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M ECHANICAL ventilation at lower tidal volume 
(VT) has been shown to improve survival in acute 

respiratory distress syndrome (ARDS),1 suggesting that VT 
reduction protects against ventilator-induced lung injury 
(VILI) by reducing inspiratory strain. To best limit damage, 
it might be important to detect early changes in vulnerable 
lung and to accurately determine the propensity for VILI. 
However, the onset of VILI is poorly characterized in the 
clinical setting, and it is almost always superimposed upon 
an underlying primary pulmonary lesion (e.g., aspiration, 
pneumonia, or contusion).2 Unfortunately, animal models 
with predictable (and short) courses of injury do not repro-
duce the variability observed in patients.

Computed tomography (CT) suggested that lung affected 
with ARDS is composed of an atelectatic (dependent) region 
and a normally aerated (nondependent) region.3 In this two-
compartment model, the aerated “baby” lung preferentially 
receives the bulk of each VT but comprises a significantly 
smaller available volume than the lungs in a healthy sub-
ject. Because inflammation predominates in this “aerated” 

region,4,5 measuring strain and visualizing the propagation 
of lung injury in the aerated lung could predict and charac-
terize the trajectory of VILI.

However, in many patients with ARDS, the aerated and 
nonaerated lung is not clearly delineated into two distinct 
compartments. Instead, the radiologic pattern may be of dif-
fusely distributed moderately aerated tissue.6 Although the 
volume of aerated lung may be appreciable in diffuse injury,7 

What We Already Know about This Topic

•	 Mechanical	 ventilation	can	damage	uninjured	 lungs,	but	more	
commonly	it	worsens	previously	injured	lungs	(e.g.,	aspiration	or	
infection);	however,	secondary	injury	from	mechanical	ventilation	
is	unpredictable	and	its	propagation	has	never	been	visualized.

What This Article Tells Us That Is New

•	 Sequential	computed	tomography	illustrates	how	lung	strain,	
but	not	hypoxemia,	predicts	 the	 spatial	propagation	of	 lung	
injury	after	acid	aspiration.	Lung	regions	near	the	initial	injury	
focus	may	be	more	vulnerable	 to	 injury	propagation	by	me-
chanical	ventilation.
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ABSTRACT

Background: Mechanical ventilation worsens acute respiratory distress syndrome, but this secondary “ventilator-associated” 
injury is variable and difficult to predict. The authors aimed to visualize the propagation of such ventilator-induced injury, in 
the presence (and absence) of a primary underlying lung injury, and to determine the predictors of propagation.
Methods: Anesthetized rats (n = 20) received acid aspiration (hydrochloric acid) followed by ventilation with moder-
ate tidal volume (VT). In animals surviving ventilation for at least 2 h, propagation of injury was quantified by using 
serial computed tomography. Baseline lung status was assessed by oxygenation, lung weight, and lung strain (VT/
expiratory lung volume). Separate groups of rats without hydrochloric acid aspiration were ventilated with large  
(n = 10) or moderate (n = 6) VT.
Results: In 15 rats surviving longer than 2 h, computed tomography opacities spread outward from the initial site of injury. 
Propagation was associated with higher baseline strain (propagation vs. no propagation [mean ± SD]: 1.52 ± 0.13 vs. 1.16 ± 0.20, 
P < 0.01) but similar oxygenation and lung weight. Propagation did not occur where baseline strain was less than 1.29. In 
healthy animals, large VT caused injury that was propagated inward from the lung periphery; in the absence of preexisting 
injury, propagation did not occur where strain was less than 2.0.
Conclusions: Compared with healthy lungs, underlying injury causes propagation to occur at a lower strain thresh-
old and it originates at the site of injury; this suggests that tissue around the primary lesion is more sensitive. Understand-
ing how injury is propagated may ultimately facilitate a more individualized monitoring or management. (Anesthesiology  
2016; 124:121-31)
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aerated and nonaerated lungs are colocalized such that lung 
tissue interdependence8,9 may be important. It is unlikely that 
the same relation among inflation, deformation, and injury 
is at play when a given VT inflates a separate aerated lung 
compartment compared with where aeration and nonaera-
tion are diffusely intermingled. Heterogeneous tissue inflates 
in nonuniform manner, which can increase the strain in some 
microenvironments.10 In fact, recent CT findings indicate 
that variably aerated regions surrounding a primary locus of 
injury predict ARDS mortality.11 Thus, the distribution of 
aerated lung in ARDS could be a factor in determining how 
injury is propagated during mechanical ventilation. If true, 
this could help identify the most beneficial approaches and 
adjuncts to ventilation (e.g., very low VT and prone position-
ing) that are appropriate in any given patient.

