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Synopsis
The classic determinants of mortality from severe burn injury are age, size of injury, delays of
resuscitation, and the presence of inhalation injury. Of the major determinants of mortality,
inhalation injury remains one of the most challenging injuries for burn care providers. Patients
with inhalation injury are at increased risk for pneumonia — the leading cause of death — and multi-
system organ failure. There is no consensus amongst leading burn care centers in the management
of inhalation injury. Outlined below are current treatment algorithms and the evidence of their
efficacy.
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Introduction

There is no greater trauma than a large burn. No single injury affects more organ systems
than a severe burn injury. The subsequent supraphysiologic responses to that injury lead to
full body catabolism and increased morbidity and mortality. Advances in critical care
management, nutrition, wound coverage, and anti-microbial therapies have substantially
improved outcomes for burn survivors regardless of burn size. However, when burns are
accompanied by inhalation injury, health care providers and clinical scientists have yet to
make major impacts on survival.

Inhalation injury is present in up to one-third of all burn injuries, however it accounts to up
to 90% of all burn-related mortalityl=3. Inhalation injury causes localized damage via direct
cellular damage, changes in regional blood flow and perfusion, airway obstruction, as well
as toxin and pro-inflammatory cytokine release24. Inhalation injuries significantly
incapacitate mucociliary clearance and impair alveolar macrophages®. It predisposes patients
to bacterial infection, specifically and primarily pneumonia, a leading cause of death for
burn patients®7. In fact burn critical care units have the highest rates of ventilator associated
pneumonia in the country, and those patients with concomitant cutaneous injuries with
inhalation injury have double the rates of ventilator associated pneumonia®. Moreover, the
probability of death increases from 40% to 60% when a burned patient with inhalation injury
has pneumonia compared to those with just cutaneous injuries®.

Pathophysiology

The mechanism of destruction can be classified in one of four ways: 1) upper airway injury,
2) lower airway injury, 3) pulmonary parenchymal injury, and 4) systemic toxicity. The
extent of damage from an inhalation injury depends on the environment and the host: the
source of injury, temperature, concentration, and solubility of the toxic gases generated, and
the response to that injury by the individual®. Inhalation injuries cause formation of casts,
reduction of available surfactant, increased airway resistance, and decreased pulmonary
compliancel?, leading to acute lung injury and acute respiratory distress syndromelZ.

The major pathophysiology seen in the upper airway inhalation injury is induced by
microvascular changes from direct thermal injury and chemical irritation®. The heat
denatures protein, which subsequently activates the complement cascade causing the release
of histamine®12, Subsequently, there is the formation of xanthine oxidase, and release of
reactive oxygen species (ROS) which combines with nitric oxide in the endothelium to
induce upper airway edema area by increasing the microvascular pressure and local
permeability®1314, Pro-inflammatory cytokines, ROS and Eicosanoids attract
polymorphonuclear cells to the area further amplifying ROS and signaling proteases!>-17.
There is a substantial increase in microvascular hydrostatic pressure, a decrease in interstitial
hydrostatic pressure and an increase in interstitial oncotic pressure®. The hallmark of burn
resuscitation is the administration of large amounts of crystalloid, which reduces plasma
oncotic pressure affecting the oncotic pressure gradient in the microcirculation causing
significantly more airway edema®. Barring steam inhalation injuries and blast injuries, the
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upper airway efficiently protects the lower airway via heat exchange to limit distal damage
to the lower airway.

Injury to the lower airway is due to the chemicals in smoke. The heat capacity of air is low
and the bronchial circulation very efficient in warming or cooling the airway gases, so that
most gases are at body temperature as they pass the glottis8. In order to induce thermal
injury to the airway, flames must be in direct contact!®. Accelerants, or burned biological
materials are caustic to the airways and induce an initial response to trigger pro-
inflammatory response. There is a 10-fold increase in bronchial blood flow within minutes
of an inhalation injury2% which is sustained and causes increased permeability and
destruction of the bronchial epithelium?®. There is a subsequent increase in pulmonary
transvascular fluid and a fall in PaO,/FiO, < 200 nearly 24 hours after injury?L. There is a
subsequent hyperemia of the tracheobronchial tree and lower airways and that clinical
finding — so prevalent — is used to diagnose the injury?2-25, Early in the injury, the
secretions, from goblet cells, are copious and foamy in nature. In hours to days these
secretions solidify forming casts and airway obstruction®.

