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INTRODUCTION

Despite numerous dangers on the fireground,
it is the pathophysiological response to fire-
fighting that causes most line-of-duty injuries
and deaths. Too many firefighters experience
a cardiac event, heat stroke, or musculoskel-
etal injury during or shortly after firefighting
operations, and during training. Early detec-
tion of physiological abnormalities and real-
time monitoring of toxic particulates offer tre-
mendous opportunities to address these risks
to first responders.

The SMARTER (Science Medicine And Re-
search & Technology for Emergency Re-
sponders) research team sought to employ
scientific advances, medical knowledge, re-
search findings, and technological solutions
to reduce firefighter injuries and fatalities. The
project was specifically focused on the use of
technology to address firefighter health issues
and was organized into four (4) topic areas:

1. An improved algorithm to accurately esti-
mate body temperature;

2. ECG Monitoring for detection of arrhythmi-
as and ischemic changes;

3. A low-cost portable monitor to assess air
contaminants;

4. Deployment of a physiological monitoring
system in the fire service.

During the SMARTER project, a multi-
disciplinary tfeam collaborated to create ap-
propriate use models and advance targeted
technologies. They then tested those technol-
ogies for applicability and feasibility for use by
the fire service, and made recommendations
to foster their adoption when appropriate.



Asphyxiation 2 (2.3%)

Burns 2(2.3%)
CVA 2(2.3%)
Other 4 (4.6%)
Trauma

Heart attack

27 (31.0%)

50 (57.5%)
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FIGURE 1.1. FIREFIGHTER FATALITIES BY NATURE OF FATAL INJURY DURING 2017 (UNITED STATES

FIRE ADMINISTRATION 2018).

PHYSIOLOGICAL VULNERABILI-
TIES OF FIREFIGHTERS

1. Cardiac Events

Despite all the on-scene hazards, nearly half
of firefighter fatalities result from cardiac
events (Fahy et al., 2018). As seen in Figure
1.1, 57.5% of fatal injuries among firefighters
in 2017 were caused by heart attack
(United States Fire Administration, 2018). Ad-
ditionally, about 800-1,000 duty-related inju-
ries are attributed to non-fatal cardiac
events annually (Evarts, 2018). Firefighting
involves strenuous work, the use of heavy
personal protective equipment (PPE), and is
performed in hot and hostile environments

ADVANCING TECHNOLOGY FOR THE FIRE SERVICE

often under time urgency. The heavy work,
encapsulating PPE, and high temperatures
associated with firefighting lead to activa-
tion of the sympathetic nervous system, de-
hydration, heat stress, and increased cardi-
ovascular strain.

Firefighting increases heart rate, cardiac
output, and blood pressure. It also leads to
vascular and coagulatory changes. Taken
together, these cardiovascular changes
can trigger arrhythmias and ischemic
changes that can cause a sudden cardiac
event in individuals with underlying cardio-
vascular disease (Smith, Barr, & Kales, 2013;
Soteriades et al., 2011). To address cardiac
vulnerability, we evaluated the use of com-
mercially available single-lead ECGs.
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2. Heat-Related Injuries and Fatalities

Heat stress is common on the fireground.
Because of the physical work performed
and the heavy encapsulating PPE, fire-
fighting causes a rapid increase in core
temperature (Horn et al., 2017). Among the
most distressing line-of-duty fatalities are in-
cidences of heat stroke that occur during
training. These cases are especially heart-
breaking because they are preventable
and occur when there is no actual emer-
gency. The fire service has an obligation to
protect the health and safety of trainees.

Training can result in other types of heat-
related injuries including heat exhaustion.
Research indicates that the physical strain
of firefighting, use of PPE, and high tempero-
fures increases heat stress, cause dehydra-
tion, and exacerbate cardiovascular strain
(Fehling et al., 2015; Horn et al., 2013). Re-
cruits are more susceptible to heat-related
injuries and fatalities because they are often
required to perform physical training at the
beginning of the day and then engage in
multiple fraining evolutions.

To address heat stress vulnerability, we

worked with leading experts from the mili-
tary to advance an algorithm to estimate
core temperature. It is expected that the
updated algorithm can be incorporated
into existing physiological status monitors to
provide a real-time evaluation of thermal
strain. Physiological monitoring systems
(PSMs) that can calculate an accurate esti-
mate of core body temperature may assist
safety and training officers in making critical
decisions about the physiological status of
firefighters, and ultimately save lives.

3. Air Contamination Levels on the Fire-
ground and in Structures After Firefighting

Dangerously elevated gas and particulate
maftter levels are commonly detected on
the fireground, and often persist after the
fire is extinguished. These forms of air con-
tamination increase the risk of developing
cancer, irritate the respiratory system, and
can also trigger fatal arrhythmias and ische-
mia (Soteriades et al., 2011). The overall in-
creased risk of cancer in the fire service is
approximately 15%, but the risk of certain



cancers may be 40-100% greater than the
general population (Daniels et al., 2015).
The increased risk due to smoke and prod-

ucts of combustion has not been quantified,

but medical research indicates that con-
taminants reduce the availability of oxygen
within the body and produce free radicals
that promote a pro-coagulatory state
(Soteriades et al., 2011). Air contamination is
an important vulnerability, both for cardiac
risk and carcinogenic exposure. We ad-
dressed this vulnerability by advancing the
development of a low-cost, easy-to-deploy
monitor that may be used to quantify air
contamination levels after the fire is extin-
guished.

Firefighters and fire officers need to know
when respiratory protection is needed. To
facilitate that determination, research part-
ners from UCLA have developed and tested

a novel device suitable for real time detec-

tion of particulate matter. Their device, the
c-Alr, is portable and utilizes lens-free micros-
copy and provides state-of-the-art meas-
urement. The information obtained from the
c-Air device may help firefighters to more
effectively assess the environment in which
they are working. The increased availability
of air quality information could help with the
development of improved safety protocols.

The remaining chapters of this report aad-
dress each of the project's focus areas (see
page 1) in greater detail. These topics were
chosen because they present major health
and safety concerns for the fire service and
because there are technologies that are
commercially available or in development
that may help us address these vulnerabili-
ties. It is our sincere hope that this infor-
mation will serve to educate and promote a
healthier and safer fire service.

ADVANCING TECHNOLOGY FOR THE FIRE SERVICE
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HEAT STRESS

Heat stress is a familiar sensation for firefight-
ers given their demanding work and chal-
lenging work environment. Common aspects
of firefighting, including hot environments,
use of heavy and fully-encapsulating PPE,
and strenuous tasks, cause increases in core
temperature that can lead to serious heat
illnesses, exaggerated cardiovascular strain,
impaired cognitive function, and the early
onset of fatigue. These physiological conse-
guences may impair job performance, and if
severe enough, may progress 1o life-
threatening challenges. Perhaps because it is
so common, we often fail to recognize the
devastating consequences that accompany
heat stress.

Using evidence from over 20 years of re-
search, Smith et al. developed a model to
represent the cenftral role that heat stress,
and accompanying dehydration, play in
causing increased physiological strain and
serious medical conditions that firefighters
may face on the fireground (see Figure 2.1).
Specifically, the model details how hyper-
thermia (and dehydration) can cause physio-
logical consequences that, if left untreated,
may result in serious, life-threatening conse-
quences. These outcomes are devastating
for firefighters, and for other the affected fire-
fighter, as well as for other responders on the
scene and the public they serve.

The following chapter will describe the caus-
es of heat stress, potential consequences of
untreated heat stress, and work that the
SMARTER team is doing to address this vulner-
ability.



FIREFIGHTING WORK

Though firefighters are involved in a variety
of duties, specific aspects of their work con-
tribute to thermal strain. These factors are
detailed below and shown in Figure 2.TA.
Heavy Work

Firefighting involves strenuous work. The la-
bor that a firefighter performs during emer-
gency response increases metabolic heat
production and causes body temperature
to increase. The magnitude of the increase
in body temperature is affected by the
amount, type, and duration of work. The ef-

Common &/
Aspects of 4 V
Firefighting ‘
Work N
Ambient
PPE Temperature
v v v
°
Hyperthermia |
B Heat Stress e I
(and Dehydratign)
a g g S 2 a g
I | i
cadiovascy Copntve Eery Onsef
Physiological linesses ) g . of Fatigue
Consequences lar Strain Function

&
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Multisystem
Failure
Rhabdomyolysis
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cardiac event
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Coordination;
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Risk of Slips, Trips

& Falls
- /
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Awareness &
Risk of Injury
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FIGURE 2.1. THEORETICAL MODEL OF THE CAUSES AND CONSEQUENCES OF HYPERTHERMIA.
Figure modified from Surviving the Fire Ground in press

ADVANCING TECHNOLOGY FOR THE FIRE SERVICE
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fect of different job assignments on core
body temperature has been investigated
by the University of lllinois Fire Service (Horn
et al., 2017). These researchers had firefight-
ers complete fire suppression activities in a
residential structure by comparing crews
that performed different tasks; incident
command and pump operators; engine
crew on hose line; search and rescue
teams; outside ventilation teams; and over-
haul activities. Somewhat surprisingly, these
researchers found that the firefighters with
the highest temperatures were those that
performed outside ventilation (which in-
volved manually chopping a roof) and
those who performed overhaul activity. This
data reinforces the role that heavy muscu-
lar work plays in causing body temperature
increases (for full details about this study,
visit hitps://bit.ly/2JAYLUY).

PPE

Though PPE is necessary for safety, it also
plays an important role in increasing heat
strain. PPE contributes to heat stress in sever-
al important ways. It adds weight to the fire-
fighter, which then increases the amount of
muscular work that must be performed.
Bunker gear is encapsulating, and interferes
with evaporative cooling. Because sweat
cannot readily evaporate, the body is not
able to cool itself and a microclimate devel-
ops around firefighters that is equivalent to
100% humidity. Finally, the gearis restrictive,
which can decrease range of motion and
increase the amount of musculoskeletal
work required to move. An important con-
cern for firefighters is cooling as soon as pos-
sible, including removing bunker gear. Alt-

hough a firefighter may feel cool once the
helmet and face piece are removed, core
body temperature continues to increase.
The sooner firefighters can remove PPE fol-
lowing fire suppression, the quicker the body
can begin to cool.

Environmental Conditions

Firefighters are regularly exposed to high
ambient temperatures during fire suppres-
sion. Average structural fires produce heat
well above 300° F and firefighters often op-
erate in far higher temperatures. Important-
ly, however, ambient temperatures encoun-
tered during firefighting differ greatly based
on job assignment and in most cases, expo-
sures to high temperatures are relatively
short because firefighters seek to suppress
the fire immediately. Nevertheless, operat-
ing at even moderately high temperatures,
such as during overhaul or performing a ve-
hicle extrication on a hot day, can have
profound effects on core temperature. This
is especially frue when heavy work is per-
formed while wearing PPE, and when recov-
ery time is limited.

