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Abstract

While wet bulb globe temperature (WBGT) is the long-accepted index to represent the

environmental contributions to heat stress, Heat Index (HI) is a commonly reported

index and is used for heat stress guidance. The purpose of this article was to propose

an HI-based heat stress exposure limit. The data came from previous progressive heat

stress studies that identi�ed the critical conditions between sustainable and

unsustainable exposures. The experimental trials included �ve clothing ensembles at

three levels each of relative humidity (rh) and metabolic rate (M). The critical Heat
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three levels each of relative humidity (rh) and metabolic rate (M). The critical Heat

Index (HI ) was used to characterize the trial exposure. An analysis of variance

(ANOVA) assessed the e�ects of M, clothing, and rh on HI . After proposing a

relationship between HI  and M to represent a benchmark exposure limit based on

HI (called HI ), the ability of the proposed relationship to discriminate between

Sustainable and Unsustainable conditions was assessed using receiver operating

characteristics curves (ROC curves). Based on the ANOVA results, the main e�ects of

M, rh, and clothing on HI  were signi�cant; the interaction between rh and clothing

was not signi�cant. There were di�erences in mean HI  among all the ensembles. For

e�ects of relative humidity on HI , the mean HI  at rh at 20% was 3 °C lower than

the mean values for 50% and 70%. The benchmark exposure limit from the woven

clothing data was HI  [°C] = 49–0.026 M [W]. In terms of the ability of HI  to

discriminate, area under the ROC curve was 0.86, which was similar to WBGT-based

exposure limits. Similar in purpose for WBGT-based exposure assessment, HI clothing

adjustment values (HI ) of 1.5 °C (particle barrier coveralls), 6 °C (water barrier

coveralls), and 18.5 °C (vapor barrier coveralls) were supported. It should also be noted

that the e�ects of the sun and lack of acclimatization were not included in this

analysis; where the sun might reasonably increase the e�ects of the ambient HI by an

additional 3.5 °C and being unacclimatized by 5.5 °C.

Keywords: Clothing, exposure limit, Heat Index, heat stress

Introduction

To assess occupational heat stress, the ambient environment and metabolic demands

must be considered, and the e�ects of clothing can modify the decision. Lind’s original

e�ort to specify an occupational exposure limit (OEL) was based on E�ective

Temperature (ET).  The exposure conditions of Lind were translated to wet bulb globe

temperature (WBGT) in the process of establishing occupational exposure limits in the

U.S.

After the WBGT-based occupational exposure limits were already established,

Steadman developed a rational model of heat exchange with the goal of developing a

crit

crit

crit

bel

crit

crit

crit crit

bel bel

cav

[1]

[2]

     

 

 Figures & data  References  Citations  Metrics

  Reprints & Permissions

 Full Article 

 PDF

In this article

PDF

Help

https://www.tandfonline.com/keyword/Clothing
https://www.tandfonline.com/keyword/Exposure+Limit
https://www.tandfonline.com/keyword/Heat+Index
https://www.tandfonline.com/keyword/Heat+Stress
https://www.tandfonline.com/doi/figure/10.1080/15459624.2019.1628348?scroll=top&needAccess=true
https://www.tandfonline.com/doi/ref/10.1080/15459624.2019.1628348?scroll=top
https://www.tandfonline.com/doi/citedby/10.1080/15459624.2019.1628348?scroll=top&needAccess=true
https://www.tandfonline.com/doi/abs/10.1080/15459624.2019.1628348?tab=permissions&scroll=top
https://www.tandfonline.com/doi/full/10.1080/15459624.2019.1628348?scroll=top&needAccess=true
https://www.tandfonline.com/doi/abs/10.1080/15459624.2019.1628348?needAccess=true#aHR0cHM6Ly93d3cudGFuZGZvbmxpbmUuY29tL2RvaS9wZGYvMTAuMTA4MC8xNTQ1OTYyNC4yMDE5LjE2MjgzNDg/bmVlZEFjY2Vzcz10cnVlQEBAMA==
https://scholar.google.com/scholar_url?url=https://www.tandfonline.com/doi/pdf/10.1080/15459624.2019.1628348&hl=en&sa=T&oi=ucasa&ct=usl&ei=mEBMXfigAq2Cy9YPk9WHyAg&scisig=AAGBfm2qZXcBNOtuiMkYoA6HfaI7MW7o2A
https://scholar.google.com/scholar/help.html#access


