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Abstract
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Mechanical ventilation in itself can harm the lung and cause ventilator-induced lung injury
(VILI), which can induce or aggravate acute respiratory distress syndrome (ARDS). Much
debate remains over pivotal concepts regarding the pathophysiology of VILI, especially about
the precise contribution, kinetics, and primary role of potential VILI mechanisms. Consequently,
it remains largely unknown how best to design a well-timed and full-bodied mechanical
ventilation strategy. Little is known also about small airways dysfunction in ARDS. Dynamic
positron emission tomography (PET) with [18F]fluoro-2-deoxy-D-glucose (18F-FDG) can be
used to image cellular metabolism, which during lung inflammation mainly reflects neutrophil
activity, allowing the study of regional lung inflammation in vivo. We studied the regional
evolution of inflammation using dynamic PET/CT imaging of 18F-FDG in VILI and during
different lung-protective mechanical ventilation strategies. By dynamic CT we investigated
also the location and magnitude of peripheral airway closure and alveolar collapse under
high and low distending pressures and high and low inspiratory oxygen fraction. Piglets were
submitted to an experimental model of early ARDS combining repeated lung lavages and
injurious mechanical ventilation. The animals were subsequently studied during sustained
VILI, or submitted to distinct approaches of lung-protective mechanical ventilation: the one
recommended by the ARDS Network (ARDSNet), or to one defined as open lung approach
(OLA). The normally and poorly aerated regions - corresponding to intermediate gravitational
zones - were the primary targets of the inflammatory process accompanying early VILI, which
may be attributed to the small volume of the aerated lung that receives most of ventilation.
The ARDSNet strategy did not attenuate global pulmonary inflammation during 27h and led
to a concentration of inflammatory activity in the upper and poorly aerated lung regions.
The OLA, in comparison with the ARDSNet approach, resulted in sustained and better gas
exchange and lung mechanics. Moreover, the OLA strategy resulted in less global and regional
inflammation. Dynamic CT data suggested that a significant amount of airway closure and
related reabsorption atelectasis occurs in acute lung injury. Whether potential distal bronchioles
injury (“bronchiolotrauma”) is a critical and decisive element in ventilator-associated lung
injury is a matter for future studies.
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ANOVA analysis of variance 
ARDS acute respiratory distress syndrome 
ARDSNet National Institutes of Health’s National Heart, Lung 

and Blood Institute’s (NHLBI) Acute Respiratory 
Distress Syndrome Clinical Trials Network (ARDS 
Network) 

CT computed tomography 
DAMPs danger-associated molecular patterns 
EE_25%_HIGH end-expiratory CT after previous ventilation with  
 FIO2 0.25 and high driving pressure 
EE_100%_HIGH end-expiratory CT after previous ventilation with  
 FIO2 1 and high driving pressure 
EE_25%_LOW end-expiratory CT after previous ventilation with  
 FIO2 0.25 and low driving pressure 
EE_100%_LOW end-expiratory CT after previous ventilation with  
 FIO2 1 and low driving pressure 
EI_25%_HIGH end-inspiratory CT after previous ventilation with  
 FIO2 0.25 and high driving pressure 
EI_100%_HIGH end-inspiratory CT after previous ventilation with  
 FIO2 1 and high driving pressure 
EI_25%_LOW end-inspiratory CT after previous ventilation with  
 FIO2 0.25 and low driving pressure 
EI_100%_LOW end-inspiratory CT after previous ventilation with  
 FIO2 1 and low driving pressure 
18F-FDG [18F]-Fluoro-2-deoxy-D-glucose 
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FIO2 fraction of inspired oxygen  
Ftissue lung tissue fraction 
FWHM Full Width at Half Maximum 
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HU Hounsfield unit 
I:E duration of inspiration to the duration of expiration 
IL interleukin 
Ki

  18F-FDG net uptake rate constant 
Kis specific Ki 
OLA open lung approach 
PaO2/FIO2  ratio of partial pressure of arterial oxygen to the  



 

 fraction of inspired oxygen 
PBW predicted body weight 
PEEP positive end-expiratory pressure 
PET positron emission tomography 
PET/CT cross-registration of dynamic PET images  
 with CT scans 
PMN polymorphonuclear leukocytes 
PTCER transcapillary escape rate 
ROIL region-of-interest corresponding to the lungs 
ROIs regions-of-interest 
RR respiratory rate 
SD standard deviation 
SEM standard error of the mean 
SpO2 oxygen saturation by pulse oximetry 
TNF Tumor Necrosis Factor 
VAI/Q inspired ventilation-perfusion ratio 
Vgas  gas volume 
Vgas,level gas content per level 
VILI ventilator-induced lung injury 
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Vtiss tissue volume 
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Introduction 

The meaning of the term “inflammation” has undergone considerable evolu-
tion. It was originally defined around the year 25 A.D. by Aulus Cornelius 
Celsus (24) that described the body’s acute reaction following a traumatic 
event such as a microscopic tear of a ligament or muscle. His original word-
ing: “Notae vero inflammationis sunt quatour: rubor et tumor cum calore et 
dolore” (True signs of inflammation are four: redness and swelling with heat 
and pain) still holds. Disturbance of function (functio laesa) is the legendary 
fifth cardinal sign of inflammation and was added by Galen in the second 
century A.D. (122). Up-to-date articles (99) highlight the complicated roles 
that inflammation play in chronic illnesses such as metabolic, cardiovascular 
and neurodegenerative diseases. As well as in these difficulty-to-treat dis-
eases, more research and research tools are needed to illuminate therapeutic 
strategies in another difficulty-to-treat inflammatory malady, the acute res-
piratory distress syndrome (ARDS). 

In more than 40 years of extensive research on ARDS (6), little advance 
has been made in terms of outcome improvements (2, 5, 50, 108, 115, 128, 
153, 166) and much debate remains over pivotal concepts regarding the 
pathophysiology and over almost every aspect of the treatment (16, 17, 91, 
140). ARDS is a frequent and important cause of morbidity and mortality in 
critically ill patients (115, 128). 74,500 persons die of acute lung injury in 
the United States each year, a figure that is comparable to the number of 
adult deaths attributed to breast cancer or human immunodeficiency virus 
disease in 1999 (128). More importantly, ARDS occurs with a higher inci-
dence than previously reported, currently estimated to be of 190,600 cases 
per year in the United States with a mortality rate of 38,5%, and has there-
fore a substantial impact on public health (128). 

The inflammatory component of ARDS and ventilator-
induced lung injury 
Dysregulated inflammation, inappropriate accumulation and activity of leu-
kocytes and platelets, uncontrolled activation of coagulation pathways, and 
altered permeability of alveolar endothelial and epithelial barriers are central 
pathophysiologic concepts in ARDS (93, 94, 157). Activation of the innate 
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immune response by binding of microbial products or cell injury–associated 
endogenous molecules [danger-associated molecular patterns (DAMPs)] to 
pattern recognition receptors such as the Toll-like receptors on the lung epi-
thelium and alveolar macrophages is now recognized as a potent driving 
force for acute lung inflammation. Newly reported innate immune effector 
mechanisms, such as formation of neutrophil extracellular traps — lattices of 
chromatin and antimicrobial factors that capture pathogens but also can 
cause endothelial injury — and histone release by neutrophils may contrib-
ute to alveolar injury. Signaling between inflammatory and hemostatic effec-
tor cells, such as platelet-neutrophil interaction, is also important. The deli-
cate balance between protective and injurious innate and adaptive immune 
responses and hemostatic pathways may determine whether alveolar injury 
continues or is repaired and resolved. 

Ventilator-induced lung injury (VILI) can induce or aggravate ARDS (39, 
43, 49, 132, 163). Mechanical cell deformation can be converted to biochem-
ical changes, including production of pro-inflammatory cytokines. The pro-
posed general mechanism of VILI involves direct tissue damage due to me-
chanical stretch and activation of specific intracellular pathways involved in 
“mechanotransduction” (148, 155). Noteworthy, the development of hyaline 
membranes and increased permeability require the presence of polymorpho-
nuclear leukocytes (PMN), suggesting that in addition to mechanical dam-
age, inflammation is also necessary for mechanical ventilation to induce 
injury. 

Underlying the so-called “mechanotransduction” - general proposed 
mechanism of VILI, there are distinctive regional mechanisms within these 
edematous and heterogeneous lungs. However, much controversy remains 
about the precise contribution, kinetics, and primary role of each one of the-
se regional mechanisms of VILI (7, 16-22, 36, 39, 49, 57, 59, 154, 156, 161). 
Consequently, many open questions remain about how best to design a full-
bodied mechanical ventilation strategy capable of minimize the most part of 
them (92). A pressing unanswered question remains over the relative role of 
lung cyclic stretch, in even moderate degrees, vs. low-volume injury (7, 43, 
59, 156). 

Low-volume injury promotes local concentration of stresses in the vicini-
ty of collapsed regions in heterogeneously aerated lungs together with cycli-
cal recruitment of airways and alveoli (atelectrauma). Tremblay et al. 
showed increased production of inflammatory cytokines in lungs ventilated 
without positive end-expiratory pressure (PEEP) (148). This mechanism 
tends to predominate in more dependent regions of the lungs and to occur in 
previously damaged lungs prone to collapse (38, 43, 100, 106, 148). In par-
ticular, ventilation at low lung volumes and pressures may cause airway and 
alveolar fluid-structure instabilities that can lead to cyclic opening and clos-
ing (recruitment and derecruitment) of small airways and alveoli (7, 25, 38, 
43, 51, 66, 100, 165). The pulmonary epithelium is particularly at risk of 
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being damaged by mechanical stresses associated with cyclic opening and 
closing (14, 15, 30-32, 133, 160). Mechanical stresses induced epithelial cell 
damage in a model of airway reopening (15, 81) and the pressure gradient 
was the primary determinant of mechanical damage. Indeed, airway dysfunc-
tion has been recognized increasingly as an important contributor to pulmo-
nary impairment in patients with ARDS (72, 97, 116). Animal models of 
ARDS have shown that in addition to damage to the parenchyma, small air-
way injuries are characterized by bronchiolar epithelial necrosis and slough-
ing and by rupture of alveolar-bronchiolar attachments (30-32). The loss of 
mechanical alveolar/airway interdependence, airway epithelial injury, inter-
stitial edema, and alveolar collapse may all contribute to distal airway insta-
bility. It has been reported recently that in humans who died with ARDS, 
small airway changes were characterized by wall thickening with inflamma-
tion, extracellular matrix remodeling, and epithelial denudation (97). Im-
portantly, the degree of airway epithelial denudation in these patients was 
associated with disease severity. 

Solid and consistent knowledge about the relationship between distal air-
way instability and alveolar collapse exist in non-injured lungs. Clinical 
studies indicate that gas absorption plays a key role in the genesis of anes-
thesia-related atelectasis (68, 126). Absorption atelectasis can occur by either 
complete airway occlusion or by reduction of the inspired ventilation-
perfusion ratio to below a critical level (34). Beyond the site of airway clo-
sure gas is trapped with a predisposition to absorption atelectasis. Nonethe-
less, there is little information (1, 67) on how much of this conceptual 
framework is applicable in ARDS. 

