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ABSTRACT 

EVALUATING THE EFFICACY OF PRONE POSITION AND THERAPEUTIC 

TREATMENTS IN ARDS LUNGS USING COMPUTED TOMOGRAPHY 

Yi Xin 

Rahim R. Rizi 

Acute respiratory distress syndrome (ARDS) is a condition of rapid onset hypoxemia, 

pulmonary edema and collapse resulting from inflammatory lung injury, often requiring 

mechanical ventilation to avoid immediate death. Yet ventilator-induced lung injury (VILI) 

can also worsen ARDS progression. Developing and refining strategies to reduce VILI 

requires a thorough understanding of its mechanisms of onset and propagation. The main 

objective of this project is to develop computed tomography (CT)-based markers capable 

of predicting injury progression in ARDS, and to use these markers to test the efficacy of 

prone position ventilation in combination with therapeutic treatment (Imatinib) in 

ameliorating this progression. 

Early ventilation in the prone position improves blood gases and decreases mortality in 

ARDS, but the efficacy of prone positioning may change between early and later stages of 

injury. Furthermore, baseline characteristics of the primary injury may influence 

therapeutic response. Understanding the interaction between injury progression and prone 

positioning’s efficacy may help to target the patients who will benefit most from this 

therapy and could also help to refine both its timing and indications. Through a series of 

experiments porcine models of lung injury and patients with acute respiratory distress 

syndrome (ARDS), we found that the effects of prone positioning on lung aeration may 
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depend on both the stage of lung injury and duration of prior ventilation—potentially 

limiting the clinical efficacy of this treatment if applied late. 

Restoring or protecting the endothelial barrier could minimize vascular damage in highly 

perfused tissue. Imatinib, a tyrosine kinase inhibitor used to treat chronic myelogenous 

leukemia, reduces injury severity in pre-clinical ARDS models as well as pulmonary leak 

index in clinical ARDS patients by inhibiting the Abl-related gene as well as related kinases 

and platelet-derived growth factor receptor (PDGFR), which are important in maintaining 

endothelial integrity. Our results using sequential CT scans showed that imatinib mitigated 

lung injury in mechanically ventilated rats and reduced mortality while delaying functional 

and radiological injury progression. Imatinib also attenuated edema (lung tissue mass on 

CT) and capillary leak (BAL protein concentration), and treated animals displayed fewer 

histological and biological markers of inflammatory lung injury. 
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CHAPTER 1: INTRODUCTION 

1.1. Acute Respiratory Distress Syndrome (ARDS) 

Acute respiratory distress syndrome (ARDS) is characterized by widespread inflammation 

with heterogeneous inflation of the lungs, subsequent development of edema, and impaired 

gas exchange1. ARDS is a serious public health problem which, according to the most 

recent epidemiologic report, accounts for more than 75,000 deaths annually in the United 

States2. Mortality of severe ARDS is over 40%3 and drives mortality in SARS-COV2 

pneumonia4; its incidence is about 10% in patients admitted to the intensive care unit, and 

it can be triggered by several common disorders such as pneumonia, acid aspiration, sepsis, 

trauma and ventilator induced lung injury3. Since it was first described and characterized 

exactly fifty years ago5, the lack of a standardized definition of ARDS6 has posed arguably 

the biggest obstacle to its treatment. While the largely accepted Berlin definition defines 

the syndrome as presenting with impaired oxygenation and bilateral infiltration on chest x-

ray, it has also been extensively criticized. The two main objections are that: 1) the 

measurement of hypoxemia is treatment dependent, so that patients with different 

ventilation settings can fulfill different oxygenation criteria7; 2) the chest radiograph is 

subjective, inaccurate, and unreliable due to variability in readers’ knowledge8. 

Unfortunately, these shortcomings hamper personalized patient management and informed 

enrollment into clinical trials9. 

1.2. Ventilator Induced Lung Injury 

In order to prevent immediate death, ARDS patients often require prolonged mechanical 

ventilation. Yet ventilator-induced lung injury (VILI) can worsen injury progression10,11, 
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as injured lungs are particularly sensitive to ventilator-induced stretch10. Developing and 

refining strategies to reduce VILI requires a thorough understanding of the mechanisms 

through which VILI develops. 

1.3. Prone Position Ventilation 

Prone ventilation improves oxygenation and decreases mortality in severe ARDS when 

implemented within 72 hours of disease onset12,13. Imaging studies suggest that 

redistribution of lung inflation along the gravitational axis may explain these beneficial 

effects. In fact, pulmonary aeration14, pleural pressures15 and regional strain16,17 are all 

more homogeneous when subjects are prone rather than supine due to the apparent 

attenuation of the gravity-related forces that compress and deform the lungs18. Yet 

clinicians often defer positional therapy and attempt other strategies—e.g. higher PEEP or 

inhaled vasodilators to improve oxygenation—neither of which consistently improve long-

term survival in ARDS patients19,20. Prioritizing oxygenation therapies and neglecting 

protective ventilation strategies may delay the initiation of positional therapy and hasten 

disease progression, thus losing the beneficial effects of early pronation. Understanding the 

interaction between injury progression and prone positioning’s efficacy may help to refine 

the timing and indications of this therapy, as well as to target those patients most likely to 

benefit from it. 

1.4. Pharmacological Treatments of ARDS 

Drug treatments that address the pathogenesis of the primary injury process in ARDS, such 

as steroids21, statins22 and a variety of anti-inflammatory agents, have failed to show clear 

outcome benefits when tested in clinical trials. Our inability to find effective ARDS 
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treatments is likely related to the diverse mechanisms of injury and the heterogeneity of 

therapeutic responses that are common in this syndrome. Restoring or protecting the 

endothelial barrier could minimize vascular damage in highly perfused tissue. Imatinib, a 

tyrosine kinase inhibitor used to treat chronic myelogenous leukemia, reduces injury 

severity in pre-clinical ARDS models23,24 as well as pulmonary leak index in patients25. 

Imatinib inhibits the Abl-related gene as well as related kinases and platelet-derived growth 

factor receptor (PDGFR), which are important in endothelial integrity24,26. 

1.5. Quantitative Computed Tomography 

Computed tomography represents thoracic structures in three dimensions; it refines the 

morphologic assessment of lung aeration in ARDS and, combined with quantitative 

analysis of regional tissue density, accurately measures the severity of lung injury27. Recent 

advances in image processing yield spatial resolution approaching the acinar level and 

provide detailed maps of regional ventilation and lung stretch28. Quantitative analysis of 

CT (qCT) images can serve as a valuable method for assessing ARDS, as qCT can quantify 

various aspects of ARDS pathophysiology—including injury severity, degree of atelectasis 

and over-distension, and regional heterogeneity of lung mechanics.  

1.6. Objective and Specific Aims 

The overall goal of this project is to develop and implement longitudinal quantitative CT 

markers to  

1. Visualize and predict the propagation of acute lung injury in rats 
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2. Evaluate the effect of prone ventilation on lung inflation and recruitment in late vs. 

early stages of lung injury 

3. Test the efficacy of imatinib in preventing dissemination of edema after initial lung 

injury 

1.7. Thesis Organization 

The remainder of this dissertation is organized as follows: 

Chapter 2 provides visual evidence of the spatial propagation of VILI using sequential CT. 

In the presence of pre-existing injury, propagation begins in regions of primary injury and 

spreads concentrically. Injury propagation is predicted by lung strain, which could help 

quantify the risk of ARDS progression.  

Chapter 3 develops a set of super superimposed inspiratory–expiratory CT scans using 

deformable image registration to predict lung injury progression and outcome in both 

preclinical and human ARDS.  

Chapter 4 shows that prone positioning limits the radiologic progression of early lung 

injury. Minimizing unstable inflation (developed from Chapter 3) in this setting may 

alleviate the burden of acute respiratory distress syndrome. 

Chapter 5 further improves our registration pipeline to accurately align supine and prone 

images at the voxel level. The evidence shows that lung reinflation and recruitment by 

prone positioning were primarily localized in the dorso-caudal lung. The local effects of 

positioning in this lung region may determine its clinical efficacy. 
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Chapter 6 tests the efficacy of prone position ventilation in early vs. late injury. Results 

support the hypothesis that evolving lung injury is characterized by a time-dependent loss 

of aeration response to prone positioning in the posterior lung. This deterioration probably 

contributes to variability in responses to positional therapy, and might undermine the 

clinical outcome benefits of this treatment. 

Chapter 7 tests the hypothesis that imatinib mitigates lung injury in mechanically 

ventilated rats. Results support this hypothesis and show that: 1) Imatinib reduced mortality 

while delaying functional and radiological injury progression; 2) Imatinib attenuated 

edema (increase of lung tissue mass on CT) and capillary leak (BAL protein concentration); 

3) Treated animals had fewer histological and biological markers of inflammatory lung 

injury. 

Finally, Chapter 8 summarizes the key findings of this project. A number of planned future 

studies are outlined, including imaging lung perfusion using dual energy CT for a more 

comprehensive evaluation of lung function. We also plan to test imatinib’s efficacy in 

preventing ischemia reperfusion injury after lung transplant in rats.  
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CHAPTER 2: VISUALIZING THE PROPAGATION OF ACUTE LUNG INJURY 

This chapter has been adapted from the published article, Cereda M, Xin Y, Meeder N, Zeng J, 

Jiang Y, Hamedani H, Profka H, Kadlecek S, Clapp J, Deshpande CG, Wu J, Gee JC, Kavanagh 

BP, Rizi RR. Visualizing the Propagation of Acute Lung Injury. Anesthesiology 2016;124:121–

31. https://doi.org/10.1097/ALN.0000000000000916. 

2.1. Introduction 

Mechanical ventilation at lower tidal volume (VT) has been shown to improve survival in 

acute respiratory distress syndrome (ARDS)7, suggesting that VT reduction protects against 

ventilator induced lung injury (VILI) by reducing inspiratory strain. To best limit damage, 

it might be important to detect early changes in vulnerable lung and to accurately determine 

the propensity for VILI. However, the onset of VILI is poorly characterized in the clinical 

setting, and it is almost always superimposed upon an underlying primary pulmonary lesion 

(e.g. aspiration, pneumonia, contusion)29.  

Computed tomography (CT) suggested that ARDS lung is composed of an atelectatic 

(dependent) region and a normally aerated (non-dependent) region30. In this two-

compartment model, the aerated ‘baby’ lung preferentially receives the bulk of each VT, 

but comprises a significantly smaller available volume than the lungs in a healthy subject. 

Because inflammation predominates in this ‘aerated’ region31,32, measuring strain and 

visualizing the propagation of lung injury in the aerated lung could predict and characterize 

the trajectory of VILI. 

In this study, we used sequential CT to investigate the relationship between the spatial 

distribution of aerated/non-aerated lung vs. the tendency of injury to propagate during 

mechanical ventilation. In an in-vivo rat model of acid aspiration with variable injury 
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trajectory, we sought predictors of its propagation. We hypothesized that secondary VILI 

originates adjacent to the primary lesions—due to the local diffuse intermingling of aerated 

and collapsed tissue—and propagates concentrically and in proportion to strain. Such a 

pattern was contrasted with observations in lungs that were free of pre-existing injury, 

where VILI has been shown to originate in the lung periphery33 and, in the setting of the 

‘baby lung’ appears to become generalized across the normally aerated lung tissue. 

2.2. Methods 

We studied 20 ventilated rats (353±26 g) after hydrochlocic acid (HCl 2.5 ml/kg, pH 1.25) 

intratracheal. Rats were immediately returned to the supine position after acid induction 

and allowed to stabilize while ventilated with PEEP 10 cm H2O and VT 6 ml/kg for 1 h. 

After stabilization, ventilation continued for 3 h with moderate VT (12 ml/kg, PEEP 3 

cmH2O, FiO2 1.0, f 53 min-1).  

High-resolution whole-lung CT scans were acquired and reconstructed to three-

dimensional whole lung maps with 200 μm isotropic resolution. Imaging was ventilator-

gated and performed during 500-ms breath-holds. For quantitative CT analysis, 3-D whole-

lung regions of interest were obtained by semi-automated, multi-landmark, registration-

based lung segmentation methodology (the delineation of lung borders from surrounding 

structures) developed by the authors34. Using established methods 15 of CT density 

analysis, each voxel was partitioned in air and tissue, allowing to quantify lung weight, 

end-inspiratory, and end-expiratory lung gas volumes (EILV, EELV); lung strain was 

defined as VT/EELV. 
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2.3. Results 

In the 15 rats that survived longer than 2h, baseline (i.e. post-aspiration) CT demonstrated 

circumscribed lesions in the dorsal lung. Two radiological patterns of injury were observed 

in this cohort: ‘diffuse’ (Propagated; Figure 2.1, A), and Contained (Figure 2.1, B).  

 

Figure 2.1 Radiological injury propagation in two representative rats. Images were obtained 

after acid aspiration (following a period of stabilization of one hour) and were repeated hourly. 

Coronal (A) and axial (B) images are shown. One animal (top panel) showed rapidly spreading 
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radiological infiltrates and died after two hours of ventilation. The second animal (bottom panel) 

had limited injury propagation and survived until the end of the experiment. 

 

Propagation vs. Containment — Five animals (5/6) died in the Propagation subgroup vs. 

none (0/9) in the Containment subgroup. While the overall injury scores were similar in 

both groups at baseline, the injury was considerably increased (≈4-fold) in the Propagation 

group at 2 h and minimally increased in the Containment group EELV was significantly 

lower in the propagation cohort. At baseline, there was no overlap of the individual lung 

strain values between the two groups, but there was considerable overlap in PaO2 and 

compliance (Figure 2.2., A-C).  
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Figure 2.2 Individual baseline values and summary statistics (median, interquartile range, and 

extremes of the distribution) of: a) Lung Strain, b) Compliance, and c) PaO2 in rats that had 

progression vs. containment of lung injury while receiving moderate volume ventilation 

following acid aspiration.  