Changes to lung parenchyma are delayed, dependent on the severity of injury and the
patient’s response to the injury. Parenchymal injuries are associated with an increase in
pulmonary transvascular fluid which is directly proportional to the duration of exposure of
smoke and toxins. As stated previously, injury to the lower airways and lung parenchyma is
rarely due to direct thermal contact. Only steam can overcome the very efficient upper
airway heat dissipating capabilities®. There is a reduction to the permeability of protein, an
increase in the permeability to small particles, an increase in pressure in the pulmonary
microvasculature pressure, and a loss of hypoxic pulmonary vasoconstriction®. The key
pathological derangements in inhalation injury are edema, decreased pulmonary compliance
from extravascular lung water and pulmonary lymph, and immediate inactivation of
surfactant. There is a subsequent ventilation perfusion mismatch that can lead to profound
hypoxemia and ARDS®.

Systemic toxic changes are caused by the inhalation of chemicals and cytotoxic liquids,
mists, fumes and gases. Smoke combines with these toxins and increase mortality by
increasing tissue hypoxia, metabolic acidosis, and decreasing cerebral oxygen consumption
and metabolism?26:27,

Traditionally, the diagnosis of inhalation injury has rested on both subjective and objective
measures. History and physical are important factors as they may help prognosticate the host
response and co-morbidities. For example, the elderly population that is unable to escape
from danger may have prolonged exposure to smoke and toxins. Key factors in diagnosis
from history would be: mechanism (flame and smoke or steam), exposure (duration),
location (enclosed space), disability. For the physical exam: facial burns, singed nasal or
facial hair, carbonaceous sputum, soot, stridor or edema®23. There are no changes in chest
X-ray on admission. Oxygen saturation by pulse oximetry (SpO,) is usually not initially
affected and may be misleading, even in the presence of carbon monoxide poisoning where
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the SpOy, is typically normal. Similarly, arterial blood gases are non-diagnostic. Even in the
presence of carbon monoxide poisoning, the PaO, will be normal or increased and only the
arterial oxygen saturation will be found to be decreased.®.

Other adjuncts used for confirming inhalation injury include carboxyhemoglobin
measurements, chest computed tomography (CT), fiberoptic bronchoscopy (FOB),
radionuclide scan with 133 Xenon, and pulmonary function testing23. To date, these tools
have substantial variability within and between institutions and lack sensitivity. Of the
aforementioned studies, FOB prognosticates risk of acute lung injury, resuscitative needs
and mortality most accurately and will be the focus of this review?8.

FOB is the standard technique for diagnosis of inhalation injury. It is readily available and
allows a longitudinal evaluation. The presence of hyperemia, edema and soot on FOB are
diagnostic of inhalation injury but there remains a discordance of determining severity of
injury. Severity of injury depends on the material inhaled, length of exposure, and the host
response to this trauma. To further underscore the problem with grading inhalation injury,
FOB - the most widely accepted diagnostic tool — cannot access distal airways. Hence,
damage in the most distal airways is assumed and hypothesized to be the explanation of
inconsistent severity of bronchoscopic findings and mortality.

The most widely used approach for grading the severity of an inhalation injury is the
Abbreviated Injury Score (AIS), popularized by Endorf and Gamelli2®. The AlS assigns a
severity score from 0 (no injury) to 4 (massive injury) based on the findings at the initial
FOB examination. The Abbreviated Injury Score grading scale for inhalation injury on
bronchoscopy has shown variable results with respect to predicting outcome. Higher grade
injuries have been associated with poorer oxygenation in some studies3%:31 but not
others32-34 Similarly, a higher (worse) grade of inhalation injury was associated with a
longer duration of mechanical ventilation in one study32, whereas other investigators have
not been able to demonstrate this relationship2%:3L. Surprisingly, the AIS grade of inhalation
injury severeity has not been found to be associated with fluid resuscitation
requirements2%:31:32_ Finally, the grade of inhalation injury severity does not consistently
correlate with an increase in mortality2:31:32, A recent study has found that clinically
relevant trends towards worse oxygenation, more prolonged mechanical ventilation, and
higher fluid resuscitation volumes were associated with patients with “high grade”
inhalation injuries (former grades 3 and 4) compared to those with “low grade” inhalation
injury (former grades 1 and 2)3°. Further refinement of this approach is required and it is
worth noting that serial bronchoscopic evaluations over the 15t 24-48 hours post burn may
yield more accurate information than a single examination at burn center admission.28:31:32,

