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Abstract (242 words) 34 

Both overdistension and atelectasis contribute to lung injury and mortality during mechanical 35 

ventilation. It has been proposed that combinations of tidal volume and end expiratory lung volume 36 

exist that minimise lung injury linked to mechanical ventilation. The aim of this study was to 37 

examine this at the regional level in the healthy and endotoxaemic lung.  38 

Adult female BALB/c mice were injected intraperitoneally with 10 mg.kg-1 of lipopolysaccharide 39 

(LPS) in saline or saline alone. Four hours later, mice were mechanically ventilated for 2 hours. 40 

Regional specific end-expiratory volume (sEEV) and tidal volume (sVt) were measured at baseline 41 

and after 2 hours of ventilation using dynamic high-resolution 4DCT images. The regional 42 

expression of inflammatory genes was quantified by qPCR.  43 

There was a heterogenous response in regional sEEV whereby endotoxemia increased gas trapping 44 

at end-expiration in some lung regions. Within the healthy group, there was a relationship between 45 

sEEV, sVt and the expression of TNF-α where high Vt in combination with high EEV or very low 46 

EEV was associated with an increase in gene expression. In endotoxaemia there was an association 47 

between low sEEV, particularly when this was combined with moderate sVt, and high expression of 48 

IL-6. 49 

Our data suggest that pre-existing systemic inflammation modifies the relationship between 50 

regional lung volumes and inflammation and that, while optimum EEV-Vt combinations to 51 

minimise injury exist, further studies are required to identify the critical inflammatory mediators to 52 

assess and the effect of different injury types on the response.  53 
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Introduction  54 

Mortality rates due to acute respiratory distress syndrome (ARDS) remain high  (3, 28). Mechanical 55 

ventilation, a lifesaving intervention in ARDS-related respiratory failure, may contribute to 56 

mortality by promoting inflammation in a process known as ventilator-induced lung injury (VILI) 57 

(11, 26). The pathobiology of VILI is complex and is thought to occur through multiple 58 

mechanisms including overdistension due to high tidal volume (Vt) and/or end-inspiratory lung 59 

volume, and atelectrauma due to low positive end expiratory pressure (PEEP) and/or ventilation at 60 

low Vt (24).  61 

 62 

When considering the competing priorities of maintaining adequate gas exchange while avoiding 63 

VILI, Seah and colleagues (22) proposed the concept of a Vt-PEEP plane whereby a set of Vt-PEEP 64 

combinations exist that minimise lung injury. However, optimising ventilation strategies to 65 

minimise VILI is complicated by the heterogeneous response within the lung to mechanical 66 

ventilation, whereby overdistension and atelectrauma may occur concurrently in different regions of 67 

the lung at a given PEEP and driving pressure (8, 20). We have recently measured the variations in 68 

regional Vt and end-expiratory volume (EEV) during ventilation of the naïve mouse lung using 69 

4DCT and found that regional Vt, but not EEV, was positively associated with the regional 70 

expression of IL-6  and Ccl-2 suggesting that overdistension is the primary driver of VILI in the 71 

healthy lung (30).  72 

 73 

4DCT imaging provides an opportunity to explore the Vt-PEEP plane concept at a regional level, 74 

using regional EEV as an indicator of the local PEEP effect, and linking indices of regional Vt and 75 

EEV to the local injury response. This allows multiple Vt-EEV combinations (analogous to global 76 

Vt and PEEP) to be matched with lung injury markers in one subject, thus overcoming the 77 

constraints associated with linkage of Vt-PEEP combinations with the lung injury response at a 78 
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global level. Further, performing this analysis regionally allows a greater variety and diversity of 79 

tidal stretch and regional EEV combinations to be examined.  80 

 81 

When considering the relationship between lung volumes and injury it is important to consider the 82 

effect of the prior lung injury (9) which precipitates the requirement for mechanical ventilation. For 83 

example endotoxaemia, as a model of sepsis, has been shown to modify the regional lung response 84 

to mechanical ventilation (29). The aim of this study was to assess the relationship between 85 

combinations of regional tidal volume and end-expiratory volume, as proxy measures of 86 

overdistension and atelectrauma, and the regional expression of inflammatory genes in the healthy 87 

and endotoxaemic lung.  88 

  89 
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Methods  90 

Animals 91 

Adult female BALB/c mice were purchased from the Monash Animal Research Platform (Monash 92 

