
Sclerosis therapy of bronchial artery attenuates acute lung injury
induced by burn and smoke inhalation injury in ovine model

Atsumori Hamahata1, Perenlei Enkhbaatar2, Hiroyuki Sakurai1, Motohiro Nozaki1, and
Daniel L. Traber2
1Department of Plastic and Reconstructive Surgery, Tokyo Women's Medical University, Tokyo,
Japan
2Department of Anesthesiology, University of Texas Medical Branch, Galveston, TX, USA

Abstract
Introduction—In thermally injured sheep, there is more than a 10-fold increase in bronchial blood
flow following smoke inhalation. It was previously reported that sclerosis of the bronchial artery
prior to smoke exposure would reduce the pathophysiology of the inhalation insult. We hypothesized
that sclerosis of the bronchial artery after insult would attenuate smoke/burn-induced acute lung
injury.

Methods—Through an incision at the 4th intercostal space, a catheter was placed via the esophageal
artery into the bronchial artery such that the bronchial blood flow remained intact. Acute lung injury
was induced by a 40% total body surface area, 3rd degree cutaneous burn and smoke inhalation.
Adult female sheep (n = 18, 35.6 ± 1.0 kg) were divided into three groups following the injury: 1)
Sclerosis group: 1 h post-injury, 4 mL 70% ethanol was injected into bronchial artery via bronchial
catheter, n=6; 2) Control group: 1 h post-injury an equal dose of saline was injected into bronchia
artery via bronchial catheter, n=6; 3) Sham group: no injury and no treatment, n=6. The experiment
was conducted in awake condition for 24 h.

Results—Bronchial blood flow, measured by microspheres, was significantly reduced after ethanol
injection in the sclerosis group. Pulmonary function, evaluated by measurement of blood gas analysis,
pulmonary mechanics, and pulmonary transvascular fluid flux, was severely impaired in the control
group. However, pulmonary function was significantly improved by bronchial artery sclerosis.

Conclusion—The results of our study clearly demonstrate a crucial role of enhanced bronchial
circulation in thermal injury-related morbidity. Modulation of bronchial circulation using
pharmacological agents may be an effective strategy in management of burn patients with
concomitant smoke inhalation injury.
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1. Introduction
Smoke inhalation injury can result in severe respiratory distress, which is the leading cause of
morbidity and mortality in burn victims [1]. After smoke inhalation, there is a rapid onset of
hyperemia in the upper airway of humans and sheep [2]; hyperemia of the airway is the most
effective way of diagnosing smoke inhalation [3]. Further, there is more than a 10-fold increase
in bronchial blood flow immediately after inhalation injury [4]. Wagner et al. [5] previously
found that an increase of bronchial blood flow directly contributes to lung lymph flow changes.

Likewise, smoke inhalation has also been shown to cause an increase in microvascular
permeability to proteins in the pulmonary and bronchial circulations [6–8]. These physiological
alterations in pulmonary microvasculature are delayed in onset, and the peak of increased
microvascular permeability was observed approximately 24 h after injury [9]. In contrast, there
is a marked increase in bronchial blood flow immediately after inhalation injury [4]. Because
the increased bronchial blood flow enters into the pulmonary vasculature through various
bronchopulmonary anastomoses [10,11], it has been suggested that the bronchial circulation
plays a significant role in the spread of injury from the airway of the lung to the parenchyma
[12–14]. Moreover, reduction of bronchial artery attenuated lung edema formation after
inhalation in an anesthetized canine model [13] and in a conscious sheep model [12]. However,
all these studies of attenuation of bronchial blood flow were performed before injury. To the
best of our knowledge, it has not yet been shown that reduction of bronchial artery after injury
attenuates lung dysfunction following burn and smoke inhalation injury. After inhalation
injury, sclerosis of the bronchial circulation might be more effective since initial bronchial
dilation may expose more of the vasculature to ablation. Recently, interventional therapy has
made remarkable progress, and the infusion of pharmacological agents into the bronchial artery
is achievable in humans [15,16]. Therefore, we hypothesized that sclerosis of bronchial artery
after injury would attenuate smoke/burn-induced acute lung injury.

