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Abstract

Objective—Volutrauma and atelectrauma promote ventilator-induced lung injury, but their 

relative contribution to inflammation in ventilator-induced lung injury is not well established. The 

aim of this study was to determine the impact of volutrauma and atelectrauma on the distribution 

of lung inflammation in experimental acute respiratory distress syndrome.
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Design—Laboratory investigation.

Setting—University-hospital research facility.

Subjects—Ten pigs (five per group; 34.7–49.9 kg)

Interventions—Animals were anesthetized and intubated, and saline lung lavage was performed. 

Lungs were separated with a double-lumen tube. Following lung recruitment and decremental 

positive end-expiratory pressure trial, animals were randomly assigned to 4 hours of ventilation of 

the left (ventilator-induced lung injury) lung with tidal volume of approximately 3 mL/kg and 1) 

high positive end-expiratory pressure set above the level where dynamic compliance increased 

more than 5% during positive end-expiratory pressure trial (volutrauma); or 2) low positive end-

expiratory pressure to achieve driving pressure comparable with volutrauma (atelectrauma). The 

right (control) lung was kept on continuous positive airway pressure of 20 cm H2O, and Co2 was 

partially removed extracorporeally.

Measurements and Main Results—Regional lung aeration, specific [18F]fluorodeoxyglucose 

uptake rate, and perfusion were assessed using computed and positron emission tomography. 

Volutrauma yielded higher [18F]fluorodeoxyglucose uptake rate in the ventilated lung compared 

with atelectrauma (median [interquartile range], 0.017 [0.014–0.025] vs 0.013 min−1 [0.010–

0.014min−1]; p < 0.01), mainly in central lung regions. Volutrauma yielded higher 

[18F]fluorodeoxyglucose uptake rate in ventilator-induced lung injury versus control lung (0.017 

[0.014–0.025] vs 0.011 min−1 [0.010–0.016min−1]; p < 0.05), whereas atelectrauma did not. 

Volutrauma decreased blood fraction at similar perfusion and increased normally as well as hyper-

aerated lung compartments and tidal hyperaeration. Atelectrauma yielded higher poorly and 

nonaerated lung compartments, and tidal recruitment. Driving pressure increased in atelectrauma.

Conclusions—In this model of acute respiratory distress syndrome, volutrauma promoted 

higher lung inflammation than atelectrauma at comparable low tidal volume and lower driving 

pressure, suggesting that static stress and strain are major determinants of ventilator-induced lung 

injury.

Keywords

acute respiratory distress syndrome; atelectrauma; [18F]fluorodeoxyglucose; positron emission 

tomography; ventilator-induced lung injury; volutrauma

Mechanical ventilation (MV) is frequently required to support the respiratory function and 

relieve the work of breathing in patients suffering from the acute respiratory distress 

syndrome (ARDS) (1). However, MV itself has the potential to worsen lung injury 

(ventilator-induced lung injury [VILI]) (2). MV with low tidal volumes (VT) has been 

suggested to minimize damage from tidal over-distension, that is, volutrauma. In addition, 

positive end-expiratory pressure (PEEP) has been used to stabilize the lung at end-

expiration, reducing cyclic closing and reopening of small airways and alveoli, that is, 

atelectrauma. Both volutrauma and atelectrauma have been proposed as potential 

mechanisms of VILI (3, 4) and may coexist at different levels of VT and PEEP despite the 

use of protective MV in ARDS (5). However, depending on particular settings, as well as the 

characteristics of lung injury, one of those mechanisms may prevail (6, 7). Therefore, 
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knowledge of the relative contribution of atelectrauma and volutrauma to VILI can be useful 

for optimizing protective MV.

VILI is usually accompanied by infiltration and activation of neutrophils in lung tissue (8, 

9). Since their activity is mainly supported by anaerobic glycolysis, activated neutrophils 

have a rate of glucose utilization higher than other inflammatory or lung cells (10, 11). 

[18F]-fluorodeoxyglucose ([18F]FDG) is a glucose analogue that, after entering cells, does 

not undergo further metabolism and remains trapped (12). Thus, the uptake rate of [18F]FDG 

during lung injury is highly correlated with in situ neutrophil activation and inflammation 

(12).