Laboratory values used to determine severity include PaO2/FiO2 and alveolar-arterial
gradients but these can be arbitrarily high or low depending upon ventilation modes and
other clinical parameters?3,
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Treatment

While mortality rates for inhalation injury has not changed significantly over the last fifty
years, the improvements in standards of care for severe burn injuries have. Thus, survival is
standard. There is no consensus amongst leading burn centers the optimal treatment protocol
for inhalation injury. The fundamental tenet of treatment for inhalation injury is supportive
care through the acute hospitalization and rehabilitation. This review will outline key
evidence in the literature to common treatment modalities for patients with inhalation injury.

Supportive Care

Inhalation injuries cause formation of casts, reduction of available surfactant, increased
airway resistance, and decreased pulmonary compliancel®. Patients require aggressive
pulmonary toilet, chest physiotherapy, airway suctioning, therapeutic serial bronchoscopies,
and early aggressive ambulation. This defines our current treatment options.

Bronchodilators

Bronchodilators decrease airflow resistance and improve airway compliance. B2-adrenergic
agonists such as albuterol and salbutamol decrease airway pressure by relaxing smooth
muscle and inhibiting bronchospasm thereby increasing the PaO2/FiO2 ratio®.

Muscarinic receptor antagonists

Muscarinic receptor antagonists such as tiotropium decrease airway pressures and mucus
secretion and limit cytokine release by causing smooth muscle constriction within the
airways, and stimulation of submucosal glands37:38,

Both beta agonists and muscarinic receptor antagonists decrease the host inflammatory
response after inhalation injury. Anatomically, there are muscarinic and adrenergic receptors
found lining the respiratory tract. How that impacts the inflammatory response and host
response is largely unknown. They have been shown to decrease pro-inflammatory cytokines
after stress3®,

Inhaled (nebulized) Mucolytic agents and Anticoagulants

The airway obstruction secondary to mucus, fibrin cast formation, and cellular debris
subsequent to inhalation injury are addressed by mucolytic agents, specifically, N-
acetylcysteine (NAC)*0. NAC is an antioxidant and free radical scavenger with anti-
inflammatory properties®L. It is a powerful mucolytic agent that attenuates ROS damage?3.

Inhaled anticoagulants are also used to mitigate airway obstruction from fibrin casts.
Heparin has anti-inflammatory properties, it prevents the formation of fibrin and inhibits cast
formation. The available evidence from a limited number of human studies*2-4°, is
somewhat controversial. Some studies suggest that among mechanically ventilated burn
patients with inhalation injury, one week of therapy with nebulized heparin (5000 — 10 000
units) alternating with 3 mL of 20% NAC every four hours is beneficial, leading to improved
oxygenation and lung compliance, lower re-intubation rates, and higher survival42:44.45,
Other studies have found no improvements in outcome with this therapeutic intervention?3.
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Respiratory support

Without consistent reproducible data to support the use of the above pharmacologic
adjuncts, other centers have focused on the risks and benefits of different modes of
ventilation. Ideally, aggressive pulmonary toilet without the use of mechanical ventilation
improves outcomes. However, there is often such significant upper airway edema from the
inhalation injury, or the resuscitation of the cutaneous injury that leads to worsening airway
edema. This physiologic consequence can be deadly and may progress expeditiously®. It is
thus paramount to obtain and sustain a definitive airway early in treatment.

