


Firefighter Life Safety Research Center
Illinois Fire Service Institute

University of Illinois at Urbana-Champaign

July 2008

Firefighter Fatalities and Injuries:
The Role of Heat Stress and PPE

i





Foreword

iii

More firefighters die in the line of duty from heart attacks than from any other cause. And slips, 
trips and falls cause a large number of firefighter injuries.  While the origins of heart attack and 
slip, trip and fall may appear unrelated, previous research suggests that heat stress may be a com-
mon causal factor in both heart attacks and slips, trips and falls. Research further suggests that one 
common, critical factor can potentially mitigate both of these injuries and fatalities: modified per-
sonal protective equipment (PPE).  

This report of the “Cardiovascular and Biomechanical Responses to Fire Fighting and PPE” re-
search project provides a review of the known research and new and important findings concerning 
the interrelationship of cardiovascular function, biomechanics and the design of personal protec-
tive equipment.  This research will only be of value to the fire service if it is read and the science it 
documents is translated into department and firefighter action.  

The Illinois Fire Service Institute at the University of Illinois at Urbana-Champaign assembled 
an interdisciplinary research team from the Departments of Kinesiology and Community Health, 
Psychology and Mechanical Science and Engineering, along with the College of Medicine and 
Skidmore College, plus two industrial partners, Total Fire Group and International Personnel Pro-
tection.  Together, this group created a research team that has now formed the basis for a national 
Firefighter Life Safety Research Center to investigate technologies and human response that will 
help researchers and responders work together to identify the core factors related to firefighter in-
jury and death.  I want to recognize the 15 year commitment of Professor Denise Smith to this field 
of research and the leadership of Dr. Gavin Horn the IFSI Research Director.

This research effort was only possible through the willingness of firefighters and firefighter leaders 
to participate in the human subject tests and medical evaluations.  More than 122 firefighters actu-
ally participated in the project representing fire departments across the spectrum from fulltime ca-
reer to volunteer.  Funding, which made the project possible, was funded through the Department 
of Homeland Security’s Assistance to Firefighters Fire Prevention and Safety via the Assistance to 
Firefighters Grant (AFG) program.

The research will continue and so must the effort to implement the findings through the implemen-
tation of firefighter health and safety recommendations on the fireground and off.  We at IFSI look 
forward to continuing our work to bring researchers and firefighters together for the health and 
safety of firefighters everywhere.

Respectfully,

Richard L. Jaehne
Director
Illinois Fire Service Institute
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This study was supported by a Federal Emergency Management Agency (FEMA) Assis-
tance to Firefighters Grant (AFG) under the Fire Safety and Prevention Program (EWM-
2006-FP-02459).  The grant was awarded to the University of Illinois at Urbana-Champaign 
(Gavin Horn and Denise Smith, Principal Investigators).  The Fire Prevention and Safety 
Grants (FP&S) are part of the Assistance to Firefighters Grants (AFG) and are under the 
purview of the Grant Programs Directorate in FEMA. FP&S grants support projects that 
enhance the safety of the public and firefighters from fire and related hazards.  In fiscal year 
2005, Congress reauthorized funding for FP&S and expanded the eligible uses of funds to 
include Firefighter Safety Research and Development (R&D).  Research and Development 
activities emphasize reducing injuries to firefighters.  Priorities include studies in areas of 
clinical, behavioral, and social sciences research; technology and product development; and 
health database systems.  
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Executive Summary
Firefighting is a potentially dangerous occupa-
tion. In a typical year more than 100 firefighters 
die in the line of duty, while tens of thousands are 
injured. By far, the leading cause of line-of-duty 
deaths is sudden cardiac events. While injuries 
result from a myriad of factors, slips, trips and 
falls consistently account for a large portion of 
fireground injuries.

Part 1 of this report is divided into three primary 
sections, addressing cardiovascular disease in the 
fire service, gait and balance issues as they re-
late to slips, trips and falls, and finally, how heat 
stress may be related to both cardiac events and 
slips, trips and falls. The cardiovascular section 
details the medical progression of cardiovascular 
disease, cardiovascular risk factor prevalence in 
the fire service, and the potential role of firefight-
ing as a trigger for a sudden cardiac event. The 
section on biomechanics details how personal 
protection equipment (PPE) influences gait and 
balance parameters and provides a theoretical 
link to slips, trips and falls on the fireground.  The 
final section of Part 1 explores the role of heat 
stress and specifically proposes a model where 
heat stress influences cardiovascular events and 
the development of fatigue that may be related to 
slips, trips and falls on the fireground.

Part 2 describes an integrated research study de-
signed to investigate the effects of firefighting 
on cardiovascular parameters and biomechanical 
variables.  This study documented laboratory-
based cardiovascular risk factors among a large 
cohort of firefighters and investigated the effects 
of different PPE configurations on physiological 
and biomechanical responses to live fire firefight-
ing activities. Study participants included 122 

male firefighters from across the state of Illinois 
with a wide range of firefighting experience. The 
group was nearly equally divided between career 
and volunteer firefighters. The participants were 
relatively young (mean age = 29.5 years), were 
free of known cardiovascular disease or balance/
gait impairment and were not taking medications 
for hypertension or high cholesterol. Participants 
engaged in 18 minutes of firefighting activity in a 
burn tower that contained live fire. Temperatures 
were maintained at approx 100ºF and 170ºF at 
the floor and waist level, respectively. Firefight-
ing activities included repeated work-rest cycles, 
with firefighters doing stair climbing, forcible en-
try, search and rescue, and a simulated hose pull. 

Major findings include:
• A large percentage of the firefighters who par-

ticipated were overweight or obese based on 
BMI measures.

• A large percentage of these firefighters were  
pre-hypertensive or hypertensive.

• Eighteen minutes of simulated firefighting ac-
tivity causes significant physiological disrup-
tion including an increase of heart rate (75 bpm)
and an increase of core temperature (1.2ºF).

• The simulated firefighting activities caused a 
significant increase in platelet numbers and a 
significant increase of platelet activation (re-
sulting in faster clot formation).

• Firefighting activity resulted in an increased 
level of coagulation (increased factor VIII  ac-
tivity and PF1.2) and significant changes in clot 
breakdown (fibrinolysis).

• PPE configuration had no significant effect on 
physiological, perceptual, blood chemistry, or 
coagulatory responses to firefighting activity.

viii
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Executive Summary (continued)

• Donning of firefighting personal protective 
equipment  caused significant detriments in gait 
and balance parameters regardless of which 
configuration of PPE was worn.

• Enhanced PPE had a smaller detrimental ef-
fect on some gait parameters than the Standard 
PPE.

• Eighteen minutes of simulated firefighting ac-
tivity had negligible further effects on gait and 
balance parameters compared with the effect of 
donning firefighting PPE.

Part 3 of this document provides recommenda-
tions to the fire service based specifically on the 
theoretical foundations from Part 1 and the results 
of the research project detailed in Part 2.  Where 
appropriate, we have provided recommendations 
to national organizations, fire departments and 
individual firefighters.

It is our earnest hope that this document and the 
recommendations contained herein stimulate ad-
ditional conversations in the fire service and help 
to improve health and safety for this nation’s fire-
fighters.
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Introduction

The American fire service has historically main-
tained a very different role in the collective psyche 
of the American people than that of its counter-
parts in other industrialized nations. An element 
of this difference is derived from the history of 
the American fire service: Decentralized and 
local, American fire departments are often con-
sidered a part of their community, indeed, as an 
embodiment of service and self-sacrifice that are 
imbued in classic Jeffersonian values. Whereas 
the fire departments in most other developed na-
tions are either regionally or federally organized 
and deployed, American departments generally 
represent a single municipality and have deep 
connections with the citizens they serve. The 
American fire service is also unique due to the 
comparatively high number of structure fires, 
and commensurate fire damage, fatalities and in-
juries that occur annually. Fire departments in the 
United States respond to 1.8 million fires each 
year – or about four fires every minute. Annu-
ally, more than 5,000 Americans are killed and 
100,000 are injured as a result of fires, and an-
nual property loss due to fires has been estimated 
to be as high as $10 billion. In international rank-
ings, the United States has a higher death rate due 

to fires than any European country and has the 
fourth highest rate among all developed nations 
(USFA, 2005). 

However, the respect that Americans hold for the 
fire service cannot be solely explained by the lo-
calization of the American fire department or the 
unusually high number of structure fires. Instead, 
it is the conceptualization of the firefighting as a 
truly selfless calling, the subsumption of the in-
dividual for the preservation of the life and prop-
erty of an anonymous citizen that has captured 
the imagination of generations of Americans. It 
is therefore understandable that the occasion of a 
firefighter fatality or serious injury is a cause of 
great concern and consternation in the commu-
nity, as well as a time of grief for the family and 
fire department. 

Firefighting is considered to be an extremely 
hazardous occupation, with a myriad of poten-
tial causalities for job-related mortality or mor-
bidity.  In fact, more than 100 firefighters die in 
the line of duty every year, a disproportionately 
high number compared with other industrialized 
nations. Various characteristics of the American 
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fire service, such as a tactical focus on aggres-
sive interior fire attack and a preponderance of 
light-weight building construction, can explain a 
portion of the higher fatality levels. However, the 
majority of firefighter fatalities do not occur as 
a direct result of products of combustion (burns, 
smoke inhalation), but rather as a result of sudden 
cardiac death.  The leading cause of firefighter in-
jury is likewise not a direct result of products of 
combustion, but attributed to slips, trips and falls. 
These facts indicate that the fire service must fo-
cus a great deal of attention on understanding the 
etiology of these events and initiating proactive 
mitigation strategies.  

Firefighter Fatality Statistics
There were a total of 1,006 fire service Line-of-
Duty Deaths (LODD) reported for the 11-year 
period from 1995-2005.  In 2006, the Bureau of 
Labor Statistics published statistics that revealed 

there were 16.6 firefighter fatalities per 100,000 
employed (career-only) firefighters, which is 
lower than the observed fatality rates of many 
other hazardous occupations (for example, 49.5 
for miners, 33 for agricultural workers); however, 
this statistic can be misleading as it does not ac-
count for the relative infrequency of an individu-
al firefighter operating at the fireground. In 2002, 
the National Fire Protection Agency reported 5.7 
fatalities per 100,000 structure fires (Fahy, 2002).  
As seen in Figure 1.1, the number of firefighter 
fatalities has not changed significantly over the 
past two decades. The rate of firefighter fatalities 
at structure fires has remained relatively constant 
despite a consistent decrease in fires since the 
1970s, from approximately 1.1 million in 1975 
to under 600,000 in 2000, a decrease largely ex-
plained by improved municipal building codes, a 
greater emphasis on fire prevention, and chang-
ing socioeconomic demographics in urban cen-

Figure 1.1. Fireground fatalities by cause (Washburn, LeBlanc and Fahy, 1991-1999; Fahy and LeBlanc, 2000-2004, 
2006; LeBlanc and Fahy, 2005; Fahy, LeBlanc and Molis, 2007) 
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ters. The overall number of firefighter fatalities 
has declined by 38% since 1977 but increased 
slightly (7%) since 1990. 

The common misconception that the products of 
combustion – heat and smoke – are responsible 
for the majority of firefighter LODD is perenni-
ally disproved by the fatality statistics.  As seen 
in Figure 1.1, sudden cardiac death accounts for 
a far greater proportion (approximately 40% to 
50%) of fatalities than either smoke inhalation 
or burn injury.  Based on United States Fire Ad-
ministration (USFA) data, 43.9% of all firefighter 
fatalities from 1990-2000 were due to cardiac 
events, nearly doubling the second leading cause 
(trauma) (USFA, 2002). Statistically, firefight-
ing presents a far higher risk of cardiac events 
(~45%) than other professions represented on the 
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Bureau of Labor Statistics occupational hazard 
listing. The Bureau of Labor Statistics reports 
15% of all fatalities incurred in the occupational 
trades are due to heart attack, including 22% for 
law enforcement, 13% for construction trades 
and 17% for mining (Bureau of Labor Statistics, 
2006). 

Firefighter Injury Statistics
In 2006, 83,400 firefighter injuries were report-
ed, with 53% of the injuries occurring on the 
fireground (Karter and Molis, 2007). Figure 1.2 
shows, that from 1990 to 2004, the total number 
of fireground injuries has declined from 57,100 
to 36,880 in 2004 (but increased to 44,210 in 
2006); yet the number of cases related to the two 
leading causes of injury – slips, trips and falls 
(24.5% of all fireground injuries) and overexer-

Part One: Theoretical Foundation

Figure 1.2. Fireground injury trends from 1990-2006 (Karter and Molis, 2003-2007; 
Karter and LeBlanc, 1991-1999; Karter and Badger, 2000-2001).
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tion/strain (25.8% of all fireground injuries) – 
have remained relatively constant (approximate-
ly 23,000) (Karter and Molis, 2007). Increased 
rate of fatigue, reduction in flexibility and mobil-
ity, and changes in a firefighter’s center of grav-
ity due to wearing firefighting personal protec-
tive equipment (PPE) and carrying firefighter 
tools can be linked to slip, trip and fall injuries 
as well as overexertion/strain injuries. There 
have been few systematic studies to address the 
effects of firefighting personal protective equip-
ment ensembles on the biomechanics of firefight-
er motion, let alone the interactions between heat 
stress, PPE, and slips, trips and falls.  

Challenge to the U.S. Fire Service
The  high  occupational  rate  of  injuries and 
cardiac-related fatalities among firefighters com-
pared with other professions provides a clarion 
call to the fire service to: 

Better understand the individual factors that •	
predispose firefighters to such a high risk for 
injury and cardiac death, 
Better understand the physiological effects of •	
firefighting activity and how firefighting may 
serve as a trigger for cardiac events, and 
Develop and test strategies to mitigate the •	
cardiovascular and physical stress associated 
with firefighting activity.  
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Cardiovascular Disease
Cardiovascular disease is the leading cause of 
death in the United States, accounting for ap-
proximately 650,000 deaths per year, approxi-
mately 25% of all deaths in the United States 
(Kung et al., 2008). Cardiovascular disease also 
exacts a considerable toll on the fire service. As 
noted earlier, approximately 45% of all line-of-
duty deaths among firefighters are due to sudden 
cardiac death, whereas less than 10% are due to 
burn injuries (USFA, 2002). Cardiovascular fa-
talities occur in individuals with underlying car-
diovascular disease (diagnosed or undiagnosed), 
and they are more likely to occur following fire 
suppression activities (Kales, 2007). Thus, effec-
tive strategies to lessen cardiovascular fatalities 
in the fire service must address:

Individual Risk Factors that place firefighters •	
at increased risk for sudden cardiac events, 
and 

Figure 1.3. Simplified model of cardiovascular disease in the fire service.

Cardiac-Related Events in the Fire Service

Factors Associated with Firefighting that •	
may trigger a cardiac event in susceptible in-
dividuals. 

Reducing cardiac-related fatalities requires pro-
active steps to reduce cardiovascular disease 
(CVD) progression (including medical exams 
and physical fitness/wellness programs) and bet-
ter understanding of how the stress of firefight-
ing may serve as a trigger for a sudden cardiac 
event. Figure 1.3 provides a simple model to un-
derstand how sudden cardiac events are likely to 
occur on the fireground. Cardiovascular disease 
develops over a prolonged period of time, start-
ing in childhood. The plaque accumulation and 
disease may progress silently, as hypertension or 
hypercholesterolemia, or with clinical manifesta-
tions, such as angina or chest pain.  As the disease 
progresses, the plaque accumulation in the artery 
increases, and the damage to the arterial wall can 
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affect vascular function and the delivery of blood 
flow; however, this slow progression that devel-
ops over years, and even decades, can immedi-
ately change to an acute life-threatening event 
in seconds or minutes.  A sudden cardiac event 
usually occurs when a trigger causes plaque to 
rupture and a clot to form, blocking a coronary 
artery.

Decreasing the number of fatalities in the fire 
service requires an understanding of how car-
diovascular disease progresses, as well as how 
firefighting may serve as a trigger for sudden car-
diac events.  Building upon this understanding, 
research efforts must be focused on designing 
and testing the effectiveness of interventions to 
address the chronic and acute physiological pro-
cesses involved in sudden cardiac events.

The Progression of Cardiovascular Disease 
Cardiovascular disease refers collectively to a 
state of disease in the blood vessels. If blood ves-
sels become narrowed by the buildup of plaque 
or obstructed by a blood clot, then blood, and 
the oxygen and nutrients it carries, cannot be de-
livered to the vital organs of the body.  If blood 
supply to the brain is impeded, a stroke occurs. 
If blood flow to the heart muscle is impeded, a 
heart attack occurs.  The National Fire Protection 
Association (NFPA) now uses the term Sudden 
Cardiac Death to refer to quick-onset deaths due 
to heart attacks and other heart-related fatalities 
(Fahy, 2005).  The terms coronary heart disease 
(CHD) and coronary artery disease (CAD) de-
scribe specific forms of cardiovascular disease 
in which the blood vessels supplying the heart 
muscle are narrowed or obstructed. 

When there is an obstruction in a coronary vessel 
(or any blood vessel), the tissue below the block-
age does not get adequate oxygen. If the lack of 
oxygen, ischemia, to the heart is too severe, the 
heart tissue dies: a myocardial infarction means 
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death of heart muscle tissue. If the area supplied 
by the blood vessel is very small, the person may 
recover from the heart attack or may not even 
know that he or she has suffered a heart attack; 
however, if the area below the occlusion is too 
great, the heart cannot continue to function as an 
effective pump, and death results. Ischemia of 
heart cells can also cause cardiac electrical ab-
normalities, or arrhythmias. These arrhythmias 
are often the cause of death in myocardial infarc-
tion.

The cause of a heart attack is a lack of blood 
flow to an area of the heart.  The cause of sudden 
cardiac arrest is an arrhythmia, a bad electrical 
rhythm in the heart muscle. A heart attack can 
cause a fatal arrhythmia, or the arrhythmia may 
arise due to an inherent problem with the electri-
cal cells of the heart without any vessel being oc-
cluded (a primary arrhythmia). Most frequently, 
these problems happen together and decreased 
blood flow (ischemia) to heart cells causes an 
arrhythmia. These arrhythmias, usually ventricu-
lar fibrillation or ventricular tachycardia, are of-
ten the immediate cause of death in heart attack 
victims. In non-fatal cardiac events, there is ad-
equate oxygen and the cells do not cause inde-
pendent beats. However, when oxygen levels are 
inadequate the heart cells will try to beat inde-
pendently (an arrhythmia). As a result, the heart 
can not act as an efficient pump and the person 
will die unless the condition is rapidly identified 
and corrected. A small area of the heart muscle 
generating a false rhythm can cause a sudden car-
diac arrest even in cases where there is only a 
small area of ischemia. 

