the interaction to be
significant at P < 0.01. Equations 5 (unacclimatized) and 6
(acclimatized) with ±root mean square error (RMSE) are
shown. For unacclimatized, the slope and intercept are sig-
nificant (P < 0.001). The slope for acclimatized was not sig-
nificant (P ¼ 0.42) and thus the means ± RMSE is reported as

Eq. 6. Figure 1 illustrates the relationships. The slope was
0.7�C/100W, which was associatedwith a decrease in the dif-
ference between unacclimatized and acclimatized from
4.5�C at 100W to 3�C at 300W to 1.6�C at 500W.

Unacclimatized: DOEL ¼ 0:88 þ 0:0072MR60:84 ð5Þ

Acclimatized: DOEL ¼ 6:16 1:68 ð6Þ

To examine the effect of body surface area (BSA) using
Eq. 3, the main effects of BSA and Accl were significant
(P < 0.0001) and the interaction was not significant at P ¼
0.96. The final models were based on BSA. Equations 7
and 8, Table 4, and Fig. 2 illustrate the results. Both the
unacclimatized and acclimatized had significant slopes of
�0.18�C/0.1 m2; such that the DOEL increased with BSA.
The difference between unacclimatized and acclimatized
was virtually constant at 3.6�C (3.7 at 1.4 m2 to 3.5�C at 2.5
m2). The mixed effects model showed that sex was also a
significant effect (P < 0.0001) with BSA (P < 0.0001).

Unacclimatized: DOEL ¼ �1:1 þ 1:9 BSA60:93 ð7Þ

Acclimatized: DOEL ¼ 2:7 þ 1:8 BSA6 1:64 ð8Þ

From the stepwise regression of the full ln(odds) model
(Eq. 4), DOEL, acclimatization state, and the interaction of
DOEL and acclimatization state were retained; sex and the
interaction of sex with DOEL increased the AICc and thus
were not retained. Because the acclimatization state was
both a main effect and an interaction, separate models based
on DOEL for each acclimatization state were run with partici-
pants as a random effect. The results are provided in Table 4
and shown in Eqs. 4 and 5. Figure 3 illustrates the data and
the curves based on these equations after converting ln

Table 3. Least square means, with standard error in
parentheses, of DOEL from ANOVA based on sex and
acclimatization state�

Acclimatization State Both Sexes Men Women DSex

Both acclimatization state 4.3 4.9 (0.18) 3.5 (0.23) 1.4
Acclimatized 5.9 (0.23) 6.7 (0.25) 5.1 (0.38) 1.6
Unacclimatized 2.5 (0.17) 3.2 (0.25) 1.9 (0.25) 1.3
DAcclimatization 3.4 3.5 3.2

OEL, occupational exposure limit. �There were significant dif-
ferences between men and women (P < 0.0001) and between
acclimatized and unacclimatized (P < 0.0001). While each combi-
nation of sex and acclimatization was significantly different from
the others using Tukey’s multiple comparison test at a ¼ 0.05, the
interaction of sex and acclimatization state was not significant
(P ¼ 0.59).

Figure 1. Relationships between D occupational exposure limit (OEL) and
metabolic rate for acclimatized (squares) and unacclimatized (circles) par-
ticipants. Men are solid markers and Women are open markers. (See Eqs.
5 and 6.) The effects for acclimatization state, metabolic rate, and the
interaction were significant (P < 0.01). The number of participants/obser-
vations were for unacclimatized men (24/101), unacclimatized women (26/
89), acclimatized men (21/121), and acclimatized women (9/55).

ULPZ AND ACCLIMATIZATION

604 J Appl Physiol � doi:10.1152/japplphysiol.00724.2022 � www.jap.org
Downloaded from journals.physiology.org/journal/jappl at CDC Information Center (158.111.236.095) on August 31, 2023.

http://www.jap.org


(odds) to a cumulative probability (p ¼ eðaþbDOELÞ
1þ eðaþbDOELÞ). As expected

the unacclimatized curve was displaced to the left of the
acclimatized curve. The slope of the unacclimatized curve
was steeper. The difference between the two curves was 2.5�C
at P¼ 0.1, 3.5�C at P¼ 0.5, and 4.5 at P¼ 0.9.

