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Inhalation injury is the main cause of death in burn patients and has therefore, understandably, been the
subject of numerous published studies. The pathogenesis of inhalation injury involves both local and
systemic mechanisms, thereby increasing the repercussions of the injury. The search for tools that would
allow earlier diagnosis of inhalation injury and for treatment strategies to lessen its deleterious effects is
ongoing. In this review, we describe the physiopathological mechanisms of inhalation injury, as well as
the current diagnostic tools and treatment strategies used in patients suffering from inhalation injury.
We also attempt to put experimental therapeutic approaches into perspective.
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INTRODUCTION

Inhalation injury results from the airway
inflammatory response to inhalation of the
products of incomplete combustion and is the
leading cause of death (up to 77%) in burn
patientst"?, Approximately 33% of patients with
extensive burns present inhalation injury, and the
risk increases in proportion to the quantity of body
surface area burned. The presence of inhalation
injury per se is responsible for a 20% increase in
mortality related to the extent of body surface area
burned®. Over the past few years, understanding
of the physiopathological mechanisms of
inhalation injury has grown, allowing more
targeted approaches.

SMOKE PRODUCTION AND SMOKE
CONSTITUENTS

Smoke results from the burning of any fuel and
is a mixture of gases and particles in suspension.
Smoke production depends on two processes:
pyrolysis and oxidation. Pyrolysis is the
phenomenon in which fuel elements are liberated,
through melting or boiling, by the heat alone.
Oxidation is the process in which oxygen chemically
reacts with fuel molecules, breaking them down
into smaller compounds and producing light and
heat. As examples of products resulting from
oxidation, we can cite carbon monoxide (CO),
nitrogen dioxide (NO,), and sulfur dioxide (SO,), as
well as elemental carbon. The predominance of
either process, as well as the temperature, ventilation,
and type of material burned in the environment,
may lead to the production of a large quantity of
smoke elements, each with its peculiar level of
toxicity and mechanism of injury®?.

Smoke products can be divided into two
groups: particulate matter and gases. Both can
cause airway injury, although they have different
mechanisms of action and affect different areas.

Particulate matter may lead to airway
obstruction (directly) through deposition or
(indirectly) by inducing bronchospasm. Depending
on the size of the particles, the area in which they
are deposited varies. Particles greater than 5
micrometers tend to deposit in the upper airways,
whereas particles smaller than 1 micrometer may
reach the alveolar sacs. Increased airflow caused
by tachypnea may lead to an increase in the
particle deposition rate in more distal airways®.
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Depending on their mechanism of action, gases
are divided into two categories: irritating and
asphyxiating. Irritating gases cause mucosal injury
through denaturation or oxidation reactions. They
can cause bronchospasm, chemical
tracheobronchitis, and even pulmonary edema.
The site of action of irritating gases depends
primarily on their solubility in water. More soluble
gases such as ammonia and sulfur dioxide
generally produce reactions in the upper airways,
causing painful sensations in the mouth, nose or
pharynx, or even in the eyes. On the other hand,
less water-soluble gases are responsible for injury
in more distal airways and, because they cause
only slight irritation of the upper airways, may
allow an oligosymptomatic presentation,
increasing the chances for, and the extent of,
parenchymal injury. Asphyxiating gases are defined
as those that remove oxygen from the
environment. Oxygen removal is caused both by
the decrease of the fraction of inspired oxygen
(Fi0,) and by any other mechanisms that prevent
oxygen capture and distribution in the
cardiovascular system. Consequently, both carbon
dioxide (which decreases the oxygen fraction in
the environment) and carbon monoxide (whose
binding to hemoglobin decreases the oxygen
supply to tissues) are considered asphyxiating
gases(®”),

MECHANISMS OF INJURY

The description of the components of smoke
complete, we now focus on the objective of
facilitating understanding, both in terms of clinical
evidence and in terms of treatment. To that end,
let us introduce the four mechanisms responsible
for inhalation injury:

DIRECT THERMAL INJURY

Injury related to the high temperature of the
inhaled smoke rarely occurs in areas below the
larynx. Smoke tends to be dry, which decreases
considerably the potential for heat exchange. In
addition, supralaryngeal areas have a greater
capacity for heat exchange since mucosae contain
a relatively significant amount of water. Upper-
airway injury is characterized by the presence of
erythema, edema and ulceration in the mucosa, as
well as the potential for local bleeding or even
obstruction of the affected area®-'%.