 

2.4. Discussion 

Our key finding is the nature of VILI propagation in the presence or absence of an 

underlying (primary) lesion. When VILI complicated a pre-existing lesion, it started at that 

lesion and was propagated concentrically toward the rest of the lung. Furthermore, we 

found that while impaired oxygenation was not a predictor of injury propagation in pre-

injured animals, strain predicted propagation in both cohorts. These findings suggest that 

it may ultimately be possible to predict (and perhaps prevent) propagation of injury and 

thereby minimize its generalization. 

The results of this study have two potential implications for the eventual management of 

patients with early lung injury. First, studying the spatial propagation of lung injury might 

facilitate the investigation of containment strategies. In contrast, studying established 

ARDS clouds understanding about the condition's initial evolution. Moreover, clinical 

definitions35 omit the evolving distribution of injury which may be especially important in 

ARDS that presents with non-diffuse injury36. Second, our work is consistent with other 

studies emphasizing that protecting injured lungs from excessive strain is essential to 

mitigating ARDS37. To reduce strain, clinicians prescribe VT according to a patient's 

predicted body weight. However, recent studies have highlighted that severely ill patients 

have smaller lung capacities38 and are at risk of VILI even with smaller VT39. Global lung 
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strain can be measured at bedside with non-radiological instruments40, although regional 

stress distribution is missed41. Our work extends the relevance of strain to less severe 

injury, where lung capacity is preserved. This may be relevant in low-VT ventilation in 

patients without established ARDS42, though we note that generalized use of low VT can 

have undesired consequences such as atelectasis43 and patient discomfort44. 

Risk of propagation after HCl was not related to oxygenation. This suggests that baseline 

PaO2/FiO2 measurement has only a limited ability to characterize early lung injury and to 

predict its evolution. The hypoxemia that reflects severity in ARDS35 is perhaps the end-

result of complex maldistributions of ventilation and blood flow rather than a marker of 

injury progression. Within this context, pulmonary strain may be a more pertinent 

measurement for characterizing individual risk of ARDS progression. 
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CHAPTER 3: TIDAL CHANGES ON CT AND PROGRESSION OF ARDS 

This chapter has been adapted from the published article, Cereda M, Xin Y, Hamedani H, Bellani 

G, Kadlecek S, Clapp J, Guerra L, Meeder N, Rajaei J, Tustison NJ, Gee JC, Kavanagh BP, Rizi 

RR. Tidal changes on CT and progression of ARDS. Thorax 2017;72:981–9. 

https://doi.org/10.1136/thoraxjnl-2016-209833. 

3.1. Introduction 

Secondary lung injury initiated by tidal inflation worsens outcome of acute respiratory 

distress syndrome (ARDS)7. However, because consensus criteria for ARDS select 

populations of patients with heterogeneous characteristics, predicting the effect of 

mechanical ventilation on injury trajectory is difficult45. 

Diagnosis of ARDS35 is largely based on plain (2-dimensional) chest radiography. A major 

advance came with the characterization by computed tomography (CT), of the ventral 

“baby lung”46, which provided the rationale for use of low tidal volume7 and prone 

positioning12. Quantitative study of ARDS using CT has been mostly limited to large 

regions of lung47, with limited analysis of inflation at very high resolution41. 

An alternative approach to pulmonary CT analysis pairs individual voxels in end-

inspiratory (EI) and end-expiratory (EE) images, and images are warped in order to 

superimpose anatomical structures which may be distorted by respiration or disease 

progression34,48. This approach permits detection of hyperinflation (low EI density) and air 

trapping (low EE density) in emphysematous lungs that is not otherwise detectable49. We 

previously reported that the spatial propagation of experimental lung injury was driven by 

tidal inflation50, and therefore hypothesized that in early acute lung injury, areas of lung 
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with unstable inflation (detected by superimposed EI and EE CT scans) are ‘at risk’ for 

injury progression.  

We first characterized the analysis of paired EI-EE CT scans in laboratory experiments 

(anesthetized rats). We then used serial CT scans in rats and confirmed that areas of lung 

with the greatest differences in paired EI-EE aeration at baseline (potentially representing 

atelectrauma and local strain) corresponded to the areas of maximum progression of injury. 

Finally, we used paired EI-EE CT images from a small group (n=9) of patients with ARDS 

who were studied early in their disease, and found that EI-EE aeration was associated with 

survival. 

3.2. Methods 

Animal Preparation: The experiments were performed on male Sprague-Dawley rats 

(n=73) following a protocol approved by the local Institutional Animal Care and Use 

Committee, fully described in our previous work50. Following general anesthesia and 

intubation, hydrochloric acid (HCl, pH 1.25) was injected into the trachea, followed by 

stabilization for one hour and mechanical ventilation for up to four hours (or until death). 

To increase variability of injury progression, animals received ranges of HCl doses (1-4 

ml/kg), and were ventilated with one of several options (not randomized) of positive end-

expiratory pressure (PEEP, 3-10 cmH2O), and tidal volume (VT, 6-12 ml/kg). In a 

preliminary analysis, these strategies were aggregated for overall comparison into two 

groups with higher vs. lower propensity to injury progression: one group ventilated non-

protective settings and one receiving protective ventilation. Gas exchange, peak inspiratory 
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pressure (PIP), driving pressure, mechanical power of inspiration, and dynamic compliance 

(Cdyn) were monitored.  

 

Figure 3.1 General workflow of the methodology used to spatially correlate unstable inflation 

with later injury progression in rats ventilated after acid aspiration. Step 1: all EI and EE image 

pairs are superimposed on each other and aligned to the first EI image (time 0) following acid 

aspiration: EI(0). Then, the outline of the lungs is separated from surrounding non-pulmonary 

tissue. Because all images are superimposed, each individual voxel (see points A and B as an 

example) can be tracked in EI/EE image pairs and longitudinally over time. Step 2: plotting EI 

and EE densities against each other, each pair of EI/EE images generates one PRM: points in the 

PRM indicate the densities at EI and EE of the corresponding voxels, unmasking unstable 

inflation; the relative frequency of voxels in the PRM is displayed by the colour scale. Individual 

voxels A and B are now traceable in the consecutive PRMs: as the density of voxel B increases 

over time, its position in the PRM changes, while voxel A is more stable. Step 3: tracking all 

points of each PRM, we identified a high-risk density range (in red) where voxels had the highest 
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probability of further increasing their density between consecutive PRMs, reaching a predefined 

severe injury range (blue area). Here, time 0 PRM is gridded, showing that point B(0) is located 

in the high-risk range, while A(0) is not. Step 4: the voxels in the high-risk and severe injury 

ranges of the PRM are now back-tracked to the corresponding baseline CT image. Step 5: a 

statistical model is created to predict the distribution of lung CT densities after 4 hours, starting 

from the density distributions at time 0. EE, end-expiratory; EI, end-inspiratory; PRM, 

parametric response map. 

 

Animal Imaging: CT scans were acquired every hour at EI and EE, without changing 

ventilator settings. Image analysis (summarized in Figure 3.1) identified regions in which 

injury subsequently progressed. To achieve this, all EI and EE images were superimposed 

on each other and all voxels were aligned upon the first image after HCl (with high 

anatomical accuracy using a method developed by our group34). Lung outlines were semi-

automatically separated from surrounding tissue, and the image alignment did not distort 

major anatomic landmarks, preserved lung density distributions, and accurately reproduced 

tidal lung deformation.  

Parametric Response Mapping: Lung inflation was analyzed in parametric response maps 

(PRM)49 created by plotting EI and EE densities of all paired CT voxels against each other 

on a bi-dimensional matrix with range between -1000 and 100 Hounsfield Units (HU) 

(Figure 3.1). The position of each point in the PRM describes EI and EE aeration of the 

corresponding voxel, showing normal vs. abnormal inflation patterns.  

Risk Quantification: After superimposing all sequential images, evolving density of 

individual voxels was tracked over time. Injury progression was a binary outcome and was 

defined by an increase of both EI and EE densities to above the -300 HU cut point (‘severe 
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injury’) in subsequent images (Figure 3.1). In the earlier images, voxels with higher 

probability of later progression were considered ‘high-risk’. We measured such probability 

by analyzing range-wise receiver operating characteristic (ROC) between consecutive 

PRMs: values of sensitivity and specificity for observed progression were calculated for 

voxels of each bin. Using multivariate linear regression in a two-stage approach, we created 

a statistical model to predict the future distribution of lung CT densities and the worsening 

of Cdyn, starting from the percentage of voxels which, in earlier images, fell into the high-

risk and the ‘severe injury’ density ranges.  

 

Figure 3.2 (A) PRM obtained at baseline after HCl aspiration and hourly until the end of the 

experiment in two rats ventilated with non-protective ventilation (top: VT 12 ml/kg, PEEP 5 
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cmH2O) versus protective ventilation (bottom: VT 6 mL/kg, PEEP 10 cmH2O). The 

corresponding EI and warped EE images are shown in the inserts for each PRM and show more 

severe propagation in the animal with non-protective ventilation versus more contained injury in 

the rat with protective ventilation settings. In the rat with more propagation (top), the distribution 

of paired EI and EE density values in the PRM evolved over time, with increased fraction of 

voxels in the high EI and EE density range (>−300 HU), indicating oedema and/ or non-

reversible atelectasis (severe injury). In the rat with less propagation, voxel distributions were 

more stable over time. (B) Voxels that fell in the high-risk (yellow) and in the severe injury (red) 

domains of the PRMs were plotted in the corresponding EI images for each time point of the 

experiment in two rats, both ventilated with non-protective ventilation. Areas in green indicate 

voxels that fell in all remaining areas of the PRM. The inserts show the original baseline (after 

HCl) EI images. Severely injured regions progressively replaced the regions at risk. The rat with 

more propagation had a larger fraction of high-risk tissue at baseline and died before the 3-hour 

time point. EE, end-expiratory; EI, end-inspiratory; HCl, hydrochloric acid; PEEP, positive end-

expiratory pressure; PRM, parametric response map; VT, tidal volume. 

 

Human Imaging: We used EI and EE CT images from patients who were included in a 

previously published study31. Of 13 patients in the study, we included a priori the nine 

subjects with early ARDS, i.e. who were imaged within seven days following intubation. 

EI and EE images were aligned as for the animal scans and, after confirming stability of 

anatomical landmarks, were analyzed with PRM. CT densitometry was also used as 

described in the original publication31. 

3.3. Results 

Identification of ‘At-Risk’ Tissue: Concentric propagation of radiological opacities 

developed from the sites of initial injury; this was apparent from serial CT images, as well 

as from the parametric response maps (Figure 3.2 A). In the parametric response maps, the 
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distribution of paired EI and EE density values evolved, with more voxels developing in 

the severe injury domain. In contrast, where injury progression was limited, the voxel 

distribution was more stable (Figure 3.2 A). 

 

 

Figure 3.3 PRM maps on nine patients with ARDS imaged within 7 days from injury. The three 

patients who died in ICU or within 28 days from onset are shown on top. Voxels in the high-risk 



19 
 

(yellow), severely injured (red) and normal density (green) domains are plotted in the 

corresponding images. Individual amounts of severely injured (I) and high-risk (R) tissue are 

shown for each patient as percent of total parenchyma. ARDS, acute respiratory distress 

syndrome; ICU, intensive care unit; PRM, parametric response map. 

 

Human Data: Parametric response maps of human subjects are shown (Figure 3.3). In the 

three non-survivors, voxel distribution was skewed towards intermediate density. By 

contrast, in the six survivors, there was higher representation of low-density regions. ‘High-

risk’ and ‘severe injury’ voxels in patient images were identified by applying the density 

domains from the experimental images. 

3.4. Discussion 

These data suggest that a novel analysis of CT images may identify lung tissue at risk of 

further damage in experimental injury and might potentially predict outcome in patients 

with ARDS. Superimposing EI and EE images across the whole lung identified areas of 

unstable inflation that appear to represent lung at increased risk of local strain (possibly 

atelectrauma) when ventilator settings are injurious; such areas are foci for the propagation 

of lung injury. This three-dimensional approach covers the whole lung, and because it 

involves voxel-wise assessment, provides very high resolution (e.g. 1 mm3 in humans). 

These features are in contrast to conventional plain radiography (two-dimensional)35 and 

standard CT (three-dimensional), which are used to generate single inflation images and 

with focus restricted to large lung regions. 

Parameters for identifying severity of ARDS include oxygenation (PaO2/FiO2 ratio), plain 

chest radiography, compliance, and ‘driving pressure’ (the difference between plateau and 



20 
 

end-expiratory pressure). The presence of unstable inflation may quantify risk of regional 

disease progression in experimental injury; and, the current patient data suggests it may 

potentially also predict outcome in ARDS. In animals, unstable inflation accurately 

mirrored the topographic/spatial development of secondary lung injury (Figure 3.2); and, 

in the retrospective patient series, a larger proportion (high-risk fraction >28%) of high-

risk tissue at baseline was associated with mortality in ARDS (Figure 3.3). 

Beyond higher resolution, the imaging approach implemented here offers important 

potential advantages over previous CT approaches. In experimental injury, we used repeat 

CT to identify the imaging characteristics that mirror the trajectory of lung injury; this was 

enabled by image alignment34 which allowed tracking of individual voxels as sequential, 

superimposed EI-EE images over time. We thereby co-localized baseline unstable inflation 

with subsequent injury progression. This approach to scanning differs from a recently 

introduced method correlating ARDS survival with inflation heterogeneity in static CT 

images, but without EI-EE analysis41. Others have found correlations between CT imaging 

and ARDS outcomes, measuring the quota of tissue with recruitable atelectasis47, percent 

diseased lung51, and evidence suggesting early fibroproliferative changes52. However, our 

methodology is unique in that it builds outcome prediction on the quantitative correlation 

between imaging and later injury progression, this allowed us to detect “high risk” tissue 

in areas of the lung with unstable inflation vs. other states of aeration. Furthermore, this 

approach may unmask subtle inflation patterns that would not be noticed on conventional 

CT images. 
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In conclusion, we have developed a method that topographically links unstable inflation, 

regional trajectory of lung injury, and outcome. If validated by others as an independent 

predictor in larger populations, a single set of paired EI-EE CT images in early ARDS may 

predict outcome and responses to mechanical ventilation, may enable enrichment of 

clinical trials, and may facilitate personalized care. 
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CHAPTER 4: UNSTABLE INFLATION CAUSING INJURY — INSIGHT FROM 

PRONE POSITION AND PAIRED COMPUTED TOMOGRAPHY SCANS 

This chapter has been adapted from the published article, in Xin Y, Cereda M, Hamedani H, 

Pourfathi M, Siddiqui S, Meeder N, Kadlecek S, Duncan I, Profka H, Rajaei J, Tustison NJ, Gee 

JC, Kavanagh BP, Rizi RR. Unstable Inflation Causing Injury. Insight from Prone Position and 

Paired Computed Tomography Scans. Am J Respir Crit Care Med 2018;198:197–207. 

https://doi.org/10.1164/rccm.201708-1728OC. 

