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Abstract
To date, existing animal models of the acute respiratory distress syndrome (ARDS) 
have failed to translate preclinical discoveries into effective pharmacotherapy or di-
agnostic biomarkers. To address this translational gap, we developed a high-fidelity 
swine model of ARDS utilizing clinically relevant lung injury exposures. Fourteen 
male swine were anesthetized, mechanically ventilated, and surgically instrumented 
for hemodynamic monitoring, blood, and tissue sampling. Animals were allocated 
to one of three groups: (1) Indirect lung injury only: animals were inoculated by 
direct injection of Escherichia coli into the kidney parenchyma, provoking systemic 
inflammation and distributive shock physiology; (2) Direct lung injury only: animals 
received volutrauma, hyperoxia, and bronchoscope-delivered gastric particles; (3) 
Combined indirect and direct lung injury: animals were administered both above-
described indirect and direct lung injury exposures. Animals were monitored for up 
to 12 h, with serial collection of physiologic data, blood samples, and radiographic 
imaging. Lung tissue was acquired postmortem for pathological examination. In con-
trast to indirect lung injury only and direct lung injury only groups, animals in the 
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1  |   INTRODUCTION

The acute respiratory distress syndrome (ARDS) is a life-
threatening lung condition that affects more than 200,000 
people in the United States each year with a mortality rate 
of approximately 40% (Erickson et  al.,  (2009); Robles 
et al., 2018). As a clinically defined syndrome, ARDS has un-
dergone only modest refinement in its definition since its first 
report in 1967 (Ashbaugh et al., 1967; Bernard et al., 1994; 
Ranieri et al., 2012). Despite a half century of experimental 
and clinical study, the diagnosis of ARDS remains entirely 
clinical (with no molecular biomarkers), and its management 
remains entirely supportive (with no targeted therapies).

A major barrier to advances in our diagnosis and manage-
ment of ARDS has been reliance on inadequate preclinical an-
imal models to study the syndrome (Semler et al., 2020). The 
vast majority of experimental research on ARDS has been 
performed using small animal (i.e., rodent) models (Matute-
Bello et  al.,  2011). This reliance on rodent modeling of 
ARDS has not been due to their fidelity to human disease but 
rather due to ease of handling, cost, accessible reagents, and 
availability of purebred and genetically engineered strains. 
Anatomically, murine lungs have a distinct lobar structure 
with far fewer branching airways than humans, extensive 
bronchial-associated lymphoid tissue, and a near-absence 
of submucosal glands (Matute-Bello et al., 2011). Mice also 
profoundly differ from humans in their innate and adap-
tive immune response to injury, including fewer circulating 
neutrophils, absence of defensins, and a distinct chemokine 
repertoire (Mestas & Hughes, 2004). Notably, murine lungs 
almost never form hyaline membranes, a histopathological 
hallmark of diffuse alveolar damage (the histopathological 
hallmark of human ARDS) (Matute-Bello et al., 2011). For 
these reasons, the 2011 American Thoracic Society work-
shop report on experimental acute lung injury conceded “the 
responses of animal [murine] and human lungs to an injuri-
ous stimulus cannot be expected to be identical or perhaps 

even similar.”(Matute-Bello et  al.,  2011). Additionally, ro-
dent models almost all preclude the study of co-interventions 
and organ support (e.g., vasopressors or mechanical venti-
lation), serial sampling across anatomic compartments, or 
radiographic study. For these reasons, the NHLBI has identi-
fied the need for large-animal models of ARDS as a research 
priority (Semler et al., 2020).

In contrast to rodent models, swine models of ARDS rep-
resent a promising alternative. The swine lung exhibits lobar, 
interlobular, and airway anatomy similar to that of humans 
(Judge et al., 2014), and immune gene expression of swine 
is far more similar to that of humans (Bailey et  al.,  2013; 
Dawson et al., 2013, 2017; Merrifield et al., 2011; Meurens 
et al., 2012; Meyerholz et al., 2016; Wernersson et al., 2005). 
The metabolite composition of swine lung tissue is far more 
representative of human lungs than is that of rodent species 
(Merrifield et  al.,  2011). Several swine models of ARDS 
exist, yet these rely on clinically unrepresentative single 
exposures (e.g., oleic acid infusion [Dickson et  al.,  2011; 
Schuster, 1994] and surfactant washout [Russ et al., 2016]). 
To our knowledge, no existing swine model recapitulates 
the core features of human ARDS using clinically relevant 
exposures.

