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Chapter 4
Fire-Related Injury Mechanisms

Fredrik Huss

Abstract Understanding medical and biological factors affecting survivability in
fires provide a solid ground for safety and preventive measures.

Most fire deaths are due to (smoke) inhalation injuries alone or in combination
with burns. Smoke is a complex mixture of compounds that cause harm through
Asphyxia, Acute irritation, Physical exposure, and Long-term effects. Not only the
present incident and the acute setting are important, the following period also holds
a substantial morbidity and mortality. Risk groups such as men, smokers, alcohol—/
drug-impaired, physically disabled or cognitively impaired, and elderly have been
identified. The global number of elderly people has increased significantly and is
projected to continue increase rapidly.

While considering their own safety, emergency medical services need to quickly
identify injured patients to promptly initiate life-saving interventions such as secur-
ing airways and providing O, counteracting the effects of inhaled toxic gases. Minor
burns and smoke expositions can be treated ambulatory with routine wound care or
a short period of O, inhalation. However, larger burns and inhalation injuries are
often serious and need advanced treatment in hospital.

Different biological and/or medical factors that can explain, or identify, persons
more vulnerable than others to fire, smoke, or heat incidences are reviewed in this
chapter.

Given the short amount of time at hand to escape a fire situation, measures to
extend this time must be taken; however, prevention is really the key. Environmental
modifications, safety rules promotion, etc. need to be tailored to specific groups;
children do not function as adults, psychiatric disabled differ from physically dis-
abled, etc.
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1 Introduction

At 03:00 the fire alarm goes off. Mum hears the annoying noise distantly. It was only an
hour ago she took the sleeping pill, the wine didn’t do it for her this night. The divorce is
really taking a toll on her, she can’t sleep any longer. She smells smoke, her heart starts to
pound. Her head is spinning, she can hear the children cry in their room. She’s terrified.
Her dad recently moved in to help her after the divorce. She’s thankful for that even though
she’s afraid that he is showing signs of Alzheimer and just recently recuperated from his
third heart attack. Dad! She cries, while swearing to herself that he, of course, removed his
hearing aid for the night. She stumbles out of bed and heads for the nursery. In the hallway
thick black smoke is lingering in the ceiling. The little one stands clinging to the crib wall,
crying. She picks him up while screaming to the older child to run outside. With the little one
in her arms she heads for her dad. The smoke is thicker now, she can barely see where she’s
going in the hallway. Her lungs ache, she coughs heavily and can feel how it’s becoming
heavier to breathe. Mum reaches for her asthma-spray just to realize she’s in her pyjamas
and the spray is still on the night stand...

Who in the family will make it out safely? This small, typical, family and situation
show several intrinsic factors that have severe impacts on the chances for them to
escape the dangerous situation.

Fire, heat, and hot substances have since the beginning of times been risks, to all
species, and in all societies. Even the homo erectus (approximately 1.8 million years
ago) was in danger, e.g., from lightning and wildfires. The risks increased even
more when hominins learned the ability to control fire (suggested to happen approx-
imately one million years ago [1]). In parallel with mankind’s evolution, of course
also measures to avoid and handle dangers have been developed and implemented.

As society, with time, has become increasingly more complex, so have also
the risks.

Can be seen as obvious, but what exactly are the mechanisms behind people
being injured or dying due to fire, heat, and hot substances? Which are the medical
and/or biological explanations that make some people (more) vulnerable to fire,
smoke, or heat (that also could explain the increased morbidity and mortality in
certain groups)?

A multidisciplinary approach to reduce, and possibly avoid, injury and death due
to fire, heat, and hot substances has previously mostly prevailed. However, it is evi-
dent that an interdisciplinary approach would be more fertile. Given the fact that
most victims belong to one, or several, specific risk groups, it is necessary to take on
the whole chain; pre-, per-, and post-incident. What can be done from the medical/
health care sector to reduce the risks for, and effects of, a fire-related incidence for
the more vulnerable persons?
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2 Causes of Death in Residential Fires

Preventing situations that can put people in risk of fire and burns is of course a pre-
requisite in decreasing fire-related morbidity and mortality, e.g., how buildings are
built regarding material, escape routes, etc. Once a fire incident is at hand, another
prerequisite is that the person is made aware of the danger. It is not obvious that the
person can embrace the situation and rationally seek to escape. Elderly, children,
and physically, psychiatrically, or alcohol/drug-induced debilitated individuals
often need longer time to react, if they react at all, to the threat. Even if/when the
threat is acknowledged and the person, hopefully, reacts to escape, other, fire-
related, factors come at play.

