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Abstract

Introduction: It is well established that during mechanical ventilation of patients with acute respiratory distress
syndrome cyclic recruitment/derecruitment and overdistension are potentially injurious for lung tissues. We
evaluated whether the forced oscillation technique (FOT) could be used to guide the ventilator settings in order to
minimize cyclic lung recruitment/derecruitment and cyclic mechanical stress in an experimental model of acute
lung injury.

Methods: We studied six pigs in which lung injury was induced by bronchoalveolar lavage. The animals were
ventilated with a tidal volume of 6 ml/kg. Forced oscillations at 5 Hz were superimposed on the ventilation
waveform. Pressure and flow were measured at the tip and at the inlet of the endotracheal tube respectively.
Respiratory system reactance (Xrs) was computed from the pressure and flow signals and expressed in terms of
oscillatory elastance (Eys). Positive end-expiratory pressure (PEEP) was increased from 0 to 24 cm H,O in steps of 4
cm H,0 and subsequently decreased from 24 to 0 in steps of 2 cm H,O. At each PEEP step CT scans and Eys were
assessed at end-expiration and end-inspiration.

Results: During deflation the relationship between both end-expiratory and end-inspiratory Exs and PEEP was a U-
shaped curve with minimum values at PEEP = 134 + 1.0 cm H,O (mean + SD) and 13.0 + 1.0 cm H,O respectively.
Exs was always higher at end-inspiration than at end-expiration, the difference between the average curves being
minimal at 12 cm H,O. At this PEEP level, CT did not show any substantial sign of intra-tidal recruitment/
derecruitment or expiratory lung collapse.

Conclusions: Using FOT it was possible to measure Eys both at end-expiration and at end-inspiration. The optimal
PEEP strategy based on end-expiratory Exs minimized intra-tidal recruitment/derecruitment as assessed by CT, and
the concurrent attenuation of intra-tidal variations of Eys suggests that it may also minimize tidal mechanical stress.

Introduction

Current strategies for mechanical ventilation of patients
with acute respiratory distress syndrome (ARDS) include
low tidal volumes and increased positive end-expiratory
pressure (PEEP) [1]. The physiological basis for these
strategies is still under debate, but may involve the
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reduction of forces of stress and strain on the parench-
yma [2]. The ARDSNet protocol is a table-based
approach of setting PEEP and the fraction of inspired
oxygen (FIO,) levels to achieve an oxygenation target [3].
The achieved PEEP levels may, however, generate tidal
recruitment/derecruitment, which has been identified as
an important source of mechanical stress and damage to
the lung parenchyma [4-6], as well as tidal and expiratory
overdistension in the non-dependent regions of the lung
in patients with low potential for recruitment [7].
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Several strategies for optimizing PEEP based on lung
mechanics have been evaluated in animal models with
promising results [8-11]. However, all of them are based
on the minimization of the mean value of either lung ela-
stance (or similarly on the maximization of the mean
value of compliance) or the degree of heterogeneity of
lung mechanical properties computed over the whole
breath without considering intra-tidal phenomena. In
order to avoid tidal recruitment/derecruitment, PEEP
should be set at the minimum level that counteracts dere-
cruitment of the lung at end-expiration. Thus, at steady
state, if no derecruitment occurs during expiration, no
intra-tidal recruitment will occur during inspiration. In
order to achieve this, PEEP must be higher than that
titrated by standard techniques based on the assessment of
respiratory mechanics over the whole breath. On the other
hand, high PEEP levels together with large, or even moder-
ate, tidal volumes may cause end-expiratory overinflation,
promoting tidal overdistension during each breath and
cyclic mechanical stress to the lung parenchyma.

The forced oscillation technique (FOT) is a non-inva-
sive technique that allows the measurement of pulmon-
ary mechanical properties at a given lung volume,
independent of tidal volume and spontaneous breathing,
with high temporal resolution. Briefly, it consists of eval-
uating the response of the respiratory system to small
amplitude pressure oscillations in terms of impedance
(Zrs). FOT has been successfully applied in humans dur-
ing both invasive [12-16] and non-invasive mechanical
ventilation [17-19]. Zrs is made up of two terms, resis-
tance (Rrs) and reactance (Xrs). The latter is related to
the dynamic elastance (the inverse of compliance,
reflecting tissue elasticity, size of the lung, amount of
alveolar units connected to the airway opening) and
inertia (reflecting the energy that has to be spent to
accelerate gas and tissues) of the respiratory system.