Stretch tends to occur in nondependent regions and results from increased 
regional lung volume. Overstretching of alveolar walls causes endothelial 
and epithelial breaks and interstitial edema. Detachment of endothelial cells 
from the basement membrane and death of epithelial cell with denuding of 
the epithelial basement membrane become obvious after 20 min of mechani-
cal ventilation with very high tidal volume (VT) (42, 44, 47, 109). The exces-
sive deformation of epithelial and endothelial cells, as well as of the extra-
cellular matrix, leads to an increased pro-inflammatory response. 

In some studies, low-volume injury was suggested to predominate (37, 
38, 106), while in others including laboratory (150) and clinical studies (147) 
overdistension was suggested to be the prevailing VILI mechanism. 

Mechanical ventilation strategies designed to protect from VILI reduces 
accumulation of pulmonary edema by preserving barrier properties of the 
alveolar endothelium and alveolar epithelium. Reductions in markers of lung 
epithelial injury have also been observed in clinical studies. These mechani-
cal ventilation approaches aimed to attenuate VILI downregulates mechano-
sensitive proinflammatory pathways, resulting in reduced neutrophil accu-
mulation in the alveoli and lower plasma levels of interleukin (IL)-6, IL-8, 
and soluble Tumor necrosis factor (TNF) receptor 1. 
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Ventilation according the National Institutes of Health’s National Heart, 
Lung and Blood Institute’s (NHLBI) Acute Respiratory Distress Syndrome 
Clinical Trials Network (ARDS Network) low tidal volume trial - ARMA 
study - (ARDSNet) (5) is considered best practice in the care of many criti-
cally ill patients and represents the standard for mechanical ventilation of 
patients with ARDS (4, 5, 41, 92, 120, 159). The ARDSNet landmark study 
showed that use of low VT ventilation of 6 vs. 12 mL/kg predicted body 
weight (PBW) significantly reduced mortality (5) in these patients. This 
finding, together with the shift towards evidence-based medicine, has estab-
lished a VT of 6 mL/kg PBW as the standard of care in ARDS (48, 80), 
something that has been estimated to have the potential to prevent 5,500 
deaths annually (118). Low VT ventilation is associated with a more rapid 
attenuation of the inflammatory response by downregulating mechanosensi-
tive proinflammatory pathways, resulting in reduced neutrophil accumula-
tion in the alveoli and lower plasma levels of IL-8 and IL-6 (110). Plasma 
IL-6 levels declined in patients ventilated with low VT compared with con-
ventional VT in the ARDSNet study (5). Therefore, mitigation of the proin-
flammatory process is proposed as the rationale for the benefit associated 
with the ARDSNet approach in patients (5, 53, 93, 110). Nevertheless, to 
date there is no information on the effects of this protective strategy of me-
chanical ventilation on in vivo regional lung inflammation. 

The majority of ventilation strategies are mainly based on the reduction of 
airway pressure and volume. This “lung protective ventilation” is mostly 
empirically based rather than founded on experimental or clinical data on the 
evolution of inflammation. An alternative to this standard of care it is a strat-
egy known as “open lung approach” (OLA) (2, 3, 20, 86) that also uses low 
inspiratory plateau pressure and low driving pressures. However, in the 
OLA, recruitment maneuvers are used to open up the lungs and PEEP is 
titrated to ensure end-expiratory alveolar stability using physiological end-
points like gas exchange or respiratory mechanics. 

Lung inflammation assessed by positron emission 
tomography 
Since inflammation in the lung seems to be a mediator in all causes of VILI 
(121, 148) and neutrophils play an important role in the inflammatory re-
sponse to injurious mechanical ventilation (103), a research tool suitable for 
tracking regional inflammatory responses in the course of VILI and during 
lung protective ventilation strategies is of the greatest interest. 

Positron emission tomography (PET) is an advanced nuclear medicine 
technique used for noninvasive and quantitative measurements of radioactiv-
ity concentration within living tissues. It is based on the physical properties 
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of certain isotopes that, when decaying, emit a positron, a particle with a 
mass equal to an electron but with a positive charge. The positron almost 
immediately collides with an electron and both are annihilated. In this pro-
cess, two high-energy photons are created and leave the site of annihilation 
in opposite directions. The PET scanner is equipped with a large number of 
scintillation detectors arranged in a ring surrounding the object of interest. 
When two photons with equal energies are detected in coincidence, the event 
is stored in a dedicated data array called a sinogram. Typically, many million 
of coincidences are stored during a PET scan. Coincidences are collected for 
a finite amount of time, called a time-frame. With modern PET scanners, a 
time-frame can range from a few seconds up to several minutes. Dynamic 
PET is a term used when several time-frames are collected from the same 
area of the body to track the changes of radioactivity concentration over 
time. The complete sinogram is then converted into a three-dimensional data 
array in a process called image reconstruction. Each data entry in this new 
data array contains the actual radioactivity concentration of a certain portion 
of the body within the specified time-frame. The three-dimensional image 
array can be viewed as a stack of tomographic slices on a computer display 
with color codes for the actual radioactivity concentration. When kinetic 
information is wanted, the dynamic PET data is processed further with dedi-
cated computer software. Regions of interest are placed at will within the 
tissue and data resembling the changes of concentration over time is extract-
ed. In advanced kinetic analysis the time-activity curves of both, the blood 
and the tissue of interest are needed. Advanced kinetic analysis typically 
involves the use of computer-aided mathematical modeling. 

In acute lung injury the non-barrier functions of the pulmonary endotheli-
um have been emphasized. But the barrier function per se is essential in pre-
serving the most important purpose of the lungs: the adequate exchange of 
respiratory gases. PET studies have shown (23, 137), that measures of barri-
er function are a nonspecific index of lung injury, indicating functional not 
structural lung injury. For example, PET imaging methods allow to measure 
the rate at which protein move across the endothelial barrier, from vascular 
to extravascular compartments, the so called transcapillary escape rate 
(PTCER). Palazzo et al. (107) used PET imaging to measure PTCER in an in 
vivo canine model of unilateral pulmonary ischemia-reperfusion injury and 
found it to be increased on the ischemic lung. Interestingly, both lungs had 
and increased PTCER when compared with control non-ischemic lungs, 
suggesting that injury in one lung can lead to similar, injury in the contrala-
teral lung, a finding that has been observed in an analogous clinical setting 
such as acute unilateral pneumonia. Calandrino et al. (23) described that, 
while PTCER and extravascular density, a close correlate to extravascular 
lung water, were both elevated in ARDS patients they correlated poorly with 
one another on a regional basis. Moreover, even as extravascular density 
returned to normal, PTCER remained elevated suggesting that lung tissue 
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injury might be “subclinical” but still present, even after pulmonary edema 
has actually resolved. This was further confirmed by Sandiford et al. (131) 
who examined the regional distribution of PTCER and extravascular density 
more closely in ARDS patients and found ventral-dorsal gradients only for 
extravascular density but not for PTCER. Once more, functional injury was 
detected even in lung regions that appeared to be free of structural injury. 
The finding that the lungs of ARDS patients are more diffusely involved 
than what might otherwise be assumed from just structural radiological im-
aging such as computed tomography helps explain why ARDS lungs are so 
vulnerable to VILI: radiographically “normal” lung, i.e. lung with a normal 
extravascular lung water content in nondependent lung regions may still be 
abnormal and vulnerable to mechanical stresses caused by mechanical venti-
lation. These data tell us that nondependent regions of ARDS lung are “at 
risk” because they demonstrate subclinical evidence of injury, which can be 
made manifest by inappropriate ventilator use. Jones et al. (74) evidenced a 
surprisingly high pulmonary uptake of [18F]-Fluoro-2-deoxy-D-glucose (18F-
FDG) in patients with head injury, at risk of developing ARDS but without 
lung symptoms at the time of the scan. This signal may reflect sequestration 
of primed neutrophils in lung capillaries. In vitro studies in isolated human 
neutrophils have demonstrated that the uptake of deoxyglucose is increased 
to the same extent in cells that are only primed or primed and stimulated 
(73). This indicates the vulnerability of these patients while on ventilatory 
support, because, even though neutrophils remain in a primed state any addi-
tional stimulus precipitates actual tissue damage. 

PET with 18F-FDG, a glucose-analogue tracer, offers the opportunity to 
study regional lung inflammation in vivo with the advantage over conven-
tional histological methods of preserving the integrity of the lung. 18F-FDG 
is taken up predominantly by metabolically active cells and has been recog-
nized as a key marker of neutrophilic inflammation in the inflamed non-
tumoral lung (11, 27, 29, 38, 40, 75, 77, 103). Furthermore, the cross-
registration of dynamic PET images with computed tomography (CT) scans 
(PET/CT) allow investigating the location and evolution of inflammation by 
PET imaging, relating it to CT morphology. 
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The aims of this doctoral thesis 

The main objective of the studies included in this thesis was to investigate 
the regional lung kinetics of ventilator-induced lung injury and protective-
ventilation strategies by dynamic positron emission tomography. 

The specific aims of the studies were: 

I To evaluate the location and magnitude of early inflammatory 
changes caused by VILI using PET/CT imaging of 18F-FDG in 
a new and proper porcine experimental model of early ARDS. 

II To investigate the location and evolution of inflammation by 
PET imaging, relating it to CT morphology, during the first 27 
hours of application of protective-ventilation strategy as sug-
gested by the ARDSNet. 

III To examine the location and evolution of inflammation using 
PET/CT imaging of 18F-FDG resulting from two different pro-
tective-ventilation strategies. 

IV By using static and dynamic CT imaging in a porcine experi-
mental model of acute lung injury, to study the location and 
magnitude of peripheral airway closure under high and low dis-
tending pressures and high and low inspiratory oxygen fraction. 

The knowledge obtained from the studies above might improve our under-
standing of the dynamics of regional lung inflammation, and of the mecha-
nisms and sequence of events involved in VILI. This novel information 
might help to improve the strategies aimed to prevent or reduce its occur-
rence. 
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Material and Methods 

Animals 
All experimental protocols were approved by Uppsala Animal Ethics Com-
mittee and current Swedish regulations and legislations were followed in the 
design and conduct of experiments. 

Forty healthy, 2 - 3 month old piglets of mixed Hampshire, Yorkshire, 
and Swedish country breeds, obtained from a Swedish country breed were 
purchased from purpose breeder. Animals had free access to food and water 
until being transported to the experimental facility. 

Anesthesia 
Identical anesthesia protocols were used in all studies. 

The piglets were premedicated by an intramuscular injection of xylazine 
(2.2 mg/kg, Rompun®, Bayer, Leverkusen, Germany), tiletamine/zolazepam 
(6 mg/kg, Zoletil®, Virbac, Carros, France), and atropine (0.04 mg/kg, 
NMPharma, Stockholm, Sweden). After five minutes, animals were placed 
on the operating table in the supine position and a cannula was inserted into 
an auricular vein to start anesthesia and fluid administration. After adequate 
depth of anesthesia was achieved, tested by absence of responses (signs of 
awakening or withdrawal reactions) to painful stimulation between the back 
toes, anesthesia was maintained by continuous combined infusion of keta-
mine 25 – 50 mg kg-1h, midazolam 90 – 180 µg kg-1h, fentanyl 3 – 6 µg kg-1h 
and pancuronium bromide 0.25 – 0.50 µg kg-1h. Additional doses of fentanyl 
and pancuronium were given when needed to assure animal comfort. Depth 
of anesthesia was intermittently tested with blood pressure and heart rate 
response to pain stimulation. A bolus dose of fentanyl was given intrave-
nously if the anesthesia was considered insufficient. 