The majority of residential fire deaths (75-80%) are due to smoke inhalation
alone or in combination with cutaneous burns. Since only 26% of deaths are attrib-
utable to burns, smoke inhalation is deemed as the main killer [2-5].

Asphyxiation, heat stroke (core hyperthermia), and distributive shock as a result
of incidences with fire, heat, and hot substances are examples of immediate causes
of death [6]. Occurring, but less common, are associated trauma or even already
dead (homicide, suicide, or disease). The cause of death can seemingly be obvious,
but there is often a road to the deadly point that is not routinely evaluated in autop-
sies or forensic examinations. In the scope of this book, these are factors that need
to be considered. Why did the person end up in this situation, i.e., why did/could
the individual not flee? Incapacitation plays a large role. Smoke, heat, physical
condition, illnesses, etc. all add up to the situation preventing the individual from
escaping the danger zone, thus exposing himself to further harm or, eventu-
ally, death.

2.1 [Inhalation Injury

Inhalation injury is defined as inhalation and/or aspiration of hot gases, vapors,
liquids, or toxic/chemical substances (residues after combustion). The risk is higher
if the fire incident occurs in a closed room. Inhalation injuries can be seen in 2-20%
of the cases with (flame) burns. The combination burns and inhalation injury
increases morbidity and mortality significantly and increases the patient’s need for
fluid resuscitation in the early resuscitation phase. Since the heat exchange is very
effective in the upper airways, the vast majority of thermal inhalation damage is
limited to the upper airways (above the glottis) [7].

Although anamnesis or findings indicate that inhalation of hot or harmful sub-
stances has occurred, there are no clear clinical acute signs of an actual inhalation
injury. This means that the acute diagnosis is only based on a number of probabil-
ity factors (an adequately performed and assessed bronchoscopy may help but is
not conclusive in the acute setting). These factors are partly based on
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circumstances at the time of the injury itself and partly on symptoms of that the
upper airways have been damaged. However, the main clinical problems resulting
from an inhalation injury are mainly caused by effects at the alveolar level and
these cannot be assessed initially, but always appear somewhat later in the process
(5-7 days).

Signs of Inhalation Injury

* Fire accident (or similar) in a closed room.
e Soot in sputum.

e Burns to face/neck.

* Changed level of consciousness.

e Strained breathing.

* Hoarseness of voice.

If an inhalation injury is likely, or in anticipated major and early airway problems,
immediate intubation (placement of a flexible plastic tube into the trachea to
maintain an open airway) should be considered. Especially when there is:

e Deep burns to the neck and face.

e Burns in the mouth.

e Stridor, hoarseness, or swelling in the pharynx.
¢ Unconsciousness.

e Hypoxia/hypercapnea.

Clinical Entities of Inhalation Injuries

Three clinical entities of inhalation injury exist (and may exist simultaneously):

e Upper airway injury (above glottis).
e Lower airway injury (below glottis).
* Inhalation of toxic gases:

Upper Airway Injury (Above Glottis)

The airways cranially of larynx/glottis, that is, the uvula, pharynx, and epiglottis,
can be damaged and thus also swell considerably. This always entails the risk of
acute total upper airway obstruction. The patient has stridor, hoarseness, and/or
changed pitch. The time for any possible total occlusion of the airways varies and
can be unpredictable. Generous indication of intubation exists. Inhalation of hot
gases (but also hot liquids or chemicals) is usually the pathogenesis.
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Lower Airway Injury (Below Glottis)

Epithelial damage, increased secretion, inflammation, atelectasis, and obstruction
occur when toxic substances reach beyond the larynx and the lung parenchyma is
damaged. Due to the heat exchange in the glottic area, thermal damage is very rarely
seen below the glottis, but they do occur (especially after explosions/explosive com-
bustion). The presence of hot steam also increases the risk of thermal damage in the
lower respiratory tract. The patient exhibits dyspnea, cough, wheezing voice, and
abundant secretions. Bronchoscopy can reveal an image of edema, bleeding, and
soot. Lower airway damage significantly increases mortality.

Inhalation of Toxic Gases

Results in more systemic effects than upper/lower airway damage, vide infra.

2.2 Smoke

Smoke is a complex, heterogeneous, mixture of many different compounds (gases
and particles). Depending on the fuel (what’s burning), temperature, time since igni-
tion, oxygen supply, and more, the composition varies greatly, also over time.

Four major separate harmful pathways for smoke can be identified [5, 8—10]
(Table 4.1):

* Asphyxia.

e Acute irritation.

* Physical exposure (heat, vision).
* Long-term effects.