In the present study, we used lung imaging with CT, PET and tracer kinetic modeling to 

investigate the impact of atelectrauma and volutrauma on the lung uptake of [18F]FDG in 

experimental ARDS in pigs. Since static stress and strain, defined as airway pressure and gas 

volume at PEEP, respectively, are higher in the inflated than collapsed lungs, we 

hypothesized that volutrauma leads to higher lung inflammation than atelectrauma at 

comparable low VT and driving pressure (ΔP), defined as the difference between inspiratory 

plateau pressure and PEEP.

MATERIALS AND METHODS

Detailed Materials and Methods are presented in the supplemental data (Supplemental 

Digital Content 1, http://links.lww.com/CCM/B808). The Institutional Animal Care and 

Welfare Committee and the Government of the State of Saxony, Germany, approved all 

animal procedures, in accordance to federal law.

Preparation

After premedication, 10 pigs (34.7–49.9 kg) were anesthetized, paralyzed, mechanically 

ventilated in supine position, and continuously monitored for hemodynamics and respiratory 

system mechanics. Lungs were ventilated in volume-controlled mode using the following 

settings: fraction of inspired oxygen (FIo2) of 1.0, VT of 8 mL/kg, PEEP of 8 cm H2O, 

inspiratory:expiratory (I:E) ratio of 1:1, airway flow of 35 L/min, and respiratory rate (RR) 

adjusted to achieve a Paco2 between 35 and 45 mm Hg. Fio2 was kept at 1.0 during the 

entire experiment. During preparation, an indwelling catheter was inserted in the right 

internal carotid artery and a pulmonary artery catheter was advanced through a sheath, 

placed in the right external jugular vein for continuous monitoring of mean arterial and 

pulmonary artery pressure. Catheters were placed in the left femoral artery and right femoral 

vein (15F and 17F, respectively). After preparation, noninjured lungs were recruited with 

continuous airway pressure (CPAP) of 30 cm H2O for 30 seconds, followed by 15 minutes 

of stabilization and baseline measurements (Baseline 1).

Experimental ARDS was induced with a double-hit consisting of saline lung lavage and 

injurious MV. Saline lung lavage (first hit) was performed without changing the ventilator 

settings until Pao2/Fio2 was less than 200 mm Hg for greater than or equal to 30 minutes, 

when measurements were performed (Injury) (13). After anticoagulation with heparin, an 

interventional lung assist (ILA; Novalung GmbH, Heilbronn, Germany) was connected to 
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the catheters in the femoral artery and vein, in order to allow extracorporeal Co2 removal. 

Lungs were separated introducing a modified right-sided double-lumen tube (DLT) through 

a tracheotomy, with the bronchial tip placed into the left main bronchus and two separate 

ventilators connected to either the tracheal or bronchial lumen of the DLT.

Acquisition of Respiratory Signals, Gas Exchange, and Hemodynamics

Airflow was obtained from internal sensors of the mechanical ventilator. Airway pressure 

(Paw) was monitored by a pressure transducer (163PC01D48-PCB; Sensortechnics GmbH, 

Puchheim, Germany). Arterial and mixed venous blood samples were analyzed for 

respiratory gases and pH using an ABL 80 blood gas analyzer (Radiometer, Copenhagen, 

Denmark). Mean arterial and pulmonary artery pressures were measured continuously, 

whereas cardiac output (CO) was measured with the pulmonary artery catheter by means of 

a conventional thermodilution method.

Interventional Protocol

Time course of interventions is presented in Figure 1. Following lung separation, lungs were 

recruited with CPAP of 40 cm H2O for 30 seconds. Throughout the text, the right lung is 

termed “control lung,” and the left lung is termed “VILI lung.”

In the control lung, CPAP was reduced to 20 cm H2O and maintained until the end of the 

experiment. A similar recruitment maneuver was repeated every 30 minutes to minimize 

right lung atelectasis. Since the control lung was not submitted to tidal ventilation, and lung 

injury is likely nonhomogenous, derecruitment might occur in certain lung regions even at a 

relatively high airway pressure of 20 cm H2O. We opted for the CPAP of 20 cm H2O in 

order to minimize a possible shift of perfusion to the VILI lung, while avoiding lung 

collapse in the control lung as far as possible. In the VILI lung, a decremental PEEP trial 

was performed under pressure-controlled ventilation (VT ≈ 3 mL/kg). The PEEP trial was 

started at 36 cm H2O to assure that the region of the pressure–volume curve of the 

respiratory system describing over distension would be achieved, and appropriately 

represented in pressure–volume curve of the respiratory system. PEEP was reduced by steps 

of 2 cm H2O until zero, and every step was maintained for 2 minutes. Before every PEEP 

change, respiratory system mechanics were recorded.