In the current study, we used sequential CT to investi-
gate the relation between the spatial distribution of aerated/
nonaerated lung and the tendency of injury to propagate 
during mechanical ventilation. In an in vivo rat model of 
acid aspiration with variable injury trajectory, we sought pre-
dictors of its propagation. We hypothesized that secondary 
VILI originates adjacent to the primary lesions—due to the 
local diffuse intermingling of aerated and collapsed tissues—
and propagates concentrically and in proportion to strain. 
Such a pattern was contrasted with observations in lungs 
that were free of preexisting injury, where VILI has been 
shown to originate in the lung periphery,12 and in the setting 
of the “baby lung” appears to become generalized across the 
normally aerated lung tissue.4

Materials and Methods
Male Sprague–Dawley rats were studied with approval by the 
Institutional Animal Care and Use Committee of the Univer-
sity of Pennsylvania (Philadelphia, Pennsylvania). The experi-
mental protocol is described in full in Supplemental Digital 
Content 1, http://links.lww.com/ALN/B205. General anes-
thesia and paralysis were induced and maintained with intra-
peritoneal pentobarbital and IV pancuronium bromide; the 
trachea was intubated; and peak inspiratory pressure (PIP), 
dynamic compliance, heart rate, blood pressure, and arterial 
blood gases were measured. Rats were ventilated in the supine 
position with a small animal ventilator. All animals received 
intraperitoneal and IV hydration. After euthanasia, lungs 
were fixed, sliced in the coronal plane, stained, and reviewed 
by a pathologist (C.G.D.). Two groups of rats were studied.

Acid Aspiration with Moderate VT
We studied 20 ventilated rats (weighing 353 ± 26 g) after 
hydrochloric acid (HCl 2.5 ml/kg, pH 1.25) intratracheal. 
Because we aimed to investigate secondary progression of 
mild primary lung injury, no randomization was performed 
and animals were recruited sequentially. Only rats that sur-
vived long enough to display the propagation were studied. 
HCl was injected in two aliquots with the animal in the right 
and left lateral positions and 45° head elevation. Rats were 

immediately returned to the supine position and allowed to 
stabilize while ventilated with positive end-expiratory pres-
sure (PEEP) 10 cm H2O and VT 6 ml/kg for 1 h. In pilot 
experiments with this HCl dose, we confirmed heterogenous 
distribution of HCl solution and variable course of injury 
in ventilated rats. After stabilization, ventilation continued 
for 3 h with moderate VT (12 ml/kg, PEEP 3 cm H2O, FIO2 
1.0, and frequency 53 min−1; fig. 1). Six additional healthy 
rats (weighing 365 ± 28 g) were ventilated for 3 h with these 
settings to show the radiological and physiological effects of 
moderate VT ventilation in the absence of underlying lung 
injury.

Healthy Animals with Large VT
To compare the pattern of secondary propagation of pre-
existing lung injury with the evolution of VILI in the 
absence of primary injury, we ventilated a separate group of 
10 healthy rats (VT 30 ml/kg, PEEP 0 cm H2O, FIO2 0.5, 
and f 27 min−1) for up to 3 h or until PIP increased by 50%  
(fig. 1). A broad range of body weights (360 to 600 g) was 
used to ensure variable lung volumes.

Computed Tomography
High-resolution whole-lung CT scans were acquired and 
reconstructed to three-dimensional whole-lung maps with 
200-μm isotropic resolution. Imaging was ventilator gated 
and performed during 500-ms breath holds. After acid aspi-
ration, inspiratory and expiratory images were obtained 
at baseline and repeated hourly (fig. 1) without chang-
ing VT. In healthy rats, imaging was repeated more often 
if PIP increased rapidly, and VT was reduced to 12 ml/kg  
(f 53 min−1) during CT acquisitions to facilitate comparisons 
with the other group.