Animal instrumentation 
Animals were tracheotomized and mechanically ventilated using a cuffed 7 
mm ID endotracheal tube (Mallinckrodt, Athlone, Ireland). The animals’ 
instrumentation and all protocol steps were performed with the animals lying 
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in the supine position. Through bilateral neck incisions both jugular veins 
were dissected and prepared for cannulation. A central venous line and flow-
directed pulmonary artery catheter were inserted through the right jugular 
vein, its distal port connected to a zeroed (right atrium level) pressure trans-
ducer with the balloon inflated with progressing into the pulmonary artery 
until a stable wedge waveform was obtained. Through the left carotid artery 
an indwelling catheter was inserted for invasive blood pressure monitoring 
and blood sampling. In all animals the urinary bladder was drained using a 
conventional appropriately sized catheter inserted via a small supra-pubic 
incision. 

Avoiding inadequate or improper technique that may lead to subclinical 
infections that can cause adverse physiologic responses and affect research 
results, in paper II we applied aseptic technique (sterile gloves, instruments, 
etc.) and all proper precautions against the introduction of infectious micro-
organisms from the outside environment. In addition, prophylactic antibiotic 
(cefuroxime 750 mg) was administered intravenously after first vascular 
access. Thereafter, cefuroxime 750 mg was administered intravenously eve-
ry 12 hours. 

ARDS model 
After preparation and physiological baseline measurements that included 
arterial blood gases, hemodynamic and respiratory parameters, we estab-
lished a two-hit injury ARDS model in papers I, II and III. First hit: repeated 
lung lavages with 30 ml/kg of warmed isotonic saline (84) were applied until 
a stable ratio of partial pressure of arterial oxygen to the fraction of inspired 
oxygen (PaO2/FIO2) < 100 torr (< 200 torr in paper III) was reached. Second 
hit: the repeated lung lavages period was followed by 210 min (120 min in 
paper III) of injurious mechanical ventilation using low PEEP (mean PEEP = 
4 cmH2O), high inspiratory pressures (mean plateau pressure = 45 cmH2O), 
respiratory rate (RR) 20 bpm, fraction of inspired oxygen (FIO2) 1, and the 
duration of inspiration to the duration of expiration (I:E) 1:2. At the end of 
this period, we recorded a new set of physiological data. 

In paper IV we established a one-hit injury ARDS model (84): repeated 
lung lavages with 30 ml/kg of warmed isotonic saline were applied until a 
stable PaO2/FIO2 < 150 mmHg was reached with the following ventilatory 
settings: PEEP 7 cmH2O, plateau pressure 30 cmH2O, FIO2 1, RR 20 bpm, 
and I:E 1:1. 
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Investigational protocol 
In paper I, after establishment of ARDS model, ventilation was delivered in 
a pressure-controlled mode with plateau pressure of 42 cmH2O, RR 20 bpm, 
I:E 1:1 and FIO2 of 1. PEEP was applied at the minimal level to keep oxygen 
saturation by pulse oximetry (SpO2) > 90%. These settings were maintained 
for 4 hours till the end of the study. To obtain control data, the same imaging 
protocol and data analysis were performed in five healthy animals submitted 
to “protective ventilation” (tidal volume = 6 ml/kg and PEEP 5 cm H2O) for 
4 hours before the PET. 

In paper II, after establishment of ARDS model, ventilation according to 
ARDSNet strategy was initiated. During 30 hours of ventilation according to 
ARDSNet strategy, the animals were evaluated with two dynamic PET im-
aging of 18F-FDG, with 24 hours interval between them. The first one was 
made after 3 hours of ventilation according to ARDSNet protocol. 

In paper III, after establishment of ARDS model, the animals were ran-
domized to one of two distinct approaches of lung-protective mechanical 
ventilation: ARDSNet or OLA. After 4 hours of ventilation in one of the 
treatment groups, the animals were studied with dynamic PET imaging of 
18F-FDG. 

In paper IV, after establishment of ARDS model, the animals were sub-
mitted to a driving pressure (plateau pressure – total PEEP) titration proce-
dure, consisting of decremental driving pressures to identify the lowest pres-
sure capable to keep SpO2 at 88 % during 4 minutes (10 minutes for the con-
trol group). During the driving pressure titration procedure PEEP was = 5 
cmH2O, FIO2 1, and RR 20 bpm. A recruitment maneuver was then per-
formed (PEEP 35 cmH2O, plateau pressure 50 cmH2O, RR 20 bpm, 1 mi-
nute) followed by ventilation in pressure-controlled mode with PEEP 15 
cmH2O, FIO2 0.25, RR 20 bpm and tidal volume 8 ml/kg. Two animals (con-
trol group) did not undergo the lung injury phase and served as healthy con-
trol animals. They were ventilated with a minimal plateau pressure enough 
to achieve 8 ml/kg tidal volume, RR to keep PaCO2 between 35 and 45 
mmHg, PEEP 5 cmH2O, I:E 1:1 and FIO2 of 0.4. 

Any glucose-containing intravenous infusion was stopped 6 hours before 
the PET studies. During transport from the laboratory to PET and CT facili-
ties, and throughout the study, animals were sedated, paralyzed, and contin-
uously monitored. Fluid therapy, using ringer’s acetate 5 ml/kg/h, was main-
tained constant throughout the studies period. 

PET/CT imaging 
We used a GE Discovery STE (GE Medical Systems, Milwaukee, WI) 
PET/CT with a 64 slice Lightspeed CT. The PET scans were done with an 
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axial field of view of 15.3 cm, with 41 time frames and were adjusted for 
decay of the radioactivity, dead time, scatter and randoms (correction by 
Singles) (13, 88). The reconstruction was done with VUE Point, 50 cm 
DView, with a standard axis filter and a 4.29 mm (FWHM) post filter, which 
resulted in a volume with slice 3.27 mm, 128 x 128 matrix, and pixel size of 
2.34 mm. 

The CT-protocol used for the fusion (standard/soft CT) was performed 
with 140 kV and 50 mA. The reconstruction was done with a Body Filter 
and gave a volume with a slice separation of 2.5 mm, 512 x 512 matrix, and 
a pixel size of 0.97 mm. 

The section of the thorax to be imaged was selected on the scout view just 
above the diaphragm. Once the selection was made, care was taken to avoid 
any further movement of the animal on the examination table. A spiral CT 
scan of the chosen section was obtained while holding the animal apneic (by 
switching the ventilator to constant positive airway pressure modality) at the 
same mean airway pressure as during mechanical ventilation, to ensure the 
best possible cross-registration between the CT scan and the PET acquisition 
to follow, performed during tidal ventilation. The animal was then advanced 
to the PET detector; the tomography ensured the cross-registration of the 
same axial field-of-view between the CT and the PET acquisition. 

18F-FDG (~150 MBq) was infused at a constant rate over 60 seconds and, 
starting 5 seconds after the beginning of 18F-FDG infusion, sequential PET 
frames (12 X 5 seconds, 6 X 10 seconds, 6 X 20 seconds, 6 X 60 seconds, 5 
X 120 seconds, and 6 X 300 seconds; total PET imaging time was 50 
minutes) were acquired while pulmonary arterial blood was sampled at 5.5, 
9.5, 27.5, 42.5, and 47.5 minutes. Blood samples were spun down, and the 
activity of plasma was measured in a gamma counter cross-calibrated with 
the PET scanner. The plasma activities of these samples were used to cali-
brate the blood-pool region of interest and obtain an image-derived input 
function taking into account partial-volume and spillover effects (134). 18F-
FDG PET scans were not acquired before injury because of feasibility rea-
sons (the 110 minutes half-life of 18F-FDG did not allow that in face of the 
available time for the studies). 

Dynamic PET data were reconstructed by ordered-subset expectation 
maximization iterative algorithm [Iterative VUE Point, 30 cm DView, with a 
standard axis filter and a 2.57 mm FWHM post filter] (89, 143) and correct-
ed for decay, dead time, scatter, random counts (correction by Singles), and 
attenuation (using CT). 

We acquired also CT scans at end-expiration and end-inspiration by using 
constant positive airway pressure modality. CT scans acquisitions were 
made in around 3 seconds. 

For each slice, the inner contour of each hemi-thorax was manually 
drawn, excluding the chest wall, mediastinum, pleural effusions, and regions 
presenting partial volume effects (45). Then, we divided the whole lung sec-
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tion that was imaged by CT in four vertically distributed regions-of-interest 
(ROIs) of equal height from top (anterior) to bottom (posterior). 

For each ROI we quantified the following CT compartments: hyperinflat-
ed [comprising voxels with CT attenuation between - 1000 and – 901 
Hounsfield unit (HU)], normally aerated (comprising voxels with CT attenu-
ation between - 900 and - 501 HU), poorly (comprising voxels with CT at-
tenuation between - 500 and - 101 HU), and nonaerated tissue (comprising 
voxels with CT attenuation between - 100 and +100 HU), as the following:  
(CT compartment mass)ROI/ total massROI(20). Then, 100% corresponds to 
the total mass of the specific ROI. 

CT protocol of paper IV 
The CT protocol of paper IV is described in detail here, since it forms the 
basis for this study. In the CT facility the piglet was positioned supine and a 
scanogram of the whole lung was acquired using a high-resolution 64 slices 
CT Somatom Definition (Siemens AG Erlangen-Germany). After 10 minutes 
PEEP was reduced to 5 cmH2O and driving pressure was set to the low value 
previously titrated. FIO2 was then turned to 1. A 60 seconds dynamic CT 
acquisition of a fixed slice located between heart and diaphragm was per-
formed just after this closing maneuver (time 0) and repeated after 4 minutes 
(10 minutes for the control group). At the end of the second dynamic acqui-
sition an end-expiratory hold maneuver and an end-inspiratory hold maneu-
ver were performed and a corresponding scan of the whole lung in both con-
ditions was acquired. Two different sets of images were thus generated: end-
expiratory CT after previous ventilation with FIO2 0.25 and low driving pres-
sure (EE_25%_LOW), and end-inspiratory CT after previous ventilation 
with FIO2 0.25 and low driving pressure (EI_25%_LOW). 

Driving pressure was then set to 40 cmH2O (25 cmH2O in the control 
group), keeping PEEP 5 cmH2O and FIO2 1. After 10 minutes with the new 
settings another end-expiratory hold maneuver and an end-inspiratory hold 
maneuver were again performed and the corresponding scan of the whole 
lung in both conditions was acquired, generating an end-expiratory CT after 
previous ventilation with FIO2 0.25 and high driving pressure 
(EE_25%_HIGH), and end-inspiratory CT after previous ventilation with 
FIO2 0.25 and high driving pressure (EI_25%_HIGH). 

In order to homogenize gas composition in the whole lung, the lung re-
cruitment maneuver previously described was applied again and each piglet 
was ventilated with PEEP 15 cmH2O, driving pressure enough to achieve 8 
ml/kg tidal volume, RR of 20 bpm and FIO2 1 for 10 minutes. After this peri-
od PEEP was set to 5 cmH2O and driving pressure to the low value previous-
ly titrated. FIO2 was kept 1. A 60 seconds dynamic acquisition of the same 
transverse plane previously scanned at time 0 and after 4 minutes was ac-
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quired (10 minutes for the control group). The end-expiratory and end-
inspiratory hold maneuvers were again performed as before, generating the 
corresponding end-expiratory CT after ventilation with FIO2 1 and low driv-
ing pressure (EE_100%_LOW), and the end-inspiratory CT after ventilation 
with FIO2 1 and low driving pressure (EI_100%_LOW). The driving pres-
sure value adopted in this experimental step was exactly the same as during 
EE_25%_LOW and EI_25%_LOW and the only difference between these 
steps was the gas composition inside the lung. 