Multiple environmental conditions affect
heat stress, including: ambient tempera-
tures, environmental temperatures, direct
sunlight, and relative humidity. It is important
to consider the effects of exposure to high
temperatures over several days. Research-
ers have found that the risk of exertional
heat illness is associated with environmental
conditions not only during an event, but al-
so the day prior to the event (Garzon Villal-
ba et al., 2016; Wallance et al., 2005).


https://bit.ly/2JAYLUY

HEAT STRESS & DEHYDRATION

As shown in Figure 2.1B, the combination of
the factors described in the previous section
lead to an increase in body temperature
(hyperthermia) and dehydration.

Heat Stress

The average temperature of a healthy indi-
vidual is approximately 98.6°F (37°C). When
this temperature is disrupted, our bodies
make adjustments (thermoregulate) in an
attempt to re-establish normal body tem-
perature. The body’'s main ways of cooling
itself are through the evaporation of perspi-
ration and by increasing blood flow to the
skin. Both of these methods are Iargely inef-
fective when wearing PPE.

When the body gains more heat (through
metabolic heat production or from the envi-
ronment) than it can dissipate through nor-
mal processes, then body temperature rises
(hyperthermia). Even relatively small increas-
es in body temperature can exacerbate
cardiovascular strain; large fluctuations in
body temperature can lead to life-
threatening heat illnesses.

Dehydration

Dehydration is a physiological challenge
that regularly accompanies heat stress. De-
hydration can result if ftoo much body water
is lost through perspiration. In turn, dehydro-
tion also interferes with the ability to contin-
ue sweating and increases blood flow o the
skin. Thus, heat stress and dehydration are
twin challenges that should be considered
together. Unfortunately, there is ample evi-
dence that firefighters are often dehydrat-

ed before they begin firefighting (Horn et
al., 2012; Espinoza & Contreras, 2007) and
they certainly become increasingly dehy-
drated during the response. In 2012, Horn et
al. found that only 9% of firefighters were
properly hydrated at the start their shifts. This
high rate of dehydration is especially trou-
bling considering the large volume of fluids
that are lost during firefighting.

On-site rehabilitation is designed to help
cool and rehydrate firefighters. During re-
hab, caffeine-free beverages such as water
or sports drinks should be used for fluid re-

placement; caffeine can potentially cause
further dehydration.

ADVANCING TECHNOLOGY FOR THE FIRE SERVICE
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«Loss of body weight
during activity,«g
« Flushed skin

e Dizziness

« Fatigue

« Headache
« Nausea

« Confusion

o Irritability

« Dark urine

« Muscle pain

« Muscle
cramping

e Irrational or
unusual
behavior

« Fainting

«Diarrhea

—

FIGURE 2.2. SIGNS AND SYMPTOMS OF HEAT
STRESS.

CONSEQUENCES OF HEAT STRESS

Hyperthermia creates a cascade of biologi-
cal events that lead to consequences in alll
systems of the body. These consequences
range from concerning (Figure 2.1C; heat
illnesses, increased CV strain, impaired cog-
nitive function, and early onset of fatigue) to
life-threatening (Figure 2.1D; heat stroke and
multisystem failure, risk of sudden cardiac
event), decreased situational awareness,
and increased risk of injury. Unfortunately,
the sense of purpose and drive of many fire-
fighters can lead them to ignore the less se-
vere, treatable symptoms that progress to
medical emergencies. Instituting and main-
taining formalized rehabilitation is one way
to ensure that early signs and symptoms are
idenftified and treated.

Heat llinesses

Heat illnesses range in severity from an an-
noying heat rash to painful heat cramps,
debilitating exertional heat exhaustion, and
deadly exertional heat stroke. While it may
be unavoidable, every firefighter should at-
tempt to minimize heat stress as much as
possible in order to mitigate the detrimental
effects of heat illness. (Figure 2.2). Figure 2.2
shows some of the common signs and
symptoms associated with heat stress. Fire-
fighters should be alert to these and take
early action. Medical monitoring during inci-
dent rehabilitation should also address these
signs and symptoms.

Table 2.1 provides information for different



TABLE 2.1. HEAT ILLNESSES.

Classification Signs and Symptoms

Heat Cramps

Exertional
Heat
Exhaustion

Exertional
Heaftstroke

types of heat ilinesses. Treatment for heat
cramps and exertional heat exhaustion
generally includes cooling and aggressive

Profuse sweat-
ing coupled
with failure to
replace elec-
trolytes that
are depleted
from the body.

Profuse sweat-
ing and dehy-
dration that
disrupts elec-
frolyte bal-
ance. Elevo-
tion in core
body temper-
ature.

Drastic elevo-
tion in body
temperature
as a result of
the body's ina-
bility to re-
spond to heat
stress (high
temperatures
and heavy
work).

Evident cramping and pain in mus-
cle(s) following work.

Fatigue, fainting, and minor altera-
tions in cognitive function
(headache, dizziness, confusion).

Core body temperature > 40.5°C
(105°F) and cenftral nervous system
dysfunction. Disorientation, confu-
sion, dizziness, irritability, irrational or
unusual behavior, collapse, deliri-
um, and loss of consciousness are
all indications of heatstroke.
Sweaty, pale skin at the time of
collapse are distinct signs of exer-
tional heat stroke.

multisystem failure.

hydration in a shaded environment. Fortu-

nately, most crews are equipped to handle
early heat-illness freatment on sudden car-
diac event. Nevertheless, early signs and
symptoms of heat iliness are often over-
looked. Gone unitreated, these physiologi-
cal consequences can lead to medical

Individuals should re-
move PPE, consume
fluids containing elec-
trolytes (sports drinks).
Rest and stretching
are also recommend-
ed.

PPE and excess cloth-
ing should be re-
moved to facilitate
cooling. Cooling
should be aided by
fans and ice towels if
possible. Individuals
should also consume
fluids containing elec-
trolytes (sports drinks).

Individuals exhibiting
signs of heatstroke
should be transported
to a medical facility
immediately.

emergencies like exertional heat stroke and

Exertional Heatstroke & Multisystem Failure

Exertional heatstroke is the most serious in
the progression of heat illness. This life-
threatening condition disrupts functions of
the cenftral nervous system (CNS) and leads
to rapid decline in all bodily functions. Com-
mon diagnostic criteria of exertional heat-

ADVANCING TECHNOLOGY FOR THE FIRE SERVICE
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stroke consist of a core temperature of
40.5°C (105°F) and altered CNS function, in-
cluding, but not limited to: disorientation,
changes in behavior, and decline in propri-
oception (Binkley et al., 2002). Immediate
attention and fransport to a medical facility
is paramount when individuals exhibit signs
and symptoms of heatstroke, and aggres-
sive cooling strategies should be initiated as
soon as possible.

Rhabdomyolysis

Rhabdomyolysis (rhabdo) is a specific con-
cern for firefighters (Figure 2.1D). This life
threatening condition can occur when mus-
cles are damaged due to heavy exercise/
work, and is exacerbated by working in a
hot environment and/or in a state of dehy-
dration. Muscle injury and some medica-
tions also increase the risk of rhabdo.
Rhabdo becomes dangerous as it progress-

es because proteins and electrolytes leak into
the blood stream, negatively affecting multi-
ple organs, and can lead to kidney failure.

Kidney failure is a particular problem. Along
with the renal system, the gastrointestinal and
cardiovascular systems become dysfunctional
with heatstroke. A complex series of physiolog-
ical events leads to decreased blood flow in
the intestines, which promotes increased tem-
perature in the gut and tissue death from lack
of oxygen (Binkley et al., 2002).

Signs and symptoms of rhabdo include muscle
pain, cramping, swelling, weakness, and mus-
cle fatigue, a decreased range of motion,
dark-colored urine, and increased levels of
muscle proteins in the blood. Creatine kinase
(CK) is a muscle protein that is found at high
levels in the blood of individuals with rhabdo.
When firefighters present with any signs and
symptoms of rhadomyolysis, it should be freat-

Why Does Heat Stress Mattere

The Big Picture

Inability to
Work Effectively

Impaired
Cognitive Function

Fatigue .

Hyperthermia

Dehyoration

Profuse Sweating... §
Firefighting

FIGURE 2.3. HEAT STRESS CONTINUUM.

Injury

Rhalbdomyolysis

Heot Stroke

~Multisystem Failure

SCE

Medical
Emergencies



ed as a medical emergency. As shown in
Figure 2.3, rhabdo is a severe physiological
consequence that can occur in response to
firefighting.

Increased Cardiovascular (CV) Strain

As seen in Figure 2.1C&D, heat stress exag-
gerates cardiovascular strain, resulting in
higher heart rates and lower ventricular
stroke volumes (volume of blood pumped
with each heart beat).

Risk of Sudden Cardiac Event

High levels of CV strain coupled with ther-
mall stressors can trigger sudden cardiac
event in individuals with underlying condi-
tions such as atherosclerosis and/or an en-
larged heart (cardiomegaly) or thickened
left ventricle (left ventricular hypertrophy)
(Figure 2.1D). These factors are concerning
given the high incidence of sudden cardiac
events among firefighters, the leading
cause of line-of-duty death in the U.S. fire
service.

X o
% _ gl
ST

Impaired Cognitive Function

Mental confusion is a primary symptom of
progressing heat illiness (Figure 2.1C). Tunnel
vision, tunnel hearing, or an inability to focus
can result from poorly regulated core tem-
perature. While these symptoms of heat ill-
ness are easily identifiable in a general popu-
lation, diagnosis among firefighters is more
difficult because of their stressful work envi-
ronment.

Decrease in Situational Awareness

Impairments to cognitive function are partic-
ularly distressing because of the degree of
focus required to perform during emergency
operations; failure to think clearly can negao-
tively affect success of fire suppression and
other operations (Figure 2.1D). For the individ-
ual firefighter, a reduction in situational
awareness can result in a compromised abil-
ity to perform critical risk analysis calculations,
and increases likelihood of injury or death.

ADVANCING TECHNOLOGY FOR THE FIRE SERVICE
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Early Onset of Fatigue

Heat stress resulting from both the environ-
ment and internally from increased meta-
bolic work causes fatigue to occur more
quickly. This increases time necessary to
complete work, increasing the exposure risk
for firefighters and occupations, and the risk
of slip, trip, and fall injuries (Figure 2.1C).