Atherosclerosis. Atherosclerosis refers to the 
disease condition in which plaque builds up in 
the arterial wall, narrowing the vessel opening. 
Far from being a simple vessel through which 
blood flows, an artery is a complicated structure 
that plays an important role in managing blood 
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clotting and that constantly changes size to meet 
the demands of the tissue it supplies. Figure 1.4a 
is a schematic of a healthy artery.  The innermost 
layer, the endothelium, is composed primarily 
of a single layer of cells that, under normal con-
ditions, play a critical role in preventing blood 
clots. When this layer is disrupted or damaged, it 
can cause blood to clot.  

Development of Atherosclerotic Plaque. Figure 
1.4 presents a scematic of how plaque develops 
in a coronary artery.  Figure 1.4 (a) represents a 
healthy artery with no plaque and an intact en-
dothelium.  The endothelum possesses anti-clot-
ting properties. The initiation of atherosclerotic 
plaque buildup may begin quite early in life; there 
is strong evidence that it begins during childhood 
for many people in Western developed countries. 
Therefore, it is important to consider cardiovas-
cular disease as a long-term, chronic disease that 
begins early in life, although symptoms are of-
ten delayed until middle age or thereafter. Also, 
it must be stressed that asymptomatic cardiovas-
cular disease may become very advanced. In ap-
proximately 20% to 25% of individuals, the first 
sign of cardiovascular disease is a fatal heart at-
tack (Myerburg et al., 2005).  This reinforces the 
need for young firefighters to take steps to avoid 
or delay atherosclerosis. It also suggests that 
firefighters in their 30s, 40s, and 50s should seri-
ously address the health issues of cardiovascular 
disease, even if they are symptom free.

Figure 1.4 (b) presents an artery that contains ath-
erosclerotic plaque. The plaque contains a lipid-
rich core, composed largely of fat, and is covered 
by a fibrous cap. The events in the development 
of atheroscloritic plaque are very complex and 
are described only briefly here. 
 
The first step in the initiation of atherosclerosis is 
damage to the endothelium, the smooth layer of 
cells that line the blood vessel and is in contact 

with the blood. Damage may occur due to high 
blood pressure, chemicals from inhaled ciga-
rette smoke or products of combustion at a fire, 
or infection. Damage to the endothelium causes 
or allows cholesterol, specifically low-density li-
poproteins (LDLs), to move into the wall of the 
blood vessel. The presence of LDLs allows white 
blood cells to move into the arterial wall. The 
white blood cells ingest the LDLs and become 
known as foam cells. Foam cells release chemi-
cals that stimulate smooth muscle to grow and 
divide in the arterial wall. The additional smooth 

Figure 1.4. (a) Normal healthy artery; (b) plaque ac-
cumulation in an artery; (c) plaque rupture and clot 
formation.
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muscle in the arterial wall causes other material 
to accumulate in the vessel wall, thus causing the 
atherosclerotic plaque to grow. In later stages, the 
plaque may become calcified. The end result is 
a fatty plaque that contains a core that is rich in 
lipids (LDLs) and dead or dying cells covered by 
a fibrous cap. 

Plaque Rupture and Clot Formation. The body 
has a highly complicated mechanism that balanc-
es the need to keep blood in the liquid state un-
der normal conditions with the need to produce 
blood clots quickly when faced with a damaged 
blood vessel. It appears that most cases of acute 
heart attack are “triggered” when an atheroscle-
rotic plaque ruptures, causing the development 
of a clot (thrombus). As depicted in Figure 1.4 
(c), the clot occurs because the disruption of the 
plaque exposes platelets and blood coagulatory 
factors to underlying tissue, such as the smooth 
muscle and connective tissue in the vessel walls, 
that do not possess the anticlotting factors that 
intact endothelium does. The plaque itself con-
tains factors that cause platelets to stick together 
and a clot to begin to form. Also, exposure of the 
blood to underlying tissue causes the platelets to 
adhere to one another and form a platelet plug. 
The platelet plug is then reinforced by strands of 
fibrin to form a clot. A clot may be small enough 
that it does not occlude an artery, in which case 

the person may not exhibit symptoms. Converse-
ly, the clot may be large enough to block an ar-
tery, causing a heart attack. 

Risk Factors for Developing Cardiovascular 
Disease
A risk factor is a characteristic that is present 
early in life and is associated with an increased 
risk of developing future disease. A modifiable 
risk factor is a risk factor that can be minimized, 
for example through diet, exercise, or modified 
personal habits. Table 1.1 presents several non-
modifiable and modifiable risk factors for cardio-
vascular disease. Men are more likely to suffer 
cardiovascular disease at a younger age than fe-
males; thus, being over 45 years is considered a 
risk factor for males and being over 55 years is a 
risk factor for females. Family history is defined 
as the premature death of a parent or sibling from 
cardiovascular disease (before 55 years for males 
or before 65 years for females).  

Modifiable risk factors deserve a great deal of 
attention because it is through altering these 
risk factors that a person can influence his or 
her likelihood of developing cardiovascular dis-
ease.  There are six major modifiable risk factors:  
smoking, hypertension (high blood pressure), 
hypercholesterolemia (high cholesterol levels), 
obesity, diabetes or impaired glucose tolerance, 

Non-Modifiable Risk Factors
Age
Heredity
Race
Gender

Major Modifiable Risk Factors
Cigarette smoking
Hypertension
Hypercholesterolemia
Obesity
Diabetes mellitus
Physical inactivity

Table 1.1. Risk factors for developing cardiovascular disease.

8                 Part One: Theoretical Foundation
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and physical inactivity. The more risk factors 
that an individual has, the greater the likelihood 
that he or she will suffer from cardiovascular dis-
ease.  The good news is that armed with infor-
mation, supported by departmental policies and 
programs, and encouraged by co-workers and 
family, most firefighters can reduce their risk for 
cardiovascular disease by following reasonable 
guidelines for healthy living.  

Risk Factors among Firefighters
Given the strenuous nature of firefighting and the 
responsibilities of the job, all attempts should be 
made to reduce modifiable cardiovascular risk 
factors. Unfortunately, there is mounting evi-
dence that a large number of firefighters have one 
or more risk factors known to increase the risk 
of cardiac death. This section will briefly review 
what is known about the prevalence of risk fac-
tors among firefighters.

Smoking.  Approximately 21%  of the adult pop-
ulation in the United States smokes cigarettes, 
and approximately 4,000 young people (12-17 
years) begin smoking each day (AHA, 2008). 
Cigarette smoking is a causal factor in an estimat-
ed 430,000 deaths per year in the United States, 
more than 40 percent of them due to cardiovas-
cular disease (Gaziano, 2001). In fact, as early 
as 1983, the United States Surgeon General es-
tablished smoking as the leading avoidable cause 
of cardiovascular disease. Thus, the cessation of 
cigarette smoking is one of the most important 
interventions that can be undertaken to decrease 
the risk of premature death due to cardiovascular 
disease. On average, smokers die 13 to 14 years 
earlier than non-smokers (AHA, 2008).

Smoking has several detrimental effects on the 
cardiovascular system, including damaging the 
endothelium and increasing clotting potential.  
Smoking is also associated with increased LDL 

levels, increased LDL oxidation and elevated 
blood glucose levels.

The prevalence of smoking in the fire service 
is difficult to describe precisely because of dif-
ferences across age spans, regional variation in 
smoking rate across the country, and possible dif-
ferences between career and volunteer firefight-
ers. A study published in 2006 found that ap-
proximately 30% of firefighters who retired due 
to cardiovascular disease were smokers and 22% 
of those who retired for non-cardiac reasons were 
smokers. In contrast, among active firefighters,  
only 10% were smokers (Holder et al., 2006).  It 
appears that the prevalence of smoking among 
firefighters is decreasing; however, given the sig-
nificant cardiovascular damage caused by smok-
ing, it is important to continue programs aimed at 
smoking cessation within the fire service.

Hypertension. The relationship between elevat-
ed blood pressure and cardiovascular disease 
is direct, continuous and independent of other 
risk factors (Kaplan and Zipes, 2005).  Elevated 
blood pressure causes damage to the cardiovas-
cular system: It damages blood vessels and in-
creases the work the heart must do, often leading 
to structural changes in the heart wall (left ven-
tricular hypertrophy). Due to the asymptomatic 
nature of hypertension, it often goes unnoticed 
and untreated for many years.  Furthermore, be-
cause high blood pressure is frequently present 
without symptoms, patients are often not diligent 
about taking anti-hypertensive medications.

A prospective study among 334 firefighters 
found that 20% had high blood pressure (140/90 
mmHg) at baseline and another 20% had high-
normal blood pressure (>135/85 mmHg) (Sort-
eriades et al., 2003).  Four years after the baseline 
measurements were taken, the percentage of hy-
pertensive firefighters increased to 23%. Perhaps 



the most notable finding from this study was that 
80% of firefighters with high blood pressure were 
not receiving treatment despite receiving annual 
examinations and encouragement to follow up 
with their personal physicians. These findings re-
inforce the need to have regular medical exams 
that include an assessment of cardiovascular risk 
factors, and the need for appropriate treatment 
when risk factors are identified.

Cholesterol. One of the hallmarks of atheroscle-
rotic cardiovascular disease is deposition of cho-
lesterol (specifically low-density lipoproteins, 
LDL) into the walls of the artery, causing the fat-
ty plaque to accumulate. Blood cholesterol levels 
and levels of LDLs increase with aging (Davis et 
al., 2002).  A prospective study that investigated 
the lipid profiles of career firefighters at baseline 
and after four years found that total cholesterol 
levels decreased from 224 to 214 mg/dL, but the 
percentage of firefighters being treated for high 
cholesterol increased from 3% to 12%.  The per-
centage of firefighters with borderline-high cho-
lesterol (200-239 mg/dL) increased from 36.1% 
to 42.8%.  It is also worth noting that the firefight-
ers with high cholesterol (>240 mg/dL) also had 
a greater incidence of obesity than firefighters 
with cholesterol levels below 240 mg/dL (46.4% 
vs 28.9 %).   
  

Obesity. The high prevalence of obesity is a 
major concern in the fire service.  A body mass 
index (BMI) over 25 is considered overweight 
and a BMI greater than 30 is considered obese.  
The risk of cardiac death increases with elevated 
BMI.  Clark et al. (2002) found that 80.7% of 
a cohort of career firefighters had a body mass 
index of greater than 25.  Soteriades et al. (2005) 
conducted a study in which more than 300 ca-
reer firefighters underwent a baseline physical 
and were retested after five years.  The BMI of 
the group increased from 29 to 30, and the preva-
lence of obesity increased from 35% to 40%.  
Furthermore, the prevalence of extreme obesity 
(defined as BMI > 40) increased fourfold.  Both 
studies found that increased BMI is directly cor-
related with elevated blood pressure and choles-
terol. Additionally, a follow-up study performed 
by Soteriades et al. (2008) also found that obese 
firefighters are more likely to suffer a disability 
requiring time off work over a 6-year follow-up 
period. 

Diabetes. Diabetes is a metabolic disorder char-
acterized by the inability to use sugar (glucose) 
effectively. In nondiabetic individuals, blood 
glucose levels increase following the ingestion 
of carbohydrates, complex or simple sugars. In-
creased levels of glucose cause the pancreas to re-
lease insulin, which helps transport glucose from 
the blood stream into the cells of the body where 
the glucose is used to make energy or is stored 
as fuel for later use. There are two primary types 
of diabetes, Type I and Type II. In both types, 
untreated people have high circulating levels of 
glucose. Type I diabetics do not produce the in-
sulin that their bodies need to get circulating glu-
cose into cells for use by the body. Individuals 
with Type II diabetes tend to have high insulin 
levels because their cells are resistant to the ef-
fects of insulin, a condition known as insulin re-
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sistance. Prior to the diagnosis of Type II diabe-
tes, many people may have an element of insulin 
resistance and may be considered “pre-diabetic.” 
Thus, the pancreas continues to produce insulin 
in an attempt to move glucose into the cell. Since 
insulin is not effective, however, diabetics often 
cannot effectively transport glucose from the 
blood stream into the cells of the body. Thus, all 
diabetics have high glucose levels in the blood 
(hyperglycemia). 

People with diabetes have a 300% to 500% in-
creased risk of cardiac events. Furthermore, 75% 
of all deaths among diabetic patients are from 
cardiovascular disease. Additionally, individuals 
who have diabetes along with other risk factors 
are at a much higher risk than non-diabetic in-
dividuals with the same number of risk factors. 
High blood glucose levels (hyperglycemia) are 
associated with damage to the smallest blood 
vessels (such as those in the retina of the eye) 
and increased atherosclerosis. High insulin levels 
are also associated with enhanced blood clotting 
(Ridker, 2001). 

Diabetes often coexists with other risk factors for 
cardiovascular disease.  In fact, the cluster of risk 
factors has been termed metabolic syndrome or 
metabolic syndrome X, and it includes abdominal 
obesity, hypertension, dyslipidemia (elevation 
of lipids in the blood) and diabetes. Therefore, 
it is important that a person with diabetes very 
aggressively control other risk factors for cardio-
vascular disease. A diabetic should lose excess 
body weight, exercise regularly and eat a diet low 
in simple sugars and carbohydrates.  Because of 
the complexity of the disease, its relationship to 
heart disease, and the difficulty controlling blood 
glucose levels, a person with diabetes should con-
sult regularly with his or her physician regarding 
an appropriate diet and exercise program and the 
need for medication.

Physical Inactivity. Physical inactivity is another 
risk factor for cardiovascular disease: The less ex-
ercise a person gets on a regular basis, the greater 
the incidence of cardiovascular disease.  Physical 
inactivity is also related to several of the modifi-
able risk factors.  A lack of exercise increases an 
individual’s risk of obesity, hypertension, dyslip-
idemia and diabetes. The risk of cardiovascular 
disease in inactive people is about twice that of 
physically active individuals – approximately the 
same as for hypertension and dyslipidemia (Plow-
man and Smith, 2003). In fact, physical inactivity 
is responsible for approximately 200,000 deaths 
per year in the United States (Ridker, 2001). 

Increased physical activity improves work capac-
ity, increases strength, decreases injury rates and 
improves heat tolerance. Exercise training also 
has a positive impact on several other cardiovas-
cular risk factors: It decreases blood pressure, in-
creases good cholesterol levels (HDL), improves 
glucose tolerance and causes loss of fat. In ad-
dition to these substantial benefits, exercise also 
strengthens the heart muscle, enhances the dis-
solving capacity of the blood (making unwanted 
clots less likely) and stabilizes the electrical ac-
tivity of the heart. 

The physical fitness profile of firefighters is 
likely to vary greatly both between and within 
individual fire departments.  Roberts and col-
leagues have demonstrated the effectiveness of a 
16-week physical training program in enhancing 
aerobic capacity (VO2max) among recruit fire-
fighters (Roberts et al., 2002).  After 16 weeks of 
training, this group of just more than 100 recruits 
improved their estimated VO2max by 28% (35 to 
45 ml/kg/min).  Whereas the initial fitness values 
were below those generally considered necessary 
for firefighting activities, the values obtained af-
ter the training program compare favorably to 
estimates of aerobic capacity needed to perform 
firefighting activities (Sothmann et al., 1992).

–



Given the importance of physical fitness for per-
forming the physical work of firefighting and its 
role in decreasing cardiovascular risk factors and 
improving health, it is imperative that firefighters 
and fire departments embrace the current fitness 
initiatives being advanced by the major fire ser-
vice organizations, including NFPA 1583.

Decreasing Cardiovascular Disease 
Risk Factors
Cardiovascular disease is a major threat to the 
health and safety of firefighters. In order to stay 
healthy, and address the risk factors for develop-
ing cardiovascular disease, firefighters should 
adopt healthy lifestyle habits. In short, to reduce 
the risk of suffering a heart attack or stroke, it is 
imperative that firefighters:
•    Do not smoke or stop smoking.
•   Follow a regimen of moderate aerobic exer-

cise.
Eat a balanced diet, avoiding excess saturated •	
fats and excess simple sugars, and maintain 
normal body weight. 

Table 1.2 highlights the risk factors that are in-
fluenced by each of the above recommendations. 
Of particular note is the benefit of moderate ex-
ercise in eliminating or favorably affecting five 
of the six modifiable risk factors. 

Cardiovascular Stress of Firefighting
While operating at a structure fire, firefighters 
perform strenuous physical work while wear-
ing heavy, highly insulating personal protective 
equipment.  At many incidents, work must be 
performed in a hot environment and under psy-
chologically stressful conditions.  As a result of 
the combination of heavy work, encapsulating 
gear, and hostile environmental conditions, fire-
fighting results in significant physiological strain 
– affecting nearly every system of the body.  The 
resultant cardiovascular and thermal strain, how-
ever, poses the greatest risk to the firefighter.

There are two primary approaches that scientists 
have employed to understand the cardiovascular 
stress associated with firefighting. One approach 

Recommendations
Exercise Moderately

Eat a Balanced Diet

Don’t Smoke

Risk Factor Influenced
Decreased Blood Pressure
Improved Lipid (Cholesterol) Profile
Decreased Body Fat
Improved Glucose Tolerance
Eliminates Physical Inactivity

Improved Lipid (Cholesterol) Profile
Decreased Body Weight
Improved Glucose Tolerance
May Decrease Blood Pressure

Smoking

Table 1.2. Recommendations for decreasing cardiovascular risk factors.
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is to retroactively review the information on fire-
fighters who have suffered cardiac events in the 
line of duty and to determine what the firefighter 
was doing at or prior to the time of the event. 
This approach has shown clearly that fire attack 
and suppression activities do serve as a trigger 
for cardiac events. A second approach measures 
physiological responses to firefighting or simu-
lated firefighting activity to better understand the 
mechanics by which the stress of firefighting may 
precipitate a sudden cardiac event. Studies of this 
type have clearly documented the fact that fire-
fighting is very stressful on the body and leads 
to several physiological changes that could cause 
sudden cardiac events in vulnerable individuals. 
The final section will address the specific factors 
of firefighting that directly affect cardiovascular 
and thermal strain on firefighters.