In sequence, driving pressure was set to 40 cmH2O (25 cmH2O in the con-
trol group) and all the others settings were kept constant. After 10 minutes, 
the corresponding end-expiratory CT after ventilation with FIO2 1 and high 
driving pressure (EE_100%_HIGH), and the end-inspiratory CT after venti-
lation with FIO2 1 and high driving pressure (EI_100%_HIGH) were ac-
quired. 

Throughout the study any sign of intrinsic PEEP was monitored by end-
expiratory occlusion to measure static intrinsic PEEP, and in case of appear-
ance the respiratory rate was decreased stepwise until its disappearance. At 
the end of each experimental step, cardiac output, wedge pressure and cen-
tral venous pressure were measured and arterial and central venous blood gas 
samples were collected. 

Dynamic and static CT images were acquired as 5 mm thick slices. Voxel 
dimensions of each image were 5 mm x 0.5 mm x 0.5 mm. The temporal 
interval between images in the dynamic series was 50 milliseconds. 

PET/CT image analysis 
Images were analyzed in a customized program written in LabVIEW 7.1®. 
First, lung fields, i.e. the region of interest corresponding to the lungs [lung 
ROI (ROIL)], were manually outlined on the CT images, carefully avoiding 
the large airways, vessels, and pleural effusions. 

Inside cells, 18F-FDG is phosphorylated by hexokinase to 18F-FDG-6-
phosphate, which accumulates in proportion to cellular metabolic rate. 18F-
FDG net uptake rate constant (Ki) a measure of cellular metabolic activity, 
was calculated at the ROIL level by fitting the 18F-FDG kinetics with a two-
compartment model of Patlak et al. (111, 112). Briefly, the activity in ROIL 

divided by blood activity was plotted as a function of the integral of blood 
activity divided by blood activity. After a steady state in cellular 18F-FDG 
uptake is reached, the plot follows a straight line and its slope indicates the 
Ki. To account for potential effects of heterogeneous regional distribution of 
tissue density on regional Ki, we normalized Ki by lung tissue, thus compu-
ting a specific Ki as Kis = Ki /Ftissue, where Ftissue refers to lung tissue fraction 
and equals 1 – lung gas fraction (Fgas) as calculated from the CT (45, 56). Kis 
is therefore proportional to 18F-FDG uptake per gram of lung tissue. 
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The original CT matrix, with a size of 512 X 512 pixels, was rescaled to 
achieve the same dimension (128 X 128) and pixel size (2.34 mm) as the 
PET image. This scaling process lowers the spatial resolution of CT to a 
level similar to that of PET. 

The ROIL was sub-segmented in three different ways: First, we allocated 
voxels to one of the four classical CT compartments of lung density: hyper-
inflated, normally aerated, poorly aerated and collapsed (i.e., nonaerated) 
ROIs. Second, we divided the lung region into ten compartments of lung 
density from -1000 HU to 0 HU, each 100 HU wide. Finally, we divided the 
three-dimensional lung masks in four vertically distributed ROIs of equal 
height from top (anterior) to bottom (posterior). 

None of the aforementioned calculations was performed on a voxel-by-
voxel basis, rather on the activity arising from a given ROI, which is the 
average activity of the voxels in the ROI. 

Image processing and calculations of paper IV 
All calculations were performed by using scripts for the Image Processing 
Toolbox for MatLab R2008a (MatLab, The MathWorks, Natick, MA), pur-
posely written by one of the authors (GP). The DICOM-standard image files 
produced by the CT scanner were directly transferred to the MatLab soft-
ware. Each image was processed as a matrix of voxels as done in (113). 
Lung parenchyma in each image was manually outlined and selected. The 
set of images referring to the entire lung acquired in static conditions was 
studied according to a gravitational vector. Knowing voxel dimensions 
(Vvox) and its CT density expressed in HU, gas volume (Vgas) and tissue vol-
ume (Vtiss) of each voxel were calculated according to the following formu-
las: 

Vgas = Vvox * (- HU / 1000) (equation 1) 
Vtiss = Vvox * [1 - (- HU / 1000)] (equation 2) 
From the formulas 1 and 2 several variables have been derived: 
Gas content per level (Vgas,level) that is the sum of Vgas of the n voxels in-

cluded in that level. 
Tissue content per level (Vtiss,level) that is the sum of Vtiss of the n voxels 

included in that level. 
Gas/tissue ratio (g/t) was calculated for each lung level as previously de-

scribed (56): 
g/t = Vgas,level / Vtiss,level (equation 3) 
In the CT images nonaerated lung (atelectasis) was calculated as the voxel 

population with HU values ranging from +100 to -100; poorly aerated lung 
between -100 and -500; normally aerated between -500 and -900; and over-
aerated between -900 HU and -1000 HU. 
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We also quantified the percent mass of normally, poorly and nonaerated 
tissue (collapsed lung parenchyma) (20) in each gravitational level, ex-
pressed as a percentage of the tissue content in the entire gravitational level. 

Statistics 
Paper I: The normality of the data or of the logarithmic transformation 
thereof was confirmed with the Shapiro-Wilk test. We expressed values as 
means ± standard deviation (SD). We used the independent samples t test for 
comparisons between groups and paired t tests for comparisons within 
group. Ki and Kis were compared with a linear mixed-effect model with 
group and region modeled as fixed effects, and random intercepts for the 
subjects (lme4 package, R statistical environment, R 3.0.0, Vienna, Austria). 
Post hoc tests were adjusted using Bonferroni correction. 

Paper II: The scatters in the parameters were expressed by the standard er-
ror of the mean (SEM) values. The Shapiro–Wilk test was used to test data 
for normality. When data were normally distributed, Within-within-subjects 
Analysis of Variance (ANOVA) was applied. When data were not normally 
distributed, Related-Samples Friedman’s Two-Way Analysis of Variance 
was used. The Bonferroni adjustment for multiple tests was applied for post 
hoc comparisons. By using Student’s paired t-test, two-points comparisons 
were performed for expiratory vs. inspiratory CT for the regional percent 
mass of poorly aerated compartment. The statistical analyses were conducted 
by SPSS (version 20.0.0). 

Paper III: The scatters in the parameters were expressed by the SEM val-
ues. The Shapiro–Wilk test was used to test data for normality. When data 
were normally distributed, Mixed ANOVA was applied. When data were not 
normally distributed, Related-Samples Friedman’s Two-Way Analysis of 
Variance was used. The Bonferroni adjustment for multiple tests was applied 
for post hoc comparisons. Independent-samples t-test was used to test global 
18F-FDG uptake rate of OLA vs. ARDSNet strategy. The statistical analyses 
were conducted by SPSS (version 20.0.0). 

Paper IV: The Shapiro–Wilk test was used to test data for normality. We 
expressed values as means and SD for normally distributed variables and 
median and interquartile ranges (25–75%) otherwise. For normally distribut-
ed variables, we used repeated-measures ANOVA for the comparison of any 
variable collected multiple times during the protocol. The Bonferroni ad-
justment for multiple tests was applied for post hoc comparisons. When the 
assumption of normality was violated, we used the Friedman test as the non-
parametric alternative to the repeated measures ANOVA test. Pairwise 
planned contrasts were performed with a Bonferroni correction for multiple 
comparisons. Gas-tissue ratios were directly compared by the Kolmogorov-
Smirnov two sample test, treating each paired measurement as an independ-
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ent observation (i.e. without accounting for intra versus inter-individual dif-
ferences). A Spearman's Rank Order correlation was run to assess the rela-
tionship between the amount of poorly aerated tissue in the expiratory CT 
acquired after previous ventilation with FIO2 0.25 and low driving pressure, 
and the amount of nonaerated tissue in the expiratory CT acquired after ven-
tilation with FIO2 1 and low driving pressure. We chose Spearman's Rank 
Order correlation because not all variables were normally distributed, as 
assessed by the Shapiro-Wilk test. Preliminary analysis showed the relation-
ship to be monotonic. 

All tests were two-tailed, with significance set at p < 0.05. 
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Results 

Paper I 
The main tidal changes in CT densities were: a tidal increase in the hyperin-
flated lung accompanied by decreases in poor and normally aerated lung in 
region 1; a tidal-increase in the normally aerated lung with a tidal-decrease 
in the poorly and nonaerated in regions 2 and 3; and a tidal-decrease in the 
nonaerated lung tissue with a corresponding tidal-increase in poor and nor-
mally-aerated lung in region 4. 

Figure 1 shows representative images of Ki in a piglet of the VILI group 
and a piglet of the healthy control group. It also shows CT images taken at 
expiratory and inspiratory pauses of the same animal of the VILI group. 
Note that in the VILI group there was a significant amount of nonaerated 
lung at end-expiration in the most dependent regions, most of which disap-
peared at end-inspiration, a finding suggestive of tidal recruitment. The met-
abolic activity was more intense in the intermediate lung regions, where poor 
and normally aerated lung were predominant. 
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Figure 1. Representative images of net [18F]-Fluoro-2-deoxy-D-glucose uptake rate 
(Ki) in a piglet of the ventilator-induced lung injury (VILI) group and a piglet of the 
healthy control group. CT images taken at expiratory and inspiratory pauses of the 
same animal of the VILI group. 

The global metabolic activity of the lungs was markedly increased, as shown 
by the higher Ki and Kis values (Figure 2) in comparison with controls. This 
increase was more prominent in intermediate regions (ROIs 2 and 3) as 
shown by the significantly higher Kis in those regions (Figure 3). 

 
Figure 2. Global net [18F]-Fluoro-2-deoxy-D-glucose uptake rate (Ki) and normal-
ized Ki by lung tissue (Kis) in control and ventilator-induced lung injury (VILI) pig-
lets. p values show the significant differences between control and VILI groups. Ki = 
closed circles, Kis = closed triangles. 

Figure 4 
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Figure 3. Regional net [18F]-Fluoro-2-deoxy-D-glucose uptake rate normalized by 
lung tissue (Kis) in control (open circles) and ventilator-induced lung injury (VILI) 
piglets (closed circles). Four regions-of-interest (ROIs) of same vertical height were 
used for quantification of regional lung density and 18F-FDG kinetics. ROI 1 is the 
most nondependent and ROI 4 the most dependent one. p values show the signifi-
cant differences between control and VILI groups. 

The CT aeration compartments with the highest and significant increases in 
Ki were the normal and poorly aerated regions (Figure 4). Nonaerated and 
hyperinflated regions were not significantly different from controls. 
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Figure 4. Regional net [18F]-Fluoro-2-deoxy-D-glucose uptake rate (Ki) in control 
(open circles) and ventilator-induced lung injury (VILI) piglets (closed circles). The 
four classical CT aeration compartments are shown. p values show the significant 
differences between control and VILI groups. 

