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Abstract
Background: There are limited therapeutic options directed at the underlying pathological processes in
acute respiratory distress syndrome (ARDS). Experimental therapeutic strategies have targeted the
protective systems that become deranged in ARDS such as surfactant. Although results of surfactant
replacement therapy (SRT) in ARDS have been mixed, questions remain incompletely answered regarding
timing and dosing strategies of surfactant. Furthermore, there are only few truly clinically relevant ARDS
models in the literature.  

The primary aim of our study was to create a clinically relevant, reproducible model of severe ARDS
requiring extracorporeal membrane oxygenation (ECMO). Secondly, we sought to use this model as a
platform to evaluate a bronchoscopic intervention that involved saline lavage and SRT.

Methods: Yorkshire pigs were tracheostomized and cannulated for veno-venous ECMO support, then
subsequently given lung injury using gastric juice via bronchoscopy. Animals were randomized postinjury
to either receive bronchoscopic saline lavage combined with SRT and recruitment maneuvers (treatment,
n=5) or recruitment maneuvers alone (control, n=5) during ECMO.

Results: PaO2/FiO2 after aspiration injury was 62.6 ±8 mmHg and 60.9 ±9.6 mmHg in the control and
treatment group, respectively (p=0.95) satisfying criteria for severe ARDS. ECMO reversed the severe
hypoxemia. After treatment with saline lavage and SRT during ECMO, lung physiologic and hemodynamic
parameters were not signi�cantly different between treatment and controls.

Conclusions: A clinically relevant severe ARDS pig model requiring ECMO was established.
Bronchoscopic saline lavage and SRT during ECMO did not provide a signi�cant physiologic bene�t
compared to controls.

Background
Acute respiratory distress syndrome (ARDS) is an important public health problem with an incidence of
78.9 per 100,000 person-years and an associated mortality rate between 27-45%[1, 2]. Despite decades of
research, there are limited therapeutic options directed at the underlying pathological processes[3, 4], and
supportive care with mechanical ventilation remains the cornerstone of management[5]. When
conventional strategies fail to provide adequate support, patients are treated with an escalation of
interventions, including veno-venous extracorporeal membrane oxygenation (VV-ECMO), which is
increasingly used worldwide for this indication[6, 7]. However, the overall management is limited by the
lack of effective pharmacological therapies[3].

Experimental therapeutic strategies have focused on targeting lung surfactant as it becomes deranged in
ARDS[8, 9]. In�ammatory mediators and enzymes are released within the alveolar unit and interfere with
the production, recycling and architecture of surfactant, rendering it dysfunctional[8-11]. Surfactant
therapy for neonates with respiratory distress syndrome is well established, however the results of clinical
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trials investigating the use of surfactant in adults with ARDS have at best been discouraging[8-11]. The
most recent human trial that evaluated intratracheal instillation of surfactant in moderate/severe ARDS
patients failed to show improvements in oxygenation or mortality[12]. Explanations surrounding the lack
of e�cacy of surfactant replacement therapy (SRT) in adults may involve poor alveolar delivery
secondary to insu�cient dosing and poor e�ciency of administration[11]. Findings based on �uid
mechanical computational modeling of SRT have suggested that higher volumes of surfactant and
bronchoscopic administration may improve the homogeneity and e�ciency of distribution[11]. Indeed,
bronchoscopic administration of surfactant in human and large animal studies has shown promise in
ARDS and transplant clinical models[13-18]. Moreover, a recent study evaluated the therapeutic effects of
saline lavage and exogenous SRT in an experimental model of aspiration-induced acute lung injury[16]. In
this model, ex vivo lung perfusion (EVLP) was used as a platform to allow large volume lavage followed
by SRT. During EVLP, the combination of saline lavage followed by SRT resulted in better physiologic lung
function and reduced in�ammation compared to controls. These results suggest that lung lavage may
act to remove the cause of lung injury, including aspiration contents, in�ammatory mediators, and
aspiration-induced dysfunctional surfactant, which can then be replaced with exogenous surfactant.