4.1. Introduction 

Secondary lung injury caused by mechanical ventilation increases mortality in acute 

respiratory distress syndrome (ARDS)2–4. Because clinical trials of ventilator strategy in 

ARDS over the last 15 years have not substantially improved on mortality, new strategies 

for reducing ventilator-associated lung injury (VALI) are needed. 

While ventilating patients in the prone position increases survival12, the improved gas 

exchange associated with this strategy54 does not explain the survival benefit55. Imaging 

studies using quantitative computed tomography (CT)56 and positron emission 

tomography57 report that prone positioning attenuates vertical gradients of aeration 

observed while supine. Such recruitment of atelectatic lung might lessen secondary VALI 

by reducing regional strain during inspiration58. However, it is not known if the 

homogeneity of inflation in the prone position is responsible for attenuating the progression 

of lung injury; this is potentially important for clinical management, as attenuation in the 

early stages might lessen the burden of established ARDS. 

In our previous studies of experimental ARDS, we used sequential CT imaging to show 

that regional lung strain drives the propagation of early lung injury59. Tidal inflation was 
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imaged after primary injury, and the resultant parametric response maps of paired CT scans 

(i.e. paired scans at end-inspiration and at end-expiration) showed areas with partially 

aerated voxels and large tidal swings in tissue density. We termed this ‘unstable inflation’, 

and it was associated with the radiological propagation of secondary lung injury. Moreover, 

in both experimental lung injury and in patients with ARDS, the proportion of (voxels with) 

unstable inflation was directly related to the extent of injury progression59.  

In the current study, we used these insights to explore the mechanisms of protection 

afforded by prone (vs. supine) positioning in early lung injury. By linking the regional 

distribution of inflation with the subsequent trajectory of injury, we were able to 

successfully test two hypotheses. First, ventilation in the prone position limits the early 

progression of secondary lung injury following a primary insult; second, this effect is 

related to a reduction of the vertical gradients of unstable inflation associated with supine 

positioning. In an additional series of ventilated pigs, we verified the effects of prone 

position on unstable inflation in a large animal model. Some of these results have been 

presented in abstract form60,61. 

4.2. Methods 

Animal Preparation: 24 Male Sprague-Dawley rats (365±21 g) were anesthetized with 

intraperitoneal pentobarbital, orally intubated, and paralyzed with pancuronium bromide. 

The carotid artery was catheterized. Heart rate and oxygen saturation (SpO2) were 

monitored by pulse-oximetry.  

Mechanical Ventilation: Animals were ventilated with tidal volume (VT; 6 ml/kg) and 

positive end-expiratory pressure (PEEP; 10 cmH2O) using  a custom built ventilator62. Peak 
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inspiratory airway pressure (PIP) and PEEP were recorded, and dynamic compliance was 

calculated as Cdyn = VT/(PIP-PEEP).  

Lung Injury: All rats received 2.5 ml/kg hydrochloric acid (HCl, pH 1.25) through the 

endotracheal tube in two aliquots50,59, while in the right and left lateral decubitus. After one 

hour of supine stabilization (VT 6 ml/kg, PEEP 10 cmH2O), rats were randomized to 

ventilation in supine or prone position (12 rats in each group) for up to 3 hours, using 

settings known to induce secondary VALI50,59: VT 12 ml/kg, PEEP 3 cmH2O, FiO2 1.0, and 

frequency 53 min-1.  

Small Animal Imaging: Whole lung computed tomography (CT) was performed at baseline 

(when stabilized after HCl) and hourly thereafter. Imaging was performed at end 

inspiration (EI) and end-expiration (EE). In the prone group, additional supine images were 

obtained at baseline to allow between-group comparisons of primary injury severity. 

Image Analysis: The lung boundaries were semi-automatically delineated using a 

previously developed algorithm34, yielding whole-lung ‘Regions of Interest’. EI and EE 

images were registered (aligned) to each other using methodology to superimpose 

anatomical features when distorted by respiration59. To assess the effect of gravity and 

position on regional inflation (and on lung injury progression), lungs were partitioned into 

three coronal bins of equal thickness (ventral, middle and dorsal). Parametric response 

maps  were then generated for the whole lung, as well as for each bin by matching 

individual voxels in each set of paired EI and EE images28,49,59,63,64. Voxels were 

categorized as severe injury if both EI and EE densities were >-300 HU, indicating 

pulmonary edema and stable atelectasis, and as unstable inflation if densities fell in the 
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range (EE: 0 to -600 HU, EI: −300 to −700 HU) that we previously found to indicate a high 

probability of injury progression59. 

Large Animals: Five Yorkshire pigs (32.4±2.7 kg) were anesthetized, intubated, ventilated 

with VT 8 ml/kg, and received tracheal HCl (pH 1.25, 1 ml/kg into each lung). EI and EE 

CT scans were obtained at baseline and one hour after HCl, during ventilation in prone and 

supine position and with PEEP 5 and 10 cmH2O. All images were analyzed as described 

for the rats.  

Statistical Analysis: Image analysis was performed using Matlab 2016b software 

applications developed in the authors’ laboratory. Statistical analysis was performed using 

‘R’ (R Foundation for Statistical Computing, Vienna, Austria). Group mean and standard 

deviation of all the computed quantities were calculated. Post hoc t-tests were used to 

identify differences among means, and Bonferroni adjustment was performed. The Fisher 

exact test was used for proportions. P<0.05 was considered statistically significant. 

4.3. Results 

Survival: Ventilation in the prone position significantly improved survival; five rats in the 

supine group died between 2 and 3 hours of ventilation, compared to one in the prone group 

(Fisher, P=0.013).  

Respiratory and Vital Parameters: Compliance and driving pressure (Table 4.1) were 

comparable between groups at baseline. In the supine group, compliance decreased at one 

hour and again at two hours of ventilation (P<0.01 vs. baseline), reaching lower values 

than in the prone group (P<0.01 at both times).  
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Baseline oxygenation was similar between groups (Table 4.1), but PaO2 was lower in the 

supine than in the prone group after one hour of ventilation (P<0.01), and further decreased 

in the supine group over time. No significant effect of time or body position on PaCO2 was 

detected. Oxygen saturation followed a similar trend to PaO2 (Table 4.1). Blood pH was 

lower in the supine group than in the prone group after one hour of ventilation (P<0.05) 

due to higher lactic acid concentration in the former group (Table 4.1).  

 

Table 4.1 Physiological characteristics of two groups of rats ventilated in the prone vs. supine 

position after hydrochloric acid instillation in the trachea. †: P<0.05 between cohorts; §: P<0.05 

vs. baseline in the same group. *: In the prone group, arterial blood gases were available at two 

hours in only 3 rats due to positional difficulties drawing blood through the carotid catheter after 

one hour of prone ventilation. 

 

Arterial blood pressure decreased from baseline after two hours of ventilation in both 

groups (P<0.01), although it was higher in prone than in supine rats at this time (Table 4.1).  
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Distribution & Progression of Lung Injury: Baseline CT scans, obtained supine in both 

groups, confirmed that the distribution of primary injury was similar and that primary 

lesions were dorsal, irrespective of group assignment.  

 

Figure 4.1 Radiological injury propagation in four representative rats ventilated in prone vs. 

supine position (two rats in each group) and imaged at end-inspiration. Baseline (after HCl) 

supine images are also shown for the two prone rats (#3 and #4). In all rats, primary injury was 

initially localized in the dorsal lung regions. In the rats ventilated supine (#1 and #2), injury 



28 
 

rapidly spread over the entire lung. In the prone rats, position change improved aeration in the 

dorsal lung regions (black arrows) and subsequent injury propagation was more contained. The 

blue triangles indicate body position (up-pointing: supine, down-pointing: prone) 

 

In supine animals, injury propagated rapidly over the entire lung, as previously described. 

Changing from supine to prone position resulted in the attenuation of dorsal hyperdensities, 

which remained stable thereafter for the duration of the experiment. 
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Figure 4.2 Cumulative parametric response maps of EI-EE voxels partitioned in non-dependent, 

mid-level, and dependent regions of the lungs (indicated by the solid blue color in the triangle) 

in the prone and supine position (indicated by the tip of the triangle). In the supine position at 

baseline, the centroid of the voxel distribution shifted towards higher density following the 

gravitational gradient. Over time, changes in the voxel distributions were more evident in the 

dependent lung regions than in the non-dependent ones. In the prone position, the centroid and 

the voxel distribution changed minimally in the tree regions at baseline (minimal deviation from 

white vertical reference line); evolution in the dorsal lung regions was less than in the supine 

rats. The area including voxels with unstable inflation is highlighted (green border) in the dorsal 

maps. 

 

Categorization of voxel distribution at baseline showed that ‘unstable inflation’ and 

‘severely injured’ voxels were significantly affected by gravity in the supine position, but 

not in the prone position (Figure 4.3 A). In supine animals, significantly higher fractions 

of ‘unstable inflation’ and severe injury tissue voxels were present in the dependent (dorsal) 

regions of the lungs compared to the other regions.  

Finally, the baseline fraction of ‘unstable inflation’ voxels in the dorsal bins (dependent in 

supine, non-dependent in prone) was positively correlated with the decrease in respiratory 

system compliance (R=0.71; Figure 4.3 B), but not with ‘severe injury’. 
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Figure 4.3 (A) Unstable inflation and severely injured voxels are shown (as a percent of total) 

in the non-dependent, mid-level, and dependent lung regions of the baseline images obtained in 

supine and prone rats. (B) Correlation between change in compliance (between baseline and the 

end of the experiment) and baseline percent fraction of unstable inflation voxels in the dependent 

lung regions. Solid dots indicate rats that died before two hours of ventilation. †: P<0.05 between 

cohorts. 

 

4.4. Discussion and Conclusion 

In this study, prone positioning limited the early propagation of radiological abnormalities 

after experimental lung injury and improved survival during mechanical ventilation. The 

effect of prone positioning was likely related to its ability to decrease areas of unstable 

inflation in the dependent regions of the lungs. Thus, prone positioning could prevent 

severe ARDS by protecting the lungs from the progression of injury in its early stages.  

While prone positioning has been introduced as a rescue therapy for severely hypoxemic 

ARDS65–67, the improved oxygenation which it produces does not explain the observed 
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improvement in survival among patients with severe ARDS55. Using serial CT, our study 

showed that prone positioning reduced the regional propagation of CT densities compared 

to supine positioning, while also attenuating the deterioration of respiratory mechanics and 

development of pulmonary edema (estimated from tissue weight). These results suggest 

that prone positioning may improve ARDS outcomes by alleviating the early evolution of 

‘secondary’ (ventilator-associated) lung injury, before it becomes severe.  

In a previous study of mechanical ventilation with non-protective settings in experimental 

ARDS50, we reported that radiological propagation is the visual manifestation of evolving 

lung injury. Using analysis of longitudinal CT scans in a similar model59, we then observed 

that this secondary propagation was more severe in lungs that displayed larger areas of 

tissue with unstable inflation.  In that same study, unstable inflation was also found to be 

associated with higher mortality in a small group of patients with early ARDS59. Partial 

inflation includes areas with stable poor aeration, but it is dominated by large tidal density 

changes within partially aerated tissue. Studies using diffusion MRI suggest that this 

pattern of inflation indicates overstretched airspaces embedded in voxels with reduced (but 

not abolished) gas content62,68,69. While unstable inflation may be simply a marker of 

heterogeneous gas distribution, such stress concentration can regionally increases the risk 

of VALI. Unstable inflation is distinct from cyclic recruitment of atelectasis, which is 

defined as complete but reversible loss of aeration70. As with unstable inflation, cyclic 

recruitment was not correlated with propagation of injury after acid aspiration50. 

In the current study, regional analysis revealed a vertical gradient of abnormal inflation in 

supine rats that was not present in prone rats. Voxels with unstable inflation were more 
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abundant in the dependent (dorsal) lung of supine rats, where the radiological signs of both 

primary injury and its progression were more visible. We also observed that, irrespective 

of body position, the baseline fraction of unstable inflation in the dorsal lung predicted 

worsening mechanics (Figure 4.3B). Overall, the findings of this study suggest that prone 

positioning reduced the harmful effects of mechanical ventilation in dependent regions of 

tissue with unstable inflation, thereby mitigating the radiological propagation of the injury 

to the rest of the lung. Further studies will be needed to confirm that tissue inflammation 

is attenuated by this strategy. 

Other authors have studied the effects of the prone position on regional lung mechanics 

and VALI, finding that prone position attenuated vertical gradients of pleural pressure and 

regional strain, in addition to improving dorsal atelectasis14,15 and ventral hyperinflation71. 

Using CT in established ARDS, prone position was shown to augment recruitment by 

PEEP 58. Nuclear medicine studies have shown less heterogeneity of both lung aeration 

and perfusion in prone vs. supine sheep with surfactant depletion72. Another study showed 

that prone position delayed the progression of lung injury in previously healthy lungs 

receiving high stretch ventilation73, supporting a causal relation between improved 

mechanics and milder injury. Finally, in a study of pre-injured lungs (oleic acid) receiving 

ventilation with elevated inflation pressure, prone positioning attenuated injury in the 

dorsal lung74, suggesting that attenuation of airspace collapse in dependent regions may be 

crucial to the success of positional therapy.  