Risk of Injury

Slips, trips, and falls are one of top two caus-
es of injury on the fireground (Figure 2.1D),
and constitute approximately 20% of report-
ed injuries (Evarts and Molis, 2018). Because
fatigue increases the risk of these type of
injuries, it is important to fry to lessen fatigue
when possible or delay its onset. This chal-
lenge is primarily addressed by the fire ser-
vice with shorter and less frequent bouts of
work; however, recognizing this factor re-
mains critical. It is important that firefighters
adhere to a formalized rehabilitation proto-
col both between and following bouts of
activity. Protocols should include removal of
PPE to allow for evaporative cooling, hydra-
tion to replenish body fluids, and monitoring
of vital signs (including cognition) to ensure
health and safety.

With impaired cognitive function and early
onset of fatigue comes slower completion
of work. An inability to suppress fires results in
rapid growth and changing conditions,
which leads longer periods of heavy work
under extreme temperatures, thereby exac-
erbating physiological strain.

FIGURE 2.4. CHALLENGES OF MEASURING
HEAT STRESS.

ENHANCING AN ALGORITHM TO
ACCURATELY ESTIMATE CORE
TEMPERATURE

Because heat stress and elevated body
temperature present so many challenges to
firefighters, there is considerable interest in
measuring body temperature. Unfortunate-
ly, this is a difficult thing to do given limita-
tions of currently available devices. Howev-
er, technology may provide a way to accu-
rately estimate core temperature on the
fireground.

Challenges of Measuring Core Temperature

As described in Figure 2.4, commonly used
devices provide inaccurate and misleading
data. Oral temperatures are falsely low be-
cause of ingestion of fluid and/or heavy

COMMON CHALLENGES OF
MEASURING HEAT STRESS ON THE
FIREGROUND

R #

e Oral measurements are affected by




breathing. Infrared tympanic thermometers
underestimate core temperature, the de-
gree of which varies depending on work
that is done and environmental tempera-
ture. Rectal temperatures are accurate but
it is not feasible to collect core temperature
this way on the fireground. However, tech-
nological advances in research equipment
offer the opportunity to measure the ther-
mal strain experienced during firefighting.

Algorithm Development

Accounting for past challenges, Mark Buller
of U.S. Army Research Institute of Environ-
mental Medicine (USARIEM) developed an
improved algorithm using computational
physiology that requires only an accurate
measure of heart rate to estimate core tem-
perature (Buller et al., 2010). Figure 2.5 dis-
plays a comparison of observed core tem-
perature measurements and those estimat-
ed by Buller’s inifial algorithm. This initial al-
gorithm provided estimates of core temper-
ature that were within 0.5°C of the observed
temperature 94.5% of the time. Though the
algorithm is able to accurately estimate
core temperature in military cadets, fire-
fighters differ significantly from the military
population in average age, body composi-
tion, and work activities. One of the primary
aims of the SMARTER project is to enhance
USARIEM algorithm and validate it for use in
the firefighter population. Preliminary tests
with a small number of firefighters have
been promising; however, additional testing
is still needed. Testing will continue with fire-
fighters who have a broader range of de-
scriptive characteristics (age, body mass
index, gender, etc.) to ensure that the algo-

RMSD = 0.17°C, BA = %4.5%

Obs. Tcore
3951 | wessnans Est. Teore

36.5 : : : : :
100 204 300 400 500

Time (Min.)
FIGURE 2.5. OBSERVED (OBS.) AND ESTIMATED

(EST.) TCORE RESPONSES FOR AN INDIVIDUAL
MILITARY CADET WHO BECAME A HEAT EX-
HAUSTION CASUALITY DURING TRAINING.
RMSD = ROOT MEAN SQUARE DEVIATION,
BA=NON-PARAMETRIC BLAND ALTMAN PER-
CENTAGE (FIGURE FROM BULLER ET AL., 2010).

rithm is broadly applicable. Once the algo-
rithm is validated, appropriate cut-off points
for rest and return to duty can be estab-
lished. Additionally, the algorithm must be
incorporated into low-cost, portable devices
that are suitable for firefighting to facilitate
widespread use. Further challenges include
creating a sufficiently accurate system that
can be used to determine when firefighters
are atrisk for heat iliness, and when they
have recovered. Liability issues and firefight-
ers' fears of being taken off-line must also be
addressed. In the future, technologies that
accurately measure heart rate may be able
to incorporate the final improved algorithm
to estimate heat stress. This data can then
be transmitted to the incident commmander,
who can use it to inform actionable deci-
sions.

ADVANCING TECHNOLOGY FOR THE FIRE SERVICE




 RECOMMENDATIONS

1. Ensure adequate hydration before shifts by self-monitoring urine.

2. Remain aware of environmental conditions during strenuous work.

3. Remove PPE as soon as possible following firefighting work.
4. Use aggressive cooling techniques (submerge forearms, misting fans, slurry drinks) when
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CARDIAC-RELATED LINE OF DUTY
DEATHS

With sudden cardiac events accounting for
the vast majority of line-of-duty deaths and
overexertion or strain being the leading
cause of injuries on the fireground (Fayhe,
LeBlanc & Molis, 2018; Haynes & Molis, 2017),
there is a clear need for interventions that
address this threat to firefighter’s life and
health. As shown in Figure 3.1, the cardio-
vascular strain of firefighting can trigger a
sudden cardiac event in individuals with un-
derlying cardiovascular disease (Smith et al.,
2013). Multiple factors contribute to cardio-
vascular strain of firefighting, including acti-
vation of the sympathetic nervous system,
heavy muscular work, heat stress, dehydra-
tion, and exposure to particulate matter.
Together, these factors increase cardiac
work, alter vascular function, and enhance
coagulatory potential. In the vast majority of
firefighters this cardiac and thermal strain
does not result in a sudden cardiac event.
However, in individuals with underlying car-
diac conditions like atherosclerosis and
structural heart disease (cardiomegaly and
LVH) firefighting work can serve as a trigger
for arrhythmias and ischemia (Smith et al.,
2018). An arrhythmia is deviation from nor-
mal electrical signal of the heart and can
lead to a cardiac arrest. Ischemia is a de-
crease in blood flow as a result of an ather-
osclerotic plaque (Becker, 2006; Mayo Clinic
Staff, 2018). Underlying cardiovascular dis-
ease may be present even in firefighters
who have passed a standard annual physi-
cal exam.



\ Altered Vascular Enhanced /
\ Increased Function Coagulatory ,’
\ Cardiac Work . /

\ Potential /

\ /

\ Cardiomegaly/ // Coronary Heart /

\ LVH // // Disease /

\ /

\ /

\
\ Arrhythmia

Plaque Rupture/ /
Thrombus Formation ,’

Sudden Cardiac Death

FIGURE 3.1. SUDDEN CARDIAC DEATH INFOGRAPHIC.

It would be a significant step forward to be
able to monitor ECG changes during fire-
fighting in order to get an early warning that
a firefighter is reaching a danger zone,
when a cardiac event is imminent. Unfil
now, though, it has not been able to realisti-
cally consider outfitting a firefighter with a
12 lead ECG while they engage in fire-
fighting.

However, ECG technology is rapidly ad-
vancing, and the SMART team was able to
explore the adequacy and feasibility of a
portable, single lead electrocardiogram
monitoring system for detecting arrhythmias
and ischemia during a 24-hour shift. While
data indicates that firefighters are more like-
ly to suffer a cardiac event or myocardial
infraction during fire suppression activities

(Smith et al., 2019; Kales et al., 2007), it
would not be possible to capture ECG
changes unless the electrodes were placed
on the firefighter before they received the
call.

ANATOMY AND PHYSIOLOGY OF
THE HEART

To pump blood throughout the body, the
upper chambers (atria) and lower cham-
bers (ventricles) of the heart must rhythmi-
cally contract and relax. This rhythm is regu-
lated by specialized heart cells that gener-
ate electrical signals (Becker, 2006). In a
healthy heart, each cycle of contraction
and relaxation begins when an electrical
signal is fired at the sinoatrial (SA) node, a
group of cells in the upper right chamber of

ADVANCING TECHNOLOGY FOR THE FIRE SERVICE
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FIGURE 3.2. A. CONDUCTION PATHWAY OF THE HEART, B. CHAMBERS OF THE HEART.

heart (Figure 3.2). The electrical signal trav-
els from the upper chambers to the atrio-
ventricular (AV) node, a group of cells lo-
cated between the upper and lower cham-
bers. At the AV node, the signal is delayed,
which provides time for blood to be
pumped from the atria to the ventricles. Af-
ter the ventricles fill with blood, the electric
signal continues to fravel through the heart.
When the electrical signal reaches the
Purkinje fibers, this causes the ventricles to
contract and blood is pumped out of the
heart (Van Weerd & Christoffels, 2016).

ELECTROCARDIOGRAPHY

The electrical signal in the heart can be
monitored by placing electrodes on the
body through a process known as electro-
cardiography. As the signal travels, tracings
are recorded on an ECG monitor or printed
out on ECG paper. A description of an ECG
is displayed in Figure 3.3. The vertical axis
denotes voltage or the charge in the heart
cells; the horizontal axis denotes time. The
specific ECG waves recorded vary depend-

ing on the direction from which the heart is
looked at. The location electrodes placed
on the body enable us to look at electrical
activity from different angles known as
leads. ECG instruments that record between
one and twelve leads are currently availa-
ble for use in a variety of settings. The num-
ber of leads does not necessarily match the
number of electrodes. For example, ina 12
lead ECG, only ten electrodes are typically
used. The ten electrodes are arranged on
the body in a specific way that allow the
heart to be looked at from twelve angles.
Lead Il typically records the largest waves,
so it is often the only lead monitored to
identify basic electrical abnormalities, or ar-
rhythmias. Diagnosing heart attacks, struc-
tural problems in the heart, and complex
electrical abnormalities often requires infor-
mation available from a 12 lead ECG
(Becker, 2006).

The electrical signal in a healthy heart pro-
duces a characteristic ECG fracing or wave
pattern (see Figure 3.3). Therefore, a trained
practitioner can identify abnormalities by



FIGURE 3.3. EXAMPLE EKG AND PQRST COMPLEX WITH PHYSIOLOGICAL PROCESS LABELS.

monitoring an ECG recording. The waves
observed on an ECG fracing correspond to
specific events in the cardiac cycle. The first
wave is referred to as the P-wave, which
represents depolarization of the atria. The
second series of waves, known as the QRS
complex, represent depolarization of the
ventricles and the T wave represents ventric-
ular repolarization. The presence, size,
shape, and direction of each wave (and
the segments between waves) depend on
which angle of the heart, or lead, is being
viewed and on whether a normal or abnor-
mal rhythm is being observed.

