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Abstract Purpose: Lung tissue
may exhibit a biochemical response
to excessive deformation. Since strain
has been proposed as a marker of
such deformation, we studied the
relationships between strain and
matrix remodeling and inflammation
markers in mechanically ventilated
patients with and without acute lung
injury (ALI). Methods: Twenty-two
ventilated patients were studied (16
with ALI, 6 controls). Clinical data,
gas exchange and respiratory
mechanics were recorded, and end-
expiratory lung volume (EELV) was
measured by oxygen washin/washout.
Extracellular matrix remodeling
markers (procollagen, matrix
metalloproteinases -2 and -9, TIMP-
1) and inflammation markers (IL-6,
IL-8, IL-10, IFNc, IL-17A, and
VEGF) were measured in bronchoal-
veolar lavage fluid (BALF). Strain
was computed as the ratio between
tidal volume and EELV. Patients with

ALI were divided into two subgroups
according to the median strain value
(0.27). Results: Patients in the ALI
group exhibited higher airway pres-
sures, lower EELV and higher strain
than the control group. There were no
significant differences in gas
exchange, respiratory mechanics, or
the matrix remodeling markers
between ALI patients with normal
and high strain. The subgroup of
patients with high strain showed a
fourfold increase of IL-6 and IL-8
concentrations in BALF, compared
with patients with ALI and normal
strain or patients without ALI. In the
whole sample, IL-6 and IL-8 con-
centrations in BALF were correlated
with strain (Spearman’s q = 0.67 and
0.77, respectively). Conclu-
sions: Increased strain is associated
with a proinflammatory lung response
in patients with ALI.
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Introduction

There is substantial evidence that mechanical ventilation
can cause some degree of injury to the lungs. In experi-
mental models, this relationship is straightforward and
has been termed ventilator-induced lung injury [1]. High
tidal volumes or transpulmonary pressures applied to

intact or pre-injured lungs can damage the parenchyma
and distal organs. In patients, however, these relationships
are sometimes confounded by the existence of previous
injuries and the application of less aggressive ventilatory
patterns. Nevertheless, it has been demonstrated that
protective strategies focused on ameliorating the ventila-
tor-induced lung response (called ventilator-associated
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lung injury, VALI [2]), lead to an improved prognosis in
patients with acute lung injury (ALI) [3].

Positive-pressure ventilation can trigger a biological
response within the lungs [4, 5]. From a physical point of
view, it was recently proposed that both the force applied
to the lungs (stress) and the magnitude of lung deforma-
tion (strain, ratio between tidal and end-expiratory lung
volumes) are key concepts to explain the origin of this
response [6]. Gattinoni et al. [7] hypothesized that lung
injury occurs only whenever both stress and strain go
beyond a certain threshold value. Although multiple
pathways may be involved in lung damage, extracellular
matrix remodeling [8] and an exacerbated proinflamma-
tory response [9] have been described as relevant
pathogenetic mechanisms in this scenario.

The relationships between respiratory mechanics and
lung biological responses have been addressed in some
studies [10–12]; recently, high strain levels have been
associated with ventilator-induced lung injury [13].
Moreover, the metabolic activity of lung tissue appeared
to be correlated with regional strain [14]. Our hypothesis
was that the biological response, in terms of matrix
remodeling and inflammation, should be proportional to
the degree of lung strain. To test this hypothesis, we tried
to correlate the lung strain due to the ventilatory settings
employed with matrix remodeling and inflammation
biomarkers in a group of patients with ALI under
mechanical ventilation. Ventilated patients with normal
lung function were used as controls.

Methods

Patients

Patients with more than 24 h of constant-flow, volume-
controlled ventilation (Engstrom Carestation, General
Electric Healthcare, USA) and expected need for venti-
latory support for more than 2 days were included in the
study. Ventilatory parameters were set by the responsible
physician and kept constant throughout the study.
Exclusion criteria were age below 18 years old, more than
5 days of mechanical ventilation, FiO2 greater than 80%
(a lower FiO2 level is needed to perform an accurate
measurement of EELV, see below), hemodynamic
instability unresponsive to vasoactive drugs, immuno-
suppression, presence of air leaks or contraindications to
bronchoalveolar lavage. Patients with acute lung diseases
not meeting ALI criteria (e.g., unilobar pneumonia with
respiratory failure) were also excluded. All patients were
receiving sedation and analgesia as set by the attending
physician. None of them had suspected or documented
intra-abdominal hypertension. The regional ethics com-
mittee approved the protocol and informed consent was
obtained from each patient’s next of kin.