Unacclimatized: ln oddsð Þ ¼ �3:4 þ 1:33 DOEL ð9Þ

Acclimatized: ln oddsð Þ ¼ �4:7 þ 0:77 DOEL ð10Þ

DISCUSSION

Occupational heat stress assessment is based on metabolic
rate andWBGT,with different safety thresholds for acclimatized
and unacclimatized workers. The average adjustment for an

unacclimatized worker is currently set at 3�C WBGT; however,
empirical data supporting that value have been lacking. To that
end, data were collected to specifically determine the upper
limit of the prescriptive zone (ULPZ) at Pennsylvania State
University (PSU) and University of South Florida (USF) and
were used to examine the difference between unacclimatized
and acclimatized participants at the ULPZ. The change in the
OEL between acclimatized and unacclimatized young men and
women was 3.4�C (see Table 3). The mean difference in UPLZs
in the present study appeared to be consistent with current pro-
fessional practice at higher metabolic rates but was greater than
the difference atmetabolic rates below 275W (8–10).

The current practice for WBGT-based OELs is to slightly
adjust the 3�C difference between acclimatized and unacclim-
atized workers with increasing differences due to metabolic

Table 4. Summary of parameter estimates for the linear regressions for unacclimatized and acclimatized participants
(see Eqs. 5–10)

Model Acclimatization State Term Estimate Standard Error P Value

DOEL vs. MR Unacclimatized Intercept 0.88 0.24 0.0003
Equation 5 MR 0.0072 0.00093 <0.0001
DOEL vs. MR Acclimatized Intercept 5.8† 0.58 <0.0001
Equation 6† MR 0.0012 0.0015 0.42
DOEL vs. BSA Unacclimatized Intercept �1.1 0.71 0.12
Equation 7 BSA 1.9 0.37 <0.0001
DOEL vs. BSA Acclimatized Intercept 2.7 1.07 0.013
Equation 8 BSA 1.8 0.53 0.0008
ln(odds) Unacclimatized Intercept �3.41 0.029 <0.0001
Equation 9 DOEL 1.33 0.010 <0.0001
ln(odds) Acclimatized Intercept �4.70 0.032 <0.0001
Equation 10 DOEL 0.767 0.0049 <0.0001

BSA, body surface area (m2); MR, metabolic rate (W); DOEL, the elevation above the occupational exposure limit (OEL) (�C WBGT);
WBGT, wet bulb globe temperature. †Because the slope was treated as zero, the mean of 6.1 was used in Eq. 6 instead of the intercept.

Figure 2. Relationships between D occupational exposure limit (OEL) and
body surface area (BSA) for acclimatized (squares) and unacclimatized
(circles) participants. Men are solid markers and Women are open
markers. (See Eqs. 7 and 8 for BSA and acclimatization.) The number of
participants/observations were for unacclimatized men (24/101), unacclim-
atized women (26/89), acclimatized men (21/121), and acclimatized women
(9/55). The effects for acclimatization state and sex were significant (P <
0.0001), but only BSA was reported due to the relationship between BSA
and sex.