2. Materials and methods
2.1. Animal Model

Eighteen adult female sheep (30–40 kg) were cared for in the Investigative Intensive Care Unit
at our institution, a facility accredited by the International Association for Assessment and
Accreditation of Laboratory Animal Care (AAALAC). The experimental procedures were
approved by the Animal Care and Use Committee of the University of Texas Medical Branch
(Galveston, TX). The National Institutes of Health and American Physiological Society
guidelines for animal care were strictly followed.

All animals were endotracheally intubated and ventilated during the operative procedure while
under isoflourane anesthesia. An arterial catheter (16 gauge, 24 in., Intracath, Becton
Dickinson, Sandy, UT) was placed in the descending aorta via the femoral artery. A Swan-
Ganz thermal dilution catheter (model 93A-131-7F, Edwards Critical-Care Division, Irvine,
CA) was positioned in the right pulmonary artery via the right external jugular vein. A Silastic
catheter was positioned in the left atrium through a left 4th thoracotomy. A 10-mm pneumatic
occluding cuff (In Vivo Metrics, Healdsburg, CA) was implanted around the left pulmonary
artery just distal to its origin in the right ventricle. After exposing the broncho-esophageal
artery carefully, a 0.6 mm OD polyurethane catheter (Access Technologies, Sokie, IL) was
inserted into the bronchial artery via the esophageal artery, and the tip of the catheter was placed
in the bronchial artery. Only the esophageal artery (i.e., not the bronchial artery) was ligatured
to secure the catheter. The bronchial artery catheter was continuously flushed using a heparin
saline flush (3 units/mL, 2 mL/h) to prevent coagulation. Through a right 5th thoracotomy, an
efferent lymph vessel from the caudal mediastinal lymph node was cannulated (Silastic catheter
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0.025-in ID, 0.047-in OD; Dow Corning, Midland, MI) to evaluate changes in lung lymph flow
according to a modification of the technique described by Staub et al. [17,18].

After a 7–10 day recovery period, the sheep were deeply anesthetized with isoflourane and a
third-degree flame burn of 20% was applied to each flank (total area 40%) using a Bunsen
burner. Thereafter, inhalation injury was induced while sheep were in the prone position as
described previously [7]. A modified bee smoker was filled with 50g burning cotton toweling
and connected to the tracheostomy tube. The sheep were insufflated with a total of 48 breaths
of cotton smoke. The sheep were removed from anesthesia after injury but were placed on
ventilation (volume control) for 24 hours without any sedation. Adult female sheep (n = 18,
35.6 ± 1.0 kg) were divided into three groups: 1) Sclerosis group was injected with 4 mL 70%
ethanol into the bronchial artery via bronchial artery cannulation at 1 h post-injury (n=6); 2)
Control group was injected with an equal amount of saline (n=6) 1 h post-injury; 3) Sham
group had no injury and no sclerosis administered, but same operation and same anesthesia
were performed (n=6). The amount of injected ethanol is so small that pulmonary artery cannot
be coagulated. Even if coagulated, the area of coagulated vessel may be small. We chose this
agent and volume based on previously published experiments [19,20]. After burn and smoke
inhalation injury, all sheep were placed on a ventilator (Servo Ventilator 300; Siemens-Elema
AB, Solna, Sweden) with positive end-expiratory pressure set to 5 cm H2O and tidal volume
maintained at 15 mL/kg. The latter tidal volume is equal to about 10 mL/kg in humans due to
the large ventilatory dead space of sheep [21]. For the first 3 h post injury, all animals received
an inspired oxygen concentration (FiO2) of 100% to expedite the removal of CO; thereafte2r,
FiO was adjusted to maintain the arterial oxygen saturation >90%. All animals were given fluid
resuscitation with Ringer’s lactate solution strictly according to the Parkland formula (4 mL/
kg/% TBSA burned/24 h) [22]. The experiment was continued for 24 h in an awake condition.