HYPOXIC GAS INHALATION

During combustion, oxygen concentration
drops progressively until the fire is extinguished
as a result of the consumption generated by the
combustion itself. Depending on the type of fuel,
the duration of this process varies. In most cases
of petroleum derivative combustion, the fire is
extinguished when the oxygen fraction drops
into the 13%-15% range. In the case of
compounds that contain oxygen, combustion
may be sustained at FiO, values of less than 10%.
This decrease in the FiO, causes victims to
experience dyspnea or dizziness, which can
evolve to mental confusion, numbness, coma
and, when the FiO, falls to approximately 5%
(considered incompatible with life), even
deatht',

LOCAL TOXINS

Among the various smoke components,
acrolein, formaldehyde, sulfur dioxide and nitrogen
dioxide can cause direct airway injury. Such injury
results from an acute inflammatory process,
mediated by polymorphonuclear leukocytes,
especially neutrophils. Symptoms related to this
process may not appear until 24 hours after
exposure and may include changes in capillary
permeability, lymphatic flow or mucociliary
clearance, as well as acute respiratory distress
syndrome or secondary infections!'>'3),

SYSTEMIC TOXINS

Among the substances inducing systemic
effects, two gases are of particular importance:
carbon monoxide and cyanide (both associated
with high rates of morbidity and mortality).

Carbon monoxide intoxication is one of the most
frequent causes of death in patients suffering from
inhalation injury. Carbon monoxide has a high
affinity for hemoglobin, which can be from 200 to
150 times higher than oxygen affinity with
hemoglobin. The production of carboxyhemoglobin,
an extremely stable complex, causes not only a
decrease in oxyhemoglobin saturation, but also a
shift of the dissociation curve to the left, reducing
oxygen release to the tissues. In addition,
competitive inhibition with cytochrome oxidase
systems, especially cytochrome P450, impedes the
use of oxygen for energy production. Carbon
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monoxide also binds to myoglobin, impairing oxygen
storage in muscles!'-10,

Cyanide toxicity is caused by the inhibition of
cellular oxygenation, causing tissue anoxia through
reversible inhibition of cytochrome oxidase
enzymes (Fe3*). The inhibition of the aerobic
glycolytic pathway forces the metabolism onto the
alternative anaerobic pathway, causing an
accumulation of acid byproducts!'”.'8),

Type and length of exposure, or even the
predominance of one or more of these
mechanisms, will determine the type of evolution
seen in inhalation injury. Figure 1 shows the
evolution of the phenomena related to inhalation
injury in the various areas of the respiratory
system resulting from the various types of
exposure.

DIAGNOSIS OF INHALATION INJURY

Clinical presentation

In addition to patient reporting of smoke
inhalation in a closed space, various signs and
symptoms should arouse clinical suspicion of
inhalation injury"?. The most significant signs and
symptoms are listed in Table 1.

Certain findings should lead to suspicion of
intoxication with particular substances. Carbon
monoxide, for instance, tends to affect the central
nervous system and the heart. Consequently,
exposure to this agent may cause symptoms of
cephalgia, visual alterations or mental confusion
and may lead to tachycardia, angina, arrhythmia,
or even convulsion and coma.

Actively looking for intoxication related to
inhalation injury is particularly important when
there is central nervous system involvement.
Whenever possible, blood or urine markers should
be studied. In the case of carbon monoxide, for
example, in which serum levels of
carboxyhemoglobin can characterize intoxication,
diagnosis is easily reached since the suspicion is
based on clinical evidence. For those cases in
which a definitive diagnosis cannot be made
through the analysis of markers, whether because
there is no standard or because the test is not
readily available, such as in cyanide intoxication,
presumptive treatment should be initiated based
on clinical suspicion"®.
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Figure 1 - Outcome of smoke inhalation injury according to the predominant type of exposure
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TABLE 1
Clinical characteristics of inhalation injury

Signs Symptoms

Face or oral cavity burn Productive cough
Singed/scorched vibrissae Hoarseness
Sputum with smut or Dyspnea

Profuse sputum
Conjunctivitis
Disorientation/coma
Laryngeal stridor
Respiratory distress

Wheezing sounds
Tearing

Imaging exams

In most patients, initial chest X-rays reveal
normal results and therefore have low predictive
value in the diagnosis of acute inhalation injury.
However, when the chest X-ray reveals recent
infiltrate, this is evidence of more severe inhalation
injury, thereby indicating a worse prognosis. The
main role of chest X-rays is to identify new infiltrate
during the evolution of inhalation injury in the
subacute and chronic stages, or even to reveal more
diffuse evidence, such as acute respiratory distress
syndrome. We must remember that the chronic
stage of inhalation injury is characterized by
secondary respiratory infections. Ongoing
radiological examination of patients is therefore
important in order to make an accurate diagnosis
as early as possible.