Our work differs from these previous studies14,15,17,58,71–73 in that it is the first to 

demonstrate that prone positioning can attenuate the radiological and functional 
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progression of lung injury, before it becomes established and severe. This finding was 

enabled by our use of longitudinal imaging, which allowed us to link unstable inflation, 

future propagation of lung injury, and response to body position. Furthermore, our model 

recapitulates the early evolution of lung injury, when hypoxemia is still mild and 

radiological abnormalities are spatially limited. Our short-term studies in pigs showed that, 

similar to the rats, prone position decreased unstable inflation in the dorsal lung, supporting 

long term experiments to test this approach in large animals. Similar to our previous studies 

50,59, we used a model of secondary VALI superimposed on mild primary injury, as 

indicated by the relatively mild oxygenation impairment at one hour after acid aspiration 

in both rat cohorts (Table 4.1). In addition to helping understand how positional therapy 

improves outcomes, this study’s findings suggest a potential new use for prone positioning: 

it could be used in patients with early lung injury to prevent the development of severe 

ARDS.  

In a clinical trial which recruited only patients with severe hypoxemia, Guerin et al. 

reported better outcomes with prone vs. supine position12; in contrast, outcomes were 

mixed in earlier clinical trials that included patients with less severe ARDS13. However, 

this does not mean that prone position is ineffective in carefully selected subjects with 

milder hypoxemia, as the discrepancy may be related to heterogeneity of patient 

characteristics within the study populations45. In fact, a one-time measurement of 

oxygenation impairment is a worse prognostic indicator than either treatment 

responsiveness75 or imaging-derived metrics47,59. While we do not yet propose clinical 

implementation of this evidence, the current study suggests that the effectiveness of prone 
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position may be related to the characteristics described in the dependent lung. In addition 

to CT scanning, other methodologies (e.g. lung ultrasound 76, and electrical impedance 

tomography 77) may allow for the efficient measurement of unstable dorsal inflation in 

order to assess the early risk of injury progression.  
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CHAPTER 5: POSITIONAL THERAPY AND REGIONAL PULMONARY 

VENTILATION — HIGH RESOLUTION ALIGNMENT OF PRONE AND 

SUPINE COMPUTED TOMOGRAPHY IMAGES IN A LARGE ANIMAL 

MODEL 

This chapter has been adapted from the published article, Xin Y, Cereda M, Hamedani H, Martin 

KT, Tustison NJ, Pourfathi M, Kadlecek S, Siddiqui S, Amzajerdian F, Connell M, Abate N, 

Kajanaku A, Duncan I, Gee JC, Rizi RR. Positional Therapy and Regional Pulmonary Ventilation: 

High-resolution Alignment of Prone and Supine Computed Tomography Images in a Large Animal 

Model. Anesthesiology 2020;133:1093–105. https://doi.org/10.1097/ALN.0000000000003509. 

5.1. Introduction 

Ventilation in the prone position improves blood gases54 and decreases mortality in patients 

with acute respiratory distress syndrome (ARDS)12. Imaging studies suggest that 

redistribution of lung inflation along the gravitational axis may explain such beneficial 

effects. In fact, pulmonary aeration14, pleural pressures15, and regional strain16,17 are more 

homogeneous when subjects are prone rather than supine, due to the apparent attenuation 

of the gravity-related forces that compress and deform the lungs18. Studies evaluated the 

effects of body position on lung aeration in separate prone and supine computed 

tomography (CT) scans, e.g. by comparing ventro-dorsal gradients of tissue density14. 

However, this approach has limitations. First, it is restricted to measuring the effects of 

gravity and does not identify positional changes in non-gravitational distributions78. 

Second, it is unable to directly measure tissue deformation, or its effect on regional gas 

content. Third, it cannot measure the effects of position on small units of tissue, as these 

are not tracked across images. Mapping small-scale changes of lung tissue density and 
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deformation could better characterize patterns of regional inflation associated with the 

prone position79. Fortunately, recent advances in image processing may allow such in-

depth assessment of the structural effects of position. For example, cluster analysis allows 

us to partition large datasets in groups with similar attributes, and can be used for the 

unrestricted assessment of regional distributions of imaging variables80. Image registration 

provides structural correspondence between paired images63,81 and allows us to map 

changes in aeration49 and lung tissue deformation at high resolution82,83. However, this 

methodology has not yet been used to study positional therapy, since aligning paired prone 

and supine images is complicated by marked shifts of lung and chest wall geometry 

between respective positions.  

In a previous study, prone positioning contained the progression of experimental lung 

injury through its beneficial effects on inflation of the dorsal lung84. However, previous 

animal studies comparing prone vs. supine positions showed craniocaudal changes in 

ventilation and perfusion in the vicinity of the diaphragm78, which were not explained by 

gravity. These regional gradients are likely explained by non-gravitational effects of 

position on inflation and tissue compression, which have not been directly visualized. In 

the current study, we reanalyzed our prior pig data84 to topographically characterize the 

effects of body position on lung tissue. We hypothesized that improvements in lung 

aeration and tissue deformation occur in gravitational and non-gravitational distributions. 

For this purpose, we aligned paired prone and supine lung images obtained at two levels 

of positive end-expiratory pressure (PEEP) before and after lung injury, to produce detailed 

maps of the effects of prone positioning on each lung tissue unit visible on CT. We then 
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investigated the spatial distribution of position-related changes in density and deformation 

throughout the lungs using cluster analysis.  

5.2. Methods 

Animal Preparation: Five Yorkshire pigs (32.4±2.7 kg) were anesthetized with 

intramuscular injections of ketamine and xylazine. Pigs were orally intubated and 

anesthesia was maintained by continuous intravenous infusion of ketamine and midazolam 

through a peripheral catheter. Supplemental doses were given to assure immobility during 

CT scanning. Peripheral oxygen saturation, heart rate, and body temperature were 

monitored continuously. The femoral artery was catheterized for blood pressure 

monitoring and arterial blood gas measurement. 

Mechanical Ventilation and Lung Injury: Animals were ventilated with a custom-built 

mechanical ventilator. Tidal volume (VT) 8 ml/kg, respiratory rate 15 breaths per minute, 

and inspired fraction of oxygen 0.6 were constant throughout the experiment. Pigs then 

received 2 ml/kg hydrochloric acid (HCl, pH 1.25) injected in the endotracheal tube over 

two equally divided doses with the animals alternately in the right and left lateral position. 

Pigs were then stabilized supine for 60 minutes with PEEP 10 cmH2O. Imaging was 

performed before injury (healthy baseline) as well as after injury and stabilization. Blood 

gases were obtained after each image acquisition. Airway pressure was monitored using a 

fiberoptic sensor placed proximally to the endotracheal tube. Tidal volume was recorded 

from the ventilator display. 

CT Imaging: CT scans were acquired with a Siemens SOMATOM Force scanner. The 

settings were: 120 kVp, 200 mAs, pitch 0.95, slice thickness 0.75 mm, collimation 57.6x0.6 
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mm, estimated dosage 3–5 mSv. All images were reconstructed to a resolution of 1x1x1 

mm. End-inspiratory (EI) images were obtained during 5-second-long inspiratory pauses, 

applied during ventilation in both supine and prone positions with PEEP 5 and 10 cmH2O. 

Each combination of PEEP and position was applied in random order and maintained for 

10 minutes prior to imaging, which was shown in pilot studies to assure sufficient 

stabilization of aeration redistribution. In the prone position, the pigs laid unsupported on 

their abdomen with their forelegs flexed and their hindlegs extended at the hips. Animals 

did not receive neuromuscular blocking agents, but sedation was adjusted to achieve 

immobility, which was confirmed on CT scans by the absence of motion artifacts near the 

diaphragm. 

Image Processing: Our CT analysis measured changes in CT density (i.e. aeration) and 

dimensions (i.e., spatial deformation) in individual small units (voxels) of tissue. For this 

purpose, images were registered, i.e., reshaped (warped) and aligned to each other to match 

the position of each voxel on shared spatial coordinates. This registration corrected for the 

effects of body position on lung and chest wall geometry. The outlines of the lungs were 

segmented (separated) from non-pulmonary tissue.  

Image Registration and Segmentation: We registered corresponding supine and prone 

images using Advanced Normalization Tools (ANTs)28,81. During Step 1 of the registration, 

the outline (mask) of the lungs was segmented from non-pulmonary tissue using previously 

published methods34. In Step 2 of the registration, the prone lung outline was aligned to the 

supine outline, resulting in a “warped-prone” outline with identical outer geometry to the 

supine lungs. During Step 3 of the registration, all the pulmonary structures contained 



39 
 

within the outlines of the prone and supine CT scans were aligned, yielding a warped image 

of the prone lungs for each study condition63. The quality of the registration was assessed 

in three ways. First, overlap between the warped-prone and supine lung outlines was 

quantified using the Dice similarity coefficient. The Dice coefficient was 0.988±0.002 

before injury and 0.983±0.006 after injury, suggesting optimal overlap of the lung outlines 

between warped-prone and supine images. Second, trained operators measured minimal 

differences in the spatial coordinates of anatomical landmarks between warped-prone and 

supine images, suggesting conserved spatial orientation of parenchymal structures. Third, 

we compared regional density distributions between original and warped prone images.  

Analysis of lung inflation: In Step 4, we measured small-scale aeration changes by 

calculating the differences in X-ray attenuation, measured in Hounsfield Units (ΔHU), 

between tissue voxels of warped-prone and supine images. Each voxel’s ΔHU value 

quantifies the increase or decrease of gas content in that same tissue unit. We quantified 

body position-related changes in the dimensions of each tissue voxel as its corresponding 

Jacobian85. A Jacobian is a unitless metric of tissue deformation calculated during image 

registration. When comparing corresponding warped-prone and supine images, a voxel 

with a negative determinant of the log Jacobian represents contraction, whereas a positive 

value indicates expansion incurred by the same lung tissue unit. Detailed analysis of lung 

recruitment was performed by identifying and mapping the voxels that shifted from the 

high density, non-aerated range (-100 to + 100 HU), to lower density ranges30 when 

comparing the warped-prone to the supine images. Derecruitment was measured as voxels 

that increased density to higher than -101 HU when turning prone. Whole-lung contents of 
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gas and tissue were estimated by density measurements on the non-registered images86. 

Cluster analysis: K-means clustering was performed on the voxel distribution of ΔHU (x-

axis) and of Jacobian (y-axis) to characterize three different groups (reinflation, limited-

change and deflation). The number of clusters (k=3) was chosen during preliminary 

analysis because it maintained physiologically plausible inflation responses and stable 

distributions among animals. Both HU and Jacobian were normalized by standard score 

[(x-µ)/σ] to prevent bias due to the value dispersion between x and y axis. For each cluster, 

the percentage of total lung mass and volume it occupied, and its mean values of HU, 

Jacobian, and CT intensity were calculated in each condition. Gravitational and non-

gravitational patterns of cluster distribution were separately investigated by partitioning 

the lung images into ten horizontal and ten vertical bins of equal mass. 

Statistics Analysis: No power analysis was performed due to the retrospective design of 

the study. Descriptive statistics were performed on the clusters identified by K-means, 

characterizing their size as a percent fraction of total lung volume and mass, and their 

values of mean CT intensity, HU, and Jacobian.  All continuous data were reported as mean 

± standard deviation. Repeated measures analysis of variance (ANOVA) was performed to 

compare the cluster distributions across spatial compartments. Two-tailed paired T-tests 

were performed for relevant cluster distribution comparisons, and to compare physiologic 

values between data obtained at healthy baseline vs. injury, prone vs. supine, and lower vs. 

higher PEEP. An experiment-wide p < 0.05 was selected as the threshold for statistical 

significance. Data was reformatted and prepared in Jupyter Notebook using Python 3.6. 
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Statistical analysis was performed using RStudio 1.2.5001 (R Foundation for Statistical 

Computing; Vienna, Austria). 

5.3. Results 

The imaging results are a re-analysis of a previously published CT dataset from a pig model 

of mild lung injury. All animals survived and were included in the analysis. HCl injection 

caused mild lung injury, with a decrease in PaO2 from 251.5±50.4 to 161.1±116.9 mmHg 

(P=0.047), and with a decrease in respiratory system compliance from 20.1±3.1 to 14.6±4.2 

ml/cmH2O (P=0.046) at PEEP 5 cmH2O in the supine position, showing blood gases and 

respiratory mechanics data). After injury, the prone position increased PaO2 at both PEEP 

levels, but it did not affect compliance. Higher PEEP did not modify gas exchange or 

compliance. 
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Figure 5.1 Images were repeated in all tested conditions after lung injury induction by acid 

aspiration and are shown in A) at PEEP 5 cmH2O and in B) at PEEP 10 cmH2O. The left panels 

show the target supine images, warped-prone image (shown inverted), and original (non-warped) 

prone image. The middle panel shows the ΔHU and Jacobian maps side-by-side, with the 

corresponding cumulative frequency distribution in the right panels. 

 

Post-injury images at PEEP 5 and 10 cmH2O (Figure 5.1 A,B, left panels) show that, after 

registration, supine and warped-prone images differed only in the distribution of pulmonary 
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densities, which were more prominent in the supine position. Similar to healthy baseline, the 

regional ΔHU values at both PEEP levels were generally negative (improved aeration) in the dorsal 

lung and positive (decreased aeration) in the ventral regions (Figure 5.1 A,B, middle panels). The 

Jacobian maps also displayed similar behavior (ventral contraction, dorsal expansion) to that in 

healthy lungs. 

 

Cumulative frequency distributions (including all animals) of ΔHU and Jacobian values 

were more heterogeneous after injury (Figure 5.1 A, B, right panels). Mean ΔHU values 

were near zero in all the tested conditions, suggesting that the prone position had minimal 

net effect on whole-lung gas content. This was confirmed by the stability of mean lung 

density and whole lung gas volumes between prone and supine positions. 