8/8/2019 Benchmarking Heat Index as an occupational exposure limit for heat stress: Journal of Occupational and Environmental Hygiene: Vol 16, …

https://www.tandfonline.com/doi/full/10.1080/15459624.2019.1628348#aHR0cHM6Ly93d3cudGFuZGZvbmxpbmUuY29tL2RvaS9wZGYvMTAuMTA4… 3/20

Stead a  de e oped a at o a  ode  o  eat e c a ge t  t e goa  o  de e op g a

sultriness index to describe equivalent heat exposures similar to the wind chill index.

 Steadman’s data were used to develop the Heat Index (HI).  HI algorithms are

commonly used in lieu of Steadman’s model of heat exchange. Anderson et al.

identi�ed 21 di�erent HI algorithms (see their Table 1), which included simple

equations comprising T and moisture (in the form of dew point temperature, rh, or

water vapor pressure), or more complex ones with multi-term equations referenced to

ambient weather conditions. In practice, HI based on direct measurements of air

temperature (T) and rh can be considered an environmental index analogous to the

WBGT without reference to the original rational model.

While it does not consider radiant heat or ambient air speed, HI is used to describe

heat stress conditions by the National Weather Service (NWS).  In addition, there are

smart phone apps that report HI, and HI has been used to infer relative heat stress

levels in retrospective studies of outdoor exposures.  The purpose of this article was

to propose an HI-based exposure limit and to benchmark the exposure limit following

a method used to con�rm the WBGT-based occupational exposure limits  of the

ACGIH  Threshold Limit Value (TLV ) for Heat Stress and Strain  and the National

Institute for Occupational Safety and Health (NIOSH) Recommended Exposure Limit

(REL).

Methods

Data collected from two previous progressive heat stress studies at University of South

Florida (USF)  were used for this study. The USF heat stress protocols were

[3,4] [5]

[6]

Table 1. Baseline characteristics (mean ± standard deviation)
of participants.
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Florida (USF)  were used for this study. The USF heat stress protocols were

approved by the USF institutional review board. All study participants were

acclimatized over �ve successive days by 2-hr exposures to dry heat (50 °C and 20% rh)

at 160 W m  while wearing shorts and tee shirt. The two studies included �ve clothing

ensembles: work clothes (140 g m  cotton shirt and 270 g m  cotton pants), and

cotton coveralls (310 g m ) plus three nonwoven protective clothing coveralls without

hood: (1) particle-barrier (Tyvek 1424 and 1427; similar to Tyvek 1424A); (2) water-

barrier, vapor permeable (NexGen LS; microporous membrane); and (3) vapor-barrier

(Tychem QC, polyethylene-coated Tyvek). One study  targeted a work demand of 160

W m  to approximate moderate work over three levels of rh (20, 50, and 70%). The

other study  targeted work demands of 115, 175, and 250 W m  to approximate

light, moderate, and heavy work at rh = 50%. In both studies, each participant wore

each of the �ve clothing ensembles.