2.3 Asphyxia

Since all cells of the body demand O, for their metabolism, i.e., to live and function,
an adequate O, delivery is essential and is maintained by the cardiorespiratory sys-
tems. The air contains normally 21% O, and when inhaled O, diffuses, in the alveoli
of the lungs, to the capillary blood where it binds to hemoglobin (>98%) or dis-
solves directly in the plasma (<2%). The heart pumps the blood into the systemic
circulation and further eventually to the microcirculation of cells and tissues. There,
the O, is released from the hemoglobin and diffuses into the cells where it enters the
electron transport chain in the mitochondria to enable production of aerobic energy.
Normally, the O, delivery to the cells is a demand-driven process.
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Table 4.1 Table of selected important fire gases

F. Huss

Type of component

Examples of sources

Principal risks

Asphyxiants
CO,, CO Inorganic gas All fires Acute: asphyxia
HCN Inorganic gas Nitrogen containing fuel, Acute: asphyxia
e.g., nylon
Irritants
NO, NO,, Inorganic gas Nitrogen containing fuel, Acute: irritation
(NOx) e.g., nylon Long term: lung damage
NH; Inorganic gas Nitrogen containing fuel, Acute: irritation
e.g., nylon Long term: lung damage
HCl Inorganic gas Chlorine containing fuel, Acute: irritation
e.g., PVC Long term: lung damage
HF Inorganic gas Fluorine containing fuel, e.g., | Acute: irritation
PTFE, PVDF Long term: lung damage
HBr Inorganic gas Bromine containing fuel, Acute: irritation
e.g., Br-flame retarded Long term: lung damage
material
SO, Inorganic gas Sulphur containing fuel, e.g., | Acute: irritation
wool Long term: lung damage
Isocyanates | Volatile organic gas Nitrogen containing fuel, Acute: irritation.
e.g., mineral wool Long term: asthma,
cancer
Phenol Volatile organic gas | Generally in many fires Acute: irritation
Styren Volatile organic gas Polystyrene fuel Acute: irritation
Benzene Volatile organic gas All fires Long term: cancer
PAH Semi-volatile/ All fires, aromatic fuels Long term: cancer
condensed phase
organics
Dioxins/ Semi-volatile/ Chlorine or bromine Long term: cancer,
furans condensed phase containing fuels immunotoxicity, etc.
organics
Obscuring

Soot particles

Particles

All fires

Acute: visual obscuration
Long term: depositions in
the lungs

After Blomqvist [8]

If the cells’ O, demands cannot be met due to inability to acquire, transport, or
deliver sufficient amounts through breathing/circulation asphyxia is present, cells
and tissues become hypoxic and start to die.

Gases developed in fires can cause asphyxia in many ways [11], to mention a few:

e Displacement of O, in the inhaled air (less O, inhaled).

e Affect the diffusion of O, from lung to blood or blood to cells through.

— (Soot) particles/debris depositions in the alveoli
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— Thermal injury to the mucosa.
— Shifting of the dissociation curve of hemoglobin.

* Impair hemoglobin O, carriage (e.g., CO has 210 times higher affinity than O, to
hemoglobin and thus blocks the bindings sites for O, leading to less O, being
transported).

 Elicit metabolic acidosis and/or systemic ischemia.

Interference with the mitochondria’s electron transport chain.

2.4 Acute Irritation

Mucous membranes in, e.g., eyes, mouth, nose, and respiratory system, react to
chemical irritants in different ways, e.g., by increased secretion, bronchospasm, and
cell damage. Some effects are acute and can result in, e.g., visual impairment or
difficulties breathing rendering the person unable to escape the danger zone, whereas
other effects are more long-term (lung damage, pneumonia, pneumonitis, lung
edema) that may result in death some time later. The irritative effect that occurs
directly is more related to the concentration than the dose of the irritant. However,
in larger doses more long-term effects can be seen. Still, the critical doses and con-
centrations for humans are not easy to establish [8].

2.5 Physical Exposure (Heat)

The heat exchange in the upper airways is very effective. Thus, thermal inhalation
injury is mostly limited to the upper airways (above the glottis). There, burns and
resulting edema may quickly impair the airways’ patency.

In escaping a fire scenario, the heat can also be incapacitating in the sense that the
person is prevented to reach escape routes because of oppressing temperatures. The
person may find himself trapped in a room because of fear of, or actual, injurious
heat and succumbs due to additive harmful factors such as harmful gases.

2.6 Physical Exposure (Vision)

A person’s vision may be impaired in a fire scenario not only by irritant gases. The
aerosol of solid and liquid particles and gases that make up the smoke simply makes
it difficult to see where one is going due to obscuration and darkening (light extinc-
tion) of the surroundings [8].
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2.7 Long-Term Effects

Even though the acute effects of different smoke constituents probably pose the
more important aspects regarding the context of this book. One also needs to con-
sider more long-term effects. Several of the constituent gases, particles, and debris
involved in fires can cause direct systemic and airway and lung tissue damage as
well as trigger development of, e.g., cancer, immunotoxicity, and asthma later on.
Deposition of solid particles, particularly those in the nm-range, are of concern
regarding health effects long time after the fire incident [8].