 

Figure 5.2 Segment analysis among all end expiratory (EI) conditions partitioned the lung into 

10 segments of equal mass along the A. Dorsal-Ventral axis and B. the Caudal-Cephalad axis. 

The cluster frequencies of reinflation (red), limited response (black), and deflation (blue) are 

displayed at the level of each segment. The far-right column shows the spatial orientation of the 

10 equal mass segments which were used in the compartment analysis of cluster distribution. In 
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A. the top 5 segments correspond to the ventral compartment and the bottom 5 segments are the 

dorsal compartment. In B. segments that contain a pixel adjacent to the diaphragm are considered 

to be in the diaphragmatic compartment. The dorsal and caudal bins were shaded with red color.   

 

Cluster Analysis: Cluster analysis assigned lung tissue voxels to clusters with distinct 

characteristics. The following cluster characterization represents general trends, derived 

from analysis of all conditions with descriptive statistics of CT-derived characteristics of 

each cluster. Regional quantification of cluster distribution in ten vertical and ten horizontal 

bins of equal mass showed both ventro-dorsal and craniocaudal gradients (Figure 5.2). The 

ten horizontal bins (Figure 5.2.A) were partitioned evenly into dorsal and ventral 

compartments, while the vertical bins (Figure 5.2.B) that interfaced the diaphragm were 

grouped into a caudal vs. a cranial compartment. Cluster distribution significantly differed 

between both ventro-dorsal (F(1,4)=103.9, P<0.001), and cranio-caudal compartments 

(F(1,4)=117.5, P<0.001). 86.4±8.5% of the reinflation cluster was located within the dorsal 

compartment vs. 13.6±8.5% in the ventral compartment (P<0.001). 63.4±11.2% of the 

reinflation cluster was contained in the caudal, peridiaphragmatic bins vs. 36.6±11.2% 

(P<0.001) in the remaining bins. 
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Figure 5.3 Paired computed tomography scans obtained in the supine and prone positions are 

shown with the corresponding recruitment maps. Registration was performed between supine 

and prone images, yielding maps of position-related (from supine to prone) recruitment (R) and 

derecruitment (D) at PEEP 5 cmH2O (top row) and PEEP 10 cmH2O (second row). Recruited 

voxels are shown in blue; derecruitment was small and shown in red. Numeric values are shown 

for each map. In addition, images at PEEP 5 and 10 cmH2O were registered to each other, 

showing the PEEP-related recruitment in the supine and prone positions (bottom row).  

 

Lung Recruitment: Figure 5.3 displays representative post-injury maps of recruitment and 

derecruitment due to prone position at end-inspiration at both PEEP 5 cmH2O and PEEP 

10 cmH2O, with group mean ± SD values shown below each map. Prone positioning 

recruited 64.5±36.7g of tissue (11.4±6.8% of total lung mass) at low PEEP and 49.9±12.9g 

(8.9±2.8% of total mass) at higher PEEP. 59.0±13.0% of recruited voxels were in the 

caudal region. Derecruitment was relatively small in both conditions. We also registered 

PEEP 5 and 10 cmH2O images to each other for each position (left two columns) in order 
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to visualize tissue with restored aeration at higher PEEP. The images show that this and 

position-related recruitment were quantitatively similar. Both recruitment and 

derecruitment were low in healthy lungs. 

5.4. Discussion 

We directly visualized the effects of positioning on each unit of lung tissue in paired prone-

supine CT scans of ventilated pigs. We then identified which regions of the lung responded 

to the prone position with reinflation, deflation, or limited change. These patterns followed 

both gravitational and non-gravitational distributions: reinflation was mostly concentrated 

in the caudal lung region near the dorsal portion of the diaphragm (Figures 5.2). 

Recruitment of non-aerated tissue contributed to reinflation in this same region after injury 

(Figure 5.3). 

Using image registration, we were able to match lung structures in paired images to provide 

a detailed quantification of position-related changes in regional lung volume and gas 

content (Figure 5.1). Following this step, cluster analysis grouped tissue units according to 

changes in density (aeration) and dimensions (expansion or contraction). We then mapped 

the spatial distribution of the three clusters, which had distinct responses to prone 

positioning: ventral deflation (increased density and contraction), limited tissue response 

in the mid-lung, and dorsal reinflation (decreased density and tissue expansion). We used 

K-means clustering87, with its simplicity and low computational complexity, to generate 

non-subjective regions of interest that shared similar patterns of the two markers we 

presented in this work (density change and tissue deformation). This method is suitable for 

classifying an image into different regions when the number of clusters is known for 
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particular human anatomy and/or physiology88,89. We postulated a three-cluster model, as 

it would reflect expected simple airspace responses. We are confident in this model, as it 

resulted in stable classifications between animals and conditions. Furthermore, the opposite 

density changes measured in the reinflation and deflation clusters were physiologically 

plausible.  

Our methods allow us to quantify the effects of compressive phenomena on the distribution 

of aeration in prone vs. supine position. The observed ventral contraction and dorsal 

expansion of lung tissue  corroborates studies proposing that attenuation of the 

gravitational gradient of lung density in prone ARDS patients14 is due to redistribution of 

the forces that deform the lung18,90,91, causing more uniform pleural and transpulmonary 

pressures than in the supine position15,92. Additionally, we measured predominant 

reinflation and recruitment (after injury) in the dorso-caudal lungs, indicating localized 

positional responses near the diaphragm. The concurrent craniocaudal and ventro-dorsal 

aeration patterns confirm the coexistence of gravitational and non-gravitational forces. This 

finding is in accordance with the results of a detailed ex-vivo analysis of lung tissue, which 

showed that gravity does not dominate the topographic effects of position on lung 

function78. In fact, position-related changes to perfusion and ventilation were prominent in 

the dorso-caudal lung region of ventilated pigs78, which could be explained by focal 

compression and deflation in the same regions when animals are in the supine position. 

Such regional patterns result from the reconfiguration of the diaphragm profile that occurs 

with position due to changes in abdominal pressure15. These effects of positioning on the 
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diaphragm are known93,94, but here we proved a first clear, direct visualization of their 

implications on regional lung inflation. 

Prone position had negligible effects on the average density and gas volume of the whole 

lungs, results which are in discordance with studies where prone positioning improved lung 

capacity95. However, other studies reported stability of lung volumes when comparing 

prone to supine positions in animals96 as well as in humans58. Similar to human studies97,98, 

we did not observe improvements in respiratory system compliance in the prone position. 

This absence of effect was likely related to compression of the ventral chest wall reducing 

chest wall compliance which offset improvements in lung compliance99,100. We did not 

support shoulders and hips in the prone position, which restrains lung expansion and limits 

ventral inflation12,58, and likely caused density to increase in a large region of ventral lung.  

In the setting of unchanged gas content, gas exchange improvements in the prone position 

were likely related to focally improved recruitment and ventilation-perfusion matching in 

the dorso-caudal region of the lung. Studies by others have quantified lung recruitment by 

prone position58,71, but registering paired images allowed us to map the reopening of 

collapsed tissue with voxel-level detail. As shown in Figure 5.3, tissue voxels recruited by 

the prone position were dorsally distributed and were predominantly located within the 

dorso-caudal region occupied by the reinflation cluster. Dorsal recruitment was not 

matched by an equivalent amount of ventral derecruitment in this model. The net balance 

in favor of recruitment was compatible with the mild injury and dorsal distribution of the 

lesions, with less tendency for lung collapse in the ventral lung regions. Furthermore, 

density was more homogeneous between clusters in the prone compared to supine position. 
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Similar to previous studies72, such even aeration indicated reduced tendency for ventilation 

loss in the prone position. Oxygenation and recruitment improved in the prone position at 

both levels of PEEP; however, improvement in aeration due to higher PEEP (Figure 5.3) 

was not associated with improved oxygenation. This discrepancy was probably related to 

more favorable distributions of perfusion and of ventilation observed in the prone position 

vs. higher PEEP101. However, a larger gradient between tested PEEP level could have 

revealed whether spatial patterns of reinflation are superimposable when comparing higher 

PEEP vs. prone positioning. 

Implications: Our study is unique in that we were able to directly visualize improvements 

in small-scale aeration and match them with tissue expansion and local recruitment due to 

prone position. Although we did not directly test their biological implications, these 

patterns are important because the effects of positional therapy on patient mortality are not 

explained by better gas exchange55. Therefore, imaging characteristics may be implicated 

in predicting injury progression and response to therapy. The current study shows that the 

beneficial effects of prone position on lung recruitment and aeration are concentrated in 

the same dorso-caudal region. It is therefore likely that the presence of opacifications in 

the dorsal lung and their responses to prone position (recruitment, reinflation) are key 

indicators of the therapeutic and protective effects of this therapy. Non-invasive imaging 

tools such as lung ultrasound102 can assess localized responses in the dorso-caudal lung and 

possibly predict outcome and personalize care in individual patients. 
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CHAPTER 6: DIMINISHING EFFICACY OF PRONE POSITIONING WITH 

LATE APPLICATION IN EVOLVING LUNG INJURY 

This chapter has been adapted from the published article, Xin Y, Martin K, Morais CCA, 

Delvecchio P, Gerard SE, Hamedani H, Herrmann J, Abate N, Lenart A, Humayun S, Sidhu U, 

Petrov M, Reutlinger K, Mandelbaum T, Duncan I, Tustison N, Kadlecek S, Chatterjee S, Gee JC, 

Rizi RR, Berra L, Cereda M. Diminishing Efficacy of Prone Positioning With Late Application in 

Evolving Lung Injury. Crit Care Med 2021. https://doi.org/10.1097/CCM.0000000000005071. 

6.1. Introduction  

While the morphologic and functional characteristics of lungs with acute respiratory 

distress syndrome (ARDS) change over time103,104, this evolution is poorly characterized. 

Pulmonary stress during mechanical ventilation accelerates ARDS progression7 and may 

diminish the efficacy of therapeutic strategies, narrowing the opportunity for successful 

treatment. Better understanding the evolution of ARDS could therefore help refine both 

indications and timing of treatment. 

Prone ventilation improves gas exchange compared with supine positioning72 and 

decreases mortality in severe ARDS12. Improvements in oxygenation after prone 

positioning did not predict survival 55, but lower regional tissue stress and more 

homogeneous gas distribution might explain the outcome effects of this treatment14,16. 

Supporting this hypothesis, serial computed tomography (CT) scans showed that prone 

ventilation contained the early propagation of experimental lung injury by stabilizing 

posterior inflation84. However, only 16 to 33% of patients with severe ARDS receive such 

treatment3,105. Clinicians may view prone positioning as a rescue maneuver105 and attempt 

other strategies first, such as higher positive end-expiratory pressure (PEEP) or inhaled 
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vasodilators to increase arterial oxygenation. If injury progression diminishes the lung’s 

ability to improve regional mechanics, delayed initiation could decrease the positive 

clinical impact of positional therapy. ARDS lungs become resistant to recruitment 

maneuvers after prolonged ventilation 106, which may explain why the effects of prone 

positioning on oxygenation decrease over time 54. However, no experimental studies have 

prospectively assessed the evolving response of regional lung aeration to positional 

therapy. 

Using paired prone-supine CT images in a large animal model of early lung injury, we 

found that reaeration and recruitment by the prone position were chiefly localized in 

posterior lung regions near the diaphragm 107. In the current study, we used a similar 

imaging approach in ventilated pigs to test the hypothesis that lung injury progression 

diminishes prone positioning’s ability to reaerate the lungs. In addition, we explored the 

variability in how regional lung mechanics respond to positioning in a small group of 

patients with late vs. early ARDS.  

6.2. Methods 

Animal Preparation and Protocol: Ten Yorkshire pigs (30.7 ± 1.1 kg) were anesthetized, 

intubated, and mechanically ventilated. 3.5 ml/kg of hydrochloric acid (HCl, pH 1.0) was 

instilled via bronchoscopy into the lobar bronchi. After a two-hour stabilization period, CT 

scans were obtained (Day 1). All animals were then ventilated supine for 24 hours on 

volume-controlled ventilation with non-protective settings: PEEP 3 cmH2O and tidal 

volume (VT) 12 ml/kg. Inspired fraction of oxygen and respiratory rate were set at 0.5 and 

25 bpm, respectively, and then adjusted to arterial oxygen saturation (>90%) and PaCO2 
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(35–45 mmHg). After 24 hours, CT was repeated (Day 2). Hemodynamic and respiratory 

variables were recorded. Animals were euthanized after Day 2 imaging, lung tissue 

samples were obtained. 

Image Acquisition and Analysis: In the CT scanner, all animals were sequentially placed 

in both supine and prone positions in random order. After each position change, the animals 

received a recruitment maneuver. They were then ventilated with each of two settings that 

were randomly applied for 15 minutes each and followed by CT scans and physiologic 

measurements: low PEEP (3 cmH2O) non-protective ventilation (VT 12 ml/kg, rate 25 

bpm), and high PEEP (15 cmH2O) ventilation chosen to maximize lung recruitment. At 

high PEEP, VT 6 ml/kg and rate 40 bpm were dialed to avoid barotrauma. Lungs were 

scanned during 5-second end-expiratory pauses, and images were reconstructed to a 

resolution of 1x1x1 mm.  

To quantitatively analyze aeration changes, we first segmented lung images via validated 

deep-learning methodology108 and calculated lung weights47 and gas volumes109. We then 

registered (warped) segmented CT scans obtained in the prone position to the supine 

images using deformable registration to align lung borders and internal features between 

images, thus placing corresponding voxels on the same reference system28. This allowed 

us to measure the effects of positioning and PEEP on the density (aeration) of each voxel. 