The progressive heat stress protocols began with an environment that allowed the

participants to achieve thermal equilibrium. The starting temperatures depended on

the clothing and metabolic rate assigned to the trial. Once equilibrium was

established, air temperature (T ) and humidity (water vapor pressure) were slowly

increased in 5 min intervals at a constant rh; the steps were designed to establish a

quasi-steady-state physiological response for each step increase in heat load. Rectal

temperature (T ), heart rate (HR), skin temperature (T ), and ambient conditions were

monitored continuously and recorded every 5 min. M was estimated from the

assessment of oxygen consumption via expired gases sampled with a Douglas bag

every 30 min in a trial. HI was computed from the recorded dry bulb (T ) and

psychrometric wet bulb (T ) temperatures. The �rst step was to compute rh from

the ambient water vapor pressure from T  and T ; and the saturated water vapor

pressure was determined from T .  A widely used equation to compute HI from T in

°F and rh as a percent was developed by Rothfusz  and used for this article. These

steps were executed using custom Excel functions.

The transition from a stable core temperature to values that were steadily increasing

was the critical condition. No di�erences in the physiologic response of the subjects
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as t e c t ca  co d t o . o d e e ces  t e p ys o og c espo se o  t e subjects

were found between woven clothes and cotton coveralls in previous investigations,

 thus the two ensembles were categorized as woven cotton clothing in the

present study. There were 190 trials for woven cotton clothing, 119 for particle barrier,

91 for water barrier, and 94 for vapor barrier over the two studies. The HI at the critical

conditions (HI ) was used to evaluate the e�ects due to M, rh, and clothing and to

develop the benchmark exposure limit (HI ).

JMP v12  was used for all the statistical analysis. The �rst stage was an examination

of HI ; that is, the transition point from Sustainable to Unsustainable. A three-way

analysis of variance (ANOVA) was employed in the form of HI  = α + β  M + β  rh + β

Clothing + β  rh*Clothing. M was a continuous variable; rh was categorical at three

levels, and ensembles was categorical at four levels. Based on WBGT studies, an

interaction between rh and clothing was expected  and included in the model. An

e�ect was considered statistically signi�cant at the α = 0.05 level.

The next step was to propose a relationship between HI  and M. A linear regression

was used to �nd the slope and intercept between HI  and M (HI  = α  + β M), for

woven clothing at the critical conditions. Three of Lind’s studies were undertaken to

validate the Upper Limit of the Prescriptive Zone at 350 W.  Su�cient

information was available from those papers to estimate an HI, which was about 40 °C

(39–41 °C). The regression line was adjusted downward to include the single point from

Lind (HI = 40 °C at 350 W) by changing the intercept (α ). The benchmark

exposure limit based on HI (HI ) was HI  = α  + β M.

Exposure-response curves were used by us to illustrate the probability of an exposure

being Unsustainable as a function of elevation above the TLV.  Conceptually, HI

was the tipping point between Sustainable and Unsustainable exposures. Using the

same approach as we did for the TLV, the exposure-response curves for each of the

four clothing ensembles were estimated based on HI . First, the di�erence in Heat

Index (ΔHI) was computed for each observation; that is, ΔHI = HI  – HI  = HI  –

(α  + β M). ΔHI for a given clothing type was rank ordered from lowest to

highest. A probability that the particular HI  was Unsustainable was assigned to each
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g est.  p obab ty t at t e pa t cu a   as U susta ab e as ass g ed to eac

observation i as p  = i/(n + 1) where n was the number of observations. The result was a

range of p such that 0 < p < 1. The odds of observation i was odds  = p /(1 – p ) = [i/(n + 

1)]/[1–i/(n + 1)]. For each clothing type, the ln(odds) = α + β ΔHI was modeled using a

linear regression. The regression outcome was analogous to a logistic regression, and

the odds ratio would be equal to e .