Study protocol

After inclusion, demographic and clinical data (age,
weight, height, diagnoses, APACHE-II score [15] and
lung injury score (LIS) [16]) were collected; an arterial
blood sample was drawn for PaO2 and PaCO2 measure-
ment (GEM4000, Instrumentation Laboratory, USA), and
ventilatory settings were recorded (including end-inspi-
ratory and end-expiratory pressures after a 3-s hold). ALI
was defined according to the American–European con-
sensus conference criteria [17]. Respiratory system
compliance was calculated as the ratio between tidal
volume and driving pressure (plateau pressure minus
PEEP). Afterwards, end-expiratory lung volume (EELV)
was measured with an oxygen washin/washout technique
(FRC INView, GE Healthcare, USA). Briefly, EELV was
computed by estimating the change in nitrogen volume
after a 20% increase in FiO2 [18, 19]. A second EELV
measurement was obtained after returning FiO2 to the
baseline value. The correlation between both EELV val-
ues was good (mean difference between consecutive
measurements = -126 ± 162 ml; intraclass correlation
coefficient for absolute agreement = 0.975) and they
were subsequently averaged. Lung strain was computed
as the ratio between tidal volume and EELV. Finally, a
bronchoalveolar lavage fluid (BALF) sample was
obtained. A 61-cm-long catheter (Gentle-Flo, Tyco
Heathcare, Ireland) was inserted into the endotracheal
tube until the tip of the catheter emerged beyond the distal
end of the tube and placed in wedge position. The lung
was lavaged with up to three 20-ml aliquots of sterile
saline. An aliquot was cultured to document the presence
of bacteria using standard microbiological techniques. A
bacterial count higher than 104 CFU/ml was considered
as positive. The remaining volume was filtered through
sterile gauze, centrifuged at 1,500 rpm for 15 min to
remove cells, and the supernatants were stored at -80�C
for subsequent analysis.

Biochemical measurements

The following extracellular molecules were measured in
BALF. As markers of extracellular matrix remodeling
[20], matrix metalloproteinases (MMP) -2 and -9 were
quantified by gelatin zymography as described elsewhere
[21]. Additionally, the amino-terminal type-III procolla-
gen peptide was measured by radioimmunoassay (UniQ
PIIINP assay, Orion Diagnostica, Finland) as a marker of
collagen synthesis. Tissue inhibitor of metalloproteases-1
(TIMP-1) was also measured (Flowcytomix kit, Bender
Medsystems, Austria). The ratio MMP-9/TIMP-1 was
computed as a marker of the proteolytic activity in the
lung [22].

As lung injury may result in a disturbance in
the equilibrium between pro- and anti-inflammatory
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mediators [10, 12], both pro- (IFNc, IL-6, IL-8, IL-17A)
and anti-inflammatory (IL-10) cytokines were measured
in BALF using a multiplexing technique (Flowcytomix
kit, Bender Medsystems, Austria) in a flow cytometer
(Cellular Cytomics FC500, Beckman Coulter, USA).
Finally, the growth factor VEGF, which may be involved
in lung injury [23], was also measured using this
technique.

Statistics

Data are presented as mean ± standard deviation. Vari-
ables were compared using a Mann–Whitney test (for
comparisons between two groups) or a Kruskal–Wallis
test (for three groups). Post hoc tests were performed
using a Mann–Whitney test and p values were modified
using the Bonferroni correction when appropriate.
Bivariate correlations were computed using the Spearman
coefficient. A p value lower than 0.05 was considered
significant.

Results

Patients

Twenty-two patients were included in the study; sixteen
of them met ALI criteria and the other six had healthy
lungs. Detailed demographic and clinical data are pre-
sented in Table 1.

EELV and strain

There were no differences in tidal volume between con-
trol and ALI patients. As expected, ALI patients had a
lower EELV than controls, either in absolute values or
after normalization by height. This difference resulted in
higher strain levels in ALI patients than in controls

(Table 1). The median strain value in the ALI group was
0.27. All controls had a strain value below this number.
Therefore, this value was chosen as cutoff point to split
the ALI group between patients with ‘‘normal strain’’ and
those with ‘‘high strain’’. Figure 1 shows the distribution
of strain values among the three groups. Mean strain
values are presented in Table 2.