ARRHYTHMIA

Arrhythmias often have tell-tale alterations
in the waves that are characteristic of spe-
cific arrhythmia types (Becker, 2006). Table
3.1 lists basic arrhythmia types with descrip-
tions, signs and symptoms, and risk factors.

Because sudden cardiac events account
for such a large percentage of LODDs, fire-
fighters should learn the signs and symptoms
so they can recognize them and respond
appropriately. In all incidences of a sudden
cardiac event, the best response is a quick
response. Cardiopulmonary resuscitation
(CPR) and treatment with a defibrillator can
improve chances of survival. Three-lead
Holter ECG monitors enable monitoring for
24 hours or longer and have been routinely
used for the diagnosis of arrhythmias that
occur intermittently. When identifying basic
arrhythmias, 3 lead ECG has been shown to
be as effective as 12 lead ECG (Antonicelli
et al., 2012; Kristensen et al., 2016). However,
the vast majority of accuracy testing of ECG
devices has taken place in clinical settings,
where movement arfifact is limited.

ADVANCING TECHNOLOGY FOR THE FIRE SERVICE
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ISCHEMIA DETECTION

Myocardial ischemia is another condition
that can be detected by an ECG. Signs and
symptoms of ischemia include chest pres-
sure or pain (especially on the left side of
the body), neck or jaw pain, shoulder or arm
pain, fast heartbeat, shortness of breath
during physical activity, nausea and vomit-
ing, sweating, and fatigue (Mayo Clinic
Staff, 2018). Firefighters should be alert to
these classical signs and symptoms, as well
as more vague complaints of “not feeling
right.” Alterations in the ST-segment are in-
dicative of myocardial ischemia (heart at-
tack). Recent preliminary work has demon-
strated that a smartphone app ECG may
be useful in detecting (but not predicting)
heart attacks and has good agreement
with identification from a 12-lead ECG
(Muhlestein et al., 2015).

NOVEL ECG TECHNOLOGIES

Recently, ECG recorders that are more
compact than traditional 3 lead Holter mon-
itors have been created for mobile monitor-
ing. Examples include single lead iPhone
monitors and the single lead Zio Patch
(Walsh, Topol, & Steinhubl, 2014). The Zio
Patch is a simple adhesive patch that is the
placed on the patient’s chest. The patch
continuously monitors for up to 14 days, and
patients can manually activate a trigger if
they experience symptoms. After monitor-
ing, data is assessed by the manufacturers
arrhythmia detection algorithm. In a clinical
study, the use of the Zio Patch resulted in
the diagnosis of almost as many arrhythmias
as a traditional Holter monitor within 24

hours (Barrett, 2014). The fact that the Zio
Patch did not perform as well as fraditional
monitors may be because the patch relies on
only one lead; looking at the heart from dif-
ferent angles, or leads, can provide more in-
formation about the electrical activity of the
heart (Walsh et al., 2014). In fact, interpreta-
tions of single-lead portable devices have
been shown to disagree with rhythm interpre-
tations from 3 lead hospital monitors (Mehta
et al., 2015). Though patch devices enable
monitoring of the ambulatory patient, further
studies are needed to determine if these de-
vices can effectively remain on firefighters
and record data during live fire situations. An
important consideration for this application is
that these devices do not transmit ECG data
in real tfime; rather, data is acquired at the
end of the monitoring period.

Even more recent technological advance-
ments have resulted in ECG recorders, such
as the SEEQ Mobile Cardiac Telemetry (MCT)
System, that enable real-time transmission of
ECG data. Like the Zio Patch, the SEEQ MCT is
an adhesive patch that enables continuous
monitoring (Fung et al., 2015). The ECG data
is fransmitted by a small wireless transmitter to
a diagnostic testing facility where the data is
reviewed by certified technicians and over-
seen by a physician. A computer algorithm
alerts the technicians if an arrhythmia is de-
tected. The device has not yet been studied
extensively for its accuracy in detecting ar-
rhythmias compared to traditional hospital
monitors. The device also has not been
shown to promote the rapid, time-sensitive
treatment of individuals in acute danger from
an arrhythmia.



TABLE 3.1. BASIC ARRHYTHMIA TYPES.

Risk Factors

Arrhythmia Signs/Symptoms

Ventricular
Tachycardia

Ventricular
Fibrillation

Supraventricular
tachycardia/
paroxysmal su-
praventricular
tachycardia

SA node no longer

conftrols the beating
of ventricles leading

to increased HR.
Rapid heartbeat
(greater than 100
beats per minute)

originating in ventri-

cles with at least 3
iregular beats in

row. V-tach can be

fatal.

Uncontrolled, ireg-
ular heartbeat. This

arrhythmia is a
medical emergen-
cy.

SVT refers to a

range of conditions
characterized by a

rapid heartbeat
that originates
above the ventri-
cles. Paroxysmal

Sensation of
“skipping beats”,
SOB, dizziness,
syncope. May be
asymptomatic.

Pulseless, apneic,
UNCONSCIiouUs.

Palpitations,
pounding in the
head/neck,
chest discomfort,

dyspneaq, anxiety,

lightheadedness,
syncope.

Acute coronary ischemia, my-
ocardial scar tissue (from pre-
vious MI, heart disease heart
surgery), congenital diseases,
electrolyte imbalances, hy-
poxia, drug/alcohol

use (Koplan & Stevenson,
2009).

HX of heart disease, HX of MI,
atrial fibrillation, family history
of sudden death (Bardai et al.,
2014; Glinge et al. 2016; Su-
rawicz, 1985).

Episodes can be triggered by
caffeine/alcohol intake, stress,
physical exertion, and fatigue
(Hals & McCoy, 2015; Medi &
Freedman, 2009).

refers to episodes of
SVT that occur from
time to time . Can
result in myocardial
ischemia or cardiac
failure for individuals

Atrial Fibrillation

with a preexisting
condition.

A quivering, irregu-
lar heartbeat that
originates in the

atria. Can increase

risk of cardiac em-
boli, congestive
heart failure, and
ischemic stroke.

Dyspneaq, chest
pain, dizziness,
fatigue, palpita-
tions, may be
asymptomatic.

Older age, male sex, smoking,
obesity, hypertension, diabe-
tes, myocardial infarction,
heart failure, valvular heart
disease, cardiac surgery, hy-
perthyroidism, heavy alcohol
use, frequent vigorous exer-
cise, familial A-Fib (Heidt et al.,
2016; Magnani et al., 2011).

ADVANCING TECHNOLOGY FOR THE FIRE SERVICE
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TESTING ECG TECHNOLOGIES

Over the course of the SMARTER project,
two novel single-lead ECG technologies
(Zephyr Bioharness and Omnisense Soft-
ware, and AliveCor Kardiaband and App)
were examined to determine if they would
potentially be suitable for monitoring fire-
fighters.

Zephyr Bioharness and Omnisense Software

Zephyr Technology Systems (owned by
Medtronic) produces a patch and harness
(Figure 3.4) that are capable of recording a
range of vital signs and physiological data.
The devices enable recordings of single
lead ECGs, which can be downloaded for
analysis. The ECGs cannot be monitored in
real time and the system currently does not
employ an arrhythmia detection algorithm;
however, it is the only device that has been
incorporated into a system made specifical-
ly for firefighters (the Wearable Advanced
Sensor Platform [WASP] by Globe).

Bioflarness™

FIGURE 3.4. ZEPHYR BIOHARNESS.

ECG data from this device is not visible in
the Zephyr Omnilivedata viewer. This device
is not currently suitable for ECG monitoring
in the fire service because it does not pro-
vide areal-time ECG, requires significant
data processing, and does not include ar-
rhythmia detection software.

FIGURE 3.5. ALIVECOR KARDIABAND & APP.

AliveCor Apple Watch Band and App

While this technology has utility during re-
search, it is not currently suitable for real-
time firefighting monitoring. However, newer
ECG technologies now incorporate
smartphone applications (apps) to provide
live single-lead ECG monitoring. Research-
ers have shown that apps that enable re-
cording of a single ECG lead in real time,
such as AliveCor, can be effectively used to
detect atrial fibrillation and heart attacks
when compared to standard 12 lead ECGs
(Muhlestein et al., 2015; Chung & Guise,
2015; Lau et al., 2013).

The Alivcor Kardiaband (shown in Figure
3.5) was the newest device the SMARTER
feam tested. This system was most devel-
oped among the devices we examined
and included both real-time ECG and ar-
rhythmia detection software. Before the de-
vice can be used regularly, a resting base-
line must be recorded and sent to a cardiol-
ogist for review, a process that can take up



to 24 hours. Currently, the application can
detect atrial fibrillation with 4% accuracy
(Lau et al., 2013). Although the product was
not developed for the fire service and is not
feasible for use during firefighting activity, it
does suggest that technological advance-
ment may someday make ECG monitoring
during firefighting a reasonable and feasible
option.

FUTURE STEPS

Given the power of ECG technology to de-
tect potentially life threatening arrhythmias,
it would be ideal to monitor ECGs on fire-
fighters during live fire situations. To effec-
tively use the technology in this capacity
would require that: 1) ECG electrodes be
worn during firefighting activities; 2) ECGs
be recorded without artifact; 3) ECG read-
ings be transmitted in real time to Incident
Command/EMS/analysis centers; 4) arrhyth-
mia be automatically detected; and 5) cri-
teria established for the removing firefighters
from the scene immediately upon arrhyth-
mia detection, and provided with follow up
medical care. It is important not only to be
able to record ECGs, but also to immediate-
ly fransmit the data to appropriate facilities
for immediate analysis. It is also essential
that arrhythmias or warnings be detected
automatically; it is not feasible to have a
trained health care professional constantly
monitor the ECG:s firefighters. This need for
automatic arrhythmia detection presents
the greatest challenge to live ECG monitor-
ing on the fireground. Given the subtle dif-
ferences between heart rnythms, computer
algorithms often generate a high proportion

of false alarms (Sanquist, 2015). This is prob-
lematic because the incident commander
does not want to remove firefighters from a
fire if they are not truly at risk of suffering a
sudden cardiac event.

It should also be noted here that the severity
of arrhythmias varies greatly. For example,
while individuals with V-Fib are always in
cardiac arrest, individuals can occasionally
have PVCs while presenting no symptoms or
being in immediate danger. Clinical evalua-
tion and additional information (e.g. patient
history), which may not be available during
live firefighting activity, is typically required
for effective ECG interpretation (Sanquist,
2015). Therefore, until the technology of an-
alyzing ECGs on the fireground has im-
proved, it would not be advisable to re-
move a firefighter from the scene based
solely on the detection of an arrhythmia.