University, Melbourne, Australia). All mice were provided food and water ad libitum. All 93 

experiments complied with the guidelines of the National Health and Medical Research Council of 94 

Australia and were approved by the Monash University and the University of Tasmania Animal 95 

Ethics Committees. 96 

 97 

Animal treatment, preparation and ventilation 98 

Mice were injected intraperitoneally with 200 µL of 0.9% saline (10 mL.kg-1 body weight) with, or 99 

without, 10 mg.kg-1 of lipopolysaccharide (LPS) derived from E. coli O111:B4 (InvivoGen, San 100 

Diego, CA, USA). Four hours after injection, mice were anaesthetised (400 mg.kg-1 ketamine, 20 101 

mg.kg-1 xylazine; Troy Laboratories, NSW, Australia), tracheostomised and ventilated with a small 102 

animal ventilator (AccuVent 200, Notting Hill Devices, Melbourne, Australia) for 2 hours at 225 103 

breaths per minute, with a peak inspiratory pressure (PIP) of 12 cmH2O, and a positive end-104 

expiratory pressure (PEEP) of 2 cmH2O.  105 

 106 

Lung imaging was performed at baseline using a custom-built laboratory-based system with a liquid 107 

metal jet X-ray source (Excillum AB, Kista, Sweden) coupled with a high-speed detector (PaxScan, 108 

Varian Medical Systems, Palo Alto, CA, USA) to capture 4D-CT images. This system allowed us to 109 

capture high brightness, high resolution images at a high frame rate (400 projections per CT at 30 110 

frames per second) (21). At the end of ventilation, mice were euthanased by sodium pentabarbitone 111 

overdose (200 mg.kg-1) prior to processing of the lung tissue for gene expression. 112 

  113 

Regional lung volumes 114 
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4DCT images were segmented into ten regions (Fig 1A) to calculate regional lung volumes as 115 

described previously (30) (Fig 1A). The lung regions were chosen arbitrarily to ensure a sufficient 116 

number of regions for assessment of regional variation, while allowing accurate image 117 

segmentation. The airway tree was manually segmented at end-expiration after applying a filter to 118 

identify the main airway supplying each lobe (25). A 3D velocimetry technique, which dynamically 119 

tracks tissue deformation, was then applied to calculate regional tidal volume (Vt) (12, 15, 25) 120 

while Hounsfield Units were used to determine the aeration fraction to obtain estimates of regional 121 

end-expiratory volume (EEV). To correct for the variation in regional lung size, we calculated 122 

specific EEV (sEEV = regional EEV/total volume of all voxels in the region), and specific tidal 123 

volume (sVt = regional Vt/total volume of all voxels in the region) for each region.  124 

 125 

Regional gene expression 126 

Lungs were removed en bloc and tissue was collected from ten regions corresponding to the 127 

regional image segmentation (30). Lung tissue was stored in RNAlater (Sigma, NSW, Australia) at 128 

-20 °C prior to processing. RNA extraction on the frozen samples and gene expression assessment 129 

using reverse transcription qPCR arrays were performed as described previously (30). The 130 

expression of seven VILI-related genes (TNF-α, IL-1β, IL-6, Ccl2, CxCl2, MPO, and Nfe2l2) was 131 

assessed (30). Gene expression relative to the reference gene (Rpl37) was calculated using the 2-ΔCT 132 

method and expressed as a fold change.  133 

 134 

Data analysis 135 

Between group and region differences in sEEV, sVt and relative gene expression were assessed 136 

using two-way repeated measures ANOVA with Holm-Sidak post hoc tests (SigmaPlot v 12.5, 137 

Systat Software Inc. San Jose, USA). Data were transformed where necessary to satisfy the 138 

assumptions of normality and homoscedasticity of the variances. Associations between regional 139 

sEEV, sVt and regional mRNA levels were assessed using linear regression analysis. P < 0.05 was 140 

Downloaded from www.physiology.org/journal/ajplung at Univ of Tasmania Lib (131.217.255.026) on January 19, 2020.