Retrospective Study of Cardiac Events in the 
Line of Duty
A recent study documented the relative risk of 
sudden cardiac death associated with different 
firefighting activities (Kales et al., 2007). The au-
thors reviewed firefighter fatalities for an 11-year 
period from 1994 to 2004 (excepting the deaths 
associated with September 11, 2001).  Estimates 
of the proportion of time spent performing vari-
ous activities were obtained from a municipal 
fire department, from a group of 17 large metro-
politan fire departments, and from a national da-
tabase.  These groups reported spending 2%, 5% 
and 1%, respectively of their time in fire suppres-
sion activity.  In contrast to the small percentage 
of time that was spent in fire suppression, 32% of 
firefighter fatalities occurred during these activi-
ties.  Odds ratios for death from coronary heart 
disease during fire suppression were then calcu-
lated compared with nonemergency duties (ref-
erence category). The resultant odds ratio were 
53, 12 and 136 for the municipal department, the 
metropolitan departments and the national data 
set, respectively.  This means that firefighters are 
approximately 12 to 136 times more likely to die 
of coronary heart disease during fire suppression 
activities than during nonemergency duties.

Additionally, there is compelling evidence that 
cardiac events are most likely to occur in indi-
viduals with a history of cardiac disease or with 
known risk factors for cardiovascular disease.  A 
recent study that compared fatal and non-fatal 
cardiac events in firefighters found that a previ-
ous diagnosis of coronary heart disease, current 
smoking, and hypertension were highly signifi-
cant and independent predictors of fatal cardiac 
events.  Each of these predictors were associ-
ated with an approximately 4-fold increase in 
risk of death (Geibe et al., 2008).  Other stud-
ies that have compared professionally active 
firefighters to firefighters experiencing on-duty 
cardiac events, have found that a previous diag-



nosis of coronary heart disease is associated with 
a 15-fold and 9-fold increase in the risk of on-
duty cardiac death or disability retirement due 
to heart disease, respectively (Kales et al., 2003; 
Holder et al., 2006).  A study that reviewed on-
duty firefighter fatalities over the 10-year period 
of 1995-2004 found that 43.7% of the fatalities 
were attributable to sudden cardiac death. Post 
mortem information was available on 308 of the 
440 victims of sudden cardiac death. Of these, 
43.5% had prior known heart-related conditions 
and another 31.5% had artherosclerosis heart dis-
ease identified by autopsy (Fahy, 2005). Taken 
together, these studies show definitively that a 
history of heart disease is a strong predictor of 
future fatal cardiac events, and strongly suggest 
that aggressive screening and risk factor manage-
ment is essential for firefighters.

Research Findings Regarding Physiological 
Effects of Firefighting
It is well accepted that firefighting requires 
strenuous work; however, it is difficult to fully 
describe the physiological effects of firefighting.  
The majority of the research describing the phys-
iological effects of firefighting has investigated 
relatively short bouts of firefighting activity in a 
training structure that contains live fires or in re-
sponse to work while wearing personal protective 
equipment in a hot laboratory (climate chamber).  
While these studies provide valuable information 
about the effect of work and heat on the human 
body, it is likely that the results obtained in these 
controlled conditions underestimate the physi-
ological stresses encountered during an actual 
working fire when firefighters are facing all the 
challenges of a real emergency.  Studies conduct-
ed in a live fire situation have limitations in terms 
of the standardization that can be achieved and 
the variables that can be measured.  Additionally, 
the studies that have been conducted often have 
used relatively small numbers of subjects and 
have often relied on relatively healthy young sub-

jects that do not reflect the overall demographic 
of the American fire service.  Nonetheless, these 
studies contain valuable information about the 
physiological stress of firefighting.

Numerous studies have documented that strenu-
ous firefighting activities can lead to near maxi-
mal heart rates that are attained quickly and 
remain elevated for prolonged periods of time.  
A classic study conducted in the mid-1970s re-
corded heart rate and ECG data of firefighters 
while they were on duty (Barnard and Duncan, 
1975).  This study was one of the first to docu-
ment that heart rates are elevated (mean increase 
47 beats per minute) in response to an alarm and 
remain elevated en route.  While this initial study 
provided limited data, it did document high heart 
rates during fire suppression (including one sub-
ject with a heart rate greater than 188 beats per 
minute for a 15-minute period) and noted subtle 
changes in the electrocardiogram (ECG) of fire-
fighters en route to the fire (ECG data could not 
be gathered during firefighting activities due to 
excessive movement artifact).

Since the 1970s, considerable research has sought 
to quantify the physiological stress of firefight-
ing.  Of course, the first obstacle encountered by 
researchers who undertake this task is to repli-
cate “firefighting activities” because the condi-
tions that firefighters encounter vary so greatly.  
The different approaches that are taken to simu-
late “firefighting” activity account for much of 
the variability that is found in the literature.

As depicted in Figure 1.5, researchers at the Uni-
versity of Illinois conducted a study in a structure 
that contained live fires and found that three re-
peated bouts (approximately 7 minutes) of simu-
lated firefighting activity (with a 10-minute rest 
between the second and third trial) caused the 
participant’s average heart rates to reach approxi-
mately 189 beats per minute (Smith et al., 2001).  
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The subjects in this trial were recruit firefighters 
with a mean age of 29 years.  In other words, 
in this short bout of firefighting activities, par-
ticipants reached age-predicted maximum heart 
rate (estimated maximal HR = 220 – age).  These 
findings are consistent with other published stud-
ies that investigated heart rates during strenuous 
firefighting activities in a training setting (Man-
ning and Griggs, 1983) and during actual emer-
gencies (Duncan and Barnard, 1979; Sothmann 
et al., 1992).  Other studies have reported lower 
heart rates during firefighting training (Romet and 
Frim, 1987).  The study conducted at the Univer-
sity of Illinois also measured cardiac stroke vol-
ume changes as a result of the repeated bouts of 
firefighting activity (Figure 1.5b).  Stroke volume 
increases along with heart rate during dynamic 
exercise in order to provide the blood flow neces-
sary to supply the working muscles and other vi-
tal organs.  During firefighting activity, however, 
stroke volume was significantly decreased by the 
end of the third bout of activity.  These results 
were found despite a 10-minute rest between the 
second and third trial in which the participants 
consumed water.  It is likely that the decrease in 
stroke volume can be attributed to venous pool-
ing from increased vascular compliance due to 
raised core temperature along with a reduction in 
plasma volume (see below). 

Due to a combination of high environmental 
temperatures and physical exertion, firefighting 
causes core body temperature to increase.  Rossi 
et al. (2003) reported that approximately 15 min-
utes of firefighting activities in a training facility 
resulted in an average increase of 1.0°F in recruit 
firefighters. Smith et al. (1998) reported greater 
increases in core temperature, with an average 
increase of 2.5°F, in a group of career firefighters 
who completed three repeated bouts (~6 minutes) 
of firefighting activity (with a 10-minute break 
between the second and third trial) in a structure 
that contained live fires.  Eglin et al. (2004) per-

formed a study to investigate physiological re-
sponses of instructors at a fire academy as they 
often are exposed to heat for a longer duration 
than recruits.  On average, the core temperature 
of the instructors rose approximately 1.8°F over 
the 40 minutes of data collection; indeed, 8 of the 
13 instructors had core temperatures over 102°F.

Concomitant with elevated temperatures, per-
forming strenuous work in a hot environment 
causes profuse sweating.  The body sweats in an 
attempt to lower its temperature through evapo-
rative cooling.  However, the encapsulating prop-
erties of firefighting bunker gear creates a warm, 
moist, stagnant microclimate around the skin, 

Figure 1.5. (a) Heart rate and (b) stroke volume re-
sponses to training exercises. (Smith)
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severely limiting the evaporation of sweat, and 
hence, the effect of evaporative cooling.  Profuse 
sweating can decrease plasma volume, placing 
additional strain on the cardiovascular system and 
further impairing thermoregulation.  Smith et al. 
(2001b) have reported a 15% reduction in plasma 
volume following approximately 17 minutes of 
strenuous simulated firefighting activity. Sweat 
rates resulting in body weight loss of 2.8 pounds 
per hour have been reported during exercise in a 
hot environment while wearing PPE (Selkirk et 
al., 2004).  Studies that have investigated sweat 
loss during firefighting activities have generally 
reported modest sweat loss (1.1-2.2 pounds) due 
to the limited time (<30 minutes) that the activi-
ties were continued (Smith et al., 1998; Eglin et 
al., 2004; Wilkerson et al., 2004).  Perhaps more 
important than the actual sweat rate reported fol-
lowing brief bouts of simulated firefighting activ-
ity, is the high sweat rate that firefighters experi-
ence while wearing their gear.  In practical terms, 

firefighters often work in their PPE for periods 
that extend far beyond the time tested in most 
studies.  A firefighter dons his or her gear at the 
station, travels in the gear, and then wears that 
gear through firefighting activity and clean-up 
activity. Under real-life conditions the firefighter 
is likely to be sweating much of the time. 

Factors Affecting Cardiovascular and 
Thermal Strain
The magnitude of the thermal and cardiovascu-
lar strain experienced by a firefighter depends on 
a number of environmental and personal factors 
(Figure 1.6).  Environmental factors that affect 
the physiological response to firefighting include: 
the work that is performed, the environmental 
conditions in which the work is performed, and 
the personal protective equipment that is worn. 
Personal factors of importance include: individu-
al characteristics, medical conditions, fitness sta-
tus and hydration status.

Figure 1.6  Summary of factors influencing physiological response to firefighting.
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Work.  Although it is common to speak of a gen-
eralized physiological response to firefighting, a 
multitude of different tasks may be performed on 
the fireground at various intensity levels. These 
include: throwing ladders, climbing stairs with 
heavy loads, performing a search, advancing a 
line, application of water, venting a roof, forcing 
a door and overhauling a room.  Clearly the work 
that is being performed has a major influence 
on the physiological response: the more strenu-
ous the work, the greater the cardiovascular re-
sponse.  Furthermore, the more muscular work 
that is done and the longer it is performed, the 
more core temperature rises if sweat is not able 
to evaporate and cool the body (Romet and Frim, 
1987; Holmer and Gavhed, 2007).

Environmental Conditions. It is well known 
that working in a hot environment creates greater 
physiological and psychological strain than per-
forming the same work in a thermoneutral envi-
ronment (Rowell et al., 1969; Sawka and Wenger, 
1993; Smith et al., 1997).  In an attempt to bet-
ter understand the relative contributions of heavy 
physical work and environmental heat on the 
physiological responses to firefighting, Smith et 
al. (1997) conducted a study that compared physi-
ological responses to an overhaul task in ambient 
conditions with no fire (~59°F) to the same task 
performed with live fires in the structure (~195°F 
at chest level).  Heart rate increased to an average 
of 139 beats per minute in the ambient conditions 
and to 175 beats per minute in the live-fire condi-
tion. Tympanic temperatures increased by slight-
ly more than 5.4°F in the live-fire condition and 
less than 1.0°F in the ambient conditions. These 
results confirm that live-fire conditions add con-
siderably to the cardiovascular and thermal strain 
of firefighting. 

Personal Protective Equipment.  Personal pro-
tective equipment (PPE) is necessary to protect 
firefighters from burn and inhalation injuries;  

however, because of its weight and its restrictive 
properties, PPE also adds to the metabolic work 
that must be performed, and interferes with heat 
dissipation because of encapsulation.  Thus, PPE 
adds to the cardiovascular and thermal strain as-
sociated with firefighting. In a laboratory study 
that compared 15 minutes of treadmill walking 
in a firefighter’s station uniform to 15 minutes of 
walking in fully encapsulated PPE with SCBA, 
Smith et al. (1995) found that heart rate was 50 
beats per minute higher while wearing the fully 
encapsulating gear.  Rectal temperature was also 
higher in the gear, rising 1.3°F in the PPE trial 
and only 0.4°F when the station uniform was 
worn. Importantly, this study also included a 
PPE configuration that was not fully encapsulat-
ing (similar to the gear worn before the updated 
NFPA in 1971) in which firefighters wore three-
quarter-length coats, rubber pull-up boots and no 
hood.  At the end of the trial in the three-quarter 
coat, heart rate was 16 beats per minute less than 
in the fully encapsulating trial, and rectal temper-
ate was 1.0°F less.  This result clearly indicates 
that the type of PPE and the extent to which it 
reduces heat dissipation (through sweat evapora-
tion) can affect physiological response to work 
in the gear.    

Individual Characteristics.  A firefighter’s age, 
gender and body size all affect physiological re-
sponses to firefighting activities. In general, the 
risk of heart attack while fighting a fire increases 
as the age of the firefighter increases (Figure 1.7). 
Excess body fat creates additional cardiovascular 
strain on a firefighter by adding to the metabolic 
work that must be done to move the firefighter’s 
mass and to move blood through additional tis-
sue. Excess body fat also increases the thermal 
strain associated with strenuous activity by pro-
viding additional insulation, impeding range of 
motion and mobility, and interfering with heat 
dissipation. 



Medical Condition. The combination of heavy 
work, severe heat, and mental stress present dur-
ing firefighting activities necessitates that fire-
fighters be in good health to operate safely on 
the fireground.  A firefighter with cardiovascular 
disease is more susceptible to cardiac events on 
the fireground.  In fact, a retrospective analysis 
of sudden cardiac events over a 10-year period 
found that 75% of firefighters who suffered fatal 
events had pre-existing cardiovascular disease 
(Fahy, 2005).  High blood pressure, high choles-
terol, and obesity must be taken very seriously 
because they greatly increase the risk of cardio-
vascular mortality. Diabetes, or pre-diabetes (im-
paired glucose tolerance), is especially danger-
ous because it is associated with several cardio-
vascular risk factors.  Because of the importance 
of cardiovascular risk factors and underlying 
cardiovascular disease as it relates to cardiac-
related fatalities, a major portion of this review is 
directed to cardiovascular risk factors.

Fitness Level.  High levels of fitness are neces-
sary to successfully and safely perform physically 
demanding firefighting activities.  A fit firefighter 
can perform the same amount of work with less 
cardiovascular and thermal strain than a less fit 
firefighter.  A fit firefighter also has a greater re-
serve to perform more work.  Firefighters need to 
possess a high degree of muscular fitness (mus-
cle strength and endurance) and cardiovascular 
fitness (aerobic fitness).  Aerobic fitness is espe-
cially important because it:

Increases the efficiency of the heart•	
Improves work capacity•	
Increases plasma volume•	
Improves thermal tolerance•	
Provides cardioprotection by enhancing anti-•	
clotting activity of the blood 
Enhances the ability of blood vessels to di-•	
late to allow more blood to be supplied to 
muscles

Figure 1.7. Cardiac deaths by age group. (Fahy et al., 2007).
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Hydration Level.  Firefighting can induce large 
volumes of sweat loss due to the heavy work, hot 
conditions, and impermeable nature of the PPE.  
During strenuous work in hot conditions or in im-
permeable clothing, humans can lose more than 
two quarts of sweat an hour.  As noted above, 
it is common for firefighters to lose more than a 
quart of sweat per hour while working in hot am-
bient temperatures wearing PPE (Selkirk et al., 
2006).  This sweat loss contributes to a decrease 
in plasma volume, adds additional strain on the 
cardiovascular system and decreases thermal tol-
erance.

Importantly, previous research has shown that 
firefighters are often dehydrated before begin-
ning firefighting activity (DiMarzo et al., 2006), 
a situation that poses an additional risk for severe 
dehydration and heat illness during firefighting.

Summary
These findings demonstrate that the increased risk 
of cardiac death among firefighters is based upon 
a combination of factors: an increase in cardiac 
strain due to the exertion of firefighting activity, 
as well as inherent and acquired risk factors that 
are endemic to the population as a whole. 



Slip, Trip and Fall Injuries on the 
Fireground
The National Fire Protection Association con-
ducts yearly surveys of firefighter injuries to pro-
vide a national estimate of their frequency and 
characteristics. In 2006, the NFPA estimated that, 
on average, 26.9 injuries occurred on the fire-
ground per 1,000 fires (Karter and Molis, 2007). 
Nearly 25% of these fireground injuries in 2006 
were attributed to falls, slips or missed jumps, 
ranking second to injuries caused by overexer-
tion and strain (Figure 1.8). 

Since 1990, injuries due to slips, trips and falls 
have consistently ranked as either the first or 
second most common cause of injury, averaging 
over 11,200 injuries per year (Karter and Mo-

lis, 2003-2007; Karter and LeBlanc, 1990-1999; 
Karter and Badger, 2000, 2001). Total fireground 
injuries have declined from 57,100 in 1990 to a 
low of 36,880 in 2004, followed by a slight in-
crease in the past two years, a trend that fairly 
closely follows the change in total fire incidence 
over the same time period. Alarmingly, injuries 
due to slips, trips and falls have remained rela-
tively constant over this same time period. In 
fact, 2004 saw the highest number of slip, trip 
and fall injuries since 1996. Table 1.3 outlines 
some of the most common origins of slip, trip, 
and fall injuries on the fireground that typically 
occur while at ground level, such as crossing or 
moving over objects, icy surfaces, or wet surfac-
es (Karter, 2003). 

Figure 1.8.  Fireground injuries by cause in 2006 (Karter and Molis, 2007).
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Not only are slips, trips and falls one of the most 
common source of injuries, but falls and loss of 
balance can result in significant injury and loss of 
productivity. The most common types of moder-
ate and severe injuries that resulted from a fall 
or jump were sprains and strains, accounting for 
65% of injuries. Fracture and dislocations were 
responsible for 14% (Houser et al., 2004). Clout-
ier and Champoux (2000) found that, among 
firefighters in Quebec, Canada, accidents due to 
falls resulted in the longest work absences. In 
another study of firefighters in Alberta, Canada, 
while 16% of all firefighter injuries were due to 
slips, trips, and falls, these accidents accounted 
for 25% of the total time lost due to injury (Ault, 
2002). These data highlight the impact of these 
injuries on worker health and productivity.

Despite the large quantity of data indicating that 
falls and loss of balance result in high injury rates 
and high rates of lost work time, efforts to un-

Part One: Theoretical Foundation

derstand the underlying mechanisms and devel-
op possible interventions to reduce these events 
have been relatively limited. This lack of recog-
nition is highlighted by the annual number of in-
juries due to falls, slips or missed jumps since 
1990, which has remained relatively constant, 
even as the total number of firefighting injuries 
has substantially decreased over the same period 
of time. 

Only a few individuals within the firefighting 
profession have attempted to address this issue in 
published literature, but rarely from a research-
based approach. In 1994, Chief Vincent Dunn, a 
deputy chief with the Fire Department of New 
York (FDNY), wrote a piece in his “Safety and 
Survival” column of Firehouse titled “Falls, 
Slips and Missed Jumps” (Dunn, 1994). In this 
article, Chief Dunn emphasizes to fellow fire-
fighters that it is important to be conscientious 
while moving around the fireground and not to 

Severe injuriesCause of slip or fall
Over object
On icy surface
On steps or stairs
On wet surface
In hole or outside structure
From ladder
In unguarded opening in floor
On flat surface
From structure
In or onto emergency apparatus
Other

Total

Minor or moderate injuries

Table 1.3. Causes of firefighter injuries due to slipping and falling on the fireground, 
1994-98 average (Karter, 2003).