To examine the ability to di�erentiate Sustainable from Unsustainable exposures, two

other observations were noted from each trial. A compensable observation was

selected 15 min before the critical condition. An uncompensable observation was

marked at 15 min after the critical condition.  The compensable and

uncompensable observations were chosen to be close to the critical condition while

providing con�dence that the characterizations of compensable and uncompensable

were correct.  All compensable points were classi�ed as Sustainable. All

uncompensable points were classi�ed as Unsustainable. For each critical condition, the

outcome was classi�ed as Sustainable if T  was < 38 °C or if the change in T  was ≤0.1 

°C every 5 min over the preceding 20 min.  Alternatively, the critical condition

outcome was classi�ed as Unsustainable if Tre was ≥ 38 °C and the change in T

increased by more than 0.1 °C every 5 min over the preceding 20 min. Each participant

served as their own control; each individual contributed three observations per trial

(compensable, critical, and uncompensable), and most of participants completed 15

trials. To assess the ability of the HI-based exposure limit to discriminate between

Sustainable and Unsustainable, the receiver operating characteristic curves (ROC

curves) were determined from data sets comprising all three observations of state

(compensable, critical and uncompensable) for each ensemble. The ROC curve

represents the predictive accuracy for HI , and the area under the curve (AUC) is a

measure of the overall ability to di�erentiate between Sustainable and Unsustainable

exposures.

Results
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The progressive heat stress studies included 29 participants, and their physical

characteristics are summarized in Table 1. Body mass index (BMI) of the participants

ranged from 20–39 kg m  with 7 participants above 30 kg m .

M, rh and clothing were signi�cantly associated with HI (P < 0.01). The interaction

between rh and clothing was not signi�cant (P = 0.25) and removed from the model

before the �nal three-way ANOVA was performed. The least square means (LSM) of

HI  for the combinations of rh and ensembles plus the mean for each ensemble

across the three levels of rh are provided in Table 2. For the main e�ect of rh, the

Tukey’s HSD multiple comparison test showed no di�erence between 50 and 70% rh;

and 20% was di�erent from both 50 and 70%. For the e�ect of clothing on HI, the

multiple comparison test showed di�erences among all the clothing ensembles.

To start the benchmarking process, a linear �t between HI  and M for woven clothing

was HI = 64.0 – 0.026 M (see Figure 1, upper, gray line). This established the slope of

the benchmark exposure limit. The intercept for HI  was moved downward from 64

to 49 °C so that the value at 350 W would be about 40 °C to match Lind’s data at 350 W.

Therefore, HI  = 49 – 0.026 M (see lower, black line in Figure 1).

Figure 1. Relationship between critical HI and metabolic rate (M[W]) for woven clothing

with the linear regression (gray line) to establish a slope and the HI  (black line)

designed to include Lind’s limit at 350 W.
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Table 2. Least squares mean values of critical HI (HI ) by
clothing ensemble and relative humidity level and group
means.
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The exposure-response curves for the four ensembles are shown in Figure 2 as the

relationship between ΔHI and probability of Unsustainable. The linear relationships for

ln(odds) are reported in Table 3. It was clear from Figure 2 that there was an o�set for

each of the clothing ensembles. Using the ANOVA least square mean values of HI

from Table 2 for each of the ensembles (54.9 °C for woven clothing; 53.5 °C for particle

barrier coveralls; 49.1 °C for water barrier coveralls; 36.3 °C for vapor barrier coveralls),

the di�erences from woven clothing are provided in Table 3 as HI-based clothing

adjustment values (HI ).

Figure 2. The exposure-response relationship described as the probability of

Unsustainable and ΔHI (= HI  – HI  = HI  – 49 + 0.026 M). The estimated

probabilities of Unsustainable from the ln(odds) curve �t (see Table 3) for each clothing

type are shown as the lines.

The ability of the HI  to discriminate between Sustainable and Unsustainable

outcomes was assessed using ROC curves. The values of the AUCs are also reported in

Table 3. Figure 3 illustrates the relationship of sensitivity and speci�city to the ΔHI for

woven clothing.
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Table 3. Linear regressions for ln(odds), HI-based clothing
adjustment value (HI ) referenced to woven clothing and
area under the receiver operating characteristic (ROC) curve
(AUC) values by clothing, where ΔHI = HI  – HI  =
HI  – (49–0.026 M).
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o e  c ot g.