8 
 

considered statistically significant. A qualitative analysis of the sEEV-sVt plane and the expression 141 

of genes that were significantly associated with lung volumes in the regression analyses was 142 

conducted by constructing scatter plots of sVt against sEEV where the size of the points was 143 

proportional to the expression of the gene of interest.   144 
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Results 145 

The effect of LPS on sEEV and sVt  146 

At baseline, the endotoxaemic lung had higher sEEV in regions L2 (P < 0.001) and R1 (P = 0.01) 147 

compared to the healthy lung (Fig 1B, C). At baseline, sVt varied regionally (P < 0.001) within 148 

groups, but there was no effect of endotoxaemia on the response (P = 0.19) (Fig 1D, E). There was 149 

no difference between the endotoxaemic and healthy lung in the regional change in sEEV (p = 0.55) 150 

or sVt (p = 0.12) after 2 hours of ventilation.  151 

 152 

Regional gene expression 153 

Overall, the regional expression of all measured genes was higher in the endotoxaemic lung (P < 154 

0.001 for all genes). The expression of IL-6 (P = 0.04) varied regionally within the endotoxaemic 155 

group, whereby expression in R4 was higher than several other regions (e.g. vs R1, P < 0.001). In 156 

contrast, the expression of Ccl2 varied regionally but only in the healthy lung with higher 157 

expression in proximal regions of the left lobe (L1 and L3) and lower regions of the right lobes (R3 158 

and R4). There was also regional variation in the expression of TNF-α (P = 0.02) and CxCl2 (P = 159 

0.005), but this was independent of endotoxaemia. There were no significant differences in regional 160 

mRNA levels of IL-1β (P = 0.15), MPO (P = 0.25) or Nfe2l2 (P = 0.54). 161 

 162 

Association between regional gene expression, sEEV and sVt 163 

In the healthy lung, regional sEEV was positively associated with TNF-α (P = 0.001) expression 164 

(Fig 2A). In contrast, in endotoxaemia, the expression of IL-6 (P < 0.001) was negatively associated 165 

with sEEV (Fig 2C). There were no further associations between regional lung volumes and the 166 

expression of the other genes measured (P > 0.05 for all analyses). 167 

 168 

sEEV-sVt plane and gene expression 169 
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For the qualitative assessment of the relationship between the sEEV-sVt plane we only focussed on 170 

genes with a significant association with measures of lung volume as described above (i.e. TNF-α 171 

and IL-6 in the healthy and endotoxaemic groups respectively). In the healthy lung, there was a 172 

wide distribution of sEEV-sVt combinations, although it should be noted that very few regions were 173 

in the top-left quadrant (low sEEV and high sVt) (Fig 3A). On the basis of the relationship between 174 

the sEEV-sVt plane and the expression of TNF-α there were two clusters of injurious responses in 175 

the healthy lung; high sEEV in combination with high sVt or very low sEEV independent of sVt 176 

(Fig 3A). In the case of endotoxaemia, there was a clear cluster of increased IL-6 expression in lung 177 

regions with low sEEV; in combination with relatively moderate Vt (Fig 3B). However, it was clear 178 

that the sEEV-sVt combinations that resulted in minimum production of TNF-α in the healthy lung 179 

(Fig 3A) and minimum production of IL-6 in the endotoxaemic lung (Fig 3B) were distinct.180 
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Discussion 181 

This study aimed to assess the regional response to mechanical ventilation in the setting of pre-182 

existing endotoxaemia-induced inflammation with a focus on the interplay between end-expiratory 183 

volume, tidal volume and the expression of inflammatory genes. We found a heterogenous response 184 

in regional sEEV whereby pre-treatment with endotoxin increased gas trapping at end-expiration in 185 

some, but not all, lung regions but had no effect on the regional sVt response. Within the healthy 186 

group there was a relationship between sEEV, sVt and the expression of TNF-α such that both high 187 