However, these �ndings may not be easily translated into clinical practise, since severe hypoxemia may
prevent the safe delivery of adequate amounts of lavage �uid and exogenous surfactant. Moreover, EVLP
is currently not a therapeutic option beyond lung transplantation. Nonetheless, the e�cacy of this
innovative therapeutic approach can be studied in an experimental model of severe ARDS supported by
VV-ECMO. Since VV-ECMO e�ciently provides adequate gas exchange with either minimal or no
contribution of injured lungs, it allows the safe administration of bronchoscopy-based treatments during
mechanical ventilation even in severe ARDS, including large volume lung lavage followed by SRT.

Therefore, we sought to evaluate the in vivo effect of large volume saline lung lavage followed by SRT in
a pre-clinical aspiration induced model of severe ARDS.

Methods
Animal preparation: Animals in our study were treated in accordance with the ‘Guide for the Care and use
of Laboratory Animals’ (National Research Council). The Toronto General Research Institute approved our
protocol. Detailed methods can be found in the online data supplement.

Yorkshire male domestic pigs (29-37 kg) were anesthetised, tracheotomised and mechanically ventilated.
Carotid arterial line and pulmonary artery (PA) catheter were inserted for hemodynamic monitoring. Figure
1 shows the experimental outline.

ECMO management: Before lung injury, under systemic heparinization open jugular and femoral ECMO
cannulation was performed. At 1 hr postinjury (ARDS induction), ECMO sweep gas was increased from 0
to 2 L/min and target oxygen saturation was maintained above 88% with MAP >65 mmHg.
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ARDS induction: Two bronchoscopic instillations of gastric juice (GJ) (4 ml/kg and 2 ml/kg, pH 1.6) were
administered 30min apart to target a PaO2/FiO2 ≤100 mmHg[16, 19]. Two hours postinjury, blood and
bronchoalveolar lavage �uid (BAL) were collected for future analysis and CXR was performed.

Randomization: Ten animals were randomized postinjury to receive during ECMO either treatment with
lavage (LAV) +surfactant (SRT) +recruitment maneuver (RM), or RM alone (controls). RM was performed
with 3 sustained in�ations, 10 seconds each at airway pressure of 30 cmH2O during a 5 minute period of
mechanical ventilation with 10 ml/kg of tidal volume.

Treatment group (LAV/SRT, n=5): 2 hr postinjury, 200 mL (10 mL x20 segments) of saline were used to
lavage the lungs and promptly recovered via bronchoscopy. Surfactant (135 mg/kg, BLES® Biochemicals
Inc. SP-B/C, London ON) was administered via bronchoscopy after the lavage. During surfactant
instillation and for 5 min following, a recruitment manoeuvre was performed to facilitate surfactant
distribution.

Control group (controls, n=5): 2 hr post injury the animals received a recruitment manoeuvre.

Post-treatment time course: After the intervention, animals were supported on VV-ECMO and monitored
for 4 hr. Just prior to withdrawal of ECMO support, BAL and blood samples were collected for further
analysis. The animals were monitored for 1 additional hour off ECMO (sweep gas 0 L/min) to evaluate
the response to worsen gas exchange conditions and thus to enhance the potential subtle difference
between the two experimental groups. At the end of the experiment, animals were euthanized and median
sternotomy was performed for tissue collection.

Cytokines: Cytokines in BAL, plasma and tissue homogenates were analyzed blindly (Millipore Sigma,
Etobicoke, ON).

Total bile acid (BA): Total BA concentration was blindly measured from BAL taken preinjury, 2 hr
postinjury and just prior to ECMO withdrawal (BQ Kits, San Diego CA).

Statistical analysis: Data are presented as means ±standard deviation (SD). Groups of means were
compared by Mann-Whitney and 2-way ANOVA for repeated measurements (GraphPad Prism 7.02, La
Jolla, CA), as appropriate. Differences were considered statistically signi�cant when the probability value
was less than 0.05.