Paper II 
Respiratory mechanics and gas exchange show marked changes during the 
210 min of injurious mechanical ventilation. When the PET/CT imaging was 
done after 3 and 27 hours of ventilation according to ARDSNet protocol, VT 
and PaO2/FIO2 measurements were stable and fully and consistently coherent 
with the ARDSNet protocol. Dynamic respiratory compliance continued to 
fall throughout the study period, whereas driving pressure continued to rise 
throughout the study period. 

Regarding the CT densities in the 4 zones from top (anterior, zone 1) to 
bottom (posterior, zone 4), a significant expiratory vs. inspiratory difference 
was found for the percent mass of poorly aerated compartment only for the 
region 2 (p = 0.01). 

There was a significant progression of lung collapse during the 27 hours 
of mechanical ventilation (p < 0.0005), despite the strict adherence to the 
PEEP/FIO2 table. The progression of lung collapse was mainly observed in 
ROIs 3 and 4, corresponding to the most dependent lung zones.  

No decrease was found in global 18F-FDG uptake rate from 3 to 27 hours 
(first and second PET), whether it was normalized or not by lung tissue (Ki 
and Kis). 
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Comparing Kis of 3 and 27 hours within 4 isogravitational ROIs there was 
a significant interaction between PET-time and ROI (p = 0.003; Within-
within-subjects ANOVA), which means that the spatial distribution of in-
flammation changed, with concentration of signal in the upper lung regions. 
In addition, there was a simple main effect for ROIs at 3 hours (p = 0.006; 
Within-within-subjects ANOVA) and 27 hours (p = 0.002; Within-within-
subjects ANOVA), indicating a heterogeneous distribution of inflammation. 
At 27 hours, in the pairwise comparisons with Bonferroni corrections, Kis of 
the ROIs 1 and 2 were greater than all the other ones. 

When comparing Kis at 3 and at 27 hours within 2 vertical halves, there 
was also a significant interaction between PET-time and ROI (p = 0.007; 
Within-within-subjects ANOVA), suggesting a change in the spatial distri-
bution of inflammation. And similarly, there were simple main effects for 
upper vs. lower half: in both PETs, the Kis of the upper half was greater than 
the Kis of the lower half (p = 0.01 for the first PET-3h and p = 0.005 for the 
second PET-27h).  

Comparing Ki of 3 and 27 hours within the 4 four classical CT compart-
ments of lung density there was a main effect within ROIs (p < 0.005; With-
in-within-subjects ANOVA). In the pairwise comparisons with Bonferroni 
corrections, Ki of the hyperinflated compartment was lower than all the other 
ones; Ki of the poorly aerated compartment was greater than of the hyperin-
flated and the normally aerated one; and Ki of the collapsed compartment 
was only greater than of the hyperinflated one. 

Paper III 
At baseline, respiratory mechanics and gas exchange measurements were all 
within normal ranges and similar between ARDSNet and OLA groups. By 
comparing with baseline, both groups exhibited marked and similar changes 
at the end of VILI. However, since the beginning and throughout the me-
chanical ventilations strategies period, the OLA strategy exhibited better 
respiratory mechanics (p = 0.001 and p = 0.002), and oxygenation (p < 
0.005) measurements. Noteworthy, the driving pressures of the OLA strate-
gy were prominently lower than the ARDSNet strategy since the beginning 
and throughout the mechanical ventilations strategies period. 

The OLA strategy led to a more homogeneous tissue density distribution. 
The global Ki of OLA was lower than ARDSNet (p = 0.002). 
Comparing Ki of OLA and ARDSNet within 4 isogravitational ROIs there 

was an interaction between strategy and ROI (p = 0.009; Mixed ANOVA). 
In addition, there were simple main effects for OLA vs. ARDSNet in ROIs 
2, 3 and 4 (p = 0.01, p = 0.001, p = 0.016, respectively; Mixed ANOVA). 

Comparing Ki of OLA and ARDSNet within the 4 four classical CT com-
partments of lung density there was an interaction between strategy and CT 
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compartment (p = 0.011; Mixed ANOVA). In addition, there were simple 
main effects for OLA vs. ARDSNet in the nonaerated, poorly aerated, nor-
mally aerated and hyperinflated compartments (p = 0.001, p = 0.016, p = 
0.006, p = 0.022, respectively; Mixed ANOVA). 

Paper IV 
The low driving pressure titrated for the ARDS group was 16 ± 3.6 cmH2O 
and for the control group 4 cmH2O with PEEP set at 5 cmH2O. 

Gas/tissue ratio in the control group: when low driving pressure was ap-
plied no differences in gas/tissue ratio were found between FIO2 0.25 and 
FIO2 1, and between inspiratory and expiratory CT along all gravitational 
levels. When high driving pressure was applied, clear differences in 
gas/tissue ratio were detected between inspiratory and expiratory CT along 
most of all gravitational levels and FIO2 tested. In addition, when high driv-
ing pressure was used neither inspiratory nor expiratory CT showed any 
differences in gas/tissue ratio between ventilation with FIO2 0.25 and 1. 

Gas/tissue ratio in the ARDS group/low driving pressure: in the most de-
pendent part of the lung, the gas/tissue ratio of the expiratory CT acquired 
after previous ventilation with FIO2 0.25 and with low driving pressure was 
significantly higher than the corresponding one after previous ventilation 
with FIO2 1.  

Gas/tissue ratio in the ARDS group/high driving pressure: there was a 
significant difference in the expiratory CT previously found between FIO2 
0.25 and FIO2 1 in the most dependent part of the lung disappeared.  

When comparing low and high driving pressure after previous ventilation 
with FIO2 1, a significant difference in gas/tissue ratio was demonstrated in 
the expiratory CT in the most dependent lung level (p < 0.01). 

Looking at the end-inspiratory and end-expiratory gas/tissue ratios at the 
different vertical levels of the lung, it can be seen that with low driving pres-
sures the tidal aeration is small as indicated by the small differences between 
the inspiratory and expiratory points. It can also be seen that in the most 
dependent part of the lung there is no inspiratory increase in aeration, sug-
gesting no ventilation, whether there is certain constant aeration (trapped gas 
behind closed airways) or no gas at all (alveolar collapse). This extends up to 
one third of the distance from the bottom of the lung. Normal aeration, cor-
responding to a gas tissue ratio of 0.5 or higher (- 900 < HU < - 500) occurs 
half way up the lung.  

With high driving pressure the differences between the inspiratory and 
expiratory gas/tissue ratios are increased as a consequence of larger tidal 
aeration. Ventilation is primarily delivered to the middle half of the lung 
along the gravitational axis. 



 33 

There was a significant reduction in the amount of poorly aerated tissue 
along the gravitational vector and a significant and correlated increase in the 
amount of nonaerated tissue at end-expiration after previous ventilation with 
FIO2 1 and low driving pressure. But when high driving pressure was applied 
this pattern disappeared. After previous ventilation with FIO2 0.25 and low 
driving pressure the end-expiratory CT displayed a stable amount of poorly 
aerated and nonaerated tissue in the most dependent regions of the lung. 

There was a strong positive correlation between the amount of poorly aer-
ated tissue in the expiratory CT acquired after previous ventilation with FIO2 
0.25 and low driving pressure, and the amount of nonaerated tissue in the 
expiratory CT acquired after ventilation with FIO2 1 and low driving pres-
sure, rs(35) = 0.747, p < 0.0005. 
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Discussion 

The paper I was an attempt to evaluate, by means of molecular imaging, the 
contribution of the different injurious mechanisms during early stages of 
VILI. To this aim, we produced simultaneously tidal hyperinflation, predom-
inantly in region 1, and collapse and tidal recruitment mostly in region 4. 
These regions had 18F-FDG uptake similar to the control group, while re-
gions 2 and 3 had the highest uptake, significantly higher than the control 
group. Similarly, the normal and poorly aerated regions had the highest dif-
ference in 18F-FDG uptake as compared to controls, while the hyperinflated 
and nonaerated regions were similar to the control group. 

Our experimental model for the PET papers  (papers I, II and III) was de-
veloped to reproduce as adequate as possible the full characteristics of early 
human ARDS and, as a consequence, appropriately investigate well-known 
VILI mechanisms and the regional effects of protective strategies of me-
chanical ventilation. Studies in animal models are essential to the develop-
ment of novel beneficial strategies for human ARDS even though none of 
the models available completely reproduces the findings of human disease. 
Fundamental data oriented the decision in designing the used two-hit injury 
model: The surfactant depletion by saline lavage model was developed (85) 
based on the observation that ARDS is associated with depletion of surfac-
tant from the air spaces and reduced concentrations of surfactant-associated 
proteins in bronchoalveolar lavage fluid. Knowing that surfactant proteins 
stabilize surfactant and modulate host defenses in the lungs (164), lessening 
of surfactant may be associated with lung injury by two mechanisms: 1) by 
facilitating alveolar collapse and increasing the likelihood of mechanical 
injury to the alveolar walls during repeated cycles of opening/closure during 
mechanical ventilation; 2) by impairing alveolar host defenses. But although 
depletion of surfactant is an important feature of ARDS in humans, it is usu-
ally a consequence rather than a primary cause of lung damage (95, 114). In 
clinical ARDS, surfactant abnormalities occur because of injury of the alveo-
lar epithelium and exudation of protein-rich edema fluid into the alveolar 
spaces, while saline lavage of the lungs results in surfactant depletion in the 
absence of major alveolar epithelial damage. Epithelial damage occurs only 
when the saline lavage is followed by an injurious ventilatory strategy (95). 
As opposed to other experimental models and human ARDS, saline lavage is 
characterized by a homogeneous distribution of the lesions in which full lung 
recruitment is easily obtained, suggesting that the gas exchange abnormali-
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ties reflect collapsed alveoli with otherwise intact alveolar walls (54). More 
importantly for the purposes of our PET papers, the saline lavage by itself 
has little consequence in terms of permeability changes, alveolar epithelial 
injury or neutrophilic alveolitis (54, 127). However when saline lavage is 
followed by mechanical ventilation with high volumes and low PEEP, a type 
of lung injury results that is very similar to ARDS in humans (95). Mechani-
cal ventilation can induce increased protein permeability, polymorphonucle-
ar leukocytes infiltration into the air spaces and interstitium, increased cyto-
kine production, and hyaline membrane formation (44, 100, 151), all key 
characteristics of ARDS. Then, the major advantage of the two-hit injury 
model is that it provides an ideal way to test the effects of different ventilato-
ry strategies on the evolution of regional distribution of lung inflammation, 
because the damage results more from the ventilatory strategy than from the 
saline lavage. Noteworthy, we refrained from using an inflammatory agent 
per se (e.g. endotoxin) to avoid a general uptake of 18F-FDG that would have 
obscured the uptake caused by injurious ventilation. 

In paper I we demonstrated that our model resulted in lungs heterogene-
ously aerated with significant amounts of nonaerated lung tissue, tidal re-
cruitment, hyperinflated lung tissue, and tidal hyperinflation. We used PEEP 
values just enough to avoid hypoxia while breathing pure oxygen, a setting 
conducive to the formation of lung collapse. Additionally, we used plateau 
pressures of 42 cmH2O with the intention to overstretch the lungs creating 
regions of hyperinflation and tidal hyperinflation. We were thus able to cre-
ate, within the same lung, regions exposed to the two classical putative 
mechanisms of VILI. And we found that 18F-FDG uptake was predominant 
in the poorly and normally aerated regions, and that collapse and hyperinfla-
tion were spared. These findings challenge the current understanding that 
hyperinflation or repeated collapse and re-expansion of alveolar units play 
the major role in early VILI (100, 106, 150). Instead, these findings suggest 
that tidal stretch is highest in the poorly and normally aerated regions and 
this mechanism is the most important trigger of inflammation in these condi-
tions. They suggest that the smaller the ventilated lung is, the higher VILI-
triggering forces will be, as a larger fraction of the tidal volume is delivered 
to a smaller lung volume.  