To address these gaps, we sought to establish a preclini-
cal model of ARDS using clinically relevant exposures that 
(1) faithfully recapitulates the physiologic, radiographic, and 
histopathologic features of human ARDS, (2) allows for lon-
gitudinal study of pathogenesis, underlying mechanisms, and 
treatment strategies, and (3) permits study of co-interventions 
and organ support (e.g., vasopressors and mechanical ventila-
tion). Motivated by clinical (Sjoding et al., 2019) and exper-
imental (Wiener-Kronish et al., 1991) observations that both 
epithelial and endothelial injury are necessary to provoke the 
full pathophysiologic and clinical manifestations of ARDS, 
we hypothesized that a combination of indirect lung injury 
(sepsis [Tiba et al., 2020]) and direct lung injury (concurrent 
administration of volutrauma, hyperoxia, and instillation of 
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combined indirect and direct lung injury group exhibited all of the physiological, 
radiographic, and histopathologic hallmarks of human ARDS: impaired gas exchange 
(mean PaO2/FiO2 ratio 124.8 ± 63.8), diffuse bilateral opacities on chest radiographs, 
and extensive pathologic evidence of diffuse alveolar damage. Our novel porcine 
model of ARDS, built on clinically relevant lung injury exposures, faithfully recapitu-
lates the physiologic, radiographic, and histopathologic features of human ARDS and 
fills a crucial gap in the translational study of human lung injury.
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gastric particles into the airways) would be required to in-
duce all of the clinical and biological hallmarks of human 
ARDS. Selective data from the indirect lung injury only (sep-
sis) group have previously been published (Tiba et al., 2020).

2  |   METHODS

This study adhered to the principles stated in the Guide for 
the Care and Use of Laboratory Animals (National Research 
Council (U.S.) Committee for the Update of the Guide for the 
Care and Use of Laboratory Animals, Institute for Laboratory 
Animal Research (U.S.), and National Academies Press 
(U.S.), 2011) and was approved by the Institutional Animal 
Care and Use Committee (IACUC). Animals were acquired 
through an IACUC-approved vendor and acclimated for 
5–10 days before experimentation.

2.1  |  Anesthesia and surgical 
instrumentation

Fourteen male Yorkshire-mix swine, approximately 14–
16 weeks of age, were fasted overnight with ad libitum ac-
cess to water. Anesthesia was induced using an intramuscular 
injection of ketamine/xylazine combination (22 and 2  mg/
kg) followed by 1.5%–2.5% isoflurane administered through 
a facemask. Animals were intubated using a 7.5-mm cuffed 
endotracheal tube and mechanically ventilated to maintain 
end-tidal CO2 (PetCO2) at 35–45  mmHg. Heart rate (HR), 
electrocardiograph (ECG), PetCO2, and pulse oximeter oxy-
gen saturation (SpO2) were monitored using a veterinary 
monitor (Surgivet advisor, Smiths Medical). Body tem-
perature was maintained between 37°C and 38.5°C using a 
feedback-controlled warming blanket (Cincinnati SubZero, 
Blanketrol II).

T A B L E  1   Baseline characteristics by group

Characteristic

Experimental group

Group 1:
Indirect lung injury only

Group 2:
Direct lung injury only

Group 3:
Combined indirect and direct lung injury

n 5 4 5

Weight (kg) 43 (3.81) 44 (2.06) 43 (0.71)

Mean arterial pressure 
(mmHg)

85.5 (9.31) 90.1 (15.13) 93.0 (7.19)

Pulmonary artery pressure 
(mmHg)

21.3 (7.38) 13.5 (6.23) 18.6 (2.90)

Heart rate (BPM) 74 (5.8) 78 (6.5) 70 (9.3)

Temperature (°C) 37.8 (0.80) 37.2 (0.84) 37.4 (0.61)

pH 7.474 (0.022) 7.401 (0.081) 7.442 (0.093)

Lactate (mEq/L) 1.4 (0.95) 0.5 (0.05) 0.7 (0.36)

SaO2 (%) 98.2 (1.28) 100 (0.00) 100 (0.00)

SmvO2 (%) 58.8 (1.92)a,b  75.2 (6.26) 78.8 (4.62)

PaO2/FiO2 ratio 470 (47.9) 454 (28.8) 494 (67.4)

PetCO2 (mmHg) 43.9 (3.92) 39.9 (2.15) 39.0 (3.69)

PaCO2 (mmHg) 40.4 (5.01) 46.3 (6.76) 43.7 (6.68)

White blood count (109/L) 17.06 (3.62) 17.65 (5.41) 14.67 (2.16)

Monocytes (109/L) 0.16 (0.104) 0.11 (0.063) 0.09 (0.039)