Lung injury score, gas exchange, and respiratory
mechanics

These results are shown in Table 2. Unsurprisingly, lung
injury scores were higher in patients meeting ALI criteria.
Similarly, control patients had higher PaO2/FiO2 ratios
than those with ALI. The difference in PaO2/FiO2

between normal and high strain ALI patients was not
significant (p = 0.28 in post hoc test). There were no
differences in PaCO2 among groups. The number of
patients with positive BALF cultures did not differ among
groups.

Patients with ALI showed higher plateau and end-
expiratory pressures than controls, with no differences in
tidal volumes. Again, there were no differences between
the normal and high strain subgroups. Driving pressures
were higher in patients with ALI and high strain, although
the differences with those with normal strain were not
significant (p = 0.15 in post hoc test).

As expected, patients included in the high strain group
showed higher values for this parameter and lower EELV
values. There were no differences between control and
ALI–low strain groups regarding these two parameters.

Biological response within the lungs

Regarding extracellular matrix remodeling, there were no
significant differences in MMP-9 (p = 0.85), TIMP-1
(p = 0.61), the MMP-9/TIMP-1 ratio (p = 0.62), or

Table 1 Demographic and clinical data of the patients

Control (N = 6) ALI (N = 16) p

Age 46 ± 22 64 ± 18 0.08
Deaths in ICU 0/6 (0%) 7/16 (44%) 0.05
Height (cm) 165 ± 11 166 ± 7 0.74
Weight (kg) 69.2 ± 18.6 72.2 ± 13.5 0.58
APACHE-II 16.8 ± 8.6 22.2 ± 7 0.16
LIS 0.63 ± 0.21 2.52 ± 0.67 \0.01
Tidal volume (ml/kg) 8.6 ± 1.9 7.9 ± 1.4 0.38
EELV (ml) 3,427 ± 658 2,152 ± 830 \0.01
EELV/height (ml/cm) 21.1 ± 5.5 12.9 ± 4.8 \0.01
Strain 0.17 ± 0.04 0.31 ± 0.16 0.01

ALI acute lung injury, ICU intensive care unit, LIS lung injury
score, EELV end-expiratory lung volume
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Fig. 1 Histogram showing the distribution of strain values among
groups
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collagen (p = 0.97) among groups (Fig. 2). MMP-2 sig-
nal was very weak and, therefore, it was not quantified.
IFNc and IL-17A were detected only in one patient. On
the other hand, there were significant differences in pro-
inflammatory cytokines IL-6 and IL-8 (p = 0.008 and
p = 0.004 in Kruskal–Wallis tests, respectively). Patients
with ALI and high strain showed increased levels of IL-6
and IL-8 in BALF, with no differences between controls

and the normal strain ALI group (Fig. 3a, b). There were
no differences in IL-10 (p = 0.18, Fig. 3c) or VEGF
(p = 0.28, Fig. 3d).

Bivariate regression analysis showed a significant
correlation between strain and levels of IL-6 (Spearman’s
coefficient q = 0.67, p = 0.003) and IL-8 (q = 0.77,
p \ 0.001) in BALF (Fig. 4). There were no significant
correlations of any of the measured molecules with other

Table 2 Gas exchange and respiratory mechanics for the three groups of patients

Control (N = 6) ALI

Normal strain High strain
(N = 8) (N = 8)

LIS 0.63 ± 0.21 2.42 ± 0.56* 2.61 ± 0.79*
PaO2/FiO2 393 ± 108 204 ± 63* 159 ± 82*
PaCO2 (mmHg) 32 ± 4 40 ± 6 44 ± 7*
Positive culture 1/6 3/8 4/8
Days of ventilation 3.3 ± 0.8 2.9 ± 1.6 3.1 ± 1
Plateau pressure (cmH2O) 17.5 ± 3.4 29 ± 6.8* 33.3 ± 6.1*
PEEP (cmH2O) 5.8 ± 1.5 12.3 ± 3.2* 10.1 ± 2.9*
Driving pressure (cmH2O) 11.6 ± 2.6 17.4 ± 4.5 22.6 ± 6*
TV (ml/kg) 8.6 ± 1.9 8.2 ± 1.8 7.7 ± 0.3
Respiratory system compliance (ml/cmH2O) 50.6 ± 11.1 33.6 ± 8.3* 26 ± 6.4*
Strain 0.17 ± 0.04 0.21 ± 0.04 0.41 ± 0.17*,#