Image Analysis
For each inspiratory image, three independent evalua-

tors, blinded to group assignment, semiquantitatively13 rated  
(0 to 4) the spatial extension of high-density (ground 

Fig. 1. Experimental timeline in rats ventilated with moderate 
tidal volume (VT) after hydrochloric acid (HCl) aspiration (top) 
and in previously healthy rats with ventilator-induced lung inju-
ry (VILI) by large VT ventilation (bottom). In rats with aspiration, 
imaging was performed without interrupting moderate VT ven-
tilation. In healthy rats, high-volume ventilation was suspend-
ed, and VT was set at 12 ml/kg during each image acquisition, 
including baseline. PEEP = positive end-expiratory pressure.

http://links.lww.com/ALN/B205
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glass and consolidations) tissue in four central and in four 
peripheral sectors of three coronal (frontal-to-dorsal) and 
three axial (apical-to-basal) slices. Observers set image con-
trast to a fixed intensity window (2,000 Hounsfield Unit) 
and level (−1,000). A global injury score was obtained at 
each time point; partial scores were also obtained in ven-
tral and in dorsal areas. For quantitative CT analysis, three-
dimensional whole-lung regions of interest were obtained 
by semiautomated, multilandmark, registration-based lung 
segmentation methodology (the delineation of lung borders 
from surrounding structures) developed by the authors.14 
By using established methods15 of CT density analysis, each 
voxel was partitioned in air and tissue, allowing to quan-
tify lung weight, end-inspiratory lung volume, and end-
expiratory lung volume (EELV); lung strain was defined as 
VT/EELV.16,17 The total weight of the lungs was partitioned 
among tissue compartments with different aeration (nor-
moaerated, poorly aerated, nonaerated, and hyperinflated 
tissue).18 Tidal recruitment (the weight of lung that collapses 
and reopens after each inspiration) was also calculated.18

Statistical Analysis
The sample size was decided based on pilot studies where we 
noticed a survival rate of approximately 75% at 2 h and of 
50% at 3 h, which allowed us to study propagation and to 
test whether baseline characteristics (chosen a priori) were 
predictive of such propagation. For semiquantitative CT 
analysis, interobserver agreement was expressed using the 
quadratic weighted κ statistic, a test to compare two rat-
ers who use a categorically ordered measurement scale.19 
Because there were three raters, κ was calculated three times 
for each rat between the three possible pairs of data. Cor-
relations between variables were tested by linear regression. 
φ-Coefficient was calculated as a measure of association for 
binary variables. To study the relations between baseline 
variables and the propagation of injury in the lung, multiple 
ANOVA tests were performed separately for nonimaging 
and imaging markers followed by post hoc t tests to specifi-
cally identify which means were significantly different from 
each other. Bonferroni adjustment was performed for mul-
tiple post hoc comparisons. Repeated-measurements two-way 
ANOVA was conducted to examine the main effects of time 
on CT-derived and physiological variables. Binary variables 
were tested by using Fischer exact test. P value less than 0.05 
(for two-tailed testing) was considered significant. Statistical 
analysis was performed by using “R” (R Foundation for Sta-
tistical Computing, Austria, available at: http://www.R-proj-
ect.org) applications developed in the authors’ laboratory.

Results

Underlying Injury Present
Of the 20 rats that received HCl, 5 were excluded from the 
analysis because of severe postaspiration hypoxemia (PaO2/
FIO2 < 300 mmHg; n = 2) or short survival less than 2 h 

(n = 3), precluding the quantification of injury propaga-
tion (baseline characteristics of this subgroup are shown 
in Supplemental Digital Content 2, http://links.lww.com/
ALN/B206). In the 15 rats that survived longer than 2 h, 
baseline (i.e., postaspiration) CT demonstrated circum-
scribed lesions in the dorsal lung (fig. 2). Two radiological 
patterns of injury were observed in this cohort: “diffuse” 
(propagated; fig. 2A) and contained (fig. 2B). The evolu-
tion of lung injury is also illustrated by animations accessible 
in Supplemental Digital Content 3, http://links.lww.com/
ALN/B207, and Supplemental Digital Content 4, http://
links.lww.com/ALN/B208. Both animations were obtained 
by combining sequential CT scans in the coronal slice in two 
animals after HCl aspiration. Propagation was centrifugal in 
both animals. Injury progression—reflected in the radiologic 
injury score (fig. 3A)—was accompanied by decreased EELV 
(fig. 3B) and increased lung weight (fig. 3C). Propagation of 
injury, defined by greater than 100% increase in score after 
2 h of ventilation with moderate VT, occurred in six animals 
(of which five died before 3 h).