Figure 3. Decision outcome for Sustainable or Unsustainable expressed as sensitivity

and speci�city vs. ΔHI (= HI  – HI  = HI  – 49 + 0.026 M) for woven clothing.

Discussion

The �rst step in the current paper was to evaluate the e�ects of M, rh, and clothing on

HI . Based on the ANOVA, HI  was signi�cantly associated with the main e�ects of

M, rh, and clothing (P < 0.01). While an interaction between clothing and rh was

expected from the WBGT studies,  it was not signi�cant in the current study for HI .

Referring to Table 2, woven clothing was associated with the highest HI  values, and

with somewhat lower values for particle barrier followed by water barrier. Vapor

barrier coveralls had substantially lower values. These relationships were expected

from the studies of clothing based on WBGT.

There were statistically signi�cant e�ects for rh level, where HI  at 20% rh was lower

than HI  at both 50% and 70%. When HI was used to predict WBGT in simulations,

there was a tendency for HI to predict lower WBGTs at 20% rh when HI was less than

about 40 °C. With the exception of vapor barrier clothing, critical WBGT did not change

with rh.  With these two facts in mind, the lower HI s at 20% rh were expected.

Because the study was over a broad range of conditions including three levels of rh,

the e�ect of low rh was included in the benchmark model for an exposure limit based

on HI. For conditions where the relative humidity is systematically low (e.g., desert

environment), a further adjustment might be considered. Looking at Table 2 for woven

clothing, the average HI for all rh levels was about 54.6 °C against 52.7 °C at 20%, or a

di�erence of about 2 °C. That is, an HI exposure limit might be about 2 °C lower;

equivalent to adding 2 °C to the ambient HI when the relative humidity is

systematically low.
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syste at ca y o .

There were statistically signi�cant di�erences among clothing ensembles. Following a

similar thought process for WBGT-based clothing adjustment values (previously called

clothing adjustment factors).  HI-based clothing adjustment values (HI ) can be

proposed. Using the least mean squares data from the ANOVA, clothing adjustment

values are provided in Table 3. The CAVs allow users of the HI-based exposure

assessment to account for di�erences in evaporative resistance among speci�c

clothing ensembles in a manner similar to using the WBGT-based exposure limits. That

is, the higher the evaporative resistance, the lower the threshold ambient HI would be

to maintain a Sustainable exposure.

To assess the ability of HI  to discriminate Sustainable from Unsustainable heat

stress exposures, HI  was examined using ROC curves for each one of the clothing

ensembles. The ROC curve and its AUC are commonly used to evaluate prediction

models when probabilities change with a decision threshold.  For instance an AUC of

0.5 would be a metric with no predictive value, while an AUC of 1.00 would be a metric

with a perfect performance to predict an outcome.  As seen in Table 3, the

resultant AUCs were about 0.85. These compare favorably to the AUC found for the

TLV (and thus REL) of 0.85 for woven clothing.  Figure 3 illustrates the trade-o�

between sensitivity and speci�city as an alternative to an ROC curve. It was clear that

at ΔHI = 0, HI  was very sensitive at the cost of low speci�city.

One step in developing a benchmark for an HI exposure limit was to reference it to

Lind’s upper limit of the prescriptive zone. The benchmark limit was started with the

e�ect of M and woven clothing on HI  to establish the slope. The intercept was

determined by a point established by Lind at 350 W, where HI = 40 °C. The resulting

benchmark was HI  = 49 – 0.026 M. The WBGT-based exposure limits are not linear;

that is, there is a slight curve with the intention of biasing the limit lower at high

metabolic rates. There was no a priori reason to choose one shape over another and

thus the linear benchmark limit was retained.