Lastly, without clear criteria for determining

when to remove firefighters from a situation
for medical care, identifying arrhythmias will
have no value for preventing SCD.

Because of the advancements in technolo-
gy needed to implement single-lead ECG
monitoring on the fireground, responders
should instead focus on prevention of sud-
den cardiac event. Steps firefighters can
take to reduce their risk are shown in Figure
3.6.

ADVANCING TECHNOLOGY FOR THE FIRE SERVICE
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2. Know your numbers (cholesterol, blood pressure, and other health metrics) and follow up

3. Aggressively manage risk factors.

FIGURE 3.6. PREVENTING SUDDEN CARDIAC EVENTS.

1. Get an appropriate annual medical exam (consistent with NFPA 1582 guidelines) from a
physician who understand the demands of firefighting.

on findings.

e Manage blood pressure (see Table 3.2).

e Control cholesterol (HDL serum > 60 mg/dL).

e Reduce blood sugar (healthy range: fasting blood glucose < 100 mg/dL).

e Maintain a healthy diet (eat a wide variety of vegetables and limit consumption of
processed foods; shop on the perimeter of the grocery store).

e Do not use any tobacco products of any kind .

e Lose excess weight.




' RECOMMENDATIONS

. Never ignore symptomes.
. Take steps toward preventing sudden cardiac events.

. Know the signs and symptoms of a heart attack.

i 4 OOK O O O ciT ANaG EW Meimoe OlIOWING perioas o1 exerton dnd Nign-sire
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PARTICULATE MATTER

Particulate matter is made up of small parti-
cles found in the air that come from a varie-
ty of sources, including dirt, diesel engines,
and fires (Baxter et al., 2014; United States
Environmental Protection Agency, n.d.; Oc-
cupational Safety and Health Administra-
tion, 2013; Robinson et al., 2008). The com-
position of particulate matter on the fire-
ground varies dramatically, depending on
conditions such as fuel, temperature, venti-
lation, and extinguishing agents (Baxter et
al., 2014; Queensland Fire and Rescue,
2011). Additional research is necessary to
understand how the overwhelming amount
of chemical compounds on the fireground
affect those exposed to if.

Firefighters encounter particulate matter
that is composed of hundreds of different
chemicals. Typically particulates range from
2.5um (micrometer — one millionth of a me-
ter) to 0.1 um in diameter and are grouped
into broad categories including ionic, inor-
ganic, or organic compounds (Baxter et al.,
2014; Robinson et al., 2008). As shown in Fig-
ure 4.1, particulate matter is dangerous for
multiple reasons: exposure increases risk for
cancer, respiratory complications, and car-
diovascular diseases and events (Baxter et
al., 2010; Daniels et al., 2015; Demers et al.,
1992; Dockery, 2001; Simkhovich, Kleinman,
& Kloner, 2008).

This chapter outlines exposure to particulate
matter in various fire settings, potential ad-
verse health effects faced by firefighters,
and work the SMARTER team has been do-
ing to address this vulnerability.



Fire Smoke: Dangers of Parficulate Matter

CANCER RISKS

e Firefighters are at a higher

risk for many cancers stress

e Decreased lung function
e Asthma/COPD

PULMONARY RISKS

¢ Inflammation/oxidative

Triggers

CARDIOVASCULAR RISKS

"« Increased risk of
dysrhythmia
¢ Increased myocardial
ischemia

e Increase respiratory

symptoms

FIGURE 4.1. DANGERS OF PARTICULATE MATTER (BONANNO, 2008; TURNER ET AL., 2011).

EXPOSURE AND
ADVERSE HEALTH EFFECTS

Researchers have investigated particulate
maftter, routes of exposure, and health con-
sequences of exposure for firefighters (Evans
and Fent, 2015; Forchhammer et al., 2012;
Leonard et al., 2007; Lonnermark &
Blomagvist, 2006; Queensland Fire and Res-
cue, 2011; Robinson et al., 2008; Turner et
al., 2011). Chemical components of particu-
late matter occur in three general catego-
ries, byproducts of building/residential,
wildland (trees/grass/brush), and vehicle
fires.

Particulate matter is a umbrella term that
encompasses both solid and liquid compo-

nents that are either released from sources
of pollution or formed in the atmosphere
when chemicals in the air react with pollu-
tants. Solid particles range from those that
are visible only under a microscope to those
that humans can see (Environmental Pro-
tection Agency, n.d.). While larger particles
often receive attention because they are
most visible, the smallest particulates are
most dangerous; particles smaller than
10um are easily inhaled and can get deep
into lungs and bloodstream. Firefighting ex-
posure to particulate matter and particles
smaller than 2.5 um also results in diminished
visibility on-sudden cardiac events
(Environmental Protection Agency, n.d.).

Exposure to particulate matter occurs by
inhalation, ingestion, or dermal absorption.

ADVANCING TECHNOLOGY FOR THE FIRE SERVICE 28
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Firefighters must be vigilant about avoiding
these chemicals both when responding to
fire calls and following incidents.

Specific risks of exposure to products of
combustion from different fire sources are
described in the following subsections.
Chemical components of these fires are
also listed in Table 4.1.

Building/Residential Fires

Firefighters may be exposed to arsenic, as-
bestos, benzene, carbon monoxide, hydro-
gen cyanide, formaldehyde, polycyclic aro-
matic hydrocarbons (PAHs), and other com-
pounds when fighting structure fires (Demers
et al., 1992; Underwriters Laboratories Inc.,
2010; Queensland Fire and Rescue, 2011;
Laitinen et al., 1992; University of Victoria,
2015). Limiting exposure to these com-
pounds is important because arsenic, as-
bestos, benzene, formaldehyde, and PAHs
are carcinogenic. Carbon monoxide and
hydrogen cyanide are asphyxiants that
cause respiratory complications by interfer-
ing with the availability of oxygen in the air
(Centers for Disease Control and Prevention,
2013; Centers for Disease Control and Pre-
vention, 2017; Demers et al., 1992; Under-

writers Laboratories Inc., 2010). Firefighters

TABLE 4.1. COMMON CHEMICAL
COMPONENTS OF FIRE.

Building/Residential Fires

Arsenic

Asbestos

Benzene

Carbon Monoxide
Hydrogen Cyanide
Formaldehyde

Polycyclic Aromatic Compounds (PAHSs)

Wildland Fires

Benzene
Formaldehyde
PAHs
Acetaldehyde
Acrolein

Methyl Chloride
Toluene

Polycyclic Aromatic Compounds (PAHS)

Vehicle Fires

Hydrogen Chloride

Sulfur Dioxide

Benzene

Polycyclic Aromatic Compounds (PAHS)
Polychlorinated Dibenzo-p-dioxins (PCDDs)

Polychlorinated Dibenzofurans




should be especially mindful of periods fol-
lowing fire suppression; Baxter et al. (2014)
found that firefighters may have the highest
exposure to particulate matter during over-
haul events. Wearing SCBA during this over-
haul period is one of the most important
ways to reduce exposure to toxic com-
pounds and mitigate cardiovascular and
pulmonary strain.

Inside the kitchen
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FIGURE 4.2 BURN BUILDING ON SITE AT THE
NEW YORK FIRE TRAINING ACADEMY.

Residential Burn Experiments

In November 2018, we measured particu-
late matter (PM) using the c-Air in Dayton,
Ohio at the planned structural burns being
conducted by the UL Firefighter Safety Re-
search Institute that included a burn of the
kitchen, which featured basic appliances

and typical kitchen furnishings. Two identical
c-Air platforms were used. These were posi-
tioned at locations that were identified in
consultation with firefighters in charge, en-
suring safety of the equipment and partici-
pants.

Once the “kitchen fire” was put out, the fire-
fighters fook one of the c-Air devices and
placed it inside of the building on the win-
dow frame, while the other c-Air unit was
placed just outside of the building at a dis-
tance of approximately 20 meters. During
the experiments, when saturated images
were remotely detected, firefighters
brought the c-Air unit positioned inside back
to the researchers, so its cartridge could be
expediently replaced and the unit re-
positioned inside of the building in its original
monitoring place. Figure 4.2 shows a plot of
particulate matter counts for the device in-
side of the kitchen (Fig. 4.2a) and the con-
trol device positioned outside (Fig. 4.2b).
Figure 4.2a shows that the counts of particu-
late matter inside of the building return to
the original levels after about 10-12 minutes
post-suppression. At the same time, from
about 12 minutes post-suppression the c-Air
unit located outside begins to register in-
creasing particle counts, reaching a maxi-
mum at approximately minute 21 post-
suppression.

Wildland Fires

Like building fires, smoke from wildland fires
contains benzene, formaldehyde, and PAHs
(University of Victoria, 2015). Although less
than 5% of wildland fire smoke is comprised
of PAHs, this amount is still concerning be-
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cause of its carcinogenic nature (Robinson
et al., 2008). Wildland fires also contain ac-
etaldehyde, acrolein, methyl chloride, tolu-
ene, and various other toxic compounds
(University of Victoria, 2015). Furthermore,
ultrafine particles in the wildland fire smoke
contain carbon radicals and other precur-
sors that lead to free radical production.
Free radicals are associated with numerous
health complications including general in-
flammation, cancers, and cardiovascular
diseases such as atherosclerosis (Leonard et
al., 2007). Firefighters are particularly suscep-
tible to the negative health effects of partic-
ulate matter when fighting wildland fires be-
cause SCBA is typically not worn in these
cases, and because heavy work (and
heavy breathing) may occur over many

hours.

Vehicle Fires

Because vehicle fires occurin open areas
and are usually suppressed in minutes, fire-
fighters may underestimate the risks of expo-
sure to harmful chemicals during this type of
fire. Unfortunately, many agencies do not
require their firefighters to wear SCBA when

fighting venhicle fires, which exposes them to a
number of harmful substances (Fent el al.,

2012). While suppressing vehicle fires, firefight-
ers’ greatest risk for exposure to particulate
matter occurs during overhaul and when
crews position themselves downwind of a ve-
hicle (Evans and Fent, 2015). These fires pro-
duce toxic compounds including hydrogen
chloride, sulfur dioxide, benzene, PAHSs, poly-
chlorinated dibenzo-p-dioxins (PCDDs), and
polychlorinated dibenzofurans (PCDFs)
(Lonnermark & Blomqvist, 2006; University of
Victoria, 2015).

