
ABSTRACT 

RUBENSTEIN, CANDACE DAVIDA. Prediction of Heat Strain for Hazardous Materials 

Responders Wearing NFPA 1991 Level A Impermeable Suits. (Under the direction of Dr. 

Emiel DenHartog.) 

Health and safety of hazardous materials (HazMat) responders wearing NFPA 1991 

Level A impermeable suits is a prominent concern when considering heat stress they are 

exposed to.  This research focuses on bringing additional safety to these responders in three 

ways.  First, defining an appropriate volume of fluid necessary to rehydrate responders between 

work-rest cycles in the field.  Second, using the Physiological Strain Index (PSI) to determine 

a break-off criteria value at which responders would cease work to prevent dangerous levels 

of heat strain.  Third, determining whether anthropometric factors of age and body mass index 

(BMI) could be predictors for individual physiological responses to heat stress.   

Seventeen City of Raleigh firemen between the ages of 25 and 50 were used for human 

subject testing at North Carolina State University (NCSU).  The Netherlands Organization for 

Applied Scientific Research (TNO) also performed some human subject trials.  Six different 

Level A HazMat suits were tested: Saint-Gobain ONESuit® Gard, Kappler Frontline 500, 

Saint-Gobain ONESuit® Pro, Trelleborg Trellchem® NEO, Trellebrog Trellechem® VPS, 

and the Dupont Tychem® TK.  All suits were tested by NCSU except the ONESuit® Gard 

which was only tested by TNO.  Data from TNO was only used in the hydration portion of this 

thesis.  Wearing a Level A suit, subjects were exposed to three climates: moderate (24°C, 50% 

RH, 20°C WBGT), warm-wet (32°C, 60% RH, 30°C WBGT), and hot-dry (45°C, 20% RH, 

37°C WBGT, 200 W/m2 radiant load) and three walking speeds: 2.5 km/hr, 4 km/hr, and 5.5 

km/hr.  4 km/hr was tested in all three climates and the other two walking speeds were tested 

in the moderate climate.  Subjects walked on a treadmill at 1% incline in specified conditions 

until reaching one of four termination criteria: 90% of individual maximum heart rate (based 



on the Miller formula), 38.5°C intestinal temperature, 60 minutes time cap, and other 

(miscellaneous reasons for exercise termination). 

By investigating weight loss it was determined that 0.7 Liters would safely hydrate 

over 50% of responders after one work-rest cycle.  Applying this fluid volume over three work-

rest cycles only put 11% of responders at risk of hypohydration versus the 57% at risk with no 

fluid intake.  Using the PSI, a safe break-off criteria value of 6 was determined where 

responders would not experience an unsafe level of heat strain.   Only two subjects achieved 

values of 7 or above and were not able to tolerate it for more than three minutes determining 

that 7 as a limit was too high.  By investigating relationships using age and BMI with intestinal 

temperature, heart rate, and termination criteria there was little to no evidence that age or BMI 

are good predictors of heat strain experienced by these responders.  The only legitimate 

correlation was between BMI and termination reason in the hot climate.  Higher BMI (> 26) 

corresponded to 90% maximum heart rate termination reason and lower BMI (< 26) 

corresponded to intestinal temperature termination reason.  This could be attributed to the link 

between BMI and fitness level.  A higher BMI corresponds to a lower level of fitness which 

means less efficient cardiorespiratory function.  This leads to a higher heart rate being reached 

more quickly.  Findings here successfully add knowledge to helping HazMat responders 

working in Level A suits stay safer on the job by suggesting to drink 0.7 Liters of fluid each 

work-rest cycle, defining 6 as the working limit for safety on the PSI, or determining that age 

and BMI are not good predictors for heat strain experienced by these responders.  
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CHAPTER 1:  INTRODUCTION 

1.1 Purpose 

 There are a number of occupations that require workers to wear personal protective 

equipment (PPE) to keep themselves safe from potential physical or chemical harm.  One of 

the highest and most burdensome levels of PPE is required by hazardous material (HazMat) 

clean-up teams.  Hazardous material clean-up is an occupation that is in high demand but 

comes with a significantly high level of danger.  In 2012, there were 37,500 HazMat removal 

responders with the expectation of increasing by 14%, roughly 5,300 responders, in the next 

10 years.[1]  About 3.1 billion tons of hazardous materials are transported around the country 

annually at more than 800,000 shipments per day.[2]  In 2013 there were 16,036 hazardous 

material incidents reported just from chemicals in transit, a statistic that has been steadily 

increasing since 2009.[3]   As many as 125 incidents occur simultaneously across the country 

on a given day.[4]  It takes numerous HazMat responders whether they are firefighters, certified 

HazMat teams, or other types of first responders to tend to these incidents thus showing the 

prominence of HazMat responders at work every day.  

 The potentially high level of danger these HazMat responders are exposed to comes 

not only directly from the hazard being tended to but also from the personal protective clothing 

(PPC) worn, the level of activity required, and the environmental situation in which they are 

working in.  In the event of a vapor, gas, liquid, or particulate hazardous material incident, that 

is immediately dangerous to life and health (IDLH) as determined by the US National Institute 

for Occupational Safety and Health (NIOSH), vapor-protective ensembles are worn by 

responders for maximum protection of skin, respiratory tract, and eyes.[5], [6], [7]  These 
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vapor-protective ensembles are classified by the National Fire Protective Association (NFPA) 

as Level A suits.[5], [6]  Risks associated with wearing a Level A suit while tending to toxic 

materials can range anywhere from overall mental and physical discomfort, limited bodily 

movement, and decreased dexterity, to most notably the physiological effects of heat 

strain.[8]–[15]  Some external factors that influence just the physiological effects of heat strain 

are the PPC being worn, the environment being worked in, the level of activity being 

performed, and the length of time it takes to tend to the incident.  In 2011, seven states 

participated in the National Toxic Substance Incidents Program (NTSIP), a program created to 

collect information on HazMat responders tending to spills and leaks in order to help reduce 

future adverse events.[16]  Of all the adverse health effects collected in 2011, from only those 

seven states, 0.7% of them were directly related to being caused by heat stress.[16]  Other 

adverse effects recorded included headache, dizziness, and other central nervous system (CNS) 

issues which could be early bodily responses to the effects of heat stress.[16]  These possible 

early stage physiological responses to heat stress account for 19% of the total adverse health 

events recorded that year.[16]  If not tended to quickly enough these types of early adverse 

effects lead to heat related injuries and illnesses such as cramps, fainting, heat exhaustion, and 

heat stroke which can be fatal in serious situations.[14]  This large percentage shows how much 

of an impact addressing the issue of heat stress could have on protecting first responders from 

heat related illnesses and injuries.   

 Several approaches have been investigated in order to address the issue of heat strain 

in responders including personal cooling systems, PPC with decreased thermal properties, and 

controlling the time of exposure.[12], [17], [18]  Each of these approaches has its drawbacks.  
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The personal cooling systems approach involves adding an additional cooling garment to the 

ensemble.  This includes a specially designed vest circulating with chilled air or liquid and 

would require a new standard covering design requirements, performance requirements, and 

test methods associated with each type of cooling system available.[7], [19], [20]  Although 

there has been research done on physiological effects of personal cooling systems, as of now 

there is no standard way of determining an appropriate cooling system to use and how it would 

affect the work capacity of a HazMat responder.[7], [20]  Altering the thermal properties of 

standardized NFPA 1991 Level A suit is not a valid option with the available current 

technology due to the necessity of the suits impermeable design to adequately protect the 

worker from hazardous materials.  Some researchers have investigated using a microporous 

textile instead of an impermeable textile which would increase heat exchange but may in turn 

decrease the level of protection from hazardous materials.[12]  There is always a chance that 

future research could produce a more suitable material but until then a more immediate solution 

would be to develop a model that is able to predict an appropriate work-rest cycle per each 

individual responder regulating the exposure of the worker at a safe level with respect to heat 

strain.  The ability to predict a work-rest cycle would not only better ensure the responders 

safety but also optimize the work capacity of a HazMat responder by finding a suitable balance 

between tolerable working time and optimal health and safety.[20]  Optimizing the work-rest 

cycle based on the individual would mean not being pulled from a cleanup site while the 

responder still feels able to work, but also not being allowed to over work and reach a 

dangerous level of heat strain.  This type of model could be integrated into a software system 
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that HazMat responders are currently using called the Chemical Companion Decision Support 

System (CCDSS).[21] 

 First responders use the CCDSS to help them figure out how to properly address 

hazardous incidents.[21]  It contains numerous inputs that can be observed or are known about 

the chemical being addressed at the hazardous material site and will give the type of chemical 

being dealt with, different properties of the chemical, PPE/PPC that should be worn, and how 

to safely clean it up.[21]  There is currently an extension to the CCDSS in the works called the 

Thermal Strain Companion (TSC).  The TSC is based off of a combined clothing and 

thermoregulatory model developed in 1993 and is designed to predict physiological responses 

to climate and garment based on average values of the general population.[22], [23]  When 

originally tested with impermeable garment inputs the combined model fell short of acceptable 

predictions of physiological effects.[23]  Since then the model has been improved to better 

calculate impermeable garment physiological responses.  While the actual development of the 

TSC model is out of the scope of this project, this research will focus on the three main areas 

that could help improve and add to the predictability of the model.  The research conducted 

here will shed light on the ability to define a safer work-rest cycle per each individual 

responder.   

The three topics this research will focus on include: 

 Addressing appropriate levels of hydration during work-rest cycles specific to HazMat 

responder working conditions 
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 Suggesting a value to use as the break-off criteria for HazMat responders to cease work 

according to the currently defined physiological stress index (PSI) 

 Determining whether there are any correlations between individual anthropometrics 

and physiological reactions to heat stress for HazMat responders 

While most of these ideas have been researched with respect to firefighting ensembles, the 

novelty of this research comes with the application to NFPA 1991 Level A impermeable 

garments.[14] 

 An important aspect involved in work-rest cycles is the hydration required during the 

rest period of the cycle.  Without taking proper precautions during the rest cycle, the 

personalized predicted work-rest cycle will not achieve its goal of keeping the responders safe 

from experiencing dangerous levels of heat strain.  By investigating weight loss at different 

work rates in a moderate climate and weight loss at a constant work rate in several climates it 

may be possible to come up with a good estimate for volume of fluid needed to appropriately 

rehydrate workers in these working conditions. 

 The next part of this research will address an appropriate way to define break-off 

criteria for the PSI.  Using heart rate and rectal temperature values the index determines the 

level of heat strain on a scale of 0 to 10 corresponding to no/little strain to very high levels of 

strain respectively.[24], [25], [26], [27]  Using a database of true physiological data there will 

be an attempt to define what level of PSI correspond to what level of physiological and 

functional safety for first responders in Level A suits.  If possible a specific PSI value will be 

defined as the break-off criteria for responders working in Level A suits. 
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 The final part of this research will address the relationship between anthropometric 

factors and physiological responses to heat stress.  Anthropometric factors such as age, weight, 

gender, body mass index (BMI), etc. are data that are easily collected from individual people.  

Taking this easily accessible anthropometric data along with physiological parameters and 

determining if there are any correlations between them and the physiological reactions to heat 

stress in impermeable garments may help improve the accuracy of predicted work-rest cycles. 

This would be applied to a predictive model allowing for the potential for each individual 

responder to work on a work-rest cycle tailored to their physiological response to heat stress 

instead of a cycle based on the average populations physiological response to heat stress in the 

way these types of predictive models currently work. 

 

1.2 Research Objectives 

 There are three distinct objectives for this research.  The first objective is to determine 

the level of hydration necessary for HazMat responders wearing NFPA 1991 Level A suits.  

While hydration levels for other occupations and activities involving permeable garments have 

been covered extensively in research, hydration levels in impermeable garments has not.[9], 

[14], [17], [25], [28]  Identifying the volume of liquid needed to rehydrate a HazMat responder 

during the rest portion of their work-rest cycle will bring the safety and health of the responders 

to an even higher level.  This objective will executed by the following project tasks:   

1. Collection of true physiological data through wear testing of six types of Level A 

suits at North Carolina State University and TNO 
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a. Conduct wear tests at three different work rates, 2.5 km/hr (127 W/m2), 4 

km/hr (205 W/m2), and 5.5 km/hr (314 W/m2) in a moderate climate (24°C, 

50% RH, 20°C WBGT) collecting semi-nude weight before and after an 

exercise period 

b. Conduct wear tests at one work rate, 4 km/hr (205 W/m2), in three different 

climates, moderate (24°C, 50% RH, 20°C WBGT), warm-wet (32°C, 60% 

RH, 30 WBGT), and hot-dry (45°C, 20% RH, 37°C WBGT, 200 W/m2 

radiant load) collecting semi-nude weight before and after an exercise 

period 

2. Calculate weight loss for each subject in all conditions 

3. Compare weight loss across climates and across work rates 

4. Draw conclusions as to what volume of fluids would be appropriate for different 

climates and work rates to achieve rehydration 

5. Explain how information found could aid in the safety of HazMat responders 

 The second objective is to determine an appropriate break-off criteria from the PSI.  

The validity of its 0 to 10 scale corresponding to no/little strain to very high levels of strain 

have been confirmed multiple times although there has not been an attempt to relate this 

numerical scale to corresponding levels of physiology health and safety.[24], [29], [27]   The 

PSI has not had any limits applied to it with respect to what PSI value corresponds to what 

physiological level is too dangerous to continue working at.  Identifying what level of the PSI 

corresponds to the physiological limit of responders, thus a cut-off criteria, can help put this 

index to use in the field.  This objective will be executed by the following project tasks:   
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1. Collection of true physiological data through wear testing of five types of Level A 

suits at North Carolina State University 

a. Physiological parameters collected and used for this research include the 

intestinal body temperature and heart rate 

b. Physiological limits enforced include 38.5°C intestinal temperature and 

90% of maximum heart rate; Experimental limits enforced include a 60 

minute time limit and any other miscellaneous reasons for exercise 

termination 

2. Apply the true data to the PSI equation 

3. Determine whether there is a common maximum PSI value caused by physiological 

or experimental limits 

4. Draw conclusions as to whether there can or cannot be a definite PSI value to define 

as a the cut-off criteria 

5. Determine if using PSI for cut-off criteria would add value compared to just using 

heart rate or intestinal temperature measurements as cut-off criteria 

 The third objective is to identify if individual anthropometric factors have an effect on 

experiences of heat strain while wearing impermeable garments, specifically NFPA 1991 

Level A suits.  It is common knowledge that there is large variability between individuals and 

their physiological reactions to an environment.[8]–[10], [12]–[15], [22], [28], [30]  Being able 

to make a connection between a specific anthropometric factor and how it effects reactions to 

heat strain could lead to improvements on the predictability of models in predicting work-rest 
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cycles for first responders wearing these suits in the field.  This objective will be executed by 

the following project tasks: 

1. Collection of true anthropometric and physiological data through wear testing of 

five types of Level A suits at North Carolina State University 

a. Anthropometric factors collected and used for this research include age and 

body mass index (BMI) 

b. Physiological parameters collected and used for this research include the 

intestinal body temperature and heart rate 

c. Parameters also investigated include exercise time and termination criteria 

2. Correlations will be drawn between anthropometric factors and physiological 

parameters 

3. Identify anthropometric factors that can help predict effects of heat stress 

4. Draw conclusions as to why each factor has its corresponding effects on heat stress 

5. Explain how information found could aid in the predictability of a model 

This research was made possible by a research grant from the US Department of Defense 

(DoD) in collaboration with Netherlands Organization for Applied Scientific Research (TNO) 

in the Netherlands and Georgia Tech Research Institute (GTRI).  NCSU was tasked with 

executing a major part of the human subject trials of which data was used to conduct the 

research for this thesis.   
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CHAPTER 2:  LITERATURE REVIEW AND BACKGROUND 

2.1 Heat Stress and Strain   

2.1.1 Homeostasis 

 Homeostasis is the bodies balance between heat production and heat dissipation.[12]  

For the body to remain in homeostasis it must maintain a balance of heat production from 

metabolism produced, heat gain from the environment, and loss of heat by conduction, 

convection, radiation, evaporation, and respiration.[12], [10], [11]  The heat produced from 

metabolism will always increase heat storage while the evaporation mechanism will always 

work to decrease heat storage, although there are some situations in which it will not work in 

this way.[10], [11]  When the heat loss mechanisms are working as they should, the body is 

able to compensate for the heat storage and the rectal temperature will rise continuously until 

it reaches what has been referred to as a hyperthermic plateau.[26]  At this point the rectal 

temperature ceases its steady increase and levels-out indicating successful 

thermoregulation.[26]  This is usually seen in moderate climate data sets some time into the 

exercise when the body reaches a new state of equilibrium.[26]  In a situation when the amount 

of total heat loss from the body required to maintain homeostasis exceeds the maximum total 

capacity of the environment uncompensable heat stress is said to occur.[31], [32], [30]  In the 

situation of uncompensable heat stress, the body will not be able to compensate for heat stress 

by losing heat via the mechanisms mentioned previously and will begin storing it, eventually 

causing detrimental health effects if activity continues.[31], [32]  This lack in efficient heat 

dissipation can occur during exercise in situations of high humidity or temperature climates, 

high insulation and low vapor permeability clothing ensembles, and a range of physiological 
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characteristics such as dehydration or lack of acclimatization.[11], [32], [14]  The reason high 

humidity is such an influential factor is because this evaporative mechanism is how large 

amounts of heat loss occur and evaporation of sweat from the skins surface is hindered by the 

moisture in the air and it becomes difficult to avoid heat strain.[11]  Air temperature that is 

higher than skin temperature will cause the body to gain heat through convection, conduction, 

and/or radiation.[11]  Another climatic factor that effects heat exchange is wind speed.  Higher 

wind speeds will increase heat exchange by promoting convective and evaporative heat 

exchange.[11]   

 

2.1.2 Heat Balance Equation 

 The heat balance equation is as follows: 

