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At a Glance Commentary

Scientific Knowledge on the Subject: unilateral pulmonary artery ligation may trigger 

detrimental mechanisms leading to lung injury. Addition of CO2 to inspiratory gas may 

dampen such mechanisms and prevent injury.

What This Study Adds to the Field: in a large animal model, ligation of the left pulmonary 

artery leads to inhomogeneous ventilation and excessive inflammation, yielding bilateral 

ventilator-induced lung injury within 48 hours. Inhaled CO2 prevents tidal volume 

redistribution and activation of inflammation, preserving both lungs from injury.

This article has an online data supplement, which is accessible from this issue's table of 

content online at www.atsjournals.org. 
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Abstract

Rationale: Unilateral ligation of the pulmonary artery may induce lung injury through 

multiple mechanisms, which might be dampened by inhaled CO2.

Objectives: To characterize bilateral lung injury due to unilateral ligation of pulmonary 

artery in healthy swine undergoing controlled mechanical ventilation and its prevention by 

5% CO2 inhalation. To investigate relevant pathophysiological mechanisms.

Methods: Sixteen healthy pigs were allocated to surgical ligation of the left pulmonary artery 

(Ligation group), 7 to surgical ligation of the left pulmonary artery and inhalation of 5% CO2 

(Ligation + FiCO2 5%), and 6 to no intervention (No Ligation). Then, all animals received 

mechanical ventilation with tidal volume (Vt) 10 ml/Kg, positive end-expiratory pressure 5 

cmH2O, respiratory rate 25 bpm and FiO2 50% (±FiCO2 5%) for 48 hours or until 

development of severe lung injury.

Measurements and main results: Histological, physiological and quantitative CT-scan data 

were compared between groups to characterize lung injury. Electrical impedance tomography 

and immunohistochemistry analysis were performed in a subset of animals to explore 

mechanisms of injury. 

Animals from the Ligation group developed bilateral lung injury as assessed by significantly 

higher histological score, larger increase in lung weight, poorer oxygenation, and worse 

respiratory mechanics in comparison to the Ligation + FiCO2 5% group. 

In the Ligation group, the right lung received larger fraction of Vt, and inflammation was 

more represented, while CO2 dampened both processes.
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Conclusions: Mechanical ventilation induces bilateral lung injury within 48 hours in healthy 

pigs undergoing left pulmonary artery ligation. Inhalation of 5% CO2 prevents injury, likely 

through decreased stress to the right lung and anti-inflammatory effects.

Abstract word count: 251

Key words: VILI, pulmonary perfusion, CO2 inhalation, therapeutic hypercapnia
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Introduction

Previous studies started exploring interruption of pulmonary blood flow as a pivot 

determinant of ventilation-induced lung injury (VILI). Edmunds et al. described awake 

spontaneously breathing dogs developing lung hemorrhage and edema 5 days after ligation of 

the left pulmonary artery1. Kolobow et al. showed massive pulmonary infarction in awake 

spontaneously breathing lambs undergoing complete cardiopulmonary bypass (no circulation 

in the pulmonary arterial tree)2. Non-perfused lung units are also typically found in the acute 

respiratory distress syndrome (ARDS), their amount being associated with severity. Greene et 

al. described increased mortality in patients with ARDS and radiologic signs of pulmonary 

vascular occlusion in comparison to ARDS patients with normal angiography3. More 

recently, interest in these phenomena was renewed by large clinical studies describing 

bedside measures of dead space fraction and ventilatory ratio as predictors of ARDS severity 

and mortality4-6. 

Previous experimental data suggested potential mechanisms causing lung injury in the 

presence of ventilated non-perfused units, potentially subjected to hypocapnia. Laffey et al. 

conducted a study on isolated lungs of rabbits and proved that hypocapnia was associated 

with increased inflammatory microvascular permeability7. Subsequent research on short-term 

effects of regional block of pulmonary blood flow with preserved ventilation showed local 

inflammation, decreased surfactant activity8,9,10, and sudden reduction of local compliance 

with redistribution of tidal volume, potentially causing hyperventilation of the remaining 

perfused units 8,11.

Enrichment by CO2 of inspiratory gas might be a specific intervention to dampen these 

detrimental effects and prevent lung injury, as demonstrated in spontaneously breathing 

animals with perfusion interruption1,2, in animal models of VILI induced by large tidal 
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volume and LPS12,13 and in in-vivo models of acute lung injury following ischemia-

reperfusion injury14. Short-term studies suggested that inhaled CO2 might be protective 

through reduced inflammation13,14 and prevention of regional loss of compliance halting 

imbalances of tidal volume distribution9.

In the present study, we aimed to describe whether controlled mechanical ventilation induces 

VILI in a long-term model of intubated sedated healthy swine undergoing unilateral 

pulmonary artery ligation. In addition, we investigated whether VILI is prevented by the 

addition of 5% CO2 to inspiratory gas and we performed explorative analysis on the 

mechanisms of lung protection by CO2.

If proved true, our results might add the following to previous literature on models of 

unilateral ligation of the pulmonary artery1,8: the role of controlled ventilation vs spontaneous 

breathing; description of injury to the contralateral perfused lung through regional 

hyperventilation; detailed physiological characterization of lung injury; exploratory analysis 

of the mechanisms underlying long-term lung protection by CO2.

Some of the results of these studies have been previously reported in the form of 

abstracts15,16.

Methods

The study was approved by the Italian Ministry of Health (protocol n. 543/2018-PR) and 

conducted according to the European Directive 2010/63/EU on the protection of animals used 

for scientific purposes and Italian legislative decree 26/2014. Approval by the Institutional 

Animal Care Committee was obtained before starting the experiments. 

Anesthesia and animal preparation. Twenty-nine healthy female pigs (34 ± 6 Kg) were 

sedated to perform surgical tracheostomy. See the Online Supplemental Material for details 
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on animal preparation, anesthesia, instrumentation and protocols followed for fluids, 

hemodynamic management and prevention of infections and deep vein thrombosis.

Study protocol. After tracheostomy and until the end of the experiment (48 hours or 

development of severe lung injury), all animals were ventilated in the prone position on 

volume-controlled mode with tidal volume (Vt) 10 ml/kg, respiratory rate (RR) 25 bpm, 

positive end-expiratory pressure (PEEP) of 5 cmH2O and inspiratory oxygen fraction (FiO2) 

of 0.5. Fixed low PEEP was considered the best compromise to prevent atelectasis and limit 

protection from lung injury in healthy animals. Similarly, FiO2 was selected to balance the 

risk of desaturation vs re-absorption atelectasis.

Pigs were assigned to the following groups:

 surgical left pulmonary artery ligation (Ligation group, n = 16) 

 left pulmonary artery ligation and addition of 5% CO2 to inspired gas (Ligation + 

FiCO2 5% group, n = 7)

 mechanical ventilation with no intervention (No Ligation group, n = 6)

See the Online Supplemental Material for details on study protocol and surgical procedure of 

the left pulmonary artery ligation.

In the Ligation + FiCO2 5% group, right after the ligation procedure, inspired gases were 

switched to a mixture of 50% O2, 5% CO2 and 45% N2 administered by dedicated tanks 

(Linde Medicale S.r.l., Arluno (MI), Italia) used as the only source of gas for the ventilator.

Study measures. In every study group, data from respiratory mechanics, hemodynamics, 

arterial and mixed venous blood gas analysis and quantitative CT scan were collected after 2, 

12, 24, 36 and 48 hours from the end of the ligation procedure for the Ligation groups or 
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instrumentation for the No Ligation group. Quantitative CT-scan analysis (Lightspeed®, 

General Electric, USA) was processed off-line as previously described11 with commercially 

available software (Maluna 3.17, Göttingen, Germany): for each CT-scan, lung masks were 

manually determined by two experienced researchers. CT windows were iteratively modified 

to exclude areas with partial volume effect, chest wall, mediastinum and pleural effusions. 

CT scan wasn’t performed in 4 animals in the Ligation group due to technical reasons.

In four animals from the Ligation group and seven from the Ligation + FiCO2 group, 

monitoring by electrical impedance tomography (EIT) allowed the measure of: tidal volume 

distending right vs left lung; right and left respiratory system compliances (from T2 to the 

end of the experiment)17. Details on study measures are provided in the Online Supplemental 

Material.

Euthanasia, autopsy, histology and immunohistochemistry. Animals continued the 

protocol until 48 hours or development of severe lung injury. Then, animals were euthanized 

and underwent autopsy for collection of histological samples. Histological score (range zero 

to 30) of the lungs was calculated from six samples per animal stored in formaldehyde (3 for 

each side). Ten main histological alterations were evaluated, as previously described18. 

Samples for the wet to dry calculation were collected and processed. 

In four randomly chosen animals from each group, samples underwent quantitative 

immunohistochemistry analysis to identify the percentage of cells positive for 

myeloperoxidase (MPO, for neutrophils), ionized calcium-binding adaptor 1 (IBA1, for 

macrophages), cluster of differentiation 3 (CD3, for T lymphocytes) and CD20 (for B 

lymphocytes)19. Details of sample staining and analysis are provided in the Online 

Supplemental Material.
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Statistical Analysis. Histological score of the lungs was the primary endpoint of the study. 