Vt in combination with high EEV and very low EEV were associated with an increase in the 188 

expression of this gene; suggesting that, in the healthy lung, the regional lung mechanics response 189 

influences the expression of inflammatory genes. While exposure to endotoxin increased the 190 

expression of all genes measured far above the changes induced by ventilation alone, there was an 191 

association between low sEEV (particularly when this was combined with moderate sVt) and high 192 

expression of IL-6. The effect of endotoxaemia on baseline sEEV, without a subsequent effect of 193 

endotoxaemia on the change in sEEV after 2 hours of ventilation, suggests that this may be due to 194 

the effect of prior inflammation on the local mechanical response. Collectively, these data suggest 195 

that a “Vt-PEEP” plane exists whereby the inflammatory response is minimised. However, the 196 

boundaries of this plane vary depending on the marker of inflammation used and are complicated 197 

by the effect of prior lung injury on regional lung mechanics. 198 

 199 

We found regional variations in lung volumes, gene expression and inflammation that were 200 

dependent on prior treatment with LPS. While there was little effect on sVt, there were region 201 

specific increases in sEEV in the endotoxaemic group, particularly in the regions proximal to the 202 

main bronchus. This suggests an element of end-expiratory gas trapping; although we are unable to 203 

rule out other causes of high EEV such as alterations in tethering forces and gas re-distribution. 204 

Nonetheless, this result is consistent with the observation that the non-dependent region of the lung 205 

in ARDS is less likely to collapse (7). It is possible that there were areas of dynamic airway 206 
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collapse, however, in this scenario gas trapping in the distal lung regions would be anticipated, 207 

which we did not observe. Related to this, prior lung injury resulting in decreased peripheral 208 

compliance could cause a redistribution of regional tidal volumes such that the central lung regions 209 

become more compliant as a result of the additional tidal stretch (15, 31). Alternatively, it is 210 

possible that this increase in sEEV represents local barotrauma at the pressure front of the 211 

ventilation waveform (2, 4, 23), however, we saw no evidence of overt lung injury in these regions 212 

in the endotoxaemic lung and this is not consistent with the gene response we observed.  213 

 214 

There was a positive correlation between TNF-α and regional sEEV in the group with healthy lungs. 215 

TNF-α is a pro-inflammatory cytokine which has been shown to increase in response mechanical 216 

ventilation (17). While some studies have shown that mechanical ventilation can enhance the 217 

production of TNF-α in the pre-injured lung (1, 10, 18), others have found ventilation alone has no 218 

effect on TNF production  (19, 27) and that the absence of TNF-α may enhance the injury caused by 219 

mechanical ventilation (13). Our data suggest that the effect of mechanical ventilation on TNF-α 220 

production is related to regional tidal stretch (sVt), but only in the healthy lung. Interestingly, 221 

examination of the effect of combinations of sVt and sEEV on the expression of TNF-α suggests 222 

that an optimum ventilation strategy exists whereby moderate values of sVt in combination with 223 

low to moderate sEEV minimises the expression of this gene. In contrast, high sVt alone (i.e. 224 

regions at the upper end of the pressure-volume curve) and low sVt in combination with low EEV 225 

(i.e. regions at the lower end of the pressure volume curve close to the lower inflection point) 226 

enhanced the expression of TNF-α. This observation is consistent with the proposed protective Vt-227 

PEEP plane concept (22) and studies showing that both overdistension (14) and atelectasis (6) can 228 

promote ventilator-induced lung injury; however, this was not the case after endotoxin exposure. 229 