 

±𝑆 = 𝑀 − (±𝑊𝑒𝑥𝑡) − 𝐸 ± 𝐾 ± 𝐶 ± 𝑅 ± 𝑅𝑒𝑠𝑝 

 

Where S = heat storage; M = metabolism; Wext = external work being done on a load; E = 

evaporation; K = conduction; C = convection; R = radiation; and Resp = respiration.[10], [11], 

[33], [18]  This equation can be used to calculate the amount of heat storage or loss occurring 

in the body.[18]  If the heat storage value is positive then the body is producing heat faster than 

it can lose it and if it is negative the body is losing heat faster than it can contain it with both 

situations causing discomfort to the person.[11]  When the body is in perfect thermal balance 

and there is zero heat storage a person usually feels comfortable.[10]  If there is heat storage a 

person can still achieve comfort through a sufficient amount of sweating.  Factors such as 
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clothing, exercise intensity, climate, and physiological capabilities will influence the 

homeostasis in the body.[33] 

 

2.1.3 Heat Stress 

 Work that requires a substantial amount of physical exertion, is performed in a warm 

or hot environment, and involves the use of a heavy or bulky protective garment will increase 

the total heat load on a workers body.[34], [14]  Heat stress is the total heat load on the 

body.[14], [13]  Heat stress can come from internal factors such as metabolism and exercise or 

external factors such as ambient conditions and clothing.[14]  Some specific components that 

effect heat stress include air temperature, humidity, wind, radiant temperature, and metabolic 

heat.[34]  There is large variability between people and the way they produce and respond to 

heat stress.[35], [13] 

 

2.1.4 Heat Strain 

 Heat strain is the physiological reaction to heat stress and can be observed by increases 

in body temperature, heart rate, sweat loss, and skin temperature.[34], [36], [13], [24]  The 

point at which the body begins to experience heat strain is when it becomes unable to maintain 

a stable, comfortable core temperature.[24]  At low levels of heat strain thermal balance might 

still be achieved, but when the thermal balance increases to a positive value high levels of heat 

strain will occur, corresponding with high core temperatures.  A high core temperature is 

considered to be at least 40°C.[9]  High levels of heat strain can result in a range of illnesses 

and injuries including heat cramps, heat exhaustion, heat stroke, and sometimes even death 
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due to excessive environmental heat exposure.[37]  One of the most pronounced hazards of 

heat strain is hyperthermia.  Hyperthermia is when the body core temperature rises above the 

average value, generally considered to be 38°C, causing heat related illness or injury.[14], [38]  

Effects of hyperthermia include but are not limited to headaches, cramps, fainting, exhaustion, 

and heat stroke which can be fatal if not addressed quickly and appropriately.[14]  As 

additional garment layers are added, the activity level of work increases, and the environment 

of work becomes hotter the risk of heat strain increase.[14]  Additionally, hot climates with 

added load such as heavy or bulky Level A suits or additional PPE severely increase the amount 

of strain experienced by a responder.[12], [14]  There is large variability between people in 

their physiological responses to heat stress making it difficult to make broad assumptions on 

tolerable levels of heat strain.[35], [13]  Because of this heat stress or strain predictive models 

typically use average values in predictive calculations and functions thus putting people at the 

extremes of the population distribution in danger.[35] 

 

2.1.5 Clothing Effects 

 Factors such as the type of clothing, number of clothing layers, number of enclosed air 

layers, clothing fit, ventilation openings, and other design parameters can affect the level of 

heat strain experienced by the wearer.[11]  Heat transfer from the body, through the clothing, 

and out to the environment occur by convection, radiation, and evaporation all of which 

decreases with the addition of clothing.[12]  There is a significant tradeoff between the amount 

of personal protection a workers ensemble provides them and the heat strain they will 

experience.[14]  The more protection a worker needs, the more layers or impermeable and/or 
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encapsulating features their garments will have.  Adding layers of clothing in turn adds layers 

of insulation to the body area that is covered by those layers.[10]  These added layers of 

insulation lower the ability for heat transfer and evaporation from the body while attempting 

to maintain homeostasis.[10], [11]  The greater the surface area of the body covered the faster 

the internal temperatures of the body will increase.[10]  With heavy, thick, and multi-layer 

protective clothing the body is often not able to maintain a comfortable thermal balance.   

 

2.1.5.1 Impermeable Garments 

 Chemical, biological, radiological, and nuclear (CBRN) response teams, fire fighters, 

and certified HazMat teams are some of the primary users of impermeable garments.[39]  

According to the NFPA 1991 standard on Vapor-Protective Ensembles for Hazardous 

Materials Emergencies, there are three levels of personal protective ensembles based on the 

amount of protection it provides to the wearer.[5]  Starting from Level C, having the lowest 

level of bodily protection, they go up to Level A, having the highest level of skin, respiratory, 

and eye protection possible.[39],[7], [5]  While all levels require the use of impermeable and 

chemically-resistant elements in its ensemble, Levels A and B are the only ones that require 

the use of self-contained breathing apparatus (SCBA), and Level A is the only one that requires 

a fully encapsulating chemical-protective suit.[6]  Figure 2.1 is an example of what a fully 

encapsulating suit looks like.   
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Figure 2.1.  Image of a fully encapsulating Level A suit. 

 

Mandatory requirements for Level A protective ensembles include a positive pressure supplied 

air respirator with SCBA, fully encapsulating chemical protective suit, outer and inner 

chemical-resistant gloves, chemical-resistance boots with steel toe and shank, and depending 

on the construction of the suit an additional layer of outer glove and boot protection to be worn 

over the fully encapsulating suit.[6], [5]  These requirements are set by OSHA and the positive 

pressure air respirator with SCBA must be approved by the National Institute for Occupational 

Safety and Health (NIOSH).[6]   

 The NFPA 1991 standards for impermeable ensembles establishes the minimum level 

of protection necessary to maintain safety of emergency personnel against vapor, liquid, liquid-
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splash, and particulate of hazardous materials or CBRN incidents.[5]  It defines minimum 

material level physical protection and material strength with tests such as burst strength, tear 

strength, abrasion resistance, flammability resistance, cold temperature performance, and 

flexural fatigue.[5]  It also defines performance requirements such as pressurized tests for 

airtightness, overall suit water penetration, resistances of closures, leaks, and cracking pressure 

of exhausts valves.[5]  These suits are also certified for 21 different chemicals (decided upon 

by ASTM F 1001) and any other mixture of chemicals the suit manufacturer certifies that 

particular suits protect against.[5]  There are many aspects of a Level A suit that cause the 

wearer to have a high level of heat strain.[11], [12], [13]  The weight, bulk, construction, and 

fabric characteristics are just some of the factors contributing to the increase of heat 

production.[20]  The main characteristic of the textile used for Level A suits is that it is an 

impermeable barrier.  This means it will have high thermal insulation and no vapor 

permeability values causing the Total Heat Loss (THL) through the fabric to be very low.[20]  

A textile that is impermeable means that low molecular weight gases and vapors cannot 

penetrate from the ambient environment to the microclimate of the suit.[12], [40]  A key 

characteristic for the construction of a Level A suit is that it must be fully encapsulating, 

meaning its seams and closures will also not allow penetration of low molecular weight gases 

and vapors.  For these Level A garments the key factor in restricting heat loss is the restriction 

of the evaporative heat loss component.[11]  The low evaporative heat loss will be less than is 

required to maintain thermal equilibrium within the body putting their health and safety at 

higher risk.[12], [41], [40], [11], [28], [31]  A person in a Level A suit is estimated to be able 
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to work slightly more than a quarter of the time a person in single layer cotton work gear in 

the same environment will work.[11] 

 

2.1.5.2 Microclimates 

 A microclimate is the area created between the most outer surface of the skin and the 

most inner surface of the clothing being worn and is created anytime clothing is being worn on 

the body.[42]  Due to metabolic heat and sweat production the microclimate often becomes 

hotter and more humid than the ambient environment.[42]  In the microclimate of the garment 

the water vapor pressure will increase until it reaches saturation pressure, 100% relative 

humidity (RH), which will cause the microclimate air temperature, skin temperature, and 

eventually core temperature to increase.[12]  It has been reported that with an impermeable 

coated coverall in an ambient environment of 18°C Wet Bulb Globe Temperature (WBGT) for 

a 30 minute working time, the microclimate will be about 10°C WBGT hotter than the ambient 

WBGT.[42]  While the difference between the microclimate and ambient climate WBGT 

decreased with an increase in ambient WBGT there was still a higher microclimate 

WBGT.[42] 

 

2.2 Anthropometrics 

2.2.1 Measuring Physiological Responses 

 Anthropometrics are individual human attributes such as age, weight, height, body fat 

percentage, body surface area, etc.  Humans always show a large array of anthropometric 

variations and physiological differences such as resting core temperature, resting heart rate, 
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resting skin temperature, sweat rate, or sweat loss.[13]  For example, the average ‘normal’ core 

temperature for humans is considered to be 37°C but it can fall into a wide range across 

different individuals, between 36.2°C and 37.5°C.[43], [44], [45]  The values for core body 

temperature, determined by Wunderlich, were not actual core temperature values but actually 

axillary temperatures.[45]  It is important to note that while the average core temperature value 

determined by Wunderlich is widely accepted, the time in which his experiments took place 

was before international standards for temperature scales were adopted, therefore, placing the 

calibration of his equipment into question.[45]  While Wunderlich claimed axillary 

temperatures as core temperature measurements, some researchers claim that the most accurate 

place to achieve a true core temperature is the pulmonary artery by means of a catheter 

thermistor, because this is where “convective mixing of blood from all over the body” 

occurs.[46], [47]  Achieving a measurement from that location of the body is extremely 

difficult in a lab setting with subjects preforming physical activities.   

 The method most commonly practiced in a research setting is rectal temperature by 

means of a rectal probe.[44], [45], [13], [48]  This method is most commonly used due to its 

reliability and lack of influence from water ingestion.[13]  Although this is a valid 

measurement of core temperature it can also be impractical, have hygienic issues, be 

uncomfortable for subjects, and expensive.[44], [48]  Some researchers have looked into using 

other, less invasive and more practical ways of tracking core temperature such as measuring 

the tympanic or exhaled breath temperatures.[44]  These less invasive methods are more likely 

to be affected by ambient conditions, have only been validated within 0.5°C of normal resting 
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temperature, and need to be corrected with specific models to produce readings comparable to 

the rectal temperature method.[44], [13]   

 A more recent advancement in this area was the creation of the thermistor based 

telemetric core temperature pill.  In 1968, Human Technologies, Inc. produced the first 

telemetric ingestible measuring device meant to measure core temperature, and called the Cor-

Temp™ pill.[47]  Using radio telemetry the pill transmits FM signals of the gastrointestinal 

tract temperature to a receiving device.[38]  Being the first device of its kind, it had many 

pitfalls including every pill having to be calibrated manually to each specific subject and 

multiple pill interference issues which limited the number of pills a subject could ingest at a 

time and the distance between subjects containing pills.[47]  A few years later, Philips 

Respironics developed the Jonah core body temperature capsule overcoming the majority of 

the issues Cor-Temp™ presented.[47]  Each Jonah pill has its own unique ID number and is 

self-calibrated solving both the multiple pill interference and individual calibrating issues 

respectively.[47]  Unlike axillary and tympanic temperature measurements, the core 

temperature pill, measuring intestinal temperature, is a close approximation of rectal 

temperature and pulmonary artery temperature.[45], [47]  Pill temperature has been directly 

compared to esophageal temperature and rectal temperature.[38]  When the pill temperature 

was compared to the esophageal temperature, the latter responded sooner, changed quicker, 

and had just under a 0.5°C higher peak temperature value during short but high intensity 

exercising.[38]  However, the response time, rate of change, and peak values of the pill 

temperature correspond well with rectal temperature.[38]  When compared directly to rectal 

probe measurements the difference between the two devices was the pill recorded an average 
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difference of 0.1°C lower than the probe.[49], [47], [38]  This small difference decreased with 

an increase in exercise time or intensity.[49], [47]  A hypothesis behind the slight difference 

in temperatures is that during exercise the probe temperature increases due to heat being 

produced in the gluteus muscles around the rectum.[47], [50]  Another reason behind the 

difference is the positioning of the pill in the intestines.  If the pill is taken too close to the start 

of testing, the unstable temperature change could be attributed to the pill still moving through 

the upper intestine during the beginning of exercise.[38], [49]  With an increase in time, the 

pill will eventually move into the sigmoid colon where the presence of fecal matter restricts 

any further movement of the pill giving a more constant reading.[49]  There is a small delay 

in response from the core pill when compared to esophageal measurements.[38]  As exercise 

intensity increases, blood flow is more concentrated towards the active muscles than the 

intestines, reducing blood flow in the latter, causing a delay in temperature response of the 

pill.[38]  The advantages of using the pill include a wireless setup, the ability to constantly 

collect and observe data in real-time, and subjects finding it more comfortable and easier to 

use than a probe.[49], [47], [38]  The telemetric core temperature pill can be expensive 

depending on the number of subjects being used and number of tests being performed.[38]  It 

is also important to make sure the subjects ingest the pill long enough before beginning the 

experiment to ensure its readings will not be affected by food, drink, or saliva and that it has 

traveled through the stomach and rests in the intestine at the time of data collection.[13], [49], 

[38]  The pill should be taken anywhere from 3 hours to 8 hours before commencement of 

testing to allow time for movement into the intestines.[49], [38], [48]  The pill will record 

anywhere from 0.52 to 5.6 days depending on the speed of gastrointestinal processing which 
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can vary greatly between people.[47]  The pill has been clinically accepted and is now widely 

used in subject testing.[49], [38]  

 

2.2.2 Effects of Age 

 Past research has shown it is difficult to determine whether age, apart from all other 

individual anthropometric differences causes certain physiological reactions to heat stress.[51], 

[52]  Researchers have attempted to correct for differences in age and obtained conflicting 

results such as: “there is no difference in heat strain due to age”, “there is an age-related 

difference and younger men physiologically handle heat strain better than older men”, and 

even that “older men have shown better performance with heat strain than younger men”.[22], 

[51], [52], [53], [54]  The most accepted conclusion is that the effects of heat strain have shown 

to increase with age most likely due to decreased cardiovascular and/or cardiorespiratory 

capacity.[34]  There is some agreement across researchers that older populations have lower 

skin perfusion and sweat capacities than the younger population making the physiological 

response of sweating as a cooling mechanism less effective in older populations.[34], [22], 

[55], [56]  The decrease in functionality of these mechanisms in addition to lower skin 

vasodilation response, which may not occur uniformly over the body, cause older people to 

have a decreased ability to maintain their core temperature.[57], [56]  On the other side of the 

argument, a study found that there was no correlation between age and final rectal temperature 

or between age and final heart rate after exercise, indicating age had no effect on the final heat 

strain experienced.[58]  This finding has been partially supported by another study stating that 

age had no significant effect on determining initial or final rectal temperature, but it showed 
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that the change in rectal temperature becomes significantly different between older men, ages 

60-71, and younger men, ages 20-25, towards the end of an hour of passive heating.[57]  The 

effects of age for people wearing sports clothing have been looked at with respect to heat 

storage and it has been found that age has no significant influence on heat storage.[35]  While 

maximum work capacity and maximum heart rate have been seen to decrease with age, there 

is no evidence that maximum tolerable rectal temperature decreases with age as well.[34] 

 

2.2.3 Effects of Body Mass Index (BMI) 

 Body Mass Index (BMI) is the widely accepted classification of the level of adult 

obesity.[59]  BMI is calculated by dividing a person’s weight, in kilograms (kg), by their height 

squared, in meters-squared (m2).[59]  The Expert Panel on the Identification, Evaluation, and 

Treatment of Overweight and Obesity determined that a BMI in the range of 25-29.9 kg/m2 is 

classified as overweight and a BMI of 30 kg/m2 or more is classified as obese.[59]  BMI has 

often been used as a substitute for percent body fat (% fat) where 20% fat for men and 33% fat 

for women are both comparable to a BMI of 25 kg/m2.[59]  The reason there is a difference in 

the fat percent for men and women is because women naturally have more body fat mainly for 

reproductive functionality.  People who participate in regular aerobic exercise with lower body 

fat have been found to tolerate higher rectal temperatures better than people with higher body 

fat.[30]  Also, people with higher body fat generally have a faster rise in core temperature.[30]  

These phenomena occur because adipose, or fat, tissue has a lower heat capacity than lean 

tissue (blood, muscle, water, and bone) and thus a large amount of fat will lead to a faster 

increase in core temperature.[60]  BMI does not account for this effect of lean tissue.  There is 
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a relationship between BMI and fitness level where fitness level is related to the level of 

efficiency of the cardiorespiratory system function.[30]  Having a greater BMI and therefore a 

larger amount of body fat, is associated with a lower level of fitness.[30]  Having a high BMI 

and exercising in a fully encapsulating suit will magnify a lack of fitness in individuals.  The 

fully encapsulating suit has this effect because of the restriction it causes on the body to cool 

itself by means of evaporative heat loss thus increasing heat strain.[11], [14], [32], [34]  The 

way a lack of fitness can be seen physiologically is through the rate at which heart rate 

increases.  A person with a higher BMI, and therefore lower fitness level, will experience a 

rapid increase in heart rate when exercising in these suits when compared to someone with a 

lower BMI, and thus a higher level of fitness.  With the connection between BMI and fitness 

level there is potential for there to be a relationship between BMI and predicted heat strain 

effects, especially in fully encapsulating suits.   