Bernard and Iheanacho  cross-walked HI to WBGT through a simulation of selected

ambient conditions. They then proposed a table that related a WBGT-based exposure
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a b e t co d t o s. ey t e  p oposed a tab e t at e ated a G based e posu e

decision as it related to HI (see their Table 2). Their threshold HIs at the TLV were 111 

°F (44 °C) at 180 W, 100 °F (38 °C) at 300 W, and 95 °F (35 °C) at 415 W metabolic rate.

For the same metabolic rates, the proposed HI  values were 44, 41, and 38 °C. Clearly,

the cross walking by simulation led to lower HI thresholds than a direct development

of a benchmark limit for HI at higher metabolic rates. Part of this di�erence can be

explained by the intentional added margin for WBGT at the higher metabolic rates.

Another contributor was the decision in this article to use a linear model rather than a

curve similar to that used for the TLV and REL.

The data on which the development of the HI  were from laboratory studies with no

radiant heat. A general recommendation to account for the e�ects of direct sunlight is

to add up to 15 °F to the HI. Based on simulations relating HI to WBGT, an HI

adjustment for work outside in the sun would be 6 °F (or 3.5 °C).  The value for HI

does not depend on ambient air motion or movement of the person beyond the

conditions in the laboratory trials where the ambient air speed was 0.5 m/sec and the

movement of the person was accounted for in the metabolic rate (metabolic rate

depended on treadmill speed).

The participants in this benchmarking e�ort were healthy, acclimatized men and

women. The o�set for unacclimatized exposure limits (ACGIH Action Limit and NIOSH

RAL) range between 2 and 3 °C-WBGT lower than the limits for acclimatized. For a 3 °C-

WBGT reduction, the unacclimatized e�ect would be about 5.5 °C based on

incremental changes in the modeled relationship between WBGT and HI.

In summary, the benchmark exposure limit based on Heat Index was HI  [°C] = 49–

0.026 M[W], where metabolic rate is expressed in Watts. Speci�c recommendations

were o�ered for HI-speci�c clothing adjustment values. The e�ects of sun and

acclimatization state as well as systematically low humidity environments were noted.

The benchmark exposure limit has many limitations that dictate that it be viewed

cautiously. One is the substitution of HI for WBGT to represent the environmental

contribution to heat stress. WBGT re�ects the human response to heat stress in the

transition from sustainable to unsustainable.  Because the relationship between
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transition from sustainable to unsustainable.  Because the relationship between

WBGT and HI is not linear,  the same cannot be said of HI. This leads to adjustments

like that for low humidity and sun, that are approximations of the e�ects.

The second is care should be taken with regard to time weighted averaging because

the relationship between WBGT and HI is nonlinear and the limited validation of WBGT

does not immediately support that time-weighting works for HI. In the applications of

HI to outdoor work where recovery is in a similar environment, this limit is less likely to

be a problem because environment and metabolic rate are treated independently for

a time-weighted average.

The third limitation is methodological. There were 29 participants in the studies with

multiple observations. The above analysis treated the observations as independent,

which may bias the data. Based on the WBGT analyses for woven clothing where the

odds ratio was about 2.5/°C-WBGT when a conditional logistic regression was used

vs. 2.1/°C-WBGT when independence was assumed as it was in this study,  the true

odds ratio for an individual might be higher. The exposure response curves in Figure 2

were based on the independent observations and may better represent the range of

heat tolerance that might be found in the population, while appreciating that the odds

for an individual may be di�erent. The strength of this study was that the same data

were used to validate the current WBGT-based OELs.

A fourth consideration is the documented cases of exertional heat illness among

outdoor workers in an epidemiological study  and in a case series of OSHA

investigations.  In these studies, there were some cases below the benchmark limit at

light work (180 W) with adjustments for sun and assuming unacclimatized (30.8 °C or

87 °F). While the cases might be explained by personal risk factors, they represented a

caution that not everyone is protected. This is a similar caution as o�ered by the

ACGIH for heat stress.
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