Following the PEEP trial, animals were randomly assigned to two groups (n = 5 per group): 

1) atelectrauma or 2) volutrauma, which were characterized by different PEEP settings. In 

volutrauma, to ensure complete lung recruitment and over-distension at end-expiration, 

PEEP was set one step above the level where dynamic compliance had increased by more 

than 5% compared with the previous value during the PEEP trial. In atelectrauma, low PEEP 

was adjusted at the opposite end of the pressure–volume curve to achieve a ΔP comparable 

with the one measured at volutrauma PEEP. Before PEEP settings were changed, the VILI 

lung was recruited again (CPAP of 40 cm H2O for 30 s) in volutrauma animals. Co2 removal 

was assisted extracorporeally (ILA; Novalung GmbH). RR was adjusted if Paco2 rose above 

80 mm Hg despite maximal sweep gas flow or fell below 50 mm Hg in case sweep gas flow 

needed to be maintained because of severe hypoxemia. Other MV settings were kept 

constant in both groups until the end of the experiments. The desired type of injurious MV 
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(second hit) was maintained for 4 hours. Measurements of hemodynamics, gas exchange, 

and respiratory variables were performed every 60 minutes during 4 hours.

At the end of the experiments, animals were killed with IV injections of thiopental (2 g) 

followed by KCl (1 M; 50 mL).

Respiratory Mechanics Variables

The mechanical properties of the respiratory system were calculated from 5-minute 

acquisitions of respiratory signals using a volume-dependent single-compartment model, as 

shown in Equation 1.

[1]

where V is volume, is airflow, t is time, and P0 is the total airway pressure at end-expiration. 

Rrs represents the resistance of the respiratory system, and E1 and E2 are the volume-

independent and volume-dependent components of the respiratory system elastance (Ers), 

respectively. The distension index %E2 was computed from Equation 2.

[2]

Lung Imaging Protocol

Two hours after randomization, a low dose helical CT of the thorax was obtained for 

attenuation correction of PET images (CT-based attenuation correction [CTAC]) 

(Biograph16 Hirez PET/CT; Siemens, Knoxville, TN). Images were reconstructed with 2.0-

mm slice thickness, yielding matrices with 512 × 512 pixels (1.37 × 1.37 mm2). 

Segmentation was performed on CTAC scans to define regions of interest (ROI), from which 

major airways and vessels were excluded, and to compute gas fraction (FGAS) from the 

linear relation between tissue attenuation expressed in Hounsfield units (HU) and lung 

density (FGAS = HU/−1,000). The masks obtained from CTAC were also applied to PET 

images.

[18F]FDG (100–216 MBq) was infused, and, starting at the beginning of [18F]FDG infusion, 

sequential PET frames (6 × 30″, 7 × 60″, 15 × 120″, 1 × 300″, 3 × 600″) were acquired 

over 75 minutes, and pulmonary arterial blood was sampled (12 × 15″, 4 × 30″, 5 × 60″, 11 

× 300″, 75′). Tracer plasma activity was measured in a γ counter cross-calibrated with the 

PET scanner. The field of view (15 cm) was set above the diaphragmatic dome to reduce 

artifacts due to motion of the respiratory muscles. Images were reconstructed with 2.0-mm 

slice thickness, yielding matrices with 168 × 168 pixels (2.03 × 2.03 mm2). The 

reconstruction was carried out iteratively (ordered subset expectation maximization, six 

iterations, four subsets, postfiltering Gauss 5 mm) with correction for scatter and 

attenuation.
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The [18F]FDG uptake in each ROI was modeled using the Sokoloff three-compartment 

model adapted by Reivich et al (14), and the net uptake rate of [18F]FDG (Ki) was 

calculated. To account for differences in lung inflation and blood volume in each ROI and 

different animals, Ki was normalized to lung tissue fraction (FTISSUE), thus computing the 

specific Ki (KiS) as in Equation 3.

[3]

where FBLOOD is the fractional volume of the blood compartment obtained from the 

Sokoloff model. Variables were extracted for each lung, and five isogravimetric subregions 

along the ventral-dorsal axis. Isogravimetric subregions were used to compensate for 

differences in lung size and ensure comparable tissue content per ROI across the 

gravitational gradient. For graphic illustration, [18F]FDG-uptake rate was calculated 

according to the Patlak model (KiP) and normalized to FTISSUE (15).