 

2.3 Hydration  

2.3.1 Physiological Response during Exercise 

 Hydration levels have been found to have a serious effect on tolerance time for a worker 

exposed to heat stress.[14]    In conditions where sweating and sweat evaporation from the 

body occur extremely efficiently, a man produces on average about 1.0 liter of sweat per 

hour.[34]  Hypohydration, also known as dehydration, increases thermal and cardiovascular 

strain during exercise.[25]  Hypohydration occurs when there is a lower than normal plasma 

volume in the blood making it more viscous and harder to pump around the body. [22], [25], 

[61]  This will decrease the stroke volume and therefore the maximal cardiac output causing 
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strain to the body.[22], [25], [61]  In this situation, through mechanisms of vasoconstriction at 

the skin, skin blood flow will be reduced and core temperature will be increased creating a 

higher risk of heat strain.[22], [61]  Being not well hydrated has shown decreases in tolerable 

core temperature specifically in hot-dry environments.[9]  Hypohydration has also shown to 

increase initial rectal temperatures.[28], [30] Research done with firefighters has shown that 

fluid replacement of about 65% of the amount of sweat lost increases exposure time by 15% 

when compared to no fluid replacement.[14]  Along with the amount of fluid intake, the water 

and salt balance in the body also plays a role in preventing physiological strain.[34]  Taking 

into account the sodium chloride intake in most countries, an acclimatized man can work for 

an 8-hour shift sweating a minimum of 5.0 liters without affecting the salt balance in the body 

to a point where supplementary salt intake is suggested.[34]   For this reason, focusing on the 

amount of fluid intake instead of the water salt balance in the body, would be more effective 

when working for much less than an 8-hour work shift, such as during hazardous material 

activities.  Negative physiological effects of hypohydration have shown to override any 

positive benefits gained from acclimating a subject.[28]  Heart rate and rectal temperature have 

shown to both increase and tolerance time decrease in a person being active in a hot climate 

with hypohydration of just 2-5% of a person’s body mass, regardless of acclimation state.[28], 

[62], [63]  Adequate fluid replacement will decrease cardiovascular strain and increase the 

tolerance time in a semi-permeable suit in a hot climate.[28], [64]  Hyperhydration, or over 

hydration, is also possible but rather rare, meaning a healthy adult would have to drink 5.0 or 

more Liters of water within a few hours to reach hyperhydration levels.[65], [66]  The danger 

with hyperhydration comes in the excess of water strongly diluting the sodium levels in the 
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blood, referred to as hyponatremia.[65], [67]  This condition can be dangerous affecting brain 

function, digestion, energy, and mood.[68]  Hyperhydration can even cause light swelling of 

hands and feet, muscles spasms, and in very extreme cases swelling of the brain resulting in a 

coma or death.[69], [66]  Mild hyperhydration has shown to only provide an advantage over 

euhydration by delaying hypohydration during times of uncompensable heat stress.[68]  Mild 

hyperhydration has also shown a reduction in heart rate during exercise in the heat.[61] 

 

2.3.2 Sweat Loss and Sweat Rate 

 In previous research sweat rate alone has not been directly correlated with level of 

strain being experienced by an individual.[34]  Meaning that just because a person has a high 

sweat rate does not necessarily mean they are experiencing a high level of strain.  Other factors 

such as heart rate, body temperature, hydration, etc. play in to the level of strain experienced.  

While sweat production is different across different regions of the body, it has been noted that 

the sweat rate in the limbs will increase, relative to the trunk sweat rate, with an increase in 

exertion intensity.[57]  In a passive heating study where subjects having similar surface area-

to-mass ratio, percent body fat, and resting systolic and diastolic blood pressure were divided 

into an older group (ages 60-71) and a younger group (ages 20-25), the older group’s sweat 

rate was 16-23% lower than the younger groups.[57]  Another study supported the stance that 

a higher workload will cause a higher sweat rate although effects of the ensemble were not 

explored.[26]  Heat acclimation has been known to increase sweat response in hot 

environments.[28]  Previous research has also shown that heat acclimation for someone who 

works in protective clothing could be a negative attribute.[28], [70]  This is because the average 
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sweat rate across the whole body for a heat acclimated person will be higher than for a non-

acclimated person and, due to the protective garment, the sweating may not allow for adequate 

evaporative heat loss, thus increasing the rate of dehydration and physiological heat strain.[28], 

[70]   

 

2.4 Heat Stress/Strain Indices 

 Often limits set by safety standards are based on the 95th percentile of the general 

population not taking into account the individual differences or acclimatization of different 

types of workers.[18], [22]  The limits tend to be too conservative for workers that are 

acclimatized to their work environment and the rate at which they work thus not using the 

workers to their full capacity.[22]  The majority of heat stress or strain indices do not take into 

account the effects of the thermal properties in clothing, especially high level PPC.[12]  The 

indices that do account for these values do not have the ability to be adjusted for different 

metabolic rates, a wide range of clothing ensembles, or account for resting or recovery 

periods.[24]  Although there are a number of standards and indices based on heat stress and 

strain there still proves to be a challenge in developing a standard or index to determine an 

appropriate working time where responders work to their full capacity while having little to no 

risk of heat illness or injury.   
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2.4.1 ISO 7243:1989 Hot Environments – Estimation of Heat Stress on Working Man, 

Based on WBGT-Index 

 This standard addresses the thermal effects of heat stress in an industrial environment 

based on Wet Bulb Globe Temperature (WBGT), metabolic rate, and several different work-

rest cycles.[71]  WBGT is a measurement made to gauge the amount of heat stress in direct 

sunlight.[72]  It uses temperature, humidity, wind speed, sun angle, and cloud cover to produce 

a value measured in °C.[72]  Two different WBGT calculations are used to differentiate 

between being inside with no solar load and outside with a solar load effect on WBGT using 

the following equations: 

 

Inside and outside without solar load: 𝑊𝐵𝐺𝑇 = 0.7 ∗ 𝑡𝑛𝑤 + 0.3 ∗ 𝑡𝑔 

Outside with solar load: 𝑊𝐵𝐺𝑇 = 0.7 ∗ 𝑡𝑛𝑤 + 0.2 ∗ 𝑡𝑔 + 0.1 ∗ 𝑡𝑎 

 

Where tnw is natural wet-bulb temperature, tg is globe temperature, and ta is air temperature.[71]  

By creating a relationship between WBGT, metabolic rate, and several variations of work-rest 

cycles this index is able to evaluate if there is a risk of excess heat stress to the worker.[71],  

[73], [74]  The relationship between these three parameters can be seen in Figure 2.2 

below.[71] 
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Figure 2.2.  Work-rest cycle curves in relation to effects of WBGT and metabolic rate.[71] 

 

Although able to predict the presence of heat stress risk, this index does not define exactly how 

much strain the worker is experiencing.[71], [74]  The index does however provide WBGT 

reference values that the worker should not exceed.[71]  These reference values only apply to 

“normally clothed” (0.6 clo), physically fit individuals in good health.[71]  The index 

recognizes that with higher levels of PPC, like impermeable garments, the WBGT reference 

values provided would decrease.[71]  However, it is not specified by how much the values 

would be altered therefore limiting the application of this index for high level protective 

clothing such as level A suits. 
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 A few years later the 1996 Threshold Limit Values (TLVs®) for Chemical Substances 

and Physical Agents Biological Exposures Indices (BEIs®) was published by the American 

Conference of Governmental Industrial Hygienists (ACGIH).[17], [71]  This was a set of 

guidelines used to prevent risk of disease or injury through exposure of chemical agents in the 

workplace.[17]  Not to be confused with a standard, these guidelines were used to help workers 

make safe decisions regarding exposure to chemicals or other physical agents.[17]  Using the 

same calculations mentioned above, WBGT values were used to define TLVs® for light, 

moderate, and heavy workloads in conjunction with continuous work, 75/25, 50/50, and 25/75 

work/rest cycles in an hour.[17]  The allowable TLVs® are displayed in Table 2.1.[17]   

 

Table 2.1.  Approximate TLVs®.[17] 

 Work Load 

Work-Rest Cycle Light (<233 W) Moderate (233-407 W) Heavy (407-580 W) 

Continuous Work, for 

an hour 
30.0°C 26.7°C 25.0°C 

75% Work-25% Rest, 

per hour of work 
30.6°C 28.0°C 25.9°C 

50% Work-50% Rest, 

per hour of work 
31.4°C 29.4°C 27.9°C 

25% Work-75% Rest, 

per hour of work 
32.2°C 31.1°C 30.0°C 

 

The ACGIH believes that nearly all workers can handle these work-rest cycles without 

experiencing adverse health effects.[17]  While these values take into account environmental 

conditions and attempt to correct for some types of protective clothing worn by the workers 

who would use these guidelines, they do not take into account physiological parameters or 
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individual anthropometrics.  Correction factors provided include a summer work uniform (0.6 

clo) of 0°C WBGT, cotton overalls (1.0 clo) of -2°C WBGT, a winter work uniform (1.4 clo) 

of -4°C WBGT, and a permeable water barrier garment (1.2 clo) of -6°C WBGT.[17]  These 

correction factors are applied by taking the workload and work-rest cycle TLV® found in the 

table above and subtracting the correction factor corresponding to the garment being worked 

in.  For example, if a worker was working continuously for an hour at a light workload but 

instead of wearing a summer work uniform, they wore a winter work uniform, their TLV® 

would be 30.0°C minus the correction factor of -4°C resulting in a final TLV® of 26.0°C.  A 

correction factor for a suit such as a Level A was not given thus limiting the usefulness of these 

guidelines for HazMat responders.  In more recent years, Dr. Thomas Bernard has been able 

to determine how much the WBGT values would be altered for more protective clothing using 

a clothing adjustment factor (CAF).[75], [76]  It was determined that a CAF of 10°C WBGT 

could be applied to protective coveralls involving the use of a full face negative pressure air 

purifying respirator.[75], [76]  While this is not the fully encapsulating Level A suit used in 

this thesis, it is the most similar ensemble for which a CAF has been determined thus far.  

Another aspect of this guideline is it provides a recommendation for hydration suggesting one 

cup of water every 15-20 minutes throughout the entire work cycle.[17]  This proves to be 

difficult to execute while wearing a Level A suit as the worker would have to exit the vicinity 

and undo the suit every 15-20 minutes in order to meet this guideline or have a Camel-back® 

type apparatus in the suit.  It also mentions the importance of an adequate amount of salt intake, 

suggesting to consume salty foods or put 1.0 gram of salt per 1.0 liter of water especially during 

the hot season.[17] 
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2.4.2 ISO 9886: 2004 Ergonomics – Evaluation of Thermal Strain by Physiological 

Measurements 

This standard describes methods for measuring body core temperature, skin 

temperature, heart rate, and body-mass loss.[36]  For each of these parameters the standard 

explains the measurement technique, method for using said technique, and the interpretation 

of the data collected.[36]  It also suggests safe limits for these parameters such as a maximum 

tolerable core temperature limit no higher than 39°C.  The more acceptable and conservative 

suggestion for the core temperature limit provided by this standard is 38.5°C with simultaneous 

heart rate monitoring, medical personnel present, and the subject having the option to terminate 

the test or activity at any point.[36]  While this standard helps in determining how to best 

manage work durations in order to prevent risks of heat stress, it does not account for 

differences between individuals and how that effects a particular worker’s response to heat 

stress.[22]  It also states that this standard does not apply to subjects that are physiological or 

anthropometrically far from the average or when special means of protection are used such as 

PPE/PPC.[36]  This standard is mainly a suggestion for physiological measurement techniques 

during subject trials but is in no way enforced during trials in the United States.[36] 

 

2.4.3 ISO 7933:2004 (E) Ergonomics of the Thermal Environment – Analytical 

Determination and Interpretation of Heat Stress Using Calculation of the 

Predicted Heat Strain 

 The original 1989 edition of this standard used an analytical approach to determine an 

estimation of the amount of thermal stress workers were exposed to.[74]  It was aimed at 
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determining when excessive physiological strain was occurring but it was not able to accurately 

define acceptable exposure times.[74]  For example it could differentiate between a higher 

level of heat strain occurring in a warm-humid climate than in a hot-dry climate but individual 

variability limited more specific exposure time estimates for each individual.[74]  One of the 

other pitfalls of this standard was that it did not account for increased sweating capacities in a 

hot-dry environment, thus leading to decreased accuracy in resulting heat strain.[74]  This 

original standard which defined the Required Sweat Rate index was quickly criticized with 

respect to the predictive capabilities of skin temperature, sweat rates, and duration limit for 

exposure (DLE) for a number of reasons.[18], [73]  Influences of clothing on convective and 

evaporative heat exchange, the combined effect of clothing and movement, and changes in 

core temperature according to activity created noticeable limitations of this index.[73]   

 A joint team of thermal factor researchers in Europe developed and validated the 2004 

edition of ISO 7933, newly referred to as the Predicted Heat Strain (PHS) model.[18], [73]  

The PHS model is used to determine if there is a heat stress issue present and to provide 

guidance to acceptable exposure times.[73], [18]  This is different than ISO 7243 which is used 

only to depict whether there is or is not a risk of heat stress present not how much strain is 

being experienced or for how long it can be tolerated.[18], [73]  PHS uses estimations and 

measurements of physical parameters such as rectal temperature, metabolic rate, and thermal 

insulation of clothing to predict maximum sweat rate, maximum water loss, maximum rectal 

temperature, and maximum allowable exposure time for an average subject or the 95th 

percentile of industrial workers.[73], [18]  The ability of the PHS model to predict maximum 

rectal temperature is a new addition to this standard and appears to predict within an acceptable 
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range when compared to observed values.[73], [18]  There are a few limitations to consider 

when using this standard.  This standard has only been validated for specific ranges of specific 

parameters such as ambient temperature, air velocity, metabolic rate, and clothing insulation 

values.[18]  The validated clothing insulation values only go from 0-1.0 clo making the 

estimations and measurements of this standard invalid for Level A suits.[18]  The standard 

clearly states that it does not apply to ‘special clothing’ which is mostly due to the lack of 

validation for the water vapor permeability parameter used in the calculations for thermal 

characteristics of clothing.[18]  It is also important to note that the predicted values are not 

applicable to individual subjects but only to a subject close to the average or the 95th percentile 

of the working population.  This is one of the few standards that takes into account a percentage 

of the working population and not just the general population average.[18]   

 

2.4.4 Physiological Strain Index (PSI) 

In 1998, Moran et al introduced the Physiological Strain Index (PSI), an index based 

on measured rectal temperature and heart rate values.[24], [26], [25], [27]  The concept behind 

such an index was to combine the thermoregulatory and cardiovascular strain on the body into 

a quantitative and intuitive 0-10 scale, ranging from no/little strain to very high strain 

respectively. [24], [26], [25]  This index can be used in real-time, during data analysis, post 

data collection, or whenever the rectal temperature and heart rate can be measured during 

testing. [24], [26], [25], [27].  PSI values are determined using the following formula: 
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𝑃𝑆𝐼 = 5 ∗
(𝑇𝑟𝑒𝑡 − 𝑇𝑟𝑒0)

(39.5 − 𝑇𝑟𝑒0)
+ 5 ∗

(𝐻𝑅𝑡 − 𝐻𝑅0)

(180 − 𝐻𝑅0)
 

 

Where Tret and HRt are simultaneous measurements taken at the same time point and Tre0 and 

HR0 are the initial rectal temperature and heart rate values.[26], [25], [27]  The limits of this 

index are between 36.5 and 39.5°C for rectal temperature and 60-180 beats per minute (bpm) 

for heart rate.[24].  These limits are based on the maximum acceptable change in rectal 

temperature which was determined as 3°C with an acceptable maximum limit of 39.5°C and 

the maximum acceptable change in heart rate which was 120 bpm with an acceptable maximum 

limit of 180 bpm.[24]  Using values collected at specific time points allows the heat strain to 

be evaluated at any point in time where data is available.[26]  Using initial and real-time values 

from the actual subject data also normalizes each physiological parameter making the index 

applicable to every person regardless of acclimatization, fitness level, or any anthropometric 

characteristics.[26]  This normalizing characteristic also allows for esophageal temperature 

(Tes) values to be used in place of rectal temperature values while still producing reliable PSI 

values.[25]  There is even valid evidence that sweat rate is reflected in the values of the PSI 

such that increased dehydration correlates with decreased sweat rate and increased PSI 

levels.[26], [25]  Just 5% body weight loss in fluids resulted in a range of high PSI levels going 

from 7.4 to 10.[25]  There has been success in the capability of the PSI to rank levels of heat 

strain according to using different clothing ensembles (thus far protective and sports clothing), 

climates (hot-dry and hot-wet), hydration levels (1.1-4.2% body weight loss), exercise intensity 

(mild, moderate, and heavy), age (young group of 21±1 year and middle-aged group of 46±2 
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years), and even gender differences.[24]–[26], [27], [29]  Overall the PSI is easy to understand, 

only requires two measured parameters limiting the possibility for error, and can use live data 

securing the capability to account for rest and recovery periods during activity.[24]  While the 

PSI is starting to become a widely accepted heat strain index there has yet to be an alignment 

of PSI values to a certain level of safety for workers. 

 

2.5 Conclusions 

 The information collected in this literature review will aid in conducting the three 

research tasks this thesis will focus on.  The first area of focus is addressing appropriate levels 

of hydration during work-rest cycles specific to HazMat responder working conditions. 

Appropriate amounts of fluids to maintain hydration have been researched and defined for 

many different types of athletes, workers in industrial environments, and first responders who 

work in permeable garments, but is much less common for workers wearing an impermeable 

garment.[34], [9]  It has been found that a human will produce an average of 1.0 liter of sweat 

per hour under the most ideal evaporative circumstances although higher maximum sweat rates 

have been reported.[34], [28], [9], [14], [25], [17]  Given that Level A suits are not conducive 

for ideally evaporative circumstances, due to its fully encapsulating nature, the sweat rate may 

be slightly different.  By collecting sweat rates of first responders wearing Level A suits in 

multiple climates at multiple work rates it will be possible to draw a conclusion as to how much 

weight loss will occur for these responder when wearing a fully encapsulating suit.  These 

weight loss values will be analyzed to determine the necessary volume of fluid these 
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responders need to intake to properly rehydrate themselves an ensure health and safety during 

work-rest cycles. 