3 Medical and Biological Factors Affecting Mortality

The global number of elderly people (>65 years) has increased. This is a result of
advances in living conditions, social care, and medicine and is projected to continue
increase rapidly from 0.7 billion people today and reach 1.6 billion in 2050 [12].

In 2019, the global death rate per 100 k population, all ages, regarding burns was
1.44. For people >65 years, the rate was more than 3-fold higher, >75 years more
than 5-fold, and for >85 years more than 9-fold.[13].

The risk of injury and death in residential fires (at least in HMIC) has previously
been shown increased in risk groups such as men, smokers, alcohol—/drug impaired,
physically disabled or cognitively impaired patients, and elderly [14—19]. Cultural
and sociodemographic differences along with behavioral factors aid in explaining
this increased risk [19-22].

Can possible biological and/or medical factors be found that explain or identify
one person being more vulnerable than another to fire, smoke, or heat incidences?

3.1 Carbon Monoxide

The major toxic gas that causes most deaths in residential fires is CO [8]. An inor-
ganic color- and odorless, non-irritable gas, slightly lighter than air, present in basi-
cally all fires. The major acute effect is, due to CO’s higher affinity to the heme
proteins of hemoglobin, that CO competes out the O, thus less O, can be trans-
ported to cells and tissues. Furthermore, CO has high affinity also for other heme-
proteins and thus binds to, e.g., myoglobin in myocardium and skeletal muscle [23,
24]. In the myocardium, the effect is cardiac dysfunction. The resulting tissue
hypoxia increases the vascular permeability leading to an accumulation of intersti-
tial fluid (edema). Depending on affected organ, the edema gives symptoms such as
neurological/unconsciousness (brain), respiratory failure (lungs), arrythmias/heart
failure (heart), and renal failure (kidneys). However, also several more delayed
effects as neurological and other sequlaes like cognitive deficiency, anxiety,
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stubborn headache, sleeping disorder, balance problem, dizziness, impaired vision,
neuropathies, mood disorders, muscular weakness, hearing loss and/or tinnitus,
stroke, and autoimmune connective tissue diseases can be noted [25-30].

Persons with cardiovascular diseases are postulated to be more vulnerable to CO
with incapacitation and death at lower and sublethal concentrations [3, 25, 31-35].
In 541 fire deaths, investigated by Birky et al., 60% of the victims died of CO alone
(50% CO-hemoglobin set as lethal concentration), 20% due to CO along with pre-
existing cardiovascular disease, and 11% of burns alone [4]. Regional abnormalities
of heart wall movement, diagnosed with echocardiography, suggesting preexisting
asymptomatic atherosclerosis leading to local ischemia when exposed to CO were
found in an older subgroup of patients treated with hyperbaric oxygen for severe CO
poisoning [36]. Satran et al. also found preexisting hypertension and male sex-
predicted CO-induced myocardial injury [36]. Other studies on people with exer-
tional angina pectoris who were exposed to (low concentrations) CO have established
a relation between CO-hemoglobin concentration and time to angina [37].

Healthy adult humans can tolerate 10—15% CO-hemoglobin without symptoms,
whereas individuals with coronary artery diseases can develop angina rapidly dur-
ing physical effort already at CO levels of 2%. A deadly fire in a care home for
elderly where 14/19 residents died was investigated by Purser [38]. He could show
that the residents with cardiovascular diseases trended towards increased suscepti-
bility to CO poisoning, and for heart disease alone, there was a statistically signifi-
cant increase.

The treatment is to counteract the O, displacement by increasing the amount of
O, inhaled, thus the increased amount of O, can compete with CO at the binding
sites on hemoglobin and reduce CO-hemoglobin’s half-time from about 4-5 h
(room air) to approximately 1 h. Hence, (100%) O, should promptly be provided,
preferably via a tight-fitting mask. In certain situations, hyperbaric O, therapy
(100% O, under increased atmospheric pressure — commonly 2—3 atmospheres) can
be used and will decrease CO-hemoglobin half-time to about 20 min. However, the
indications and (side) effects of HBO treatment are debated.

3.2 Carbon Dioxide

Carbon dioxide, CO,, is a color- and odorless, inorganic, non-irritable gas, heavier
than air (1.5 times), present in basically all fires. CO, is well-tolerated in low con-
centrations, but in higher (>5%) acts mostly as a simple asphyxiant, by displacing
O,, but also as a toxicant [39].