Voxels were then classified as ‘recruitment’ or ‘derecruitment’, respectively, if their 

density decreased or increased across a threshold of -100 Hounsfield units (HU) with 

position or PEEP change107.  
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Patients: Four patients with ARDS were imaged with electrical impedance tomography 

(EIT) in both prone and supine positions while volume-control ventilated with VT 5–6 

ml/kg and PEEP 15 cmH2O. At the time of imaging, two of the patients had been ventilated 

for <7 days (‘early ARDS’) and two for >7 days (‘late ARDS’) 110. Images were partitioned 

into 32 anterior-posterior bins 111. For each bin, tidal ventilation and regional compliance 

were calculated by impedance changes. 

Statistical Analysis: Statistical analysis was performed using RStudio 1.2.5001 (R 

Foundation for Statistical Computing; Vienna, Austria). Two-tailed paired T-tests with 

Bonferroni correction were performed for comparisons between time points. A mixed-

effect regression model (lme4, R package) 112,113 was used to study the effects of PEEP, 

positioning, and their combination (fixed terms) on physiologic and imaging variables. 

‘Individual subject’ was retained as random effect. An experiment-wide P<0.05 was 

selected as the threshold for statistical significance.  
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Table 6.1 Physiological and laboratory values before and after lung injury and during 24 hours 

of non-protective ventilation. †: P<0.05 healthy vs. HCl, ‡: P<0.05 HCl vs. 12h, §: 12h vs. 24h.  

 

6.3. Results 

Lung Injury Progression: Acid aspiration worsened gas exchange and respiratory 

compliance after two hours, followed by further deterioration over the next 24 hours (Table 

6.1). Analysis of tissue samples confirmed injury, which was more severe in the middle 

and lower lobes than in the upper. Day 1 CT images showed consolidations and ground 

glass opacities, which became more prominent on Day 2 (Figure 6.1). Lung weight 

increased from 764.6±74.7 to 859.9±92.0 grams of tissue (P<0.001) between Days 1 and 

2. 
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Figure 6.1 Representative axial and coronal images obtained in early acid aspiration injury (Day 

1) and after 24 hours of ventilation with non-protective settings (Day 2). The left panels show 

the unprocessed images, which were obtained during expiratory pauses after ventilation in both 

supine and prone positions at two levels of PEEP. Day 2 images show the radiological 

progression of lung injury, with expansion of high-attenuation areas. The right panels show the 

same images after segmentation and registration (warping). All images were registered to the 

supine-low PEEP scans obtained on the same day, which were used as a reference to create high-

resolution maps of the changes in aeration resulting from the tested treatments. In this figure, the 

warped prone images are inverted to facilitate anatomic comparisons. 

 

Effects of Positioning and PEEP: Respiratory Parameters: On Day 1, prone vs. supine 

positioning increased PaO2/FiO2 (P<0.001, Cohen's d = 1.87) and compliance (P<0.001, 

Cohen's d = 1.74), while high vs. low PEEP decreased both variables. On Day 2, prone 

positioning slightly worsened PaO2/FiO2 (P=0.003, Cohen's d = -1.22) while still 

increasing compliance (P=0.001, Cohen's d = 1.46); high PEEP had no significant effect 

on PaO2/FiO2, but worsened compliance similarly to Day 1 (P<0.001, Cohen's d = -3.19). 
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PaCO2 was unaffected by positioning on Day 1, but increased in the prone position on Day 

2 (P=0.017, Cohen's d = 0.96). PaCO2 increased at higher PEEP on both days in both 

positions, mostly due to the lower VT.  

Regional Aeration: After segmentation and registration (Figure 6.1), the effects of PEEP 

and positioning on regional lung aeration were calculated by subtracting density values 

between each voxel of the warped image and the spatially corresponding voxel of the low-

PEEP supine scan. The resulting subtraction maps (Figure 6.2, left panels) show that, on 

Day 1, proning caused density to decrease (improved aeration) in the posterior-caudal lung 

(blue) and to increase (worse aeration) in the anterior regions (red). Raising PEEP in the 

supine animal improved aeration predominantly in the posterior lung. Joint application of 

high PEEP and prone positioning further enhanced the posterior improvement of aeration. 

On Day 2, the prone position and high PEEP (alone and in combination) were unable to 

meaningfully improve posterior and caudal aeration, while their effects on the anterior lung 

were similar to Day 1.  
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Figure 6.2 Subtraction maps display voxel-by-voxel density changes (left panels) and lung 

recruitment-derecruitment (right panels) on Day 1 (upper panels) and Day 2 (lower panels) of 

the experiment.  The density changes were calculated by subtracting the CT densities of the 

warped images from those of the supine-low PEEP images, which were used as a reference to 

calculate the effects on the gas content of each voxel of high PEEP alone, prone position alone, 

and their joint application. Recruitment and derecruitment were mapped by identifying voxels 

where the CT density changes due to PEEP or positioning crossed a threshold (-100 Hounsfield 

Units) indicating near complete loss of aeration. Recruited voxels are shown in blue; 

derecruitment is shown in red. 

 

Lung Recruitment: Voxels of tissue undergoing recruitment or derecruitment were mapped 

(Figure 6.2, right panels) and quantified. Most tissue recruited by the prone position was 

located in the posterior lung regions on Day 1, but the total amount of recruited tissue 

diminished from 18.9±5.2% to 7.3±1.5 % of total lung mass (P<0.05) on Day 2. Tissue 
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recruited by high PEEP was also distributed in the posterior territories on Day 1, but shifted 

to more anterior regions and decreased from 22.5±5.7% to 15.8±2.9 % of lung mass 

(P<0.05) on Day 2. Combining prone position and high PEEP enhanced recruitment vs. 

high PEEP alone on Day 1 (28.3±6.1% vs 22.5±5.7%, P<0.001, Cohen's d = 2.58), while 

this additional effect was smaller on Day 2 (17.7±4.2% vs 15.8±2.9%, P=0.072, 

Cohen's d = 0.90). On both days, the prone position was associated with a quota of anterior 

derecruitment (5.9±3.0% on Day 1, 6.5±2.8% on Day 2) which was attenuated at high 

PEEP.  
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Figure 6.3 Changes in regional compliance measured by electrical impedance tomography (EIT) 

in 32 horizontal bins (region 1: most anterior, region 32: most posterior) in patients with early 

and late ARDS imaged in supine (blue) and prone (in red) positions. Global respiratory system 

compliance (CRS) and PaO2/FiO2 ratio (P/F) were added to each graph for each position. Please 

note that regional ventilation and compliance are measurable mostly in the central bins (e.g. 8–

24), as the more peripheral bin values reflect extrapulmonary tissue impedance. 

 

ARDS Patients: Patients were 35 to 69 years old and were ventilated for 6 to 60 days (see 

text in Supplemental Digital Content 1 for additional details). In patients with “early 

ARDS” (patients 1 and 2 in Figure 6.3), prone position increased both global respiratory 

system compliance and the EIT-measured compliance of the posterior bins, suggesting 

lung recruitment in the same areas. In “late ARDS” patients (patients 3 and 4 in Figure 

6.3), global compliance was reduced in prone compared to supine position. EIT revealed 

that regional compliance did not improve in the posterior bins but worsened in the anterior 

regions.  

6.4. Discussion 

Overall, the results of the animal studies suggest that injury progression in ventilated lungs 

may lessen prone positioning’s ability to improve aeration and recruit posterior lung 

regions. Furthermore, EIT measurements hint that prone positioning may be unable to 

improve posterior lung mechanics after prolonged ventilation in clinical ARDS. 

Injury Progression and Regional Inflation: Our large animal model mirrored the secondary 

progression of a primary lung insult. Previous small animal data showed that the evolution 

of lung injury led to progressive loss of recruitability by PEEP114. Our study shows that the 
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lungs’ ability to respond to prone positioning was similarly altered over time. To quantify 

these evolving responses, we performed a detailed analysis of the effects of both prone 

positioning and PEEP on regional lung inflation. We used our registration method to map 

lung density shifts with voxel-level resolution 107. In early injury, switching position from 

supine to prone caused opposing changes in lung aeration in ventral vs. dorsal lung 

territories: a posterior-caudal region of the lungs was reinflated, while the anterior territory 

was deflated (Figure 6.3, left panels), as in previous observations by our group 107 and 

others 96. These changes were likely due to shifts of the gravitational and non-gravitational 

forces that deform the lungs 18. However, after 24 hours, the posterior lung region became 

resistant to these forces. Furthermore, anterior lung deflation was also visible in the prone 

images on the second day, with the net result of a smaller lung volume than in the supine 

position.  

Previous studies reported that recruitment and derecruitment coexisted when changing 

body position 101. Using high-resolution analysis, we showed that the net balance between 

these opposing events shifted during injury progression. In early injury, posterior 

recruitment was prominent, while derecruitment was smaller and mostly anterior. This 

favorable balance was likely due to smaller cross section of anterior vs. posterior lung 18. 

On the second day, derecruitment by prone positioning nearly offset recruitment, 

suggesting that geometric factors do not guarantee the net beneficial effect of positioning 

when the posterior lung regions are consolidated.  This evolution was paralleled by 

physiological changes. Recruitment in the posterior-caudal region, which was likely well 

perfused 78, explains the effect of positioning on oxygenation on the first day, while neither 
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recruitment nor PaO2 improved in late injury. In absence of perfusion data, we cannot 

definitively determine whether the higher PaCO2 observed in the prone vs. supine position 

on Day 2 was primarily related to regional hypoventilation or blood flow redistribution. 

This negative response could be a marker of deteriorating lung conditions. In contrast, 

improved PaCO2 after prone positioning was associated with higher lung recruitability115 

and survival116 in ARDS patients. Recruitment can also explain increased compliance with 

prone positioning on Day 1, although this mechanism does not completely account for the 

higher compliance also observed on Day 2, when recruitment by prone positioning was 

minimal. It is possible that restrained anterior inflation improved chest wall mechanics 

enough to offset the lack of net recruitment in the prone position71. 

Image registration enabled us to observe that, when applied separately in late injury, PEEP 

and prone positioning recruited non-overlapping regions of lung (Figures 6.2): tissue 

recruited at high PEEP was more anterior in late vs. early injury since the posterior lung 

had become harder to reinflate. Despite recruitment, high PEEP worsened compliance on 

both days of the study, which was probably due to maximized inflation in the anterior 

region. This state was likely associated with anterior lung hypoperfusion 117, contributing 

to lower oxygenation at higher PEEP. 

Biologic Mechanisms: Fibroproliferative responses occur early in both human118 and 

experimental119 lung injury, and are likely involved in the loss of positional response in our 

patients110. However, fibrosis is unlikely to have measurable physiologic and radiologic 

consequences in the timeframe of our animal studies. Edema could explain the loss of 

posterior recruitability observed in our study, as suggested by the increased tissue weight, 
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but it is also likely that supine ventilation provoked progressive induration of lung tissue, 

as described in an acid aspiration model114. This evolution is probably mediated by protein 

accumulation in the airspaces and resulting surfactant deterioration114, which increases the 

tendency to unrecoverable derecruitment120.  

Clinical Implications: Cornejo et al. showed smaller effects of positioning in ARDS 

patients with poorly recruitable lungs58. Although other factors such as origin of injury47 

are likely involved, our experimental results suggest that the stage of disease could 

contribute to variability of treatment responses.  

The most successful clinical trial on prone positioning12 showed a strong outcome benefit 

when treatment was applied within 72 hours of onset. Nevertheless, initiation of positional 

therapy is often delayed or replaced by other treatments with less established clinical 

efficacy121. Among other factors, incomplete knowledge of the injury-containing effects of 

positional therapy hinders its implementation122. Our experimental results provide a 

physiological rationale to avoid delaying treatment, corroborating reports of decreased 

lung recruitability in late vs. early ARDS106. Furthermore, we suggest posterior lung 

recruitability as a possible early marker of the potential clinical success of prone 

positioning. Animal studies by our group 84 and others show that improved inflation in the 

posterior lung may help contain early injury progression 33. Future human studies could 

confirm the temporal evolution of such positional responses and reveal correlations with 

outcomes.  

While our exploratory EIT measurements were performed in a small number of patients 

with scattered timing from ARDS onset, they nevertheless illustrate how this instrument, 
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although limited by low spatial resolution, can visualize the variable effects of prone 

positioning in human ARDS. Regional responses may be particularly relevant in obese 

patients, who suffer from posterior lung collapse and benefit disproportionately from 

positional therapy123, or in COVID-19 patients, in whom prone positioning is used 

extensively124 but in whom lung recruitability might be low 125. Patients with reactivation 

of lung injury during protracted ventilation can also benefit from topographic assessment 

of positional inflation changes.  
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CHAPTER 7: TYROSINE KINASE INHIBITOR IMATINIB ALLEVIATES THE 

PROGRESSION OF VENTILATOR INDUCED LUNG INJURY 

7.1. Introduction 

Acute respiratory distress syndrome (ARDS) is a hypoxemic condition resulting from 

inflammatory lung injury triggered by pulmonary (e.g., pneumonia, gastric aspiration) or 

extrapulmonary (e.g., sepsis) insult3,35. Disruption of the capillary endothelial barrier 

initiated by local or systemic inflammation causes high-permeability edema in ARDS, 

resulting in airspace collapse and hypoxemia126. Elevated blood flow and transmural 

vascular pressures further compound endothelial barrier dysfunction through mechanisms 

of capillary stress-failure127. Mechanical ventilation, though required to avoid immediate 

death, imposes inspiratory stress on lung tissue, which is then focally amplified by loss of 

ventilated airspaces128 and inhomogeneous lung aeration120, resulting in ventilator-induced 

lung injury (VILI). The only strategies that improve survival, likely by limiting VILI, are 

protective ventilation with lower tidal volume (VT) and sufficient positive end-expiratory 

pressure (PEEP)7 and prone positioning12. 

Treatments to decrease edema could improve both hypoxemia and ARDS survival. 

Imatinib is a tyrosine kinase inhibitor used for chronic myeloid leukemia129 which also 

protects and strengthens the endothelial cell barrier, decreasing edema in inflamed tissue130. 

It has been shown to reduce systemic capillary leak in a clinical case study25 and improve 

lung injury in septic models of ARDS23,24,131. What is more, these studies showed that, in 

addition to ameliorating edema, imatinib may also improve lung inflammation132. 