 The second area of focus will be on suggesting a value to use as the break-off criteria 

for HazMat responders to cease work according to the currently defined physiological stress 

index (PSI).  While this has become an accepted index to rate levels of heat strain, there has 

not been an attempt to relate these PSI values to the level of safety for the worker. [24], [29], 

[27]   By using the database of heart rate and intestinal temperatures collected in this research 

there is the potential to find a common PSI value at which subjects terminate exercise.  This 

would help determine a break-off criteria PSI value at which it is no longer safe for responders 

to continue work.  The break-off criteria determined here would be specific to HazMat 

responders working in Level A suits and has the potential to bring another level of safety to 

these responders. 

 The last area of focus will be on determining whether there are any correlations between 

individual anthropometrics and physiological reactions to heat stress for HazMat responders.  

According to the literature, true physiological data will always have a large amount of 

variability from person to person based on an array of anthropometric and physiological 

factors.[22], [35]  For this reason using average values of physiological parameters to build 

model predictions will not address a wide variety of people especially at the extremes of the 

population within a safe working limit.[22], [35], [77]  In an effort to get rid of using average 

values for prediction, attempts to make correlations between parameters such as age, BMI, or 

fitness level with specific physiological reactions like heart rate and body temperature have 

been investigated.  The majority of the research conducted on this topic thus far has not focused 
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on these relationships when subjects are wearing Level A suits.  There is the potential that the 

impermeable nature of the suit and the differing climates and work rates tested in this research 

could magnify or minimize anthropometric differences and how they affect physiological 

reactions to heat strain.  Determining if there are any correlations between these individual 

anthropometric differences and their personal physiological reactions to heat stress in 

impermeable garments can help improve the accuracy of a physiological predictive model like 

the TSC for these specific types of garments and aid in increasing their safety on the job. 
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CHAPTER 3:  EXPERIMENTAL 

3.1 Physiological Wear Trial 

3.1.1 Subjects and Setup 

 All subjects had to meet specific qualifications in order to be considered for this study.  

Subject qualifications included being a male City of Raleigh firefighter, being familiar with 

wearing a NFPA 1991 Level A HazMat suit and SCBA, as well as no health concerns that 

would affect their participation in this type of a high heat stress study.  Seventeen randomly 

selected male City of Raleigh firefighters between the ages of 25 and 50 met these 

qualifications and were used for this study.  All subjects were briefed on the protocol that 

follows and received a copy of the informed consent both of which were approved by the 

Institutional Review Board (IRB).  Six different Level A HazMat suits were selected including 

the Saint-Gobain ONESuit® Gard, Kappler Frontline 500, Saint-Gobain ONESuit® Pro, 

Trelleborg Trellchem® NEO, Trellebrog Trellechem® VPS, and the Dupont Tychem® TK 

corresponding the suits A, B, C, D, E, and F respectively.  Suit A was the only suit tested by 

just the Netherlands Organization for Applied Scientific Research (TNO).  Suit A is not 

pictured because it was not tested at any point by North Carolina State University (NCSU).  

The only time TNO’s data was incorporated into the data presented here was in regard to 

hydration effects.  Although TNO used a different subject population, non-firefighters, they 

followed the same protocol making it possible to combine their weight loss data with NCSU’s 

data in this portion of the research.  Two of these suits, Kappler and Dupont, had aluminized, 

reflective outer layers and one suit, Dupont, was double layered.  Images of Suits B through F 

can be seen in Figure 3.1. 



 

 

39 

 
Figure 3.1.  Top Row: Kappler Frontline 500 (Suit B), Saint Gobain ONESuit® Pro (Suit C), 

and Trelleborg Neo (Suit D) (left to right).  Bottom Row: Trelleborg VPS (Suit E) and 

Dupont Tychem TK (Suit F) (left to right). 

 

The rest of the ensemble worn under the Level A suit consisted of cotton boxer briefs, a 

standard cotton t-shirt, shorts provided by TNO, and socks.  Air Boss boots and yellow knit 

Kevlar gloves were worn on the outside of each suit with the exception of the Kevlar gloves 

on Suit B.  Each subject wore the full ensemble complete with a 6 Liter Scott SCBA weighing 
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9.45 kg with apparatus and face piece.  The subjects did not breathe air directly from the SCBA 

worn inside the suit but instead from an external air supply that was fed through the suit using 

a pass-through device pictured in Figure 3.2. 

 

 

Figure 3.2.  Pass-through device used to supply external air to the subject. 

 

A Thorn Lamp was used when an experimental condition called for a radiant load (only the 

hot climate).  It projected an approximate 200 W/m2 radiant load, meant to mimic the radiant 

load from the sun on the subjects back as they exercised.  The setup, complete with yellow 

external breathing air source tank and Thorn Lamp, is pictured in Figure 3.3 below.  
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Figure 3.3.  Physiological test setup with external air source and Thorn Lamp. 

 

The following combinations of climatic conditions and walking speeds were used in this study.   

 

Table 3.1.  Suit types tested in combinations of climate and walking speed. 

 Walking Speed 
2.5 km/hr 4 km/hr 5.5 km/hr 

C
li

m
at

e Moderate A*, B, E A*, B, C, D, E, F A*, B, E 

Warm  A*, B**, C, E  

Hot  A*, B**, D, F  

  *Suit tested by TNO only; **Suit tested by NCSU and TNO 

 

Suits B and E were tested across the three walking speeds at NCSU in order to capture the 

effects of singled layered suits both with and without an aluminized outer layer.  The three 

Thorn Lamp 

External Air Source 
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climate conditions were defined as moderate (24°C, 50% RH, 20°C WBGT), warm-wet (32°C, 

60% RH, 30°C WBGT), and hot-dry (45°C, 20% RH, 37°C WBGT, 200 W/m2 radiant load).  

The different walking speeds were meant to mimic different work rates of the HazMat 

responders where 2.5 km/hr is 127 W/m2, 4 km/hr is 205 W/m2, and 5.5 km/hr is 314 W/m2.  

During a single hazardous material cleanup, responders may have to walk up or down flights 

of stairs, crawl and maneuver through small and confined areas, or carry objects to and from 

the cleanup site.  Each of these tasks results in a different work rate and is therefore important 

to take into consideration when looking at physiological responses of these workers.   

 Table 3.2 displays the average weights of each of the suits and the ensemble 

components.  Boot sizes ranged from size 10 to 15 so the average weight given is based on the 

average boot size worn by the firemen, 13.5. 

 

Table 3.2.  Average weights of each component of the ensemble. 

Garment Size Average Weight (kg) 

Kappler Frontline 500 (B) L 5.09 

Saint-Gobain ONESuit® Pro (C)  L 4.32 

Trelleborg Neo (D) XL 4.44 

Trelleborg VPS (E) XL 6.47 

Dupont Tychem TK (F) L 6.45 

T-shirt + Shorts L; 40 (EUR) 0.44 

SCBA + Mask M 9.45 

Boots 13.5 (US) 3.44 

 

 

 



 

 

43 

3.1.2 Instrumentation 

 Dependent variables collected from the subjects and used for analysis in this study 

included gastro-intestinal temperature, heart rate, weight loss, and perceived exertion rating 

(RPE).  Below is a table describing the variables and what devices were used to measure them, 

the sampling time of the final data set, and the bodily location the measurement was taken 

from. 

 

Table 3.3.  Dependent variables and their respective measuring devices, sampling times, and 

bodily locations. 

Dependent Variable Device Sample Time Location 
Intestinal Temperature Jonah core 

temperature capsule 
15 sec Intestines 

Heart Rate EquiVital 15 sec Belt around chest 

Heart Rate Polar 15 sec Belt around chest with 
watch as a receiver 

Sweat Rate/Loss Ohaus I-10 (weight 
scale) 

Before and after 
exercise 

Towel dried; wearing 
only boxer briefs and 
sensors 

Perceived Exertion 
Rating 

Paper Scale 2 min mark and 
every 10 min mark 

Borg 1982 (Appendix 
A.1) 

 

 

Intestinal temperature was measured using the Jonah core body temperature capsule 

manufactured by Philips Respironics, Inc.  A live feed of intestinal temperature was displayed 

and recorded using the Equivital software monitoring system.  The same system was used to 

display and record a portion of the heart rate data.  A chest strap with a Sensor Electronic 

Module (SEM) was worn by each subject.  This chest strap is able to collect cardio-respiratory 

data and wirelessly transmit it to the same EquiVital software as the Jonah core capsule 
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transmits to.  Some of the chest straps used in this study, had poor read outs due to wear and 

tear of the electrodes in the strap or the shape of a subject’s chest causing bad heart rate data 

sets for a small number of subjects; 8 out of 114.  All eight of these occurred towards the 

beginning of testing and was noticed early enough to fix before further testing.  To overcome 

this reliability issue a second heart rate monitoring method was introduced.  For the majority 

of the subjects Polar heart rate monitors, which included newer chest straps and wrist watch 

recording devices, were used.  The Polar devices were also compatible with the treadmills thus 

allowing research assistants to continuously monitor their heart rate directly on the treadmill.  

The EquiVital heart rate monitoring method was still used as a backup in the event the Polar 

watch was not activated correctly before beginning exercise or the recording was terminated 

accidently during exercise.   

 Intestinal temperature and both forms of heart rate monitoring were recorded with 15 

second interval sampling rates.  The subject body weight required to find weight loss were 

taken using an Ohaus I-10 scale.  The scale had been calibrated two days before testing began 

ensuring it was producing accurate measurements.  These measurements were taken before 

exercise wearing only boxer briefs and sensors and after exercise wearing only boxer briefs, 

sensors, and removing excess sweat with a towel.  Ratings from the Borg Perceived Exertion 

Rating scale (RPE) were collected from every subject at the two minute mark and at every 10 

minute mark for the remainder of exercise.  It is Borg’s subjective scale of perceived exertion 

that goes from 6 to 10 corresponding to ‘extremely light’ to ‘extremely hard’ perceived 

exertion respectively.[25]  This scale was presented on a large chart and placed in front of 



 

 

45 

subjects to where the subject could reach out and touch the RPE value at each time point.  

These values were recorded by the research assistants present in the climatic chamber.  

 

3.1.3 Protocol 

 Subjects were asked not to drink any alcohol 24 hours prior to participation in this study 

and to drink an abundance of water.  Core temperature pills were delivered to subjects up to 

two days prior to their day of testing.  Subjects swallowed a core temperature pill 

approximately 3.5 hours before the beginning of testing at NCSU.  Upon subject arrival they 

changed into the boxer briefs, t-shirt, and shorts.  They immediately went into the habituation 

environment with ambient conditions of 24°C and 50% RH.  Upon entering the environment 

one hour timers were started and they were checked out by emergency medical technicians 

(EMTs).  Also during the hour of the habituation period the subjects were instrumented with a 

Modular Signal Recorder (MSR) microclimate sensor, MSR skin temperature sensors, 

EquiVital SEM and chest strap, and a Polar SEM, watch, and chest strap.  The two types of 

MSR sensors collected data but were not used for any aspect of this thesis.  None of these 

sensors affected the performance of subjects during exercise.  Before subjects donned the suit 

they were asked to use the bathroom and then had their weight taken in only their boxer briefs 

and sensors mentioned above.  Subjects were not allowed to drink or eat after this point until 

after their post-exercise weight was taken. 

 Approximately five minutes before the end of the habituation period subjects donned a 

SCBA, their specified suit up to their waste only, and boots.  At the completion of the 60 

minute habituation period subjects were led into the environmental chamber at the specified 
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climate or walking speed and hooked up to the external air source using a pass-through device.  

The suits were zipped and sealed immediately before the subjects began walking on a treadmill 

at their specified speed and 1% incline.  EMTs remained in an area where they could observe 

the subjects during exercise and could easily access the subjects if need be.  During the exercise 

period three subjective rating scales were given at the two minute mark, 10 minutes mark, and 

every 10 minutes thereafter until the completion of the exercise period.  The rating scales 

included perceived exertion, perceived comfort, and temperature sensation.  The last two 

subjective scales mentioned were not used in any aspect of this thesis.  Subjects walked until 

one of the cut-off criteria was met.  The cut-off criteria were strictly enforced and included:  

 Exceeding 90% of each subjects calculated maximum heart rate 

 Exceeding 38.5°C intestinal temperature 

 Reaching 60 minutes of exercise time 

 Other – any other reason exercise was terminated   

The maximum heart rate for each subject was found using the following equation: 

 

217 − (0.85 ∗ 𝐴𝑔𝑒) = 𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝐻𝑒𝑎𝑟𝑡 𝑅𝑎𝑡𝑒 [78] 

 

Where Age is the current age of the individual firemen.  The maximum heart rate value was 

multiplied by 0.9 to get the cut-off criteria of 90% maximum heart rate.  While there is no 

standard enforced in the United States for a maximum allowable core or intestinal temperature 

for a subject participating in research, several organizations pose suggestions.  WHO suggests 
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a maximum rectal temperature of 39°C as an adequate value to terminate exercise as does 

Canada when testing NRBC PPC.[34], [14]  ACGIH is more conservative in suggesting a 38°C 

as a core temperature working limit.[14]  The maximum allowable limit for this study was 

38.5°C, the average between WHO’s and ACGIH’s suggestions.  The purpose of these cut-off 

criteria was to ensure the safety of the subjects and prevent any medical complications.  Upon 

termination, subjects doffed everything but their boxer briefs and sensors, thoroughly toweled 

off excess sweat, and were weighed.  Subjects sat under supervision of the investigator until a 

drop in intestinal temperature was observed.  Subjects were given cold water upon exiting the 

chamber but only drank it within the first 10 minutes if necessary.  This was only necessary on 

one occasion.  During this post-exercise time subjects were checked out by an EMT and offered 

more water, a snack, and a shower.  Table 3.4 gives and overview of the testing protocol. 
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Table 3.4.  Test protocol for each garment. 

Test Period 
or Activity 

Time 
(minutes) 

Activity Garment(s) 
Temperature 

C (F) 

Relative 
Humidity 

(%) 

Walking 
Speed 

(km/hr) 

Habituation 60 Measurements by 
EMT 

Equip with sensors 
Sit at rest, read, 

etc. 

Shorts 24 (75.2) 50 NA 

  At end of period, 
take weight and 
dress into test 

garment 

T-shirt    
  Socks + 

Footwear 
   

Exercise 60 1% incline 
Treadmill walk 

Footwear 24 (75.2) 50  

   Test 
Ensemble* 

32 (89.6) 60 2.5, 
4**, or 

5.5 
  Subjective 

Ratings*** 
 45 (113)** 20**  

Post-Test ~30 Doff ensemble  24 (75.2) 50 NA 
  Record Weight     
  Remove sensors     
  Measurements by 

EMT 
Shower 

    

*up to 6 different, NFPA 1991 compliant, commercially available, chemically protective ensembles identified by 

the prime sponsor 

**This test condition includes an approximate 200 W/m2 heat load  

*** Ratings of perceived Exertion, Comfort, Temperature Sensation recorded at the start (2 minutes into treadmill 

walk), the 10 minute mark, and every 10 minutes thereafter until the end of the exercise session  

 

3.1.4 Data Processing 

 All intestinal temperature data and some heart rate data were downloaded and exported 

from the SEMs and EquiVital software.  The majority of the heart rate data was downloaded 

and exported from the Polar devices and online Polar software.  Most of the data reported for 

this study was recorded in 15 second intervals.  Microsoft Excel with Visual Basic for 
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Applications (VBA) was used in the event the recording rate deviated from 15 second intervals 

or data points were missing.  Deviations and missing data points occurred rarely and were 

caused by very short, temporary loss in connectivity during testing.  Missing data points within 

a set of data were calculated with Excel by using interpolation proving appropriate since on 

average there were only two to three consecutive data points missing at a time.  Microsoft 

Excel was also used to apply the PSI formula to all data sets as well as for some basic statistical 

analysis.  John’s Macintosh Program (JMP) was used for some more advanced aspects of 

statistical analysis.  Additional information on statistical analyses and tests performed on this 

data is given in the analysis Chapters 5-7. 
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CHAPTER 4:  ORIGINAL EXPERIMENTAL DATA 

 All of the data presented in the following sections of Chapter 4 was used for analysis 

throughout this thesis.  With regard to the average heart rate and average intestinal temperature 

figures below, any very sharp, sudden increase or decrease in a trendline is due to a subject 

discontinuing their exercise period.  When a subject discontinues exercise their data set is 

removed from the average calculation and, from that time point forward, the average value 

consists of the remaining subjects’ data sets.  This removal of an entire data set can widely 

affect the average, causing a sharp increase or decrease in the data.  The average heart rate 

values presented in the heart rate tables below are not a good representation of the data since 

heart rate changes so drastically from the beginning to the end of exercise.  Because of this, 

other statistical data using Excel and JMP is presented to give a better idea of the variance in 

heart rate.  Using JMP, a statistical software, an ANOVA and then a Tukey’s honestly 

significant difference (HSD) test was run on the data comparing the suits, climates, and 

walking speeds.  Tukey’s HSD compares all possible pairs of means to produce a p-value 

between each combination of two suits, climates, or walking speeds to determine if they are 

statistically different from one another.   Or this study, if the p-value is below 0.05 there is a 

statistical difference that is unlikely to have occurred by chance between the two components 

being compared.  If the p-value is above 0.05 there is no statistical difference between the two 

components being compared.  Comparisons that are significantly different based on Tukey’s 

HSD are pointed out specifically noted in the following heart rate and intestinal temperature 

sections. 
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4.1 Heart Rate 

 To illustrate the large variance between individuals, Figure 4.1 displays the raw heart 

rate data from each individual subject that exercised in the warm climate.  Heart rate data in 

general is sporadic and not smooth which is why the trendlines appear jagged. 

 

 

Figure 4.1.  Raw data displaying large spread of individual heart rates. 

 

The figure below provides a visual representation of the individual heart rate variability around 

the average heart rate.   
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Figure 4.2.  Individual heart rate variability around the average heart rate. 