We can speculate that surfactant dysfunction would serve as first hit mak-
ing the “baby lung” more prone to VILI, such as surfactant inactivation by 
plasmatic proteins, as in severe sepsis with increased permeability of the 
alveolar-capillary membrane, for example. We cannot rule out, however, that 
the increased susceptibility to VILI was related to small length-scale hetero-
geneities of the lung parenchyma or of the airways (160), below the resolu-
tion limit of the CT, should they have occurred in the poorly or even in the 
normally aerated regions. These heterogeneities would tend to produce an 
uneven distribution of the tidal volume within the regions of the lung and 
might have contributed as stress raisers to VILI (96). 
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Rausch et al. (123) recently revealed, employing synchrotron-based X-ray 
tomographic microscopy on isolated rat lungs, that local strains developing 
in alveolar walls are much higher than the global extension. Their method 
allowed them for the first time to determine local three-dimensional strain 
states in real highly resolved alveolar geometries. They showed that local 
strains are up to four times higher than global strains. Additionally, they 
found the strains hotspots to occur within the thinnest parts. This seems fea-
sible since there is less tissue to resist the deformation. This leads to an une-
ven strain distribution throughout the parenchymal tissue. Thin regions be-
come overstretched, whereas regions with tissue accumulation remain un-
challenged. These elegant data fit with our results in paper I and strongly 
suggest that a tidal stretch of the “healthy” aerated parts of the heterogene-
ous aerated ARDS lungs can play a primary role in the activation of the in-
flammatory signaling cascade. 

Our finding of increased inflammation in normally aerated regions is in 
agreement with those of Bellani and colleagues (9) who showed, in patients 
with ARDS, that metabolic activity of aerated regions was associated with 
both, plateau-pressures or with regional tidal volume normalized by end-
expiratory lung gas. Interestingly neither they nor we found an association 
between cyclic alveolar recruitment-derecruitment and increased metabolic 
activity. Some key differences between this clinical study and the present 
study highlight their complementary nature in terms of understanding of 
VILI: 1) in their study, the time on mechanical ventilation before the PET 
study averaged nine days and ranged from two to sixteen days, likely mixing 
distinct phases of ARDS and VILI pathophysiology, while we systematically 
studied animals in the early stages of VILI; 2) their patients had limited tidal 
recruitment (2.9% of the total lung weight) due to the lung protective me-
chanical ventilation strategy applied, casting doubt as to whether conditions 
with higher tidal recruitment would have produced more inflammation in 
those regions, which we showed was not the case; 3) likewise, the amount of 
tissue undergoing hyperinflation was much smaller in their study as com-
pared to ours, because of the relatively low plateau pressures and tidal vol-
umes used in their patients. We showed that even in more extreme ventilato-
ry conditions with significant amounts of collapse, tidal recruitment, and 
hyperinflation, the lung inflammation still concentrates in the poorly and 
normally aerated regions. 

We found an increase in Ki in poorly aerated regions. Besides the vented 
possibility of stress-raisers at the intra-voxel level (i.e. spots of accumulated 
tissue leveraging local stress), we can hypothesize other mechanisms ex-
plaining the marked Ki increase in this compartment: cyclic opening and 
closing of alveoli at the subvoxel level, cyclic opening and closing of small 
airways (also at subvoxel level), or increased tidal stretch. Recently, Well-
man et al have shown that patterns of ventilation heterogeneity are compati-
ble with airway narrowing or closure in poorly aerated lung regions (160). 
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They found that increased ventilation heterogeneity during mechanical venti-
lation with high tidal volume and zero PEEP occurs primarily at length 
scales < 60 mm, with a significant component derived from subresolution (< 
12 mm) length scales. Components of specific ventilation heterogeneity at 
length scales of < 12, 12 – 36, and 36 – 60 mm were highest in poorly aerat-
ed regions. Total ventilation heterogeneity was highly correlated with the 
computed fraction of lung with slow washout, suggesting a role of airway 
narrowing or closure in regions of increased specific ventilation heterogenei-
ty. High levels of PEEP reduced the < 60 mm length-scale components of 
ventilation heterogeneity by increasing lung inflation in all regions to normal 
levels, with effects on both alveolar inflation and airway patency. Rylander 
and co-workers recently checked the difference between total gas volume 
versus ventilated volume of the lung in patients with ARDS and concluded 
that a significant portion, likely the poorly aerated compartment of the lung, 
presented massive airway closure and/or obstruction (129). Of note, not only 
alveolar cyclic recruitment, but also airway dysfunction has been increasing-
ly recognized as an important contributor to pulmonary impairment in pa-
tients with ARDS (72, 97, 116). Animal models of ARDS have shown that, 
in addition to damage to the parenchyma, small airway injuries are charac-
terized by bronchiolar epithelial necrosis and sloughing and by rupture of 
alveolar-bronchiolar attachments (30-32). It has recently been reported that 
in humans who died with ARDS, small airway changes were characterized 
by wall thickening with inflammation, extracellular matrix remodeling, and 
epithelial denudation (97).  

The above mechanisms hypothesized for the poorly compartment, how-
ever, are less likely to play a role in the normally aerated lungs. Putting to-
gether the pieces, it seems more likely that, during VILI, the collapsed de-
pendent and the hyperinflated nondependent regions may indirectly damage 
the normally and poorly aerated lung regions, by diverting the tidal volume 
to those regions, submitting them to higher tidal stretch. In other words, the 
local consequences of the static stretch in nondependent regions and the 
local consequences of the mechanisms related to collapse in dependent re-
gions are less important than the remote consequent stretches driven to the 
remainder “baby lung”. Our findings highlight that we cannot choose which 
mechanism of VILI is more critical to oppose, but rather they emphasize the 
importance of strategies capable of minimizing both, collapse and hyperin-
flation, thus unloading the baby lung. The data of paper III suggest that the 
OLA strategy better fulfilled these needs. 

We concluded in paper I that dynamic PET/CT imaging of 18F-FDG pro-
vided new information on the location and distribution of inflammation in 
early VILI. The present findings suggest that normally and poorly aerated 
regions - corresponding to intermediate gravitational zones - are the primary 
targets of the inflammatory process accompanying early VILI (Figure 5). 
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This may be attributed to the small-aerated lung volume that receives most 
of ventilation. 

 
Figure 5. Representative image of net [18F]fluoro-2-deoxy-D-glucose uptake rate 
(Ki) in an experimental model of ventilator-induced lung injury. Note the predomi-
nance of the activity in the normal and poorly aerated regions as seen in the corre-
sponding CT image. 

The main findings of paper II are that 27 hours of ventilation according to 
the ARDSNet protocol in a two-hit animal model of ARDS: 1) did not de-
crease global 18F-FDG uptake rate; 2) indicated that a nondependent gravita-
tional zone and poorly aerated tissue presented the highest 18F-FDG uptake 
rate concentration. The results also suggested a change in the pattern of re-
gional uptake distribution, with a progressively higher concentration of in-
flammation in the upper half, nondependent gravitational zone of the lung, 
and within the poorly aerated tissue compartment. 

To our knowledge paper II is the longest study using dynamic PET with 
18F-FDG in an animal model of ARDS, mimicking the first 27 hours of me-
chanical ventilation, which is a decisive time period for the outcome of 
ARDS patients. 

From 3 to 27 hours a nondependent gravitational zone presented the larg-
est uptake concentration. Noteworthy, a significant tidal difference was 
found for the percent mass of poorly aerated tissue within the isogravitation-
al region 2, a finding suggestive of tidal recruitment within the poorly aerat-
ed compartment in this zone. The metabolic activity was more intense in this 
zone and also more predominant within the poorly aerated lung. At least 
three mechanisms could explain such increase within the poorly aerated tis-
sue: alveolar cyclic recruitment at the subvoxel level, cyclic opening and 
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closing of small airways, or increased tidal stretch. Our findings indicating 
that the ARDSNet approach leads to a concentration of inflammatory activi-
ty inside the poorly aerated lung suggest that tidal opening and closing of 
distal bronchioles (“bronchiolotrauma” in analogy with the term atelectrau-
ma) may be a key perpetuator of VILI during the ARDSNet strategy. 

In the clinical arena, recent studies found that local areas with tidal hyper-
inflation may occur in some patients despite limiting VT to 6 mL/kg and 
plateau pressure to 30 cm H2O (147), and ARDS patients may benefit from 
VT reduction even if they already have plateau pressure < 30 cm H2O (65). It 
was found in another clinical study that use of VT lower than 6 mL/kg in 
patients who during ARDSNet ventilation had 28 ≤ plateau pressure ≤ 30 cm 
H2O was associated to a significant reduction of inflammatory and morpho-
logical markers of VILI (146). These and our data from paper II suggest that 
a tidal stretch of the small and poorly aerated lung can play a primary role in 
the perpetuation of the inflammatory signaling cascade during the ARDSNet 
protocol. 

We concluded in paper II that a protective ARDSNet strategy did not at-
tenuate global pulmonary inflammation during the first 27 hours after severe 
lung insult. The strategy led to a concentration of inflammatory activity in 
the upper lung regions and in the poorly aerated lung regions. The present 
findings suggest that the poorly aerated lung tissue is the primary target of 
the perpetuation of the inflammatory process occurring during ventilation 
according to the ARDSNet strategy. These findings challenge the current 
ventilatory strategy considered best practice to minimize VILI during 
ARDS. 

Our main findings in paper III were that few hours of ventilation accord-
ing to the OLA strategy in a two-hit animal model of ARDS: 1) decreased 
global e regional 18F-FDG uptake rate in comparison with the ARDSNet 
protocol; 2) this beneficial effect was seen in most isogravitational regions 
and in all CT densities compartments. 

To our knowledge this is the first study to provide information on the ef-
fects of ARDSNet vs. OLA protective strategies of mechanical ventilation 
on in vivo regional lung inflammation. 

Insufficient lung recruitment and suboptimal PEEP can be misleading re-
garding the effects of a maximum recruitment strategy and an open lung 
PEEP, i.e. an full OLA, on potential drawbacks such as alveolar hyperinfla-
tion. Moreover, insufficient lung recruitment and suboptimal PEEP can only 
reinforce the drawbacks without addressing the potential benefits of OLA. 
Not surprisingly, data (62) entailing partial lung recruitment and inappropri-
ate non-titrated PEEP point toward marked inhomogeneity, including alveo-
lar hyperinflation. Among the reasons for explaining such results, we con-
sider the antiderecruitment strategy. PEEP levels used during the recruitment 
phase must work to maintain recruitment while the individual-specific clos-
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ing pressures were undetermined. After maximum recruitment, careful PEEP 
titration should detect optimum PEEP. 