Post-Incident

Contact with particulate matter during sup-
pression activities is only one of many oppor-
tunities for exposure. While risk is high during
fire calls, the hazards associated with particu-
late matter persist long after fire suppression.
Turnout gear that has been exposed to a fire
becomes contaminated with toxic byprod-
ucts of combustion, and if not decontaminat-
ed, canresult in secondary exposure through
absorption and ingestion.

In addition to particulate matter, firefighters
should be aware of the dangers of gases that
are released from fires. Even after PPE is re-
moved from the fireground it confinues to off-



gas harmful chemicals. Following exposure
to a controlled burn, Fent et al. (2012) found
that in the maijority of samples, firefighters'
PPE released up to 14 types of volatile or-
ganic compounds. These researchers also
collected firefighters’ breath 4-14 minutes
post-exposure and analyzed samples for
several VOCs (benzene, toluene, ethylben-
zene, xylene, and styrene); ultimately they
observed a greater than two-fold increase
in the concentrations of these compounds
(Fent et al., 2012).

Off-gassing from bunker gear is a major
concern when considering the frequency
of periods that firefighters are exposed to
contaminated PPE without air protection
(during doffing, tool/hose clean-up, and
when riding back to the station).

Fires are not the only source of exposure to
particulate matter. Diesel particulate matter
poses a threat to firefighters health any time
there is contact with vehicle exhaust from
fire apparatus.

AVOIDING EXPOSURE

Firefighters may limit exposure via inhalation
by avoiding smoke whenever possible and
wearing a Self-Contained Breathing Appao-
ratus (SCBA). As mentioned in the previous
secftion, it is especially important that those
who respond to brush and vehicle fires are
conscious about the dangers of particulate
matter because SCBAs is typically not worn
in these situations. Wearing undergloves (to
prevent skin contamination) and showering
as soon as possible (fo avoid absorption of
particulates through the skin) can also help

prevent the adverse health effects associat-
ed with exposure (Queensland Fire and Res-
cue, 2011; Laitinen et al., 2010; University of
Victoria, 2015). Post-incident, firefighters
should also avoid eating before cleaning skin
(to avoid ingestion of particulates) and limit
time in enclosed areas with contaminated
gear (to avoid inhalation of particulates).

DEVELOPING A LOW-COST,

PORTABLE PARTICULATE MONITOR

As part of SMARTER, our partners at the lab of
Dr. Aydogon Ozcan at UCLA (https://
bit.ly/2NOKzwX) have been working to devel-

op a low-cost, portable monitor called the c-
Air (Figure 4.3) that will be able to measure
particulate matter on the fireground and in
overhaul situations. Though the monitor is still
in development, a current prototype has
been evaluated in field settings.

The C-Air Device

The c-Air device (shown in Figure 4.3) in-
cludes a lightweight sensor that integrates
computational imaging and mobile-sensing
techniques to reconstruct images of parti-
cles. The c-Air device also permits on-the-
ground and drone-based 3D mapping of

FIGURE 4.3. THE C-AIR PROTOTYPE.
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TABLE 4.2 PARTICULATE MONITOR TESTING: BURN TRIAL DESCRIPTIONS.

Duration
Trial Fuel Consumption Hra Ventilation
(min)

Natural horizontal low-vent condi-
fion via left side window

2 Pallet
aets. Materials fully consumed
hay
5 2 Pallets, Materials fully consumed prior to
hay ventilation
3 Pallets, A full pallet and all hay fully '
3 ha consumed and 2 pallets partial-
4 ly consumed prior to ventilation
3 Pallets, A full pallet and all hay fully .
4 consumed and 2 pallets partial-
hay . -
ly consumed prior to ventilation
Brown .
5 Chair Partially consumed
Chair &
Full
6 Ottoman ully consumed
7 Sofa Partially consumed

emissions from pollution sources such forest
fires. This device improves on previous tech-
nologies in portability, cost, and speed of
measurement. The c-Air takes advantage of
technological innovations in cameras (by
incorporating a camera similar to that of
common smart phones) to size and charac-
terize particulates with results that are com-
parable to gold-standard devices. The de-
vice can size particles with 93% accuracy at
a fraction of the size and cost of other de-
vices. The Ozcan team estimates that the
final monitor will cost less than $100.

Hopefully, the c-Air, in combination with gas
meters, will provide useful information on air
quality for firefighters. This device may be
utilized for interior or exterior environments.

Natural horizontal medium-vent
condition via right side window

Natural horizontal low-vent condi-
5 tion via left side window (covered

with plywood)

Natural horizontal low-vent condi-
5 tion via left side window (covered

with plywood)

5 Low-vent condition via back door

4 Low-vent condition via back door

5 Low-vent condition via back door

Testing at Wildland Fire Sites
The Sand Fire

In July of 2016, measurements were taken of
the Sand Fire (burning in Angeles National
Forest about 50 miles from UCLA) using the ¢
-Air at both UCLA and at several sites closer
to the fire location. Results indicated that
small particles were able to travel long dis-
tances as they were found even in samples
taken at the location farthest from the fire.

La Tuna Fire

In 2017, measurements were taken of the La
Tuna Fire (burning in the Verdugo Mountains
in Los Angeles) at three locations that varied
in distance from the source. The team found
a significantly higher amount of smaller par-



ticulates (< 2 microns) at .6 miles from the
source. They also found that particles closer
to the fire were elongated.

Overall, the c-Air showed promising results for
detecting and fracking particulate matter
across long distances during wildland fires.
Given the unique shape, size, and concen-
tration of particles at sites closest to the fires,
there may be future uses for the c-Air as a
tool to identify points of origin of the fire.

Testing at a Live Burn Facility

The SMARTER team conducted seven live
burn trails at the Saratoga County Fire Train-
ing Center (shown in Figure 4.4). The c-Air
was deployed in each case to assess air con-
tamination levels on the fireground and de-
termine the applicability of the device to
structural fires and overhaul.

The on-site burn buildings were constructed
of modular shipping containers (20 ft x 8 ft x 8
ft each). The containers were designed with
steel plates to reduce damage from thermal
stress and temperature changes as well as
steel doors and windows. Four burns were
conducted using 100 to 120 pounds of class
A material (pallets and straw). Overstuffed
materials containing plywood composite,
polyurethane foam, and synthetic upholstery
were used for the three remaining burns.
Burns lasted about five minutes.

Table 4.2 lists burn times, material, and venti-
lation protocol.

Training personnel from New York State Of-
fice of Fire Prevention and Control ignited
and suppressed all fires. Firefighters from Sa-
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FIGURE 4.4. BURN BUILDING ON SITE AT THE
SARATOGA COUNTY FIRE TRAINING CENTER.

ratoga Springs Fire Department, Malta
Ridge Volunteer Fire Company, West Cres-
cent Fire Department, and Rock City Falls
Fire Department provided additional testing
support.

The c-Air was deployed following fire sup-
pression once temperature had fallen to
100°F because the current prototype could
not be placed in the room at a higher tem-
perature. A Seek Thermal Imaging Camera
was used to obtain room and instrument
temperatures throughout the trials (Figure
4.5). The live burn testing provided valuable
insight into both air contamination on the
fireground and future improvements that
can be integrated into the c-Air. The device
had trouble assessing contamination levels
immediately post-suppression because of
the high concentration of particulates, thus
post-suppression measurements were con-
sidered out of range. Within the first three
minutes post-suppression, samples consisted
largely of elongated, smaller particles. The
maijority of particles captured were volatile
and evaporated within the first half minute.
Within 10 to 12 minutes post-suppression,

FIGURE 4.5. FIREFIGHTER USING THE SEEK
THERMAL IMAGIING CAMERA (LEFT) IMAGE
FROM SEEK CAMERA OF C-AIR AND COM-
MERCIAL PARTICULATE MONITOR IN BURN
FACILITY (RIGHT).

concentrations of particulate matter in the
ventilated burn room had returned to base-
line levels.

NEXT STEPS

The research team is working to improve the
current c-Air prototype by miniaturizing it,
making it lighter, and refining its ability fo
sample on the fireground.

It is expected that the final device will be
appropriate for use on the fire scene
(interior and exterior operations, and near
apparatus) and in fire stations. Though this
device will help firefighters avoid major vul-
nerability, it is important to remember that
particulate matter is only one of many dan-
gerous compounds present in air on the fire-
ground. Care should be taken in protecting
firefighters from all potential contaminants in
the air.



RECOMMENDATIONS

1. Protect against exposures.
.« Wear SCBA during all structural firefighting operations.
e Wear SCBA during overhaul.
o Consider donning SCBA in smoky conditions—even during exterior firefighting.
.« Wear SCBA when suppressing car fires.
2. Protect against dermal exposure.
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o HYSIOLOG'CQ INTRODUCTION
MONITORIN

Technology is becoming increasingly inter-
woven with daily life. As evidenced in the
fire service, improvements to safety gear,
SCBA, apparatus, and other equipment are
reliant on automation and information tech-
nology. While many aspects of fire protec-
tion have embraced technological ad-
vancements, firefighter health initiatives
have lagged behind. Wearable technology
is one of the latest innovations that allows
healthcare providers and users to collect
information relatively easily and potentially
within an actionable time period. As part of
this project, the SMARTER team, deployed a
- 50UAD 19 | L & § called the Wearable Advanced Sensor Plat-
{ I form (WASP) to determine the potential utili-
ty of these novel devices for the fire service.

ZEPHYR BIOHARNESS 3 SYSTEM
WITH OMNISENSE SOFTWARE

physiological monitoring system (PSM)

The Wearable Advanced Sensor Platform
(WASP) is a PSM comprised of a Globe.,
flame-resistant baselayer shirt and Zephyr™
Bioharness 3 technology (shown in Figure
5.1). The Zephyr Bioharness is a compact de-
vice that can capture real-fime or recorded
information for research and field or opera-
tional scenarios. Coupled with Omnisense
software, the Bioharness allows users to track
cardiac and thermal strain along with activi-
ty. It is important to note that fechnology
advances rapidly and there are likely al-
ready differences in the technology that we
are reporting on. This report describes what
the SMARTER team did with the technology




FIGURE 5.1. GLOBE SHIRT AND ZEPHYR STRAP HARNESSES OF THE WASP SYSTEI\/\.f

that was available. Zephyr has already
made significant improvements to their de-
vices and programs; they now offer cloud-
based storage, mobile applications, shorter
download times, and enhanced possibilities
for data viewing.

PARTICIPANTS: HANOVER PARK
FIRE DEPARTMENT

To assess the applicability of the WASP sys-
tem to emergency calls, training, and physi-
cal fitness routines, 54 firefighters of varying
ranks from the Hanover Park (IL) Fire Depart-
ment wore the system throughout their 24-
work shift for a period of more than six
months.