Sample size was similar to previous animal studies on the same topic1,2,11,20-22. However, we 

performed an exploratory power analysis and we assumed a physiologically relevant 

difference in our primary endpoint of 10, with a standard deviation of 4.5, as observed in 

previous publications using the same score to detect lung injury. To obtain power of 0.9 with 

alpha 0.05, the minimum sample size resulted n = 6 per group. Imbalance in study 

numerosity, with larger sample size for the Ligation group, was sought to limit variability, 

which was hard to predict given the novelty of the model.

Data are shown as mean ± standard deviation or median (interquartile range), unless 

otherwise indicated. Comparisons between histological and physiological variables and 

quantitative CT scan in the three study groups at the end of the experiment were performed 

by one-way ANOVA or Kruskal-Wallis test, for normally and non-normally distributed 

variables. Holm-Sidak test or Dunn’s test were applied for post-hoc analysis with adjustment 

of p-value to allow for multiple comparisons using the Benjamini, Krieger, and Yekutieli 

procedure, as appropriate. Within the Ligation group, differences in histological score and 

quantitative CT scan data between right and left lung were analyzed by paired t-test 

(normally distributed variables) or Wilcoxon test (non-normally distributed variables). 

Differences between groups along the study of physiological and EIT variables were 

analyzed using generalized estimating equation models to account for repeated measures in 

time (longitudinal data) with possible unobserved time points. The model included group and 

time as main independent factors and group-by-time interaction. Statistical significance was 

defined by a p or q value <0.05. Analyses were performed using GraphPad Prism (version 

9.00, La Jolla, CA, USA).
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Results

Study groups. Before the start of the experiment there were no differences in respiratory 

mechanics, gas exchange, hemodynamics and lung weight between animals subsequently 

allocated to the three groups (Table E1 Online Supplement).

All animals in the No Ligation group, all in the Ligation + FiCO2 5% group and 14 out of 16 

in the Ligation Group completed the 48 hours of study. Two pigs in the Ligation group 

developed severe lung injury earlier and were euthanized at 24 and 30 hours, respectively.

Ventilation-induced lung injury in the study groups. At the end of the experiment, 

microscopic analysis showed that animals in the Ligation group developed bilateral lung 

injury with elevated histological scores (Figure 1A). Addition of 5% FiCO2 protected the 

lungs of animals in the Ligation + FiCO2 5% group from lung injury: at the end of the 

experiment the histological score in this group was very low and comparable to the No 

Ligation group (Figure 1A). Figure 2 shows representative microscopic images from the three 

study groups. Table E2 in the Online Supplement reports values for each item from the 

histological score: all were higher in the Ligation group, with larger differences in the 

presence of inflammatory cells.

CT scan analysis confirmed development of lung edema only in the ligation group. At the 

end of the experiment, the increase in lung weight was larger in the Ligation group compared 

to the other two groups (Figure 1B). Similarly, the fraction of collapsed non-aerated lung 

tissue was significantly higher in the Ligation group in comparison to both Ligation + FiCO2 

5% and No Ligation groups (Figure 1C).

At the end of the experiment, lung injury was characterized by extremely decreased 

compliance of the respiratory system in the Ligation group (Figure 1D), while the Ligation + 
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FiCO2 5% and No Ligation groups maintained relatively normal higher compliance values 

(Figure 1D). Consequently, plateau and driving inspiratory pressures were significantly 

higher in the Ligation group compared to both Ligation + FiCO2 5% and No Ligation groups 

(Table 1). Of notice, chest wall compliance remained similar between study groups and 

derangements in respiratory system compliance were attributable to alterations in lung 

compliance (Table 1).

At the end of the experiment, the PaO2/FiO2 ratio was significantly lower in the Ligation 

group, while oxygenation was only slightly impaired in the other two groups (Figure 1E). As 

expected, animals in the Ligation + FiCO2 5% group were characterized by higher PaCO2 and 

lower pH, compared to both Ligation and No Ligation group (Table 1). 

Ligation of the left pulmonary artery led to higher mean and systolic pulmonary arterial 

pressure in the Ligation group as compared to the other two, with increased, although not 

significantly, pulmonary vascular resistance only in the Ligation group (Table 1).

In the Ligation group, at the end of the experiment, macroscopic qualitative examination 

showed increased lung size with diffuse edema and regional collapse of the right lung, while 

the left hypo-perfused lung was smaller, darker and congested (Figure E1 Online 

Supplement). Lungs from the Ligation + FiCO2 5% and No Ligation groups, instead, were 

pink, with no sign of collapse, edema or congestion (Figure E1 Online Supplement).

Finally, at the end of the experiment, in the Ligation + FiCO2 5% group, wet to dry ratio was 

significantly lower if compared to both Ligation and No Ligation groups (4.8 [4.7-5.0] vs 5.5 

[5.4-5.8] vs 5.1 [4.7-5.7], Kruskal-Wallis test P-value: 0.002. Post-hoc Dunn’s test: p<0.01, 

Ligation + FiCO2 5% vs. Ligation).
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Mechanisms of lung protection by CO2. EIT analysis showed significantly higher Vt 

fraction reaching the right non-ligated lung in the Ligation group as compared to the Ligation 

+ FiCO2 5% group (Figure 3A, Figure E2 and Table E3 Online Supplement) from T2 to T36, 

while distribution of ventilation was more homogenous at T48 (Figure 3A, Figure E2 and 

Table E3 Online Supplement). Larger Vt reaching the right lung in the Ligation group was 

likely due to lower compliance of the left side in comparison to the Ligation + FiCO2 group 

(Figure 3B). Then, at T48, compliance of the right side declined in the Ligation group (Figure 

3C), becoming more similar to the left side (Figure 3B) and redistributing tidal volume more 

evenly (Figure 3A) (Table E3 Online Supplement). 

The immunohistochemical analysis showed that, globally, inflammation was prevented by 

the addition of CO2 after ligation (Figure 4A-D and Figure E3A-D Online Supplement). In 

particular, the innate immunity population MPO-positive neutrophils (Figure 4A,B) and IBA-

1-positive macrophages (Figure 4C,D), were significantly decreased in the Ligation + FiCO2 

group compared to Ligation or No ligation sets. Similarly, mature B-lymphocytes infiltrates 

were marginally decreased in the Ligation + FiCO2 group up to the control levels (Figure 

E3C,D Online Supplement), whereas the CD3-positive T-cells subpopulation was modestly 

affected (Fig. E3A,B Online Supplement).

Differences between left ligated and right non-ligated lung in the Ligation group. 

Histological score didn’t differ between right and left ligated lung for the global value 

(Figure 5A). However, analysis of the single items composing the score showed higher 

neutrophil infiltration and interstitial lymphocytes proliferation for the right non-ligated lung 

and more extensive alveolar hemorrhage for the left ligated lung (Table E4 Online 

Supplement).
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The increase in lung weight (lung edema) happened only in the right non-ligated lung (Figure 

5B). Increased lung weight likely determined larger fraction of non-aerated lung tissue in the 

right lung compared to the left ligated lung (Figure 5C).

Evolution of physiological parameters along the study time. To better understand the time 

needed to generate differences between the three groups, we analyzed values along the course 

of the experiment of physiological parameters. Most parameters remained stable till T24-T36 

interval, suggesting that lung injury developed non-linearly and mostly in the second half of 

the experiment. (Table E3 Online Supplement).

Discussion

Surgical ligation of the left pulmonary artery induces bilateral lung injury within 48 hours in 

healthy pigs undergoing controlled mechanical ventilation; excessive ventilation to the non-

ligated lung and acute inflammation may have a key role in the development of injury; 

addition of 5% CO2 to inspiratory gas protects the lungs by effectively preventing these 

detrimental mechanisms.

In this study, bilateral ventilation-induced lung injury following unilateral pulmonary artery 

ligation was characterized by multiple physiological derangements: histopathological 

alterations indicating development of diffuse lung injury, increased lung weight and alveolar 

consolidations, impaired respiratory mechanics and poor oxygenation. 

Wasted ventilation of non-perfused regions induces reduction of the local compliance with 

diversion of tidal volume to perfused regions11,22,23. Decrease of compliance may be due to 

local activation of cells apoptosis triggering inflammation and depletion of surfactant in the 

left ligated lung, as previously demonstrated8,24, and to alteration in vascular permeability and 

edema affecting the right non-ligated lung22,25. Our data confirmed that relative 
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hyperventilation (of the right lung) and inflammation (affecting both lungs) characterized the 

Ligation group and likely contributed to development of bilateral lung injury (Figure 6). In 

the Ligation group, compliance of the left side was lower than in the Ligation + FiCO2 group 

and this may have induced hyperventilation in the right side. When compliance of the right 

side became similar to the left side in the Ligation group (i.e., at T48), tidal volume 

distribution became more homogenous. This biphasic phenomenon (hyperventilation due to 

difference in left vs. right compliance in the Ligation group followed by more homogenous 

ventilation when compliances became more similar) may suggest that both high regional Vt 

and local inflammation played a role in the development of right lung injury (Figure 6) . 