Lymphocytes (109/L) 10.41 (2.420) 10.98 (2.354) 8.57 (1.210)

Neutrophils (109/L) 6.48 (2.270) 6.56 (3.363) 6.00 (1.276)

Blood urea nitrogen (mg/dl) 7.4 (3.43) 5.5 (1.29) 7.6 (2.40)

Creatinine (mg/dl) 1.3 (0.11)a  1.0 (0.14) 1.2 (0.19)

Hematocrit (%) 40.6 (6.55) 38.1 (2.83) 35.6 (3.07)

Platelet (109/L) 279 (102.3) 294 (44.0) 283 (97.6)

Note: Data are presented as mean (standard deviation). Statistical significance was set at α < 0.05. PaO2, Partial pressure of oxygen. FiO2, fraction of inspired oxygen. 
SmvO2, mixed venous oxygen saturation (%); PetCO2, end-tidal CO2 (mmHg). SaO2, arterial oxygen saturation. PaCO2, partial pressure of arterial CO2.
aStatistically significant difference between Group 1 and Group 2.
bStatistically significant difference between Group 1 and Group 3.
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Under aseptic conditions, the right carotid artery and the 
right external and internal jugular veins were cannulated to 
provide continuous monitoring of mean arterial blood pres-
sure (MAP), pulmonary artery pressure (PAP), heart rate, 
core temperature, and arterial and mixed venous blood sam-
pling as well as for intravenous anesthetic administration. 
A midline laparotomy was performed to access the bladder, 
the left kidney, isolate the ureter, and for placement of an in-
dwelling Foley catheter for urine draining. At the end of sur-
gical instrumentation, inhalant anesthesia was transitioned 
to total intravenous anesthesia by continuous infusions of 
midazolam (5–20 mcg/kg/min), fentanyl (0.03–4.0 mcg/kg/
min), and propofol (10–100 mcg/kg/min) for the remainder 
of the experiment. Baseline hemodynamic metrics and blood 
samples for hematology, serum chemistry, and arterial and 
venous lactate, glucose, electrolytes, oximetry, and blood 
gasses were obtained (Table  1). Ventral-dorsal thoracic ra-
diographic images were obtained using a veterinary porta-
ble X-ray (MinXray hf100+, MinXray). A 5-ml inoculum 
(Escherichia  coli culture or saline sham) was administered 
into the left kidney parenchyma over 15 min (0.33 ml/min), 
and postinjection procedures were done as previously de-
scribed (Tiba et  al.,  2020). Completion of the renal inocu-
lation was considered Time 0 (T0). The abdominal wall and 
skin were closed in layers. The ureter was occluded for a du-
ration of 1 h and then unoccluded.

To ensure humane experimentation, our protocol in-
cluded prespecified criteria for experiment termination: (1) 
persistent low mean arterial pressure (<40 mmHg) for more 
than 2 h, (2) persistent low PetCO2 (<25 mmHg) for more 
than 2 h, (3) critical low mean arterial pressure (<25 mmHg) 
combined with critical low PetCO2 (<20 mmHg), (4) critical 
low PaO2 (<55  mmHg) for more than 1  h, (5) ventricular 
fibrillation/tachycardia, and (6) malignant hyperthermia due 
to inhalant anesthetics.

To standardize temporal comparisons, primary physio-
logic, radiographic, and histopathologic comparisons were 
made at hour 12 following exposure. Lung tissue was col-
lected at the time of experiment termination, which was 12 h 
following exposure for most animals. Three animals met ter-
mination criteria prior to hour 12 (detailed in Results). One 
animal each in Group 1 (Indirect lung injury only) and Group 
2 (Direct lung injury only) was observed for 19 h to estab-
lish trajectory. For these animals, lung tissue was collected at 
the time of experiment termination. The PaO2/FiO2 ratio for 
these animals at hour 19 was 334 and 262, respectively.

2.2  |  Experimental groups and exposures

Animals were designated into one of three experimental 
groups as follows. The assignment of animal to experimental 
group was not randomized.

2.2.1  |  Group 1—indirect lung injury only

As recently described (Tiba et al., 2020), a total volume of 
5 ml containing an average culture count of 2.5 × 1011 CFUs 
of live E.  coli was administered into the kidney's paren-
chyma. No antibiotics were administered. Tidal volume (Vt) 
was set between 7 and 8 ml/kg using 21% fractional inspired 
O2 (FiO2) and 5 cmH2O of positive end-expiratory pressure 
(PEEP). A restrictive (minimal) fluid resuscitation strategy 
was used (30  ml/h normal saline). As previously reported 
(Tiba et al., 2020), this exposure provokes systemic inflam-
mation and distributive shock physiology characteristic of 
sepsis.