2.2. Measurement of regional blood flow
To substantiate the changes in bronchial blood flow, measurements were taken using the
fluorescent microsphere technique (Interactive Medical Technologies, West Los Angeles, CA)
that we had previously developed [23]. At 0 h, Before Injection (BI), After Injection (AI), 6 h,
and 24 h, ~12 × 106 fluorescent colored microspheres (15.0 ± 0.1 µm) were injected into the
left atrium. Since some of the microspheres may pass through some of the larger vessels in the
non-bronchial pulmonary circulation, the pneumatic occluder on the left pulmonary artery was
inflated immediately after microsphere injection to prevent any pulmonary artifact to affect
the bronchial blood flow measurement [23]. To calibrate microsphere numbers per blood flow,
blood was withdrawn from the aorta with a Harvard pump (Harvard Apparatus model 55–1143,
South Natick, MA) at a rate of 10 mL/min; the withdrawal was started before microsphere
injection and continued for 2 min. Left proximal (6–8 mm bronchi near carina) and distal
bronchi (2–4 mm bronchi in distal lower lobe) were obtained postmortem and used to quantify
the bronchial blood flow to the airway.

2.3. Measurement of gas exchanges, lung lymph flow, pulmonary microvascular fluid flux,
lung water content and activity of myeloperoxidase

Arterial and mixed venous blood samples were taken at different time points for measurement
of blood gases (IL GEM Premier 3000 Blood Gas Analyzer; GMI, Ramsey, MN). PaO2/
FiO2 ratio was measured to help assess pulmonary gas exchange. Pulmonary shunt fraction
(Qs/Qt) was calculated using standard equations. The pulmonary microvascular fluid flux was
evaluated by measuring the lung lymph flow. Pulmonary vascular permeability index was
calculated using the following formula: Permeability index = lung lymph flow × [lung lymph
oncotic pressure (πi) / plasma oncotic pressure (πp)]. Peak and pause airway pressures were
monitored on a ventilation machine (Servo Ventilator 300; Siemens-Elema AB, Solna,
Sweden). Plasma and lymph oncotic pressures were measured at different time points using a
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colloid osmometer (4420 Colloid Osmometer, Wescor, Utah) that had been calibrated for
sheep. Sheep were sacrificed under deep ketamine anesthesia 24 h after injury. The lower one-
half of the right lung was used for the determination of bloodless wet-to-dry weight ratio
[24]. The activity of myeloperoxidase (MPO), an indicator of neutrophil accumulation, was
determined spectrophotometrically in whole lung homogenates. MPO concentrations were
evaluated on homogenized right lung with a commercially available assay. Myeloperoxidase
activity was reported as U/g dry tissue (CytoStore, Calgary, AB, Canada).

2.4. Statistical analysis
Summary statistics of data are expressed as means ± standard error of the mean. Statistical
comparison was performed by ANOVA with post hoc Bonferroni test. Statistical significance
was accepted at p < 0.05. All statistical calculations were performed with the Prism software
(GraphPad Software Inc. San Diego, CA).

3. Results
Figure 1 shows the regional blood flow changes measured with fluorescent colored
microspheres. Burn and smoke inhalation injury significantly increased the airway blood flow
in the control group: six hours after injury, blood flows were 2.54 ± 0.39 mL/g (Control: Burn
and smoke inhalation injury) vs. 0.25 ± 0.05 mL/g (Sham: no injury) in proximal bronchi and
3.50 ± 0.63 mL/g (Control) vs. 0.25 ± 0.02 mL/g (Sham) in distal bronchi. Thus, the
combination injury caused a 10- to 14-fold increase in blood flow. Ethanol injection in the
bronchial artery significantly reduced the acute regional blood flow increase in proximal
bronchi (Proximal Bronchi, Control: 2.54 ± 0.39 mL/g vs. Sclerosis: 0.01 ± 0.00 mL/g; Distal
Bronchi, Control: 3.50 ± 0.63 mL/g vs. Sclerosis 0.02 ± 0.01 mL/g tissue at 6 h). These blood
flow levels in the sclerosis group were lower than in sham group (Proximal Bronchi, Sham:
0.25 ± 0.05 vs. Sclerosis 0.01 ± 0.00; Distal Bronchi, Sham: 0.25 ± 0.02 vs. Sclerosis 0.02 ±
0.01 mL/g tissue at 6 h).

Figure 2 shows the effect of bronchial artery sclerosis on pulmonary gas exchange. Burn and
smoke inhalation injury significantly deteriorated PaO2/ FiO2 ratio after 12 h and pulmonary
shunt fraction after 18 h. Bronchial artery sclerosis significantly attenuated the pulmonary gas
exchanges. Significant differences were observed at 18 and 24 h in PaO2/ FiO2 ratio and in
pulmonary shunt fraction between the sclerosis group and control group.