 230 

In the endotoxaemic lung, there was a negative correlation between IL-6 and sEEV, but not sVt, 231 

suggesting that low end-expiratory lung volume is detrimental in the setting of systemic 232 
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inflammation.  The expression of IL-6 is associated with poor outcomes in ARDS (5, 16) so IL-6 is 233 

an important marker of disease pathogenesis. When examining the relationship between 234 

combinations of sVt and sEEV and the expression of IL-6 in the endotoxaemic mice we made 235 

several important observations. Firstly, while the range of sEEVs observed was similar to the 236 

healthy lung, the range of tidal volumes was much smaller suggesting a more homogeneous 237 

delivery of tidal volumes in the pre-injured lung. Consistent with the regression analysis, lung 238 

regions exposed to low EEV had the highest expression of IL-6. However, there was a striking 239 

difference between the sEEV-sVt combinations that minimised TNF-a expression in the healthy 240 

lung and the combinations that were associated with minimal IL-6 expression in the endotoxaemic 241 

lung, such that the regions were almost mutually exclusive. In order to determine whether this could 242 

be attributed to the effect of VILI, or the effect of prior injury on regional lung mechanics we 243 

assessed the effect of endotoxaemia on the change in lung volumes and found no effect. This 244 

suggest that this relationship is primarily driven by the effect of prior injury on local lung 245 

mechanics. This is not perhaps not surprising given the effect of injury on tissue compliance (15), 246 

consistent with the reduced range of Vt values we observed.  247 

 248 

In this study we assessed the expression of a range of genes that have previously been associated 249 

with ventilator-induced lung injury. However, it is unclear which of these, if any, are the most 250 

critical determinant of mortality in ARDS in response to mechanical ventilation. In addition, we 251 

only assessed one form of injury and it is likely that the interaction between combinations of 252 

regional overdistension and low end-expiratory volumes, which may favour cyclic recruitment, and 253 

the injury response will vary depending on the nature of the pre-existing lung injury (e.g. sepsis vs 254 

aspiration). It should also be acknowledged that we have only assessed gene expression in response 255 

to relatively short-term ventilation.  256 

 257 
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Nonetheless, our data clearly demonstrate the impact of combinations of tidal stretch and end-258 

expiratory volume on the expression of inflammatory genes; particularly in the healthy lung. 259 

Importantly, we have shown that the interplay between the mechanical response of the lung tissue 260 

and the inflammatory response is fundamentally altered in pre-existing lung injury which is likely 261 

due to the effect of prior injury on tissue mechanics. These observations can help further research in 262 

this field with a view to understanding the impact of regional heterogeneity in the response to 263 

mechanical ventilation in order to guide the design of optimal ventilation strategies and improve 264 

patient outcomes. 265 

  266 
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Figure legends 375 

 376 

Figure 1. Regional lung volumes: segmentation strategy and representative images. To allow 377 

associations between regional lung volumes and gene expression to be assessed the lung was 378 

divided into 10 regions (A); 4 individual right lobes and 6 regions in the left lobe. Representative 379 

3D images of specific end-expiratory volume (sEEV; B, C) and specific tidal volume (sVt; D, E) for 380 

a healthy lung (B, D) and an endotoxaemic lung (C, E) at baseline. Endotoxaemia was associated 381 

with an increase in sEEV in regions R1 and L2 (arrows) while regional sVt was relatively 382 

homogeneous.  383 

 384 

Figure 2. Association between regional gene expression and lung volume. Scatterplots showing 385 

the relationship between the fold change (relative to Rpl37 housekeeping gene) in regional gene 386 

expression of TNF-α (A, B; healthy lung) and IL-6 (C, D; endotoxaemic lung), assessed after 2 387 

hours of ventilation, and specific end-expiratory volume (sEEV; A, C) and tidal volume (sVt; B, D) 388 

at baseline. Lines represent the predicted association based on linear regression analysis (P values 389 

shown). 390 

 391 

Figure 3. sEEV-Vt planes and gene expression. Scatter plots of specific tidal volume (sVt) versus 392 

specific end-expiratory volume (sEEV), with circles scaled to relative gene expression (larger circle 393 

= higher expression), at baseline for TNF-α, assessed post-ventilation, in the ventilated healthy lung 394 

(A) and IL-6 in the ventilated endotoxaemic lung (B). Regions enclosed by solid lines indicate 395 

arbitrarily drawn fields corresponding to minimal gene expression; regions delineated by dashed 396 

lines are shown to highlight the difference in fields between panels A and B. The combinations of 397 

sEEV-Vt that minimised TNF-α expression in the healthy lung were fundamentally different to 398 

those that minimised IL-6 expression after endotoxin exposure.  399 
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