Regarding the interplay between tidal volume, plateau pressure and PEEP 
as potential mediators of the beneficial effects of protective-ventilation strat-
egies, a recent and elegant experimental study (119, 142) provided important 
insights regarding the protective role of PEEP and the magnitude of cyclical 
stretch involved in lung stress failure of healthy lungs. Healthy porcine lungs 
were submitted to prolonged (54 hours) injurious mechanical ventilation at a 
very high strain, a tidal inflation approaching total lung capacity. Global 
strain was partitioned in two components: dynamic, caused by cyclic tidal 
inflation, and static, caused by PEEP-induced lung inflation. Animals were 
divided into four groups according to the relative combination of these com-
ponents, from purely dynamic to almost entirely static strain. Ventilation 
with purely dynamic strain promoted rapidly progressive lung stress failure, 
expressed as lung edema formation and early animal death. However, when 
the magnitude of dynamic strain was progressively reduced in favor of an 
increased static strain component, edema formation was not only delayed but 
also substantially reduced. More strikingly, at lowest dynamic but highest 
static strain, animals did not develop lung edema, had less histologic injury, 
preserved their lung function and mechanics, and exhibited less local and 
systemic inflammation. These results are consistent with the landmark study 
of Webb and Tierney (158), emphasizing the lung protective effects of 
PEEP. By maintaining Functional Residual Capacity, PEEP can contribute in 
reducing cyclic recruitment–derecruitment (100), preserving surfactant func-
tion (152), thereby minimizing the related shear stress (106). Preserving 
Functional Residual Capacity also contributes to a more homogeneous dis-
tribution of ventilation. This is important in so far that for a given global 
strain, local strains are difficult to predict and can be unevenly amplified, as 
discussed above. Likewise, in the study by Protti et al. (119), ventilation 
with purely dynamic strain resulted in progressive loss of functional lung 
units increasing the susceptibility to local strain amplification in the remain-
ing aerated lung. This was well exemplified by the early and progressive 
increase in end-inspiratory pressure in its higher dynamic strain groups. 
However, the larger the static strain component the later this apparent strain 
threshold for lung stress failure appeared being absent in the highest static 
strain group. 

In the same direction, studies in vitro and in vivo have proved that the 
pattern, degree, and type of stretch are important factors affecting lung re-
sponse (149, 165). At a cellular level, large static deformations such as those 
resulting from PEEP do not seem to adversely affect alveolar epithelial cell 
viability, whereas dynamic deformations causing similar peak deformations 
are associated with increased cellular death (149, 165). At a tissue level, lung 
tissue strips oscillated under different forces simulating cyclic changes in 
pressure, have a significantly higher expression of type III procollagen mes-
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senger RNA, a marker of pulmonary fibrogenesis, as when oscillated under 
equivalent amplitudes simulating changes in volume (55). This is in line 
with previous findings that suggest that tidal volume and plateau pressure 
may not be good surrogates for lung stress or strain (28). 

In the Protti study (119), lung parenchymal stress measured as transpul-
monary pressure increased in all groups except in the high static strain group 
where it decreased. This was entirely due to changes in alveolar pressure, as 
esophageal pressure remained constant. Driving pressure, that is, the differ-
ence between cyclic end-inspiratory and end- expiratory pressure may be an 
especially interesting clinical estimate of lung stress as it is inversely propor-
tional to respiratory system compliance. When analyzed during constant 
flow ventilation, driving pressure contains implicit information regarding on 
how changes in PEEP modulate cyclic strain. This supports the notion that 
tidal volume/dynamic strain, when normalized for lung compliance (i.e., 
driving pressure), contains additional useful information regarding the inter-
play between tidal volume, plateau pressure and PEEP and their role in 
VILI. Noteworthy, the driving pressures of the OLA strategy in paper III 
were prominently lower than the ARDSNet strategy since the beginning and 
throughout the mechanical ventilations strategies period. 

During mechanical ventilation, strategies to selectively minimize stretch 
may exacerbate atelectrauma, and strategies to selectively minimize atelec-
trauma may increase stretch. Controversies regarding the relative contribu-
tion of each mechanism underlying VILI and biotrauma, and how to 
‘‘choose’’ the ‘‘key’’ mechanism that must be targeted for protective me-
chanical ventilation, are fundamentally related and misleading. The interde-
pendence of pulmonary properties indicates that more atelectrauma poten-
tializes stretch and more stretch potentializes atelectrauma. To avoid this 
deadlock we must apply a strategy able to minimize both mechanisms, in-
stead of selecting one. If you reach maximum lung recruitment, you will 
optimize lung hysteresis and can attenuate the lung inhomogeneity. Howev-
er, to achieve this it is essential to add an adequate open lung PEEP titration 
after the maximum recruitment maneuver. In this way, it is possible to de-
crease the degree of alveolar hyperinflation together with minimizing col-
lapsed tissue in the lung (20). It is of questionable benefit to perform insuffi-
cient lung recruitments and it is useless to perform maximum lung recruit-
ment without adding an appropriate open lung PEEP strategy. The real and 
relevant clinical challenge is not to answer a simplistic question about 
whether to do or not to do recruitment, or simply to apply higher versus low-
er PEEP, but rather how to perform a physiology-based open lung strategy. 

We concluded in paper IIII that dynamic PET imaging of 18F-FDG pro-
vided new information on the global and regional distribution of inflamma-
tion in two conceptually different protective-ventilation strategies. The pre-
sent findings challenge the actual standard of care approach for mechanical 
ventilation in ARDS. 
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There is a theoretical concern that in acute lung injury 18F-FDG might 
leak in the alveolar spaces becoming a major and nonspecific determinant of 
the 18F-FDG signal, potentially causing a false increase in the measured Ki. 
The presence of edema, however, does not seem to affect the measurement 
of Ki, as suggested by Chen et al. (27), who measured neutrophil glucose 
uptake with 18F-FDG in anesthetized dogs after intravenous oleic acid-
induced acute lung injury or after low-dose intravenous endotoxin followed 
by oleic acid. The rate of 18F-FDG uptake was significantly elevated in both 
endotoxin-treated groups, but not in the group treated only with oleic acid. 
The authors concluded that pulmonary vascular leak, and consequently ede-
ma, does not contribute significantly to the Ki in the lungs during acute lung 
injury. 

The type of lung cells responsible for the 18F-FDG net uptake rate con-
stant has been the matter of extensive investigation in models of acute lung 
injury. 18F-FDG is a non-specific tracer, because it labels any cell with an 
intense glucose uptake. However, several studies performed both in humans 
(26, 77) and animal models (27, 75, 76, 103) have shown that, during pul-
monary inflammation, most of the 18F-FDG uptake as measured by Ki can be 
attributed to activated neutrophils (105), even when macrophages are more 
abundant (75). Macrophages, usually not characterized by an intense 18F-
FDG uptake (76), might be relevant in the generation of VILI (162). Recent 
findings (130) suggest that macrophages as well as type 2 epithelial cells 
might also contribute significantly to the 18F-FDG uptake signal during 
VILI. Therefore, although the overall 18F-FDG signal is a complex mixture 
of the metabolic activity of many cell types, prior (26, 77) (27, 75, 76, 103) 
(105) and very recent work (37) has established that the major influence on 
the regional signal is the high metabolic activity of recruited neutrophils. In 
the acutely injured lung the images can therefore be interpreted, as a good 
approximation, as the regional distribution of neutrophilic inflammation. 
Indeed, this in vivo noninvasive molecular imaging method has brought wel-
come additions to the investigations of the role of low-volume and high-
volume injury mechanisms (8-11, 29, 38, 103). Furthermore, the effect of a 
protective ventilation strategy on intensity or topographic activity has just 
been reported (37): de Prost et al. found, in a model of endotoxemic acute 
lung injury, that mechanical ventilation has an important effect in determin-
ing the regional distribution and degree of early neutrophilic inflammation. 
Their protective ventilation comprised a VT 8 mL/kg and titration of PEEP 
such that the plateau pressure was 30 cm H2O. Compared to injurious venti-
lation consisted of zero PEEP and a titrated VT such that plateau pressure 
was 30 cm H2O, their protective strategy resulted in more homogeneously 
distributed uptake. The authors assert that their results are compatible with 
the concept that ventilation strategy plays an early pathogenic role in deter-
mining the profile of inflammatory cell distribution before lung injury is 
established (98), and emphasize that the prevention of VILI should be a key 
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aspect of patient management, even when mechanical ventilation periods 
and the underlying level of injury are limited (52). Theirs and ours results 
support former suggestion that heterogeneous inflammation may be an im-
portant element of the pathogenesis of ARDS (106, 139). Noteworthy, dif-
ferently from us, their results indicate that in early endotoxemia during me-
chanical ventilation with no PEEP, inflammation predominate in the de-
pendent regions. Dissimilar injury models, different degrees of injury severi-
ty, different time courses during the injury, will likely give different results. 
Probably these different results are mainly model and mechanical ventilation 
settings dependent. 

The paper IV was an attempt to evaluate, by means of static and dynamic 
CT imaging, the location and magnitude of peripheral airway closure under 
high and low distending pressures and high and low FIO2 in an animal model 
of ARDS. We found that low distending pressures and high FIO2 produced 
dependent airway closure with subsequent absorption atelectasis. However, 
the combination of the same low distending pressures but with low FIO2 
substantially prevented alveolar collapse, likely by means of producing air 
trapping behind continuously closed airways (Figure 6). Coherently, when 
high driving pressures were tested, this difference mediated by the high and 
low FIO2 vanished, strongly arguing that the high driving pressure leads to 
continuous or cyclical opening of the small airways, enabling ventilation of 
these distal lung units. 

In protocol of paper IV, we allowed 4 minutes for absorption atelectasis 
to appear (Figure 6). The rate of absorption of gas from an unventilated re-
gion of lung depends on both the composition of the gas in that area when 
ventilation to it ceases and the composition of the inspired gas (33). When 
the inspired gas is 100% oxygen, the rate of collapse is faster than when air 
is breathed (33). It has been demonstrated that if 100% oxygen is used few 
minutes are enough for lung collapse (35, 68, 78, 79, 125, 126). With cyclic 
airway closure, no alveolar collapse would occur during these 4 minutes 
unless inspired ventilation-perfusion ratio (VAI/Q) is extremely low, < 0.01, 
in practice indistinguishable from continuous closure. 
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A) B) 

   
C) D) 
Figure 6. Representative computed tomography images from an experimental 
ARDS model  
CT images from a dynamic CT were frozen at end-inspiration (A and C) and end-
expiration (B and D). The diamond (C and D) illustrates a lung region with continu-
ously open airways; the square (C and D) a lung region with cyclic closing of the 
small airways at expiration; and the circle (A and B) a lung region with continuously 
closed airways and consequent reabsorption atelectasis.  
Color scale for the lung parenchyma: white regions = densities correspondent to 
collapsed lung tissue (atelectasis); orange = densities correspondent to poorly aerat-
ed lung tissue.  