Results
ARDS induction

The baseline and intraoperative variables of the animals in the two study groups were similar (Table E1).
The bronchoscopic instillations of GJ caused a signi�cant decrease in oxygenation, which was
comparable in both groups (p=0.95) (Figure 2 A, E and Figure 3). PaO2/FiO2 fell to 63±8 (p<0.01) and
61±10 (p<0.01) in the control and treatment group, respectively. Post injury expired tidal volume, and
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hence respiratory system compliance, was also signi�cantly reduced. Tidal volume dropped from 374±6
mL (12±1 mL/kg) to 197±15 mL (6±1 mL/kg) (p<0.01) in controls and from 354±33 mL (11±1 mL/kg) to
215±38 mL (6±1 mL/kg) (p<0.01) in treated animals (Figure 2J). Moreover, CXR and bronchoscopy
performed 2 hr post injury consistently showed bilateral in�ltrates (Figure E1 and E2, respectively). The
injury also resulted in hemodynamic instability, with increased heart rate (HR) and pulmonary arterial
pressure, which was comparable in the two experimental groups (Figure 2). One animal required transient
vasopressor support to maintain mean arterial pressure (MAP) >65mmHg during injury. The animals in
the two groups received a similar amount of �uid during the experiment (Table E1).

VV-ECMO support

Gas exchange parameters stabilized in all the animals after the sweep gas was turned on to 2 L/min,
despite a persistently low tidal volume and respiratory system compliance (Figure 2, Figure 3). The
animals remained hemodynamically stable with a signi�cant improvement in the HR. None of the
animals suffered from ECMO associated bleeding complications.

Bronchoscopic saline lavage and surfactant

In animals randomized to the treatment group (n=5) 200 mL of normal saline were bronchoscopically
instilled in the airway and 134±17 mL were recovered. The mean volume of surfactant instilled was
165±9 mL. During treatment, the SpO2 remained >88% in all cases. However, despite the performance of
RM, in the intervention group the treatment caused an immediate drop in expired tidal volume (delta =
67±14 mL) and PaO2/FiO2 (delta = 29±35 mmHg), which subsequently improved (Figure 3). PaO2/FiO2

ratio, expired tidal volume, respiratory rate and pCO2 remained stable in the control groups during the 4
hours of ECMO support.

VV-ECMO support withdrawal

After 4 hours of ECMO support, the sweep gas was turned off and the animals were monitored for 1 �nal
hour. In all cases, hemodynamic and physiologic parameters deteriorated similarly in the two groups
(Figure 3). At the end of the experiment, hemodynamic and respiratory variables were similar in the two
groups. However, mean PaO2/FiO2 (223±73 mmHg vs 203±110 mmHg, p=0.69), oxygen saturation
(87±18 vs 82±9 %, p=0.19), pH (7.25±0.2 vs 7.11±0.1, p=0.15) and heart rate (117±29 vs 161±16
beats/min, p=0.06) showed a trend towards physiologic bene�t of the treated animals compared to
controls (Figure 3). One animal (treatment group) required vasopressor support after ECMO support was
removed (different from animal that required vasopressors during injury). The wet-to-dry ratio of the
dependent (controls 6.6±0.9 vs LAV/SRT 7.2±1.3, p=0.69) and non-dependent (controls 6.9±2.8 vs
LAV/SRT 7.9±2.0, p=0.31) lung zones were similar in both groups (Figure 4).

BA in BAL
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Postinjury total BA levels were signi�cantly elevated in comparison to preinjury (<0.02 μmol/L)
concentrations and often surpassed the upper limit (82 μmol/L) of assay detection (Figure 5). Prior to
withdrawal of ECMO support, total BA levels were lower in both treatment (19.7±33 μmol/L) and control
(26.7±32 μmol/L) groups compared to postinjury concentrations, but the treatment did not result in a
statistically signi�cant reduction in BA levels compared to controls (p=0.55).

In�ammatory cytokines

No statistically signi�cant difference in in�ammatory cytokines concentration was found in plasma
(Figure 6A), BAL (Figure 6B) or lung tissue (Figure 6C) at the end of the experiment. Cytokines
concentration over time was similar in the two experimental groups (Figure 6).