However, it remains unclear whether imatinib has the ability to improve survival or 
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attenuate injury progression when the pulmonary epithelium is directly damaged (e.g., in 

aspiration pneumonitis) and the endothelium is secondarily involved133. Imatinib’s efficacy 

when lung injury is compounded by mechanical ventilation is also unclear, since this drug 

did not consistently prevent VILI in animals23,134. Finally, the physiological and biological 

effects of imatinib require further characterization. 

Most previous attempts to identify effective drug treatments for human ARDS have 

failed135, but new research paradigms may be more successful136. In addition to better 

ARDS characterization, such research can benefit from intermediate-throughput pre-

clinical studies that inform subsequent translational steps via improved quantification of 

physiologic and biologic treatment responses137. Sequential computed tomography (CT) 

enables repeat non-invasive measurements of lung injury progression, as the entire lung 

mass and gas volume can be quantified to measure edema and aeration loss in multiple 

images30. In our previous studies, serial CT showed that prone vs. supine ventilation slowed 

the radiological and physiological progression of early lung injury in a rat model where the 

primary insult (acid aspiration) was followed by non-protective mechanical ventilation84. 

In the current study, we used CT in this same realistic model of progressive lung injury to 

test the hypothesis that imatinib attenuates the evolution of pulmonary edema and its 

physiological consequences during mechanical ventilation, while improving survival as 

well as biological markers of injury severity. Some of these results have been presented in 

abstract form138.  
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7.2. Methods 

Experimental outline: All animal studies were approved by the Animal Care and Use 

Committee of the University of Pennsylvania (Philadelphia, PA). Figure 7.1 presents an 

outline of the experiments performed. 34 male Sprague-Dawley rats (341.4±33.1 g) were 

anesthetized, instrumented, and randomized to receive an intraperitoneal dose of either 

imatinib or placebo, immediately followed by lung injury and supine mechanical 

ventilation for up to 4 hours or animal death. CT images were obtained at healthy baseline 

and then hourly until the end of the experiment. 

 

Figure 7.1 Experimental timeline in rats ventilated with non-protective ventilation after HCl 

instillation. After animal preparation (prep), CT was performed pre-injury. Right before HCl 

induction, 75mg/kg imatinib was injected into the peritoneum. HCl was injected into the trachea, 

followed by 1 h of stabilization with protective ventilation. Hourly CT scans were acquired 

during non-protective ventilation for up to 4 h after HCl, or until death. Blood was withdrawn 

hourly for arterial blood gas (ABG) measurements and pharmacokinetic (PK) analysis or 

biomarkers (IL-6 and angiopoyetin-2). Bronchoalveolar lavage (BAL) or lung tissue collection 

was performed at the end of each experiment.  

 

Animal preparation: General anesthesia was induced with intraperitoneal ketamine (75-

100 mg/kg) and xylazine (10 mg/kg) and maintained with boluses of ketamine every hour 

thereafter. Paralysis was obtained using pancuronium bromide (1mg/kg, IV) every hour. 
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The carotid artery was catheterized (24 gauge), the trachea was intubated with a 14-gauge 

catheter, and the glottis was sealed with adhesive putty to prevent gas leakage. All animals 

received subcutaneous (30 ml/kg) hydration with normal saline at the beginning of the 

experiment. Animal body temperature was maintained at 37°C using a water-based heated 

blanket. 

Mechanical ventilation and lung injury: After instrumentation, rats were ventilated using a 

Servo-I ventilator set at tidal volume (VT) 12 ml/kg, positive end expiratory pressure 

(PEEP) 3 cmH2O, FiO2 1.0, inspiratory-expiratory ratio 1:2, and frequency 50 breaths/min. 

Following a recruitment maneuver and baseline CT scan, lung injury was induced by 

sequential injection of 1.5 ml/kg hydrochloric acid (HCl, pH 1.25) through the endotracheal 

tube in two aliquots, in the right and left lateral positions, respectively, at a 45° head 

elevation. Rats were ventilated with VT 6 ml/kg and PEEP 8 cmH2O (protective ventilation) 

for the first hour after HCl to stabilize animal conditions, then with VT 12 ml/kg and PEEP 

3 cmH2O (non-protective ventilation) for the rest of the experiment.   

Imatinib dosing: Animals were randomized to receive either 75 mg/kg imatinib dissolved 

in 1ml PBS (n=17) or 1ml PBS (n= 17). The solution was injected in the peritoneum 

immediately before HCl instillation.    

CT imaging: High-resolution computed tomography (CT) was performed at healthy 

baseline, 1 hour after HCl instillation, and every hour thereafter, using a commercial 

microCT scanner (eXplore CT120 system, Trifoil Imaging, Inc., Chatsworth, CA) and with 

identical ventilator settings (VT 12 ml/kg, PEEP 3 cmH2O). The scanner settings were: 80 

kVp, 32 mA, 16 mS exposure time, 220 projections (half-scan), and reconstruction to 200 
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µm isotropic resolution. Imaging was ventilator-gated and performed during 70 ms breath-

holds at end-inspiration. The total scan time was about 10 minutes. In the CT images 

obtained, the entire lung was semi-automatically segmented using previously developed 

algorithms34. Lung gas volume, mass, and mean intensity were then calculated34. Density 

distributions for each image were separated into four aeration compartments: hyper-aerated 

(-1000<HU<-900), normally aerated (-900<HU<-500), poorly aerated (-500<HU<-100), 

and non-aerated (-100<HU<100)30 . All analysis was performed using MATLAB 

(Mathworks, Natick, MA) codes developed in the authors’ laboratory50,59. 

Physiological monitoring and serum biomarker analysis: Airway pressure was 

continuously recorded in all animals, inspiratory plateau airway pressure (Pplat) was 

recorded during inspiratory holds, driving pressure was calculated as Pplat -PEEP, and 

respiratory system compliance was calculated as VT/[Pplat -PEEP]. Blood pressure was also 

monitored continuously. 0.3 ml arterial blood was collected from 10 rats in each group 30 

min after HCl (for drug level only) and at the time of each CT scan. 0.1 ml blood was used 

for gas analysis, and the rest was used for drug level measurement. In the remaining 7 rats 

from each group, 0.3 ml blood was obtained hourly and processed to measure interleukin-

6 (IL-6) and angiopoitin-2 using Quantikine ELISA kit (R&D Systems, MN). 

Bronchoalveolar lavage (BAL) analysis:  Rats underwent BAL (n=7 for each group) using 

24 ml of 1x PBS in three separate aliquots of 8 ml each after euthanasia at the end of the 

experiment. Each aliquot was centrifuged (1000 G, 15 min), and supernatant was collected 

and frozen at -80°C. BAL protein was quantified using Bradford protein assay. BAL 

angiopoitin-2 (R&D Systems), TNFα (R&D Systems), and myeloperoxidase (MPO) 
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(Hycult Biotech) were quantified using separate rat ELISA kits. The concentration was 

normalized to the total amount of supernatant collected from the animals. 

Histology: Lungs from 2 rats in each group that did not receive BAL were fixed with 4ml 

formalin, processed with paraffin, and sectioned (6 µm) into three axial slides 

comprehending the cranial, middle, and caudal lung, respectively. Slides were stained with 

hematoxylin and eosin and scored using a previously described lung injury score139 that 

assigns scores for neutrophilic infiltration, airspace edema, and alveolar structure. Slides 

were scored blindly and decoded at the end of scoring. 

Pharmacokinetics analysis: Blood samples were processed by centrifugation at 1000 G for 

15 min, then supernatant was collected and stored at -80°C. The protein in serum 

supernatant was denatured with 26.5% acetonitrile and 73.5% 0.1M ammonium formate 

buffer (pH 4.5); it was then filtered with a 0.22 µM filter. Next, imatinib serum 

concentration was quantified by reversed-phase C18 (Agilent ZORBAX) high 

performance liquid chromatography (HPLC) with UV detector. Pharmacokinetic analysis 

was performed using noncompartmental analysis of serum blood concentrations 

(MATLAB). Maximum concentration (Cmax) and time at which maximum concentration 

was reached (Tmax) were averaged in each group.  

Statistical analysis: Data are expressed as mean ± STD. Survival was chosen as the primary 

outcome of the study, and the necessary study sample size was determined using power 

analysis based on our previous experiments with our ventilated HCl model of injury50,59. 

Kaplan-Meier analysis was used to estimate the survival curve, and the log rank test 

provided the statistical comparison between groups140. Each longitudinal physiological and 
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CT parameter was fitted to a linear function starting  1 hour post-injury until death in order 

to quantify the effect of injurious ventilation after injury. The slope of each parameter was 

used to compare the trend of evolution between groups. A T-test was also used to compare 

groups. P<0.05 was considered significant for all comparisons. All calculations were 

performed in MATLAB.  

 

7.3. Results 

Representative CT images 1 hour after HCl (Figure 7.2A) showed high-density 

opacifications due to HCl in all rats, but these were milder in the animal that received 

imatinib (top series of images) than in the two untreated animals (lower images). The 

radiological progression of lung injury was relatively contained in the imatinib-treated 

animals in subsequent scans, but continued unabated in both control rats (bottom images) 

and was fastest in the animal that died before the end of the experiment. The survival rate 

was significantly higher in the imatinib group compared to controls (P=0.018). Kaplan-

Meyer analysis (Figure 7.2B) shows that more than 50% of control animals died within 3 

h of HCl injection, and only 2 of 17 untreated rats survived until the end of the experiment. 

In the imatinib-treated group, only 2 out of 17 rats died within 3 h of HCl, and 8 out of 17 

survived until the end of the experiment.   
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Figure 7.2 (A) Radiological injury propagation in three representative rats. CT images were 

obtained at healthy baseline, 1 hour after acid aspiration, and then hourly. The imatinib-treated 

rat showed limited injury progression on CT and survived until the end of the experiment, while 

the untreated rats experienced more rapid injury propagation over 4 h (control rat #1) or died 

after 2 h of ventilation (control rat #2). (B) The number of survival rats over the course of 3 h of 

non-protective ventilation. A significant decrease in mortality was observed in the imatinib 

cohort compared to untreated rats, with more than half of treated rats surviving until the end of 

the experiment. Only 2 out of 17 untreated rats survived the full 3 h, while 3 rats died within 1 h 

of starting ventilation.  

 

Figure 7.3 displays the longitudinal evolution of respiratory mechanics, blood gases, and 

CT-derived variables. 1 hour after HCl injection, both respiratory system compliance 

(Figure 7.3A) and PaO2/FiO2 (Figure 7.3B) were lower in the control group compared to 

the imatinib-treated rats, while PaCO2 was higher (Figure 7.3C). During the subsequent 

hour of ventilation, compliance and PaO2/FiO2 further decreased in controls vs. treated 

animals. None of the 10 control animals for which blood gases were measured survived 

beyond 2 hours after HCl, so no comparisons could be made beyond this point. Compared 

to controls, CT-derived lung mass (Figure 7.3D) was lower in the imatinib-treated group 



72 
 

1 h after HCl, while the percent fraction of non-aerated lung tissue was lower after both 1 

and 2 hours (Figure 7.3E). Starting 1 hour after HCl, the trend of deterioration was 

significantly steeper in controls vs. treated rats for compliance (P<0.02) PaO2/FiO2 

(P<0.03), PaCO2 (P<0.05), lung gas volume (P<0.05), and non-aerated tissue (Figure 7.3F, 

P<0.05).  

 

Figure 7.3 Summary statistics (median, interquartile range, and extremes of the distribution) for 

(A) respiratory compliance, (B) PaO2/FiO2, (C) PaCO2, (D) lung gas volume, (E) lung mass, and 

(F) non-aerated lung (HU=[-100 100]) in imatinib and untreated rats over the entire experiment. 

*, P<0.05 between two groups. Trend **, P<0.05 between the evolution of two groups post-HCl 

injury.  
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We also found that the measured gain in lung tissue mass from healthy baseline (Figure 

7.4A), the driving pressure (Figure 7.4B), and the percent amount of non-aerated tissue 

(Figure 7.4C) 1 hour after HCl injection correlated negatively with survival time, while 

there was a positive correlation between PO2 at and survival duration at the same time point 

(Figure 7.4D). 
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Figure 7.4 Correlations of survival time with: A) lung mass increase from healthy baseline, B) 

driving pressure, C) percentage of non-aerated parenchyma, and D) PaO2/FiO2. All variables 

were measured 1 hour after HCl. Imatinib group: blue circles; control group: red squares.  

 

 

Table 7.1 Group average and standard deviation of angiopoietin-2, TNF-alpha, MPO, and total 

protein concentration in BAL samples.  

 

In the BAL samples, total protein concentration was significantly lower in the imatinib 

group compared to controls (P<0.04) (Table 7.1). The mean BAL values of angiopoietin-

2 and TNFα were also lower in the imatinib group, but this difference did not reach 

statistical significance (Table 7.1). In the rats from both groups for which BAL 

angiopoietin-2 was measured, a positive correlation was observed between its values and 

the driving pressure measured at the end of the experiment (R2=0.52) (Figure 7.5). In 

hourly serum biomarker measurements, average IL-6 values 1 hour after HCl were doubled 

in the control vs. imatinib group (P<0.02) (Table 7.2).  

 

Table 7.2 Group average (n=7 for each group) and standard deviation of IL-6 and angiopoietin-

2 in serum samples obtained at healthy baseline, injury baseline, and hourly time points.   