1,490
1,510
1,305

885
710
385
270
310
145
120

1,455

8,585

10
25
14
15
11
5

18
7
9
-

19

133



trip over fire hoses or slip and fall on wet or icy 
steps and pavement. He provides practical advice 
such as lighting up the fire scene, designating the 
engine chauffer to spread salt or sand on steps 
and surrounding streets, and “tucking” the body 
to protect the head in the event of a fall. He notes 
that firefighters tend to have “tunnel vision” when 
fighting the fire, such that they only concentrate 
on  their given assignment and are not cognizant 
of their surroundings.
 
Similarly, D.R. Adams conducted a study as part 
of the National Fire Academy (NFA) Executive 
Officer Program (Adams, 2000). Adams had ob-
served that a number of the members in his vol-
unteer fire department, with no apparent sensory 
deficits, experienced slips and falls at emergency 
and non-emergency incidents while wearing turn-
out gear. In response, Adams assessed the effect 
of wearing personal protective equipment on the 
balance and stability of firefighters. He compared 
differences in balance performance when wear-
ing a station uniform or PPE using a computer-
ized balance assessment device. He found that 
turn-out gear impairs balance; however, the sub-
ject population in this project was too small (n = 
3) to enable generalization. 

While some of the factors likely related to slips 
and falls are determined by the nature and envi-
ronment of the fire scenes and cannot be easily 
prevented, others are likely due to both individu-
al and equipment characteristics whose modifica-
tion may prevent injury. Thus, there are a number 
of individual and equipment factors that might be 
altered in order to reduce the risk for particular 
injuries. 

Yearly statistics show that slips, trips and falls 
are some of the most common and costly injuries 
to firefighters, yet little systematic research has 
been dedicated to helping firefighters reduce this 

type of injury. Substantial resources have been 
dedicated to understanding and preventing slips, 
trips, and falls in other at-risk occupations, such 
as coal miners (Bell et al., 2000) and postal work-
ers (Bentley and Haslam, 2001). The fireground 
is an inherently dangerous location with certain 
risks that cannot be avoided; however, through 
properly designed gear modifications and slip 
and fall interventions, we believe that this type of 
injury can be significantly mitigated.

Importance of Biomechanical Factors
Despite epidemiological data indicating that in-
juries due to slips, trips and falls are a serious 
problem among firefighters, limited rigorous 
academic research examining biomechanical 
changes due to firefighting have been conducted. 
The most detailed effort to date was carried out 
by Punakallio and coworkers, who conducted a 
series of studies focused on balance abilities of 
Finnish firefighters in the late 1990s and early 
2000s (Punakallio, 2005).  Some interesting re-
sults were obtained from these studies that can be 
extended to the American fire service:

The balance ability of firefighters older than •	
50 was significantly worse than younger fire-
fighters.  Comparing this result to other oc-
cupations (construction workers, nurses) in-
dicated that the decline in the fire service is 
more pronounced (Punakallio, 2003).  In a 
separate study, the balance abilities of older 
Finnish firefighters (43-56 years) were more 
negatively impacted than younger firefighters 
(33-38 years) while wearing firefighting PPE 
when visual input is reduced (Punakallio et 
al., 2003).
A functional balance test (where firefighters •	
walk across a wooden plank without falling 
off) had a higher correlation coefficient and 
repeatability than a dynamic stability mea-
surement (firefighters stand on a force plate 
and move their center of gravity following 
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visual input) (Punakallio, 2004).  These tests 
were determined to provide reliable balance 
tests for screening in occupational health care 
for the fire service as well as other occupa-
tions.
Regardless of age, wearing firefighting PPE •	
was found to significantly impair balance in 
both postural (standing still) and functional 
(while moving) measures (Punakallio et al., 
2003). The SCBA (with steel air cylinders) 
was determined to have the most significant 
effect on functional balance.  
In a slipping test, firefighters who experi-•	
enced a slip long enough to significantly in-
crease the risk of an unavoidable fall (5 cm) 
performed significantly worse on the dynamic 
stability test (Punakallio et al., 2005). Thus, a 
dynamic stability test may be used to evaluate 
balance abilities in firefighters and determine 
those who may be at a higher risk for slipping 
on the fireground.  They recommend institut-
ing training exercises that enhance balance 
abilities to firefighters training protocols.
A firefighter’s perceived work ability was •	
quantified through a work ability index 
(WAI) questionnaire at baseline in 1996 and 
repeated again 1999 (Punakallio et al., 2004).  
A poor performance on the balance test in 
1996 was found to be a reliable predictor of a 
reduced WAI in the 3-year follow-up.

In a separate set of studies in the United States, 
Kincl et al. (2002) have shown that changes in 
balance due to wearing PPE can be determined 
by measuring postural sway during standing bal-
ance tests.  Their initial study indicated that high-
er levels of USEPA PPE altered postural stability 
significantly; however, a recent study focusing 
on balance changes in firefighters indicates that 
wearing PPE – both with and without SCBA – 

actually improved postural stability (Sobeih et 
al., 2006).  These results contradict the functional 
and dynamic balance results from Punakallio et 
al. (2003) and Adams’ pilot study.  Another in-
teresting result from this study was that stability 
was found to decrease with prolonged shift work, 
indicating a possible increase in the propensity 
for slips and falls later in a firefighters’ shift.  

Analyses of the effect of firefighting PPE on the 
ability to walk with a normal gait cycle are much 
scarcer than balance studies.  Biomechanical per-
formance has been found to decrease with PPE 
use, as maximum walking speed and endurance 
time have been found to be reduced significant-
ly with the addition of PPE (Louhevaara et al., 
1995).  The authors correlated this result with the 
extra mass of firefighting PPE and SCBA.  They 
conclude that all means to decrease the weight 
of firefighting PPE should be considered in order 
to maintain sufficient power output in physically 
demanding firefighting activities.

Preliminary results from a current study con-
ducted at the University of Illinois focusing on 
the effect of SCBA cylinder weight suggests that 
gait stability while negotiating obstacles is im-
paired by a heavier SCBA cylinder (Park et al., 
2008). Reductions in all gait parameters (e.g., 
gait speed, step length, obstacle clearance) were 
found, suggesting reduced obstacle crossing 
safety. Furthermore, these changes appear to be 
accentuated by increasing walking speeds and 
obstacle height. These studies indicate modifica-
tions in firefighting PPE can affect gait; however, 
it is not known how strenuous firefighting activi-
ties with the combined effect of heat stress and 
PPE use affects the biomechanics of balance and 
gait stability.



Central Role of Heat Stress

Firefighting involves performing strenuous mus-
cular activity in a hot and hostile environment 
while wearing heavy and restrictive PPE.  As a 
result of this combination of stressors, firefight-
ers experience heat stress.  Heat stress, and the 
resulting elevation in body temperature, has a 
myriad of effects on the human body, most no-
tably: hastening the onset of muscular fatigue, 
promoting dehydration, increasing cardiovascu-
lar strain, and interfering with cognitive function.  
Firefighters are vaguely aware of all these effects 
– that is, every firefighter knows that firefighting 
leads to muscular fatigue, profuse sweating, high 
heart rates, and, at times, trouble concentrating 
on multiple tasks simultaneously.   

The USFA noted that in 2005 there were 3,550 
reported injuries due to thermal stress, which is 
a low estimate given the under-representation of 
injuries reported to the federal database (USFA, 
2006). Among these injuries, 2,480 occurred 
while operating on a fireground, demonstrating 
the additive effect of PPE and firefighting activ-
ity. Tens of thousands of firefighters are also in-
jured each year due to slips, trips and falls on the 
fireground.

We hypothesize that heat stress also plays a cen-
tral role in firefighter fatalities and injuries.  Sud-
den cardiac death is the leading cause of line-of-
duty fatalities, and it is well established that heat 
stress increases cardiovascular strain. It is well 
accepted that heat stress adds to the work of the 
heart due to the need to supply blood to work-
ing muscles and the skin, because of the sweating 
which decreases plasma volume, and a decrease 
in venous return due to vasodilation in the veins. 
There is also recent evidence that heat stress may 
activate platelets and lead to greater coagula-
tion. Figure 1.9 presents an integrated model of 
the role of heat stress in contributing to the lead-
ing cause of line-of-duty death (sudden cardiac 
events) and the leading cause of line-of-duty in-
jury (slips, trips and falls). This model provides 
the theoretical framework for the research project 
presented in Part 2. 

Tens of thousands of firefighters are injured each 
year due to slips, trips and falls on the fireground.  
Heat stress leads to the early onset of muscular 
fatigue and hence may be a contributing factor to 
these injuries through changes in the firefighters’ 
biomechanics associated with walking and bal-
ancing.  
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Figure 1.9. Model of the role of heat stress in contributing to firefighter injuries and fatalities.

Cardiovascular 
Changes

Biomechanical
Changes

Sudden Cardiac EventsSlips, Trips, Falls

Overexertion/
Strain

Heat Stress

Fatigue

Fire�ghting



26                           Part One: Theoretical Foundation



Firefighter Fatalities and Injuries: The Role of Heat Stress and PPE                                   27

Study Background/Significance

Part Two: Research Project

As outlined in Part 1, firefighting is a dangerous 
profession with a significant incidence of occu-
pational fatalities and injuries. Over the past 15 
years, 40% to 50% of line-of-duty deaths in the 
fire service were caused by overexertion or stress 
and associated cardiovascular disruptions that re-
sulted in heart attacks (LeBlanc and Fahy, 2006). 
This percentage of heart-related occupational fa-
talities is nearly double that of the next highest 
profession (USFA, 2002). In addition to the trag-
edy of lives cut short and the emotional impact of 
a firefighter fatality on the family, the department 
and the community, there is a significant finan-
cial cost to federal and state government. As of 
October 2005, the federal government death ben-
efit paid to the survivors of each fallen firefighter 
is approximately $283,000. If current trends con-
tinue, more than $14 million will be paid in death 
benefits in 2008 due to heart attacks alone. The 
financial and emotional burden of fatalities will 
continue every year until heart-related fatalities 
are significantly reduced. These staggering costs 
do not even include the medical and additional 
expenses from the 600-1,000 additional on-duty 
firefighters who suffer non-fatal heart attacks 
each year (Karter and Molis, 2006).

Additionally, tens of thousands of firefighters 
are injured in the line of duty each year. Encour-
agingly, total fireground injuries have declined 
since 1990, following the national trend in total 
fire incidence; however, injuries due to slips, trips 
and falls – the leading cause of fireground injury 
– have not decreased nearly as rapidly. Many of 
these injuries can be traced to changes in biome-
chanics – especially in balance and gait – that 



result from the heat stress and fatigue of fire-
fighting. While slips, trips and falls are the most 
common source of firefighter injury, they are also 
among the most devastating in lost work time, 
increasing staffing costs and potentially reducing 
personnel available for emergency response.
  
While fighting a fire, the human body is stressed 
by a combination of factors including strenuous 
muscular work, intense heat, and heavy, restric-
tive, and highly insulative personal protective 
equipment. These combined factors lead to heat 
stress and cardiovascular disruptions that may 
contribute to heart attack fatalities, as well as 
changes in biomechanics resulting in slip, trip and 
fall injuries. Therefore, it is necessary to system-
atically investigate the magnitude of the cardio-
vascular disruptions and biomechanical changes 
associated with strenuous firefighting activities 
and scientifically test interventions designed to 
lessen the detrimental changes that increase the 
risk of heart attack or slips, trips and falls.

Few interventions can be designed to reduce 
the muscular work or intense heat encountered 
during firefighting activities; however, every 
structural firefighter in the country wears simi-
lar personal protective equipment, making it an 
attractive option for intervention. Furthermore, 
our previous research has documented that PPE 
configuration can affect physiological and per-
formance variables (Smith et al., 1998; Smith et 

al., 1995). Thus, redesigning PPE to reduce heat 
stress and mitigate cardiovascular disruptions 
and biomechanical changes may positively affect 
both the leading cause of firefighter fatalities and 
injuries.

The urgent need for this type of research is clear-
ly highlighted in the National Fallen Firefight-
ers Foundation’s National Fire Service Research 
Agenda (NFFF, 2005). This project addresses 
three issues that the agenda identifies as high-
est priority for reducing firefighter line-of-duty 
deaths and injuries:

Risk factors relating to cardiovascular disease •	
in the fire service

 Physiological and psychological effects of •	
heat stress
Identifying fireground factors that contribute •	
to fire service injuries and fatalities

®
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Purpose

There were three primary purposes of this study:
To determine the prevalence of specific car-•	
diovascular risk factors or early indications 
of cardiovascular disease in a cohort of vol-
unteer and career firefighters.
To investigate the effects of simulated fire-•	
fighting activity on: 

Physiological and perceptual variables,o 
Blood parameters (especially related to o 
clotting), and
Gait and balance variables.  o 

To determine if the gear ensemble worn dur-•	
ing firefighting activity affected the responses 
listed above. 

Part Two: Research Project



Methodology

Study Design
Participants who were enrolled in the study were 
asked to complete two test periods: 

Live fire test period at the •	 Illinois Fire Ser-
vice Institute (IFSI), which included per-
forming simulated firefighting activities in a 
training structure that contained live fires.
Lab test period that included visiting the •	 Car-
diovascular and Exercise Research Labo-
ratory at the University of Illinois, where 
resting measures of cardiovascular health 
were obtained.  

A total of 122 firefighters completed the firefight-
ing activities at IFSI, and 110 firefighters com-
pleted a cardiovascular assessment at the Cardio-
vascular and Exercise Research Laboratory.

Subjects
Participants were male firefighters from fire de-
partments across the state of Illinois; affiliation 
with career or volunteer fire departments was di-
vided nearly evenly. Firefighters were recruited 
for participation in the study primarily through 
word of mouth but also using informational bro-
chures, courses at IFSI, and principal investigator 
visits to firehouses and fire association meetings. 
All participants were fully informed of the pur-
pose of the study, were told that their participa-
tion was voluntary, were provided an opportunity 
to ask questions of the investigators, and were 
informed of the requirements of participation.  
Participants were then asked to read and sign an 
informed consent document indicating that they 

understood the risk and benefits of participation, 
the procedures involved, and that their participa-
tion was voluntary.  

Prior to participation in the testing, participants 
were also required to complete a health history 
questionnaire.  Firefighters who indicated that 
they had a diagnosed history of atherosclerotic 
cardiovascular disease or who were taking medi-
cations for high blood pressure or cholesterol 
were excluded from participating in the study.  
Participants who had taken medication that af-
fects blood platelets or blood clotting (such as 
aspirin, other pain relievers or cold medications) 
were not allowed to participate until at least 7 
days had elapsed since their last ingestion of such 
medication.  Firefighters who reported a history 
of balance and gait impairments, neurological 
disease, reduced visual function or who wore 
PPE outside the size range available were not 
able to participate in the study.
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Testing Protocol 
During the lab test period (either prior to the fire-
fighting activities or more than 48 hours after fire-
fighting), firefighters underwent a test session in 
the Cardiovascular and Exercise Research Labo-
ratory.  Each of the 110 participants arrived at the 
lab having not eaten, smoked or consumed alco-
hol or caffeine for at least 4 hours.  While at the 
laboratory, participants underwent a non-invasive 
assessment for a number of early indicators of 
cardiovascular disease, including measurement 
of carotid artery stiffness, augmentation index 
(wave reflection), carotid intima-media thick-
ness, flow mediated dilation, pulse wave velocity 
and forearm blood flow.

Measures
Carotid Stiffness. Carotid pressure was first 
obtained using a pen-shaped transducer (Atcor 
SphygmoCor). Following this, stiffness of the 
carotid artery was measured using ultrasound 
technology (Aloka ProSound 5500). A linear 
probe was used to record changes in artery diam-
eter during the cardiac cycle in the carotid artery.  
Stiffer arteries are associated with an increased 
risk of cardiovascular disease.

Augmentation Index (AIx). Radial artery pres-
sure waveforms were attained using the same 
pen-shaped transducer at the wrist. Waves are 
reflected at arterial bifurcations (where the ar-
tery splits) and based on the reflection of these 
waves relative to the initial blood pressure wave, 
augmentation index (the increase in blood pres-
sure due to reflected pressure waves) and wave 
reflection time were determined.  Stiffer arteries 
are associated with higher augmentation index, 
lower reflection time, and increased risk of car-
diovascular disease.

Intima-Media Thickness (IMT). Using ultra-
sound technology, an image of the carotid artery 
was obtained and recorded. The image was then 
analyzed to determine the thickness of the in-
ner lining of the artery, called the intima-media.  
Increased thickness of this layer is indicative of 
atherosclerotic plaque deposition in the arterial 
wall.

Flow-Mediated Dilation (FMD). Blood flow was 
measured at rest and after 5 minutes of occlusion 
(to cause a maximal blood flow response). With 
the participant lying on his back, an ultrasound 
probe was placed on the brachial artery (inside 
of the upper arm). Blood flow velocity and artery 
diameter were recorded over a 10-second period 
at rest to determine baseline blood flow. To de-
termine the ability of the artery to dilate and in-
crease blood flow, a standard blood pressure cuff 
was placed over the forearm and inflated to 250 
mmHg to occlude the forearm and hand blood 
flow for 5 minutes. After 5 minutes of occlusion, 
the cuff was released and blood flow and artery 
diameter was again measured over a 3-minute 
period to assesses the blood flow response to oc-
clusion.  A higher blood flow and dilation follow-
ing occlusion indicates the ability of the blood 
vessels to increase blood supply to tissue.  Con-
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versely, a low maximal blood flow and dilation 
following occlusion suggests the vessels are not 
able to respond appropriately to the need for in-
creased blood flow.

Pulse Wave Velocity (PWV). Regional arterial 
stiffness was measured using pulse wave veloc-
ity. To assess heart rate, three electrodes were 
placed on the subject’s torso, one on each collar 
bone and a third on the lower rib.  Using the pen-
shaped transducer, arterial waveforms were re-
corded at two sites: the carotid artery in the neck 
and the femoral artery at the top of the leg. The 
distance between these sites was measured using 
a tape-measure. After the pulse waveforms were 
obtained by the transducer, the velocity was cal-
culated by dividing the distance between sites by 
the time it took waveforms to traverse the various 
pulse sites.  A higher velocity is indicative of a 
stiffer vessel in that region.  