2.2.2  |  Group 2—direct lung injury only

(1) Volutrauma: Tidal volume was set between 12 and 15 ml/
kg during instrumentation and continued for the duration of 
the experiment. PEEP was set at 0 cmH2O. (2) Hyperoxia: 
FiO2 was set to 100% during instrumentation and continued 
for the duration of the experiment. (3) Instillation of gas-
tric particles into the lungs: Prior to experiments, a uniform 
stock of gastric contents from donor pigs was homogenized 
in sterile saline, strained, filtered, and autoclaved. Briefly, a 
uniform stock of gastric contents was prepared from donor 
pigs euthanized at the conclusion of other studies. The intact 
stomachs of pigs fed standard laboratory chow were removed 
immediately postmortem. Stomach contents were collected 
and homogenized in sterile saline and strained using sterile 
cotton gauze. The filtered contents were passed through a 
200-µm nylon mesh filter and washed with saline until the 
supernatant ran clear and autoclaved for sterility. A sufficient 
volume was made for the planned experiments and was stored 
(−20°C) until use. At the time of experimentation, the gastric 
particles were resuspended in saline (40 mg/ml) with a pH of 1 
as previously described (Nemzek et al., 2015; Raghavendran 
et al., 2009). Six aliquots (8 ml each) were bronchoscopically 
instilled to lobar bronchi 15  min following the sham renal 
inoculation. (4) Sham renal inoculation: A 5-ml aliquot of 
phosphate buffered saline (PBS) was administered into the 
kidney parenchyma as described above. Intravenous crystal-
loids were administered starting at T2 (7.5–10 ml/kg/h) and 
continued for the duration of experimentation.

2.2.3  |  Group 3—combined indirect and direct 
lung injury

Both direct and indirect insults were used in this group in the 
order of (1–2) volutrauma and hyperoxia, (3) E.  coli renal 
inoculation, and (4) bronchoscopic instillation of acidified 
gastric particles.
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2.3  |  Monitoring and data collection

Animals were monitored for at least 12  h after renal in-
oculation. Sequential hemodynamic measurements includ-
ing MAP, PAP, HR, and temperature were monitored and 
recorded continuously (MP160, Biopac Inc.). Ventilation 
parameters including peak airway pressure (APpeak), res-
piratory rate, FiO2, and PetCO2 were recorded every hour 
along with arterial and mixed venous blood samples. 
Additional blood and and chest radiographs were obtained 
every 4–6 h. At the conclusion of the experiment, animals 
were euthanized while under general anesthesia using in-
travenous potassium chloride (1–2 meq/ml). Organ tissue 
samples were acquired for histological assessment by a 
pathologist with expertise in thoracic pathology. Multiple 
blocks from each lung were examined, and the patholo-
gist was blinded to experimental group. Lungs were graded 
as “Normal,” “Possible DAD,” or “Definite DAD” based 
on standard criteria used to evaluate human lung tissue for 
DAD (Konopka et al., 2020).

The chest radiographs were scored by two blinded 
Pulmonary & Critical Care-trained physicians (RPD and 
MWS), who rated each chest radiograph on a scale of 1–10 
to quantify the extent of lung injury (1 = no abnormalities, 
10 =  severe, diffuse lung injury). Interobserver correlation 
was very high (Pearson r = 0.94). Chest radiograph score had 
high internal validity when compared to time-matched lung 
injury severity (PaO2/FiO2 ratio; Figure S1).

2.4  |  Preliminary studies using sham 
interventions

As a pilot experiment to ensure that the above-described in-
strumentation, sedation, and mechanical ventilation did not 
confound our primary comparisons, we subjected two pigs 
to “sham intervention” in which they underwent all of the 
described instrumentation but received an intrarenal inocu-
lation of saline rather than E. coli. These two animals both 
survived for 24 h without evidence of shock or respiratory 
failure. PaO2/FiO2 ratio at hour 12 was 346 and 349. The 
histopathology of lungs (harvested at 24 h) was characterized 
as “normal” with no evidence of DAD.

2.5  |  Prespecified criteria for successful 
model development

Prior to initial experimentation, the study team agreed to pre-
specified criteria by which the model would be considered a 
successful model of human ARDS: (1) recapitulation of the 
physiologic and histopathologic features of human ARDS: 
impaired oxygenation (PaO2/FiO2 <300) and pathologic 

evidence of diffuse alveolar damage; (2) a time-efficient 
model in which ARDS is achieved within 24 h of initial expo-
sure. For the purposes of time-matched comparisons, primary 
outcomes were PaO2/FiO2 (physiology), severity of diffuse 
bilateral opacities on chest radiograph (radiology), and pres-
ence of “definite diffuse alveolar damage” (histopathology).