In higher concentrations, hypercapnia and respiratory acidosis develop which
affect the parasympathetic nervous system, thus depressing the respiration and cir-
culation. At even higher concentrations, neurological symptoms as convulsions,
coma, and death appear. In >30% CO,, almost instant unconsciousness followed by
cardiac arrest within minutes occurs. Thus, in situations with very high CO, concen-
trations, the toxic effect may well be the lethal cause and not the asphyxiating [39].
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However, in residential fires, it is unlikely that the concentrations of CO, will rise
fast enough to be the lethal gas since other, more fast-acting, gases will reach lethal
concentrations sooner.

Symptoms present in CO, intoxication thusly vary depending on the concentra-
tion and tachy—/bradypnoea, tachy—/bradycardia, arrhythmias, convulsions, and
cardiac stress can be noted. This is probably the reason for that hypercapnia due to
CO, intoxication is more dangerous for people with cardiovascular deceases [40].

Another important mechanism of CO, is its effect of increasing the respiratory
rate, thus increasing uptake of other (toxic) combustion products [3]. Especially
elderly and people with cardio—/respiratory conditions are more vulnerable in fire
incidents [41].

3.3 Oxygen Depletion

The three necessary constituents in a fire (the fire triangle) are fuel, energy, and an
oxidizer [8]. As the process of combustion proceeds, the constituents are consumed.
For O, this means that the atmosphere becomes O,-depleted which, of course, even
worsens the effects of the asphyxiant gases.

Oxygen deprivation alone can incapacitate a person at around 10% O, concentra-
tion and be lethal at <7%. However, without extreme heat, such as in a flash fire
(room temperature high enough to autoignite most flammable materials and the
room is engulfed in flames), this situation is unlikely. Furthermore, the temperature
involved in a flash fire would probably, in itself, be lethal before the O, deprivation
affects the person [42].

3.4 Hydrogen Cyanide

Hydrogen cyanide, HCN, is an inorganic colorless gas (boiling point = 25.6 °C)
released when nitrogen containing fuel burns with mostly asphyxiating effects. To
most people, it has a marked bitter almond odor; however, approximately one-third
of the population lack the ability to smell HCN, possibly genetically controlled.
HCN is approximately 35 times more toxic than CO, and basically all organs of the
body, especially those sensitive to low O, levels, brain, respiratory, and cardiovas-
cular systems, can be affected. Inhalation of HCN can be rapidly fatal [8]. Even
though its role in fire deaths is somewhat debated, it is regarded as being an impor-
tant asphyxiating gas that needs prompt treatment. HCN shows a molecular simi-
larity to O, in the sense that it binds (reversibly) to cytochrome a3 and interferes
with the oxidative metabolism at the cellular level (intracellular hypoxia occurs
within the mitochondria), thus turning the metabolism into anaerobic, producing
lactate that leads to systemic acidosis. HCN needs to be promptly treated with,
e.g., hydroxocobalamine, but since there are no specific tests or symptoms the
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treatment indication is the suspicion of exposure and/or acidosis. Levels of HCN
can be measured in blood, but the interpretation of the results is difficult since
HCN is both produced and degraded in blood and body tissues, even postmortally
[43, 44].

Even though data are lacking regarding increased vulnerability to HCN in any
risk group, it can be safe to establish that there is enough synergy among asphyxiant
gases and people with cardiovascular diseases to view them more vulnerable.
Synergy between HCN and CO has been shown in animal models [45, 46].

3.5 Asphyxiation Synergy

The common effect of all asphyxiants, or narcotic gases as they are sometimes
called, is that they ultimately lower the O, concentration in tissues and organs, be it
by simple ambient O, displacement (lowers inhaled O, concentration) or by sys-
temic effects. Carbon monoxide is probably the most studied asphyxiant and preex-
isting cardiovascular diseases seem to increase the vulnerability through cardiac
ischemia. Other asphyxiants probably produce similar effects and may also act in
synergy.

The common, most basic, treatment is to provide a surplus of O, to be inhaled,
be it through normo- or hyperbaric ways.

3.6 Irritants

Irritant gases are most often (volatile) inorganic gases with the common feature of
acutely inducing irritation of, preferably, the airways, but also eyes, skin, and
mucous membranes generally. The irritants have an important role regarding lethal-
ity in fire situations. The irritants may not be acutely lethal, but the rapid physiologi-
cal and resulting behavioral effects reduce the possibility to escape and lead to
incapacitation, allowing the accumulating irritating effects or the asphyxiants, or
heat, to become lethal [8, 47, 48].