The only mechanical ventilation strategies shown to improve morbidity and mortality from
ARDS and ALI come from the ARDSNET trial, which showed in a large randomized
controlled trial that lung protective strategies of limited tidal volumes of 6-8mL/kg and
plateau pressures of less that 30cm H20 improved outcomes*®. However, this study
excluded burn patients with > 30% total body surface area. Conventional mechanical
ventilation modes, to include control mode ventilation, assist-control mode, synchronized
intermittent mandatory ventilation, pressure control mode and pressure support mode are
limited in the patient with inhalation injury. In a patient with airway obstruction from fibrin
casts, decreased airway compliance, extensive chest wall thermal injuries, or high volumes
of resuscitative needs, maintaining the recommended tidal volumes of 6-8 ml/kg body
weight and plateau pressures of less than 30 cm of water can prove impossible with
conventional techniques®4’. These conventional settings may be inadequate to
appropriately oxygenate and ventilate the patients with inhalation injury and overcome the
obstructive and restrictive physiology. Thus, in order to support these patients and apply
lung-protective ventilation strategies in patients with inhalation injury, nonconventional
ventilator modes are often employed“8. A recent survey of mechanical ventilation practices
in North American burn centers identified wide disparity in ventilation approaches and a
lack of consensus with respect to the optimal method of mechanical ventilation, be it
conventional or unconventional.

High tidal volume (HTV) versus low tidal volume (LTV)

The efficacy of high tidal volumes compared to low tidal volumes in inhalation injury
remains a work in progress. Contrary to the lung protective and mortality findings in the
ARDSNET trial*6, one center retrospectively found that pediatric patients treated with high
tidal volume ventilation had significantly fewer ventilator days, a lower incidence of
atelectasis and ARDS compared to those treated with lower tidal volumes0. Of note, strict
adherence to a LTV strategy in the burn patient with inhalation injury may not be feasible
because of the associated problems of impaired chest wall compliance from restrictive chest
wall eschar and edema, along with the problem of bronchospasm and bronchial obstruction
related to inhalation injury. In fact, in the only randomized controlled trial in which LTV was
assessed, a third of patients failed to meet oxygenation and ventilation goals and two thirds
failed when a smoke inhalation injury had occurred*®. Larger RCTs will need to be
completed in order for a consensus to be made.
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High-frequency percussive ventilation (HFPV)

High-frequency percussive ventilation (HFPV) was first described by Cioffi et al and Pruitt’s
group in patients with inhalation injury as a means of assisting with clearance of sloughed
respiratory mucosa fibrin casts and mucus plugs, as well as decreasing the incidence of
pneumonia®®51, It had been classically used as a salvage mode but subsequent studies from
this group demonstrated significant benefits from using HFPV preemptively3%-54. One of the
major findings comparing HFPV with conventional and low tidal ventilation is a statistically
significant increase in PaO2/FiO2 ratio, a decreased incidence of pneumonia — the leading
cause of death, and survival benefit>0. A randomized controlled trial comparing HFPV to
LTV in human burn patients with burns and inhalation injuries found that while there were
no significant differences in ventilator-free days, ventilator associated pneumonia, or
survival between the two ventilation strategies, subjects receiving LTV required significantly
more frequent “rescue” (by crossover to HFPV) to maintain adequate oxygenation and
ventilation#?. Physiologically, HFPV also improves secretion clearance, allows for more
gentle (lower) airway pressures, and increased functional reserve capacity>9-51.55.56,

High Frequency Oscillatory Ventilation (HFOV)

HFOV is not a suitable ventilatory modality following inhalation injury, because bronchial
obstructive changes likely impair any ability of HFOV to adequately open and recruit the
lung®7:58. Furthermore, enthusiasm for HFOV has waned following recent large RCTs such
as the OSCILLATE®? and OSCAR®? studies in non-burn patients with the Acute Respiratory
Distress Syndrome (ARDS) which found no benefit and potential harm related to HFOV.
However, the findings from those studies possibly should not be directly extrapolated to burn
patients, where differing etiology for ARDS (e.g. non-pulmonary) and chest wall mechanics
(poor chest wall compliance), may affect the relative benefits and risks related to HFOV.