Lymphocytes, macrophages and neutrophils were highly represented in both lungs with 

significant expression of inflammatory markers. 

Addition of FiCO2 5% might dampen such mechanisms, as shown by pilot experimental 

data1,8,12,13,14. We described that 5% CO2 inhalation prevents inhomogeneous distribution of 

tidal volume and recruitment and activation of inflammatory cells. This probably halted 

development of bilateral lung injury following unilateral ligation of the pulmonary artery: 

animals in the Ligation + FiCO2 5% group were characterized by low histological injury and 

didn’t develop lung edema or lung collapse; inhaled CO2 preserved respiratory mechanics 

and oxygenation, too.

CO2 administration through inspiratory gas might have dampened detrimental mechanisms 

leading to VILI by correction of alveolar hypocapnia and/or by induction of systemic 

hypercapnia. Indeed, CO2 inhalation avoids the deleterious consequences of alveolar 

hypocapnic alkalosis1,2,12,13,14,26,27, hampering pneumoconstriction and surfactant depletion. In 

our experiment, this might have determined more homogenous distribution of tidal volume. 

On the other hand, systemic hypercapnia exerts anti-inflammatory properties28-31, and these 
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might have led to the lower inflammatory reaction observed in our model. Differential 

ventilation with administration of inhaled CO2 only to the right non-ligated lung (obtaining 

systemic hypercapnia without correction of alveolar hypocapnia) could prove if the protective 

effects that we observed should be ascribed to systemic hypercapnia. 

Our results show that, despite histological scores as high as the left ligated lung, only the 

right non-ligated lung in the Ligation group developed edema, which was very likely caused 

by the diversion of tidal volume rather than by increased regional blood flow24. Indeed, if the 

main mechanism had been the re-distribution of blood flow, the Ligation + FiCO2 5% group 

would have shown the same increase in weight of the right non-ligated lung. Previous studies 

indicate that VILI induced by large tidal volumes in healthy lungs is characterized by edema 

and collapse18, as observed in the right non-ligated lung from the ligation group. This data 

resemblance reinforces the hypothesis that inhomogeneous distribution of tidal volume may 

have induced VILI11,22,23,32.

Carbon dioxide is a potent vasoconstrictor of the pulmonary circulation31 but, at the end of 

the experiment, mean pulmonary artery pressure was lower in the Ligation + FiCO2 5% 

group, as compared to the Ligation group. These findings may suggest that the major 

determinant of pulmonary artery pressure level was lung injury rather than CO2.

Our experimental protocol offers unique insights in comparison to previous studies on 

pulmonary hypoperfusion during spontaneous breathing1,2, or in isolated lungs7-9. Application 

of controlled mechanical ventilation with more contemporary settings and use of advanced 

respiratory monitoring and immunohistochemistry technique yielded novel specific 

observations. Following unilateral ligation of pulmonary artery: lung injury develops during 

controlled mechanical ventilation; the contralateral perfused lung isn’t spared; multiple 

physiological derangements of gas exchange, respiratory mechanics, lung weight, regional 
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compliance and inflammatory reaction characterize injury; and, finally, lung protection by 

inhaled CO2 may be mediated by more homogeneous tidal volume distribution and 

dampening of inflammation.

Our findings may have clinical implications for intubated critically ill patients with increased 

dead space 33-36. Mechanical ventilation might trigger the abovementioned detrimental 

mechanisms (loss of regional compliance, tidal redistribution, inflammation) with the 

potential of worsening lung injury. The role of hypercapnic acidosis and/or of inhaled CO2 in 

preventing this type of VILI remains to be determined.

This study has limitations. First, mechanical ventilation settings were somehow arbitrarily 

chosen and remained fixed for all the study duration. Different settings (e.g., higher PEEP, 

lower FiO2, different frequency and mode for recruitment maneuvers) and/or adaptation of 

ventilation to the evolving lung injury (e.g., reduction of tidal volume to maintain protective 

driving pressure) might have yielded different results. Second, PaCO2 of 30-35 mmHg in the 

Ligation group, in adjunction to the metabolic alkalosis that characterize pigs of this size37, 

resulted in significantly higher pH values in the Ligation group vs. the Ligation + FiCO2 

group (Table E3 Online Supplement). However, data on the effects of alkalotic pH on 

mechanisms of lung injury (e.g., inflammation) currently lacks38. Third, we only performed 

surgical ligation of the left artery, and we don’t know if ligation of the right one would have 

led to the same results. Fourth, animals from the Ligation + FiCO2 group were not 

randomized with those from other groups for technical reasons. Nevertheless, physiology was 

comparable before the start of the experiment (see Table E1). Finally, we were not able to 

dissect the relative contribution of local effects of inhaled CO2 vs. systemic benefits of 

hypercapnia. 
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Conclusions

Our study shows that healthy pigs undergoing surgical ligation of the left pulmonary artery 

develop bilateral lung injury within 48 hours of controlled mechanical ventilation. Addition 

of 5% CO2 to inspiratory gas prevents the onset of bilateral VILI through reduced tidal 

volume reaching the non-ligated lung and modulation of inflammation. 
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Figure legends

Figure 1. Severity of histological, CT scan and physiological alterations at the end of the 

experiment. Histological score of lungs from each study group (Panel A): the score had 10 

components which were ranked between 0 and 3 and summed within apical, medial and basal 

samples from each lung. Then scores from the 6 samples were averaged to obtain the total 

lung histological score for each animal (range zero to 30).

Quantitative CT scan analysis showing change in lung weights (Panel B) from the baseline 

(after instrumentation and before surgical ligation of the left pulmonary artery) to the end of 

the experiment (48 hours or at development of severe lung injury) (∆lung weight) in each 

study group. Proportion of non-aerated (Panel C) lung tissue in each study group.

Compliance of the respiratory system (panel D) and PaO2/FiO2 (Panel E) at the end of the 

experiment in each study group.

Data are expressed as scatter dot plot with mean ± SEM. Statistical analysis was performed 

by one-way ANOVA followed by post-hoc Holm-Sidak test (Panel A, C, D, E), or by 

Kruskal-Wallis test (Panel B). P-values in the graph refers to ANOVA/Kruskal-Wallis p-

value. *p<0.05 and ***p<0.001 Ligation + FiO2 5% vs Ligation group, ^p<0.05, ^^p<0.01, 

^^^p<0.01 No Ligation vs Ligation group.

Figure 2. Microscopic appearance of the lungs at the end of the experiment. 

Representative microphotographs of the left ligated and right non-ligated lungs from the 

Ligation + FiO2 5% group (Panels A and B) and Ligation group (Panels C and D). The left 

lung of the Ligation group (Panel C) shows a marked inflammatory infiltrate composed 

primarily of lymphocytes and macrophages, with vascular congestion and hemorrhage. The 

right lung of the Ligation group (Panel D) shows a patchy acute inflammatory infiltrate 

composed primarily of neutrophils (H&E, original magnification 100x, inset 400x). Notably, 
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the lungs of the Ligation + FiO2 5% group (Panels A and B) showed no inflammatory 

changes (H&E, original magnification 100x). In the lower panels (Panels E and F), 

representative microphotographs of the lungs from the No Ligation group with no significant 

histological alterations (H&E, original magnification 100x).

Figure 3. Ventilation distribution and regional respiratory system compliance along the 

experiments. The ratio between tidal volume distending the right and the left lung 

(VtRL/VtLL, Panel A) along the study timepoints shows significant imbalance in the Ligation 

group which was prevented by inhalation of CO2. Respiratory system compliance for left and 

right respiratory hemi-system (Compliance rsL and Compliance rsR, Panel B and C 

respectively): in the Ligation group, left compliance was lower than the Ligation + FiCO2 

group and remained stable over time, while in the right side of the Ligation group it declined 

along the study; FiCO2 maintained both compliances stable.

Data are expressed as mean ± SEM. Statistical analysis was performed using generalized 

estimating equation models to account for repeated measures in time (longitudinal data), the 

model included group and time as main independent factors and group-by-time interaction. 

*p<0.05 and **p<0.01 Ligation + FiO2 5% vs Ligation group.

Figure 4. Characterization of the lung immune cell infiltrates in the different groups by 

immunohistochemistry. A, C) Representative image of the MPO-positive (A) or IBA-1-

positive (C) infiltrates in the lungs of pigs from the three different groups of treatment with 

the corresponding digital quantification (Mask). Images show representative samples from 

the most affected side. Scale bars, 100μm. B, D) Quantification of the MPO- (B) or IBA-1-

positive (D) cells in the different groups. Each dot is a sample (n=8 per group); bars, 

mean±SEM. In B, *, q=0.010 No ligation versus Ligation samples; **, q=0.008 Ligation 

versus Ligation+ FiO2 5%. In D, ^^, q=0.001 No ligation versus Ligation + FiO2 5%; *, 
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q=0.014 No ligation versus Ligation + FiO2 5%. P values from Kruskal-Wallis test are 

reported in the graphs; q values are FDR-adjusted p values from Dunn’s post-test according 

to the Benjamini, Krieger, and Yekutieli method.