 

Because of this large variability, all of the following heart rate data is presented as average 

beats per minute (bpm) across all subjects for ease of comparison.  Figure 4.3 displays the 

average heart rates collected for all five suits in the moderate climate tested at NCSU. 

 

 
 

Figure 4.3.  Average heart rate in moderate climate for all five suits tested at NCSU. 

50

70

90

110

130

150

170

190

0 5 10 15 20 25 30 35 40 45 50 55 60

H
ea

rt
 R

at
e 

(b
p

m
)

Time (minutes)

Warm Climate - 4 km/hr

Suit E Average for Suit E

50

70

90

110

130

150

170

190

0 5 10 15 20 25 30 35 40 45 50 55 60

A
ve

ra
ge

 H
ea

rt
 R

at
e 

(b
p

m
)

Time (minutes)

Moderate Climate - 4 km/hr

Suit B Suit C Suit D Suit E Suit F



 

 

53 

Statistical results using Excel and JMP complete with Tukey’s HSD p-values are displayed in 

the table below. 

 

Table 4.1.  Statistical data on average heart rate for all suits in the moderate climate. 

Moderate Climate 

Suit 

Type 

Average 

Heart 

Rate 

Standard 

Deviation 

95% 

Confidence 

Suit 

Comparison 
P-Value 

Suit 

Comparison 
P-Value 

Suit B 127.4 9.1 1.2 BC 0.97 CE <0.0001 

Suit C 128.1 10.3 1.3 BD 0.0001 CF 0.98 

Suit D 132.5 15.4 1.9 BE <0.0001 DE <0.0001 

Suit E 114.6 15.8 2.0 BF 1.00 DF 0.0003 

Suit F 127.4 11.9 1.6 CD 0.0015 EF <0.0001 

 

According to Tukey’s HSD test, the average heart rate in Suit E was different than in all other 

suits and the average heart rate in Suit D was different than in Suits B, F, and C. 

Figure 4.4 and Figure 4.5 are displayed below to show the differences between the suits in the 

other two climates. 
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Figure 4.4.  Average heart rate in warm climate for three suits tested at NCSU. 

 

 

Figure 4.5.  Average heart rate in hot climate for two suits tested at NCSU. 

 

Statistical results using Excel and JMP complete with Tukey’s HSD p-values are displayed in 

the table below. 
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Table 4.2.  Statistical data on average heart rate for all suits in the warm and hot climates. 

Warm Climate 

Suit 

Type 

Average 

Heart 

Rate 

Standard 

Deviation 

95% 

Confidence 
Suit 

Comparison 
P-Value 

Suit B 127.9 17.3 2.2 BC <0.0001 

Suit C 119.5 15.4 2.1 BE 0.0005 

Suit E 133.4 15.9 2.0 CE <0.0001 

Hot Climate 

Suit D 134.7 18.9 3.1 
DF 0.54 

Suit F 136.0 17.9 2.8 

 

According to Tukey’s HSD test, the average heart rates in all of the suits in the warm climate 

were different than one another.  The average heart rates for the two suits in the hot climate 

were not significantly different from one another.  One possible explanation for the difference 

in suits in the warm climate is the effect of subjects terminating exercise before the full 60 

minute period.  The suits that did not show significant differences between average heart rate 

produced similar trends with sharp decreases as subjects ceased exercise.  The differences seen 

between suits within the same climate could also be attributed to the variation in fitness levels 

of the subjects.  To be a City of Raleigh firefighter there are no fitness level requirements, so 

the firefighters used in this research cover a wide range of fitness levels.  Finding the fitness 

levels of the responders and then using the same number of the same level of fitness subjects 

in each suit could produce different responses than reported here.  However, with the setup of 

this experiment, fitness level was neither a parameter that was collected nor that could be 

calculated possibly contributing the lack of balance between suits.  Maximum oxygen uptake, 

or VO2 max, testing would have had to be performed at the time of this research to obtain the 
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fitness level parameter.  With the data collected here there is no way to confirm that a better 

balance of subjects over the suits would have reduced the differences between suits.  The effect 

of climates can be seen in Figure 4.6.  

 

 

Figure 4.6.  Climatic effect on average heart rate. 

 

Statistical results using Excel and JMP complete with Tukey’s HSD p-values are displayed in 

the table below. 

 

Table 4.3.  Statistical data on the average heart rate for each climate. 

Climate 
Average 

Heart Rate 

Standard 

Deviation 

95% 

Confidence 

Climate 

Comparison 
P-Value 

Moderate 126.9 11.8 1.5 M-W 0.04 

Warm 130.1 14.5 1.8 M-H <0.0001 

Hot 136.4 18.1 2.8 W-H <0.0001 
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The hot climate clearly has the highest average heart rate.  According to Tukey’s test the 

average heart rate in each climate was significantly different than all others.  The average heart 

rate in the moderate and warm climates were similar but still barely statistically different.  The 

effect walking speed has on heart rate can been seen in Figure 4.7. 

 

 

Figure 4.7.  Effect of walking speeds on average heart rate. 

 

Statistical resuts using Excel and JMP complete with Tukey’s HSD p-values are displayed in 

the table below. 

 

Table 4.4.  Statistical data on the average heart rate for each walking speed in the moderate 

climate. 

Walking 

Speed (km/hr) 

Average 

Heart Rate 

Standard 

Deviation 

95% 

Confidence 

Walking Speed 

Comparison 
P-Value 

2.5 104.9 11.3 1.4 2.5-4 <0.0001 

4 119.5 12.4 1.6 2.5-5.5 <0.0001 

5.5 139.4 14.0 1.8 4-5.5 <0.0001 
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According to Tukey’s test the average heart rate at each walking speed was significantly 

different than all others.  There is clearly a large variance between the average heart rate at the 

three walking speeds with the fastest walking speed having the highest average heart rate and 

the slowest having the lowest average heart rate.  The fastest walking speed has an extremely 

sharp increase in average heart rate within the first five minutes resulting in a constantly higher 

average heart rate and shorter exercise time than the other two walking speeds.   

 

4.2 Intestinal Temperature 

 To illustrate the large variance between individuals Figure 4.8 displays the raw 

intestinal temperature data from each individual subject that exercised in the warm climate.  

The black crosses indicate exact stopping time of each subject.  There was exactly five minutes 

of additional data after the black cross to show the short duration of continued rise in intestinal 

temperature.  Trend lines for intestinal temperature data sets are much smoother due to the 

gradual change in temperature unlike the sudden and sporadic change in heart rate. 
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Figure 4.8.  Raw data displaying large spread of individual intestinal temperatures. 

 

The figure below provides a visual representation of the individual intestinal temperature 

variability around the average intestinal temperature.   

 

 

Figure 4.9.  Individual intestinal temperature variability around the average intestinal 

temperature. 
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Because of this large variability, all of the following intestinal temperature data is presented as 

average degree Celsius across all subjects for ease of comparison.  Figure 4.10 displays the 

average intestinal temperatures collected for all five suits in the moderate climate tested at 

NCSU. 

 

 

Figure 4.10.  Average intestinal temperature in moderate climate for all five suits tested at 

NCSU. 

 

Statistical results using Excel and JMP complete with Tukey’s HSD p-values are displayed in 

the table below. 
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Table 4.5.  Statistical data on average intestinal temperature for all suits in the moderate 

climate. 

Moderate Climate 

Suit 

Type 

Average 

Intestinal 

Temp. 

Standard 

Deviation 

95% 

Confidence 

Suit 

Comparison 
P-Value 

Suit 

Comparison 
P-Value 

Suit B 37.7 0.35 0.044 BC 0.0001 CE <0.0001 

Suit C 37.6 0.36 0.045 BD 0.98 CF 0.0005 

Suit D 37.7 0.36 0.045 BE <0.0001 DE <0.0001 

Suit E 37.4 0.30 0.038 BF 1.00 DF 1.00 

Suit F 37.7 0.38 0.052 CD 0.0012 EF <0.0001 

 

According to Tukey’s HSD test the average intestinal temperature in Suit E was different than 

in all other suits and the average intestinal temperature in Suit C was different than in Suits B, 

F, and D.  Figure 4.11 and Figure 4.12 are displayed below to show the differences between 

the suits in the other two climates. 

 

 

Figure 4.11.  Average intestinal temperature in warm climate for three suits tested at NCSU. 
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Figure 4.12.  Average intestinal temperature in hot climate for two suits tested at NCSU. 

 

Statistical results using Excel and JMP complete with Tukey’s HSD p-values are displayed in 

the table below. 

 

Table 4.6.  Statistical data on average intestinal temperature for all suits in the warm and hot 

climates. 

Warm Climate 
Suit 

Type 

Average 

Intestinal Temp. 

Standard 

Deviation 

95% 

Confidence 

Suit 

Comparison 
P-Value 

Suit B 37.6 0.36 0.045 BC 0.068 

Suit C 37.6 0.45 0.061 BE 0.98 

Suit E 37.6 0.37 0.047 CE 0.045 

Hot Climate 

Suit D 37.6 0.36 0.058 
DF 0.029 

Suit F 37.5 0.36 0.055 

 

According to Tukey’s HSD test the only suits in which the average intestinal temperature was 

different from each other in the warm climate were Suits C and E and in the hot climate Suits 
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D and F.  One possible explanation for this could be the effect of subjects terminating exercise 

before the full 60 minutes had elapsed.  The suits that did not show significant differences 

between each other had similar trends with sharp decreases as subjects ceased exercise.  The 

differences seen between suits within the same climate could also be attributed to the variation 

in fitness levels of the subjects.  To be a City of Raleigh firefighter there are no fitness level 

requirements, so the firefighters used in this research cover a wide range of fitness levels.  

Finding the fitness levels of the responders and then using the same number of the same level 

of fitness subjects in each suit could produce different responses than reported here.  However, 

with the setup of this experiment, fitness level was neither a parameter that was collected nor 

that could be calculated possibly contributing the lack of balance between suits.  Maximum 

oxygen uptake, or VO2 max, testing would have had to be performed at the time of this research 

to obtain the fitness level parameter.  With the data collected here there is no way to confirm 

that a better balance of subjects over the suits would have reduced the differences between 

suits.  The effect of climates can be seen in Figure 4.13. 
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Figure 4.13.  Climatic effect on average intestinal core temperature. 

 

Statistical results using Excel and JMP complete with Tukey’s HSD p-values are displayed in 

the table below. 

 

Table 4.7.  Statistical data on the average intestinal temperature for each climate. 

Climate 
Average 

Intestinal Temp. 

Standard 

Deviation 

95% 

Confidence 

Climate 

Comparison 
P-Value 

Moderate 37.6 0.32 0.041 M-W 0.55 

Warm 37.6 0.37 0.047 M-H 0.23 

Hot 37.6 0.35 0.054 W-H 0.76 

 

According to Tukey’s test there was no significant difference between the average intestinal 

temperatures between any of the climates.  The effect walking speed has on intestinal 

temperature can been seen in Figure 4.14. 
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Figure 4.14.  Effect of walking speeds on average intestinal temperature. 

 

Statistical results using Excel and JMP complete with Tukey’s HSD p-values are displayed in 

the table below. 

 

Table 4.8.  Statistical data on the average intestinal temperature for each walking speed in the 

moderate climate. 

Walking 

Speed (km/hr) 

Average 

Intestinal Temp. 

Standard 

Deviation 

95% 

Confidence 

Walking Speed 

Comparison 
P-Value 

2.5 37.4 0.18 0.022 2.5-4 <0.0001 

4 37.6 0.30 0.038 2.5-5.5 <0.0001 

5.5 37.8 0.36 0.048 4-5.5 <0.0001 

 

According to Tukey’s test the average intestinal temperature at each walking speed was 

significantly different than any other.  There was a large variance between the average 

intestinal temperature at the three walking speeds with the fastest walking speed having the 

highest average intestinal temperature and the slowest having the lowest average intestinal 
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temperature.  The fastest walking speed produced an extremely sharp increase in average 

intestinal temperature resulting in a constantly higher average temperature and shorter exercise 

time than the other two walking speeds.  

 

4.3 Exercise Times and Termination Reasons 

 Average exercise times for all combinations of suit and climate at 4 km/hr walking 

speed collected from NCSU are displayed in Table 4.9.  It is important to note that exercise 

time was not a normally distributed response data set.  The cut-off criteria of 60 minutes 

disrupts the normality of the data.  To make the average values relevant, the median values are 

presented in the two tables below to show how close the two values are to each other, similar 

to how they would be if the data were actually normally distributed. 

 

Table 4.9.  Average exercise time for all suits in all climates at 4 km/hr walking speed. 

Average Exercise Time (hh:mm:ss) at 4 km/hr Walking Speed 

 Moderate Climate Warm Climate Hot Climate 

Suit B 0:47:18 ± 0:08:38 0:43:17 ± 0:08:08 -- ± -- 

Median 0:46:08 0:44:30 -- 

Suit C 0:50:16 ± 0:06:40 0:36:47 ± 0:07:23 -- ± -- 

Median 0:50:40 0:37:22 -- 

Suit D 0:54:35 ± 0:05:04 -- ± -- 0:26:18 ± 0:04:34 

Median 0:59:08 -- 0:25:30 

Suit E 0:58:54 ± 0:02:09 0:42:49 ± 0:07:14 -- ± -- 
Median 1:00:00 0:42:19 -- 

Suit F 0:37:48 ± 0:07:12 -- ± -- 0:30:41 ± 0:04:00 

Median 0:40:42 -- 0:30:35 

Total 0:49:47 ± 0:03:29 0:40:58 ± 0:04:22 0:28:29 ± 0:03:08 
Median 0:50:45 0:40:49 0:28:54 
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Average exercise times for all combinations of walking speed and suit in the moderate climate 

collected from NCSU are displayed in Table 4.10. 

 

Table 4.10.  Average exercise time for two suits tested at 2.5, 4, and 5.5 km/hr walking 

speeds. 

Average Exercise Time (hh:mm:ss) in the Moderate Climate 

 2.5 km/hr 4 km/hr 5.5 km/hr 

Suit B 0:58:53 ± 0:01:35 0:47:18 ± 0:08:38 0:25:10 ± 0:07:15 
Median 1:00:00 0:46:08 0:25:22 

Suit E 0:59:13 ± 0:01:32 0:58:54 ± 0:02:09 0:37:20 ± 0:07:21 

Median 1:00:00 1:00:00 0:39:37 

Total 0:59:03 ± 0:01:04 0:53:06 ± 0:05:12 0:31:15 ± 0:05:51 
Median 1:00:00 1:00:00 0:33:45 

  

 These exercise times were reached by each subject exercising until one of the four 

defined cut-off criteria was met.  The ‘Other’ cut-off category covered happenings like 

equipment malfunction, subjects pulling themselves, and even an occurrence of a fire alarm 

sounding during testing.  Figure 4.15 displays the exercise termination reasons for each of the 

climates.  Each of the numbers in the pie chart represent the number of subjects in that climate 

that ceased exercise due to the specified termination criteria. 
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Figure 4.15.  Exercise termination reasons for moderate, warm, and hot climates. 

 

As can be seen, fewer subjects lasted the full 60 minutes as the climate became warmer.   

 Figure 4.16 displays the exercise termination reasons for each of the walking speeds in 

the moderate climate.   The data displayed here for 4 km/hr only uses data from Suits B and E 

since those two suits were the ones used in 2.5 and 5.5 km/hr experiments. 
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Figure 4.16.  Exercise termination reasons for walking speeds of 2.5, 4, and 5.5 km/hr. 

 

Fewer subjects lasted the full 60 minutes as the walking speed increased.   

 

4.4 Weight Loss 

 Average weight loss for all of the combinations of suit and climate at 4 km/hr walking 
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Table 4.11.  Average weight loss for all suits in all climates at 4 km/hr walking speed. 

Average Weight Loss (g) at 4 km/hr Walking Speed 

 Moderate Climate Warm Climate Hot Climate 

Suit A 375.8 ± 84.1 437.4 ± 109.8 464.5 ± 161.0 

Suit B 1076.2 ± 379.2 678.4 ± 258.9 527.8 ± 74.1 

Suit C 1139.0 ± 267.2 746.2 ± 226.7 -- ± -- 

Suit D 805.1 ± 147.6 -- ± -- 780.2 ± 257.8 

Suit E 718.9 ± 82.2 1014.9 ± 325.9 -- ± -- 

Suit F 808.0 ± 304.0 -- ± -- 997.3 ± 519.5 

Total 846.2 ± 118.7 711.9 ± 139.5 672.1 ± 160.4 

 

Weight loss for Suit A was significantly different than the other suits in every climate.  This is 

most likely due to Suit A being tested at only TNO.  TNO did not use firefighters as their 

subject pool, they used male Dutch students, leading to the possibility that their subjects were 

not as fit or as well acclimated to heat stress, therefore reducing their sweat rate, compared to 

NCSU’s subjects.  For these reasons, it was possible for TNO subjects to have lower average 

weight loss values.  Average weight loss for all of the combinations of walking speed and suit 

in the moderate climate collected from NCSU are displayed in Table 4.12. 

 

Table 4.12.  Average weight loss for two suits tested at 2.5, 4, and 5.5 km/hr walking speeds. 