EELV (ml) 3,427 ± 658 2,763 ± 588 1,540 ± 525*,#

Post hoc comparisons were done only when p \ 0.05 in the
Kruskal–Wallis test
ALI acute lung injury, EELV end-expiratory lung volume, LIS lung
injury score, TV tidal volume

*Corrected p \ 0.05 in post hoc test versus the control group
# Corrected p \ 0.05 in post hoc tests versus the ALI–normal
strain group

A B

C D

Fig. 2 Extracellular matrix
remodeling markers. Levels of
MMP-9 (a), TIMP-1 (b), the
ratio between them (as an
estimate of protease activity)
(c), and procollagen (PIIINP,
d) were measured in BALF.
None of these parameters
showed differences among
groups
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variables derived from lung mechanics (PEEP, plateau or
driving pressures, or compliance).

Discussion

Our results demonstrate that there is a relationship between
lung strain and alveolar proinflammatory response in
patients with ALI, since patients with high strain show higher
values of proinflammatory cytokines in BALF. In addition,
we did not find any other physiological or clinical parameter
with a similar correlation with the inflammatory response.

The role of strain in VALI

Applying the concept of ‘‘strain’’ to mechanical ventila-
tion and VALI was proposed by Gattinoni et al. [6, 7].

Strain represents lung deformation relative to its starting
conditions and is proportionally related to the force nee-
ded to apply that deformation (stress, represented by
transpulmonary pressure). Recently, it was proposed that
lung deformation may be one of the key mechanisms of
ventilator-induced lung injury [24].

There are no clear threshold values for tidal volume
[25] or plateau pressure [26] that may ensure a safe
ventilatory strategy. Thus, an approach based on stress
and strain may have some advantages. The variability of
FRC (and EELV) among patients with ALI [27, 28]
results in different degrees of strain even if the tidal
volume is the same. Similarly, the variability of chest wall
elastance leads to different transpulmonary pressures for
the same plateau pressure applied [29]. Our results show
that a given group of ALI cases can be split into two
subgroups, each with different biological responses,
according to strain. This is in agreement with a recent
study by Bellani et al. [14] showing that the metabolic

Fig. 3 Cytokine levels in
BALF. Concentrations of IL-6
(a), IL-8 (b), IL-10 (c), and
VEGF (d) were measured in
BALF from all patients and
represented in box and whiskers
plots. ALI acute lung injury.
? represents the mean value.
*p \ 0.05 in post hoc test (only
when p \ 0.05 in the Kruskal–
Wallis test)
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activity within the normally aerated lung increases with
regional strain.

One of the key findings of this study is the absence of
significant differences in clinical or mechanical parame-
ters other than strain among the three subgroups.
Although it is possible that the study may be underpow-
ered to detect significant differences in gas exchange,
plateau or driving pressures, there is a substantial over-
lapping of these parameters’ values in the three groups.
Moreover, none of the classical variables related to lung
mechanics correlated with the immune response in BALF.

Therefore, strain measurement could be a useful tool
in the identification of ventilated patients at risk of
exacerbated lung inflammation. Both IL-6 and IL-8 have
a proinflammatory role and have been involved in the
majority of studies dealing with VALI [12, 30]. It has
been demonstrated that these two molecules are abun-
dantly present in patients with ALI not receiving a low
tidal volume ventilation, and that they have prognostic
value for death and ventilator-free days [31].

Strain measurements

In their seminal study [6], Gattinoni et al. computed strain
as the ratio of tidal volume to functional residual capacity
(i.e., at zero end-expiratory pressure, ZEEP). In patients
with PEEP, the increase in volume induced by the expi-
ratory pressure is added to the tidal volume. If calculated
this way, all increases in PEEP would result in an
increase in strain. As an alternative, we used EELV to
calculate strain. Bellani and co-workers [14] estimated
regional strain in an aerated lung following a similar
approach and found a good correlation with the metabolic
activity of the tissue. With this approach, every increase
in PEEP will always decrease strain, as EELV increases.
Using EELV this way allowed us to obtain measurements
without removing PEEP. In patients with early phase
ALI, when the injured lungs may be highly recruitable
[32], decreasing PEEP to 0 cmH2O may lead to a sig-
nificant impairment in gas exchange and respiratory
mechanics.