2.6  |  Statistical analyses

Descriptive data are presented as means and standard de-
viation (SD). Analysis of variance with repeated measures 
(RM-ANOVA) or mixed-effects analysis (in case of miss-
ing data) were used for longitudinal analysis including a post 
hoc Tukey correction for multiple comparisons. Contingency 
testing was performed using Fisher's exact test. Interobserver 
correlation was determined using Pearson's correlation coef-
ficient. Primary analysis was conducted at the 12-hour mark. 
For animals that reached the prespecified stopping criteria 
and were euthanized prior to 12 h, their last recorded value 
was used. All data and figures were analyzed and created 
using Matlab R2017a (The MathWorks, Inc.), SAS 9.4 (ver-
sion 9.4), and PRISM 8 (GraphPad Software).

3  |   RESULTS

Baseline characteristics of animals in all experimental groups 
are presented in Table 1. Of the 14 animals, 11 survived to 
12 h for all measurements while three met prespecified cri-
teria prior to 12 h. Two of these were in the indirect lung 
injury group (9 and 11 h of measurement) and one was in the 
combined lung injury group (11 h of measurements).

3.1  |  Oxygenation

We first compared oxygenation over time across the ex-
perimental groups as assessed by PaO2/FiO2 ratio (Ranieri 
et al., 2012). As shown in Figure 1, experimental groups had 
similar baseline oxygenation. However, over time, Groups 
1 (indirect lung injury only) and 2 (direct lung injury only) 
exhibited mild impairment in oxygenation, with mean PaO2/
FiO2 plateauing at or above the definitional threshold of 300. 
In contrast, Group 3 (combined indirect and direct lung in-
jury) exhibited a progressive decline in PaO2/FiO2 ratio 
from 494.1 (67.46) at baseline to 124.8 (63.80) at hour 12 
(p  =  0.0012). While within-group variation was observed, 
all animals in Group 3 (combined indirect and direct lung 
injury) reached the definitional PaO2/FiO2 ratio threshold of 
≤300 by hour 12. PaO2/FiO2 ratio was lower in Group 3 than 
either Group 1 or Group 2 (p = 0.02 and 0.03, respectively). 
We thus concluded that the combined indirect and direct lung 
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injury exposures provoke a level of impaired oxygenation 
that is consistent with human ARDS (Ranieri et al., 2012).

3.2  |  Chest imaging

We next compared serial chest radiographs from the 
animals in each experimental group (Figure  2). We 

specifically assessed for the presence of bilateral opaci-
ties, another definitional feature of ARDS (Ranieri 
et  al.,  2012). Chest radiographs were scored by two 
Pulmonary & Critical Care-trained physicians, blinded 
to experimental group and time point, using a scale of 
1–10 (1 = no abnormalities, 10 = severe diffuse bilateral 
opacities). Chest radiographs were obtained on a sin-
gle animal in Group 1 (indirect lung injury only); these 

F I G U R E  1   Comparison of oxygenation across experimental groups. Healthy Yorkshire-mix swine, 14–16 weeks of age, were exposed to (1) 
indirect lung injury (Escherichia coli sepsis), (2) direct lung injury (hyperoxia, volutrauma, and aspiration of gastric particles), and (3) combined 
direct and indirect lung injury (all above exposures). Group 1 versus Group 3: p = 0.02. Group 2 versus Group 3: p = 0.03. Lines and variance 
represent means and standard deviation, both with Lowess smoothing. Significance determined using ANOVA with the Holm–Šidák correction for 
multiple comparisons
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images were scored as normal (score = 1) both at base-
line at hour 12. In contrast, both Groups 2 (direct lung 
injury only) and 3 (combined direct and indirect lung 
injury) animals exhibited significant increases in chest 
radiograph abnormalities. In both groups, all baseline ra-
diographs were scored as normal with a range of 1–3. In 
Group 2 (direct lung injury only), the chest radiograph 
score increased to a mean of 6.3 (SD 1.4) (range 4.5–8, 
95% CI: 4.1, 8.6). Group 3 (combined indirect and direct 
lung injury) increased to a mean of 7.4 (SD 2.4) (range 

4.5–10, 95% CI: 4.4, 10). As a test of internal validity, 
we compared the severity of impaired oxygen (PaO2/
FiO2 ratio) and severity of injury on chest radiographs 
(chest radiograph severity score). Mixed effects regres-
sion confirmed that an increased chest radiograph sever-
ity score was significantly associated with decreased 
PaO2/FiO2 ratio when adjusted for experimental group 
and time point (p < 0.001). These data demonstrate that 
the combined indirect and direct lung injury exposures 
result in the development of diffuse bilateral pulmonary 