Burn and smoke inhalation injury significantly increased pulmonary artery pressure (PAP) and
pulmonary artery vascular resistance index (PVRI). Bronchial artery sclerosis significantly
attenuated the changes at 12, 18 and 24 h in PAP and 12 h in PVRI (Figure 3).

Figure 4 shows peak and pause airway pressure. Burn and smoke inhalation injury significantly
increased the peak and pause airway pressure at 18 and 24 h. Bronchial artery sclerosis
significantly suppressed this increase in the sclerosis group. Significant differences were
observed at 18 and 24 h.

Lung lymph flow, a characteristic of pulmonary transvascular fluid flux, and pulmonary
vascular permeability index were significantly increased in the control group after burn and
smoke inhalation injury. The lymph flow began to increase at 6 h after insult, and a peak was
observed at 24 h. However, bronchial artery sclerosis reversed this increase in pulmonary
transvascular fluid flux and pulmonary vascular index. Significant differences were observed
between the sclerosis group and control group at 12, 18 and 24 h (Figure 5).

Figure 6 shows cast formation in airways. Burn and smoke inhalation injury caused heavy cast
formation in trachea and bronchi, and it proved very difficult to remove the cast from bronchi
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in control animals (Figure 6A, B). Bronchial artery sclerosis suppressed this cast formation in
bronchi of the sclerosis group (Figure 6C).

Lung bloodless wet to dry weight ratio, a measure of lung water content, and myeloperoxidase
activity were significantly increased in the control group. However, the lung wet to dry ratio
was much lower in the sclerosis group (Figure 7A). Bronchial artery sclerosis also significantly
reduced the myeloperoxidase activity (Figure 7B).

4. Discussion
Recently, interventional therapy has made remarkable progress in several diseases such as
cardiovascular disease, cancer therapy and venous malformation therapy [25–27]. In
inflammatory disease, continuous regional arterial infusion (CRAI) therapy of protease
inhibitors and antibiotics on acute necrotizing pancreatitis has been reported to reduce mortality
rates [28–30]. In regards to the bronchial artery, bronchial artery infusion (BAI) and bronchial
artery embolism (BAE) are performed for the treatment of lung cancer and hemoptysis therapy,
respectively [15,31]. Thus, interventional therapy has been widely used in various patient
illnesses. As we showed previously, ablation of bronchial artery before insult reduced blood
flow increases and airway hyperemia, and prevented pulmonary pathophysiological changes
[13,20]. However, there is no report of sclerosis of the bronchial artery after insult, which would
connect to interventional therapy of acute lung injury induced by burn and smoke inhalation
injury. We therefore devised the novel bronchial artery cannulation technique, which preserved
bronchial circulation and kept the animals alive for the long term. Using the cannulation
technique, we were able to ablate the bronchial circulation after burn and smoke inhalation
injury.

The bronchial artery sclerosis prevented the fall in PaO2/FiO2 ratio and increased pulmonary
shunt fraction noted after burn and smoke inhalation injury in the intact control animals. The
mechanism by which the bronchial circulation contributes to the pathogenesis in lung
parenchyma has not been clearly defined. The bronchial circulation provides 97% of the blood
supply to the intrapulmonary airway, but only 13% of the bronchial circulation drains into
bronchial vein that flows into the right side of the heart [32,33]. Most of intrapulmonary airway
blood flow drains into the pulmonary microcirculation at the pre-capillary level [10,34]. Thus,
with smoke inhalation injury, inflammation occurs in the airways, which could release
mediators or cells into the bronchial circulation that would then be delivered to the whole
pulmonary parenchyma where they could elicit lung damage. Airway injury may result in the
formation of mediators that enter into the bronchial circulation and are thus delivered to the
pulmonary microvasculature [35]. We did not measure any inflammation mediators, but there
are several reports that some inflammation mediators increase after smoke inhalation injury
[14,36,37].