Average Weight Loss (g) in the Moderate Climate 

 2.5 km/hr 4 km/hr 5.5 km/hr 

Suit B 667.4 ± 230.8 1076.2 ± 379.2 656.0 ± 145.6 

Suit E 502.2 ± 266.1 718.9 ± 82.2 862.4 ± 290.5 

Total 534.5 ± 137.2 897.6 ± 208.1 759.2 ± 165.4 
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 Chapters 5, 6, and 7 will focus on analysis and processing of the data presented in 

Chapter 4, while Chapter 8 will focus on drawing conclusions and recommendations from the 

analyzed data. 
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CHAPTER 5:  HYDRATION EFFECTS 

 When it comes to the health and safety of a responder working in a Level A HazMat 

suit, an important topic to address is hydration.  Side effects of dehydration for anyone, 

especially these responders, can have very serious negative effects on health and safety such 

as dizziness, heat cramps, and in extreme cases heat stroke and death.  Determining an 

appropriate volume of fluid for these responders to ingest during work-rest cycles can help 

make them less susceptible to dehydration and a range of heat related illnesses.  In an effort to 

define an appropriate volume of fluid for responders to ingest, the weight loss of the subjects 

tested at NCSU and TNO were investigated.  The subject pool for NCSU was male City of 

Raleigh firefighters and the subject pool for TNO was male Dutch students.  TNO’s subjects 

had an average age of 35, average height of 184.5 cm, and an average weight of 80.55 kg.  

NCSU’s subjects had an average age of 38, average height of 181.8 cm, and an average weight 

of 86.3 kg. 

 A physical change in weight of a subject is not only due to fluid lost through 

perspiration but also through respiration.  It is typical in moderate, warm, or hot climates to 

have the amount of weight loss due to perspiration far outweigh the amount of weight loss due 

to respiration in a total change in weight.  Weight loss calculations made here do not account 

for respiratory weight loss because this value is so small it would be negligible to any 

significant effects on overall weight loss.  To find the value for respiratory weight loss first 

respiratory heat loss needs to be calculated.  To show how small of an effect respiratory heat 

loss has, the following equation was used to calculate the thermal exchange with the 

environment through respiration as Resp measured in W/m2.[33]  
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𝑅𝑒𝑠𝑝 = 𝐶𝑟𝑒𝑠 + 𝐸𝑟𝑒𝑠 

𝐶𝑟𝑒𝑠 = 0.0014 ∗ 𝑀 ∗ (38 − 𝑇𝑎) 

𝐸𝑟𝑒𝑠 = 0.0173 ∗ 𝑀 ∗ (6.53 − 𝑃𝑎) 

 

Where Cres is sensible heat loss by convection in W/m2, Eres is latent heat loss by evaporation 

of heat and water vapor from the respiratory tract in W/m2, M is metabolic rate in W/m2, Ta is 

ambient temperature in degree Celsius, and Pa is ambient water vapor pressure in kPa.  The 

values 38 and 6.53 were adjusted from 34 and 5.87 respectively as suggested by Aoyagi, et al. 

to account for the use of Level A suits.[33]  Metabolic rates (M) were found using the formula 

below developed by Pandolf, et al.[79]   

 

𝑀 = [1.5 ∗ 𝑊 + 2.0 ∗ (𝑊 + 𝐿) ∗ (
𝐿

𝑊
)

2

+ η ∗ (W + L) ∗ (1.5 ∗ 𝑉2 + 0.35 ∗ 𝑉 ∗ 𝐺)] /𝐴 

 

Where W is average weight in kg, L is average load in kg, η is terrain value, V is speed of 

walking in m/s, G is grade of the incline in percentage, and A is average body surface area in 

m2 of all 17 randomly selected subjects.  The value of η for treadmill terrain is usually 1.0 but 

was used as 1.2 in these calculations to account for the additional challenge of walking in the 

Level A suits.[79]  The average values, for the 17 subjects who participated at NCSU, that 

were used to calculate metabolic rates can be found in Table 5.1.   
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Table 5.1.  Average values used for calculating metabolic rates. 

Average 

Weight [W] 

Average 

Load [L] 
Walking Speed [V] 

Grade of 

Incline [G] 

Average Body 

Surface Area [A] 

87.05 kg 18.67 kg 
2.5 km/hr, 4.0 km/hr, 

or 5.5 km/hr 
1.0 % 2.08 m2 

 

Values for Pa were found using a simplified Psychrometric Chart produced in Excel, as seen 

in Figure 5.1. 

 

 

Figure 5.1. Simplified Psychrometric Chart 

 

The calculated metabolic rates for each of the walking speeds using these average values are 

defined in Table 5.2.  Resp was calculated for each of the walking speeds in their appropriate 
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climates and can also be found in Table 5.2.  In order to convert the heat loss due to respiration 

to weight loss these values needed to be converted from W/m2 to g/hr.  Weight loss, in grams 

per hour, estimated from Eres was found using the following conversion and the final values 

can be seen in Table 5.2. 

 

𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝑊𝑒𝑖𝑔ℎ𝑡 𝐿𝑜𝑠𝑠 =
𝐸𝑟𝑒𝑠

𝐻𝑒
∗ 𝐴 ∗ 3600

𝑠𝑒𝑐

ℎ𝑟
 

 

He is 2430 J/g and is defined as the energy required for moisture evaporation.[80]  The reason 

the estimated weight loss is calculated using Eres and not Resp is because weight loss from 

respiration would only be due to heat lost by evaporation and not by both evaporation and the 

temperature differential, Cres. 

 

Table 5.2. Values for proof of negligible respiratory loss. 

Walking 

Speed 

(km/hr) 

Metabolic 

Rate 

(W/m2) 

Temperature 

(°C)/Relative 

Humidity (%) 

Ambient 

Water Vapor 

Pressure (kPa) 

Cres 

(W/m2) 

Eres 

(W/m2) 

Resp 

(W/m2) 

Weight 

Loss 

(g/hr) 

2.5 126.7 24/50 1.5 2.5 11.0 13.5 34.0 

4.0 204.6 24/50 1.5 4.0 17.8 21.8 54.9 

4.0 204.6 32/60 2.8 1.7 13.2 14.9 40.7 

4.0 204.6 45/60 1.9 -2.0 16.4 14.4 50.5 

5.5 314.4 24/50 1.5 6.2 27.4 33.5 84.3 

 

All of the estimated weight loss by respiration values are less than 100 g/hr, or 100 ml/hr.  

Average overall weight loss was about 700 g/hr making weight loss due to respiration 

negligible for an overall total weight loss calculation in these experiments.  These values in 
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Table 5.2 are expressed in units of gram per hour so in conditions where most subjects did not 

complete the entire hour of exercise these values become smaller and very insignificant in total 

weight loss measurements.   

 In order to see how often different levels of weight loss occur across subjects a 

distribution of the data should be looked at.  By considering the distribution of weight loss an 

estimate can be made as to what volume of fluid intake would be appropriate to properly 

hydrate workers in these situations.  Based on weight loss, the data can be divided into three 

groups of hydration: hyperhydration (over hydrated), hydration (appropriately hydrated), and 

hypohydration (under hydrated).  All of the raw data collected on weight loss for every suit in 

all three climates at a walking speed of 4 km/hr are displayed in a histogram in Figure 5.2 

 

 

Figure 5.2.  Subject weight loss in moderate, warm, and hot climates walking at 4 km/hr. 
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Based on Figure 5.2, a reasonable range of suggested fluid intake for 1.0 hour of work in any 

climate would be 0.7-1.0 Liters.  Using this range of fluid intake, the percent of the population 

hyperhydrated, properly hydrated, and hypohydrated can be seen in Table 5.3 below grouped 

by climate.   

 

Table 5.3.  Hydration percentages grouped by climate. 

 Hyperhydrated 

(%) 

Properly Hydrated 

(%) 

Hypohydrated 

(%) 

Moderate Climate 31.9 36.2 31.9 

Warm Climate 48.7 33.3 18.0 

Hot Climate 53.6 32.1 14.3 

Total 43.0 34.2 22.8 

 

As the climate conditions became hotter, the percent of subjects hyperhydrated increased.  The 

percent of subjects hypohydrated is opposite to that trend decreasing as the climate conditions 

became hotter.  The exercise times in the hot climate were shorter than the other climates, 

reducing the amount of time to sweat, which is most likely what led to higher weight loss 

values being less common in the hot climate.  The number of subjects that would be properly 

hydrated using a 0.7-1.0 Liter range remains roughly one third for all climate conditions.  

According to the data shown above, the moderate climate was the most safety sensitive climate, 

meaning that there was the highest percentage of subjects with a health and safety risk.  The 

reason this is important is because being as little as 2-5% of body weight hypohydrated can 

cause physiological strain issues; whereas, it takes a much larger volume to hyperhydrate a 

person to the point of physiological strain issues.[81]  For this reason it is better to have a larger 
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percentage of subjects hyperhydrated than hypohydrated.  Basing an estimated fluid intake 

volume on the effect of climate is only realistic if every hazardous material cleanup incident 

required the same amount of activity by the responder at a constant work rate throughout the 

cleanup.  In order to see the effects of differing amounts of activity in one climate, the weight 

loss raw data collected for every suit in the moderate climate at all three walking speeds of 2.5, 

4, and 5.5 km/hr is displayed as a histogram in Figure 5.3. 

 

 

Figure 5.3.  Subject weight loss in moderate climate at 2.5, 4, and 5.5 km/hr walking speeds. 

 

Using the figure above and the same suggested range of fluid volume intake (0.7-1.0 Liters), 

the percentages of the population hyperhydrated, properly hydrated, and hypohydrated can be 

seen in Table 5.4 below, grouped by walking speed.    
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Table 5.4.  Hydration percentages grouped by walking speed. 

 Hyperhydrated 

(%) 

Properly Hydrated 

(%) 

Hypohydrated 

(%) 

2.5 km/hr 60.0 30.0 10.0 

4.0 km/hr 31.9 36.2 31.9 

5.5 km/hr 54.6 27.3 18.2 

Total 43.8 32.6 23.6 

 

The slowest walking speed had the smallest percentage of subjects who would be hypohydrated 

and the largest percentage of subjects who would be hyperhydrated.  This speed did not 

challenge the subject’s physiological limits in terms of heart rate and intestinal temperature; 

thus, not sweating as much resulting in the smallest portion of the population being 

hypohydrated.  The low percentage of subjects hypohydrated at the fastest walking speed was 

due to the immediate exposure to a high work rate causing the subject’s heart rate to increase 

quickly.  In this situation, an initially high heart rate will cause a subject to reach the 90% 

maximum heart rate termination criteria more quickly, in turn reducing exercise times and time 

to sweat.  Similar to the trend of hydration level, when the data was grouped by climate, the 

amount of subjects properly hydrated by this fluid intake range was roughly one third for all 

walking speeds.  According to the data shown above, the walking speed of 4 km/hr is the most 

safety sensitive work rate, meaning that there was the highest percentage of subjects with a 

health and safety risk.  This is important for the same reasons stated above.   

 In order to predict a more precise volume of fluid intake based on weight loss during a 

work-rest cycle, the effect of work rate and climate combined should be analyzed.  Figure 5.2 

and Figure 5.3 are both clearly right-skewed and for parametric analysis should be normally 



 

 

80 

distributed.  To correct for this, JMP was used to apply a square root transformation to every 

data point collected in the entire weight loss data set.  Use of the square root transformation 

was expected to produce a more symmetric distribution.  To determine whether this 

transformation was successful in creating a normally distributed data set, the Shapiro-Wilk test 

for goodness-of-fit was used.  Using JMP and a null hypothesis defined as being a data set 

from a normal distribution the following histogram was produced along with a W-value of 0.98 

and a p-value of 0.07.   

 

 

Figure 5.4.  Normal distribution of all sweat loss data transformed by square root. 

 

A p-value below 0.05 will cause the null hypothesis to be rejected, but in this case the p-value 

was above 0.05 supporting the defined null hypothesis thus confirming the data set pictured in 

Figure 5.4 was normally distributed.  This can also be confirmed by comparing the median and 

mean values of 0.80 and 0.81, respectively, and seeing that they are very similar.  Now 

knowing that the data was successfully transformed into having a normal distribution, the 

geometric mean and geometric confidence interval were used to determine fluid intake 
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suggestions, as opposed to the arithmetic mean.  Geometric means and geometric confidence 

intervals are the names given to values that are back transformed from the transformed mean 

and confidence interval values.[82]  Arithmetic means and confidence intervals are values from 

raw, untransformed data and are sometimes called natural values and will be larger than the 

geometric values.[82]  Using geometric values instead of arithmetic values to determine intake 

volumes lessens the influence of data points at the extremes of the data set making them less 

prone to sampling error.[82]  The geometric mean in this case was 0.66 and the 95% confidence 

interval around the mean was (0.59, 0.72).  The arithmetic mean was 0.72 and the 95% 

confidence interval was (0.65, 0.78) both of which are larger than the geometric values 

reported, confirming the reduction in sampling error.  Based on the data reported here, a good 

volume estimate for fluid intake would be just above the geometric mean of 0.66 and very 

close to arithmetic mean of 0.72, yielding an estimate of 0.7 Liters of fluid intake per shift of 

work.  Further explanation of why 0.7 Liters is a valid volume of fluid for hydrating these 

responders and how it affects them is covered in Chapter 8. 
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CHAPTER 6:  PHYSIOLOGICAL STRAIN INDEX BREAK-OFF CRITERIA 

 The Physiological Strain Index (PSI) is a widely accepted heat strain index that uses 

body temperature and heart rate to determine the level of strain a person experiences on an 

easy to understand scale of 0-10.[24], [25]  Using the formula mentioned previously and 

repeated below for reference, it has proven to be a good indicator of the amount of strain that 

is caused by both the thermoregulatory and cardiovascular systems combined. [26], [25], [27]   

 

𝑃𝑆𝐼 = 5 ∗
(𝑇𝑟𝑒𝑡 − 𝑇𝑟𝑒0)

(39.5 − 𝑇𝑟𝑒0)
+ 5 ∗

(𝐻𝑅𝑡 − 𝐻𝑅0)

(180 − 𝐻𝑅0)
 

 

The initial values can apply to any time, whether it be the beginning of a rest or exercise period, 

as long as there is a starting time point and real time measurements after that point are being 

collected.[29]  The level of strain and the corresponding PSI value can be seen in Figure 6.1 

below.[25] 

 

 

Figure 6.1.  Physiological Strain Index (PSI). 
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The validity of the PSI has been confirmed numerous times but there has not been an attempt 

to directly relate the numerical scale to levels of physiological health and safety and define 

break-off criteria from it.  In an attempt to define a level of the PSI as a break-off criteria at 

which HazMat responders should cease work, the formula was applied to all of NCSU’s 

subjects’ heart rates and intestinal temperatures.   

 Statistical data was calculated between all subjects who were pulled for each of the four 

termination criteria (maximum time, heart rate limit, intestinal temperature limit, and other) 

regardless of climate or walking speeds.  According to the data collected after one exercise 

period, the maximum PSI values reached by NCSU subjects fell between 1.5 and 7.7 with an 

average of 5.6 and a standard deviation of 1.4.  This indicates that by the end of one exercise 

period in a range of climates and work rates, subjects experienced anywhere from little strain 

to high strain.  To evaluate whether PSI levels for subjects reaching the maximum amount of 

time were different from the PSI levels of both maximum heart rate and maximum temperature, 

further statistical analysis was conducted to find the standard deviation and 95% confidence 

interval of the PSI levels for each termination criteria.  Table 6.1 displays the statistical values 

calculated. 
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Table 6.1.  Statistical data on termination criteria PSI values. 

Exercise 

Termination 

Reasons Min Max 

Average 

Value 

Standard 

Deviation 

95% 

Confidence 

Upper 

Limit 

Lower 

Limit 

Sample 

Number 

Full Time 1.5 7.2 4.8 1.8 0.7 4.1 5.5 29 

Heart Rate 4.2 7.7 5.9 0.9 0.3 5.6 6.2 35 

Temperature 4.7 7.6 6.3 0.9 0.3 6.0 6.6 27 

Other 2.5 7.4 5.3 1.4 0.8 4.5 6.1 13 

Total 1.5 7.7 5.6 1.4 0.3 5.3 5.9 104 

 

Based on this analysis, because the confidence interval of the subjects terminated for time did 

not overlap with the subjects who terminated for heart rate and temperature, the PSI levels of 

subjects who lasted the full 60 minutes of exercise were indeed significantly different than the 

other two termination criteria.  The ‘Other’ termination reason was not taken into consideration 

here because it consists of a variety of reasons not adding to the significance of distinct 

termination reasons on PSI level. 

 In an effort to see if certain PSI levels were associated with the different walking speeds 

and in turn metabolic rates, average PSI over the full exercise time for each of the three walking 

speeds was calculated and presented in Figure 6.2 below.  The average was found using data 

from only the moderate climate and the two common suits, B and E, for each of the three 

walking speeds. 
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Figure 6.2.  Average PSI values for each walking speed. 

 

The distribution of each group was analyzed, and the standard deviation and 95% confidence 

interval of the PSI levels for each of the walking speeds are presented in Table 6.2.    

 

Table 6.2.  Statistical data on walking speed PSI values. 

Walking 

Speeds Min Max 

Average 

Value 

Standard 

Deviation 

95% 

Confidence 

Lower 

Limit 

Upper 

Limit 

Sample 

Number 

2.5 km/hr 1.5 5.7 3.6 1.5 0.7 2.9 4.2 16 

4 km/hr 2.7 7.2 5.6 1.5 0.8 4.8 6.4 12 

5.5 km/hr 4.2 7.5 5.8 1.0 0.5 5.3 6.3 16 

Total 1.5 7.5 5.0 1.6 0.5 4.5 5.5 44 

 

Statistical analysis with t-tests shows that the PSI at 2.5 km/hr was significantly different from 

the ‘reference’ group of 4 km/hr (p=<0.0001) and the fastest speed was not significantly 

different from the reference group (p=0.9396).  Although the figure above looks as though 

each of walking speeds were almost equally spaced from one another, the statistics show that 

0

2

4

6

8

10

0 5 10 15 20 25 30 35 40 45 50 55 60

P
SI

 V
al

u
e

Time (minutes)

PSI - Walking Speeds (km/hr)

5.5

4

2.5



 

 

86 

the PSI at termination of the two fastest walking speeds was not significantly different.  At the 

lowest walking speed the average work time was limited by the 60 minutes of the protocol, 

therefore, having lower average maximum values for the PSI.   