Figure 5. Differences between left ligated and right non-ligated lung in the Ligation 

group. Histological score (Panel A) of each lung in the Ligation group at the end of the 

experiment. Quantitative CT scan analysis showing change in lung weight (Panel B) of each 

lung in the Ligation group from the baseline (after instrumentation and before surgical 

ligation of the left pulmonary artery) to the end of the experiment (48 hours or at 

development of severe lung injury) (∆lung weight). Proportion of non-aerated (Panel C) lung 

tissue of each lung in the Ligation group at the end of the experiment. Data are expressed as 

scatter dot plot with mean ± SEM. Statistical analysis was performed by paired t-test, p-

values are reported in the graph.

Figure 6. Pathophysiological mechanisms inducing bilateral lung injury and protective 

effects of inhaled CO2. Left pulmonary artery ligation induces bilateral lung injury through 

multiple processes (black pathway). Addition of 5% CO2 to inspiratory gases guarantees 

alveolar normocapnia and exerts anti-inflammatory properties, blocking critical processes 

and ultimately preventing injury (green pathways).
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Table 1. Physiological characteristics of the study groups at the end of the experiment.

Ligation +

FiCO2 5%

n=7

Ligation

n = 16

No Ligation

n = 6

p-

valuea

Respiratory Mechanics

Peak Pressure (cmH2O) 20 ± 3 33 ± 12*, ^ 19 ± 2 0.004

Plateau Pressure (cmH2O) 14 ± 1.5 23 ± 8.2*, ^ 14 ± 0.8 0.003

Mean Airway pressure (cmH2O) 9 ± 0.9 12 ± 2.8*, ^ 9 ± 0.8 0.007

Driving pressure (cmH2O) 9 ± 1.2 18 ± 8.2**, ^^ 9 ± 0.8 0.002

Respiratory system compliance (ml/cmH2O) 38 ± 6 23 ± 10***, ^^^ 39 ± 4 <0.001

Lung compliance (ml/cmH2O) 83 [50;102] 32 [17;50]^^ 70 [54;88] 0.004

Chest wall compliance (ml/cmH2O) 80 ± 14 82 ± 20 102 ± 31 0.154

Arterial blood gas analyses data

PaO2/FiO2 478 ± 96 320 ± 137*, ^ 471 ± 95 0.009

PaCO2 (mmHg) 63 [57;66] 33 [31;40]^^ 32 [30;36]^^ 0.001

pH 7.42 [7.40;7.45] 7.49 [7.45;7.51] 7.53 [7.51;7.55]^^ 0.002

HCO3
- (mmol/L) 37.8 ± 2.4 27.3 ± 3.0^^^ 28.4 ± 2.2^^^ <0.001

Volumetric Capnography

EtCO2 (mmHg) 67 [63;71] 30 [26;34]^^ 29 [27;35]^^ 0.001

Hemodynamics

Systolic Arterial Pressure (mmHg) 107 ± 10 119 ± 12 122 ± 18 0.103

Diastolic Arterial Pressure (mmHg) 63 ± 13 84 ± 17 88 ± 26 0.037

Mean Arterial Pressure (mmHg) 86 ± 13 101 ± 13 100 ± 16 0.050

Systolic Pulmonary Artery Pressure (mmHg) 31 ± 4 35 ± 9* 25 ± 3 0.012

Diastolic Pulmonary Artery Pressure (mmHg) 15 ± 4 19 ± 8 15 ± 2 0.222

Mean Pulmonary Artery Pressure (mmHg) 20 ± 2 27 ± 7 23 ± 3 0.047

Pulmonary vascular resistance (dyne/s/cm-5) 255 [230;291] 307 [226;398] 280 [237;331] 0.389

Wedge Pressure (mmHg) 8 ± 1 10 ± 3 8 ± 2 0.434

Cardiac Output (l/min) 5.1 ± 1.1 4.4 ± 1.2 3.6 ± 0.5 0.082
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Heart Rate (bpm) 97 [80;103] 96 [78;107] 80 [72;85] 0.169

Fluid balance (ml) 67 ± 458 57 ± 474 -71 ± 1622 0.946

Data are expressed as mean ± standard deviation (normally distributed values) or median 

[quartiles] (non-normally distributed values).

aComparisons are obtained with one-way ANOVA or Kruskal-Wallis test for normally and 

non-normally distributed values respectively followed by Holm-Sidak or Dunn multiple 

comparison tests as appropriate. *p<0.05, **p<0.01 and ***p<0.01 vs No Ligation group, 

^p<0.05, ^^p<0.01 and ^^^p<0.001 vs Ligation + FiCO2 5% group. 

Abbreviations: PaO2/FiO2, partial pressure of oxygen / inspired fraction of oxygen; PaCO2, 

partial pressure of carbon dioxide; EtCO2, end-tidal CO2.
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Figure 1. Severity of histological, CT scan and physiological alterations at the end of the 
experiment. Histological score of lungs from each study group (Panel A): the score had 10 components 

which were ranked between 0 and 3 and summed within apical, medial and basal samples from each lung. 
Then scores from the 6 samples were averaged to obtain the total lung histological score for each animal 

(range zero to 30). 
Quantitative CT scan analysis showing change in lung weights (Panel B) from the baseline (after 

instrumentation and before surgical ligation of the left pulmonary artery) to the end of the experiment (48 
hours or at development of severe lung injury) (∆lung weight) in each study group. Proportion of non-

aerated (Panel C) lung tissue in each study group. 
Compliance of the respiratory system (panel D) and PaO2/FiO2 (Panel E) at the end of the experiment in 

each study group. 
Data are expressed as scatter dot plot with mean ± SEM. Statistical analysis was performed by one-way 
ANOVA followed by post-hoc Holm-Sidak test (Panel A, C, D, E), or by Kruskal-Wallis test (Panel B). P-

values in the graph refers to ANOVA/Kruskal-Wallis p-value. *p<0.05 and ***p<0.001 Ligation + FiO2 5% 
vs Ligation group, ^p<0.05, ^^p<0.01, ^^^p<0.01 No Ligation vs Ligation group. 
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Figure 2. Microscopic appearance of the lungs at the end of the experiment. Representative 
microphotographs of the left ligated and right non-ligated lungs from the Ligation + FiO2 5% group (Panels 
A and B) and Ligation group (Panels C and D). The left lung of the Ligation group (Panel C) shows a marked 
inflammatory infiltrate composed primarily of lymphocytes and macrophages, with vascular congestion and 

hemorrhage. The right lung of the Ligation group (Panel D) shows a patchy acute inflammatory infiltrate 
composed primarily of neutrophils (H&E, original magnification 100x, inset 400x). Notably, the lungs of the 
Ligation + FiO2 5% group (Panels A and B) showed no inflammatory changes (H&E, original magnification 

100x). In the lower panels (Panels E and F), representative microphotographs of the lungs from the No 
Ligation group with no significant histological alterations (H&E, original magnification 100x). 
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Figure 3. Ventilation distribution and regional respiratory system compliance along the 
experiments. The ratio between tidal volume distending the right and the left lung (VtRL/VtLL, Panel A) 

along the study timepoints shows significant imbalance in the Ligation group which was prevented by 
inhalation of CO2. Respiratory system compliance for left and right respiratory hemi-system (Compliance rsL 
and Compliance rsR, Panel B and C respectively): in the Ligation group, left compliance was lower than the 

Ligation + FiCO2 group and remained stable over time, while in the right side of the Ligation group it 
declined along the study; FiCO2 maintained both compliances stable. 