The principal effects of irritants are similar and HCI may be the most studied
irritant in fire and smoke situations. However, most data are from animal models
and the human interpretation needs to be careful [49].

Most irritants also elicit long-term effects such as lung damage, asthma, cancer,
and immunotoxicity.

As with the asphyxiants, preexisting conditions like pulmonary diseases or
asthma render people more vulnerable to the irritants since their physiological
reserves are already limited.

Irritant gases can cause pain in eyes, skin, or respiratory tract, bronchospasm,
hypersecretion, and impaired vision.



56 F. Huss
3.7 Nitrogen Dioxide

Nitrogen dioxide, NO,, is an inorganic, reddish-brown gas with a pungent acid
smell. It is released when nitrogen-containing fuel burns with acutely irritating and
to some degree asphyxiating effect and can, in the long-term, cause lung damage.

NO, is directly toxic to the respiratory tract and is easily absorbed through the
lungs. NO, diffuses into the respiratory epithelial lining fluid and dissolves and
chemically reacts. This reaction and its metabolites determine the health effects
which include (acute and long-term) cardiovascular effects (triggering heart attacks),
diffuse inflammation, bronchoconstriction, inflammation, reduced immune
response, edema leading to bronchitis, pneumonia, or fulminant lung edema, and
interstitial fibrosis [50].

Besides the asphyxiating effect of fluid accumulation in the lungs, the formation
of methemoglobin blocks the O, transport in much the same way as CO [51].

3.8 Heat Exposure

Classic heatstroke can be caused by high surrounding temperatures [6]. Preexisting
medical conditions and/or an inactive lifestyle with low aerobic capacity increase
the vulnerability to heat (in)tolerance or heatstroke. Age itself seems not to be a
decisive risk factor [52, 53]. In a fire incident, the rise in temperature is most often
not that quick and other mechanisms of incapacitation, injury, and death occur
before a classic heatstroke develops.

The amount of tissue damage inflicted by heat can be viewed as a simple rela-
tionship between how long the tissue is exposed to a certain temperature.

Temp

Duration

Considering that a prolonged exposition of the skin to 44 °C is enough to pro-
duce irreversible epithelial cell damage, it is easily understood that higher
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temperatures, such as those involved in a fire, can cause serious damage to the
human body’s deeper tissues rapidly [54] (Fig. 4.1).

Several, mostly mathematical, models have been used to estimate what tempera-
ture skin and tissue reach during a burn/heat incident [56—58]. There are a plethora
of factors affecting the tissue response to heat; e.g., skin thickness varies depending
on the body area and between persons due to age, gender, and more; blood perfusion
of the tissue varies; skin is affected differently whether the heat source is radiation,
flame, scald, or contact; type of clothing worn; moisture on the skin (sweat); air
humidity; etc. To be exposed to a fire/heat incidence elicits several physiological
responses and reactions that further complicate the prediction of tissue damage. For
example, a decrease in heart function with decreased cardiac output and hypoten-
sion, e.g., due to effects of inhaled gases, lessens the blood perfusion to the skin,
which is followed by both the heat exchange (by the flowing blood) being decreased,
and thus more heat energy absorbed, giving deeper burns. A sustained hypotension
with the sustained lessened blood flow in the skin creates a cellular environment
lacking enough nutrients and O, leading to that cells that have been subjected to
reversible damage from the heat insult may well succumb due to the cellular
environment.

From these complicated conditions, it can be perceived as contradictory as to
when and how tissue damage occurs. An ambient temperature of 90 °C can well be
tolerated for 45 min or longer without resulting in cutaneous burns (compared to
being in a sauna) [59]. Others indicate that tolerance to temperatures <120 °C is
limited by hyperthermia, but at >120 °C pain is followed by cutaneous burns [10].



58 F. Huss

Increased ambient temperature (=31 °C) during exposure to CO was studied in
healthy adults, indicating synergistic effects of the heat and gas probably leading to
more rapid incapacitation of a person.

Considering mortality and morbidity by fire, heat, and hot substances, one fre-
quently focuses on the incident itself and the acute setting. However, one must not
forget the period that follows the insult.

3.9 (Cutaneous) Burns

Some of the main functions of the skin are:

* To be a barrier against the environment (both “physically”” and against pathologic
microorganisms).

* Temperature regulation.

* Fluid regulation.

* To be an interface to the surroundings (sensation, looks).

After having been exposed to fire, heat, and hot substances, it is common that the
person has acquired cutaneous burns. The burnt skin then loses the above mentioned
functions.

The burn trauma is a condition with many faces ranging from minor superficial
blisters/wounds that heal uneventfully spontaneously to massive full-thickness
burns covering large areas of the body necessitating advanced intensive care and
surgery. Treatment of significant burns is often considered one of the costliest forms
of hospital care.