Figure 3. Upper limit of the prescriptive zone (ULPZ) profiles for unacclim-
atized (Pennsylvania State University, PSU) (left curve) and acclimatized
(University of South Florida, USF) (right curve) participants. The markers
represent individual data and the lines represent the ln(odds) regression
curve where odds were translated to the cumulative proportion of individ-
ual ULPZ values below the ULPZ. The number of participants/observations
were for unacclimatized men (UA Men: 24/101), unacclimatized women
(UA Women: 26/89), acclimatized men (A Men: 21/121), and acclimatized
women (A Women: 9/55). The exposure-response (E-R) curve for all unac-
climatized (Eq. 9) and all acclimatized participants (Eq. 10) are included.
Lind’s data for unacclimatized men (23) are the solid triangles.
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rate. Our first step was to confirm that DOEL does not change
with the metabolic rate for acclimatized participants; that is,
the OEL adjusted for metabolic rate accounted for the trade-
off between the environment and metabolic rate (24). The
regression of DOEL for acclimatized participants had a slope
that was not significantly different from zero, and the mean
value of DOEL was 6.1�C. Thus, the OEL for acclimatized par-
ticipants does reasonably account for the trade-off between
metabolic rate and the WBGT limit. If the trade-off was the
same for unacclimatized individuals, the slope would be zero
with an intercept near 2.5�C. This was not the case as seen
in Fig. 1. The difference between acclimatized and unacclimat-
ized became smaller with increasingmetabolic rate. Comparing
the unacclimatized data to the OAL, there were 5 of 190 obser-
vations with metabolic rates below 130 W that fell below the
OAL. These five observations indicated that the OAL was not
sufficiently protective at low metabolic rates. If the OAL ¼
OEL – 3�C, a constant difference, the OAL would bemore pro-
tective at the lower metabolic rates. For either the current
OAL or for one with a constant difference, the limit becomes
progressively overprotective above a metabolic rate of 350 W;
that is, the ULPZ data for unacclimatized are increasing
higher than the OAL.

As shown in Table 3, men demonstrated a 1.4�C greater
DOEL than women. A difference between sexes was
found earlier among unacclimatized participants (15),
but aerobic fitness did not explain the difference. When
DOEL was regressed against body surface area (BSA), the
relationship was positively correlated (see Fig. 2). This
outcome can be explained by the increased ability to dis-
sipate heat with larger BSA. The slope indicated that
there was an 0.2�C increase in the ULPZ for each 0.1 m2

increase in BSA. BSA, however, did not fully account for
the sex difference.

When the logit distributions of Fig. 1 and Eqs. 9 and 10
locate the median value of DOEL at P ¼ 0.5, the difference
was 3.6�C. That is, the mean and median values were essen-
tially the same. The difference was not a surprise given a simi-
lar result for clothing when data were analyzed by ANOVA
(13, 18) or from ln(odds) regression (22). In a similar compari-
son with a different set of unacclimatized participants at the
ULPZ, Wolf et al. (15) reported a difference of �4�C at P ¼
0.50. The Wolf et al. paper (15) looked at high and low humid-
ity rather than a broad range of humidity that is more likely
in occupational exposures. The humidity extremes may have
underestimated the level of heat stress (25).

The slopes for the two sexes were significantly different.
One possibility was the proportion of men and women were
different in the two studies. The unacclimatized data were
evenly divided betweenmen and women while the acclimat-
ized data were roughly 2.5 times more men than women. As
demonstrated earlier (see Table 3), there was a systematic
difference between men and women where women were
lower on average by 1.4�C.

The range between the low and high ends of the distri-
butions was 6 and 10�C WBGT for unacclimatized and
acclimatized populations, respectively. Because the range
and slope were interrelated, the higher proportion of
women could also explain the narrower range. Compared
with the 3�C difference for acclimatization, this begs the
question of whomight optimally benefit from acclimatization.

It appeared that only a few of the unacclimatized popula-
tion exhibited a ULPZ that was less than the OEL. To the
extent that the ULPZ marks their ability to sustain an ex-
posure (11, 24), most of the PSU (unacclimatized) trials
were greater than the OEL (DOEL ¼ 0) as well as all the
USF (acclimatized) trials.

Lind reported on 69 unacclimatized army personnel with
various job duties. He reported that as a whole they were not
active, and thus we treated them as unacclimatized. The
data for the two exposures near his proposed limit and one
well above the limit are also presented in Fig. 3. The dis-
placement of the highest exposure to the right is partly due
to the larger body surface areas of men in general. It is worth
noting that this higher point is�3�C to the left of the acclim-
atized line. Recall that the exposures were adjusted for cloth-
ing but not acclimatization state. Thatmeans that at the OEL
(DOEL¼ 0), 24 of 25 of his unacclimatized participants could
sustain the heat stress exposure for 3 h.