Histologic lung injury score

In both groups, acute lung injury was demonstrated macroscopically (Figure E3) and in hematoxilyn and
eosin (HE) histologic sections as evidenced by in�ltrating white blood cells, airspace hemorrhage,
vascular congestion, edema, and �brin deposition (Figure 7). Comparison of HE staining of dependant
(posterior lung tissue) and nondependant (anterior lung tissue) sections of injured lung from the two
groups did not reveal a statistically signi�cant difference based on scoring of acute lung injury (p=0.33
and p=0.66 for dependant and nondependant, respectively).

Discussion
A complex, reproducible, clinically relevant, in vivo experimental model of severe ARDS induced by two
subsequent bronchoscopic instillations of low pH GJ was established in mechanically ventilated pigs.
The criteria for severe ARDS was satis�ed in all animals, that is PaO2/FiO2 ratio <100 mmHg (Figure 2),
bilateral opacities on CXR (Figure E1), pulmonary arterial wedge pressure ≤18 mmHg (Table E1) and
lastly the acute onset of injury following GJ instillation present in this study. Despite the severity of the
lung injury, the support provided by VV-ECMO allowed the maintenance of adequate gas exchange and
stable hemodynamic parameters (Figure 3).

Few other ARDS animal models combined with ECMO support have been described, including injury
models with oleic acid infusion, warm saline airway lavage and smoke inhalation[20-22]. However,
different from the other published models, our model of severe ARDS is more clinically relevant, as
aspiration of gastric contents is a frequent cause of ARDS in clinical practice[1], and causes lung injury
with the same mechanisms occurring in the clinical setting. Moreover, ECMO is used as rescue treatment
in patients with aspiration ARDS[6], including pregnant women with aspiration pneumonitis after general
anesthesia[23]. The consistency and reproducibility of our ARDS model demonstrated by the low
variability of the PaO2/FiO2 ratio post injury in the two groups is the result of few technical precautions.
The GJ was pulled in one container from different donors, the pH was adjusted at 1.6, and the delivery to
the airways was provided through bronchoscopic view in order to speci�cally target each bronchial
segment with a speci�c volume of �uid.
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Our consistent and reproducible model permitted the evaluation of one potential therapeutic strategy that
included saline lung lavage combined with SRT early in the course of severe ARDS. Bronchoscopy-based
treatments would have otherwise not been possible without extracorporeal support in severely hypoxemic
subjects. Indeed, the treatment with saline lavage and SRT was physiologically well tolerated by all the
animals in the intervention group (Figure 3), whose gas exchange was maintained in normal range by
ECMO. To our knowledge, recent studies on SRT in adult ARDS have not included ECMO patients or
included a lung lavage treatment preceding surfactant administration. SRT during ECMO has been
studied in pediatric patients and shown to be bene�cial[24].

However, the results of our investigation showed that lung physiologic and biologic parameters were not
signi�cantly different in treated animals compared with controls (Figures 3).

A large number of clinical studies focused on the potential therapeutic role of SRT in ARDS, but failed to
show a signi�cant effect on mortality[10, 11]. Reasons that may explain the negative results include
dosing of surfactant, administration modalities, and lastly the persistent presence in the alveolar space of
in�ammatory factors, which can cause endogenous and exogenous surfactant dysfunction. Moreover,
studies on SRT in adult ARDS have not included severely hypoxemic patients, who may bene�t the most
from any potential ARDS therapy given the severity of lung injury, but for the same reason would not
safely tolerate intra-tracheally delivered therapies.

These issues were addressed in our experimental model. Firstly, we caused severe ARDS requiring VV-
ECMO to restore adequate gas exchange and stable physiological conditions to tolerate lung lavage with
high volume of saline (10ml per bronchial segment, for a total of ~200 ml, with a return of ~100 ml). The
ECMO support secondarily allowed comprehensive bronchoscopy in order to remove aspiration contents,
in�ammatory mediators, and aspiration-induced dysfunctional surfactant, followed by delivery of high
doses of exogenous surfactant in each bronchial segment (~5mL (containing 135mg phospholipid)/kg
body weight).