Data are expressed as mean ± SEM. Statistical analysis was performed using generalized estimating 
equation models to account for repeated measures in time (longitudinal data), the model included group and 

time as main independent factors and group-by-time interaction. *p<0.05 and **p<0.01 Ligation + FiO2 
5% vs Ligation group. 
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Figure 4. Characterization of the lung immune cell infiltrates in the different groups by 
immunohistochemistry. A, C) Representative image of the MPO-positive (A) or IBA-1-positive (C) 

infiltrates in the lungs of pigs from the three different groups of treatment with the corresponding digital 
quantification (Mask). Images show representative samples from the most affected side. Scale bars, 100μm. 
B, D) Quantification of the MPO- (B) or IBA-1-positive (D) cells in the different groups. Each dot is a sample 

(n=8 per group); bars, mean±SEM. In B, *, q=0.010 No ligation versus Ligation samples; **, q=0.008 
Ligation versus Ligation+ FiO2 5%. In D, ^^, q=0.001 No ligation versus Ligation + FiO2 5%; *, q=0.014 

No ligation versus Ligation + FiO2 5%. P values from Kruskal-Wallis test are reported in the graphs; q 
values are FDR-adjusted p values from Dunn’s post-test according to the Benjamini, Krieger, and Yekutieli 

method. 
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Figure 5. Differences between left ligated and right non-ligated lung in the Ligation group. 
Histological score (Panel A) of each lung in the Ligation group at the end of the experiment. Quantitative CT 
scan analysis showing change in lung weight (Panel B) of each lung in the Ligation group from the baseline 

(after instrumentation and before surgical ligation of the left pulmonary artery) to the end of the experiment 
(48 hours or at development of severe lung injury) (∆lung weight). Proportion of non-aerated (Panel C) lung 

tissue of each lung in the Ligation group at the end of the experiment. Data are expressed as scatter dot 
plot with mean ± SEM. Statistical analysis was performed by paired t-test, p-values are reported in the 

graph. 
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Figure 6. Pathophysiological mechanisms inducing bilateral lung injury and protective effects of inhaled CO2. 
Left pulmonary artery ligation induces bilateral lung injury through multiple processes (black pathway). 
Addition of 5% CO2 to inspiratory gases guarantees alveolar normocapnia and exerts anti-inflammatory 

properties, blocking critical processes and ultimately preventing injury (green pathways). 
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Additional Materials and Methods

In compliance with local recommendations, pigs arrived at the experimental facility the day 

before the start of the study and fasted overnight with free access to water. This manuscript 

adheres to the “Animal Research: Reporting In Vivo Experiments” guidelines.

Anesthesia and animal preparation. Twenty-nine healthy female pigs (34 ± 6 Kg) were 

sedated by intramuscular injection of medetomidine 0.025 mg/kg and tiletamine/zolazepam 5 

mg/kg. Then, an auricular vein was cannulated and, after administration of ceftriaxone 1 g 

and tramadol 50 mg, continuous intravenous (IV) infusion of propofol was titrated to 

maintain the animal on spontaneous breathing and SpO2 100% while on additional oxygen 

via face mask. Surgical tracheostomy was performed in the supine position under additional 

local anesthesia (lidocaine 2%). After endotracheal tube was inserted through the 

tracheostomy and fixed, mechanical ventilation was started (see settings below) and general 

anesthesia and neuromuscular blockade were maintained by IV propofol 5-10 mg/kg/h, 

medetomidine 2.5-10.0 μg/kg/h and pancuronium bromide 0.3-0.5 mg/kg/h. During the 

whole experiment, oxygen saturation, heart rate, invasive blood pressure, central venous 

pressure, pulmonary artery pressure and ventilatory waveforms were monitored. Depth of 

anesthesia was adjusted to ensure no sign of distress, such as unexplained tachycardia, 

arterial hypertension and/or horripilation. 

Hemodynamic protocol. Ringer lactate and norepinephrine were used according to a 

standardized protocol, with a target of mean arterial pressure (MAP) above 60 mmHg. Every 

step of the protocol was applied only if the preceding one had failed. If at the maximal rate of 

ringer and norepinephrine use (6th step) MAP was still below 60 mmHg, hypotension was 

tolerated and no other intervention was made. Instead when MAP rises above 70 mmHg, 
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hemodynamic support was deescalated according to the same protocol. If MAP < 60 mmHg 

for at least 30 minutes:

- Saline (NaCl 0.9%) 100 ml bolus, then infusion restarted at 50 ml/h 

- Norepinephrine 0.14 – 0.28 μg/kg/min, saline infusion kept at 50 ml/h 

- Saline 150 ml bolus, then infusion increased at 75 ml/h 

- Norepinephrine 0.35 - 0.84 μg/kg/min, saline infusion kept at 75 ml/h 

- Saline 150 ml bolus, then infusion increased at 100 ml/h 

- Norepinephrine 0.91 - 1.4 μg/kg/min, saline infusion kept at 100 ml/h

External warming was provided when core body temperature fell below 37.5°C, as well as 

external cooling when core body temperature rose above 40°C.

Fluid administration protocol. Ringer lactate was administered at 100-150 ml/h during 

surgery and along the whole study, unless otherwise indicated by hemodynamic 

requirements.

Prevention of infections and deep vein thrombosis. Ceftriaxone 1 g IV and tramadol 50 mg 

IV were administered every 12 hours. Low molecular weight heparin 2000 IU was 

administered subcutaneously once per day.

Instrumentation. Vascular accesses were obtained by surgical exposure. An arterial catheter 

(Seldicath®, 5 Fr 8 cm, Prodimed, France) was inserted in the right common carotid artery. A 

three-lumen central venous catheter (Arrow®, 7 Fr, Teleflex, Ireland) and a pulmonary artery 

catheter (Swan Ganz®, 5 Fr, Edwards, USA) were introduced in the right external jugular 
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vein. Positioning of pulmonary artery catheter was achieved by direct visualization of 

pulmonary artery and wedge pressures.

An esophageal balloon catheter (Cooper Surgical, USA) was inserted and inflated with the 

recommended volume of air. Correct positioning and calibration were confirmed by the 

standard occlusion test with external compressions.

Study protocol and left pulmonary artery ligation. Based on previous studiesE1, our 

ventilatory settings were largely below harmful thresholds for the animals’ lungs. Bronchial 

suctioning followed by a recruitment maneuver (pressure controlled mode, 45 cmH2O, 

I:E=1:1, respiratory rate 10 bpm, for 1 minute/10 breaths) were performed every six hours.

In the Ligation and Ligation + FiCO2 5% groups, left pulmonary artery was chosen for the 

less invasive surgical approach if compared to the right side. Left pulmonary artery ligation 

was performed as follows: at the level of the 4th or 5th intercostal space, a 10 cm left 

thoracotomy was performed with the animal in the right lateral position. After the retraction 

of the left azygos vein, the main left pulmonary artery was isolated and progressively (5 

minutes) occluded and then ligated with a non-absorbable 2/0 silk suture thread. A chest tube 

was placed, and the chest was closed with multi-strata suture. Finally, to evacuate residual air 

from the pleural cavity, the chest tube was removed during a recruitment maneuver. In the No 

Ligation group, animals received the same instrumentation, but no thoracotomy and ligation 

were performed.

End of the experiment. Animals were ventilated in the prone position for 48 hours or until 

development of severe lung injury (i.e., SpO2 <90% with FiO2 100% despite repeated 

bronchial suctioning and recruitment maneuvers). Thus, the end of the experiment was at 48 

hours or earlier in the case of development of severe lung injury.
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Study measures. In every study group, data from respiratory mechanics, hemodynamics, 

arterial and mixed venous blood gas analysis, volumetric capnography (Respironics NM3®, 

Philips, The Netherlands) and quantitative CT scan were collected at the end of 

instrumentation and after 2, 12, 24, 36 and 48 hours from end of the ligation procedure for 

the Ligation groups or instrumentation for the No Ligation group. In four animals from the 

Ligation group and seven from the Ligation + FiCO2 group, monitoring by electrical 

impedance tomography (EIT) was performed at the same timepoints.

The variables collected were:

 Respiratory mechanics: airway peak pressure (Ppeak), plateau pressure (Pplat) by a 3-

second inspiratory pause, mean airway pressure (Pmean), total PEEP (PEEPtot) by a 

3-second expiratory pause, Vt, change between inspiratory and expiratory esophageal 

pressure (ΔPes). From these, driving pressure (DP) was calculated as Pplat –PEEPtot; 

static respiratory system compliance (Crs) was calculated as Vt/DP; respiratory 

system elastance (Ers) as DP/Vt; lung elastance (Elung) as ΔPL/Vt; chest wall 

elastance (Ecw) as ΔPes/Vt, transpulmonary pressure (Ptp) as Pplat*Elung/Ers.

 Hemodynamics: systolic, diastolic and mean arterial pressures (SAP, DAP, MAP); 

systolic, diastolic and mean pulmonary artery pressures (PAPS, PAPD, PAPM); 

wedge pressure (WP) at end expiration; cardiac output (CO) via thermodilution 

technique (Vigilance, Baxter Edwards Critical Care, Edwards E6 Lifesciences, USA); 

heart rate (HR); central venous pressure (CVP) at end expiration, mixed venous 

oxygen saturation (SvO2).

 Gas exchange: arterial pH, PaCO2, PaO2.

 Volumetric capnography: end-tidal CO2. 
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 CT scan (n=12 in the Ligation group due to technical reasons): chest CT scans 

(Lightspeed®, General Electric, USA) were acquired during a respiratory hold 

performed at end-expiration. Acquired images were processed off-line for quantitative 

analysis, as previously describedE2. Briefly, left and right lung boundaries were 

manually drawn on each slice and analyzed using a dedicated software program 

(Maluna 3.17, Göttingen, Germany). After processing each slice of a series, change in 

left and right lung weights from Baseline and frequency distribution of lung CT 

numbers expressed in Hounsfield units (HUs) were computed. From this, lung units 

were classified as not aerated (density > -100 HU), poorly aerated (-100 to -500 HU), 

normally aerated (-500 to -900 HU) and over inflated (< -900 HU)

 EIT data: a 16 electrodes EIT belt was positioned around the swine's chest and 

connected to an EIT monitor (PulmoVista® 500, Dräger, Lübeck, Germany). EIT 

data were recorded at 50 Hz and stored for offline analysis. EIT ventilation maps were 

obtained by dedicated software (Dräger EIT Data Analysis Tool 6.3, Lübeck, 

Germany). We averaged values over 8 consecutive respiratory cycles and split the 

EIT images into two same size regions of interests on the horizontal axis from 

halfway left and right, roughly corresponding to the right and left lungsE3. We 

measured regional Vt distribution for each lung (VtRL and VtLL), the ratio between 

VtRL and VtLL and regional respiratory system compliance as CrsR = VtRL/DP; CrsL = 

VtLL/DP.