Zrs also depends on the frequency at which it is
assessed and its frequency dependence is more marked
in presence of heterogeneities. However, we have
recently shown that Xrs measured at the oscillatory fre-
quency of 5 Hz is strongly related to the fraction of
recruited tissue irrespective of its spatial distribution
[20] and is effective in guiding PEEP titration through
the identification of the optimal trade-off between
recruitment and lung tissue distention in experimental
acute lung injury [21,22].

This study is an extension of a previous study [21]
that combined end-expiratory computed tomography
(CT) and FOT data. The present study also includes
end-inspiratory FOT and CT data to enable the analysis
of intra-tidal changes in lung mechanics and aeration in
order to determine the best PEEP setting that would
minimize cyclic recruitment and distention of lung
parenchyma.
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Materials and methods

Six healthy pigs (weight 24.5 to 29 kg, Swedish mixed
country breed) were studied at the Department of Surgi-
cal Sciences, Hedenstierna Laboratory and the Depart-
ment of Radiology of the University Hospital of Uppsala,
Sweden. The study was approved by the Uppsala Uni-
versity Animal Ethics Committee.

Animal preparation

Anesthesia was induced by tiletamine 6 mgkg™, zolaze-
pam, 6 mg-kg™', xylazine 2.2 mg-kg™' i.m., maintained
with an infusion of phenobarbital 1 mg/ml, pancuro-
nium 0.032 mg/ml and morphine 0.06 mg-ml™" at a rate
of 8 ml-kkg"-h™". After a bolus injection of fentanyl 10
ul-kg™ the animal was tracheotomized and ventilated
through a shortened 8 mm endotracheal tube (ETT)
(Mallinckrodt, Athlone, Ireland). The animal was venti-
lated in volume control mode (Servo i ventilator,
Magquet, Solna, Sweden) with a tidal volume of 6 ml/kg
of body weight, a pretrial PEEP of 6 cm H,0O, and the
respiratory rate titrated to obtain normocapnea. FIO,
was kept at 1.0 for the duration of the experiment.

Lung injury was induced by repeated bronchoalveolar
lavage with warm saline. The end-point of the lavage
was a sustained reduction in the partial pressure of oxy-
gen in arterial blood (PaO,)/FIO; <100 mmHg during a
period of 60 minutes.

Measurements

Systemic and pulmonary arterial pressures, heart rate,
mixed venous saturation, and body temperature were
continuously monitored (CCOmbo 7.5-Fr, Edwards Life
Sciences LLC, Irvine, CA, USA). FOT was applied with
a system described elsewhere [20]. Briefly, low amplitude
sinusoidal pressure oscillations (approximately 1.5 cm
H,O peak-to-peak) at 5 Hz were generated by a loud-
speaker connected to the inspiratory line of the ventila-
tor. Flow at the airway opening (Vao) was measured by
a differential pressure transducer (PXLAO02X5DN, Sen-
sym, Milpitas, CA, USA) connected to a mesh-type
heated pneumotachograph. Pressure (Ptr) was measured
at the tip of the endotracheal tube by a differential pres-
sure transducer (PXLAOO075DN, Sensym, Milpitas, CA,
USA). All signals were sampled at 200 Hz.

Experimental protocol

After preparation, the animal was positioned in a CT
scanner and connected to the FOT ventilator system.
PEEP was increased from 0 to 24 cm H,O in steps of 4
cm H,O and subsequently decreased from 24 to 0 in
steps of 2 cm H,O. Since optimal PEEP is defined dur-
ing a decremental PEEP trial after lung recruitment [23]
the incremental series was performed in large steps
because the main aim was to achieve full recruitment,
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while during the deflation series PEEP was reduced by
smaller steps in order to define the optimal value with
higher resolution. The duration of each step was eight
minutes.

During each step, after four minutes a CT scan was
performed during an inspiratory hold and, after a few
breaths, it was repeated during an expiratory hold (by
using the inspiratory and expiratory hold functions
available in the ventilator, which resulted in no flow and
pressure constant to Plateau pressure and PEEP respec-
tively). The total duration of the experiment was
approximately 150 minutes. End-expiratory CT and
FOT data has been published in a previous paper [21].