Forearm Blood Flow. A pressure-sensitive strain 
gauge was placed around the widest portion of 
the forearm while a standard blood pressure cuff 
was placed over the upper arm. The cuff on the 
upper arm was inflated to a low pressure (50 

mmHg) and then deflated every 15 seconds while 
the strain gauge measured forearm blood flow via 
changes in forearm circumference. 

Peak Forearm Blood Flow (reactive hypere-
mia). A standard blood pressure cuff was placed 
over the upper arm and inflated to a pressure of 
250 mmHg for 5 minutes. Following release of 
this cuff, a second cuff over the upper arm was 
inflated to a low pressure (50 mmHg) and then 
deflated every 15 seconds while a strain gauge 
placed around the widest portion of the forearm 
measured forearm blood flow via changes in 
forearm circumference for 3 minutes.
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Illinois Fire Service Institute Live Fire 
Test Period 

Testing Protocol 
Figure 2.1 provides a timeline of the live fire test-
ing protocol conducted at the Illinois Fire Ser-
vice Institute for each of the 122 firefighters that 
completed this portion of the study.  

The day prior to testing, a research staff mem-
ber met with each participant and provided them 
with a gastrointestinal (GI) temperature pill (Mini 
Mitter VitalSense Core Temp Capsule). Each 
participant was given instructions to ingest the 
pill about 8-12 hours prior to the live fire testing. 
On the day of testing, participants reported to the 
6-story Burn Tower on the IFSI Champaign cam-
pus. Firefighters began their check-in procedure 
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Figure 2.1. Timeline for the live fire testing protocol.

Symbol Description

Firefighting Activities
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PPE
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PPE

Check-in

Balance or Gait analysis:
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Pre-firefighting, Post-firefighting - in PPE   

Blood collection:
Pre-firefighting, Post-firefighting   

Psychological Questionnaires:
Pre-firefighting, Post-firefighting   

Physiological data collection:
Pre-firefighting, Post-firefighting   

Each colored bar indicates 5 minutes 

Rehab
Set up Rest Rest Rest Rest

Stair Entry Search Hose



in the North Bay. During check-in, a research 
staff member verified the completion of all pre-
requisite forms. The participant was then given a 
clipboard with their participant ID number and a 
data sheet.

After their blood draw, participants donned their 
PPE (except for their mask and hood), and re-
peated the Balance or Gait Test in full gear. Base-
line physiological data (heart rate, temperatures, 
blood oxygenation, blood carboxylation) were 
then recorded, and the participants were asked 
to provide answers to several perceptual mea-
sures (thermal sensations, respiratory difficulty, 
how good/bad they felt). The participants then 
met with a principal investigator and reviewed 
the tasks that would be performed on the live fire 
testing course. Upon notification by an investiga-
tor, the participants then donned their mask and 
hood, turned on their SCBA, locked their regula-
tor into their mask, and entered the live-fire train-
ing course.

Burn Structure and Temperatures  
Live-fire testing was conducted on the second 
floor of the Illinois Fire Service Institute Burn 
Tower. The reusable Burn Tower is concrete 
block and steel construction with steel doors 
and windows to provide ventilation. The second 
floor is laid out as shown in Figure 2.2, with a 
lower level measuring 14.5 by 19.5 feet where 

Upon completion of the check-in process, the 
participant was sized for the specially designed 
PPE. PPE type (Standard or Enhanced) was as-
signed based upon the order of the participants 
entering the testing course, so that PPE type al-
ternated as much as possible. Participants were 
then instrumented with a heart rate monitor (Po-
lar Electro, Inc., Vantage XL) and skin patches 
on the forearm and neck to record temperature 
(Mini Mitter VitalSense Dermal Patch). 

Once sized for PPE, the participants proceeded 
to the South Bay where several biometric base-
line measurements were collected (height, leg 
length).  The participants then performed either a 
Balance or a Gait Test in their station uniform and 
proceeded to the Blood Draw Room, located just 
adjacent to the South Bay, where several tubes of 
blood were drawn for subsequent analysis.
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all firefighting activities took place and an upper 
level measuring 20 x 20 feet raised 2 feet from 
the lower floor.  Two firesets, loaded with wood 
pallets and straw (for ignition purposes only) 
were located on the upper level, 5 feet back from 
the lower level. The structure provided multiple 
means of egress – stairs to the first floor, stairs 
to the third floor, and a door to the upper level 
of the second floor, where a ladder to the ground 
was available.  

In order to maintain room temperatures, three 
thermocouples were installed in the building 
near the search station: located 6 inches above 
the floor, 4 feet above the floor and 8 feet above 
the floor (~1 foot below the ceiling).  Type K 
(chromel-alumel) thermocouples with factory-
welded beads were utilized in conjunction with 
a digital data acquisition system (Omega Engi-
neering, OM-DAQPRO-4300).  Data was sam-
pled from each thermocouple every 10 seconds 
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Figure 2.2. Schematic of 2nd floor of IFSI Burn Tower set up for research protocol.

Station 3: Search Station

Station 2: 
Chopping Station

Station 4: Hose 
Pulling Station

Station 1: Stair Climb

Fireset

Thermocouple Location

Veranda

Stairs from 
1 to 2

Stairs from 
2 to 3

Fireset



Figure 2.3. Temperature on the 2nd floor of the Burn Tower during testing.

and was continuously monitored to maintain the 
room conditions as consistent as possible (Figure 
2.3).  

Firesets were lit anywhere from 30 minutes to 
one hour prior to subjects beginning their live-
fire testing. By preheating the building, relatively 
stable conditions could be maintained during 
testing. Throughout the burn, trained stokers 
controlled the temperature monitored by the ther-
mocouples by adding small fuel packages to the 
firesets sequentially and controlling the ventila-
tion conditions in the room.  The temperatures at 
the mid-level point were maintained at roughly 
160-180ºF and the floor temperatures were main-
tained at 95-105ºF. The prescribed firefighting 
activities required subjects to work almost exclu-
sively in the vertical location between the middle 
and floor thermocouple. 

Simulated Firefighting Activities
The participants completed 18 minutes of sim-
ulated firefighting activities consisting of nine 
2-minute periods of alternating work-rest cycles.  
The work cycles included stair climbing, simu-
lated forcible entry, a simulated search and simu-
lated hose advance (Figure 2.4 a-d).  

Each participant was paired up with a member 
of the research staff, trained in firefighting, and 
wearing full PPE to safely escort them through-
out the protocol. Initially, the participant climbed 
a single flight of stairs to the second floor of the 
tower, walked to a corner of the room and knelt 
down for a 2-minute acclimatization period. Af-
ter acclimatization, the participant proceeded to 
walk up and down three stairs for 2 minutes.  The 
lower three stairs were used to maintain a con-
sistent thermal loading on the firefighter. These 
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Figure 2.4  Simulated firefighting activities: (a) stair climb, (b) forcible entry, (c) search and (d) hose advance.

(a) (b)

(c) (d)

stairs were 7.5 inches high, 11 inches deep, and 
30 inches wide. During each test, the escort mon-
itored the participant’s heart rate and radioed the 
highest rate during each station to the investiga-
tor downstairs. At the conclusion of each sta-
tion, the participant rested for 2 minutes as the 
safety escort demonstrated the next task. Next, 
the participant straddled a force machine (Keiser 
Force Machine), and used a 9-pound sledgeham-
mer to drive a sled 5 feet down and back on a 
metal track for 2 minutes. After another 2-minute 

rest period, the participant performed a second-
ary (slow and thorough) search from side to side 
along the back 14.5-foot wall for 2 minutes. This 
was again followed by a 2-minute rest period. In 
the final 2-minute station, the participant repeti-
tively completed a motion similar to advancing 
a charged hoseline on a 3.8-foot hose segment 
(1.5 inch diameter) attached to a cable that ran 
over a pulley and was suspended vertically out-
side the building with a 10-pound weight on the 
end. Upon completion of the final test, partici-



pants knelt quietly for 2 minutes and proceeded 
downstairs.

As soon as the participants descended the stairs, 
they were asked to remove their regulator, their 
hood, and one glove. They were then asked the 
same perceptual questions concerning how they 
felt, how hot they were, how hard they were 
working, and their respiratory difficulty.  Physi-
ological measures of body temperature, heart 
rate, blood oxygenation and blood carboxylation, 
readings were also obtained. 

As soon as the perceptual data were gathered, 
participants repeated the Balance or Gait Test for 
a third time, followed by a post-exertion blood 
sample collection. Once the blood draw was 
completed, firefighters were taken to the Reha-
bilitation area, where they were given water and/
or Gatorade and passively cooled. In Rehab, the 
participants’ core and skin temperatures, blood 
pressure, and heart rate were monitored.  After 
10 minutes, if the participant’s heart rate was 
under 100 beats per minute and they were not 
complaining of any symptoms of heat exhaus-
tion (such as dizziness, lightheadedness, nausea), 
they were released from the study. 

Personal Protective Equipment (PPE) 
Ensembles
Participants were assigned to one of two PPE 
ensembles prior to testing – either Standard or 

Enhanced PPE. Table 2.1 provides a comparison 
of the two ensembles. The Standard PPE was 
relatively heavy, provided a high degree of ther-
mal insulation and relatively low breathability.  It 
was designed to reflect the PPE that is worn by a 
“typical” fire department without a large budget 
for PPE.  The Standard PPE included bunker gear 
with a spun Nomex® lining, a Kevlar® fully-en-
capsulating hood, leather gloves with a Kevlar® 
wrist gauntlet, rubber boots and a traditional-style 
helmet.  The full ensemble weighed 24.5 pounds 
without the SCBA.  Both ensembles utilized the 
same SCBA, which weighed approximately 21 
pounds.

The Enhanced PPE was relatively light and pro-
vided less thermal insulation than the Standard 
PPE.  It was designed to reflect some of the light-
est PPE available that meets current NFPA stan-
dards, along with some novel design elements 
that may be brought to market in the near future.  
Enhanced PPE included bunker gear with an In-
dura FR cotton lining, a Nomex® hood, a low-
profile helmet, leather gloves, and lightweight 
leather boots. The Enhanced PPE also included a 
novel design element that circulated exhaled air 
from the firefighter face piece to the coat’s in-
ner lining in an attempt to assist with heat dis-
sipation by providing a means for evaporative 
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Enhanced Configuration

Bunker gear with an Indura FR cotton lin-
ing, which circulated exhaled air from the 

firefighter to the coat’s inner lining.
Nomex® hood
Leather gloves

Lightweight leather boots
Lightweight, low-profile helmet 

Standard Configuration

Bunker gear with a spun Nomex® lining

Kevlar® fully-encapsulating hood
Leather gloves - Kevlar® wrist gauntlet

Rubber boots
Traditional-style helmet

Table 2.1. Comparison of the PPE ensembles.

cooling within fully encapsulating PPE. The full 
ensemble weighed 21 pounds on average without 
the SCBA.

Both ensembles were provided by Total Fire 
Group, with design input from International 
Personnel Protection specifically for this study.  
Utilizing two sets of new PPE ensured that all 
participants were wearing PPE that was similarly 

“broken in.”  The materials used in both ensem-
bles meet NFPA 1971 standards, including for 
total thermal protection (TTP) and breathability 
(or total heat loss – THL).

Measures
Physiological Measurements. Core and skin 
(neck, forearm) temperature, heart rate, and 
carbon monoxide and oxygen saturation of the 
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blood data were collected while the firefighters 
were in station uniform prior to testing, after the 
participant donned his PPE (pre-firefighting) 
and after firefighting activities were completed    
(post-firefighting).  Additionally, heart rate was 
recorded while the participants were engaged in 
the simulated firefighting tasks in order to provide 
an index of the cardiovascular strain associated 
with each task. The participants’ core and skin 
temperatures were monitored using a Mini Mitter 
VitalSense Monitor.  Heart rate was recorded via 
a Vantage XL wireless heart rate monitor (Polar 
Electro, Inc.). Carbon monoxide and oxygen sat-
uration were measured immediately prior to and 
immediately after participants exited the course 
using a RAD-57 pulse oximeter/carboxyhemog-
olobinometer (Masimo, Inc.). 

Perceptual Measures. Table 2.2 provides an 
overview of each of the perceptual measure 
scales used in this study. Ratings of perceived 

My Breathing is 
OK Right Now

 

I am Starting to 
Breathe Hard

 

I am Not Getting 
Enough Air

I Can’t Breathe

1

2

3

4

5

6

7

   +5 Very Good
   +4                  
   +3 Good        
   +2                  
   +1 Very Good
    0                           
   -1 Fairly Bad
   -2                   
   -3 Bad           
   -4                   
   -5 Very Bad

Feeling Scale Breathing Scale Thermal Sensations
Borg’s Rating Scale

of Perceived 
Exertion

Table 2.2. Perceptual measures scales.

0.0  Unbearably Cold
0.5 
1.0  Very Cold
1.5 
2.0  Cold
2.5 
3.0  Cool
3.5 
4.0  Comfortable
4.5 
5.0  Warm
5.5 
6.0  Hot
6.5 
7.0  Very Hot
7.5 
8.0  Unbearably Hot

6  No Exertion at All
7 
8  Extremely Light
9  Very Light
10 
11  Light
12 
13  Somewhat Hard
14 
15  Hard (Heavy)
16 
17  Very Hard
18 
19  Extremely Hard
20  Maximal Exertion
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exertion (RPE) were recorded using the 15-point 
Borg scale (Borg, 1998). Subjects were asked to 
rate how hard they were working on the tasks 
during the period immediately preceding the data 
collection. Numbers on the scale were anchored 
with descriptions that ranged from “no exertion at 
all” (RPE=6) to “maximal exertion” (RPE=20).  
Perceptions of respiratory distress were assessed 
using the 7-point psychophysical scale category 
scale developed by Morgan and Raven (1985). 
Odd numbers on the scale were anchored with 
descriptions (e.g. “My breathing is okay right 
now,” “I can’t breathe,” etc). Perceptions of 
thermal sensations were assessed using the rat-
ing scale developed by Young et al. (1987), with 
verbal anchors ranging from unbearably cold to 
unbearably hot. These measures were adminis-
tered immediately before and after subjects had 
completed their 18 minutes on the testing course. 
Subjects made verbal responses that were veri-
fied and recorded by an investigator. Finally, state 
anxiety, which reflects feelings of nervousness 
and apprehension (Spielberger el at., 1983), was 
measured using a modified 10-item version of the 
State Anxiety Inventory (Form Y-1; Spieldberger 
et al. 1983) before testing began and again after 
testing was completed. 

Blood sampling.  Venous blood was drawn from 
the antecubital vein immediately before and af-

ter firefighting activity using a 21-gauge needle.  
Blood samples were obtained by a trained phle-
botomist with little or no stasis.

Complete Blood Cell Count.   Venous blood sam-
ples were collected in vacutainer tubes contain-
ing K3-EDTA, maintained at room temperature, 
and analyzed within 2.5 hours of collection.  CBC 
analysis was performed using a Cell-Dyn 3200 
automated analysis system (Abbott Diagnostics) 
using flow cytometry technology. 

Blood Chemistry.  Venous blood samples were 
collected in Serum Separator tubes, inverted sev-
eral times, allowed to clot at room temperature, 
and then centrifuged at  3,700 rpm for 9 minutes.  
Samples were stored refrigerated at 4ºC if sam-
ples were not tested immediately.  Testing for the 
following analytes was performed on the Vitros 
950 (Johnson & Johnson, Ortho Clinical):  Al-
bumin, Total Protein, Total Bilirubin, Calcium, 
Alkaline Phosphatase, AST, Sodium, Potassium, 
Chloride, Glucose, Creatinine, BUN, Carbon di-
oxide, ALT.

Platelet Function.  Venous blood samples were 
collected in a vacutainer containing 3.2% so-
dium citrate.  Samples were maintained at room 
temperature and analyzed within 2 hours of col-
lection.  Before analysis, the blood was properly 
mixed by gently inverting the tube three times by 
hand to ensure anticoagulation by 3.2% sodium 
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citrate. Epinephrine-induced and ADP-induced 
platelet aggregability was analyzed using a Plate-
let Function Analyzer (PFA-100, Dade Behring).  
The PFA-100 aspirates whole blood under high 
shear rates (5,000-6,000 seconds-1) through an 
aperture cut into the membrane coated with col-
lagen and adenosine 5’-diphosphate (collagen/
ADP) or epinephrine (collagen/Epi).   Blood was 
pipetted (800μl) into the disposable cartridges 
containing collagen-epinephrine and collagen-
ADP within one hour and analyzed for time to 
occlusion.  Results were represented in seconds 
to occlusion.  

 
C-Reactive Protein (CRP). Venous blood samples 
were drawn into vacutainers with no additives 
and then centrifuged at 1,200 times the force of 
gravity for 15 minutes at 39°F. Serum was stored 
at -112°F until analysis. High sensitivity ELISA 
kits were used to determine CRP levels in serum 
samples according to the manufacturer’s proto-
col (Diagnostic Automation Inc.). The functional 
sensitivity of the assay was determined to be 0.1 
milligrams/liter (determined with inter-assay co-
efficient of variation < 20%) and the intra- and 
inter-assay coefficient of variation 4.4% and 
3.3%, respectively.  

Coagulatory and Fibrinolytic Variables. Blood 
samples were drawn into tubes containing 3.2% 

sodium citrate for measurements of all coagula-
tion and fibrinolytic factors, except for the as-
sessment of  t-PA activity, in which those sam-
ples were drawn into Stabilyte tubes (Biopool, 
Wicklow, Ireland). All of these samples were 
centrifuged at 2,300 rpm for 25 minutes at 39°F 
with the plasma removed and placed into 12 ali-
quots, and stored at -70 degrees centigrade for 
later analysis.
  
PAI-1 antigen and t-PA antigen were analyzed in 
duplicate using an enzyme-linked immunosor-
bent assay kit (American Diagnostica, Stamford, 
CT).  Human prothrombin fragment 1+2 (PF1.2) 
was measured in duplicate using an enzyme-
linked immunosorbent assay kit (Dade Behring /
Siemens, New Castle, DE).  Factor VIII activity 
was analyzed in duplicate using a chromogenic 
assay kit (Chromogenix/DiaPharma Group Inc., 
West Chester, OH).

Balance and Gait. The goal of this portion of the 
study was to assess changes in gait and balance 
parameters due to the use of PPE, different PPE 
configurations and 18 minutes of strenuous fire-
fighting activities. Half of the study participants 
were tested using the gait protocol, while the re-
maining participants were tested on a new func-
tional balance test designed for this study.  Par-
ticipants were evaluated at three testing periods: 
initially in station uniform (baseline), after the 
participant donned his PPE (pre-firefighting) and 
after firefighting activities were completed while 
still in PPE (post-firefighting). Post-firefighting 
testing occurred within 1 to 2 minutes after com-
pleting the simulated firefighting activities (im-
mediately after collection of post-firefighting 
perceptual measures). 