In the initial treatment of severe burn patients,
volume resuscitation and stabilization of airway
patency are the main objectives. Computed
tomography of the chest cannot be performed on
such unstable patients. In view of these facts, it is
not surprising that there have been few significant
studies of the role of computed tomography in
the early identification of inhalation injury®,

Bronchoscopy

Inhalation injury is diagnosed through
examination of the upper airways and trachea. The
presence of edema or erythema, ulcerations in
lower airways or even the presence of soot in more
distal ramifications are suggestive of inhalation
injury. The absence of these signs, however, should
always be analyzed bearing in mind the
hemodynamic state of the patient since the initial
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bronchoscopy may not reveal areas of edema or
erythema in patients who have not yet undergone
volume resuscitation. Apart from this exception,
bronchoscopy has an accuracy of approximately
100% in the diagnosis of established inhalation
]'njury(zl,zzl.

Careful evaluation of upper airways, especially
in patients who present no evidence of more distal
injury, is extremely important during bronchoscopy.
Severe edema in the supraglottic area, or a great
quantity of upper-airway secretion, may indicate
that these patients are more likely to present acute
airway obstruction, and this is an indicator for the
early intubation of patients suspected of having
upper-airway injury. However, we must stress that
examination of the upper airways does not
preclude examination of the lower airways since
involvement of the latter may occur independently
of involvement of the former.

It is important to emphasize that anatomical
alterations revealed by bronchoscopy precede gas
exchange alterations and, more so, radiographic
changes. Therefore, it is important that all patients
under clinical suspicion of inhalation injury be
submitted to bronchoscopy as soon as possible®,

Arterial blood gas analysis

As previously stated, arterial blood gas
alterations may occur late in inhalation injury.
Consequently, it is important to characterize the
risk for inhalation injury through analysis of clinical
history, physical examination findings and
bronchoscopy results. However, we emphasize here
the importance of determining carboxyhemoglobin
levels when there is suspicion of carbon monoxide
intoxication(15). High levels are indicative of
intoxication. We should remember, however, that
these levels decrease with the passage of time and
with treatment. Carboxyhemoglobin may be normal
when measured in hospitals some time after
exposure and may lead to a false-negative
diagnosis. Another characteristic of the presence
of carboxyhemoglobin is the overestimation of
oxygenation through pulse oximetry. Conventional
oximeters cannot differentiate between
wavelengths derived from oxyhemoglobin and
those from carboxyhemoglobin, resulting in falsely
elevated values of hemoglobin oxygen
saturation(15).
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Radioisotopes

Ventilation-perfusion scans using 133 xenon
(Xe'?) allow the identification of small-airway
obstruction that cannot be seen in the
bronchoscopic exam. Serial analyses are carried out
after the administration of the radioisotope in order
to determine the total retention time of the
radiopharmacological agent in the lungs. Retention
times longer than 90 seconds or significant
heterogeneity in the distribution of the substance
are considered predictive of inhalation injury(23).
The rates of false-positive and false-negative results
are 8% and 5%, respectively, and are usually due
to hyperventilation (false-negative), atelectasis
(false-positive) or chronic obstructive pulmonary
disease (false-positive)(24).

The use of Xe'?? inhalation-perfusion
scintigraphy is only indicated for patients in which
there is high clinical suspicion of inhalation injury
but normal chest X-ray and bronchoscopy results.

Pulmonary function tests

Although pulmonary function tests illustrate the
physiopathological representation of the injury, they
play only an adjuvant role in the diagnosis of
inhalation injury, mainly because they are difficult
to administer. Several factors contribute to this
difficulty, including the presence of pain, poor
patient cooperation, muscular weakness and the
use of medications such as sedatives and opioids.
These factors dramatically reduce the accuracy of
pulmonary function tests??.