Euthanasia, autopsy and histology. At the end of the experiment, animals were euthanized 

(by intravenous injection of potassium chloride 40 mEq under deep sedation) and underwent 

autopsy for collection of histological samples. Lungs were promptly excised en bloc via 

sternotomy and, in the Ligation and Ligation + FiCO2 5% groups, the complete occlusion of 
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the left pulmonary artery was confirmed by direct visualization. Twelve representative tissue 

samples from both lungs (4 from upper, 4 from medial and 4 from inferior lobes, 2 for each 

side) of 1 cm3 volume were collected: 6 were stored in formaldehyde to undergo histological 

examination and 6 were used to calculate wet to dry ratio. Two pathologists blinded to study 

group and to the original location of the sample conducted the examination. Histological 

score of the lungs was calculated from the six samples per animal stored in formaldehyde (3 

for each side). Ten main histological alterations were evaluatedE1: emphysematous change, 

interstitial congestion, alveolar hemorrhage, alveolar neutrophil infiltration, alveolar 

macrophage proliferation, alveolar type II pneumocytes proliferation, interstitial lymphocytes 

proliferation, interstitial thickening, hyaline membrane formation and organization of 

alveolar exudate. 

Each alteration was scored from 0 (absent) to 3 (severe) in each sample (ten values from zero 

to 3 for each sample); then, the histological score of that sample was calculated as the sum of 

the ten values; finally, the histological score of the lungs was calculated as the average value 

of the scores of the 6 samples (range: zero to 30). The score for each separate lung was 

calculated in the Ligation group.

Immunohistochemistry. Immunohistochemistry analysis has been performed as previously 

describedE4 to identify the percentage of cells positive for myeloperoxidase (MPO, for 

neutrophils), ionized calcium-binding adaptor 1 (IBA1, for macrophages), cluster of 

differentiation 3 (CD3, for T lymphocytes) and CD20 (for B lymphocytes). Tissues were 

collected from archival formalin-fixed and paraffin-embedded blocks and routinely 

processed. The percentage of positive cells was obtained as the average of two representative 

samples from medial lobes of both lungs (one for each side). Stainings were performed in a 

Dako automated instrument and then slides were digitally scanned using Aperio (Leica 
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Microsystems, Milan, Italy). Then, the percentage of positive cells was calculated using the 

ImageScope console and optimized algorithms (Leica Microsystems) as previously 

describedE5. 

Wet to dry. Samples for the wet to dry calculation were weighed before and after being dried 

for 24 hours at 50°C in an oven. For the animals that completed the experiment before 48 

hours, the wet to dry ratio was multiplied by a factor of 48 hours divided by the number of 

hours from Baseline to end of the experiment. This assumes a linear increase in lung weight 

with time, as previously shownE6.
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Table E1. Physiological characteristics of the study groups at the baseline: after animal 

preparation and instrumentation (No Ligation group), before surgical ligation of the left 

pulmonary artery (Ligation group) and CO2 administration (Ligation + FiCO2 5% 

group).

Ligation + FiCO2 5%

n=7

Ligation

n = 16

No Ligation

n = 6

P-

valuea

Respiratory Mechanics

Tidal Volume (ml) 330 ± 65 344 ± 63 338 ± 21 0.858

Plateau Pressure (cmH2O) 13 ± 1 13 ± 2 12 ± 1 0.451

Respiratory system compliance (ml/cmH2O) 48 ± 7 43 ± 8 47 ± 7 0.402

Gas Exchange

PaO2/FiO2 536 [522 – 562] 531 [487 – 552] 540 [510 – 563] 0.473

PaCO2 (mmHg) 36 ± 5 39 ± 5 38 ± 3 0.178

pH 7.51 ± 0.07 7.49 ± 0.05 7.53 ± 0.03 0.379

Hemodynamics

Mean Arterial Pressure (mmHg) 100 ± 16 104 ± 15 120 ± 21 0.083

Mean Pulmonary Artery Pressure (mmHg) 18 ± 2 18 ± 2 21 ± 4 0.091

Pulmonary vascular resistance (dyne/s/cm-5) 186 ± 47 199 ± 66 240 ± 60 0.261

Cardiac Output (l/min) 4.4 ± 0.4 4.6 ± 1.0 4.1 ± 0.5 0.199

Heart Rate (bpm) 96 ± 8 102 ± 10 104 ± 13 0.177

CT-scan

Lung weight (g) [n = 12 in the Ligation group] 529 ± 77 556 ± 95 544 ± 44 0.781

Data are expressed as mean ± standard deviation (normally distributed values) or median 

[quartiles] (non-normally distributed values).

aComparisons are obtained with one-way ANOVA or Kruskal-Wallis test for normally and 

non-normally distributed values respectively. Abbreviations: PaO2/FiO2, partial pressure of 

oxygen / inspired fraction of oxygen; PaCO2, partial pressure of carbon dioxide.
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Table E2. Histological examination of the lungs

Ligation + FiCO2 5%

n=7

Ligation

n = 16

No Ligation

n = 6

P-

valuea

Total histological score 3.7 ± 1.6 10.8 ± 3.2**,^^^ 5.7 ± 1.2 <0.001

Emphysematous change 0.5 [0;1] 1 [1;1]^^^ 1 [1;1]^^^ <0.001

Interstitial congestion 1 [1;1] 1 [1;2]***, ^^^ 1 [0;2] <0.001

Alveolar hemorrhage 0 [0;0] 1 [0;1]***, ^^^ 0 [0;0] <0.001

Alveolar neutrophil infiltration 0 [0;0] 2 [1;2]***, ^^^ 0 [0;1] <0.001

Alveolar macrophage proliferation 0.9 ± 0.75 1.9 ± 0.8***, ^^^ 0.9 ±0.7 <0.001

Alveolar type II pneumocytes proliferation 0.02 ± 0.15 1 ± 0.7***, ^^^ 0.5 ±0.5^^^ <0.001

Interstitial lymphocytes proliferation 0.9 ± 0.5 2 ± 0.7***, ^^^ 1.6 ±0.6^^^ <0.001

Interstitial thickening 0 [0;0] 0 [0;1]*, ^^^ 0 [0;0] <0.001

Hyaline membrane formation 0 [0;0] 0 [0;0]^^ 0 [0;0] 0.006

Organization of alveolar exudate 0 [0;0] 0 [0;0] 0 [0;0] 0.291

Data are expressed as mean ± standard deviation (normally distributed values) or median 

[quartiles] (non-normally distributed values). A semiquantitative score ranging from 0–3 was 

assigned to each parameter, total histological score (range zero to 30) was calculated as the 

sum of the individual points assigned to every item from the mean of 6 samples (3 for each 

lung).

aComparisons are obtained with one-way ANOVA or Kruskal-Wallis test for normally and 

non-normally distributed values respectively. *p<0.05, **p<0.01 and ***p<0.001 vs No 

Ligation group, ^^p<0.01 and ^^^p<0.001 vs Ligation + FiCO2 5% group.
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Table E3 Statistical analysis of trends of physiological variables performed by generalized estimating equation models for repeated 

measures.