Two approaches were taken to analyzing the HCl aspi-
ration cohort. First, all 15 rats were considered as a single 
group. Second, animals were divided into two subgroups 
based on radiological injury propagation (i.e., propagated vs. 
contained).

Whole-group Analysis
During the experiments, oxygenation, EELV, PIP, and com-
pliance were all impaired, and estimated lung weight (edema) 
increased, consistent with progressive lung injury (table 1). 
The radiologic injury score increased from 37.6 ± 10.2 to 
58.2 ± 22.8 to 101.8 ± 60.3 at baseline, 1 h, and end of the 
experiment, respectively (F2,42 = 11.35, P < 0.001); these 
increases in injury score were closely correlated with increases 
in individual lung weights (R2 = 0.75, P < 0.001). The κ sta-
tistic for agreement among raters for the injury score was 
0.91 ± 0.05 (three observers).

For comparison, healthy rats (no HCl) ventilated with 
identical settings had no radiological changes (at baseline 
and after 3 h) and minimal worsening in mechanics and gas 
exchange at 3 h (baseline and 3 h data for these rats are shown 
in the table in Supplemental Digital Content 5, http://links.
lww.com/ALN/B209).

Propagation versus Containment: Subgroup Analysis
Five animals (five of six) died in the propagation subgroup  
versus none (zero of nine) in the containment subgroup  
(φ = 0.87, P = 0.002). Although the overall injury scores were 
similar in both groups at baseline, the injury was considerably 
increased (≈four-fold) in the propagation group at 2 h and 
minimally increased in the containment group (table 2).

At baseline, gas exchange and hemodynamic variables 
(PaO2, PaCO2, lactate, and arterial blood pressure) were not 
significantly different between propagation and containment 
subgroups (F1,13 = 1.44, P = 0.253) (table 2). The two groups 
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http://links.lww.com/ALN/B206
http://links.lww.com/ALN/B207
http://links.lww.com/ALN/B207
http://links.lww.com/ALN/B208
http://links.lww.com/ALN/B208
http://links.lww.com/ALN/B209
http://links.lww.com/ALN/B209


Copyright © 2015, the American Society of Anesthesiologists, Inc. Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

Anesthesiology 2016; 124:121-31 124 Cereda et al.

Visualizing Propagation of ARDS

were significantly different (F1,13 = 6.67, P = 0.023) as judged 
by the baseline mechanical properties of the lung (strain, com-
pliance, and EELV) (table 2). Further post hoc tests showed 
that, among these variables, lung strain was the major source 
of this significant difference (1.52 ± 0.13 vs. 1.16 ± 0.20; 
31% difference; F1,13 = 19.02, PAdj = 0.002), whereas the 
two groups did not show a significantly different compliance  
(F1,13 = 6.46, PAdj = 0.074). Finally, EELV was significantly 
lower in the propagation cohort (F1,13 = 9.80, PAdj = 0.024). 
At baseline, there was no overlap of the individual lung strain 
values between the two groups, but there was considerable 
overlap in PaO2 and compliance (fig. 4, A–C). We found no 
differences in tidal recruitment and in the aeration partition-
ing (by tissue weight) between propagation and contain-
ment subgroups (see table, Supplemental Digital Content 6,  
http://links.lww.com/ALN/B210, which shows the results of 
the quantitative analysis of CT density distributions).

During ventilation with moderate VT, the decreases in 
PaO2, EELV, and compliance were greater in the propagation 
versus containment groups. Although the estimated lung 
weight increased by 30% in the propagation group, it was 
unchanged in the containment group (table 2).