Airway pressure release ventilation (APRV)

APRV is an inverse ratio, pressure controlled mode of ventilation that allows for
spontaneous breaths. It has been shown to recruit alveoli, imprve oxygenations and
hemodynamics and potentially lung protectiveb2. In inhalation injury, PaO2/FiO2 ratios were
initially lower APRV compared with conventional mechanical ventilation, but equilibrated in
48 hours. APRV did require higher mean airway pressures to maintain oxygenation and
there was no, survival benefit®2,

Extracorporeal membrane oxygenation (ECMO)

A systematic review and meta-analysis on the use of ECMO in inhalation injury is currently
limited by the number of available studies. While there is no survival benefit, there is a trend
towards increased survival in burn patients with acute hypoxemic respiratory failure treated
with ECMO less than 200 hours compared with patients receiving greater than 200 hours.
There was no mortality benefit if ECMO is delayed and initiated once the PaO2/FiO2 ratio
was <6093,
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Summary

Despite gains in burn critical care, nutrition, our understanding of the hypermetabolic
response to burns, burn wound coverage and rehabilitative strategies, we have failed to make
significant gains in improving outcomes from inhalation injury. Supportive strategies are
promising, but large, multi-centered trials are needed to demonstrate consistent results for
many of the pharmacological adjuncts. Unconventional modes of ventilation, primarily
HFPV show the most promising results and address the physiologic derangements from
inhalation injury. Further studies are needed to better understand the pathophysiology and
may help guide future therapeutic options.

References

1. Haponik EF. Clinical smoke inhalation injury: pulmonary effects. Occup Med. 1993; 8:430-68.
[PubMed: 8272974]

2. Kadri SS, Miller AC, Hohmann S, et al. Risk factors for in-hospital mortality in smoke inhalation-
associated acute lung injury: Data from 68 United States hospitals. Chest. 2016

3. Tan A, Smailes S, Friebel T, et al. Smoke inhalation increases intensive care requirements and
morbidity in paediatric burns. Burns. 2016

4. Reper P, Heijmans W. High-frequency percussive ventilation and initial biomarker levels of lung
injury in patients with minor burns after smoke inhalation injury. Burns. 2015; 41:65-70. [PubMed:
24986596]

5. Al Ashry HS, Mansour G, Kalil AC, Walters RW, Vivekanandan R. Incidence of ventilator
associated pneumonia in burn patients with inhalation injury treated with high frequency percussive
ventilation versus volume control ventilation: A systematic review. Burns. 2016

6. Mlcak RP, Suman OE, Herndon DN. Respiratory management of inhalation injury. Burns. 2007;
33:2-13. [PubMed: 17223484]

7. Pruitt BA Jr, McManus AT. The changing epidemiology of infection in burn patients. World J Surg.
1992; 16:57-67. [PubMed: 1290268]

8. Shirani KZ, Pruitt BA Jr, Mason AD Jr. The influence of inhalation injury and pneumonia on burn
mortality. Ann Surg. 1987; 205:82-7. [PubMed: 3800465]

9. Traber, D., Herndon, David, Enkhbaatar, Perenlei, Maybauer, Marc, Maybauer, Dirk. The
pathophysiology of inhalation injury. In: Herndon, D., editor. Total Burn Care. Fourth. Saunders
Elsevier; 2012. p. 219-28.

10. Sousse LE, Herndon DN, Andersen CR, et al. High tidal volume decreases adult respiratory
distress syndrome, atelectasis, and ventilator days compared with low tidal volume in pediatric
burned patients with inhalation injury. J Am Coll Surg. 2015; 220:570-8. [PubMed: 25724604]

11. Jones, SW., Ortiz-Pujols, Shiara M., Cairns, Bruce. Smoke inhalation injury: a review of the
pathophysiology, management, and challenges of burn-associated inhalation injury. In: Gilchrist
ICaEYC. , editor. Current Concepts in Adult Critical Care Society of Critical Care Medicine. Vol.
2011. 2011.