T2 T12 T24 T36 T48 time group time*group

Respiratory Mechanics

Peak Pressure (cmH2O)

Ligation +FiCO2 5% (n=7) 20 [19;20] 21 [19;23] 21 [19;24] 20 [20;23] 20 [18;22]

Ligation (n = 16 T2-T24, n = 15 T36, n = 14 T48) 20[18;23]* 22 [19;24] 29 [21;35]*,^ 26 [23;32]**,^ 29 [22;33]**,^^

No Ligation (n = 6) 17 [16;17] 18 [17;19] 19 [18;20] 18.5 [18;20] 19 [18;19]

0.037 0.012 0.001

Plateau Pressure (cmH2O)

Ligation +FiCO2 5% (n=7) 13 [12;15] 15 [13;16] 15 [14;16] 15 [14;16] 14 [13;16]

Ligation (n = 16 T2-T24, n = 15 T36, n = 14 T48) 14 [13;16]* 15 [14;17]* 16 [15;24]* 17 [17;23]***,^^ 21 [15;23]**,^^

No Ligation (n = 6) 12 [12;13] 14 [13;14] 13 [12;15] 13.5 [13;14] 13.5 [13;14]

0.001 0.004 0.008

Mean Airway pressure (cmH2O)

Ligation +FiCO2 5% (n=7) 9 [9;10] 10 [8;10] 10 [9;10] 9 [9;10] 9 [8;10]

Ligation (n = 16 T2-T24, n = 15 T36, n = 14 T48) 9 [8;10]** 9 [9;10]* 10 [9;13]* 11 [10;12]**,^ 12 [9;13]**,^^

No Ligation (n = 6) 8 [8;8]^^ 8.5 [8;9] 9 [8;9] 9 [8;9] 9 [8;9]

0.003 0.015 0.007

Driving pressure (cmH2O)

Ligation +FiCO2 5% (n=7) 7 [7;8] 9 [8;9] 8 [7;10] 9 [8;9] 9 [8;9] 0.001 0.0021 0.009
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Ligation (n = 16 T2-T24, n = 15 T36, n = 14 T48) 9 [8;11]*,^ 10 [9;12]* 11 [10;19] *,^ 12 [12;18]***,^^ 16 [10;18]**,^^

No Ligation (n = 6) 7 [7;8] 9 [8;9] 8 [7;10] 9 [8;9] 9 [8;9]

Respiratory system compliance (ml/cmH2O)

Ligation +FiCO2 5% (n=7) 44 [38;46] 36 [32;44] 36[30;37] 36 [30;40] 40 [30;44]

Ligation (n = 16 T2-T24, n = 15 T36, n = 14 T48) 37 [33;44] 35 [27;40] 27[20;36]*** 25 [20;33]***,^^ 24[17;30]***,^^^

No Ligation (n = 6) 46 [41;50] 41 [39;44] 42 [35;50] 39 [38;44] 38 [36;44]

<0.001 0.001 0.014

Lung compliance (ml/cmH2O)

Ligation +FiCO2 5% (n=7) 100 [84;100] 97 [64;107] 80 [50;90] 66 [49;80] 82.5 [50;103]

Ligation (n = 16 T2-T24, n = 15 T36, n = 14 T48) 60 [54;90]^^ 60 [39;88] 45 [25;60]^ 47 [23;58]**,^ 36 [23;50]*,^^^

No Ligation (n = 6) 76 [62;88] 65 [58;70] 81 [60;88] 59 [58;70] 70 [58;88]

0.003 0.006 0.160

Chest wall compliance (ml/cmH2O)

Ligation +FiCO2 5% (n=7) 117 [108;117] 88 [81;117] 84 [58;117] 113 [100;117] 88 [88;117]

Ligation (n = 16 T2-T24, n = 15 T36, n = 14 T48) 97 [80;113] 75 [70;108]* 69 [60;100] 75 [67;133] 75 [71;100]

No Ligation (n = 6) 117 [108;117] 88 [81;117]^^ 84 [58;117] 113 [100;117] 88 [88;117]

0.032 0.046 0.102

Gas Exchange

PaO2/FiO2

Ligation +FiCO2 5% (n=7) 486 [408;498] 466 [438;490] 508 [456;532] 491 [462;534] 520 [384;542]

Ligation (n = 16 T2-T24, n = 15 T36, n = 14 T48) 481 [429;524] 463 [430;525] 429 [257;476]*,^ 410 [378;478]*,^ 400 [278;420]*,^^

No Ligation (n = 6) 501 [484;528] 513 [482;540] 496 [452;500] 517 [464;520] 504 [442;536]

0.123 0.009 0.087
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PaCO2 (mmHg)

Ligation +FiCO2 5% (n=7) 67 [62;74] 62 [58;75] 62 [61;78] 64 [57;65] 63 [57;66]

Ligation (n = 16 T2-T24, n = 15 T36, n = 14 T48) 42 [38;45]*,^^^ 35 [33;37]^^^ 36 [33;42]^ 34 [33;37]^^^ 33 [31;37]^^^

No Ligation (n = 6) 35 [33;36]^^^ 34 [32;36]^^^ 32 [30;33]^ 33 [33;36]^^^ 32 [31;33]^^^

<0.001 <0.001 0.133

pH

Ligation +FiCO2 5% (n=7) 7.31 [7.25;7.33] 7.34 [7.32;7.37] 7.41 [7.38;7.43] 7.42 [7.41;7.46] 7.42 [7.4;7.45]

Ligation (n = 16 T2-T24, n = 15 T36, n = 14 T48)
7.46 

[7.46;7.50]***,^^^
7.51 [7.49;7.53]^^^ 7.5 [7.45;7.52] 7.49 [7.45;7.52] 7.49 [7.47;7.51]^^

No Ligation (n = 6) 7.54 [7.53;7.58]^^^ 7.53 [7.5;7.56]^^^ 7.54 [7.51;7.56] 7.5 [7.49;7.51] 7.53 [7.52;7.55]^^^

<0.001 0.608 <0.001

HCO3
-

Ligation +FiCO2 5% (n=7) 32 [28;35] 32 [29;36] 38 [36;43] 41 [39;41] 38 [37;40]

Ligation (n = 16 T2-T24, n = 15 T36, n = 14 T48) 31 [29;33] 30 [29;31] 28 [26;30] 27 [26;30] 27 [26;28]^^^

No Ligation (n = 6) 33 [30;34] 30.5 [29;31] 28.5 [28;30] 27 [26;29] 29 [26;29]^^^

0.628 0.406 <0.001

Volumetric Capnography

EtCO2 (mmHg)

Ligation +FiCO2 5% (n=7) 69 [66;74] 69 [65;77] 68 [63;70] 66 [63;68] 66.5 [64;69]

Ligation (n = 16 T2-T24, n = 15 T36, n = 14 T48) 38 [32;41]^^^ 34 [31;37]^^^ 33 [31;37]^^^ 31 [28;38]^^^ 30 [26;34]^^^

No Ligation (n = 6) 35 [32;40]^^^ 33 [30;35]^^^ 31 [28;31]^^^ 30 [29;32]^^^ 29 [27;31]^^^

0.002 <0.001 0.017

Hemodynamics
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Systolic Arterial Pressure (mmHg)

Ligation +FiCO2 5% (n=7) 130 [115;135] 127 [113;129] 107 [106;108] 108 [104;115] 105 [101;120]

Ligation (n = 16 T2-T24, n = 15 T36, n = 14 T48) 134 [131;139] 123.5 [116;128] 108 [103;116]*** 110 [108;117] 120 [112;126]^

No Ligation (n = 6) 126 [120;139] 121 [109;129] 126 [114;140]^^^ 124.5 [118;130]^ 125 [103;126]^

<0.001 0.019 0.022

Diastolic Arterial Pressure (mmHg)

Ligation +FiCO2 5% (n=7) 90 [75;97] 82 [68;87] 63 [61;74] 68 [55;76] 60 [57;78]

Ligation (n = 16 T2-T24, n = 15 T36, n = 14 T48) 100 [96;107]^ 87 [81;95] 74 [66;82]** 75 [68;80]* 87 [77;95]^^

No Ligation (n = 6) 94 [86;112] 84 [73;104] 88 [78;110]^^^ 90 [79;100]^^ 93 [60;98]^^

<0.001 0.001 0.023

Mean Arterial Pressure (mmHg)

Ligation +FiCO2 5% (n=7) 108 [105;126] 102 [93;116] 107 [99;124] 114 [103;117] 109 [81;110]

Ligation (n = 16 T2-T24, n = 15 T36, n = 14 T48) 118 [115;121]^ 106 [100;111]*** 90 [85;101]*** 92 [88;99]** 104 [96;112]^^

No Ligation (n = 6) 108 [105;126] 101.5 [93;116]^^^ 106.5 [99;124]^^^ 114 [103;117]^^^ 108.5 [81;110]^

<0.001 0.005 0.003

Systolic Pulmonary Artery Pressure (mmHg)

Ligation +FiCO2 5% (n=7) 31 [29;33] 33 [33;36] 32 [29;34] 32 [25;34] 30 [29;34]

Ligation (n = 16 T2-T24, n = 15 T36, n = 14 T48) 30 [26;30.5] 29 [26;34]** 32 [27;40]* 34 [26;36]** 33 [29;35]**

No Ligation (n = 6) 25 [22;29]^^ 24 [20;27]^^^ 26 [23;31] 26 [23;26] 26 [21;27]

0.746 0.004 0.020

Diastolic Pulmonary Artery Pressure (mmHg)

Ligation +FiCO2 5% (n=7) 16 [15;21] 18 [16;19] 16 [15;17] 15 [15;19] 14 [12;20]

Ligation (n = 16 T2-T24, n = 15 T36, n = 14 T48) 15 [13;17] 15 [12;18] 15.5 [13;21] 16 [12;18] 18 [14;20]
0.855 0.731 0.434
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No Ligation (n = 6) 16 [13;17] 14 [13;16] 15 [12;19] 16 [13;17] 16 [12;16]

Mean Pulmonary Artery Pressure (mmHg)

Ligation +FiCO2 5% (n=7) 25 [22;26] 25 [23;27] 24 [23;26] 24 [20;26] 22 [21;26]