Injury scores at baseline were higher in the dorsal versus 
ventral regions in both groups (no between-group differ-
ences); during ventilation, the injury spread to the ventral 
regions in the propagation group, but not in the contain-
ment group (table 2).

Histological analysis in four rats (two in propagation and 
two in containment groups) confirmed inflammatory injury, 
displaying edema, intraalveolar and perivascular neutrophils, 
and hyaline membranes (fig. 5). These changes were ubiqui-
tous in animals with radiological propagation, but they were 
spatially more limited in contained injury. By the end of the 
experiment, the topographic distribution of the histologic 
injury corresponded to the radiological injury scoring (fig. 5).

Relation between Lung Strain and Injury Propagation
To further examine the correlation between strain and injury 
propagation, we plotted the increase of injury score in the 
first hour of ventilation versus baseline strain. This plot and 
regression line (P = 0.01) are shown in the figure in Supple-
mental Digital Content 7, http://links.lww.com/ALN/B211, 
and suggest minimal propagation at lower strain. Therefore, 
we divided the overall population of the HCl cohort into 

A

B

Fig. 2. Radiological injury propagation in two representative rats. Images were obtained after acid aspiration (after a period of 
stabilization of 1 h) and were repeated hourly. Coronal (A) and axial (B) images are shown. One animal (top panel) showed rapidly 
spreading radiological infiltrates and died after 2 h of ventilation. The second animal (bottom panel) had limited injury propaga-
tion and survived until the end of the experiment.

http://links.lww.com/ALN/B210
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two subgroups with baseline strain greater than or less than 
or equal to the median value (1.3). In animals with baseline 
strain above the median, mortality was higher and propaga-
tion was more marked; in addition, injury scores and gain in 
lung weight were greater (table 3).

Underlying Injury Absent, Large VT
Ventilation with large VT caused injury in all animals within 
3 h and death before 2 h in five animals. Injury started in the 
lung periphery and rapidly progressed toward the lung hilum 
(fig. 6A). The animation illustrating the evolving injury is 
shown in Supplemental Digital Content 8, http://links.lww.
com/ALN/B212. Lung weight increased from 3.7 ± 0.4 to 
6.9 ± 1.3 g (P < 0.00001), EELV decreased from 3.5 ± 0.9 
to 1.2 ± 1.1 ml (P < 0.0001), the lung injury score reached 
162.5 ± 37.1, and histological abnormalities were widespread 

(fig. 6B). The baseline strain (4.2 ± 0.8; range 3.0 to 5.3) was 
markedly higher than in the rats with acid aspiration (table 
2) and was correlated with the hourly increase of injury score 
(R2 = 0.73, P < 0.002; fig. 7).

Discussion
To the best of our knowledge, the current study provides the 
first reported visualization of the propagation of lung injury 
(see animations in Supplemental Digital Content 3, http://
links.lww.com/ALN/B207, Supplemental Digital Content 
4, http://links.lww.com/ALN/B208, and Supplemental 
Digital Content 8, http://links.lww.com/ALN/B212). Our 
key finding is the nature of VILI propagation in the presence 
or absence of an underlying (primary) lesion. When VILI 
complicated a preexisting lesion, it started at that lesion and 
was propagated concentrically toward the rest of the lung. 
By contrast, when VILI was induced as the primary injury 
in previously healthy lungs, it originated in peripheral lung 
regions and spread centrally toward the hilum. Furthermore, 
we found that although impaired oxygenation was not a 
predictor of injury propagation in preinjured animals, strain 
predicted propagation in both cohorts. These findings sug-
gest that it may ultimately be possible to predict (and per-
haps prevent) propagation of injury and thereby minimize 
its generalization.