 

Imatinib (n=7) 1065.2 ± 867.2 54.1 ± 37.8 1122.3 ± 535.0 4340.2 ± 596.9
Control (n=6) 1503.3 ± 825.7 278.8 ± 387.9 1144.0 ± 764.1 5464.9 ± 531.1

P-value NS NS NS 0.04

BAL Ang2 (pg/mL) BAL TNFa (pg/mL) MPO (ng/mL) Total protein (ug/mL)

Imatinib 179.9 ± 234.4 3629.6 ± 829.1 4267.6 ± 2396.5 5946.2 ± 3264.6 5872.0 ± 2554.6
Control 163.3 ± 179.7 6619.0 ± 3179.2 5550.7 ± 4125.5 3627.7 ± 1820.1 3897.0 ± 2974.1
P-value

Imatinib 11749.2 ± 2811.6 14728.3 ± 4674.8 15146.3 ± 3224.6 20580.4 ± 5010.3 24748.0 ± 5255.9
Control 12145.7 ± 2076.8 17747.6 ± 4107.1 19574.8 ± 5685.0 19200.9 ± 3258.0 26465.0 ± 1463.7
P-value

4hrs

Serum IL-6 (pg/mL)

Serum Ang2 (pg/mL)

4hrs

0.02

Healthy 1hr 2hrs 3hrs

NS

NS

NS

NS NS

NS

NS

NS

NS

Healthy 1hr 2hrs 3hrs
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Figure 7.5 Correlation between the last value of driving pressure measured before euthanasia or 

death and BAL angiopoietin-2 concentration.  

 

Imatinib concentrations were variable in the ten animals that underwent drug level testing. 

The mean time to peak concentration (Tmax) was about 70 minutes and the mean peak 

concentration (Cmax) was 327.9±77.5 ng/µl. The drug half-life was 150 minutes (Figure 

7.6). 
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Figure 7.6 Group average and standard error of imatinib plasma concentration over the entire 

experiment in 10 rats treated with imatinib for which drug concentration were measured. 

 

7.4. Discussion 

Our results supported the hypothesis that imatinib improves survival and mitigates lung 

injury in mechanically ventilated rats, showing that: 1) imatinib reduced mortality while 

delaying functional and radiological injury progression; 2) imatinib attenuated edema 

(increase of lung tissue mass on CT) and capillary leak (BAL protein concentration); 3) 

treated animals had fewer histological and biological markers of inflammatory lung injury.  

Because disruption of the capillary barrier is a key characteristic of ARDS126, treatment to 

protect or repair endothelial function could improve outcomes. Recent studies have shown 

that imatinib reduces pulmonary edema, endothelial cell dysfunction, and lung 
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inflammation in experimental ARDS23,24,26,131, but this is the first study demonstrating that 

imatinib improves survival in a model of lung injury.  

Imatinib can have negative effects on tissue edema24, and worsened VILI in a ventilated 

model134. These reported adverse actions of imatinib could hinder the clinical use of this 

otherwise promising drug, as the majority of ARDS patients are mechanically ventilated 

and thus exposed to VILI. However, the results of our study offer some reassurance that 

imatinib administration can be efficacious even when injured lungs are mechanically 

ventilated. 

Imatinib administration attenuated lung injury during both stages of mechanical ventilation 

included in this study (Figure 7.3). During the first hour after HCl, animals were ventilated 

with protective settings (higher PEEP and lower VT) to avoid early death due to the 

immediate effects of the acid, which was observed in preliminary studies. The impact of 

mechanical ventilation on lung injury progression was therefore likely small during this 

period37. Compared to control animals, imatinib was able to effectively limit pulmonary 

edema (increase of lung weight) and physiological impairment in the first hour after injury. 

These early effects likely contributed to reduced mortality in the later stage of the 

experiment. In fact, the severity of injury at 1 hour post-HCL predicted the duration of 

survival (Figure 7.4). Finally, plasma levels of IL-6 were also lower at this time point in 

treated vs. control animals, suggesting milder inflammatory response.  
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Figure 7.7 Representative Hematoxylin & Eosin stains (20x) from two representative rats in 

each group. The untreated group displayed edema fluid and cell infiltrates in the alveolar spaces, 

together with cell infiltrates in the interstitial spaces consistent with severe inflammatory status. 

Using a semi-quantitative score, the histograms show the extent of infiltration (blue), edema 

fluid (red), and alveolar structure disruption (yellow) in each rat. 
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Injury continued to progress after institution of non-protective ventilation (larger volume, 

lower PEEP): physiological variables, lung volumes, and non-aerated tissue worsened 

more rapidly in controls than in treated rats (Figure 7.3), although lung weight did not 

differ significantly between groups after the first hour.  We note that there was significantly 

higher non-survival in the control group, which likely biased any differences in lung weight 

towards the null due to that fact that the rats with the worst pulmonary edema died. These 

trends suggest that, after mitigating the early effects of acid aspiration, the benefits of 

imatinib were maintained during subsequent non-protective ventilation. These settings 

likely accelerated the progression of lung injury, although our animals were ventilated with 

smaller VT than the very large volumes (30 ml/kg) necessary to induce VILI in previous 

imatinib studies23,134. However, pre-injured lungs are more susceptible to mechanical 

stress, as shown in our previous work using a similar experimental set up50. In those studies, 

we showed that inhomogeneous and unstable inflation locally amplified lung stress in 

regions surrounding the initial lesions, thereby worsening injury. The fraction of lung tissue 

with unstable inflation was associated with injury progression and mortality59, while 

ventilating rats in the prone position reduced unstable inflation and contained injury84. Our 

model here therefore recapitulates the progression of lung injury during mechanical 

ventilation, and imatinib retained its efficacy in this context.   

Imatinib is used to treat leukemia by silencing the Bcr-Abl tyrosine-kinase129, but also 

inhibits other categories of Abl, such as c-Abl and ABl related gene (Arg). Early literature 

suggested that inhibiting c-Abl impairs endothelial barrier function, with an opposite effect 

of Arg inhibition141. However, a more recent study in cultured human endothelial cells 
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suggested that imatinib affects vascular integrity by silencing Arg but not c-Abl, possibly 

explaining the contrasting effects of inhibiting c-Abl vs. Arg26. Meanwhile, multiple 

groups have reported the protective effect of imatinib on lung injury in studies focused 

mostly on septic ARDS models in cultured endothelial cells24,26, murine LPS models23,131, 

and a murine CLP model24. However, Letsious et al. reported a negative effect of imatinib 

in a murine VILI model134, suggesting that this drug exacerbated injury via excessive cyclic 

stretch. Yet a separate study by the same group reported a positive effect of imatinib when 

using a two-hit model of LPS followed by VILI23. Notwithstanding the different injury 

models and ventilator settings, our results align with those of this second study and suggest 

that the effects of imatinib on lung injury could follow different mechanisms in pre-injured 

lungs vs. previously healthy lungs exposed to VILI. The topographic pattern of injury 

propagation on CT scans, observed in this study (Figure 7.2A) as well as in our previous 

work50, also hints at different mechanisms of injury progression when lung stretch is 

imposed in the presence or absence of direct lung injury. 

In this study, imatinib decreased capillary leak in treated rats, in line with the known 

mechanisms of endothelial protection. Our results also suggest that imatinib may exert an 

anti-inflammatory effect, as  shown in previous studies using sepsis models—where whole 

lungs and cultured endothelial cells responded to imatinib with reduced expression of both 

interleukins and vascular cellular adhesion molecules134, in addition to intercellular gap 

formation24. Direct epithelial damage following acid aspiration triggers alveolar cell death 

and surfactant depletion/inactivation causing alveolar collapse133. Injury mechanisms may 

be relatively insensitive to imatinib in such a model; however, acid aspiration also results 
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in endothelial damage, capillary leak, and expression of adhesion molecules142, all of which 

are mechanisms targeted by imatinib. In addition, the lower concentration of BAL 

angiopoietin in treated animals in our study suggests the presence of endothelial damage 

in acid aspiration and its mitigation by imatinib. Finally, the correlation of BAL 

angiopoietin with driving pressure (Figure 7.5), an estimate of tidal lung stretch, suggests 

that mechanical stress may play a role in worsening endothelial dysfunction which could 

be mediated by mechanisms of capillary stress-failure contributing to edema127.  

Pharmacokinetic analysis performed in human leukemia studies showed that 1 ng/µl blood 

concentration of imatinib successfully inhibited BCR-Abl kinase. However, studies in 

experimental ARDS adopted a 75mg/kg intraperitoneal injection dose in mice. We adopted 

this same dosage in our rats and measured blood levels, which suggested that the mean 

peak concentration of imatinib was 327.9±77.5 ng/µl, a much higher value than what was 

reported in the clinical study. The half-life (150 minutes) of imatinib in rats was also much 

shorter than in humans (~18 hours). In addition to the exceedingly high drug levels, 

intraperitoneal dosing is not a realistic route of delivery in humans. Imatinib is currently 

formulated for oral delivery, which has a slower rise time for blood drug concentration. An 

intravenous imatinib formulation will therefore need to be developed for human use. 

Recent studies have also targeted more specific binding sites in the pulmonary 

endothelium, which will largely reduce the potential drug toxicity while achieving higher 

precision and efficacy143.  

In addition to the obvious one of being a small animal experiment, our study has several 

limitations. First, because imatinib was administered immediately prior to HCl instillation 
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in the trachea, we cannot establish whether imatinib has a therapeutic effect on established 

lung injury as opposed to a preemptive one. It is encouraging, however, that, imatinib 

reduced edema and inflammatory biomarkers when delivered after the initial injury was 

established in a study using lipopolysaccharide and VILI as a two-hit model of lung 

injury23. Furthermore, imatinib reached its peak concentration in our rats 70 minutes after 

intraperitoneal administration, suggesting that its action was extended over time and 

probably not at its maximum in the early stages of injury. Second, due to the design of our 

study, we cannot establish whether imatinib would be efficacious compared to untreated 

controls during extended lung protective ventilation. However, we found significant 

differences between groups after one hour of protective ventilation, and it is unlikely that 

this difference would have been attenuated if the duration of protective ventilation had been 

further extended.  

This study adds to our existing knowledge of the effects of imatinib by demonstrating its 

positive effect on survival in a clinically pertinent model of lung injury ventilated with 

settings that, although non-protective, are not unrealistically distant from clinical practice. 

Furthermore, the effects of imatinib on radiological and physiological abnormalities were 

qualitatively comparable to those of prone positioning observed in our previous study using 

a similar model and experimental set up84. If confirmed in laboratory and clinical studies, 

these results are encouraging, since prone ventilation has been proven to have a major 

mortality benefit in ARDS12. While more investigation is needed to further elucidate its 

mechanisms of action, clinical testing of imatinib in ARDS is not implausible given both 

the current knowledge on its effects and its safety record in leukemia treatment. In fact, 
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multiple clinical trials are currently testing imatinib’s use for treating both ARDS144 and 

COVID pneumonia145–147. Finally, this study demonstrates how the combined utilization 

of quantitative imaging, physiologic measurements, and biomarkers in a small animal 

model can provide a useful platform for pre-clinical testing of candidate therapeutic 

molecules and treatment strategies for ARDS and other critical conditions. 
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CHAPTER 8: CONCLUSION AND FUTURE WORK 

8.1. Conclusion 

We provided visual evidence of VILI’s spatial propagation: in the presence of pre-existing 

injury, propagation begins in regions of primary injury and spreads concentrically. In 

addition, we developed a method that topographically links unstable inflation, regional 

lung injury trajectory and outcome using paired EI–EE CT images. We then adapted our 

registration pipeline to directly measure and map the effects of prone position on lung 

density and small-scale inflation, and found that improvements in both metrics were 

concentrated in the dorso-caudal region of the lung. Our studies in an animal model of early 

vs. late injury supported the hypothesis that evolving lung injury is characterized by a time-

dependent loss of aeration response to prone positioning in the posterior lung—a 

deterioration that likely contributes to variability in responses to positional therapy and 

may undermine the clinical outcome benefits of this treatment. Finally, we showed that 

Imatinib is capable of mitigating lung injury, reducing mortality, and attenuating 

pulmonary edema and capillary leak in mechanically ventilated rats. These findings have 

the potential to enrich clinical trials and facilitate personalized care.  

8.2. Future Works 

8.2.1. Imaging Pulmonary Perfusion Using Dual Energy CT (DECT) 

To date, only a handful of studies have successfully visualized the pulmonary circulation 

in ARDS patients. Our future goal is to integrate maps of inflation mechanics and 

pulmonary perfusion using Dual energy CT (DECT) in order to phenotype ARDS and 
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guide treatment strategies. Imaging pulmonary circulation requires accurate, non-invasive 

instruments. DECT visualizes perfusion by mapping pulmonary blood flow (PBF) and 

perfused blood volume (PBV) after contrast injection148,149. PBV is more suitable for 

clinical investigation150 compared to PBF, as it yields whole-lung (vs. slice) images with 

lower radiation doses. In an effort to develop CT-based markers of lung injury severity59,84, 

we generated preliminary data combining high-resolution PBV and PBF maps with 

inflation scans to comprehensively assess regional perfusion and lung stretch. We 

hypothesized that locally elevated perfusion contributes to both endothelial damage and 

more severe edema in injured lungs with uneven perfusion. If this is the case, treatments to 

improve the homogeneity of pulmonary perfusion and protect the endothelial barrier could 

attenuate the progression of lung injury. 

8.2.2. Testing the Efficacy of Imatinib on Ischemia Reperfusion Injury (IRI) 

Ischemia reperfusion injury (IRI) is an inevitable process that can lead to major clinical 

complications during lung transplantation151. For example, severe IRI leads to primary 

graft dysfunction (PGD), which is itself associated with elevated risk of bronchiolitis 

obliterans syndrome (BOS)152,153—both of which contribute significantly to poor post-

transplant survival. IRI typically develops as a result of elevated oxidative stress and 

endothelial damage during ischemia and reperfusion. As a tyrosine kinase c-Abl inhibitor, 

Imatinib protects endothelial barriers, and studies have demonstrated the protective effects 

of Imatinib on inflammation and IRI in both rodent154 and rabbit155 lungs. We plan to test 

Imatinib’s efficacy during ex-vivo lung perfusion (EVLP) in a clinically relevant model of 

VILI, and anticipate that it will significantly lessen IRI by reducing vascular leakage. The 
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EVLP lungs will eventually be transplanted, and long-term survival of recipient animals 

will be monitored and evaluated, in addition to other outcome measures.  
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