Ligation (n = 16 T2-T24, n = 15 T36, n = 14 T48) 22 [20;24] 21.5 [19;27]* 23 [19;29] 25 [19;27] 24 [22;26]*

No Ligation (n = 6) 20 [17;23]^ 18.5 [16;22]^^ 20 [17;24] 21 [19;22] 20 [19;21]

0.923 0.038 0.179

Wedge Pressure (mmHg)

Ligation +FiCO2 5% (n=7) 8 [6;9] 8 [6;9] 9 [7;10] 9 [8;10] 9 [7;9]

Ligation (n = 16 T2-T24, n = 15 T36, n = 14 T48) 8 [6;10] 7 [4.5;10] 9 [6;11] 9 [7;10] 10 [8;12]

No Ligation (n = 6) 10 [6;10] 9 [8;10] 10 [9;11] 9 [7;10] 7 [7;10]

0.167 0.971 0.432

Cardiac Output (l/min)

Ligation +FiCO2 5% (n=7) 4.1 [4.0;4.5] 4.6 [3.3;5.3] 4.3 [3.9;4.7] 3.9 [3.5;5.3] 4.8 [4.4;5.7]

Ligation (n = 16 T2-T24, n = 15 T36, n = 14 T48) 4.4 [3.8;5.4] 3.6 [3.15;4.4] 4.15 [3.75;4.6] 4.5 [3.8;5.7] 4 [3.5;5.2]

No Ligation (n = 6) 4.0 [3.8;4.3] 4.1 [3.8;4.2] 4.3 [3.6;4.5] 4.1 [3.8;4.2] 3.7 [3.3;4.0]^

0.179 0.203 0.014

Pulmonary vascular resistance (dyne/s/cm-5)

Ligation +FiCO2 5% (n=7) 189 [153;216] 360 [320;371] 352 [272;368] 293 [267;320] 291 [240;366]

Ligation (n = 16 T2-T24, n = 15 T36, n = 14 T48) 208 [146;244]^ 222 [194;306]* 291 [243;406] 292 [193;420] 245 [194;356]

No Ligation (n = 6) 230 [186;274]^ 200 [171;260] 224.31 [145;248] 252 [234;260] 280 [240;287]

0.876 0.197 0.028

Heart Rate (bpm)

Ligation +FiCO2 5% (n=7) 92 [90;100] 96 [83;109] 92 [79;98] 88 [86;104] 97 [80;103] <0.001 0.275 0.113
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Ligation (n = 16 T2-T24, n = 15 T36, n = 14 T48) 106 [95;120]^ 96.5 [90;117] 87 [80;114] 102 [82;118] 95.5 [77;105]

No Ligation (n = 6) 97.5 [93;115] 104.5 [94;114] 98 [76;106] 88 [82;90] 79.5 [75;84]

CT-scan data

Total lung weight (g)

Ligation +FiCO2 5% (n=7) 506 [466;534] 505 [470;532] 518 [497;577] 523 [474;600] 533 [491;619]

Ligation (n = 12 T2-T24, n = 10 T36, T48) 508 [448;598] 514 [465;598] 594 [486;704] 548 [495;672] 595 [505;691]^

No Ligation (n = 6) 551 [525;582] 550 [515;605] 552 [540;633] 547 [515;598] 530 [506;593]

0.021 0.204 0.004

Non-aerated lung (%)

Ligation +FiCO2 5% (n=7) 3.5 [3.0;5.8] 4.2 [2.8;9.0] 4.6 [3.3;8.1] 4.4 [2.9;7.0] 3.9 [3.3;4.3]

Ligation (n = 12 T2-T24, n = 10 T36, T48) 4.9 [3.5;7.3] 11.4 [6.1;15.0]*,^ 13.1 [6.8;24.2]^ 13.0 [9.7;19.4]*,^^ 13.9 [9.5;23.9] *,^^

No Ligation (n = 6) 4.3 [3.6;4.9] 5.4 [5.2;6.0] 7.7 [5.3;11.4] 7.3 [5.2;13.3] 5.3 [4.7;9.6]

0.004 0.006 0.019

EIT data

VtRL (%)

Ligation +FiCO2 5% (n=7) 65 [47;66] 55 [44;66] 61 [56;63] 61 [60;66] 65 [59;68]

Ligation (n = 4) 78 [73;79]^ 80 [72;88]^^ 69 [59;81]^ 69 [68;76]^^ 61 [53;66]
<0.001 0.005 <0.001

VtLL (%)

Ligation +FiCO2 5% (n=7) 35 [34;52] 46 [34;56] 39 [37;44] 38 [34;40] 35 [33;42]

Ligation (n = 4) 22 [21;27]^ 21 [12;28]^^ 31 [19;41]^ 31 [24.5;32]^^ 40 [34;47]
<0.001 0.006 <0.001

Compliance rsR (ml/cmH2O)
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Ligation +FiCO2 5% (n=7) 28 [21;30] 20 [17;27] 20 [16;24] 23 [18;24] 26 [22;28]

Ligation (n = 4) 32 [29;37] 32 [30;33]^^ 25 [12;32] 26 [23;27] 16 [12;16]^^
<0.001 0.082 <0.001

Compliance rsL (ml/cmH2O)

Ligation +FiCO2 5% (n=7) 15 [13;23] 17 [13;17] 13 [12;16] 13 [13;13] 14 [12;16]

Ligation (n = 4) 10 [9;12]^ 8 [5;11]^ 10 [8;11]^^ 11 [8;12]^^ 9 [8;11]^^
0.569 0.001 0.187

Data are expressed as median [quartiles]. Statistical analysis was performed using generalized estimating equation models to account for 

repeated measures in time (longitudinal data), the model included group and time as main independent factors and group-by-time interaction. 

*p<0.05, **p<0.01 and ***p<0.001 vs No Ligation group, ^p<0.05, ^^p<0.01 and ^^^p<0.001 vs Ligation + FiCO2 5% group.

Abbreviations: PaO2/FiO2, partial pressure of oxygen / inspired fraction of oxygen; PaCO2, partial pressure of carbon dioxide; EtCO2, end-tidal 

CO2; VtRL, tidal volume right lung, VtLL, tidal volume left lung; Compliance rsR, Compliance respiratory system right; Compliance rsL, 

Compliance respiratory system left.
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Table E4. Histological examination of the lungs: differences between right non-ligated 

lung and left ligated lung in the Ligation group

Right non-ligated

lung

Left ligated

lung

P-

valuea

Total histological score 11 ± 4 11 ± 3 0.362

Emphysematous change 1 [1;1] 1 [1;1] 0.375

Interstitial congestion 2 [1;2] 1 [1;2] 0.680

Alveolar hemorrhage 0.8 ± 0.8 1.0 ± 0.9 0.014

Alveolar neutrophil infiltration 1.8 ± 1.0 1.4 ± 0.8 0.001

Alveolar macrophage proliferation 1.9 ± 0.8 1.8 ± 0.7 0.294

Alveolar type II pneumocytes proliferation 1.0 ± 0.7 0.9 ± 0.8 0.280

Interstitial lymphocytes proliferation 2.1 ± 0.7 1.9 ± 0.7 0.027

Interstitial thickening 0 [0;1] 0 [0;1] 0.593

Hyaline membrane formation 0 [0;0.8] 0 [0;0] 0.432

Organization of alveolar exudate 0 [0;0] 0 [0;0] 0.250

Data are expressed as mean ± standard deviation (normally distributed values) or median 

[quartiles] (non-normally distributed values).

aComparisons are obtained with paired t-test or Wilcoxon test for normally and non-normally 

distributed values respectively.
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Figures legends

Figure E1. Macroscopic appearance of the lungs at the end of the experiment.

Figure E2. Trend of ventilation distribution by EIT along the study

Figure E3 Characterization of the lung immune cell infiltrates in the different groups by 

immunohistochemistry. A, C) Representative image of the CD3-positive (A; T-cells) or 

CD20-positive (C; B-cells) infiltrates in the lungs of pigs from the three different groups of 

treatment with the corresponding digital quantification (Mask). Scale bars, 100μm. B, D) 

Quantification of the CD3- (B) or CD20-positive (D) cells in the different groups. Each dot is 

a sample (n=8 per group in B and n=16 per group in D); bars, mean±SEM.
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Figure E1. Macroscopic appearance of the lungs at the end of the experiment. 
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Figure E2. Trend of ventilation distribution by EIT along the study 
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Figure E3 Characterization of the lung immune cell infiltrates in the different groups by 
immunohistochemistry. A, C) Representative image of the CD3-positive (A; T-cells) or CD20-positive (C; 
B-cells) infiltrates in the lungs of pigs from the three different groups of treatment with the corresponding 
digital quantification (Mask). Scale bars, 100μm. B, D) Quantification of the CD3- (B) or CD20-positive (D) 

cells in the different groups. Each dot is a sample (n=8 per group in B and n=16 per group in D); bars, 
mean±SEM. 
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