Our data on VILI progression in previously healthy lungs 
agree with the small body of previous work, including ours,20 
on this topic.12,21–23 When VILI was induced as the primary 
injury, it originated in peripheral regions and rapidly dissem-
inated centrally toward the hilum. Primary VILI was pro-
portional to strain, also corroborating previous research.16 
Dorsobasilar localization of unstable atelectasis21 and strain24 
can partly explain this VILI distribution. In healthy supine 
rats, we found that dependent airspaces undergo larger 
dimensional changes during recruitment–derecruitment.25 
In contrast, when VILI complicated a preexisting lesion, it 
started at the underlying lesion and propagated concentri-
cally to the rest of the lung; this secondary VILI was also 
strain dependent. Although VILI cannot be directly dif-
ferentiated from aspiration, the worsening of preexisting 
injury was less likely caused by direct extension of the initial 
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Fig. 3. Individual trends of (A) radiological injury score, (B) end-
expiratory lung volume (EELV), and (C) estimated lung weight 
after acid aspiration. All variables were measured by com-
puted tomography during ventilation and are expressed as 
fraction of the baseline values obtained after acid aspiration. 
Dashed lines represent animals with radiological propagation 
of lung injury (score more than doubled within the first 2 h).

Table 1. Physiological Parameters Measured at Baseline and at the End of a Period of Moderate Tidal Volume Ventilation (12 ml/kg) 
after Acid Aspiration in Rats (n = 15)

Baseline End P Value

Pao2 (mmHg) 439.3 ± 64.0 184.0 ± 169.4 0.00009
Paco2 (mmHg) 44.8 ± 7.7 51.0 ± 8.2 0.04
pH 7.336 ± 0.047 7.285 ± 0.072 0.02
Lactic acid (mEq/l) 1.4 ± 0.7 2.2 ± 1.3 0.07
ABP (mmHg) 116.9 ± 16.9 82.3 ± 32.0 0.003
PIP (cm H2O) 22.1 ± 3.5 28.8 ± 5.2 0.000003
Compliance (ml/cm H2O) 0.24 ± 0.04 0.18 ± 0.04 0.000005
EELV (ml) 3.56 ± 0.81 2.05 ± 1.23 0.000008
Lung weight (g) 4.30 ± 0.45 4.88 ± 1.11 0.04

ABP = arterial blood pressure; EELV = end-expiratory lung volume; PIP = peak inspiratory pressure.
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insult. Rather, as predicted by the “baby lung” construct,3 it 
was more likely a consequence of subsequent ventilation at 
the indicated volumes. This interpretation is supported by 
studies comparing the effects of higher versus lower VT in 
this model,26 which showed that moderate VT worsened the 
severity of injury after acid aspiration.

However, the baby lung model does not fully account 
for our observations here. Crucially, it cannot explain why 
secondary VILI spread locally outward from preinjured tis-
sue. According to the baby lung theory, the “healthy” aerated 

parenchyma in the injured rats should have been smaller 
than that in healthy animals but otherwise possessive of nor-
mal mechanical and biological characteristics; consequently, 
it should have displayed a centripetal propagation pattern 
suggestive of primary VILI. However, lung tissue at lesion 
margins had faster worsening of injury than at the lung 
periphery. It is consequently evident that injured lung makes 
proximal tissue more sensitive to strain.

We suggest that the vulnerability of this perilesional tis-
sue can best be explained by local discontinuities of aeration. 

Table 2. Markers of Lung Injury at Baseline (after Acid Aspiration) and after 2 h of Moderate Tidal Volume Ventilation

Propagation (n = 6) Containment (n = 9)

Baseline 2 h Baseline 2 h

Body weight (g) 361 ± 26 — 349 ± 26 —
Pao2 (mmHg) 421.5 ± 72.1 80.2 ± 25.1* 451.2 ± 59.4 278.5 ± 158.3†
Lung weight (g) 4.29 ± 0.21 5.73 ± 1.09† 4.30 ± 0.59 4.36 ± 1.04‡
Compliance (ml/cm H2O) 0.21 ± 0.03 0.14 ± 0.02* 0.25 ± 0.03 0.21 ± 0.03*,‡
EELV (ml) 2.92 ± 0.30 0.90 ± 0.73* 3.99 ± 0.78§ 3.20 ± 0.44*,‡
Lung strain 1.52 ± 0.13 — 1.16 ± 0.20‡ —
Injury score 39.3 ± 12.0 154.8 ± 45.1* 36.5 ± 9.4 51.0 ± 16.0*‡
Dorsal/ventral score 3.6 ± 0.8 1.4 ± 0.6* 4.8 ± 4.1 3.6 ± 3.2