A similar approach was studied by Nakajima and colleagues[16] in a lung transplant related experimental
model to treat mild acid aspiration-induced lung injury (PaO2/FiO2 ratio 200-300 mmHg) caused in vivo
by bronchoscopic instillation of gastric juice. Lungs were treated ex vivo in the EVLP system, which
allowed the accurate and safe administration of the therapy independently of gas exchange and the
potential associated systemic complications. The results showed that only the combination of lung
lavage and SRT, but not lung lavage or SRT alone, resulted in better physiologic lung function and
reduced in�ammation at the end of EVLP and after lung transplant.

Our study attempted to translate whether this ex vivo approach had broader clinical implications for
ARDS treatment, such as in an in vivo setting using VV-ECMO as a platform. Although we employed a
similar model of lung injury and a similar therapeutic strategy with lung lavage and SRT, several features
in our model may explain the different results from Nakajima and colleagues work. First, the severity of
lung injury was considerably higher in our model, as only mild ARDS was achieved in Nakajima and
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colleagues based on PaO2/FiO2. The more severe lung consolidation in our model may have prevented
the exogenous surfactant to adequately reach the alveolar space. Second, the absence of chest wall in
the EVLP system may have facilitated lung recruitment with consequent higher exogenous surfactant
bioavailability in the alveolar space. Indeed, SRT in combination with lung RM has been shown effective
to improve oxygenation and lung volume[24-26]. It would be hence interesting to investigate whether SRT
is more effective in ARDS subjects with higher alveolar ‘recruitability’ compared to subjects with
persistent lung consolidation. Third, due to the severity and extension of lung injury in our model, the
dose of exogenous surfactant may have been insu�cient, or the lung lavage may have not been as
e�cient to remove aspiration contents and the products of the consequent pulmonary in�ammatory
response. Indeed, in our model the total BA concentrations from BAL, although lower in the treatment
group (Figure 6), were not found to be signi�cantly different from controls. Perhaps performing the
lavage with surfactant itself, as suggested by the results in a lung contusion model of ARDS[17], could
take advantage of its adsorption properties and facilitate distribution and subsequent recovery. However,
even exogenous surfactant could have been degraded by the activity of speci�c enzymes, including the
secretory phospholipase A2[27], which in patients with direct forms of ARDS has been shown to inversely
correlate with PaO2/FiO2 ratio and mortality[28]. Alternatively, it is possible that lung lavage itself had
worsened the injury in the peripheral, ventilated alveolar units, increasing lung consolidation and
preventing alveolar delivery of surfactant, or increasing the air-water surface tension, which is recognized
as one of the mechanisms of cellular damage and lung injury propagation[29]. By these mechanisms,
lung lavage may have also caused an injurious response to the recruitment manoeuvre only in the
intervention group. Finally, while in our model lungs were physiologically perfused with blood, which may
sustain the in�ammatory response to the acute insult in the lung, in the EVLP system lungs are perfused
with an acellular solution, which may blunt in�ammation and facilitate lung healing.

Our study has a number of limitations. The complexity of the model and the amount of resources
required to perform the experiments restricted the number of animals included in each experimental
group. A dose response evaluation with different amount of saline for lung lavage and increasing doses
of surfactant for the SRT was not performed. Thus, an optimal dose for e�cacy in this model was not
determined. Although our rationale for our dosage stemmed from computational data by Filoche and
colleagues[30], the work of Nakajima et al[16] and the manufacturer recommendation, it may have been
inadequate in our experimental model. Our experimental design and timing may have also in�uenced the
observed results. The duration after lavage and SRT that the animal was monitored was relatively short
and thus may have precluded the possibility of observing a bene�cial effect from the therapy. Our
protocol monitored the animal for 5 hr after therapy (4hr on ECMO/1hr off). Previous surfactant studies,
instead, monitored subjects for extended periods, often past 4 hr after surfactant was administered[13,
14, 17, 18, 25, 26]. Furthermore, in studies where bronchoscopically administered surfactant did show
improvements in oxygenation, bene�ts were observed >24 hr after treatment[13, 18, 26]. Thus, longer
follow up after SRT during ECMO will need to be investigated in future studies.
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Further investigations should also address whether different timing and doses of the treatment strategy,
including treatment with surfactant replacement only, may be effective in reducing injury and facilitate
lung healing. Moreover, the effect of different mechanical ventilation strategies, resulting in better
alveolar recruitment, could potentially improve the distribution of the surfactant to the injured areas of the
lung. Alternatively, it is possible that the treatment with saline lavage and surfactant replacement is not
e�cacious in this aspiration model of severe ARDS.