F I G U R E  3   Representative histopathology across experimental groups. Post-mortem lung tissue was examined by an expert thoracic 
pathologist using a semi-quantitative instrument for identifying key features of diffuse alveolar damage (DAD). (a) Of the four animals examined 
in Group 1 (indirect lung injury only), three were graded as normal. Abnormal findings included mildly increased interstitial cellularity and focal 
acute pneumonia in a single animal. No animals in Group 1 exhibited features of DAD. (b) Of the four animals examined in Group 2 (direct lung 
injury only), all four exhibited features of acute bronchopneumonia with intra-alveolar edema. No animals in Group 2 exhibited features of DAD. 
(c) Of the five animals examined in Group 3 (combined indirect and direct lung injury), 4/5 were classified as definite DAD. Prominent findings in 
Group 3 included hyaline membranes (4/5), intra-alveolar edema (3/5), fibrin thrombi (5/5) and acute bronchopneumonia (5/5)
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infiltrates that are consistent with the human ARDS defi-
nition (Ranieri et al., 2012).

3.3  |  Histopathology

The histopathology of postmortem lung tissue from the three 
experimental groups was assessed by an expert thoracic pa-
thologist (Figure 3). None of the specimens from Group 1 
(indirect lung injury only, n  =  4) or Group 2 (direct lung 
injury, n = 4) exhibited the core features of DAD, including 
hyaline membrane formation (the histopathological hallmark 
of DAD). In contrast, in Group 3 (combined indirect and di-
rect lung injury, n = 5), lung tissue from four of five animals 
met criteria for definite DAD based on the presence of hya-
line membranes and other key features (e.g., intra-alveolar 
edema and fibrin thrombi) (p = 0.04 vs. Group 1 and Group 
2). Within Group 1 (indirect lung injury only), three of four 
examined lungs were histologically graded as normal, with a 
single animal exhibiting increased interstitial cellularity and 
focal acute pneumonia. Within Group 2, four of four exam-
ined lungs were characterized by acute bronchopneumonia 
with intra-alveolar edema. As such, the combined indirect 
and direct lung injury exposures resulted in DAD, whereas 
the individual indirect lung injury and direct lung injury ex-
posures did not.

3.4  |  Physiologic, inflammatory, and 
extrapulmonary organ function measurements

Additional data regarding physiologic, immunologic, and 
extrapulmonary organ function measurements are included 
in the Online Supplement available at https://figsh​are.com/s/
c6730​605e5​40f94​8e317 (https://doi.org/10.6084/m9.figsh​
are.13703365). At hour 12, peak airway pressures were in-
creased in Group 2 (direct lung injury only) and Group 3 
(combined indirect and direct lung injury) relative to Group 
1 (indirect lung injury only) (Figure S2). Temperature was 
greater in Group 1 (indirect lung injury only) than in Group 
2 or 3. Arterial carbon dioxide (PaCO2) was greater in Group 
3 (combined indirect and direct lung injury) than in Group 
1 (indirect lung injury only). Experimental groups did not 
differ at hour 12 in their white blood cell count or relative 
neutrophilia (Figure S3). Groups 1 (indirect lung injury only) 
and 3 (combined indirect and direct lung injury) both exhib-
ited biochemical evidence of acute kidney injury (Figure S3).

4  |   DISCUSSION

We here report a novel swine model of ARDS that faithfully 
recapitulates the features of human disease using common, 

clinically relevant injury exposures. Our model meets our 
prespecified criteria for successful model development for 
human ARDS: (1) it recapitulates the physiologic and histo-
pathologic features of human disease (impaired oxygenation 
and diffuse alveolar damage) and (2) it does so in a time-
efficient manner in which ARDS is achieved within 24 h of 
exposure. Our novel model offers advantages over both small 
animal (rodent) models as well as existing swine models that 
rely on clinically unrepresentative single-hit exposures (e.g., 
oleic acid infusion [Dickson et  al.,  2011; Schuster,  1994] 
and surfactant washout [Russ et al., 2016]). Additionally, in 
alignment with NHLBI clinical research priorities, our novel 
preclinical model (1) uses a biologically relevant infectious 
exposure (inoculation of viable E. coli) (Tiba et al., 2020), (2) 
allows for the study of organ dysfunction and organ support, 
and (3) permits cointerventions (e.g., intravenous fluids, va-
sopressors, and antimicrobials). Our model thus fills an im-
portant gap in the preclinical study of ARDS, a devastating 
and common condition for which we lack molecular diagnos-
tics and therapeutics.