After a single-frame PET-scan acquiring the residual background [18F]FDG activity, the 

distribution of specific regional perfusion (Qṡ) was determined using a 68Ga-labeled tracer 

and PET scanning, as previously described (16). Shortly, 68Ga-labeled albumin 

microspheres were injected, and their distribution was acquired in three bed positions to 

include the whole lung. Image reconstruction was carried out iteratively (ordered subset 

expectation maximization, six iterations, four subsets, postfiltering Gauss 5 mm) with 

attenuation correction. The voxel size of the perfusion scans was 2.03 × 2.03 × 2 mm3 

yielding matrices with 168 × 168 pixels. The 68Ga net activity (68Ga PETnet) of the 

attenuation-corrected images was calculated by subtraction of the background [18F]FDG 

activity, taking into account the decay half-lives of 18F and 68Ga. For the whole VILI and 

control lungs, as well as for the five isogravimetric subregions along the ventral-dorsal axis, 

the 68Ga PETnet inside the ROI (68Ga-PETnet,ROI) was normalized to total [68Ga] PETnet of 

the whole lung (68Ga-PETnet,TOTAL) and multiplied by the CO (Q̇T) measured at the time 

point corresponding to the PET scan, yielding the regional perfusion, as shown in Equation 

4.

[4]

Aeration compartments were obtained from helical chest CT scans during end-inspiration, 

end-expiration, and mean lung volume hold maneuvers (17). The CT scanner was set as 

follows: collimation, 16 × 0.75 mm; voltage, 120 kV; and tube current-time product, 120 

mAs. Images were reconstructed using 1.0-mm slice thickness, yielding matrices with 512 × 

512 pixels with a size of 0.508 × 0.508 mm2. For the whole VILI and control lungs, as well 

as for five isogravimetric subregions along the ventral-dorsal axis, aeration compartments at 

end-expiration and end-inspiration were computed based on previously described thresholds 

(17): ranges of −1000 to −900 HU, −900 to −500 HU, −500 to −100 HU, and −100 to +100 
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HU were used to define the hyperaerated, normally aerated, poorly aerated, and nonaerated 

compartments, respectively. Tidal recruitment was calculated as the decrease in the 

percentage of nonaerated compartment from end-expiration to end-inspiration. Tidal hyper-

aeration was calculated as the increase in the percentage of hyperaeration from end-

expiration to end-inspiration (18). CT data detected at mean lung volume were used to 

calculate lung mass of the whole VILI and control lungs, respectively (19).

Statistics

The sample size calculation for testing the primary hypothesis (KiS is higher in volutrauma 

than atelectrauma in pigs) was based on effect estimates obtained from pilot studies and data 

from the literature (20). Accordingly, we expected a sample size of five animals to provide 

the appropriate power (1 – β = 0.8) to identify significant (α = 0.05) differences in KiS 

between volutrauma and atelectrauma, considering an expected effect size d equal to 2.20, 

and Wilcoxon and Mann-Whitney tests. Data are presented as median [interquartile range], 

unless stated otherwise. PET and CT variables were tested with Wilcoxon and Mann-

Whitney U tests with Bonferroni-Holm adjustments for multiple comparisons. Data from 

respiratory, hemodynamic, and gas exchange variables were analyzed as follows: 

comparability of groups at Baseline 1 and Injury as well as resulting VT and ΔP after the 

PEEP trial was tested with an unpaired t test, and differences among groups after 

randomization were tested with general linear model statistics using Injury as covariate, and 

adjusted for repeated measurements according to the Sidak procedure. The statistical 

analysis was performed with SPSS version 21 (SPSS, Chicago, IL). The global significance 

level for all performed tests was α equal to 0.05.

RESULTS

Body weight, number of saline lung lavages, as well as cumulative doses of crystalloids and 

colloids did not differ between volutrauma and atelectrauma (ESM Table 1, Supplemental 

Digital Content 1, http://links.lww.com/CCM/B808). Lung lavage induced a decrease in 

Pao2 and an increase in Paco2, but both variables did not differ between groups. During 

VILI, except of a nonsignificant trend toward a higher Paco2 during volutrauma, volutrauma 

and atelectrauma resulted in comparable gas-exchange and hemodynamics (Table 1).

VT was comparable involutrauma and atelectrauma (Table 2). Peak and mean airway 

pressure, as well as the percentage of volume-dependent elastance, were higher in 

volutrauma, whereas elastance and resistance, as well as ΔP, were increased in atelectrauma. 