In general, pulmonary function tests may
characteristically reveal the following findings:
static and dynamic compliance of normal
respiratory system in the early stages of the injury,
which progressively decreases as it develops, or
even in chronic stages, when then reparation
process may lead to restrictive profiles, evidenced
by reduced respiratory system compliance and
increased airway resistance, as well as decreases
in forced expiratory volume in one second, the
forced expiratory volume in one second/forced
vital capacity ratio and peak expiratory flow,
characteristic of airway obstruction and evidencing
the flow-volume curve concavity typical of an
obstructive pattern, which is caused as much by
accumulation of soot and secretion as by edema
of the airway mucosa.
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The progressive aspect of monitoring
pulmonary function allows not only the
identification of the progress of the injury but also
the evaluation of the response to the therapeutic
measures adopted (ventilatory strategy, drug
therapy, or even physical therapy).

INHALATION INJURY TREATMENT

Airway maintenance

Identifying patients at high risk for upper-airway
obstruction, together with early intervention when
injury has already been established is one of the
principal points in the treatment of patients with
inhalation injury, significantly reducing
mortality("29. Clinical signs compatible with
obstruction secondary to upper-airway injury, or
even bronchoscopic evidence of this process,
require early intervention.

The use of large-caliber tracheal tubes facilitates
the bronchial hygiene necessary for the control of
the considerable increase in the quantity of
respiratory secretion®?. Tracheostomy is
advantageous for patients, providing comfort and
facilitating bronchial hygiene. However, according
to recent studies, tracheostomy does not reduce
the duration of mechanical ventilation, incidence
of pneumonia, or even mortality due to inhalation
injury. Consequently, tracheostomy is not indicated
as a general therapeutic measure®?9.

Oxygen

The second most significant point in the
treatment of patients with inhalation injury is
reversal of carbon monoxide intoxication. The use
of high oxygen fractions, even in oligosymptomatic
patients, is recommended in all cases of suspected
intoxication. The role of oxygen in such patients is
to increase gas exchange reserve, reversing the effect
of hypoxic gas inhalation, and, if possible, to
dissociate carbon monoxide from its binding sites.

A very useful device, which is unfortunately still
underutilized in our milieu, is a face mask with an
oxygen reservoir. This device may increase the
fraction of inspired oxygen to values approaching
100%. The use of a face mask is a simple and very
effective measure that provides high inspired
oxygen fractions without the need for ventilatory
assistance.



Patients with chronic obstructive pulmonary
disease concomitant to carbon dioxide retention,
together with comatose patients, compose a group
in which immediate intubation is the most highly
recommended means of increasing, as rapidly as
possible, the inspired oxygen fraction without the
potentially deleterious effects of greater carbon
dioxide retention.

Ventilatory support

In relation to the treatment of burn patients,
the subject of ventilatory support has, over the
past few years, perhaps received the most attention
in terms of the number of studies conducted.

With the development of noninvasive
ventilation, the idea of avoiding intubation has
become extremely attractive, especially in a
population in which intubation is such a significant
predictor of morbidity and mortality. The presence
of facial injury in combination with the risk of
decreased tissue perfusion at the points of support
of the various types of masks used during
noninvasive ventilation has limited the prolonged
use of this technique. However, this has not
prevented the performance of studies on its
intermittent use, which have shown it capable of
maintaining alveolar recruitment, thereby reducing
the need for tracheal intubation. This fact alone
makes the use of this technique attractive, even if
only as an adjunct to physical therapy, keeping
small airways and the alveolar space open. The
development of new interfaces for noninvasive
ventilation, with less involvement at the points of
support, has presented even more alternatives for
the prolonged use of noninvasive ventilation as
an initial ventilatory support procedure in patients
with inhalation injury®”.

If tracheal intubation becomes necessary,
invasive ventilatory support must be based on
strategies that keep the lungs open, providing
better local clearing of secretion, as well as
optimizing gas exchange.

Appropriate choice of ventilatory strategy is
intimately related to the stage in which the patient
shows respiratory insufficiency. This is because, in
the initial stages, the principal physiopathological
mechanism is direct airway injury, with edema and
bleeding, combined with increased soot and
secretion. In such cases, aggressive ventilatory
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strategies, such as the use of high positive end-
expiratory pressure, are seldom necessary.