Gait Protocol.  For the gait protocol, participants 
were instructed to walk at either of two speeds 
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(“normal, comfortable pace” or “as fast as you 
can without running”) on a 29-foot instrumented 
gait mat (GAITRite Platinum, CIR Systems Inc); 
(Figure 2.5). Changes in walking parameters on 
flat ground as well as crossing over a 12-inch ob-
stacle were investigated in separate passes.  At 
each testing period (baseline, pre-, post-firefight-
ing), participants were tested in four conditions 
(with two passes per condition):

Normal speed and no obstacle•	
Normal speed and 12-inch obstacle•	
Fast speed and no obstacle•	
Fast speed and 12-inch obstacle•	

These four conditions were randomized for each 
participant to minimize timing effects of the anal-
ysis.  Participants began walking 10 feet before, 
and continued walking 10 feet after reaching the 
gait mat to ensure the data were recorded from 
steady gait cycles.  Participants were instructed 
to look straight ahead while walking. During ob-
stacle trials, participants were told that they could 
look down while crossing over the obstacle. They 
were further told that if they made contact with 
the obstacle while crossing over it, they were to 
keep walking and not to look back.
  

During these trials, at least four research staff 
members were present to provide individualized 
safety oversight for each subject, ensure repeat-
able conditions, collect data, and record errors 

Figure 2.6. Functional balance assessment 
apparatus.
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during each pass (stepping outside the lines, con-
tacting the obstacle). Immediately prior to base-
line gait testing, the subject’s right and left leg 
length was measured.  “Leg length” is defined 
as the distance from the head of the greater tro-
chanter to the floor, bisecting the lateral malleo-
lus of the ankle.

Balance Protocol. To assess functional balance, a 
protocol similar to that developed by Punakallio 
(2004) was employed in this study (Figure 2.6).  
Participants began on a raised (6 inches tall) plat-
form, stepped down and walked on a 6-inch wide, 
10-foot long plank that was raised 1.5 inches 
from the ground, stepped up and turned around 
within a defined space (24×24 inches) on a sec-

4  Tall Platform

6  Tall Platform
6     10  Plank

Bar placed at
75% subject

height
Figure 2.5. Gait analysis apparatus.
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ond raised platform (4 inches tall), and walked 
back to stop within a defined 24×24 inch space 
on the original platform. Subjects were instruct-
ed to perform the task as quickly, but safely, as 
possible. On specific passes, the task was made 
more challenging by placing a horizontal obsta-
cle overhead (a lightweight rod) across the center 
of the pathway and set at 75% of the subject’s 
height. The obstacle was designed to fall away 
if contacted directly. The subjects performed two 
trials with no obstacle, four with the obstacle, 
and finally two trials with no obstacle. Each trial 
was timed by two investigators. Average time per 
trial was penalized by 5 seconds for a major er-
ror (obstacle fall) and 2 seconds per minor error 
(touching obstacle or floor, hand touching any 
part of the test apparatus, failure to turn or stop 
within defined space).

During these trials, at least three research staff 
members were present to provide individualized 
safety oversight for each subject, ensure repeat-
able conditions, collect data, and record errors 
during each pass. Two staff members used hand-
held stopwatches to record the time from the 
command “GO” until the participant returned to 

the starting platform and both feet in contact with 
the marked area in the taller platform.

Post-data collection and performance times were 
calculated by summing the four adjusted trial 
times per obstacle condition. Performance time 
was examined as a function of PPE, obstacle 
presence, and test period.  
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Results and Discussion

This section details the results from laboratory 
testing conducted at the Cardiovascular and Ex-
ercise Research Laboratory and live-fire testing 
performed at the Illinois Fire Service Institute.
 
Cardiovascular and Exercise Research 
Laboratory Test Period
 
Descriptive Data
Table 2.3 presents data on the 110 firefighters who 
underwent testing at the Cardiovascular and Ex-
ercise Research Laboratory.  Overall, our subjects 
were young (29.7 ± 8 years), apparently healthy 
firefighters.  The exclusion criteria employed by 
this study (no known history of cardiovascular 
disease or use of prescription medication for 
blood pressure or cholesterol problems) resulted 
in a group of test subjects that were healthier than 
the general population.

This test population was screened for cardiovas-
cular disease prior to testing, and thus the preva-
lence of actual cardiovascular dysfunction was 
low; however, the prevalence of risk factors asso-
ciated with cardiovascular disease was high.  In a 
few cases, data collection malfunctions occurred, 
so the total number of data points reported for 
each measure may be different than 110.  

Measures of Cardiovascular Health
Nearly 75% (82/110) of the firefighters were clas-
sified as overweight (BMI > 25.0 kg/m2). More 
than a quarter of the firefighters (27/110) were 
classified as obese, having a body mass index 
(BMI) > 30.0 kg/m2. Obesity is a primary risk 
factor for cardiovascular disease, while being 
overweight also increases the risk of premature 
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mortality; however, a substantially lower number 
(13/109) of firefighters had a waist circumfer-
ence greater than 102 cm. A waist circumference 
of this size indicates central adiposity (increased 
fat in the midsection), and it is specifically linked 
to cardiovascular problems, diabetes, and prema-
ture mortality. 

Hypertension (high blood pressure) is another 
primary risk factor for cardiovascular disease. 
Brachial blood pressures showed that 8 out of 
110 of the firefighters showed a systolic reading 
classifying them as hypertensive (> 140 mmHg).  
More than 65% (76/110) of the firefighters had 
systolic blood pressure greater than 120 mmHg 
but still under 140 mmHg, which classifies them 
as pre-hypertensive – a state that can easily es-
calate to true hypertension. High central (aortic) 
blood pressure is also a concern as high choles-
terol, smoking, and the metabolic syndrome may 
have greater effects on central blood pressure 
than on brachial blood pressure. Approximately 
one third of the firefighters (39 of 110) showed 
systolic central blood pressures greater than 110 
mmHg. 



Augmentation index (AIx) and pulse wave veloc-
ity (PWV) indicate systemic arterial stiffness and 
regional arterial stiffness, respectively. A higher 
AIx and PWV indicate higher arterial stiffness, 
which is linked with endothelial (vascular) dys-
function and is a precursor of cardiovascular dis-
ease. Proposed thresholds for AIx for men aged 
30 and age 40 are 22% and 30%, respectively. Of 
the 110 firefighters, only 12 showed an AIx great-
er than 20%. Furthermore, even fewer (8/109) 
firefighters showed central PWVs  of greater than 
8.0 m/s, and none had central PWVs over 10.0 

m/s. These values indicate a low prevalence of 
increased arterial stiffness in our cohort of rela-
tively young, healthy firefighters. 

Flow mediate dilation (FMD) indicates the bra-
chial artery’s ability to increase blood flow in 
response to occlusion, and reactive hyperemia 
(RH) indicates the capillaries’ ability to increase 
blood flow in response to occlusion.  Collective-
ly, these measures represent endothelial function. 
Few firefighters (8/109 and 17/89, respectively) 
exhibited poor reactive hyperemia and flow me-
diate dilation.

Table 2.3. Cardiovascular health measures.

Variable N Mean SD Min Max Range Healthy Ranges

# Outside 
Healthy 
Ranges

% Outside 
Healthy 
Ranges

Age 110 29.7 7.9 18 48 30 N/A N/A N/A

BMI 110 28.1 4.4 18.9 43 24.1 18.5-25.0 82 74.6%

Waist Circumference   (cm) 109 85.5 10.1 65.5 125.5 60 <102 13 11.9%

SBP (mmHg) 110 125.9 9.3 99 153 54 <120 84 76.4%

DBP (mmHg) 110 70.4 9.3 55 106 51 <80 16 14.6%

MAP (mmHg) 110 89 8.4 73 120 47 <93.3 33 30.0%

Aortic SBP (mmHg) 110 106.5 10.3 85 140 55 <110 39 35.5%

Aortic DBP (mmHg) 110 71 9.3 56 107 51 <75 37 33.6%

AIx (%) 110 0.7 14.1 -37 37 74 <20% 12 10.9%

Central PWV (m/s) 109 6.4 1 3.9 9.2 5.3 <8.0 8 7.3%
Peak Forearm Blood Flow 

(ml/100 ml tissue/min) 109 30.16 8.11 10.04 52.76 47.7 >20.0 8 7.3%

Reactive Hyperemia (AUC) 109 103.5 40.0 32.3 225.0 192.7 N/A N/A N/A

Beta Stiffness 110 5.26 1.88 2.40 15.3 12.9 N/A N/A N/A

Arterial Compliance 110 1.28 0.36 0.45 2.22 1.77 N/A N/A N/A
Carotid Intima Media Thick-

ness (mm) 109 0.48 0.09 0.30 0.80 0.50 <1.0 0 0.0%

FMD - Percent Dilation (%) 89 7.01 3.76 1.08 21.1 20.06 >4.0% 17 19.1%
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The thickness of the lining of the carotid artery, 
know as the intima-media, indicates vascular hy-
pertrophy, which is also an independent predictor 
of cardiovascular disease morbidity and mortal-
ity. None of the firefighters exhibited a value of 
0.04 inches or greater. The values found in our 
sample of firefighters are typical for the age of 
the population studied.

CRP levels of the 122 firefighters who participat-
ed in the live fire testing period (described in the 
following section) were also tested as an early 
indicator of cardiovascular disease.  The mean 
CRP values were 1.57 (range .01 -16.42).  Twenty 
eight percent of the firefighters had a CRP level 
between 1.0 and 3.0 (moderate risk) and 14% had 
a CRP value greater than 3.0 (high risk).

In summary, this young, healthy population of 
firefighters exhibits few signs of cardiovascular 
disease but a high prevalence of obesity and pre-
hypertension, which potentially increase the risk 
for cardiovascular disease later in life. Given the 
strenuous nature of firefighting combined with 
heat stress, and the high incidence of cardiovas-
cular events while on duty, screening for these 
risk factors is important. Obesity and blood pres-
sure are the first signs of cardiovascular risk in 
these firefighters.

Illinois Fire Service Institute Live Fire 
Test Period - Physiological and 
Perceptual Results
The results presented in this section detail the 
firefighting activities undertaken at the Fire Ser-
vice Institute. The test population for this portion 
of the study was 122, most of whom participat-
ed in the Cardiovascular and Exercise Research 
Laboratory test period. Again, in a few cases data 
collection malfunctions occurred, so the total 
number of data points reported for each measure 
may be different than 122. 
 
As one of the purposes of the investigation was to 
examine the effects of the different PPE configu-
rations, analyses were conducted to examine both 
the effects of the gear itself (referred to herein as 
the Gear main effect), the effect of the firefight-
ing activities (referred to as the Time main ef-
fect), and the interaction of the Gear with the fire-
fighting activities (referred to as the Gear x Time 
interaction). The analyses are conducted in three 
steps: Descriptive analyses were assessed for 
each of the main outcome variables of interest; 
clusters of relevant variables (e.g., blood chemis-
try, hematological, perceptual) were analyzed to-
gether within a multivariate analytic framework 
to assess the Gear, Time, and Gear x Time effects; 
any significant multivariate effects were then fur-
ther examined by analyzing individual outcome 
variables within a univariate analytic framework 
to determine which were driving the multivariate 
effects. 

Overall, significant physiological effects were 
seen as a result of the firefighting activities per-
formed in the hot environment; however, little 
overall difference was demonstrated between the 
two gear types as well as the gear types interact-
ing with the firefighting activities. 



Descriptive Data
Table 2.4 presents the descriptive data on 116 of 
the 122 firefighters who were tested under live 
fire conditions at the University of Illinois Fire 
Service Institute.  The firefighters represented a 
mix of career (52%) and volunteer (48%) fire-
fighters with a broad range of firefighting expe-
rience (from less than 1 to more than 30 years, 
with an average of 7.5 years).

Physiological Results
Temperature (core and skin – neck, arm) and 
heart rate responses are presented in Table 2.5. 
The multivariate analysis revealed significant ef-
fects of Time (i.e., firefighting activity; p<0.001), 

but no Gear effect and no Gear x Time interac-
tion (p>0.05). Univariate analyses revealed sig-
nificant increases in each variable as a result of 
the firefighting activity (all p<0.001). Post-trial 
core temperature was nearly identical for both 
gear types but also increased after the trial by an 
average of 1.3°F. Neck temperature increased by 
approximately 9°F for both gear types, and again 
there was no significant difference between the 
configurations. Arm temperature showed a higher 
increase in the Enhanced gear, as measured both 
in percentage and actual terms (11°F to 9.5°F). 
This increase can be explained by the thinner in-
ner lining of the Enhanced gear. 

Core Temperature (°F)
Neck Temperature (°F)
Arm  Temperature (°F)
Heart Rate (bpm)

Pre FF

99.7 ± 0.7
91.4 ± 3.4
90.7 ± 3.6

94.5 ±  18.9

Post FF
100.9 ± 1.6
100.6 ± 2.7
100.2 ± 2.2
169.1 ± 15.4

% Change

1.9
15.5
16.3
78.9

Pre FF

99.5 ± 0.7
92.8 ± 2.9
89.8 ± 3.1
91.3 ± 18.9

Post FF

100.8 ± 0.7
101.7 ± 1.4
100.8 ± 1.6
167.2 ± 14.2

% Change

1.9
14.5
19.0
83.1

Table 2.5. Physiological responses to firefighting activity to standard and enhanced PPE (mean + SD).

            Standard Enhanced 

Standard PPE (n = 59)
29.5 ± 7.5
70.9 ± 2.8

191.8 ± 32.1
27.6 ± 4.0
34.9 ± 3.8

Age (years)
Height (inches)
Weight (pounds)
BMI
Waist Circumference (inches)

Enhanced PPE (n = 57)
29.4 ± 8.5
70.9 ± 2.8

195.6 ± 36.4
28.6 ± 4.9
35.6 ± 4.4

Table 2.4. Descriptive variables for participants in live fire testing (mean + SD).

48                                    Part Two: Research Project



Firefighter Fatalities and Injuries: The Role of Heat Stress and PPE                                   49

Firefighting activity also resulted in a significant 
increase in heart rate for both gear configura-
tions. Post-trial heart rates increased significantly 
in both gear variations (an average peak HR of 
168 beats per minute), an increase of 75 beats per 
minute from pre-trial to post-trial; however, there 
was no significant difference between the maxi-
mum heart rate for the two gear configurations 
(Standard PPE = 169.1, Enhanced PPE = 167.2 
beats per minute).
 
The heart rates recorded post-firefighting were 
taken after the firefighters completed the four 
firefighter tasks, then rested for two minutes n 
the fire room.  In most cases, these values were 
lower than the peak heart rate recorded during 
the firefighting task.
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Blood Chemistry Results
Results from the blood chemistry data are pre-
sented in Table 2.6, along with the percentage of 
change within each gear configuration from pre- 
to post-firefighting activity. The multivariate anal-
ysis showed no effect of the gear configuration or 
the interaction of Gear with Time, but there was 
a significant effect of time (i.e., firefighting activ-
ity; p<0.001). Following up on the multivariate 
effect of Time, univariate analyses revealed sig-
nificant changes (p<0.001) in each of the vari-
ables (potassium was significantly increased at 
p=0.001), except for chloride and total bilirubin 
(p>0.05). Glucose increased significantly in both 
gear types, reaching a mean peak of 105 mg. dL-1. 
The elevated glucose levels, which increased 
more than 25% from pre- to post-firefighting, 
was likely due to the observed hemoconcen-
tration and increased sympathetic nervous and 
hypothalamo-pituitary-adrenal (HPA) system ac-
tivation (Kjaer et al., 1991).  An increase in crea-
tinine levels of 18.2%, although peaking at only 
1.3 mg∙dL-1, along with concomitant increases in 

total protein and albumin, indicate a fairly sig-
nificant level of dehydration. All other measured 
variables (blood urea nitrogen, sodium, potas-
sium, calcium, aspartate aminotransferase, al-
kaline phosphatase) demonstrated changes from 
pre- to post-firefighting measurements; however, 
they were not outside the normal clinical values 
and the general trend of increasing concentra-
tions likely reflects hemoconcentraion due to the 
overall decrease in plasma volume. 

Hematological Results
Results of the hematological responses are pre-
sented in Table 2.7, along with the percentage of 
change within each gear configuration from pre- 
to post-firefighting activity.  Once again, there was 
no significant effect of Gear or the interaction of 
Gear with Time. There was a significant effect of 
time (p<0.001) on the hematological response, 



                                Enhanced (n = 61)

Pre FF Post FF % 
Change Pre FF Post FF % 

Change

Glucose 
(mg . dL-1) 80.9 ± 14.3 104.9 ± 20.3 29.7 83.1 ± 19.8 104.2 ± 18.6 25.4

Blood Urea Nitrogen 
(mg . dL-1) 15.2 ± 3.7 14.8 ± 3.6 -2.6 15.5 ± 3.5 15.0 ± 3.4 -3.2

Creatinine 
(mg . dL-1) 1.13 ± 0.15 1.34 ± 0.18 18.2 1.12 ± 0.15 1.31 ± 0.17 18.2

Sodium
(mmol .L-1) 142.7 ± 1.4 145.4 ± 1.7 1.9 142.8 ± 1.3 145.0 ± 1.2 1.5

Potassium
(mmol .L-1) 4.01 ± 0.33 4.14 ± 0.30 2.5 4.1 ± 0.4 4.21 ± 0.23 2.4

Chloride
(mmol .L-1) 102.4 ± 2.2 102.7 ± 13.7 0.3 102.7 ± 1.9 104.4 ± 2.3 1.7
Total Bilirubin
(mg . dL-1) 0.49 ± 0.32 0.57 ± 0.34 0.2 0.57 ± 0.36 2.08 ± 0.43 2.5

Calcium
(mg . dL-1) 9.8 ± 0.3 10.5 ± 0.3 7.1 9.7 ± 0.3 10.5 ± 0.4 8.2

Total Protein
(g . dL-1) 7.5 ± 0.4 8.3 ± 0.4 10.7 7.4 ± 0.4 8.2 ± 0.4 10.8

Albumin
(g . dL-1) 4.75 ± 0.24 5.36 ± 0.27 14.9 4.63 ± 0.23 5.3 ± 0.26 15.2

Aspartate 
Aminotransferase
(µ . L-1) 31.8 ± 10.6 34.5 ± 11.7 8.5 29.7 ± 8.7 32.6 ± 10.1 9.8

Alanine 
Aminotransferase
( µ . L-1) 36.6 ± 11.9 35.4 ± 13.0 -3.3 35.3 ± 12.9 34.1 ± 14.1 -3.4

Alkaline 
Phosphatase
( µ . L-1) 77.6 ± 14.7 81.5 ± 17.0 5.0 83.7 ± 19.0 88.7 ± 19.1 6.0

Biocarbonate
(mmol .L-1) 27.2 ± 2.0 19.1 ± 2.7 -29.8 27.5 ± 2.3 19.0 ± 2.6 -30.9

Table 2.6. Blood chemistry response to firefighting activity in standard and enhanced PPE (mean + SD).