Rats with propagation of lung injury were analyzed separately from those with more contained injury. Vertical distribution of lung injury was quantified by 
dividing partial scores measured in central over peripheral areas of interest.* P < 0.01 and † P < 0.05 vs. baseline; ‡ P < 0.01 and § P < 0.05 between groups.
EELV = end-expiratory lung volume.
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Fig. 4. Individual baseline values and summary statistics (median, interquartile range, and extremes of the distribution) of  
(A) lung strain, (B) compliance, and (C) PaO2 in rats that had progression versus containment of lung injury while receiving moder-
ate volume ventilation after acid aspiration. Individual subjects are indicated with symbols and colors matching those in figure 3.
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Regions of intermediate CT attenuation (between −100 and 
−500 HU) concentric to the injury core were consistently 
visible in the initial CT scans (see Supplemental Digital 
Content 9, http://links.lww.com/ALN/B213, which shows 
binary maps of lung aeration). This radiological pattern indi-
cates decreased but not absent gas content, compatible with 
subvoxel codispersion of well-ventilated and nonventilated 

airspaces. Functional CT studies have shown hyperventila-
tion within poorly aerated lung regions,7 perhaps caused 
by reciprocal dilation of ventilated airspaces near collapsed 
(i.e., microatelectasis)8 or fluid-filled alveoli27; similarly, 
using hyperpolarized diffusion magnetic resonance imag-
ing, we observed inspiratory dilatation of residual venti-
lated airspaces in poorly recruited lungs.28 Moderate strain 
may worsen injury beginning near initial lesions (cf., fig. 2) 
because tissue with discontinuous aeration is more exposed 
to local augmentation of inspiratory stress.10 Recent clini-
cal findings have lent credence to this hypothesis by demon-
strating that the presence of small-scale heterogeneity of CT 
density predicts ARDS mortality.11

It is important to note, however, that other mechanisms 
may contribute to local injury propagation near a primary 
injury. For example, systemic inflammation could sensitize 
pulmonary cells to mechanical stress.29 But it is likely that 
circulating inflammatory mediators facilitate VILI globally 

Fig. 5. Computed tomography (CT) and histological appearance of rat lungs with acid aspiration after ventilation with moderate 
tidal volume. Changes compatible with inflammatory injury were more widely disseminated in animals with larger extension of 
CT abnormalities.

Table 3. Evolution of Lung Injury in the First 2 h of Moderate 
Tidal Volume Ventilation in Rats with Higher vs. Lower Baseline 
Strain (> or ≤ Median) at Baseline after Acid Aspiration

Baseline Strain  
> 1.29

Baseline Strain  
≤ 1.29

P  
Value

Injury propagation/total 6/7 0/8 0.0014
Death/total 5/7 0/8 0.007
Change of injury score 99.8 ± 55.9 15.6 ± 12.0 0.001
Change of lung weight (g) 1.19 ± 1.22 −0.12 ± 0.24 0.01

http://links.lww.com/ALN/B213
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rather than locally because septic rats have faster VILI onset 
but identical dissemination compared with nonseptic ani-
mals.20 In addition, endothelial gap junction communication 

has been implicated in the propagation of lung edema and 
inflammation30 after focal lesions by HCl. Furthermore, 
regional hyperperfusion31 could promote capillary stress fail-
ure and edema during ventilation.32 Finally, dissemination 
of airway fluid facilitated by mechanical ventilation33 can 
spread injury in the distal airways.

The results of this study have two potential implications 
for the eventual management of patients with early lung 
injury. First, studying the spatial propagation of lung injury 
might facilitate the investigation of containment strategies. 
In contrast, studying established ARDS clouds understand-
ing about the condition’s initial evolution. Moreover, clinical 
definitions34 omit the evolving distribution of injury, which 
may be especially important in ARDS that presents with 
nondiffuse injury.6

Second, our work is consistent with other studies empha-
sizing that protecting injured lungs from excessive strain 
is essential to mitigating ARDS.26 To reduce strain, clini-
cians prescribe VT according to a patient’s predicted body 
weight.1 However, recent studies have highlighted that 

A

B

Fig. 6. (A) Radiological propagation of lung injury in healthy rats ventilated with high-stretch ventilation. Injury consistently started in 
the lung periphery and propagated toward the hila. (B) Histological and radiological distribution of lesions in two rats of this group.
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severely ill patients have smaller lung capacities35 and are at 
risk of VILI even with smaller VT.