In patients with ALI, PEEP has mixed effects: First, it
induces recruitment, thus increasing ‘‘effective’’ FRC and
therefore decreasing strain. Second, it increases the
already aerated lung areas, thus increasing strain in those
areas. Gattinoni’s method overestimates strain, as it does
not take into account the effects of recruitment. Con-
versely, our end-inspiratory strain results in the
underestimation of the lung strain caused by the increase
from FRC to EELV. As recruitment is highly variable in
patients with ALI [33], the optimal strategy to calculate
strain in patients with ALI and PEEP is not clear.

The method used to compute strain can also explain
the difference in threshold values. Whereas Gattinoni
et al. [13] proposed a strain value above 1.5–2 to be

injurious, our value is quite lower. As a result of our
experimental design, we cannot discard that other
thresholds could yield different results, nor the existence
of different thresholds for different biological responses.
For instance, it has been hypothesized that the tissue
deformation needed to induce matrix remodeling is higher
than that required to induce an immune response [34].

We must admit that our results would be similar if
EELV is used instead of strain. However, we cannot
disallow the possibility that this is simply due to the lack
of differences in tidal volume in our patients. Strain is a
more general concept, so we chose to use it as the
grouping factor. The contribution of tidal volume and
EELV to strain and its consequences warrants further
research.

A link between strain and the biological response

The biological lung response to mechanical ventilation
features, among other manifestations, an increase of the
extracellular matrix turnover and an immune response.
Regarding the extracellular matrix, we did not find any
differences in the levels of procollagen, MMP-2 or -9, or
TIMP-1. Other authors found a significant increase in
some of these molecules in patients with ALI [20].
Demoule et al. [11] found that the subset of patients with
very low compliance (below 28 ml/cmH2O) featured
increased levels of procollagen and MMP-2. The lack of
differences in these parameters in the present study may
be to do with the fact that most of our patients’ compli-
ance values were above that threshold.

The relationship between lung strain and immune
response can be explained by two different mechanisms.
First, we can assume that the sickest patients have a more
severe lung injury, which may result in a decrease of
EELV and an increased release of inflammatory cyto-
kines. If this were the case, strain could then be an
independent marker of severity in patients with ALI.
Although we cannot reject this argument, we did not find
any clinical difference in terms of severity scores, gas
exchange or lung mechanics between the two groups of
ALI patients.

Alternatively, strain has been proposed to be one of
the major determinants of VALI. In this framework, lung
deformation beyond a certain threshold may lead to a
mechanotransduction process that ultimately results in the
release of proinflammatory cytokines. Zones at the
interfaces between well-aerated and poorly aerated lung
regions (i.e., where a higher deformation can occur) are at
special risk of VALI. Therefore, it is possible that patients
with high intratidal recruitment, who have increased
severity and risk of death, will also show an increased
overall strain [35]. However, it was recently shown that
lung zones undergoing cyclic changes in aeration do not
show an increased metabolic activity [14]. The underlying
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mechanism linking regional tissue deformation, overall
strain, and inflammatory response remains to be clarified.

In spite of being global parameters, a high EELV and
low strain could suggest that the deformation induced by
tidal volume is relatively small and well tolerated. The
correlation between strain and cytokines could support
this hypothesis. However, the limited sample size of the
study precludes any firm conclusion (especially in sub-
groups of patients), and the relationship between strain
and cytokines is no proof of causality.

Irrespective of whether increased strain is the cause or
the consequence of the observed proinflammatory
response, our data suggest that strain could help in the
identification of high-risk patients. There is increasing
evidence that the most severe cases of ALI may benefit
from more aggressive treatments, such as high PEEP
levels or prone ventilation. The potentially helpful role of
strain in titrate therapies for ALI is yet to be determined.

Conclusions

Our results show that patients with ALI and high values of
strain show an increased alveolar inflammatory response.
Moreover, we did not find any parameter other than strain
or EELV that could help to identify this subset of patients.
Therefore, we conclude that strain measurement may be a
relevant parameter to address the biological lung response
to injury and mechanical ventilation.
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