12. Friedl HP, Till GO, Trentz O, Ward PA. Roles of histamine, complement and xanthine oxidase in
thermal injury of skin. Am J Pathol. 1989; 135:203-17. [PubMed: 2570531]

13. Granger DN. Role of xanthine oxidase and granulocytes in ischemia-reperfusion injury. AmJ
Physiol. 1988; 255:H1269-75. [PubMed: 3059826]

14. Granger DN, Kvietys PR. Reperfusion injury and reactive oxygen species: The evolution of a
concept. Redox Biol. 2015; 6:524-51. [PubMed: 26484802]

15. Demling RH, Lalonde C. Topical ibuprofen decreases early postburn edema. Surgery. 1987;
102:857-61. [PubMed: 3672325]

16. Herndon DN, Abston S, Stein MD. Increased thromboxane B2 levels in the plasma of burned and
septic burned patients. Surg Gynecol Obstet. 1984; 159:210-3. [PubMed: 6433494]

Clin Plast Surg. Author manuscript; available in PMC 2018 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jones et al.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Page 9

Katz A, Ryan P, Lalonde C, West K, Demling R. Topical ibuprofen decreases thromboxane release
from the endotoxin-stimulated burn wound. J Trauma. 1986; 26:157-62. [PubMed: 3511267]

Baile EM, Dahlby RW, Wiggs BR, Pare PD. Role of tracheal and bronchial circulation in
respiratory heat exchange. J Appl Physiol (1985). 1985; 58:217-22. [PubMed: 3917992]

Moritz AR, Henriques FC, McLean R. The Effects of Inhaled Heat on the Air Passages and Lungs:
An Experimental Investigation. Am J Pathol. 1945; 21:311-31. [PubMed: 19970813]

Abdi S, Herndon D, McGuire J, Traber L, Traber DL. Time course of alterations in lung lymph and
bronchial blood flows after inhalation injury. J Burn Care Rehabil. 1990; 11:510-5. [PubMed:
2286604]

Herndon DN, Barrow RE, Traber DL, Rutan TC, Rutan RL, Abston S. Extravascular lung water
changes following smoke inhalation and massive burn injury. Surgery. 1987; 102:341-9. [PubMed:
3303400]

American Burn A. Inhalation injury: diagnosis. J Am Coll Surg. 2003; 196:307-12. [PubMed:
12632576]

Walker PF, Buehner MF, Wood LA, et al. Diagnosis and management of inhalation injury: an
updated review. Crit Care. 2015; 19:351. [PubMed: 26507130]

Woodson LC. Diagnosis and grading of inhalation injury. J Burn Care Res. 2009; 30:143-5.
[PubMed: 19060739]

You K, Yang HT, Kym D, et al. Inhalation injury in burn patients: establishing the link between
diagnosis and prognosis. Burns. 2014; 40:1470-5. [PubMed: 25406889]

Moore SJ, Ho IK, Hume AS. Severe hypoxia produced by concomitant intoxication with sublethal
doses of carbon monoxide and cyanide. Toxicol Appl Pharmacol. 1991; 109:412-20. [PubMed:
1853342]

Pitt BR, Radford EP, Gurtner GH, Traystman RJ. Interaction of carbon monoxide and cyanide on
cerebral circulation and metabolism. Arch Environ Health. 1979; 34:345-9. [PubMed: 496432]
Hassan Z, Wong JK, Bush J, Bayat A, Dunn KW. Assessing the severity of inhalation injuries in
adults. Burns. 2010; 36:212-6. [PubMed: 20006445]

Endorf FW, Gamelli RL. Inhalation injury, pulmonary perturbations, and fluid resuscitation. J Burn
Care Res. 2007; 28:80-3. [PubMed: 17211205]

Davis CS, Janus SE, Mosier MJ, et al. Inhalation injury severity and systemic immune
perturbations in burned adults. Ann Surg. 2013; 257:1137-46. [PubMed: 23160150]

Mosier MJ, Pham TN, Park DR, Simmons J, Klein MB, Gibran NS. Predictive value of
bronchoscopy in assessing the severity of inhalation injury. J Burn Care Res. 2012; 33:65-73.
[PubMed: 21941194]