 The walking speeds can be translated into metabolic rates where the same reasoning 

can be applied; metabolic rates of about 205 W/m2 (4 km/hr) and 314 W/m2 (5.5 km/hr) are 

not significantly different from each other but are both significantly different from 127 W/m2 

(2.5 km/hr).  As classified by ISO 8996:2004, these metabolic rates correspond to a high 

metabolic work rate at 205 W/m2, a very high metabolic work rate at 314 W/m2, and a low 

metabolic work rate at 127 W/m2.[83] 

 At no point did any PSI value exceed 7.7.  Based on the average PSI values found in 

Table 6.1 for each of the termination criteria, a good suggestion for the level of PSI 

corresponding to a break-off criteria would be 6.  This value falls between the average PSI 

values of 5.9 for heart rate termination criteria and 6.3 for intestinal temperature termination 

criteria.  Further explanation of why 6 is a valid PSI break-off criteria for these responders and 

how it affects them is covered in Chapter 8. 
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CHAPTER 7:  INDIVIDUAL ANTHROPOMETRIC FACTORS 

 Anthropometric factors such as age, weight, gender, BMI, etc. are data that are easily 

collected from individual people.  Collecting such data, along with physiological parameters, 

to determine if there are any correlations with the physiological reactions to heat stress in 

impermeable garments can help improve the safety of predicted work-rest cycles. Improving 

predicted work-rest cycles using individual parameters has the potential to allow each 

individual responder to work a cycle tailored to their physiological response to heat stress 

instead of a cycle based on the average populations physiological response to heat stress.  

Accounting for individual differences in work-rest schedules would allow each individual 

responder to work to their full capacity, meaning they would not be pulled from the cleanup 

site while they still feel able to work, but will not be allowed to over work and reach dangerous 

levels of heat strain.  In an effort to determine if some anthropometric or physiological 

parameters could aid in predicting a work-rest cycle, the following parameters and their effects 

on one another were collected and investigated during testing at NCSU: age, BMI, maximum 

exercise time, initial and final intestinal temperature, initial and final heart rate, and exercise 

termination criteria.  The number of parameters available for use in this section of this research 

was restricted by the design of the project and its experiments. 

 All of the data used here was taken from subjects tested at NCSU in the moderate, 

warm, and hot climates at a walking speed of 4 km/hr (205 W/m2 metabolic rate).  Using 

Microsoft Excel, the following data was analyzed by creating a scatterplot with the two 

parameters being investigated, fitting a trendline to the data, and calculating the coefficient of 

determination, or r2 value, to see how well the data was correlated.  The coefficient of 
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determination, r2, is a statistical value ranging from 0 to 1 that describes the variation in a data 

set that can be explained by a linear model.[84]  An r2 value equal to 0 indicates no linear 

relationship in the data with a slope of 0 and a horizontal trendline across the data.  An r2 value 

equal to 1 indicates a perfectly fitted linear relationship in the data with a slope of 1 and a 

diagonal trendline across the data.  A minimum value for r2 that would show good correlation 

between two parameters is arbitrary and depends on the type of study being conducted.  

Behavioral research accepts correlation values as low as 0.2 whereas engineering based 

research usually requires a value of 0.9 or greater for proof of a good correlation.[85]  Given 

the variability of humans in this research, a correlation value between these two, towards the 

higher end of that range (0.5 or more), could be considered a good correlation value.  Using 

JMP, an ANOVA was performed in which p-values were used to determine if there was 

statistical significance between the two factors being compared based on a linear model.  A p-

value below 0.05 suggests data is statistically significant.  If there was a p-value below 0.05 

and that combination of variables was well correlated, then the variation in the data could be 

explained and predicted using a linear model.    

 With all of the anthropometrics collected from the subjects and all of the physiological 

data collected from testing, there was a large number of combinations that could be tested for 

correlation.  The correlations discussed here are combinations on which the literature has shed 

some light and, therefore, have the most potential for producing acceptable values.  Since the 

literature and data collected in this study have shown that there is a large variation in resting, 

or initial, body temperatures and heart rates between individuals, this analysis did not focus on 

those parameters.[13]  Correlations between anthropometric factors and initial intestinal 
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temperature and initial heart rate were conducted for good measure but did not produce any 

correlations.  These p-values and r2 values can be seen in the table below. 

 

Table 7.1.  P-values and r2 values for initial intestinal temperature and heart rate. 

 

 Moderate Climate Warm Climate Hot Climate 

R2 P-Value R2 P-Value R2 P-Value 

Age 

(years) 

Initial Intestinal 

Temperature (°C) 
0.0128 0.5308 0.118 0.1003 0.0042 0.8113 

Initial Heart Rate 

(bpm) 
0.0549 0.0476 0.21 0.0243 0.0501 0.4047 

BMI 

Initial Intestinal 

Temperature (°C) 
0.2251 <0.0001 0.0976 0.1372 0.0565 0.3752 

Initial Heart Rate 

(bpm) 
0.0457 0.0715 0.0389 0.3558 0.0115 0.6922 

Maximum 

Exercise 

Time 

(Minutes) 

Initial Intestinal 

Temperature (°C) 
0.1666 0.0160 0.4275 0.0005 0.0354 0.4851 

Initial Heart Rate 

(bpm) 
0.0522 0.0535 0.1631 0.0503 0.1127 0.2036 

 

Although the combinations with underlined p-values showed statistical significance, the 

corresponding r2 values were low (less than 0.5) signifying the lack of practical significance.  

The data sets of age, BMI, and exercise time were made up of a small range of defined values, 

whereas the ANOVA used a much broader range of values, starting at zero and increasing to a 

much larger number, to produce the p-values.  While there was some statistical significance, 

there was no confirmed practical relevance due to the large variation between subjects and the 

focus on small defined ranges of age, BMI, and exercise time values.  The lack of practical 

significance was confirmed by the small r2 values.   
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 There has not been conclusive research on the relationship of final intestinal 

temperature or final heart rate with anthropometric factors or maximum exercise time so this 

aspect was worth investigating further.  The first correlation investigated was exercise time 

and final intestinal temperature.  The hypothesis for this relationship was that a higher final 

intestinal temperature would be the result of a longer exercise time regardless of the climate.  

This was based on the idea that the longer the subjects worked the higher their intestinal 

temperature would be upon terminating the exercise.  Final heart rate in place of final intestinal 

temperature was tested with exercise time in the same way, with the same hypothesis, and the 

same reasoning behind expectations of a correlation being present.  These p-values and r2 

values can also be found in Table 7.2.   

 

Table 7.2.  P-values and r2 values for maximum exercise time. 

 Moderate Climate Warm Climate Hot Climate 

R2 P-Value R2 P-Value R2 P-Value 

Maximum 

Exercise 

Time 

(minutes) 

Final Intestinal 

Temperature (°C) 
0.0016 0.9664 0.1997 0.0286 0.1612 0.1232 

Final Heart Rate 

(bpm) 
0.0793 0.0412 0.1106 0.1124 0.2071 0.0765 

 

 

Although the combinations with underlined p-values showed statistical significance, the 

corresponding r2 values were low (less than 0.5) signifying the lack of practical significance.  

The data set of exercise time had a small range of defined values, whereas the ANOVA used 

a much broader range of values to produce the p-values.  While there was some statistical 

significance, there was no confirmed practical relevance due to the large variation between 
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subjects and the focus on the small defined range of exercise time values.  The lack of practical 

significance was confirmed by the small r2 values.  An example of large variation in final 

intestinal temperatures with small variation in exercise times is the subjects’ final intestinal 

temperatures in the moderate climate ranged from 37.4°C to 38.5°C with both subjects at these 

extremes lasting 60 minutes.  From these results we can conclude that the individual 

differences between subjects far outweigh the practical correlation between exercise time and 

final temperature or heart rate.   

 In an effort to try and connect anthropometric factors of age and BMI with 

physiological effects of final intestinal temperature and final heart rate, the same procedure as 

above was followed.  The p-values and r2 values for all 12 combinations can be found in Table 

7.3. 

 

Table 7.3.  P-values and r2 values for age and BMI. 

 Moderate Climate Warm Climate Hot Climate 

R2 P-Value R2 P-Value R2 P-Value 

Age 

(years) 

Final Intestinal 

Temperature (°C) 
0.0824 0.1422 0.0023 0.8234 0.1504 0.1377 

Final Heart Rate 

(bpm) 
0.2654 0.0007 0.2812 0.0036 0.7748 <0.0001 

BMI 

Final Intestinal 

Temperature (°C) 
0.0022 0.6243 0.0179 0.5336 0.0242 0.5648 

Final Heart Rate 

(bpm) 
0.1102 0.0363 0.0403 0.3467 0.0221 0.5825 

 

Although the combinations with underlined p-values showed statistical significance, all but 

one of the corresponding r2 values were low (less than 0.5) signifying the lack of practical 
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significance.  To better illustrate the importance of using both the p-value and the r2 value to 

determine practical significance Figure 7.1 displays the age and final heart rate combination in 

the warm and hot climates, fit with a linear model and 95% confidence curves based on the 

individual data points.   

 

Warm Climate     Hot Climate 

 

Figure 7.1.  Linear model and 95% confidence curves for age and final heart rate in the warm 

and hot climates. 

 

The combination of age and final heart rate in both of these climates was statistically significant 

according to the p-values, but only the hot climate had a large correlation value.  Having this 

large of a variability between subjects allows the same final heart rate to occur with an age 

difference of 10 years, therefore not making age a useful predictor for final heart rate values.  

Using the above figure as an example, a final heart rate of 170 bpm fell within the 95% 

confidence curves at both 35 and 45 years old in the warm climate, whereas in the hot climate 

the same heart rate of 170 bpm at 45 years old would fall outside of the upper confidence curve.  
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This means that a final heart of 170 bpm is not likely to occur at both ages 35 and 45 in the 

only the hot climate which is reflected in the higher correlation value for that climate (0.7748).  

This shows the necessity of not only having an acceptable p-value but also a large correlation 

value to show what anthropometric factors could be practically significant to use as 

physiological reaction predictors.  So, while there was some statistical significance, there was 

only one practical combination that was confirmed by a high r2 value.  In the hot climate, the 

coefficient of determination for final heart rate and age was 0.7748.  Having only this one 

combination with an acceptable p-value and r2 value raised the question of why this association 

emerged.  Additional investigation showed that the linear trendline from the data was very 

similar to the trendline created by the 90% predicted maximum heart rate values used as one 

of the exercise termination criteria.  To provide a visual representation, both the trendlines and 

data points are displayed in Figure 7.2 below.   

 

 

Figure 7.2.  Final heart rate versus age in the hot climate. 
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This high correlation value is actually driven by the 90% maximum heart rate termination 

criteria.  This occurred because the majority of subjects, 11 out of 16, in this climate ceased 

exercise due to the heart rate termination criteria.  The other five subjects all ceased exercise 

because of the temperature termination criteria.  Removing those five subjects from the data 

set would create a trendline almost identical to the maximum heart rate trendline.  So, although 

there was an acceptable correlation value, it was not due to the relationship between final heart 

rate and age in the hot climate, it was due to the ceiling created by the 90% maximum heart 

rate termination criteria.  In summary, none of the combinations mentioned above had an 

acceptable p-value and r2 value combination, meaning that none of these parameters can be 

used in predicting physiological responses to these climates wearing Level A suits. 

 A different insight that could be gained from this data is that the anthropometric 

parameters of age and BMI could help predict termination criteria.  If there is some statistical 

significance found here, it could help determine what termination criteria, maximum heart rate 

or intestinal temperature, should be monitored more closely based on a specific persons 

anthropometric parameters of age and BMI.  The termination criteria of exercising the 

maximum time was included here because it was a distinct reason for termination although not 

caused by physiological reasons.  The fourth termination criteria of ‘Other’ was not included 

in the statistical analysis of this data because there was not one distinct reason for its 

occurrence, meaning it could have occurred because of technical issues, physiological reasons, 

etc.  Using the termination criteria in analyzing the data did not add any significance to the 

idea of linking an anthropometric parameters to a specific physiological occurrence.  Because 

the relationships being investigated had a continuous independent variable and a categorical 
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dependent variable, a logistic fit test was run on the data comparing age and BMI to the 

termination reasons for each of the three climates using JMP.  This produced a chi-squared 

value which determines statistical significance.  If the chi-squared value is below 0.05 there is 

statistical significance present and if it is above 0.05 there is no statistical significance present.  

The chi-squared values for the six combinations of anthropometric parameters, termination 

reasons, and climates can be seen in Table 7.4 below. 

 

Table 7.4.  Chi-squared values for age and BMI in each climate for three termination criteria. 

  Chi-Squared Value 

Moderate Climate 
Age 0.5398 

BMI 0.2321 

Warm Climate 
Age 0.3176 

BMI 0.6278 

Hot Climate 
Age 0.1213 

BMI 0.0178 

 

Out of the six combinations only one had a chi-squared value less than 0.05; the BMI in the 

hot climate (chi-squared=0.0178).  The larger chi-squared values mean that there is not strong 

enough evidence to support age or BMI having a significant effect on termination criteria in 

that climate.  The one small chi-squared value means that the effect of BMI on termination 

reason is unlikely to have occurred by chance.  Therefore, there is statistical significance 

between the termination criteria of intestinal temperature and heart rate based on differing BMI 

values in the hot climate.  A one-way ANOVA output from JMP is shown in Figure 7.3 only 

as a visual representation of what ranges of BMI correspond to which termination criteria. 
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Figure 7.3.  Visual representation of the effect BMI had on termination reason in the hot 

climate. 

 

There are only two termination criteria shown in this JMP output because no subjects 

terminated exercise for the reason of ‘Other’ and no subjects lasted the full 60 minutes of 

exercise in this climate.  The conclusion is that higher BMIs, 26 and above, can be associated 

with the termination criteria of 90% maximum heart rate and lower BMIs, 26 and lower, can 

be associated with the termination criteria of maximum intestinal temperature but only in a hot 

climate at a metabolic rate of 205 W/m2.   

 In summary, anthropometric parameters of age and BMI did not prove to be useful 

parameters in the majority of situations tested here.  The only situation that has potential to be 

useful for predicting which termination criteria a responder will experience first is in a hot 

climate using high or low BMI as an indicator.  Further explanation of what these results mean 

in terms of predicting a safer work-rest cycle for responders is covered in Chapter 8. 

 



 

 

97 

CHAPTER 8:  RECOMMENDATIONS AND CONCLUSIONS 

 All of the results developed for the three research objectives successfully added to the 

current knowledge on fully encapsulating Level A suits and how they affect HazMat 

responders’ health and safety as well as their response to heat stress.  The first of the three 

objectives focused on determining an appropriate volume of fluid needed to rehydrate 

responders during a work-rest cycle.  By investigating weight loss in several environments and 

at different metabolic rates it was found that a volume of 0.7 Liters would safely rehydrate 

over 50% of responders.  The second objective focused on defining a break-off criteria value 

using the PSI.  The PSI calculation was successfully applied to the physiological data collected 

from subjects at NCSU.  By looking at the maximum PSI experienced, a cut-off criteria of 6 

was determined as a safe value at which responders could work up to without experiencing an 

unsafe amount of physiological strain.  The third objective involved investigating whether the 

anthropometric factors of age and BMI could be predictors for physiological responses to heat 

stress.  Correlations and relationships using age and BMI with intestinal temperature, heart 

rate, and termination criteria were explored.  According to statistical analysis there is little to 

no evidence that age or BMI can be used as indicators for heat strain experienced.  Detailed 

information on these conclusions along with recommendations for where to go from here can 

be found in the remaining sections.     

 

8.1 Hydration 

 Ensuring HazMat responders are properly hydrated while working in the field is 

extremely important in order to prevent workers from experiencing dehydration and heat 
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related illnesses.  By investigating the weight loss experienced by subjects at NCSU, it was 

determined that 0.7 Liters of fluid per work-rest cycle is an adequate fluid volume to hydrate 

responders.  At first 0.7 Liters per work-rest cycle, or roughly 3 cups, may seem like an under 

estimation for providing adequate hydration.  This actually corresponds to the total fluid 

volume intake suggestion of one cup of water every 15-20 minutes of work as suggested by 

the 1996 TLVs® and BEIs®.[17]   In addition, the situations experienced during testing were 

on the more extreme side of realistic situations that responders might be exposed to in the field.  

In the field, workers will rarely work as long as 60 minutes in one work period of a work–rest 

cycle and if they do it will be at variable work rates.  Until 2012 the maximum amount of air a 

single SCBA could hold was 60 minutes worth.[86]  This duration was based on a 40 Liter per 

Minute (lpm) breathing rate determined by NIOSH.[87]   Since users will have variable 

breathing rates throughout a hazardous material cleanup, they will most likely not push the 

SCBA to its full capacity of 60 minutes in order prevent running out of air more quickly than 

anticipated and to keep themselves safe.  This means that the probability of a responder 

working a full 60 minutes continuously is not very likely.  One of the reasons for having an 

exercise time of 60 minutes was that in recent years, as technology has progressed, companies 

like Scott have created lighter cylinders that can hold up to 75 minutes of air making testing at 

extremes possible, as was done in this study.[87]  Another reason behind this was to be able to 

collect a full data series in which the final end point was achievable in at least some of the 

situations.  This increases the reliability of the data sets and reduces the potential need for 

extrapolation toward an end point that would correspond to in the field working time estimates. 
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 Besides running out of air, other safety and health risks can come into play if the 

average volume of fluid replacement for rehydration is either under- or over-estimated during 

work-rest cycles.  It can take as little as 2% of body weight loss in fluids to start feeling the 

effects of hypohydration.[63], [88]  The main risk for under-estimating the average fluid 

volume intake is hypohydration, or dehydration, causing negative health effects such as altered 

cognitive performance, delirium, gastrointestinal function issues, heart function issues, 

dizziness, heat cramps, headaches, fainting, or in extreme cases heat stroke and death.[81]  If 

a worker experiences any of these negative responses they must remove themselves or, if they 

are no longer able to, must be removed from the situation immediately and have quick and 

easy access to water.  The water should be within reach of the worker in an area where it is 

safe to open the suit and expose the worker to the ambient environment, or a drinking system 

should be made available within the suits, such as Camel-back® type system.  Without 

immediate and appropriate levels of rehydration a worker can reach a very dangerous level of 

dehydration that could require hospitalization, especially when working for multiple work-rest 

cycles.  As an example, it would take an average male of 80 kg about two hours with no fluid 

intake, working in a moderate climate, wearing a Level A suit, at a metabolic rate of 205 W/m2 

to experience a 2% weight loss, 1.6 kg. 