Conclusions
In conclusion, a reproducible pre-clinical model of aspiration-induced severe ARDS requiring VV-ECMO
was successfully established. Despite the severity of lung injury, VV-ECMO support allowed the
maintenance of adequate gas exchange and stable hemodynamic parameters, which allowed
investigation of the e�cacy of a therapeutic strategy consisting of lung lavage and SRT. The treatment
resulted in a transient decrease in lung compliance and oxygenation immediately post-therapy, but was
overall well tolerated. However, at the end of each experiment, the lung function parameters - PaO2/FiO2,
pCO2, respiratory rate and compliance - in the treatment group were not different than controls.

Abbreviations
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VV-ECMO: veno-venous extracorporeal membrane oxygenation

SRT: surfactant replacement therapy

EVLP: ex vivo lung perfusion

PCV: pressure control ventilation

VCV: volume controlled ventilation

PEEP: positive end expiratory pressure
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RM: recruitment maneuver
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BAL: bronchoalveolar lavage �uid
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Figure 1

(A) Experimental outline and time course and (B) mechanical ventilation strategy during ‘PREINJURY’,
‘INJURY’, ‘ECMO’ and ‘OFF’ ECMO phases of the experiment.



Page 16/22

Figure 2

Physiologic variables before (pre-injury) and after instillation of gastric juice (post-injury), and following
ECMO initiation. Data are presented as mean ±SD. (A) PaO2/FiO2; (B) PaCO2; (C) pH; (D) Respiratory rate;
(E) expired tidal volume in ml/kg; (F) Compliance; (G) mean pulmonary artery pressure (mPAP); (H) mean
arterial systemic pressure (MAP); (I) heart rate. Two-way ANOVA for repeated measures: * p<0.05 pre-
injury vs post-injury and post-injury vs ECMO.
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Figure 3

Lung physiology parameters. Data shown represent means ±SD. Shaded grey area represents parameters
evaluated on ECMO. Black arrow represents time at which intervention was performed. (A) PaO2/FiO2
(mmHg); (B) PaCO2; (C) pH; (D) respiratory rate; (E) expired tidal volume; (F) compliance; (G) mean
pulmonary arterial pressure (mPAP); (H) mean systemic arterial pressure (MAP); (I) heart rate. Two-way
ANOVA for repeated measures: * p <0.05 controls vs LAV/SRT.
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Figure 4

Weight to dry (W/D) lung weight ratios from dependent (dep.) lung and non-dependent (nondep.) lung
tissue biopsies.
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Figure 5

Total bile acid concentration (µmol/L) measured from bronchoalveolar lavage (BAL) taken prior to injury
with gastric juice (pre-injury), 2 hours after injury (post-injury) and at the end of the experimental protocol
(controls or LAV/SRT). Two-way ANOVA for repeated measures: * p<0.05 pre-injury vs post-injury. Mann-
Whitney test: p >0.05 controls vs LAV/SRT.
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Figure 6

(A) Plasma and (B) bronchoalveolar lavage (BAL) cytokines pro�le over time (pre injury, post injury and
end), and (C) cytokines from lung tissue biopsy taken at the end of the experiment. Data are presented as
mean ±SD. Two-way ANOVA for repeated measures analysis in panel A and B: p>0.05 controls vs
LAV/SRT. Mann-Whitney test analysis in panel C, p>0.05 controls vs LAV/SRT.
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Figure 7

(A) Lung injury score (LIS) of the dependent (dep.) and non-dependent (nondep.) lung tissue, calculated
as the average score for each of the following features: in�ltrating white blood cells, airspace
hemorrhage, vascular congestion, edema, and �brin deposition. (B-E) Representative images (5X and
20X) of hematoxilyn and eosin histologic sections from (B-C) non-dependent and (D-E) dependent lung
tissue biopsies.
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