Albright JM, Davis CS, Bird MD, et al. The acute pulmonary inflammatory response to the graded
severity of smoke inhalation injury. Crit Care Med. 2012; 40:1113-21. [PubMed: 22067627]
Davis CS, Albright JM, Carter SR, et al. Early pulmonary immune hyporesponsiveness is
associated with mortality after burn and smoke inhalation injury. J Burn Care Res. 2012; 33:26-35.
[PubMed: 21979852]

Albright JM, Romero J, Saini V, et al. Proteasomes in human bronchoalveolar lavage fluid after
burn and inhalation injury. J Burn Care Res. 2009; 30:948-56. [PubMed: 19826256]

Spano S, Hanna S, Li Z, Wood D, Cartotto R. Does Bronchoscopic Evaluation of Inhalation Injury
Severity Predict Outcome? J Burn Care Res. 2016; 37:1-11. [PubMed: 26594859]

Lange M, Hamahata A, Traber DL, et al. Preclinical evaluation of epinephrine nebulization to
reduce airway hyperemia and improve oxygenation after smoke inhalation injury. Crit Care Med.
2011; 39:718-24. [PubMed: 21263320]

Dries DJ, Endorf FW. Inhalation injury: epidemiology, pathology, treatment strategies. Scand J
Trauma Resusc Emerg Med. 2013; 21:31. [PubMed: 23597126]

Jonkam C, Zhu Y, Jacob S, et al. Muscarinic receptor antagonist therapy improves acute pulmonary
dysfunction after smoke inhalation injury in sheep. Crit Care Med. 2010; 38:2339-44. [PubMed:
20838334]

Clin Plast Surg. Author manuscript; available in PMC 2018 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jones et al.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Page 10

van der Poll T, Coyle SM, Barbosa K, Braxton CC, Lowry SF. Epinephrine inhibits tumor necrosis
factor-alpha and potentiates interleukin 10 production during human endotoxemia. J Clin Invest.
1996; 97:713-9. [PubMed: 8609227]

Suter PM, Domenighetti G, Schaller MD, Laverriere MC, Ritz R, Perret C. N-acetylcysteine
enhances recovery from acute lung injury in man. A randomized, double-blind, placebo-controlled
clinical study. Chest. 1994; 105:190-4. [PubMed: 8275731]

Villegas L, Stidham T, Nozik-Grayck E. Oxidative Stress and Therapeutic Development in Lung
Diseases. J Pulm Respir Med. 2014; 4

Desai MH, Micak R, Richardson J, Nichols R, Herndon DN. Reduction in mortality in pediatric
patients with inhalation injury with aerosolized heparin/N-acetylcystine [correction of
acetylcystine] therapy. J Burn Care Rehabil. 1998; 19:210-2. [PubMed: 9622463]

Holt J, Saffle JR, Morris SE, Cochran A. Use of inhaled heparin/N-acetylcystine in inhalation
injury: does it help? J Burn Care Res. 2008; 29:192-5. [PubMed: 18182921]

Miller AC, Elamin EM, Suffredini AF. Inhaled anticoagulation regimens for the treatment of
smoke inhalation-associated acute lung injury: a systematic review. Crit Care Med. 2014; 42:413—
9. [PubMed: 24158173]

Miller AC, Rivero A, Ziad S, Smith DJ, Elamin EM. Influence of nebulized unfractionated heparin
and N-acetylcysteine in acute lung injury after smoke inhalation injury. J Burn Care Res. 2009;
30:249-56. [PubMed: 19165116]

Ventilation with lower tidal volumes as compared with traditional tidal volumes for acute lung
injury and the acute respiratory distress syndrome. The Acute Respiratory Distress Syndrome
Network. N Engl J Med. 2000; 342:1301-8. [PubMed: 10793162]

Petrucci N, lacovelli W. Lung protective ventilation strategy for the acute respiratory distress
syndrome. Cochrane Database Syst Rev. 2007:CD003844. [PubMed: 17636739]

Fitzpatrick JC, Cioffi WG Jr. Ventilatory support following burns and smoke-inhalation injury.
Respir Care Clin N Am. 1997; 3:21-49. [PubMed: 9390901]

Chung KK, Wolf SE, Renz EM, et al. High-frequency percussive ventilation and low tidal volume
ventilation in burns: a randomized controlled trial. Crit Care Med. 2010; 38:1970-7. [PubMed:
20639746]