In severe cases in the initial stages or in later-
stage cases (in either of which patients clearly
present acute respiratory distress syndrome), it is
necessary to use alveolar recruitment strategies and
low tidal volume®® in combination with higher
positive end-expiratory pressure. In relation to
inhalation injury, the independent role of each of
these strategies has yet to be established. However,
clinical studies have shown the benefits of their
use in acute respiratory distress syndrome related
to other causes®?39,

High-frequency ventilation and the use of nitric
oxide are the current modalities for the use of
invasive ventilatory support in patients with
inhalation injury. Experimental studies have shown
reduced rates of inhalation injury progression
resulting from the use of nitric oxide, whereas
clinical studies have only shown improved
oxygenation from the use of the technique®'32.
Likewise, high-frequency ventilation has proven
efficacious in improving oxygenation in patients
with inhalation injury within the first hours after
the use of the technique. However, there is
insufficient evidence that, within this population
of patients, this technique improves survival or
lowers the rate of infection related to mechanical
ventilation®334,

Although still preliminary, clinical studies
attempting to prevent intubation, reduce the
progression of inhalation injury and accelerate the
response to the established injury are presently the
major source of expectation that better treatments
for severe burn patients will be found.

Antibiotic therapy

The early use of antibiotics when there was no
clear evidence of infection has neither increased
the survival of patients nor reduced the incidence
of pneumonia, which is considered the most
frequent infectious complication related to
inhalation injury. Therefore, their use is not
recommended 3%

There is higher incidence of respiratory
infections around the third day after burn.
Antibiotic therapy must be initiated based on
radiographic findings, sputum testing and
leukocytosis. The later the appearance of this
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profile, the more likely is infection caused by gram-
negative bacteria. In the more acute cases, gram-
positive bacteria predominate. The role of
bronchoscopy involving bronchial lavage and
brushing in the identification of the etiologic
agents, either in their early identification or in order
to adjust empirical antibiotic regimens, still needs
to be determined.

Specific measures according to the predominant
physiopathology

Airway maintenance is the principal treatment
for thermal injury. 1t is prudent to maintain the
patient intubated until there is documented
reversal of airway edema.

Regarding hypoxic gas inhalation, the strategy
of removing the patient from the scene of the
accident and using high inspired oxygen fractions
interrupts the cascade effect of events secondary
to hypoxemia(".13.20),

As for carbon monoxide intoxication, the half-
life of carboxyhemoglobin is 150 minutes in room
air (inspired oxygen fraction of 0.21) and from 40
to 60 minutes in patients submitted to an inspired
oxygen fraction of 1. Therefore, all patients should
receive oxygen at 100% en route to the hospital.
The use of hyperbaric therapy is still debatable.
Some studies have shown no benefit®® although
there is evidence that its use may lead to a
reduction in neurological damage®”. Another way
to increase carbon monoxide elimination is
through isocapnic hyperpnea, in which intubated
patients are hyperventilated, providing them a
supplementary source of carbon dioxide in order
to avoid promoting respiratory alkalosis due to
hypocapnia. Hyperventilation reduces
carboxyhemoglobin half-life, thereby minimizing
the hazardous effects of the intoxication®#29.

Some antidotes may be used in an attempt to
limit the damage caused by cyanide intoxication:
nitrates, which promote hemoglobin oxidation,
transforming it into metahemoglobin, which
competes with cytochrome oxidase for cyanide;
sodium thiosulphate, which, in the presence of the
mitochondrial enzyme rhodanase, transfers sulfur
to the cyanide ion, forming thiocyanate (which is
excreted in the urine), and hydroxocobalamin, a
chelate that reacts with cyanide forming
cyanocobalamin®o4n,
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Therapeutic perspectives

Advancements in the treatment of inhalation
injury might have as significant an impact on burn
patient outcomes as does the use of volume
resuscitation, especially with the development of
methods that allow modulation of the
inflammatory response of the respiratory system.

Various substances have shown potential
benefits in the management of patients with
inhalation injury. These include antiadherence
agents (blocking neutrophil adherence in the
pulmonary microvasculature), leukotriene
inhibitors, inhaled heparin, and antioxidants#>-#4,
although controlled clinical studies are still
necessary before these new treatment alternatives
can be adopted in clinical practice.

The focal point in the treatment of severe burn
patients is the understanding that the intense
inflammatory response and the consequent
systemic and pulmonary involvement constitute a
global phenomenon and are not isolated
complications.
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