ESM Figure 1 (Supplemental Digital Content 1, http://links.lww.com/CCM/B808) shows 

the PEEP settings in volutrauma and atelectrauma.

Figure 2 shows the distribution of aeration as well as single-slice images of FGAS, Q̇s, and 

KiP normalized to (1 – FGAS) in one representative animal of each group. Volutrauma 

increased KiS in the ventilated lung compared with atelectrauma and to the respective 

nonventilated lung (Fig. 3). In atelectrauma, KiS did not differ between VILI and control 

lung. As shown in Figure 4, KiS was particularly increased in mid-ventral, central, and mid-

dorsal lung regions in volutrauma compared with atelectrauma, and in VILI compared with 

the control lung. FGAS was higher, whereas FBLOOD was lower, in volutrauma compared 
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with atelectrauma, and the respective control lung in all regions. Q̇i did not differ 

significantly between volutrauma and atelectrauma, but was reduced in the VILI compared 

with the control lung in both groups. Weights of VILI and control lungs were 293.9 g 

[208.2–313.1 g] and 410.1 g [350.6–487.6 g] in volutrauma (p = 0.043), and 326.2 g [268.6–

521.2 g] and 423.3 g [343.6–586.3 g] in atelectrauma (p = 0.080), respectively. Weights of 

VILI lungs did not differ between volutrauma and atelectrauma (p = 0.251). Hyper- and 

normally aerated compartments were increased, whereas the nonaerated compartment was 

decreased at end-inspiration and end-expiration, in volutrauma compared with atelectrauma. 

At end-inspiration, the poorly aerated compartment was reduced in ventral and mid-ventral 

lung regions in volutrauma compared with atelectrauma (Fig. 5). Volutrauma compared with 

atelectrauma increased tidal hyperaeration in all, except to ventral, lung regions, while 

decreasing tidal recruitment (Fig. 6). Further results are presented in the supplemental data 

(Supplemental Digital Content 1, http://links.lww.com/CCM/B808).

DISCUSSION

In the current experimental model of ARDS, we found that volutrauma, as compared with 

atelectrauma: 1) increased lung inflammation, mainly in mid-ventral, central, and mid-dorsal 

lung regions; 2) decreased FBLOOD along the ventral-dorsal axis, at comparable perfusion; 3) 

decreased non- and poorly aerated, but increased normally and hyperaerated lung 

compartments; and 4) was associated with more tidal hyperaeration and less tidal 

recruitment.

To our knowledge, this is the first study determining the effects of volutrauma and 

atelectrauma at comparable low VT and RRs on regional lung inflammation, perfusion, 

aeration compartments, and tidal hyperaeration as well as recruitment. We used saline lung 

lavage as a first hit because it has little impact on lung inflammation and, therefore, 

represents an ideal way to investigate the effects of ventilation strategies in VILI (21). The 

double-hit model of ARDS consisting of saline lung lavage followed by injurious MV 

reproduces typical features of ARDS in humans regarding lung function, inflammation, and 

damage. Using lung separation combined with extracorporeal Co2 removal, which was 

necessary to avoid excessive hypercapnia with resulting severe respiratory acidosis caused 

by one-lung ventilation with low VT, we isolated the individual contributions of volutrauma 

and atelectrauma on lung inflammation during VILI. We opted for a recruitment maneuver 

with sustained inflation because it is highly effective in opening lungs in a model of 

moderate ARDS (20, 22). In addition, after recruiting lungs and differently from clinical 

lung protective MV, we selected levels of PEEP according to the pressure–volume curve of 

the respiratory system, in order to induce predominantly volutrauma or atelectrauma. 

Previous studies on injurious ventilation strategies were not able to avoid overlapping effects 

of atelectrauma and volutrauma on lung histology (5), cytokine release (23), and also lung 

inflammation measured by [18F]FDG uptake (24, 25).

PET with [18F]FDG represents a well-established method to assess pulmonary inflammation 

in vivo, which has been increasingly used in a variety of pulmonary diseases (26). Normal 

tissue shows a relatively low rate of glucose metabolism. Thus, in absence of neoplasy, 
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[18F]FDG accumulates in inflammatory cells, especially neutrophils, as shown by micro-

autoradiography of bronchoalveolar lavage fluid in patients with pneumonia (27).