In addition to meeting our own prespecified criteria, our 
model meets other established criteria for ARDS. Our model 
consistently provokes DAD (including hyaline membrane 
formation), the histopathological hallmark of human ARDS. 
This pathological finding is highly specific and confirms that 
the model's hypoxemia and radiographic opacities are not at-
tributable to competing processes (e.g., shock, cardiogenic 
edema, or acute pneumonia). Our model also satisfies the 
clinically derived Berlin Criteria (Ranieri et al., 2012), which 
are typically considered inapplicable to animal models given 
the impracticality of assessing arterial oxygenation and chest 
radiographs in rodents (Matute-Bello et  al.,  2011). Finally, 
our model fulfills criteria established by a 2011 American 
Thoracic Society workshop on experimental lung injury in 
animals (Matute-Bello et  al.,  2011), in that it induces (1) 
severe lung injury within 24  h of exposure, (2) histologic 
evidence of tissue injury (e.g., hyaline membranes), (3) al-
teration of the alveolar capillary barrier (e.g., proteinaceous 
edema within the alveolar space), (4) alveolar inflammation 
(e.g., accumulation of alveolar neutrophils), and (5) physio-
logic dysfunction (e.g., hypoxemia). In aggregate, our model 
thus robustly satisfies pathological, clinical, and experimen-
tal criteria for ARDS.

Importantly, these criteria for modeling ARDS were only 
met by our combined exposure group (both indirect lung in-
jury and direct lung injury exposures) and were not met by 
its individual constituent exposures (indirect lung injury only 
or direct lung injury only). These findings are congruent with 
recurring observations, both clinical (Sjoding et  al.,  2019) 
and experimental (Wiener-Kronish et  al.,  1991), that both 
epithelial and endothelial injury are necessary to yield the 
full pathophysiologic and clinical manifestations of ARDS. 
In the contemporary era, most patients with ARDS have risk 

https://figshare.com/s/c6730605e540f948e317
https://figshare.com/s/c6730605e540f948e317
https://doi.org/10.6084/m9.figshare.13703365
https://doi.org/10.6084/m9.figshare.13703365
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factors that represent both systemic (endothelial) pathology 
(e.g., sepsis or shock) as well as direct lung injury (e.g., 
pneumonia or aspiration) (Sjoding et al., 2019). Even SARS-
CoV-2, a pandemic respiratory virus that causes ARDS in its 
most severe form, provokes both epithelial and endothelial 
lung injury as assessed via postmortem examination (Hariri 
et al., 2021; Polak et al., 2020). We believe this trend has im-
portant experimental implications, as “single-hit exposures” 
(such as intratracheal endotoxin in mice) are unlikely to fully 
recapitulate the complex pathophysiology of human ARDS. 
Strong consideration should be given to leveraging combined 
exposures to improve the biological and clinical relevance of 
experimental lung injury.

When compared to common rodent models of lung injury, 
swine modeling of ARDS unquestionably provides greater 
fidelity to human disease, whether characterized histopatho-
logically, physiologically, or radiographically. Yet on a per-
experiment basis, swine modeling is far more expensive and 
labor intensive than rodent experimentation. We argue that 
these practical considerations should not dissuade the field 
from embracing novel large animal models of ARDS. First, 
the practical advantages of rodent modeling are all related 
to cost and convenience (e.g., size, expense, breeding rate, 
and availability of inbred strains and antibodies) rather than 
biologic fidelity. As acknowledged by the 2011 American 
Thoracic Society workshop report on experimental acute 
lung injury, murine lungs typically do not develop the cardi-
nal histopathological features of human ARDS and thus “can-
not be expected to be identical or perhaps even similar” to 
human disease (emphasis added) (Matute-Bello et al., 2011). 
These practical advantages of murine modeling are of ques-
tionable significance if the models do not recapitulate human 
pathology. While important anatomic differences do exist be-
tween the lungs of pigs and humans (e.g., the relative prom-
inence of pulmonary intravascular macrophages [Dehring & 
Wismar, 1989; Schneberger et al., 2012]), these differences 
are modest compared to those between rodent and human 
lungs (e.g., the absence of hyaline membranes in most mu-
rine models of lung injury).