;;;;

All ethical guidelines for human participant
testing were followed. The study was ap-
proved by the Institutional Review Board of
Skidmore College and funded by the Assis-
tance to Firefighters Grant Program. Partici-
pants provided written informed consent
along with medical histories (including physi-
cal activity and prescription or over-the-
counter drug use) before data collection.

Department Description

The Village of Hanover Park Fire Department
is @ municipal organization located in the
Chicago metro area. Itis a Cook County
community, but has about half of its land-
mass lying within DuPage County. Cook
and DuPage are the two most populous
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counties in lllinois and serve as economic
engines for the entire state. The village has
an overall landmass of 7.5 square miles and
a population of nearly 40,000 residents. It
plays a major role in the area transportation
system with roadways providing four-way
directional access to the village and the ex-
pressway system surrounding and fraversing
the metropolitan area. Its location in the
Chicagoland area places it at the terminal
end of the I-390 expressway and in the flight
path of O'Hare International Airport. Daily
traffic levels exceed 200,000 vehicles mov-
ing through the village limits. In addition,
Hanover Park is crossed by two rail lines, in-
cluding the Metra passenger rail system
transporting more than 1,500 passengers
daily. Three industrial parks are tucked into
the tight confines of the village and are

HANOVE|
S ek
AMINISTRATION

——

home to several national manufacturing
firms.

The department operates with a comple-
ment of 35 full-time and 19 part-time fire-
fighters and officers. These personnel are
supplemented by a full-time administrative
assistant, two volunteer fire chaplains, and
15 Fire Corps volunteers. In addition, the de-
partment is also responsible for the village's
Inspectional Services Division that manages
the entire building permit process from pro-
ject conception through issuance of a final
certificate of occupancy. Structural, me-
chanical, and electrical plan reviews and
inspections are performed by two staff ar-
chitects, and several inspectors and permit
coordinators.

Call responses range between 3,600 — 4,000




emergency calls annually; approximately
70% are EMS. Services are provided using a
staffed paramedic equipped Rescue/
Engine (Squad), a staffed Paramedic
Equipped Engine Company, two Mobile In-
tensive Care Ambulances, one of which is a
jump company to a Tower Ladder and a
Battalion Commander, along with myriad
other ancillary response equipment.

All personnel are trained at a minimum to
the level of Basic Operations Firefighter as
recognized by the lllinois State Fire Marshal's
Office and the International Fire Accredita-
tion Council, as well as lllinois EMT-Basic. All

full-time staff are required to hold current

certification as Advanced Operations Fire-
fighters and possess an lllinois Paramedic
license. The department actively partici-
pates and responds as part of MABAS
(Mutual Aid Box Alarm System) Division 12
and staffs a Haz Mat Squad of15 techni-
cians to serve as the rapid response squad
to all departments/communities throughout
the division. The squad/trailer combination
provides “Level A” Haz Mat equipment as
well as specialized monitors and decontam-
ination systems. The population of the total
area served by MABAS Division 12 exceeds
900,000.

The department’s EMS Division has responsi-
bility for management of the Fire Corps pro-
gram. Fire Corps is a component of the Vil-
lage’s Citizen Corps Council and functions
as an operational team within the Fire De-
partment. Fire Corps members are volun-
teers tasked with the responsibility of provid-
ing on-scene emergency rehab for firefight-
ers. The team serves Hanover Park Fire De-
partment and is an active part of the
MABAS response system. Additionally, Fire
Corps assists with public fire and life safety
education, community events, fireground/
emergency incident support, and emergen-
cy management activities.

Firefighters work a traditional 24/48-hour
schedule with shifts beginning at 0700 each
morning and ending at 0700 the following
day.
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WASP System Workflow

Steps

Technology
configuration &
assignment

Data
collection
(firefighters wear
technology)

Data
extraction

Supplies

Computer,
software, and
WASP system with
accessories

Computer, soft-
ware, WASP
system, and if
recording live,
transmission
device

Personnel

Research team
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department
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Participants,
research team,
and fire service

personnel
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reconfiguration
& call log
processing

Computer,
R ht
software, WASP esegrc egm
and fire service
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. leadership
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Computer,
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analyzing

Computer and
software

Research team

Dissemination of
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Computer,
software, and
prinfing
materials

Research team

FIGURE 5.2. WASP SYSTEM WORKFLOW.

Research
Use



WASP SYSTEM WORKFLOW

A variety of equipment and personnel are
necessary to deploy the WASP system in
both field work and research. There are six
fundamental steps that occurred in our
team’s process between receiving the sys-
tem and understanding the potential usabil-
ity of this technology. These steps included:
1. Technology configuration & assignment
Data collection

Data extraction

Technology reconfiguration & processing
Data compilation, cleaning, & analysis

A o

Dissemination of results

The WASP workflow (Figure 5.2) outlines the
steps taken in using the WASP system for re-
search and field work. The only processes
required for field use are technology config-
uration and assignment and data collec-
fion. Use of the system for research is de-
pendent on all steps.

Technology Configuration and Assignment

The Zephyr BioModule Device can be worn
with either a Zephyr strap or a shirt (Figure
5.1). Users must be fitted to ensure a tight fit
that will provide quality data. Individuals’
heights, weights, ages, and gender were
recorded, then entered into the database
to ensure accuracy. Configuring the Bio-
module devices takes approximately one
minute per participant.

Data Collection

One of the aims of this research was to de-
termine the potential of 24 hour monitoring

of firefighters. The SMARTER team sought to
describe physiological stress during the work
shift. To accomplish this, we firefighters wore
the devise while on duty so that when they
received an emergency call data could be
collected during events.

Data Extraction

Extracting data from the Zephyr Biomodule
devices required placing the Biomodule in a
data transmission cradle. Devices were at-
tached to a computer with Omnisense soft-
ware by either research teams or fire de-
partment leadership; extraction ranged
from 5 to 30 minutes per participant, de-
pending on the volume of data collected.

Technology Reconfiguration and Processing

Once data was extracted from the Biomod-
ule devices, researchers and/or fire depart-
ment leaders reconfigured and recharged
the devises for future use; this process took
about 120 minutes. Call logs were also pro-
cessed to match the physiological data
with the activities that occurred during col-
lection periods.

Data Compilation, Cleaning, and Analysis

Data processing and analysis was a tfime-
consuming step in the WASP System work-
flow. Data was viewed, partitioned, and
grouped using Omnisense software. While
compiling and categorizing data for the
SMARTER project, researchers used detailed
descriptions of calls and training exercises to
assess physiological strain of various activi-
ties. Data was exported from Omnisense to
Microsoft Excel files and then to a statistical
program for in-depth analysis.
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been able to track firefighter physio-
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RESEARCH

Live Fire Training

In May of 2016, the Hanover Park Fire De-
partment conducted three days of live fire
training using a four-story brick class A fire
training facility operated by Addison Fire
Protection District in lllinois. Zephyr Biohar-
ness System was worn by all participating
firefighters throughout the drills and the re-
sulting data was fransmitted to the research
team. Only data from the first fraining was
analyzed to a) assess the cardiovascular
and thermal strain of training; b) compare
physiological responses of firefighters to in-
structors; and c) determine the feasibility of
the WASP for live fire training scenarios.

Participants

Overall, 29 firefighters and 6 instructors (35
total participants) took part in the first day of
live fire drills. The average age, height, and
weight of instructors were 36 years, 70 inch-
es, and 211 pounds respectively, while fire-
fighters averaged 35 years, 71 inches, and
201 pounds.

Structure and Environmental Conditions

The training structure was made entirely of
concrete and had one stairwell in the mid-
dle of the building. It was also equipped
with an alarm system that would activate
when ceiling temperatures reached an ex-
cess of 500°F (260°C). An exterior roof prop
was aftached on a second-floor patio style
area and the windows o the building were
enclosed with plywood that slid to allow for
ventilation. The training fire was relatively
small, fueled with straw and wood pallets,

and located in the corner of the first floor. The
weather was clear throughout the day with a
low of 49°F and a high of 76°F; relative humid-
ity was 51%.

Dirills

Three drills were carried out during fraining,
including: 1) a transitional attack with ventila-
tion and a multiple floor search; 2) a high-rise
standpipe drill; and 3) a ventilation, enter, iso-
late, and search drill. Descriptions of each
drill with team assignments can be found in
Table 5.1, Live Fire Training Drill Descriptions.
The duration of drills ranged from 30 to 50
minutes and the full training took six hours.

Data Collection and Management

Firefighters and instructors wore Zephyr bio-
harness shirts or straps for the entire training
day. Once participants returned to the fire
station, all data from the Zephyr Biomodules
were downloaded and uploaded to the Skid-
more College, First Responder Health and
Safety Laboratory Dropbox site. A researcher
from the First Responder Health and Safety
Laboratory then reviewed each participant’s
data set and created subsets for each drill.
Baseline physiological measurements (upon
arrival and during the safety briefing) were
taken from data captured during this pro-
cess. Four periods of interest were analyzed,
including: drill 1, clean-up following drill 1, dfrill
2, and drill 3. Instructors were also compared
to firefighters to determine if cardiac or ther-
mal strain differed between cohorts.

All data was reviewed to ensure values were
within physiological limits and imported into
the statistical software package.
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TABLE 5.1. LIVE FIRE TRAINING DRILL DESCRIPTIONS.