The burn trauma itself induces a massive inflammatory reaction both locally and
systemically and affects basically all organs and systems in the body. The open
wounds, along with different (blood-, respiratory-, gastric-, urinary-, etc.) catheters
needed for the (intensive) care, are gateways for pathological microbes easily lead-
ing to infections and sepsis with high morbidity and mortality.

The depth, surface extension of the burn wounds, age, and the presence of an
inhalation injury are the major denominators determining the severity, treatment,
and outcome of the burn trauma [60, 61].

The modern terms used are:

e Superficial burns (epidermal, previous Ist degree).

— Only the epidermis is damaged.

— Intense redness and pain.

— Equivalent to a sunburn.

— Intact sensation and capillary refill.
— Heals in few days without scars.
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e Superficial dermal burn (previous 2nd degree, a).

— The entire epidermis and superficial parts of the dermis are damaged.

— Often blisters, moist surface, redness, and painful wound surface.

— Intact sensation and capillary refill.

— Usually heals within 2 weeks with proper wound care and without scars, but
with possible changes in pigmentation.

e Deep dermal burn (previous 2nd degree, b).

— The entire epidermis and deep parts of the dermis (hair follicles, sweat glands,
and other adnexae) are damaged.

— Marbled, dark red-white, dry, or moist wound surface.

— Usually no blistering.

— Diminished sensation and capillary refill.

— Surgery with skin transplantation is usually required.

 Full-thickness burn (previously 3rd degree).

— The entire skin (epidermis and dermis) and sometimes also deeper tissues are
damaged.

— Pale-brown or black color, leathery texture.

— Dry surface.

— No sensation or capillary refill.

— Surgery with skin transplantation is required for healing.

Burns affecting >20% of the total body surface area (% TBSA) are usually con-
sidered major, or significant. Full-thickness burns are more serious than superficial.
However, also larger superficial burns cause systemic (inflammatory) reactions that
can be detrimental.

To predict the mortality in burn patients, professor Serge Baux presented, in
1961, the Baux-score: mortality rate = age + %TBSA [62]. However, advances in
burn care and the appreciation of an inhalation injury’s deleterious effect have ren-
dered the original Baux-score too pessimistic. Thus, in 2010, Osler et al. revised the
Baux-score to mortality rate = age + %TBSA + plus 17 points if inhalation injury is
present [63]. Today, the better burn centers regularly successfully treat burns with
Baux-score > 130-140. This indicates that the question today is not to be whether
the patient survives, especially not in younger age groups, but more to what kind of
life the patient can be rehabilitated back to.

Looking at global in-hospital mortality due to fire, heat, and hot substances, one
must carefully evaluate published data because of an obvious risk of selection bias
since patients with a poor prognosis will probably not be referred to, and treated, in
hospitals in resource-constrained areas.
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4 On the Scene

Of all the destructive mechanisms involved in a fire, carbon monoxide and hydrogen
cyanide may be the most sinister. Mortality is highly increased when these 2 gases
are involved. Emergency medical services (ambulance etc.) need to quickly identify
these patients and promptly initiate life-saving interventions such as securing air-
way and spinal control and provide O, and intravenous fluid resuscitation [9].

The patients may not present with classic signs of toxic exposure; thus, triage
may be difficult. Textbook signs of cherry red skin (CO) or smell of bitter almond
(CN) are mostly only found in the books. Due to the varying time of exposure and
concentrations of toxic gases, a broad variety of signs and symptoms may be pres-
ent: e.g., nausea, confusion, headache, loss of consciousness, cardiac arrest, etc.
Thus, also potential risk factors and environmental findings that could indicate inha-
lation injuries, like fire incident in an enclosed space, should be sought after [9].
Routine examinations with, e.g., pulse oximetry are unreliable and more specific
laboratory data are not available on the scene. EMS therefore should broadly initiate
treatment. Equally important, though, is the safety of the EMS and others working
on the scene. Irritant and toxic substances released in the fire may also affect them
and proper protective equipment is necessary.

A cornerstone in the field work on site is to provide supportive and safe care
while acknowledging, in order of priority, safety, patient extrication and decontami-
nation, airway management, getting intravenous access, burn treatment, prevent
hypothermia, and patient dispersion [9].

4.1 Treatment

Minor scalds, burns, and smoke expositions can preferably be treated in ERs or
GP’s offices. Routine wound care or a short period of O, inhalation is often suffi-
cient. However, larger burns and inhalation injuries are most often serious and need
advanced treatment in hospital.