Cioffi WG Jr, Rue LW 3rd, Graves TA, McManus WF, Mason AD Jr, Pruitt BA Jr. Prophylactic
use of high-frequency percussive ventilation in patients with inhalation injury. Ann Surg. 1991;
213:575-80. discussion 80-2. [PubMed: 2039288]

Cioffi WG, Graves TA, McManus WF, Pruitt BA Jr. High-frequency percussive ventilation in
patients with inhalation injury. J Trauma. 1989; 29:350-4. [PubMed: 2926848]

Cioffi WG, deLemos RA, Coalson JJ, Gerstmann DA, Pruitt BA Jr. Decreased pulmonary damage
in primates with inhalation injury treated with high-frequency ventilation. Ann Surg. 1993;
218:328-35. discussion 35-7. [PubMed: 8373275]

Cortiella J, Mlcak R, Herndon D. High frequency percussive ventilation in pediatric patients with
inhalation injury. J Burn Care Rehabil. 1999; 20:232-5. [PubMed: 10342478]

Hall JJ, Hunt JL, Arnoldo BD, Purdue GF. Use of high-frequency percussive ventilation in
inhalation injuries. J Burn Care Res. 2007; 28:396-400. [PubMed: 17438509]

Jones SW, Short KA, Hanson WJ, Hendrix L, Charles AG, Cairns BA. Evaluation of a new circuit
configuration for the VDR-4 high-frequency percussive ventilator. J Burn Care Res. 2010; 31:640-
5. [PubMed: 20616653]

Tiffin NH, Short KA, Jones SW, Cairns BA. Comparison of three humidifiers during high-
frequency percussive ventilation using the VDR-4(R) Fail-safe Breathing Circuit Hub. J Burn Care
Res. 2011; 32:e45-50. [PubMed: 21422945]

Cartotto R, Walia G, Ellis S, Fowler R. Oscillation after inhalation: high frequency oscillatory
ventilation in burn patients with the acute respiratory distress syndrome and coexisting smoke
inhalation injury. J Burn Care Res. 2009; 30:119-27. [PubMed: 19060765]

Cartotto R. Use of high frequency oscillatory ventilation in inhalation injury. J Burn Care Res.
2009; 30:178-81. [PubMed: 19060746]

Ferguson ND, Cook DJ, Guyatt GH, et al. High-frequency oscillation in early acute respiratory
distress syndrome. N Engl J Med. 2013; 368:795-805. [PubMed: 23339639]

Clin Plast Surg. Author manuscript; available in PMC 2018 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Jones et al.

60.

61.

62.

63.

Page 11

Young D, Lamb SE, Shah S, et al. High-frequency oscillation for acute respiratory distress
syndrome. N Engl J Med. 2013; 368:806-13. [PubMed: 23339638]

Daoud EG, Farag HL, Chatburn RL. Airway pressure release ventilation: what do we know? Respir
Care. 2012; 57:282-92. [PubMed: 21762559]

Batchinsky Al, Burkett SE, Zanders TB, et al. Comparison of airway pressure release ventilation to
conventional mechanical ventilation in the early management of smoke inhalation injury in swine.
Crit Care Med. 2011; 39:2314-21. [PubMed: 21705889]

Asmussen S, Maybauer DM, Fraser JF, et al. Extracorporeal membrane oxygenation in burn and
smoke inhalation injury. Burns. 2013; 39:429-35. [PubMed: 23062623]

Clin Plast Surg. Author manuscript; available in PMC 2018 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Jones et al.

Page 12

Key Points

Determinants of mortality in burns are size of burn, age, and the presence of
inhalation injury.

Inhalation injury with or without cutaneous burn increases morbidity and
mortality for burn survivors.

Resuscitation efforts are significantly altered by the presence of inhalation
injury.
There is no consensus amongst leading burn centers on the optimal

mechanical ventilation modes for these patients. Supportive care remains the
mainstay of treatment.

Despite research gains in nutrition, and the hypermetabolic response to burn
injury, there remains a lack of understanding of the pathophysiology of
inhalation injury and the long term physiologic consequences.
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