The observation that lung inflammation was higher in volutrauma than atelectrauma can be 

explained by several factors, including static as well as dynamic stress and strain of lung 

units, driving pressure, regional perfusion, and blood volume.

In volutrauma, the static component of strain was higher than in atelectrauma. Since VT was 

low and comparable in both groups, the dynamic component of strain was comparatively 

lower in volutrauma. Furthermore, the static stress was higher in volutrauma than 

atelectrauma as evidenced by increased inspiratory airway pressures. Consequently, higher 

static stress and strain likely contributed to the increased lung inflammation in volutrauma.

Previous experimental (5, 28) and clinical (6) studies reported that activation of 

inflammation in dependent lung regions is lower than in nondependent ones, suggesting that 

the contribution of volutrauma to VILI is greater than that of atelectrauma. However, those 

studies focused on dynamic and not static stress and strain. In contrast to our study, other 

investigators reported higher regional lung inflammation in dependent compared with 

nondependent lung zones during injurious ventilation in sheep (25). These differences could 

be explained by the fact that high VT, and consequently higher inspiratory pressures, was 

combined with low PEEP, possibly promoting both atelectrauma and volutrauma in 

dependent zones. Different from our data, recent experimental evidence suggested that the 

pulmonary [18F]FDG uptake correlates with dynamic strain (24). This discrepancy could be 

explained by the fact that in our animals the relatively large static component predominated 

over the dynamic strain component. It is worth noting that ΔP, which is a surrogate of 

dynamic stress and has major influence on lung inflammation (29), increased in 

atelectrauma, but not in volutrauma. Thus, the difference in KiS between volutrauma and 

atelectrauma may have been even underestimated.

Our data suggest that the pulmonary perfusion did not influence the differences in lung 

inflammation because Q̇i did not differ between volutrauma and atelectrauma. However, the 

transmural pressure, that is, the difference between intracapillary and alveolar-interstitial 

pressure, was likely decreased in volutrauma, since the average alveolar pressure was higher 

in that group. Given that higher transmural pressures contribute to VILI (30, 31), the 

contribution of volutrauma to VILI would be even higher if this factor was comparable 

between groups.

Even though the pulmonary [18F]FDG uptake cannot be solely ascribed to neutrophils, this 

radiotracer has high specificity for those cells in injured lungs (12, 32). Accordingly, the 

[18F]FDG uptake reflects not only an increased number of neutrophils but also augmented 

metabolic activity. Provided that the concentration of white blood cells was comparable 

between groups, the finding that FBLOOD was decreased in volutrauma compared with 

atelectrauma might indicate that higher lung inflammation was determined mainly by 

enhanced metabolism of neutrophils, rather than their recruitment into the lung parenchyma. 

However, we cannot exclude that proportionally higher neutrophil infiltration also occurred 

because of increased capillary endothelial damage.
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Different factors contribute to lung mass, namely pulmonary edema, blood mass, lung and 

inflammatory cells mass, as well as connective tissue. Given that FBLOOD was lower in 

volutrauma, we hypothesize other components of lung mass increased, including pulmonary 

edema and/or inflammatory cells mass. However, since lung weight in VILI lungs did not 

differ between volutrauma and atelectrauma, CT densities do not explain differences in lung 

inflammation between groups.

The distributions of aeration compartments confirmed that volutrauma was associated with 

hyper- and normally aerated lung regions, whereas atelectrauma resulted in non- and poorly 

aerated tissue along the ventral-dorsal gradient. In volutrauma, the amount of tidal 

hyperaeration in all isogravimetric regions was comparatively low, suggesting a more 

relevant role of static strain to promote pulmonary [18F]FDG uptake. However, in 

volutrauma, the dynamic component of strain possibly played a role, since lung 

inflammation was increased mainly in central lung regions, that is, approximately followed 

the distribution of tidal hyperaeration. In atelectrauma, a similar distribution pattern of tidal 

recruitment and lung inflammation was observed, suggesting a higher contribution of 

dynamic strain to pulmonary [18F]FDG uptake. In fact, the static component of strain in 

atelectrauma was likely negligible. However, despite the use of low VT, we cannot 

completely exclude that inflammation in the atelectrauma group was determined, at least in 

part, by shear stress, which was likely not present in the volutrauma group. Such findings are 

in line with recent reports, which identified increased inflammation in ventilated compared 

with atelectatic lung tissue in experimental ARDS (33, 34).