4.2 Isolated Inhalation Injuries

The medical issues with an (isolated) inhalation injury can be summarized as toxic
effects (local and systemical), increased secretion, and obstructivity. If the patient
cannot maintain a patent airway or the oxygen exchange, intubation and connection
to a ventilator is necessary. The patient is treated in the intensive care unit.
Symptomatic treatment with O,, bronchodilators, and bronchial toilet is often suf-
ficient. Complications as pneumonia and sepsis are treated with systemic antibiotics
and other necessary organ supportive treatment.
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4.3 Burn Injuries With/Without Inhalation Injury

More extensive burns should be treated in specialized burn units/centers. A burn
trauma patient is a special type of trauma patient and should, in the acute phase, be
treated according to Emergency Management of Severe Burns (EMSB) or Advanced
Burn Life Support (ABLS), and Advanced Trauma Life Support (ATLS) [64—68].

The burn trauma itself elicits a massive systemic inflammatory response, leading
to basically all organ systems and cascade systems becoming affected. (vide supra)
The treatment involves securing a patent airway and organ-supportive measures.
The cornerstone of the acute treatment is, besides ordinary intensive care (organ
support), the fluid resuscitation, where the fluids that escape the bloodstream into
the soft tissue due to the inflammatory reaction are compensated. This is to ensure
that critical organs (kidneys, brain, heart, etc.) have enough circulation (“permissive
hypovolemia”) to maintain their primary functions. According to the Parkland for-
mula, the patient is to be given 2—4 ml x body weight (kg) x %TBSA intravenous
fluid the first 24 h after trauma [69]. Thus, for a 100 kg patient with 50% burns, the
calculated required amount of resuscitation fluid for the first 24 h is 10-20 1! Still,
the Parkland formula only calculates a predictive fluid amount and the individual
volume should be adjusted according to the patient’s circulatory status and urine
production aiming for “permissive hypovolemia” [7, 70]. A concomitant inhalation
injury usually increases this amount with >50% (i.e., >30 | in the example). A mas-
sive general swelling/edema thus follows that can lead to serious complications
such as compartment syndrome in extremities, abdomen, eyes, or brain. The burned
skin/tissue is no longer viable and should be removed within the first days. Surgically,
the burned tissue is removed and resulting wounds covered with, preferably, split-
thickness skin grafts from the patient’s unburned areas. However, already at 20-30%
TBSA (and above), the amount of unburned skin may not be sufficient to cover all
wounds. In these cases, different techniques such as re-harvesting skin when donor
sites have healed or in vitro culture of autologous epithelial grafts can be used.

Commonly, one estimates approximately 1 hospital day per % TBSA burned.
The early hospital phase, though, is only the start of a long marathon. Months, and
even years, follow with physiotherapy and rehabilitation.

5 Discussion

Globally, incidences with fire, heat, and hot substances compose a serious general
public health problem. More than 300,000 deaths occur annually from fire incidents
alone [71]. Add to that even more deaths from scalds, electrical—/, chemical—/, and
contact burns. Furthermore, millions of persons involved in incidences with fire,
heat, and hot substances suffer from long-term issues as disabilities or disfigure-
ments, let alone issues as destroyed homes and belongings and other secondary
personal and economic effects.
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The absolute majority (>95%) of the global fire-related deaths and injuries occur
in LMICs where health care systems often are not as developed [71]. Many fire/burn
prevention strategies have been introduced over the years and results are seen.
However, in the global sense, strategies that have been proven successful in HICs
may not be transferable to LMICs as the epidemiology and trauma panorama is
substantially different.

Through different modellings based on inter alia experimental data from human
and animal studies, time to human incapacitation in fire situations can be calculated.
Commonly, approximately 3—4 min since start of fire are mentioned as time to inca-
pacitation, and around 5—6 min to death [10, 72, 73].

Obviously, different physical properties of the fire (fuel, time, etc.) and where the
fire occurs (same room as person, further away, etc.) as well as different biological
(age, gender, etc.) and physical properties (diseases, disabilities, etc.) of the person
allow this time to vary greatly.

Fire incidents have always happened and will also continue to happen in the
future. Given the short amount of time at hand, once there is a fire incident, to
escape the threatening situation, one comes to the conclusion that, of course, mea-
sures need to be taken to extend this time period, but that prevention is really the
key. However, it has become increasingly evident that there is no “magic bullet”
when it comes to prevention. Common preventive measures like modification of the
environment, safety rules promotion, and suggested changes in behavior pre- and
peri-incident can be effective, but need to be individually tailored to specific (risk)
groups both in how measures are taken and how information is given; children do
not function as adults, psychiatric disabled persons differ from physically disabled,
etc. [74-79].
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