 The main risks associated with over-estimating the average fluid volume intake is 

hyponatremia and hyperhydration, which are both less common than hypohydration but still 

worrisome to health and safety.  Hyponatremia is when the sodium levels in blood become 

abnormally low due to dilution that can occur from either drinking too much water in a short 

period of time or prolonged exercise without adequate fluid intake such as a marathon 
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event.[66]  It would take 5 Liters, 21 cups, or more of fluid intake within a few hours to cause 

hyponatremia.[65]  Hyperhydration and hyponatremia can impact the body negatively by 

affecting brain function, digestion, energy, mood, and in extreme cases muscle spasms, comas, 

and death.[68], [65]  It takes a much smaller percent change in weight to cause hypohydration 

than it does the other two reactions thus making hypohydration a more likely response of a 

HazMat responder in these types of work environments.   

 Out of all the weight loss data collected, only one subject reached a hypohydration level 

based on 2% of their individual body weight and weight loss per hour (not the average body 

weight of 84 kg) exposing them to the possibility of dehydration effects.  The average weight 

for all subjects used at NCSU was 84 kg, therefore a weight loss of over 1.7 kg would be 

greater than a 2% decrease in body weight due to fluid loss at which effects of dehydration 

should start to occur.  Based on this average only 5% of subjects reached a level at which they 

may have begun to experience the effects of dehydration, assuming they all started at 

euhydration and only worked for one work-rest cycle.  A subject at the lowest end of weight 

loss had 0.2 Liters of fluid loss.  Based on the average subject weight of 84 kg this subject 

would be at risk of hyponatremia or hyperhydration at a weight of 89 kg and would not be at 

risk of hypohydration.  It would take 10 work-rest cycles of losing 0.2 Liters and ingesting 0.7 

Liters each cycle to reach this level of risk for this particular subject.  A subject at the highest 

end of weight loss had 2.2 Liters of fluid loss.  Based on the same average subject weight of 

84 kg, this subject would be at risk of hypohydration, caused by a weight loss of 2% (1.7 kg), 

at a weight of 32.4 kg and would not be at risk of hyperhydration.  It would take two work-rest 

cycles of losing 2.2 Liters and ingesting 0.7 Liters each cycle to reach this level of risk for this 
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particular subject.  An estimation of the percent at risk due to hydration levels, based on the 

average subject weight of 84 kg, for one, two, and three work-rest cycles is presented in the 

table below.  These estimations were based on the weight loss data presented in Figure 5.2 of 

the subjects from the three climates working at a rate of 205W/m2.   

 

Table 8.1.  Percent at risk based on fluid intake levels using the data from this study (n=114). 

  Percent at risk after… 
Fluid Intake 

Volume 

(Liters/hour) 
Consequence 

1 Work-Rest 

Cycle 

2 Work-Rest 

Cycles 

3 Work-Rest 

Cycles 

No Fluids 
Hypohydration 5% 26% 57% 

Hyperhydration 0% 0% 0% 

0.7 L/hr 
Hypohydration 0% 7% 11% 

Hyperhydration 0% 0% 0% 

1.0 L/hr 
Hypohydration 0% 3% 7% 

Hyperhydration 0% 0% 0% 

 

The data in Table 8.1 shows that with 0.7 L/hr fluid intake there is already a very large portion 

of people that would be safe from hypohydration without increasing the risk of hyperhydration 

when compared to no fluid intake.  Trying to reach 100% safety (0% risk in the above table) 

would require more than 1 L/hr of fluid intake.  This is not practical and may also be limited 

by intestinal physiology leading to high levels of discomfort associated with having too much 

fluid.  Although these disadvantages are somewhat hypothetical and anecdotal, there is 

literature that suggests too much water intake may lead to enhanced physiological risks.[65]  

Three cycles is considered a large number of cycles for the same responder to partake in and 

the assumption that responders will be completely euhydrated during each rest period is 
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unlikely.  This is because each responder will not know exactly how much weight loss they 

have experienced in their first work-rest cycle and will therefore not know the exact volume 

of fluid they need to ingest to return to euhydration before working another cycle.   

 The likelihood of a responder drinking exactly 0.7 Liters of fluid is small due to the 

size of water bottles, how full it is, whether they take the time to drink exactly the suggested 

volume per their time of work, etc.  For this reason the range of 0.7-1.0 Liters stated in Chapter 

5 is still a valid suggestion of fluid intake.  This way responders are drinking at least 0.7 Liters 

of fluid when resting and if they drink more they will just be reducing the possibility of 

hypohydration as work-rest cycles continue.  It is important to acknowledge that this estimated 

range of 0.7-1.0 Liters will not protect people in the extremes of the population in any scenario, 

especially people at the very high end of weight loss after working multiple work-rest cycles.  

For all the reasons named above it is safer to somewhat overestimate the volume for fluid 

intake to prevent hypohydration than to underestimate and cause hypohydration.  To see more 

specific effects of rehydrating for multiple work-rest cycles, further testing would need to be 

completed.  Regardless, an acceptable fluid intake volume per work-rest cycle for the HazMat 

responders is estimated as 0.7 liters.  At the end of each cycle these responders could be alerted 

by their TSC to drink this volume. 

 

8.2 Break-Off Criteria for PSI 

 While the validity of the PSI is widely accepted as an adequate index for the level of 

strain experienced on a 0-10 scale based on heart rate and body temperature, there has yet to 

be an attempt to relate a specific PSI value to a limit that responders should cease work at, i.e. 
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a break-off criteria.[24], [25]  By investigating the PSI levels experienced by subjects at NCSU 

in a variety of climate and work rates in Level A HazMat suits, it was determined that a PSI 

level of 6 may be valid to prevent responders from reaching a level of strain hazardous to their 

health and safety in these conditions.   

 A deeper explanation of why a break-off criteria of 6 was determined can be explained 

by maximum PSI values and what they correspond to on a physiological level.  This value falls 

between the average PSI values of 5.9 for heart rate termination criteria and 6.3 for intestinal 

temperature termination criteria and at no point did any PSI value exceed 7.7.  A reason this 

break-off criteria value was chosen to be above the average heart rate termination value of 5.9 

is because the 90% of maximum heart rate calculation used here could be considered a 

conservative limit.[22]  The subjects used here were firefighters who were acclimatized to 

these types of high heat strain working environments and were not used to stopping work when 

a high heart rate was reached.[22]  For this reason, the heart rate limit values used here could 

be conservative based on the working environment of firefighters.  The subjects felt that they 

were used to reaching a heart rate higher than what was calculated here so a maximal VO2 test 

may have been more appropriate for determining a better 90% maximum heart rate value for 

termination.  It should be noted that using a maximum heart rate determined by maximal VO2 

testing may result in a different value for 90% maximum heart rate and thus a different 

experience as to how exhausted subjects were when pulled for maximum heart rate.  

Regardless, using a break-off criteria value of 6 would keep the responders safe because it 

corresponds to a value at about the average PSI value of the 90% maximum heart rate and a 

value just below the average PSI value for intestinal temperature.  Another explanation for 6 
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being a good value is that based on the physiological data collected here, a PSI value of 8 or 

more corresponds to a level of strain caused by one or both termination criteria of heart rate 

over 90% of the maximum and intestinal temperature over 38.5°C and would be harmful to a 

responder’s health and safety.  A PSI value in the 7 range is tolerable but not for very long.  

The longest continuous exercise time in the 7 to 8 PSI value range was only three minutes long 

and accomplished by only two subjects whose exercise was terminated at the end of those three 

minutes due to reaching the intestinal temperature maximum.  It would be unsafe for 

responders to work to a limit of 7 because, if applied in the field, three minutes may not be 

enough time for the responder to exit the site without risking their health, not to mention most 

subjects did not even reach a limit of 7 before terminating exercise.  A sample of what could 

be appropriate for PSI values, corresponding to levels of safety, are presented in Table 8.2. 

 

Table 8.2.  Level of risk associated with PSI values. 

Risk to Health & Safety PSI 
No Risk 0 

 1 
 2 

Slight Discomfort 3 
 4 
 5 

Break-off for HazMat Responders 6 
 7 
 8 
 9 

Risk of Heat Related Illnesses 10 
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A PSI value of 10 would mean a responder’s heart rate would be 180 bpm and body 

temperature would be 39.5°C, which is dangerous to any person’s health and safety when 

maintained or held for a length of time.  At this level heat stroke could potentially occur. 

 In order to obtain PSI, heart rate and body temperature need to be collected, so given 

those physiological data, does PSI provide any additional use?  The idea behind PSI using 

those two physiological parameters is to account for the cardiovascular and thermoregulatory 

systems working in combination with each other.  Just relying on one of those parameters as a 

break-off criteria may not give the most reliable limit for the work period of a work-rest cycle.  

To determine how much the subjects felt they were exerting themselves, Borg’s scale of 

perceived exertion was used (RPE).[89]  RPE is a subjective scale rating perceived physical 

exertion going from 6 to 20 corresponding to ‘extremely light’ to ‘extremely hard’ 

respectively.[89]  According to the RPE scores the average exertion at termination was 13.7, 

corresponding to a perceived exertion of ‘somewhat hard’, for both the heart rate and intestinal 

temperature termination criteria.  This supports the idea that both measurements of heart rate 

and intestinal temperature are equally as important in terms of perceived exertion and the way 

in which the PSI measurement combines these parameters is in fact useful.  Also to support 

the concept of using both parameters consider that when only heart rate is used as a break-off 

criteria, body temperature has the potential to exceed a safe limit.  The same also goes for if 

only body temperature is used as break-off criteria, heart rate could exceed a safe limit before 

the body temperature does due to a low level of fitness or cardiorespiratory function.[28], [30], 

[32], [33]   



 

 

106 

 The PSI is an effective method of combining the two elements into a single, easy to 

interpret value that has been demonstrated in the literature.[24]–[26]  Using the PSI would also 

potentially make it easier to regulate when a work period should be terminated.  In practice 

this can be integrated into a system that tracks heart rate and body temperature to calculate PSI 

and sounds an alarm when a responder who is working in a Level A suit and is approaching 

and/or has reached a PSI of 6.  This alarm would signal the responder to begin removing 

themselves from the hazardous material cleanup at that time and begin a rest period never 

allowing them to reach the relatively stressful value of 7 or higher.  It is important to specify 

that this value of 6 as the cut-off criteria on the PSI is only applicable to responders wearing 

Level A suits as this is the only population tested in this thesis. 

 

8.3 Individual Anthropometrics 

 Anthropometric factors such as age, weight, gender, BMI, etc. are data that are easily 

collected from individual people.  Taking this easily accessible anthropometric data along with 

physiological parameters and determining if there are any correlations between them and the 

physiological reactions to heat stress in impermeable garments can help improve the safety of 

predicted work-rest cycles. Correlation analyses on anthropometrics has the potential to be 

applied to a predictive model such as the TSC.  It also has the potential to allow each individual 

responder to work on a work-rest cycle tailored to their physiological response to heat stress 

instead of a cycle based on the average population’s physiological response to heat stress in 

the way these types of predictive models currently work.  This would allow each individual 

responder to work to their full capacity in a work-rest cycle while keeping health and safety in 
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check.  Working to their full capacity would mean not being pulled from a cleanup site while 

they still feel able to work, but also not being allowed to over work and reach a dangerous level 

of heat strain.  The relationship of anthropometric factors of age and BMI may have with 

exercise time, initial and final intestinal temperature, initial and final heart rate, and exercise 

termination criteria were investigated to see if any of the factors are able to help in predicting 

a safe work-rest cycle. 

 From all the data collected there were unfortunately not many practically significant 

correlations to be found confirming what literature has shown, that it can be difficult to find 

correlations between anthropometrics and physiological responses.[51], [52]  No correlations 

were found between the relationship of exercise time, age, or BMI with final intestinal 

temperature or final heart rate in any of the climates tested in this research.  Looking for a 

relationship relating BMI and age to termination criteria, there only proved to be one link 

between termination criteria and BMI only in the hot climate.  Part of the reason for the lack 

of correlations is that the physiological differences between individual people prove to be too 

large.  This diversity makes it difficult to show a relationship between an anthropometric or 

physiological parameter and the resulting heat strain experienced.  Another reason is that the 

combination of the extreme environments, working times, and fully encapsulating Level A 

suits essentially puts all different types of people on a level playing field physiologically.  This 

makes the resulting effects of heat strain as similar between subjects as the subjects are diverse 

between each other.   

 The only combination of factors that showed any significance was BMI and termination 

reason in the hot climate.  The most probable explanation of this occurrence is due to the 
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relationship between BMI and fitness level.  A larger BMI, having a large amount of body fat, 

is associated with a lower level of fitness.  Fitness is related to cardiorespiratory function in 

the way that a lower fitness level means the cardiorespiratory mechanisms work less 

efficiently.  The components of this situation, including a very hot climate, and a fully 

encapsulating suit, magnifying the level of fitness or cardiorespiratory function of the subjects.  

For example, a subject with a higher BMI, lower level of fitness, will experience a greater level 

of cardiorespiratory strain in this situation resulting in a more rapid approach to a higher heart 

rate.  The cardiorespiratory system will react more quickly than the thermoregulatory system 

for these people producing the results of subjects with higher BMI reaching the 90% maximum 

heart rate termination criteria found here. 

 There may be another explanation for this combination being significant and that is due 

to thermal inertia.  As defined by Merriam-Webster thermal inertia is “the degree of slowness 

with which the temperature of a body approaches that of its surroundings.”[90]  Thermal inertia 

is a function of density, specific heat, and thermal conductivity and can occur in any material 

that can absorb or conduct heat.[91]  Essentially, it is a materials resistance to change in 

temperature.  If a material has low thermal inertia it will change temperature faster versus if it 

has a high thermal inertia it will change temperature slower.  This idea of thermal inertia could 

be related to how the BMI is effected by the solar load.  It is possible that the solar load by 

means of thermal inertia heats up the subjects with lower BMI more quickly than the subjects 

with higher BMI.  Once the solar load enters the Level A suit it will continue to the bodies of 

the subjects.  A subject with a larger BMI, therefore having more mass, would provide more 

resistance to thermal inertia making the subject heat up less quickly.  A subject with a smaller 
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BMI, therefore having less mass, would provide less resistance to thermal inertia making the 

subject heat up more quickly, thus making these subjects more apt to reach the maximum 

intestinal temperature termination criteria.  This explanation cannot be supported by any of the 

data collected here, it is merely a hypothesis of why only BMI and termination criteria had a 

relationship in the hot climate. 

 Although there were almost no relationships found in this data there is still knowledge 

to be taken from it.  Age and BMI do not appear to be good predictors for exercise time, initial 

or final intestinal temperature, initial or final heart rate, or exercise termination reason for 

responders wearing Level A suits.  In turn this means these parameters are not good indicators 

for heat strain experienced.  This cannot be generalized to say that there are no anthropometric 

or physiological parameters that can be good predictors for physiological responses to heat 

stress.  For example, a parameter not investigated here that may have potential in finding some 

correlations would be cardiorespiratory fitness level determined by maximal oxygen uptake, 

or VO2 max values, for each of the individuals.  Testing at NCSU did not involve collecting 

maximal oxygen uptake preventing the use of this parameter in the analysis.  Compared to age 

and BMI, fitness level has shown more conclusive evidence on physiological heat strain effects 

in literature than other anthropometric factors, as long as the fitness level test has been done 

within a year of the experiment.[28], [32], [33], [35]  In order to confirm this theory additional 

testing would have to be conducted. 
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8.4 Limitations 

 There are few things in the experimental procedure that could have affected the chance 

to find the correlations and relationships in this research.  The requirements to participate in 

this study although specific, did not exclude people who have had a previous episode(s) of heat 

illness.  These people should have been excluded because once a person has experienced a heat 

illness episode their tolerance for heat is lower making them more susceptible to experience 

another heat related illness episode in the future.  The focus of this research is on healthy 

responders not ones that have previously experienced heat illness.  This could have affected 

the analysis of the data, especially the intestinal temperature.  For example, a particular 

physiological data set that appeared to have the heart rate or intestinal temperature rise much 

more quickly and thus terminated exercise much earlier than the majority of other subjects may 

cause the investigator to think that it is the normal physiological reaction of that subject without 

the history of heat illness information.  If the investigator knew this subject had previously 

experienced heat illness then it would be known ahead of time that their data will most likely 

appear as an outlier and should be excluded from analysis.   

 Another issue that could have affected the data was controlling how close to exercise 

time subjects were allowed to eat.  The subjects in this research were permitted to eat granola 

bars all the way through the habituation period until they were about to don the Level A suit 

for entry into the chamber.  When food is ingested and begins to be digested blood flow to the 

intestines increases in turn causing the temperature in the intestines to also increase.  During 

testing, eating too close to the beginning of the exercise period could cause the initial intestinal 
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temperature read by the pill to be higher than normal.  This would affect analysis involving 

initial, final, and change in intestinal temperature data used for analysis. 
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APPENDIX 

A.1 Rating for Perceived Exertion (RPE) [89] 

Question asked by the researcher: 

“How do you perceive the exercise at this moment?” 

Rating English 

6  

7 Extremely light 

8  

9 Very light 

10  

11 Light 

12  

13 Somewhat hard 

14  

15 Hard 

16  

17 Very hard 

18  

19 Extremely hard 

20  
 