This is not to say that the unacclimatized would not bene-
fit from repeated exposures to heat stress (5). The USF and
PSU data provide a picture of the ULPZ profiles but are still
limited in the prediction for any individual. To further quan-
tify the change in ULPZ due to acclimatization, the change
observed in the same person in a pre- to postacclimatization
study would providemore insight.

Because there is no promulgated standard for heat stress
in the United States, the U.S. Occupational Safety and
Health Administration (OSHA) uses the general duty clause
to cite employers for insufficient heat stress protection. A
review of 20 OSHA citations that occurred between 2012 and
2013 noted the absence of heat acclimatization programs in
workplaces (26). Similarly, a review of 25 cases of heat-
related illnesses and deaths from 2011 to 2016 found nearly
half of the victims were in their first week of employment
(27) and presumably unacclimatized to heat. If the probabil-
ity is high that unacclimatized workers have an individual
ULPZ above the OEL, then emphasizing an acclimatization
program may be hiding other explanations. For instance,
other individual risk factors (28) and the known carry-over
effect from one day to the next (29–32).

Limitations

This paper has a number of important limitations that
would need to be addressed in future research and policy de-
velopment. There were differences in the number of men and
women in the two populations. This may have some effect on
interpreting and generalizing the results. The magnitude of
the sex difference was 1.4�C, which is about half the difference
assigned to changes in the acclimatization state. Part of that
differencemay be explained by body surface area. Regardless,
other than acclimatization, personal risk factors are not
included in occupational exposure limits. The participants for
the PSU and USF were qualified as healthy.

To align the data between PSU and USF, a clothing adjust-
ment value of �1�C was added to the observed WBGT at the
critical condition. It is not likely that this value is far off and
would not change the outcomes in a substantial way.

The overall framework used the individual ULPZ values to
represent the individual’s and population’s ability to sustain
a heat stress exposure. The Lind data extended the possible
interpretation to 3 h. It is increasingly clear that the OELs
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may not account for lower capacity to deal with heat stress
as the exposure continues over a day (33, 34).

Conclusions

When considering the average expected shift in the ULPZ
due to acclimatization, the generally accepted 3�C adjustment
for acclimatization was supported by the USF and PSU data.
There was evidence that the current OEL reflects the trade-off
betweenWBGT andmetabolic rate. The OAL did not appear to
represent a balanced trade-off for unacclimatized participants,
where the current OAL may be less protective below 150 W.
The current OALmay also be overprotective above 250W.

Wolf et al. (15) reported sex differences using the pro-
gressive heat stress protocol and adjusting for absolute
metabolic rate. The differences could not be explained by
aerobic fitness. Body surface area could explain some of
the sex differences.

The difference in slopes of the ULPZ profiles between
unacclimatized and acclimatized populations suggested that
the largest changes in ULPZ due to acclimatization might
accrue to those with higher baseline ULPZ assuming that the
acclimatization path travels in a horizontal line in Fig. 3.
This is speculative and would need to be verified by compar-
ing the changes in ULPZ before and after acclimatization
within individuals.

A substantial portion of the DOEL above zero for unac-
climatized participants reflects on policy and practice for
occupational heat stress management. The first week of
work in hot conditions is set aside for acclimatization. This
acclimatization period could serve a dual purpose. First, the
repeated exposures to occupational heat stress may improve
the physiological response to heat for those with an ULPZ
above the OEL. Second, closer attention should be paid to
those (likely unknown) workers who may have personal risk
factors such as chronic diseases or inherently low ability to
sustain a heat stress exposure. That is, the first week allo-
cated to acclimatization more generally becomes a time of
increased vigilance for new or returning workers.
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