Second, small animal modeling presents its own practi-
cal limitations that severely constrain investigators' ability to 
study ARDS pathogenesis. These limitations include the in-
ability to (1) readily assess hypoxemia (the core physiologic 
feature of ARDS), (2) perform chest imaging (a definitional 
feature of ARDS in humans), (3) serially sample blood or 
alveolar fluid (and use pre-exposure animals as their own 
controls), and (4) administer highly relevant co-exposures 
(e.g., mechanical ventilation, vasopressor support). Third, 
any thorough calculation of the cost of murine modeling 
must include the opportunity cost of decades of negative 
clinical trials of molecular therapies (Duggal et  al.,  2015; 
Rubenfeld,  2015), nearly all of which were motivated by 
promising experimental findings in rodents (Matute-Bello 

et al., 2011; Semler et al., 2020). While the per-experiment 
cost of large animal modeling exceeds that of murine model-
ing, this difference pales in comparison to the collective cost 
of performing human trials without reliable and informative 
preclinical modeling. For these reasons, the NHLBI Working 
Group Report on Identifying Clinical Research Priorities in 
Adult Pulmonary and Critical Care has specifically called for 
improved large animals models of ARDS to inform human 
trial design (Semler et al., 2020).

Fourth, while the lack of genetic models and species-
specific reagents may be a current limitation to large-animal 
modeling, we believe this practical limitation is overstated 
and temporary. Given the agricultural importance of swine, 
it is unsurprising that thousands of swine-specific antibody 
and ELISA kits are already commercially available (Ziegler 
et  al.,  2016). Additionally, the availability of an annotated 
swine genome and RNA-Seq technology makes molecular 
characterization of the swine host response highly feasible 
(Humphray et al., 2007; Ropka-Molik et al., 2014). Further, 
immunohistochemical markers of swine lungs are similar 
to those of humans and unlike those of mice (Meyerholz 
et  al.,  2016). Fifthly, while the cost and time required to 
study large animals represents a potential barrier to perform-
ing adequately powered comparisons, the ability to serially 
sample the blood and lungs of the same animal (thus using 
each animal as its own control comparison) is a tremendous 
experimental advantage over small animal models (as well as 
many human studies).

Finally, large animal modeling has proven highly informa-
tive in non-ARDS lung diseases. As an example, our under-
standing of the pathophysiology of cystic fibrosis has been 
transformed and advanced by the development of genetically 
modified swine models, which (unlike murine models) faith-
fully recapitulate human lung pathology (Meyerholz, 2016; 
Stoltz et al., 2010). This long-term investment in modeling 
human biology—despite the short-term expense—has dra-
matically advanced our understanding of the pathophys-
iology of cystic fibrosis, the treatment of which has been 
revolutionized by the successful development of targeted 
molecular therapies (Meyerholz, 2016). Taken together, we 
believe there is strong rationale for the field investing in large 
animal preclinical models of ARDS.

We acknowledge that our study has several limitations 
that should inform future investigations. First, this pilot study 
used only male animals to minimize one source of biologic 
heterogeneity. Future studies will include both male and fe-
male animals to investigate the role of sex in the suscepti-
bility to ARDS (Heffernan et al., 2011). Second, we did not 
include a full negative control arm (i.e., animals that received 
either sham indirect and/or direct lung injury exposures). 
Despite this, our indirect lung injury only experimental group 
exhibited near-normal lung histopathology, providing reas-
surance that supportive care and instrumentation alone are 
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not responsible for the ARDS pathophysiology observed in 
our combined exposure group. Additionally, the availability 
of serial sampling afforded by large animal modeling per-
mitted us to perform within-group comparisons to baseline 
(pre-exposure) measurements for physiologic and radio-
graphic features. Finally, as reported above in Section 2, in 
a pilot study of two pigs who received sham inoculation and 
supportive care, we found no evidence of DAD or severely 
impaired gas exchange following 24 h of mechanical venti-
lation. While we successfully met our goal of establishing a 
model of ARDS and determining the relative contributions 
of the model's constituent exposures (indirect and direct lung 
injury), we studied a modest number of animals in each ex-
perimental group (4–5), which limits statistical power for 
comparing differences with small effect sizes across cohorts. 
Finally, we did not design the model to test differences in 
survival, long-term management, or sequelæ. In future stud-
ies, our model will serve as a foundation to test interven-
tions such as supportive care (e.g., ventilation strategies) or 
pharmacotherapy.

In conclusion, we report a novel high-fidelity swine 
model of ARDS provoked by common, clinically relevant 
injury exposures. As a controlled large animal model, it per-
mits longitudinal measurement of physiologic, radiographic, 
and biochemical features of disease, as well as definitive 
histopathologic evaluation of lung tissue. This model fills 
an important preclinical gap in the study of ARDS and will 
facilitate translational inquiry into the pathogenesis and man-
agement of this lethal and common lung condition.
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