36 Global lung strain can 
be measured at bedside with nonradiological instruments17 
although regional stress distribution is missed.11 Our work 
extends the relevance of strain to less severe injury, where 
lung capacity is preserved. This may be relevant in low VT 
ventilation in patients without established ARDS37 although 
we note that generalized use of low VT can have undesired 
consequences such as atelectasis38 and patient discomfort.39 
Although some data suggest no increase in sedation doses 
during low VT ventilation,40 this may change with the wider 
use of restricted sedation.41

Risk of propagation after HCl aspiration was not related 
to oxygenation. This suggests that baseline PaO2/FIO2 mea-
surement has only a limited ability to characterize early lung 
injury and to predict its evolution. The hypoxemia that 
reflects severity in ARDS34 is perhaps the end-result of com-
plex maldistributions of ventilation and blood flow rather 
than a marker of injury progression. Within this context, 
pulmonary strain may be a more pertinent measurement for 
characterizing individual risk of ARDS progression.

Our study has important limitations. The design is not 
randomized because we aimed to study only animals (with 
limited injury) that were able to display propagation and to 
identify baseline predictors of such behavior. The exclusion 
of five rats with worse injury had probably minimal effects 
on our conclusions because their baseline mechanics (shown 
in Supplemental Digital Content 2, http://links.lww.com/
ALN/B206) were also worse than in the main group. Because 
this was a short-term small-animal experiment, the data are 
difficult to extrapolate to a clinical context. For example, 
highly compliant chest wall in rats may attenuate the binary 
dorsal/ventral distribution of gas and atelectasis; however, 
baseline HCl injury was more represented dorsally. The serial 
CT imaging provides topographical descriptors of regional 
edema and atelectasis although histology corroborates the 
observed injury differences between propagated versus con-
tained responses to high VT (fig. 5). Because we used a semi-
quantitative metric and a fixed grayscale to quantify injury 
propagation, subtle intersubject variability in aeration (e.g., 
due to uneven acid delivery) could be underdetected. How-
ever, quantitative analysis (shown in Supplemental Digital 
Content 6, http://links.lww.com/ALN/B210) did not show 
differences between subgroups in lung density distribution. 
Methodology to measure strain is always complex, and overall 
lung deformation may not directly reflect the alveolar micro-
environment.25 Correctly relating injury propagation to VILI 
necessitated a pragmatic approach, and we chose to measure 
strain as the ratio between VT and EELV17 rather than index 
VT to functional residual capacity.42 This approach has been 
successfully used in patients with ARDS4,17 but yields lower 
strain values where PEEP (and thus, EELV) are increased. 
Thus, comparisons with animals in which PEEP was not 
used may result in bias. However, the low levels of PEEP 
were just sufficient to match EELV in injury versus control 

groups at baseline (3.6 ± 0.9 ml after HCl vs. 3.5 ± 0.7 ml in 
healthy rats). We did not correct strain for tidal recruitment42 
because this variable was not different between the propaga-
tion versus containment subgroups (see table, Supplemental 
Digital Content 6, http://links.lww.com/ALN/B210, with 
the results of quantitative CT density analysis). All rats were 
ventilated with high FIO2 to optimize survival, but this (vs. 
ambient levels of FIO2) may potentiate VILI43; however, the 
responses of VILI to VT and strain were similar to previously 
reported sham-operated animals ventilated with FIO2 1.0.20

Conclusions
We provide visual evidence of the spatial propagation of VILI. In 
the presence of preexisting injury, propagation begins in regions 
of primary injury and spreads concentrically; this is in contrast 
to the centripetal pattern of propagation—toward the hilum—
observed in previously healthy lungs. In both cases, propagation 
is predicted by strain. Injury propagation in perilesional tissue 
may reflect the maldistribution of local lung inflation, which 
makes tissue more vulnerable to strain. Better knowledge of 
the process by which primary injury disseminates during ven-
tilation could help quantify the risk of ARDS progression and 
thereby potentially optimize individual management.
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