Standard (n = 60)
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demonstrating the effects of firefighting activity.   
There was an increase in red blood cells, hemo-
globin and hematocrit of approximately 5%. The 
reduction in plasma volume, calculated using the 
Greenleaf Hgb/Hct method, was 9.1%.

There was a significant increase of total leuko-

cyte count from pre- to post-firefighting, with the 
number of leukocytes increasing by 38% in both 
gear configurations. The magnitude of exercise-
induced leukocytosis is dependent on intensity 
of exercise, with increases of 20% to 50% be-
ing common for moderate intensity exercise. In-
creases in monocytes, lymphocytes and neutro-

Part Two: Research Project

Standard (n = 60)      Enhanced (n = 61)

Pre FF Post FF % Change Pre FF Post FF % Change

Red Blood Cells 
(M . µL-1) 5.0 ± 0.7 5.4 ± 0.3 8.0 5.1 ± 0.3 5.4 ± 0.3 5.9

White Blood Cells
(K . µL-1) 7.1 ± 1.6 9.8 ± 2.2 38.0 7.5 ± 2.3 10.4 ± 2.9 38.7

Monocytes
(K . µL-1) 0.59 ± 0.15 0.79 ± 0.22 33.3 0.58 ± 0.16 0.78 ± 0.23 33.3

Lymphocytes
(K . µL-1) 2.5 ± 0.9 3.7 ± 1.2 48.0 2.2 ± 0.6 3.5 ± 1.1 59.1

Neutrophils
(K . µL-1) 3.7 ± 1.4 4.9 ± 1.5 32.4 4.5 ± 1.8 5.8 ± 2.1 28.9

Eosinophils
(K . µL-1) 0.19 ± 0.15 0.21 ± 0.17 10.5 0.14 ± 0.15 0.20 ± 0.18 5.3

Basophils
(K . µL-1) 0.10 ± 0.03 0.15 ± 0.05 50.0 0.09 ± 0.05 0.19 ± 0.06 55

Hemoglobin
(g . dL-1) 15.8 ± 0.8 16.5 ± 0.8 4.4 15.6 ± 1.7 16.5 ± 1.0 5.8

Hematocrit
(%) 46.2 ± 2.4 48.6 ± 2.4 5.2 46.3 ± 2.8 48.8 ± 2.8 5.4

Platelets
(K . µL-1) 265 ± 52 326 ± 67 23.3 261 ± 54 333 ± 66 27.7

Mean Platelet 
Volume 9.5 ± 1.7 9.4 ± 1.7 -1.1 9.8 ± 1.9 9.8 ± 2.2 0

Table 2.7. Hematological response to firefighting activity in standard and enhanced PPE (mean + SD).



Additionally, all of the peripheral smears (both 
pre- and post-firefighting samples for each sub-
ject) were morphologically evaluated by a board-
certified pathologist.  The pathologist found that 
for each of the blood smears, the morphological 
evaluation correlated with quantitative hemato-
logic values.  No significant hemolysis, red cell 
dysmorphology, white cell dysmorphology, or 
platelet dysmorphology were noted, and no cir-
culating blasts were identified.  In short, all pe-
ripheral smears were within normal limits.

Platelet Function Results
Platelet aggregation time, using a PFA-100 
(Dade-Behring) was measured to assess plate-
let function.  Blood was aspirated at high sheer 
rates and exposed to two different membranes 

that contain agents that activate platelets: one 
containing collagen and ADP and one contain-
ing collagen and epinephrine (EPI).  Time to oc-
clusion after being exposed to these membranes 
was measured in seconds.  The platelet function 
responses are presented in Figure 2.7. As with all 
of the other analyses, the multivariate effects of 
Gear and the Gear x Time interaction were non-
significant (p>0.05). The Time main effect was 
significant (p<0.001), indicating a significant 
effect of firefighting activity on the responses. 
Follow-up univariate analyses indicated that the 
~4% decrease in closure time in the platelets ex-
posed to collagen and ADP was not significant, 
whereas the response time to exposure to colla-
gen and EPI response was significantly reduced 
(p<0.001; ~13%) following firefighting activity.

Coagulatory Function Results
Under normal conditions there is a balance be-
tween coagulation (the forming of blood clots) 
and fibrinolysis (the breakdown of blood clots).  
An increased clotting potential, and thus, in-
creased risk for clot formation and sudden cardi-
ac event, can occur either because of an increase 
in coagulation or a decrease in fibrinolysis.  Table 
2.8 presents the changes in coagulatory and fi-

Figure 2.7. Platelet function response to 
firefighting activities (*p<0.001).

phils contributed to the overall leukocytosis. The 
increase in leukocytes is often attributed to the 
action of the sympathoadrenal-mediated stress 
hormones (Smith et al., 2001).  Platelet number 
increased significantly in both PPE configura-
tions.  The increase in platelet number likely re-
flects a combination of hemoconcentration and 
a release of platelets from the spleen and lymph 
tissue secondary to sympathetic nerve stimula-
tion. 
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brinolytic variables following firefighting activ-
ity. Because there was no statistical difference 
detected for the PPE configuration, all data were 
combined and are presented as mean values pre 
vs post firefighting.  
 
Prothrombin fragment 1.2 (PF1.2) – a marker of 
coagulation activation – increased significantly 
following firefighting activity, as did Factor VIII 
activity. Together, these results strongly suggest 
that there is an increased clotting potential fol-
lowing firefighting activity. On the other hand, 
the fibrinolytic factors provided a less clear re-
sponse. Levels of tissue plasminogen activator 
(TPA), a fibrinolytic factor, increased signifi-
cantly following firefighting activity;  however, 
levels of plasminogen activator inhibitor (PAI-1), 
an inhibitor of fibrinolysis, also increased signifi-
cantly following firefighting activity.  Important-
ly, individuals at risk for future coronary throm-
bosis have been reported to have increased lev-
els of resting TPA and PAI-1 (Ridker and Libby, 
2005).
            
These results clearly demonstrate that the coagu-
latory and fibrinolytic systems are disrupted by 

firefighting activities. While it is clear that the 
clotting potential is enhanced following firefight-
ing activity, it is unclear if the fibrinolytic system 
balances this increase. Since PF1.2 and PAI-1 
do not normally increase with physical activity, 
these results suggest a unique response of the co-
agulatory and fibrinolytic systems to firefighting, 
consistent with increased coagulatory potential.  

Perceptual and Psychological Results
Results from the perceptual and psychological 
data are presented in Table 2.9, along with the 
percentage of change within each gear configura-
tion from pre- to post-firefighting activity. Con-
sistent with the analyses for the physiological 
variables presented earlier, there was virtually no 
difference seen for the perceptual and psycholog-
ical variables between the two gear types (i.e., no 
Gear main effects or Gear x Time interaction ef-
fects). However, the firefighting activities under-
taken in the trial resulted in significant perceptual 
and psychological effects as shown by significant 
Time (pre vs post) main effect (p<0.001). Uni-
variate analyses revealed significant increases 
(p<0.001) for the perceptual variables of Ther-
mal Sensations and Respiratory Distress follow-
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All Firefighters (n=121)

Pre FF Post FF

Factor VIII act  (iu/mL) 0.96 ± 0.33 1.71 ± 0.61*

PF1.2  (pmol/L) 143 ± 51 153 ± 49*

TPA-agn (ng/mL) 10.0 ± 10.7 19.2 ± 13.4*

PAI-1-agn  (ng/mL) 31.1 ± 19.3 33.4 ± 19.2*

* p < 0.05

Table 2.8. Coagulatory variable measurements in response to firefighting activity 
in standard and enhanced PPE.



ing firefighting activities in both gear configura-
tions. Thermal Sensations increased significantly 
in both gear variations, with a mean of 5.9 (in-
crease of ~1.6 units) from pre-firefighting to 
post-firefighting (changing from “Comfortable” 
to “Hot”). Respiratory Distress increased signifi-
cantly in both gear types, with post-trial ratings 
of 2.7 units (“I am starting to breathe hard”), an 
average increase of ~1.6 units (changing from 
“My breathing is OK right now”); there was 
again no difference between gear types. Finally, 
Ratings of Perceived Exertion were not different 
between gear configuration conditions, averag-
ing 14.6 (Hard/heavy) immediately following the 
firefighting activities. 

Examination of the psychological variables in 
the multivariate cluster again revealed no signifi-
cant gear configuration effects. Overall, findings 
revealed a more negative psychological profile 
following firefighting activities compared to 
the pre-firefighting state. Feeling Scale ratings 
decreased ~1.8 units, revealing a decrease in 
pleasantness immediately following firefighting. 
Self-rated Energy also decreased significantly 
following firefighting (~6.5%); Self-rated Calm-
ness showed a non-significant decrease. State 
Anxiety was increased significantly (increase 
of ~1.2 units) from pre-trial to post-trial; Self-
rated Tension, a conceptual analogue to anxiety, 
also increased (~9%). Consistent with the de-

Standard PPE (n = 61) Enhanced PPE (n = 61)

Pre FF Post FF % Change Pre FF Post FF % Change

Thermal 
Sensation

4.3 ± 0.7 5.9 ± 0.6 39.2 4.3 ± 0.6 5.8 ± 1.04 34.6

Feeling Scale 3.7 ± 1.3 1.9 ± 1.7 -49.3 3.8 ± 1.2 1.9 ± 1.9 -48.4

Respiratory 
Distress 1.2 ± 0.5 2.7 ± 1.01 127.9 1.06 ± 0.2 2.8 ± 1.2 166.3

Perceived 
Exertion 14.8 ± 1.4 14.3 ± 2.6

State Anxiety 15.3 ± 3.5 16.2 ± 3.5 5.9 15.4 ± 3.4 16.8 ± 3.3 2.3

Energy 14.4 ± 3.4 13.4 ± 3.2 -6.9 14.0 ± 3.3 13.1 ± 3.2 -6.4

Tiredness 7.5 ± 1.9 8.8 ± 2.5 17.3 7.5 ± 2.6 8.4 ± 2.1 12.0

Tension 7.5 ±1.9 7.9 ± 2.2 5.3 7.2 ± 2.1 8.2 ± 2.1 13.9

Calmness 11.8 ± 3.4 11.8 ± 2.6 0 12.4 ± 2.8 11.3 ± 2.8 -8.9

Table 2.9. Perceptual and psychological responses to firefighting activity in 
Standard and Enhanced PPE (mean ± SD).
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crease in Energy, self-rated Tiredness increased 
significantly (~15%). Taken together, each of 
these psychological constructs indicate that the 
effects of the firefighting activities served to ei-
ther decrease positive and/or increase negative 
feelings. It is worth noting that the psychologi-
cal constructs (State Anxiety, Energy, Tension, 
Tiredness, Calmness) were all assessed ~20-30 
minutes following completion of the firefight-
ing activities (only Feeling Scale was assessed 
immediately following the activities). In spite of 
this relatively long lag time, these constructs still 
revealed a more dysphoric psychological profile 
following firefighting activities. It is reasonable 
to assume that this more negative profile was 
likely even more dysphoric in the time period 
immediately following the activities.

Illinois Fire Service Institute Live Fire 
Test Period – Biomechanical Results

Gait Study Results
Participants. Data from 49 male firefighters who 
participated in this portion of the study were ana-
lyzed and descriptive measures for this subgroup 
are presented in Table 2.10. One participant com-
pleted the gait study in the baseline and pre-fire-
fighting condition but was too fatigued to con-
tinue with the gait protocol post-firefighting.  In 

addition, technical issues during data collecting 
resulted in loss of data from some of the original 
60 tests.  In the analysis that follows, we have 
analyzed data from 24 participants wearing Stan-
dard PPE and 25 participants in the Enhanced 
PPE. 

Data Analysis. The following gait parameters 
were analyzed based on the average values over 
two trials per condition:

Step length (SL) •	
Step width (SW)•	
Step speed (SS)•	
Horizontal clearance for trailing leg (HCT)•	
Horizontal clearance for leading leg (HCL)•	
Average single leg stance time (SLST_cycle •	
– amount of time in each step cycle in which 
the participant is standing only on one leg)
Single leg stance time while crossing the ob-•	
stacle (SLST_cross). 

Step length, step width, and step speed were com-
puted for each of following five-step positions 
based on heel strike events (see Figure 2.5):

Two steps approaching the obstacle (Ap-•	
proach 2, Approach 1)
Single step crossing the obstacle (Crossing)•	
Two steps after the obstacle (Recovery 1, Re-•	
covery 2)
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Standard PPE (n = 24) Enhanced PPE (n = 25)

Age (years) 33.2 ± 5.5 32.5 ± 9.5

Height (inches) 69.6 ± 2.8 68.1 ± 2.3

Weight (pounds) 201.1 ± 27.4 192.7 ± 39.9

BMI 29.1 ± 3.7 29.3 ± 5.2

Table 2.10. Demographics of the PPE groups conducting the gait protocol (mean ± SD).



The following measures were examined using re-
peated-measure multivariate analysis of variance 
(MANOVA) tests to assess the effect of Gear 
(Standard, Enhanced) and Time (baseline, pre-
firefighting, post-firefighting) on average HCL, 
HCT and  single leg stance time. To examine the 
effect of step position on gait parameters such as 
SL, SW, and SS, step position relative to each 
obstacle was additionally added into independent 
variables in statistical analysis. 

Results and Discussion.  The results from the 
gait portion of this study are summarized in Fig-
ure 2.8 and Table 2.11. Figure 2.8 (a) and (c) 
shows that the participants’ step length was sig-
nificantly reduced in the group wearing Standard 
PPE versus the group wearing Enhanced PPE 

Figure 2.8. Step length and step width per step position with (a,b) PPE (standard vs. enhanced) 
and (c,d) testing period (baseline, pre-FF and post-FF).
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(p=0.039), while the step width was significantly 
wider wearing Standard PPE (p<0.001), indicat-
ing a significant Gear effect on these parameters. 
The additional bulk of the Standard PPE appears 
to force a wider stance than the Enhanced PPE, 
both of which are wider than that measured on 
participants in the baseline condition. The re-
duced step length may be attributed to the addi-
tional restrictiveness and weight of the Standard 
PPE.  Thus, the same tasks are likely to be more 
taxing using the Standard gear than the Enhanced 
PPE.    

Step length, step width, and step speed are all 
significantly influenced by putting on firefight-
ing PPE of any kind.  As Figure 2.8(b) indicates, 
step length is much smaller in the pre-firefighting 
measurements than in the baseline measurement 
(p<0.001). The only difference between these 
two conditions is the wearing of firefighting PPE 
in the pre-firefighting measurement, which ap-
pears to significantly alter the gait cycle from 
baseline.  In this case, the Time effect is attrib-
uted to donning firefighting PPE, regardless of 
the type that is worn. On the other hand, there 
was no significant difference between the pre-
firefighting and post-firefighting time periods for 

any of these parameters (although there is a slight 
decrease in step length on the approach steps 
post-firefighting). These results suggest that the 
wearing of firefighting PPE causes a significantly 
more detrimental effect on the gait cycle than 
does fatigue from performing 18 minutes of fire-
fighting activities. 

No Gear main effects were found in the firefight-
er’s ability to cross the obstacle in the path of the 
gait mat (Table 2.11), as there was no significant 
difference on the horizontal clearance of either 
the leading or trailing leg between the subjects 
wearing the Enhanced or the Standard PPE; how-
ever, there was again a significant decrease in 
the horizontal clearance of the leading leg when 
wearing PPE versus wearing station uniform 
(p<0.001), but no difference between pre- and 
post-firefighting activities.  Again, the effect of 
wearing firefighting PPE appears much more det-
rimental in terms of safe obstacle crossing than 
the effect of fatigue from 18 minutes of firefight-
ing activities.
  
Finally, there was no statistically significant Gear 
effect on single leg stance time, though there was 
a trend that the Enhanced PPE group had longer 
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Gear Time

Standard Enhanced  Baseline Pre FF Post FF 

HCL (in) 12.54 ± 0.48 12.41 ± 0.46 13.82 ± 0.46†‡ 11.60 ± 0.35* 11.99 ± 0.34*

HCT (in) 10.53 ± 0.42 10.56 ± 0.40 10.51 ± 0.44 10.69 ± 0.32 10.43 ± 0.37

SLST_cycle (%) 38.20 ± 0.22 38.72 ± 0.19 39.49 ± 0.17†‡ 38.08 ± 0.15*‡ 37.82 ± 0.16*†

SLST_cross (sec) 0.548 ± 0.010 0.530 ± 0.010 0.527 ± 0.007† 0.553 ± 0.009*‡ 0.539 ± 0.009†

Table 2.11. Average horizontal clearances (HCL and HCT) and single leg stance time (SLST) 
with standard errors as functions of Gear and Time. (mean ± SD).

* Different than baseline (p<0.01)
† Different than pre-firefighting (p<0.01)
‡ Different than post-firefighting (p<0.01)



SLST over the entire gait cycle (p=0.086). This 
result indicates that the participants may be more 
cautious in their gait cycle while wearing the 
Standard PPE. SLST over the entire gait cycle 
decreased with each testing period (p<0.007), in-
dicating that the participants were taking a more 
cautious approach in their gait cycle as a result 
of donning PPE as well as after completing fire-
fighting activities (both Gear and Time effect).

Conclusions. These results suggest that the use 
of Enhanced PPE may reduce firefighter fatigue 
while wearing PPE, as certain gait parameters 
such as step length and step width are changed 
less significantly from baseline than with the 
Standard PPE; however, no significant differ-
ences in terms of obstacle crossing safety were 
determined with the 12-inch obstacle used in this 
study. Wearing PPE of any type appeared to have 
the strongest affect on gait performance. Nearly 
all of the measured parameters showed statisti-
cally significant difference between the baseline 
condition and the pre-firefighting condition as 
well as baseline and post-firefighting. Thus, these 
results suggest that use of PPE affects firefight-
ers’ gait performance much more significantly 
than firefighting activity, even though the activi-
ties were strenuous enough to significantly raise 
the firefighters’ core temperature in 18 minutes 

and induced a high enough fatigue level in some 
participants that they were unable to complete the 
post-activity assessment.  This result is important 
because it suggests that a firefighter’s gait cycle 
will be significantly modified just by donning 
firefighting PPE.  Thus, firefighters may be at an 
increased risk for falls due to the forced modi-
fication of their biomechanics on any response 
that requires wearing firefighting PPE (e.g. auto 
accidents, investigations, etc.), not just after fire-
fighting activities.