The corresponding respiratory system compliances after the 4 minutes venti-
lation with low driving pressure of the two entrapped gas compositions (25% 
and 100% oxygen), in paper IV, fit with stable airway closure and gas trap-
ping during the low driving pressure steps. The strong positive correlation 
between the amount of poorly aerated tissue in the expiratory CT acquired 
after previous ventilation with FIO2 0.25 and low driving pressure, and the 
amount of nonaerated tissue in the expiratory CT acquired after ventilation 
with FIO2 1 and low driving pressure substantiates that absorption atelectasis 
was an important mechanism in causing lung collapse in our ARDS model. 
Moreover, we found no significant differences in venous admixture and 
PaO2/FIO2 between the two following conditions: when gas was trapped 



 45 

behind closed airways (low driving pressure + low FIO2), and when alveoli 
had collapsed (low driving pressure + high FIO2). Thus, perfusion is similar 
whether a region is collapsed or is aerated but non-ventilated. These findings 
fit with observations by Benumof several years ago (12), that hypoxic pul-
monary vasoconstriction is the main mechanism of reduced blood flow in 
atelectatic regions, not mechanical obstruction. 

Using similar technique of measuring reabsorption atelectasis Lundblad et 
al (90) showed that airway hyperresponsiveness in allergic mice could be 
largely explained by airway closure. Coherent with our findings in paper IV, 
they showed that the airway closure during bronchoconstriction was not a 
random event but occurred at the dorsal, basal region of the lung. Thus, 
gravity determined the location of airway closure in the asthmatic mice, sim-
ilar to the distribution of airway closure in our study in ARDS pigs. 

Calculations on CT scan data enabled us to identify, estimate and distin-
guish between regions with predominance of continuously open small air-
ways, and regions with predominance of tidal opening and closing of their 
small airways (Figure 6). 

It is known that surfactant protects the lung from damage; however, even 
mild surfactant dysfunction can lead to severe lung injury (144, 145). Bilek 
et al. (15) investigated the mechanical stresses that induce epithelial cell 
damage in a model of airway reopening and their results suggest that the 
pressure gradient is the primary determinant of mechanical damage. We 
have found that low distending pressures and high FIO2 produce widespread 
dependent airway closure with subsequent absorption atelectasis in an exper-
imental model of early ARDS. We think that it is important to underscore 
the potential consequent associated epithelial cell damage if it is applied high 
driving pressures on top of this condition, promoting tidal airway reopening 
and closing. 

Our data of paper IV call attention for the conceivable following vicious 
cycle with a potential threatening feedback: reduced lung volume and surfac-
tant dysfunction promote small airways closure; this causes alveolar gas 
trapping; if the trapped gas is mainly oxygen reabsorption atelectasis will 
happen in a few minutes. If afterwards high driving pressure ventilation is 
employed atelectrauma may occur. Atelectrauma is referred to the adverse 
effects of cyclic opening and closing of alveolar units. Peripheral airway 
injury may also occur in the small airways that are cyclically opened and 
closed. This whole pathway can play a primary role in the activation of the 
inflammatory signaling cascade. This rationale supports a concept that we 
could call “reabsorption atelectrauma”, according to which the application of 
high driving pressures after the collapse and persistent closure of lung units 
and consequent absorption atelectasis will generate a vicious cycle in which 
the smaller the ventilated lung is, the higher VILI-triggering forces will be. 

There are potential explanations for the dependent location of the absorp-
tion atelectasis that we have found in paper IV. One of the key phenomena in 
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early ARDS is an inflammation of the lungs originating from local or sys-
temic disease. Consequently, these lungs are characterized by increased lung 
mass due to inflammatory infiltrate and interstitial edema resulting from 
increased capillary permeability (157). In an organ designed to being com-
prised mostly of air, this accounts for a big change in density and lung me-
chanics. These heavier lungs tends to collapse under its own weight follow-
ing a gravitational gradient (20, 70). This pressure exerted by the overlying 
lung tissue was called superimposed pressure (58) and is one of the key fac-
tors in promoting lung collapse (60) as well as their surfactant dysfunction 
(63, 64, 87). Other suggested factors are reduced thoracic wall compliance, 
the weight of the heart and mediastinal structures (71), as well as the pres-
sure exerted by the diaphragm and pleural effusions. In the early 60’s, a 
study of regional pressure in the pleural space of dogs led to the conclusion 
that the lung behaved like a liquid body (83) in such a way that pressure 
applied on any given point is transmitted throughout the organ in a hydro-
static pattern, and that the lung could therefore be looked at in terms of iso-
gravitational levels that would exhibit similar pressure responses. The data 
of the step when absorption atelectasis occurred suggest a liquid-like behav-
ior of the lung, with lung density distributed homogeneously in isogravita-
tional levels. At this step we observed a marked and progressive increase in 
lung density from nondependent to more dependent areas, with virtually no 
change throughout a given isogravitational level. Neither craniocaudally nor 
right to left significant gradient of density was found, even though the left 
lung has larger parenchymal areas under the heart fossa. These data suggest 
that the influence exerted by the diaphragm, chest wall and weight of the 
heart, rather than being localized, is diffusely distributed throughout the 
lung. In addition, there is experimental evidence of an anatomically fixed 
vascular plethora on the dorsal portions of the lung (61), leading to the exist-
ence of a non-gravitational portion of the observed ventrodorsal density gra-
dient (69). Thus, some portion of the gravitational density gradient observed 
may be due to this “anatomically fixed” vascular gradient. 

We conclude in paper IV that its findings suggest that low distending 
pressures and high FIO2 produce widespread dependent airway closure with 
subsequent absorption atelectasis in an experimental model of early ARDS. 
Low FIO2 substantially prevented atelectasis by much slower absorption of 
alveolar gas behind closed airways (air trapping). Recruitment maneuvers 
should delay, or even prevent, absorption atelectasis in the closed off regions 
if the recruitment is performed with low oxygen concentration. Whether this 
significant amount of airway closure, reabsorption atelectasis, and potential 
associated atelectrauma and peripheral airway injury are critical elements in 
ventilator associated lung injury is matter for future studies. 

Some limitations of the used PET techniques have been discussed in de-
tail previously (11, 29, 103, 134, 135). Our studies have various limitations 
that are worthy of note (some of them we examined above): 1) None of all 
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animal models of acute lung injury fully reproduces the findings of human 
disease (95). 2) We did not study the distribution of perfusion in the lung, 
which is usually not homogeneous (101, 102) and might be associated with 
the distribution of 18F-FDG uptake within the lung (29). However, this is 
more likely to represent an epiphenomenon in conditions of endotoxemia 
than a bias in the measurement of the 18F-FDG distribution, because in other 
circumstances 18F-FDG uptake has been repeatedly shown to be unrelated to 
regional perfusion (46, 104, 117, 124, 141). Importantly, in experimental 
models of unilateral lung injury (103, 136), the injured lung always showed 
greater Ki than the control lung independent of whether blood flow favored 
the injured lung or not. 3) We do not have PET/CT data at baseline and at 
the end of the establishment of our ARDS model - as starting points. Conse-
quently, we do not know precisely how much and where each one of the 
injurious mechanisms were happening over the course of the injurious me-
chanical ventilation and or the different protective mechanical ventilation 
strategies. 18F-FDG PET scans were not acquired at baseline and at the end 
of the establishment of our ARDS model because of feasibility reasons (the 
110 minutes half-life of 18F-FDG did not allow that in face of the available 
time for the studies). 4) In paper I, we used low PEEP values, and high tidal 
volumes and plateau pressures, settings that would not be used in clinical 
practice, thus limiting the direct extrapolation of our data to the clinical con-
text. We deliberately chose those ventilatory settings with the aim to maxim-
ize the development of regions with collapse and tidal recruitment (mostly in 
dependent lung zones), or hyperinflation (mostly in nondependent zones). 
Should the 18F-FDG uptake have been higher in those regions, we would 
have to interpret our findings in paper I more cautiously, since it would be 
possible that those results might change at less injurious settings, as used in 
clinical practice. But after observing lack of inflammation in those regions, 
however, we can assume that the 18F-FDG uptake would hardly increase 
with a gentler ventilatory strategy. Thus, both regions are hardly the targets 
of VILI in clinical practice. 5) From the viewpoint of many regions with 
heterogeneous collapse we cannot fully exclude that tidal alveolar recruit-
ment occurred in the poorly aerated compartment in papers II and I. Any-
way, in paper I, the great tidal alveolar recruitment well documented in the 
region 4 (according to traditional CT definitions) was not able to result in a 
meaningful uptake rate inside this region in the PET moment. 6) Limitations 
of paper IV: First, the surfactant depletion model used in this study as op-
posed to other experimental models and human ARDS is characterized by a 
homogeneous distribution of the lung lesions in which full lung recruitment 
is easily obtained. Also the lung injury model studied did not represent the 
complexity of the lung injury in ARDS, and it has yet to be established 
whether these experimental findings can be effectively detected in patients 
with ARDS. Second, the effects of chest wall compliance and abdominal 
pressure were not taken into account in the measurements and were consid-
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ered unchanged during the protocol. We are assuming that the driving pres-
sure at the airway opening is a good surrogate for the local transpulmonary 
driving pressure. This assumption has been discussed extensively in CT 
studies assessing local lung mechanics (82, 138). It is based on the premise 
that the lung is a freely deformable body within the chest wall and thus, 
chest wall compliance affects the lung as a whole. This assumption also re-
quires that the chest wall compliance is constant across the different condi-
tions. By these reasonable assumptions, heterogeneities caused by gravity 
are expected to create a gradient of pleural pressures in proportion to lung 
weight, but not a gradient of driving pressures. Therefore, we consider driv-
ing pressure to be constant for all voxels, irrespective of their location along 
the gravitational vector. As we follow the gravity vector inside the lung, the 
increasing offsets in expiratory transpulmonary pressures cause a ‘‘right 
shift’’ in the local pressure–volume curves, with little effect on its overall 
shape. Third, the short-term measurement is another limitation. Finally, the 
number of animals in paper IV was small, limiting the power of the statisti-
cal analysis. 
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Conclusions 

Dynamic PET/CT imaging of 18F-FDG provided new information on the 
location and distribution of inflammation in early experimental VILI. The 
findings suggest that normally and poorly aerated regions - corresponding to 
intermediate gravitational zones - are the primary targets of the inflammato-
ry process accompanying early VILI. This may be attributed to the small-
aerated lung volume that receives most of ventilation. 

The protective ARDSNet strategy did not attenuate global pulmonary in-
flammation during the first 27 hours in an animal model of ARDS. The 
strategy led to a concentration of inflammatory activity in the upper lung 
regions and in the poorly aerated lung regions, indicating that the poorly 
aerated lung tissue is the primary target of the perpetuation of the inflamma-
tory process occurring during ventilation according to the ARDSNet strate-
gy. These data challenge the current ventilatory strategy considered best 
practice to minimize VILI during ARDS. 

Few hours of ventilation according to the Open Lung Approach strategy in a 
two-hit animal model of ARDS decreased global e regional 18F-FDG uptake 
rate in comparison with the ARDSNet protocol. This beneficial effect was 
seen in most isogravitational regions and in all CT densities compartments. 

 Low distending pressures and high FIO2 produced widespread dependent 
airway closure with subsequent absorption atelectasis in an experimental 
model of early ARDS. Low FIO2 substantially prevented atelectasis by much 
slower absorption of alveolar gas behind closed airways (air trapping). Re-
cruitment maneuvers should delay, or even prevent, absorption atelectasis in 
the closed off regions if the recruitment is performed with low oxygen con-
centration. Whether this significant amount of airway closure, reabsorption 
atelectasis, and potential associated atelectrauma and peripheral airway inju-
ry are critical elements in ventilator associated lung injury is matter for fu-
ture studies. 
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