Drill 1: Transitional Aftack with Ventilation and a Multiple Floor Search

— carried out initial fire attack and advanced hose to second floor of
burn building

— performed vertical roof ventilations on a prop (3/4 inch plywood) using
chainsaws, circular saw, mauls, and axes

— searched all floors inside burn tower

— stand by as rapid intervention team (RIT), threw lad-
ders to the second floor windows, and carried equipment to the front of the building

— assumed command from initial companies

Drill 2: High Rise Stand Pipe Operation

Engine 1 — carried a 21/2 inch (100 foot) high rise bundle to the second floor standpipe con-
nection and advanced hose to the third floor

Truck — performed vertical roof ventilations on a prop (3/4 inch plywood) using chainsaws,
circular saw, mauls, and axes

Engine 3 — searched all floors inside burn tower

Medic Company — served as RIT standby, threw ladders to the second floor windows, and
carried equipment to the front of the building

Incident Commander — assumed command from initial companies

Drill 3: Ventilation, Enter, Isolate, and Search

Engine 1 — advanced hose to the first floor burn

Truck — performed complete ventilations and search techniques including climbing up a
ladder to a second floor window, entering the window and completing a search of the room

Engine 3 — climbed the main tower ladder (Day 1) or tower stairs (Days 2 & 3) to the fourth
floor for entry where they conducted a search of the room

Medic Company — served as RIT standby, threw ladders to the second floor windows, and
carried equipment to the front of the building

Incident Command — assumed command from initial companies




Results

Our results indicated that live fire training
produces significant cardiovascular strain.
As seen in Figure 5.2, HR increased with the
various drills. Although it is useful to be able
to visualize how all the individuals respond-
ed, it was necessary to perform statistical
analyses to see how the average values dif-
fered by drill and between the students and
instructors. The average peak HR aftained
during the training was 187 bpm. The overall
average HR (for the entire day) was 116
bpom. These data indicate that there were
periods of intense work associated with the
drills and with clean-up, but when consid-
ered over the course of the entire training
day, the cardiovascular strain was relatively
moderate. When the team investigated the
impact of individual drills, the peak HR

Heart Rate (bpm)
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* Average HR =129 bpm

* Average Peak HR= 166 bpm
 Duration = 28 mins

IH

Heart Rete (894)

lll,

2 KDALY
= ) N i
Bl g

»
®
A o

Arrival- safety/instructions
* Average HR =91 bpm

Heart Rate (bpm)
Heart Rate (bpm)

m Drill #2 \
¢ Average HR =128 bpm
* Average Peak HR= 163 bpm

* Duration = 30 mins

ranged from 163-171 bpm (Figures 5.2, 5.3).
There were no statistically significant differ-
ences among heart rate or estimated core
temperature (Figure 5.4) changes among
the drills. There were also no statistically sig-
nificant differences between instructors and
firefighters throughout training.

A major finding was that the highest peak
HR attained during the live-fire training did
not occur during the actual drills. In fact, the
highest observed value was during the
clean-up following drill 1. Although clean-up
was performed with PPE jacket off, firefight-
ers’ estimated core temperatures rose after
the activity of drill T and HRs were greater in
this fime period than during any drill. Addi-
tionally, there was a large difference in the

firefighters work during this tfime period

Heart Rate (bpm)

"]“ Dr,|3 Ll "‘ )

* Average HR =127 bpm
* Average Peak HR= 170 bpm
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N= 13 Firefighters

n= 10 firefighters, n = 3 instructors

FIGURE 5.2. WASP SYSTEM HEART RATE DATA FROM LIVE-FIRE TRAINING WITH ANALYSIS.
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compared to that of the instructors, with
firefighters performing greater work. This re-
sult is important for all fire service personnel
to note—that the work performed outside of
the official drills may have the greatest im-
pact on the cardiovascular strain.

Because instructing officers do not perform
as much work during this period they may
easily underestimate the level of exertfion of
drills. Therefore, the effects of overhaul, per-
formed both in training and on the fire-
ground, needs to be accounted for by safe-
ty officers when evaluating the overall
health and fitness of a fire crew.

Bailout Training

Hanover Park Fire Department conducted
routine bailout training throughout Septem-
ber of 2017. Compared to other activities,
bailout training is a short and low-intensity;
nevertheless, the drill still presented the psy-
chological challenges of high stress situa-
tions, such as those firefighters face on a
regular basis. Our research team aggregat-
ed available WASP data during these tar-
geted trainings, in order to determine the
cardiovascular and thermal strain of this drill
compared to live fire training and fire calls.

Bailout Dirill

This drill consisted of firefighters using a win-
dow frame built above a drop, attaching a
heat-resistant hook to the frame, and climb-
ing sideways out of the window before
dropping and letting the bailout device
catch them (see Figure 5.5). From there, a
lever on the device was used to create a
controlled decent and lower the firefighter
to the ground. Figure 5.6 shows a Hanover
Park firefighter completing bailout training.
An officer stayed at the window frame
throughout training to instruct the partici-
pant and ensure the device was set up and
used correctly. Firefighters were required to
complete two cycles of the drill that lasted
less than one minute each.

Participants

Though most Hanover Park firefighters par-
ticipated in the bailout fraining as part of
mandatory training, only a subset wore the
monitors during this training. Thus, only data
from 19 firefighters was analyzed.



FIGURE 5.5. BAILOUT TRAINING.
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FIGURE 5.6. EXAMPLE HEART RATE TRACING FROM BAILOUT TRAINING (single participant).
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Results

The results demonstrated the extent to
which the sympathetic nervous system is ac-
tivated had a bearing on cardiovascular
strain. Though bailout training is considered
a relatively “low-intensity” activity (taking
less than one minute), the heart rate re-
sponses seen during this drill mirrored those
of live fire training. As shown in Figure 5.6,
heart rates reached near maximal levels at
the time of bailout jump for participants, re-
gardless of years of service. At their peaks,
heart rates ranged from 74%-98% (~160-180
bpm:; Figure 5.6) of age predicted maxi-
mum. Fire department leadership found
that the heart rate responses observed dur-
ing bailout fraining surprising, given the low
intensity of the drill and number of experi-
enced firefighters participating. Overall,
these results highlight the need to consider
how psychologically demanding tasks af-
fect firefighter cardiovascular health.

Fire Calls

From January 16 - July 17, 2017, the team
paid particular attention to WASP data from
actual fire calls to assess feasibility of wear-
ing PSM. Out of 51 fire incidents during the
time period, 27 fire calls were selected for
analysis, and comprised the final sample.

Methods

The research team obtained incident logs
and rosters for every fire call that took place
between January and July of 2017 and
used logged information to determine the
amount of Biomodule data captured during
relevant time periods. Utilizing Zephyr's heart
rate confidence metric (a measure of how

accurate a heart rate reading is at any
point in fime) we were able to determine
how much data was considered accurate.
Average and peak heart rates and estimat-
ed core temperatures were then calculated
for relevant time periods. ECG data was al-
so explored, to determine if it was useable.

Results

As seen in Figure 5.7, though a portion of the
data was removed after filtering for heart
rate confidence, the amount of information
that remained indicated that the device
performs generally well when capturing
heart rate data on the fireground. The ECG
data was not useful for detecting arrhythmi-
as or ischemic changes as it was not a
measure that could be viewed live or in the
Omnisense data viewer. ECG data was also
‘noisy’ because of movement artifact that
occurred due to firefighters moving their up-
per body while wearing Biomodules.

Live Mode

The WASP System also included a program
that allowed us to view a “live” or real-time
report of some physiological variables the
Zephyr Biomodule. The Hanover Park Fire
Department command car was outfitted
with laptops that included the live software
(OmniSense Live) and a database of Hano-
ver Park Fire Department participants; this
allowed battalion chiefs to view partici-
pants’ heart rate, activity, estimated core
temperature, and breathing rate in real
time during emergency situations. Live
mode was used for training, rehab, and
emergency calls during the study. The chief



of the department found the system to be
helpful to a point, with strong possibilities for
future applications.

In most instances, incident commanders
would not be able to stop a “push” or a res-
cue effort due to physiological data read-
ings seen at the command post. However,
with data about the physiological stress of
the operating crews, commanders may be
able to assign additional staff or rotate
crews in an attempt to reduce the overall
load. The PSMs were also helpful in monitor-
ing HR and temperature while firefighters
underwent rehab, and this information may
be useful in determining when to put crews
back to work following rehab. They made
medical assessments more efficient and

eased the overall data collection with less er-
rors or omissions.

Several issues require additional research.
These include establishing the threshold limits
of concern, and determining the 1) variance
between individuals; 2) fluctuations from day
to day; and 3) whether a base level of under-
standing of each firefighter's physiology is
needed in order to interpret readings.

Incident commanders found that the com-
mand team needs to be very robust to evalu-
ate all information available from both the in-
cident and the PSMs. Unless supported by a
fairly large staff, the incident commander
quickly can easily become overloaded, and
unable to process all the data needed to sup-

port critical decision making.

Figure 5.7. HEART RATE DATA BY QUALITY (CONFIDENCE).
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Case Study

The advantages of Zephyr's Live Mode were
apparent during a grass fire. It was a cool
day at 45°F and 56% humidity with 18 mph
winds. Five firefighters responded along with
battalion chief and the fire chief. Upon arri-
val to the scene, the battalion chief con-
nected the laptop; he had real-time data
on the firefighters in about three minutes.

Data collected indicated that firefighters
had peak heart rates ranging from 159 to
205 bpm. High peak estimated core body
temperatures for the initial attack firefighters
were 103.1°F, 102.2°F, 101°F and 99.3°F.

A generally accepted standard for defining
heat stroke is a core hyperthermia above
104°F (Mayo Clinic, 2017). It has been es-
tablished by previous research that even
when firefighters are removed from the hot
environment and doff their PPE, core body
temperatures can continue to rise. Taking
this into account, it is easy to speculate that
firefighters responding to this incident were,
at least in one case, dangerously close to
experiencing significant heat illness. It is im-
portant to note that the ambient tempera-
ture at this incident was only 45°F. As the
ambient temperature increases, the risk of
heat-related iliness increases dramaftically.

Based on the availability of this “real time”
data, the incident commander made the
decision to pull the firefighter with the high-
est estimated core body temperature and
send him for immediate rest and hydration,
which also included doffing of PPE.

This incident led the fire chief to question the
logic of having firefighters operate at brush

or wildland incidents wearing structural PPE.
During these types of incidents, the overall
thermal protection offered by bunker gear is
not required and can actually be physiolog-
ically detrimental. Based on this, Hanover
Park and Skidmore are currently evaluating
a wildland pant and coat (i.e. non-structural
PPE) configuration that provides flash/
abrasion/blood borne pathogen protection.
This study, separate fromm SMARTER, is ap-
proved by the Skidmore College Institutional
Review Board (IRB) and funded by the Han-
over Park Fire Department — Foreign Fire Tax
Insurance Board. Findings from this addi-
tional study will provide a comparison of the
physiological responses of firefighters work-
ing in structural PPE vs those wearing non-
structural gear.

Summary

The Live Mode proved very useful when
Hanover Park officers were able to manage
operations while viewing physiological data.
However, incident commanders generally
did not have the time to do so. Unfortunate-
ly, without adequate resources and time,
Live Mode is difficult to intfegrate into inci-
dent command operations. In order to ef-
fectively use the information during an
emergency incident, it will likely require that
a designated individual be assigned the
sole task of reviewing data and communi-
cating recommendations to command.
Live mode is however suited for utilization
during training and rehabilitation, and has
been adopted by several fire departments
for these specific uses.



 RECOMMENDATIONS

Recognize overhaul and training as periods of significant cardiac and thermal strain.
Increase awareness about the effects that high psychological stress places on the

cardiovascular system.

. Consider modifications to gear to decrease cardiovascular strain in situations where

bunker gear may not be necessary (such as extrication and brush fires).
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