Balance Study Results
Participants. Two participants completed the 
task in the baseline and pre-firefighting, but were 
too fatigued to continue with balance protocol 
post-firefighting. Of the 62 firefighters who com-
pleted the baseline functional balance task, we 
collected a full data set from 30 firefighters wear-
ing Standard PPE control and 30 firefighters in 
the Enhanced PPE. Descriptive measures for this 
subgroup are presented in Table 2.12.  
 
Data Analysis. Functional balance was quantified 
by measuring raw time and number of errors and 
calculating a performance index in the baseline 
(station uniform), pre-firefighting activity (wear-
ing assigned PPE) and post-firefighting (wearing 
assigned PPE). Three-way repeated-measures 

Standard PPE (n = 30) Enhanced PPE (n = 30)

Age (years) 26.2 ± 6.5 28.2 ± 6.5

Height (inches) 70.2 ± 2.8 70.2 ± 2.4

Weight (pounds) 186.6 ± 30.1 193.8 ± 28.8

BMI 26.6 ± 3.5 27.9 ± 4.0

Experience (months) 69.8 ± 69.6 68.8 ± 83.4

Table 2.12. Demographics of the PPE groups conducting the balance protocol. (mean ± SD).
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ANOVA tests were used to assess the effect of 
Gear (Standard and Enhanced), Time (baseline, 
pre-firefighting, post-firefighting), and obstacle 
presence on the parameters of raw time, number 
of errors, and performance index. The level of 
significance was set to α=0.05. 

Results and Discussion.  Figure 2.9 (a) and (b) 
present raw times at each test condition (base-
line, pre-firefighting, post-firefighting) for the 
two PPE conditions (Standard, Enhanced), with 
and without the presence of the obstacle at 75% 
of the participant’s height (bar, no bar). The time 
required to complete the functional balance task 
increased significantly from baseline to pre-ac-
tivity (p<0.001), suggesting that the Time effect 
(in this case, donning PPE) slows down move-
ment speed. While a slight increase in raw time 
was observed from pre-firefighting to post- fire-
fighting, there were no significant differences 
measured across this Time period. This result 

suggests that the speed at which one can com-
plete a complex balance task is less affected by 
firefighting activity than by wearing firefighting 
PPE.  This parameter showed no significant Gear 
effect. 

Figure 2.9 (b) also indicates that the existence of 
horizontal obstacle significantly slows the speed 
of movement (p<0.001) when wearing firefight-
ing PPE, yet when participants were not  wearing 
PPE (in the baseline condition), there is no sig-
nificant effect of the obstacle.  The simple task of 
ducking under a horizontal obstacle appears to 
be significantly more difficult while wearing PPE 
than while not wearing PPE, which has impor-
tant implications both for safety and in affecting 
functional capabilities of the firefighter on the 
fireground, as well as any other response requir-
ing firefighting PPE. 

Figure 2.9 (c) and (d) present the number of ma-
jor and minor errors at each test condition for the 
different PPE conditions and with and without 
the presence of the obstacle.  Both major and mi-
nor errors increased significantly from baseline 
to pre-firefighting (p<0.001), but they appeared 
to decrease from pre-firefighting to post-firefight-
ing (with no statistical significance). The act of 
wearing PPE not only increases the time to com-
plete a task, but it also significantly increases the 
number of errors in the task. After completing 
the firefighting activities, the balance tasks took 
longer, yet the trend suggests that they were com-
pleted with fewer errors, possibly indicating that 
the firefighters may become more cautious as a 
result of their fatigued state. Again, there were 
no significant differences between Standard and 
Enhanced PPE in terms of number of errors. 
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Figure 2.9. Plots of all parameters as a function of test condition; (a) raw time with different PPE, (b) raw time with 
existence of bar, (c) sum of number of major errors with PPE and bar conditions, (d) sum of number of minor errors 
with PPE and bar conditions, (e) performance index with different PPE, and (f) performance index with existence of 
bar.  Standard error bars are included.
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Figure 2.9 (e) and (f) show performance indices 
at each test condition for the different PPE con-
ditions and with and without the presence of the 
obstacle. Performance indices  increased  from  
the baseline to pre-firefighting condition with  
statistical  significance (p<0.001)  but  decreased 
from  pre-firefighting to post-firefighting with  no  
statistical  significance. This first result agrees 
with Punakallio et al. (2003) in suggesting that 
wearing PPE significantly impairs functional bal-
ance.  It is important to note that the firefighters 
in the study wore carbon fiber SCBA (which are 
the lightest currently available) as opposed to the 
steel SCBA cylinders from the study in Finland. 
Even with this significant reduction in SCBA 
weight, a significant negative effect of wearing 
PPE was determined using the functional balance 
test.  

The existence of horizontal obstacle signifi-
cantly impairs functional balance as noted by 
the increased performance index. What is more 
interesting is that the variability significantly in-
creased when the obstacle was present as seen 
in Figure 2.9 (f). Therefore, the existence of ob-
stacle appears to reduce the consistency of move-
ment. Previous studies (van Wegen et al., 2002) 
have shown that increased variability indicates 
instability. Therefore, the addition of the over-
head obstacle might suggest decreased stability 
when ducking while wearing firefighting PPE.  

On the other hand, the effect of firefighting ac-
tivities on performance time was not significant, 
though the trend indicated a slight increase in 
time.  This trend along with the completion time 
and number of errors indicates that the partici-
pants either used a more cautious approach after 
firefighting activities or were more focused on the 
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task at hand than prior to the firefighting activi-
ties.  As with the gait results, the act of wearing 
PPE appears to create a more significant affect on 
the firefighter’s functional balance than does the 
firefighting activities.

The initial data analysis may appear to indicate 
that there was no significant effect of the En-
hanced PPE on functional balance; however, dur-
ing the experiments, it was determined that the 
additional hose connecting the SCBA mask and 
bunker gear for air circulation in the Enhanced 
PPE was causing a significant number of the 
major errors when the mask was placed over the 
participant’s shoulder (as is common on the fire-
ground and standard in the test protocol). To test 
the balance performance of the Enhanced PPE 
without the effect of the mask causing errors, the 
final 10 participants in Enhanced PPE completed 
the experiments with their SCBA facepiece re-
moved completely during the pre-firefighting and 
post-firefighting tests. For analysis purpose, those 
10 participants were separated from the original 
Enhanced PPE group and a control group of 10 
participants wearing Standard PPE was selected 
from the original 30 by matching first and second 
moments of statistics of ages, heights, weights, 
body mass index and experiences of the control 
group to those of 10 participants from the sub-
group.  Raw time results from this subgroup are 
shown in Figure 2.10. 
 
Many results were similar to the case of original 
data set, with the exception of a reduction of raw 
time for Enhanced PPE compared to Standard 
PPE (p>0.05, this value is non-significant in part 
due to the small sub-sample size). Also, the vari-
ability of the completion time in the Enhanced 
PPE was much smaller than that for Standard 
PPE. These results might suggest that Enhanced 



PPE could potentially have some positive effects 
on firefighters’ functional balance.  These results 
also indicated that any gear redesign should min-
imize any feature that would effectively increase 
the height of the firefighter. As noted earlier, 
participants’ scores were significantly affected 
by the presences of the obstacle causing them to 
duck but only when wearing the firefighting PPE.  
Thus, any additional height will make this task 
even more difficult.

Conclusions. This study found that wearing 
firefighting PPE significantly impairs dynamic 
functional balance.  After strenuous firefighting 
activities, performance time increased slightly, 
but the number of errors decreased slightly, sug-
gesting that participants were more cautious. 
Even  though performance index  did  not  show  
significant  differences  between  Standard  PPE  
and Enhanced PPE, the Enhanced PPE group in-
dicated some positive effects on functional bal-
ance because it tended to reduce raw time and 
variability of raw time when the SCBA face mask 
was removed. 

Figure 2.10. Raw time as a function of test condition with (a) different PPE, (b) existence of the obstacle.
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Part Three: Recommendations

Medical Readiness for Duty

The National Fallen Firefighter Foundation 
(NFFF) has led an effort to bring fire service or-
ganizations together to identify the most impor-
tant initiatives to ensure that “Everyone Goes 
Home.” The amount of literature focused on in-
vestigating and understanding fatalities and inju-
ries in the fire service is considerable. This proj-
ect was designed to build on and add to this body 

of research and information. It is appropriate to 
offer recommendations for the fire service that 
are founded in a careful review of the literature, 
supported by our research and aimed at reducing 
fatalities and injuries on the fireground. The au-
thors of this report humbly submit the following 
lessons-learned from our present study and the 
legacy of research upon which it was built.

As outlined in Part 1 of this report, we know the 
following to be true:

It has been conclusively demonstrated that •	
the risk of cardiac death is directly correlated 
to the presence of cardiovascular risk factors 
(Kales et al., 2003; Holder et al., 2006; Geibe 
et al., 2008).  
It has been demonstrated convincingly that •	
underlying cardiovascular disease, current 
smoking and hypertension were the major 
risk factors for an individual firefighter to ex-
perience sudden cardiac death (Fahy, 2005; 
Holder et al., 2006; Geibe et al., 2008). Along 
with a sedentary lifestyle and obesity, these 
risk factors were also identified by the Amer-
ican Heart Association as the major contribu-

Firefighter Health and Safety Issues

tors to the epidemic of fatal coronary heart 
disease in America (AHA, 2008).  
There is evidence of a high prevalence of car-•	
diovascular risk factors among firefighters in 
the United States, including high levels of 
obesity, smoking, hypertension, diabetes or 
pre-diabetes, and physical inactivity.

Obesity is associated with increased risk for 
cardiovascular disease, hypertension, high cho-
lesterol, diabetes and cancer.  Furthermore, ex-
cess body fat impairs physical performance and 
increases thermal strain.  In light of these detri-
mental effects, the high prevalence of obesity is a 
major concern in the fire service.  A BMI over 25 
is considered overweight, and a BMI greater than 
30 is considered obese.  The risk of cardiac death 



increases with increasing levels of BMI.  In the 
sample of 110 relatively young, healthy firefight-
ers participating in this study, the average BMI 
was 28.1.   

While recent programs developed by NFFF, In-
ternatonal Association of Fire Chiefs (IAFC), 
International Association of Firefighters (IAFF) 
and National Volunteer Fire Council (NVFC) 
have provided a sound foundation for interven-
tions aimed at improving firefighter health, the 
entire fire service must take seriously a renewed 
effort to reduce the prevalence of cardiac risk 
factors in line firefighters. 

Recommendation 1
As recommended by NFPA 1582, all firefighters 
should receive a medical evaluation before be-
coming a firefighter and should receive periodic 
medial examinations after joining the service.  
These exams should focus on cardiovascular 
health and cardiovascular risk factors and should 
be conducted by a physician who is familiar with 
the demands of firefighting.

Recommendation 2
Extreme obesity should be considered as a dis-
qualifying condition to safely perform firefight-
ing duties. Obesity should be addressed in the 
NFPA 1582 standard.

Recommendation 3
In recognition of the physiological strain incurred 
during structural firefighting, fire departments 
should include defined cardiovascular standards 
in their hiring and recruitment processes. Can-
didates who have uncontrolled hypertension or 
uncontrolled diabetes should be precluded from 
consideration as line firefighters until these risk 
factors are corrected. Firefighters who have mul-
tiple risk factors should receive additional screen-
ing and aggressive intervention given the greater 
risk associated with multiple risk factors.

Recommendation 4 
Firefighters must be required to adhere to lifestyle 
standards that have been determined to reduce 
the development of cardiac risk factors. These in-
clude smoking cessation, sound nutritional habits 
and regular exercise. These interventions and pro-
grams should be aimed at supporting individual 
firefighters; however, the department (and union, 
IAFF), if appropriate may need to take action as 
needed to ensure compliance in cases where a 
firefighter does not voluntarily comply, or have 
the option of reassigning the firefighter to other 
duties. Volunteer departments must continue to 
pursue ways to ensure that necessary minimal 
requirements are met for medical readiness for 
duty.
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Physical Fitness Requirements

Firefighting can be incredibly strenuous.  The 
physical and physiological demands of firefight-
ing require a high degree of fitness in order to 
fulfill the responsibilities of the job safely and ef-
fectively. Firefighting may often push even the 
fittest individual to the extremes of his or her 
physical ability.  Health and safety recommenda-
tions issued by the International Association of 
Firefighters, the International Association of Fire 
Chiefs, and the National Volunteer Fire Council 
currently consist of suggestions for fitness and 
nutritional programs. While these are well craft-
ed and scientifically sound programs, there are 
still far too many fire departments in the United 
States that do not have adequate physical fitness 
programs.  

Given the consistency of cardiac death rates 
among firefighters over the last decade, as well 
as the widespread knowledge of cardiac risk fac-
tors, it appears that voluntary fitness programs 
are not sufficient to ensure firefighters are taking 
the necessary steps to reduce the rate of cardiac 
events. Thus, departments may need to consider 
mandatory fitness and wellness programs.  Many 
of these recommendations are incorporated in 

NIOSH Publication No. 2007-133: Preventing 
Fire Fighter Fatalities Due to Heart Attacks and 
Other Sudden Cardiovascular Events. NIOSH 
acknowledged the inadequate enforcement of fit-
ness and nutrition policies, finding that 39% of 
the fire departments where NIOSH investigated a 
cardiac-related fatality had voluntary fitness pro-
grams, but only 8% had mandatory participation. 
All of the major American fire service organiza-
tions have published health and safety guidelines 
of some type, and collectively have produced a 
comprehensive outline of the steps that a depart-
ment should take to reduce the rate of cardiac 
death through improved physical fitness. The in-
congruence between the public discourse on fire-
fighter cardiac fatalities and the consistency of 
the annual fatality statistics appears to be one of 
enforcement, not dissemination.

Similarly, physical fitness can influence a fire-
fighter’s likelihood of injury on the fireground.  
Over the past 15 years, more than half of the in-
juries occurring on the fireground are attributed 
to slip, trips and falls and overexertion/strain.  
These sources of injuries can be reduced by in-
creasing stamina, strength, and balance through 
improved physical fitness.
 
Recommendation 5
The National Fire Protection Agency (NFPA) 
standard on physical fitness should be univer-
sally adopted. As recommended by NFPA 1583, 
all firefighters should participate in an organized 
physical fitness program. These physical fit-
ness programs should emphasize cardiovascular 
(aerobic) fitness and include muscular fitness. 
Fire departments should include defined physical 



fitness standards in their hiring and recruitment 
processes. Members should be required to adhere 
to designated fitness programs.

Recommendation 6 
Firefighters must take personal initiative to en-
sure that they are fit for duty and do not present 
an undue cardiac risk to themselves or a liability 
to the firefighting mission. The voluntary fitness 
standards currently in place would likely be suf-
ficient if individual firefighters understood the 
relevance of cardiac standards to their ability to 
safely and effectively perform their job require-
ments and acted accordingly. 

Recommendation 7
To reduce slip, trip and fall injuries, training ex-
ercises that enhance balance abilities should be 
added to firefighters’ training protocols.  Consid-
ering the detrimental effects of wearing PPE on 
balance and gait, these exercises are particularly 
important for those new to the fire service, as 
well as for older firefighters.
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On-scene Rehabilitation and Hydration Strategies

Firefighting is strenuous work that is often per-
formed in a hot and hostile environment, lead-
ing to considerable cardiovascular and thermal 
strain. While departmental enforcement of health 
and safety standards is a proactive approach to 
reduce the presence of cardiac risk factors and 
improve cardiovascular health in the fire service, 
it is still necessary to address the effects of fire-
fighting activity in order to lessen risk and im-
prove performance of individuals working at an 
incident.  Therefore, it is important to discuss in-
terventions that can be taken on the fireground 
to mitigate the inherent strain that firefighting 
places upon the system. Rehabilitation and hy-
dration have been discussed in the fire service for 
several decades, largely beginning with the first 
edition of NFPA 1500: Standard on Fire Depart-
ment Occupational Safety and Health Program. 
The USFA has recently published a manual on 
rehabilitation that provides a great deal of useful 
information (USDHS/USFA, 2008). Numerous 
studies, including this effort, have reported that a 
10-minute period of rest, accompanied by rehy-
dration and cooling, causes a marked decline in 
heart rate and core temperature for the majority 
of firefighters.  Many fire departments currently 
follow NFPA guidelines and require firefighters 

to participate in some form of rehab and hydra-
tion after participating in firefighting activities, 
but this practice should be universal. 

Recommendation 8
Fire departments must adhere to the standards set 
forth in NFPA 1584: Standard on the Rehabili-
tation Process for Members During Emergency 
Operations and Training Exercises. Incident 
commanders must ensure adequate on-scene re-
sources, either through additional mutual aid or 
increased staffing to allow all personnel to rotate 
through rehabilitation after completing a given 
assignment. 
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Personal Protective Equipment

The design of PPE must create a balance be-
tween thermal protection from the fire source, 
and thermo-regulation of the firefighter. As the 
thermal envelope has become more effective, to-
day’s PPE has become a major factor in the heat 
stress experienced by a firefighter, as it impedes 
the body’s natural cooling mechanisms. Thus, 
PPE warrants further attention in terms of design 
and fabric properties. NFPA 1971: Standard on 
Protective Ensembles for Structural Firefighting 
first included a requirement for Total Heat Loss 
in its 2000 edition, creating a mandatory level of 
breathability that firefighting PPE must attain. 
There is substantial anecdotal evidence indicat-

ing that lighter gear alleviates heat stress and re-
duces perceived workload. This study found that 
lighter PPE had little or no effect on physiologi-
cal or perceptual measures during short-duration 
(18 minutes) firefighting activities.  

However, some biomechanical variables were 
significantly affected by the PPE intervention, 
indicating that selection of gear can influence 
fireground injury statistics.  Regardless of the 
PPE worn, firefighters’ ability to balance and 
walk with a normal gait cycle was significantly 
changed.  PPE-based interventions are a promis-
ing concept, and there is a continuing need for 
the development of new technologies that can 
produce a measurable benefit on the heat stress 
variables of the firefighter while providing ap-
propriate protection from burn injuries.

Recommendation 9
Manufacturers and fire service organizations 
should continue to identify and test designs, in-
terventions, and strategies directed at producing 
lighter or more breathable and less restrictive 
PPE. 
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