Activated neutrophils in the bronchial circulation also flow out into the pulmonary
microcirculation [38]. In the present study, the myeloperoxidase activity increased after burn
and smoke injury, and this activity was significantly reduced by bronchial artery sclerosis.
Treatment of the cells with an antibody to L-selectin prevents the changes in transvascular fluid
flux and other aspects of parenchymal damage [39]. Baile et al. have previously reported that
85% of the bronchial blood venous return was into the pulmonary circuit, and that 50% of the
neutrophils injected into the bronchial artery became lodged in the pulmonary microvasculature
[34]. In addition, activated neutrophils may likewise enter the pulmonary parenchymal areas
and lodge in the pulmonary vasculature. Certainly the lack of neutrophils in the lungs of the
sclerosed sheep as indexed by MPO would support this hypothesis.
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Burn and smoke inhalation injury induced the rapid increase of bronchial circulation, which
increased the pulmonary fluid flux, pulmonary vascular permeability, airway exudation and
pulmonary edema, in turn causing airway cast formation and increased airway pressure.
Likewise, the increase of bronchial circulation could spread inflammatory mediators and cells
into the whole pulmonary parenchyma and accelerate lung damage. The combination of these
components could cause burn and smoke inhalation-induced acute lung injury and pulmonary
failure. Therefore, modulation of bronchial circulation using pharmacological agents may be
an effective strategy in the management of burn patients with concomitant smoke inhalation
injury. One limitation of this experiment is that sheep were insufflated with a total of 48 breaths
of cotton smoke, which causes severe inhalation injury but does not necessarily correspond to
the less severe smoke inhalation injury seen in patients who survive long enough to be admitted
to a burn ICU. Another limitation of this experiment was that we used 70% ethanol to ablate
bronchial blood flow and terminated the experiment at 24 h. No adverse effects of sclerosis
were observed within 24 h, but the sclerosis of bronchial artery may have some adverse effects
beyond this time point. In clinical situation, continuous regional arterial infusion therapy may
be preferred to sclerosis, which coagulates all bronchial arteries. Also, the anatomy of the
bronchial artery in humans is one hindrance to intravenous therapy. Sheep have a single
common bronchial artery [40], but humans have several branches of the bronchial artery [41–
44]. Nonetheless, interventional therapy has progressed rapidly and multiple cannulation
techniques have been developed. In the future, we will be able to infuse pharmacological agents
into human bronchial arteries. Consequently, it will be possible to suppress the bronchial artery
flow in situations of pulmonary hyperemia in humans via the interventional technique. Thus,
interventional therapy to modulate the bronchial circulation using pharmacological agents may
be an effective strategy in the management of ARDS induced by burn and smoke inhalation
injury.
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Fig 1.
Changes in airway blood flow after burn and smoke inhalation injury. Data are expressed as
mean ± SEM. * Significant difference vs. sham group (p < 0.05); † Significant difference vs.
control group (p < 0.05).
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Fig 2.
Effects of bronchial artery sclerosis on pulmonary gas exchanges. Data are expressed as mean
± SEM. * Significant difference vs. sham group (p < 0.05); † Significant difference vs. control
group (p < 0.05).
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Fig 3.
Effects of bronchial artery sclerosis on pulmonary artery pressure (A) and pulmonary vascular
resistance (B). Data are expressed as mean ± SEM. * Significant difference vs. sham group (p
< 0.05); † Significant difference vs. control group (p < 0.05).
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Fig 4.
Effects of bronchial artery sclerosis on peak (A) and pause (B) airway pressure. Data are
expressed as mean ± SEM. * Significant difference vs. sham group (p < 0.05); † Significant
difference vs. control group (p < 0.05).
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Fig 5.
Effect of bronchial artery sclerosis on lung lymph flow (A) and lung pulmonary vascular
permeability index (B). Data are expressed as mean ± SEM. * Significant difference vs. sham
group (p < 0.05); † Significant difference vs. control group (p < 0.05).
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Fig 6.
Photographs showing representative cast formation in trachea and bronchi in control animals
at 24 h (A), cast formation in bronchia in control animals (B) and cast formation in trachea and
bronchi in sclerosis animals at 24 h (C). Burn and smoke inhalation injury causes cast formation
in airway (A, B). However, bronchial artery reduced the cast formation in bronchi (white circle)
but not in trachea (C).
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Fig 7.
Effect of bronchial artery sclerosis on the bloodless lung wet to dry (A) and myeloperoxidase
activity (B). Data are expressed as mean ± SEM. * Significant difference vs. sham group (p <
0.05); † Significant difference vs. control group (p < 0.05).
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