Potential Implications of the Findings

Our findings provide evidence that the static component of stress and strain plays an 

important role in the development of VILI. This insight may be relevant not only for the 

understanding of the mechanisms of VILI, but also to improve protective MV. In ARDS, to 

fulfill its potential protective effects, a proper titrated-individualized PEEP needs be 

preceded by a proper titrated-individualized maximum recruitment strategy. Then, PEEP not 

only may decrease atelectrauma but also has the potential to reduce volutrauma (20, 22). 

However, the distribution of aeration might be nonhomogenous, and certain lung regions can 

be under higher static stress and strain. The present results suggest that volutrauma areas 

might be at higher risk for VILI, even if the dynamic component of stress and strain is low, 

but its static component is high, for example, during high PEEP. In line with this rationale, 

our data might contribute to understand why high-frequency oscillatory ventilation has not 

been found more beneficial (35) or even more harmful (36) than conventional MV in ARDS.

In our study, we isolated as far as possible the respective contributions of volutrauma and 

atelectrauma by achieving extreme situations in a proof-of-concept investigation. Thereby, 

relatively high static levels of stress/strain were obtained in the volutrauma group, which 

likely outweighed the contribution of the dynamic component to inflammation. As shown in 

an in vitro investigation (37), cellular death progressively increases at higher dynamic stress 

and higher RR. However, at lower RR, the contribution of static and dynamic stress/strain on 

cellular death is comparable. This is in line with our data, showing the relative importance of 

static stress/strain when dynamic stress is minimized. Therefore, a possible contribution of 
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our study is to draw the attention to the role of static, in addition to dynamic, pressures to 

determine VILI.

Limitations

The present study has several limitations. First, our data were obtained under extreme 

conditions of overdistension, in volutrauma, and of lung collapse, in atelectrauma. Thus, the 

MV settings used were designed to provide further insight into the mechanisms of VILI and 

did not reproduce clinical practice. Second, we used a measure of regional metabolic activity 

as a surrogate for the contribution of volutrauma and atelectrauma to VILI and did not assess 

pro-inflammatory markers. However, the pulmonary [18F]FDG uptake has been validated as 

a reliable marker of neutrophilic inflammation in injured lungs (12, 25, 38–41). 

Nevertheless, in the presence of atelectasis, neutrophil accumulation may be less 

pronounced in injured small airways (4), and the contribution of atelectrauma to VILI may 

have been underestimated. Third, we also did not assess the histologic changes induced by 

volutrauma or atelectrauma. However, histologic methods assess neutrophil counts or 

sequestration and [18F]FDG uptake reflects neutrophil activation, which might differ from 

each other (24). In fact, acute lung injury may depend more on neutrophil activation than the 

absolute neutrophil number (38). Fourth, we normalized the [18F]FDG uptake to tissue mass, 

possibly introducing artifacts of density estimates by CT in the calculations of inflammation. 

Nonetheless, given that the field of view in PET is limited to part of the lungs only (15 cm 

across the cranial-caudal axis), this procedure was necessary to allow comparison between 

lungs with lower (volutrauma) and higher tissue density (atelectrauma). Fifth, we used static 

end-inspiratory and end-expiratory CT scans with breath holding to study dynamic VILI 

mechanisms. Breath holding may have introduced artifacts because it does not allow strictly 

static conditions because of instability of lung regions during the tidal ventilation pause. 

Theoretically, dynamic CT scans could overcome such limitation. Nonetheless, the use of 

dynamic CT would have led to more pronounced artifacts, especially in the atelectrauma 

group, because of the cranial-caudal dislocation of the lung across a relatively thin field of 

view. Sixth, overdistension could not be completely avoided in atelectrauma. However, tidal 

hyperaeration was limited to the most nondependent lung zones and may have led to an 

overestimation of the pulmonary [18F]FDG uptake in atelectrauma group. Seventh, 

recruitment maneuvers were repeated every 30 minutes in the control lung to minimize 

collapse, which potentially increased inflammation of the control lung. Nonetheless, such 

maneuvers were performed in the same way in both groups, and the interpretation of the 

comparative contribution of volutrauma and atelectrauma to VILI was not affected.

CONCLUSIONS

In this experimental model of ARDS, volutrauma promoted higher lung inflammation than 

atelectrauma at comparable low VT and lower ΔP, suggesting that static stress and strain are 

major determinants of VILI.
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Figure 1. 

Time course of interventions. ARDS = acute respiratory distress syndrome, CPAP = 

continuous positive airway pressure, DLT = double-lumen endotracheal tube, ILA = 

interventional lung assist, PEEP = positive end-expiratory pressure, PRVC = pressure-

regulated volume-controlled ventilation, VCV = volume-controlled ventilation, VT = tidal 

volume.
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Figure 2. 

Three-dimensional illustration of the distributions of aeration and single-slice images of gas 

fraction, perfusion, and [18F]-fluorodeoxyglucose uptake rate (Ki) of representative animals. 

Three-dimensional illustration of the distribution of aeration, as well as 2D slice images of 

the gas fraction (FGAS), perfusion, and [18F]-fluorodeoxyglucose uptake rate (Ki P, 

computed voxel by voxel using Patlak method, and normalized to [1 – FGAS]) in 

representative animals of the volutrauma (upper) and atelectrauma groups (lower), 

respectively. Two-dimensional slice images represent the maximal cross-sectional areas of 

the respective slice in the whole lung images. Horizontal color bars denote the respective 

scales. Hyper = hyperaerated compartment, L = left VILI (ventilated) lung, non = 

nonaerated compartment, normal = normally aerated compartment, poor = poorly aerated 

compartment, R = right control (nonventilated) lung.
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Figure 3. 

[18F]-fluorodeoxyglucose uptake rate (Ki) of the ventilator-induced lung injury (VILI) and 

control lung grouped by injury model. Specific Ki (KiS) of the VILI lung (black triangles, 

ventilated lung) and corresponding control lung (gray squares, nonventilated lung) of all 

animals of the volutrauma group (left) and atelectrauma group (right). *p < 0.05 (vs 

nonventilated control lung, same injury model). #p < 0.05 (vs ventilated VILI atelectrauma 

lung). ##p < 0.01 (vs ventilated VILI atelectrauma lung).
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Figure 4. 

Regional specific [18F]-fluorodeoxyglucose net uptake rate (KiS), gas fraction (FGAS), blood 

fraction (FBLOOD), and perfusion grouped by injury model. Median and interquartile range 

of the KiS, FGAS, FBLOOD, and perfusion in five adjacent regions of the same lung mass 

reaching from ventral (regions of interest [ROI] 1) to dorsal (ROI 5) for the ventilator-

induced lung injury (VILI) (black triangles, ventilated lung) and control lung (gray squares, 

nonventilated lung) of all animals of the volutrauma (left) and atelectrauma groups (right). 

*p < 0.05 (vs nonventilated control lung in same ROI, same injury model), #p < 0.05 (vs 

ventilated VILI atelectrauma lung in same ROI).

Güldner et al. Page 18

Crit Care Med. Author manuscript; available in PMC 2017 September 01.

A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 5. 

Regional distribution of aeration compartments at end-inspiration and end-expiration 

grouped by injury model. Mean and SE of the distributions of hyperaerated (white), 

normally aerated (dark gray), poorly aerated (light gray), and nonaerated compartments 

(black) of ventilated ventilator-induced lung injury lungs in volutrauma (left) and 

atelectrauma groups (right), respectively, for five adjacent regions of the same lung mass 

reaching from ventral (regions of interest [ROI] 1) to dorsal (ROI 5) at end-expiration and 

end-inspiration, expressed as percent mass (%mass). #p < 0.05 (atelectrauma vs volutrauma 

for same aeration compartment in same ROI at the same lung volume). No significant 

difference of aeration compartments between ROIs at the same lung volume within groups.
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Figure 6. 

Regional distribution of tidal recruitment and tidal hyperaeration. Median and interquartile 

range of the amount of tidal recruitment (left) and tidal hyperaeration (right) of ventilated 

ventilator-induced lung injury lungs in volutrauma (gray) and atelectrauma (black) groups, 

respectively, in five adjacent regions of the same lung mass reaching from ventral (regions of 

interest [ROI] 1) to dorsal (ROI 5). Tidal recruitment was calculated as the decrease in the 

percentage of mass of nonaerated compartment from end-expiration to end-inspiration. Tidal 

hyperaeration was calculated as the increase in the percentage of mass of hyperaeration from 

end-expiration to end-inspiration. Note different axis scales between panels. *p < 0.05 (tidal 

recruitment vs tidal hyperaeration in same ROI and injury model), #p < 0.05 (atelectrauma 

vs volutrauma for tidal recruitment or tidal hyperaeration, respectively, in same ROI).
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