Data analysis

Lung mechanics: respiratory system input reactance
(Xrs) was calculated from v, and Ptr by a least squares
algorithm [24,25] and used to compute oscillatory ela-
stance (the inverse of oscillatory compliance defined in
[21], Exs = 1/Cxs) with the following equation:

Exs = —2 xm x5 x Xrs (1)

Exs changes were computed for the full duration of
the experiment. For optimal comparisons of FOT and
CT data, inspiratory and expiratory Eyxs values were
averaged from the initial parts of the inspiratory and
expiratory holds respectively.

Dynamic elastance and resistance (Rdyn) were calcu-
lated by fitting Ptr and vao to the equation of motion
of the respiratory system:

Ptr = Edyn x V + Rdyn x Vao + EEP

where V is volume obtained by integration of Va0 and
EEP is the end-expiratory pressure. The fitting was per-
formed by the least squares method on approximately
five to ten breaths preceding the CT scans.

Intra-tidal changes in Edyn were evaluated using the
SLICE method [26,27]. The range between 10 and 90%
of the inspiratory signals was analyzed at six subsequent
volume steps. Elastance was computed as described
above for the lowest (ELow) and the highest (Egign)
volume steps and compared to end-expiratory and end-
inspiratory Exs respectively.

Computed tomography analysis: Changes in lung aera-
tion were studied by analyzing whole-body CT scans
(Somatom Sensation 16, Siemens, Forchheim, Germany).
CT rotation time was 0.5 sec at effective 100 mA, 120
kV, collimation 16 x 0.75 and pitch 1.05. The CT expo-
sure started immediately at end-expiration or end-
inspiration and moved from apex to base. A full spiral
CT took approximately 10 sec. Images were recon-
structed with 8 mm slice thickness using a standard
reconstruction filter (B41f, Siemens). The images were
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analyzed using dedicated software (Maluna, version 2.02,
Mannheim, Germany). The lung contours were manu-
ally traced in all slices to define the regions of interest.
The total lung volume was subdivided into over-aerated
(OA, -1,000 to -900 Hounsfield units, HU), normally
aerated (-900 to -500 HU), poorly aerated (PA, -500 to
-100 HU) and non-aerated (NA, -100 to +100 HU)
volumes as suggested previously [28,29]. Lung gas
(Vgas) and tissue (Vtiss) volumes were calculated using
standard equations [28] for both the whole lung and for
each aeration compartment.

The volume of tissue in the non-aerated region
expressed as a percentage of total lung tissue (VtissNA
%), which is equivalent to the weight of the non-aerated
region expressed as a percentage of total lung weight,
was used as an index of derecruitment. The difference
between end-expiratory and end-inspiratory VtissNA%
was used to quantify intra-tidal recruitment/
derecruitment.

Statistical analysis

Data is expressed as mean * SD. Significance of differ-
ences between end-inspiration and end-expiration was
tested by two-way ANOVA for repeated measurements.
Multiple comparisons after ANOVA were performed
using the Holm-Sidak test. Differences were considered
statistically significant for P <0.05.

Results

Figure 1 shows resistance (Rrs), oscillatory elastance
(Exs) and the volumes of differently aerated compart-
ments assessed by CT for a representative pig during
the incremental/decremental PEEP trial.

Figure 2 shows mean data from all pigs. As expected,
Rrs decreased with increasing PEEP. The relationship
between Exs and PEEP was U-shaped both at end-
expiration and at end-inspiration. Exs was higher
(higher tension applied to the tissues, lower compliance)
at end-inspiration (0.15 + 0.10 cm H,O/ml) than at
end-expiration (0.08 + 0.90 cm H,O/ml) and during
incremental PEEP steps than during the decremental
PEEP series. Both end-inspiratory and end-expiratory
Exs reached their minimum values (maximum values of
compliance) during the deflation series at a PEEP level
of 12 and 14 c¢cm H,O respectively. The difference
between end-inspiratory and end-expiratory Exs was
higher during the incremental than during the decre-
mental PEEP series and reached its minimum during
deflation at a PEEP level of 12 cm H,0O.

As expected, the percentage volume of aerated tissue
(VtissA%) had a sigmoidal shape against PEEP and pre-
sented hysteresis. The PEEP level corresponding to the
minimum end-expiratory Exs (maximal compliance),
defined as the open lung PEEP (PEEPol) [21], was 13.4 £
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Figure 1 Left panel: Respiratory system resistance (Rrs), oscillatory elastance (Exs, the inverse of compliance), percentage volume of
aerated (VtissA%, blue), poorly aerated (VtissPA%, green) and nonaerated (VtissNA%, red) tissue at end-expiration (closed symbols)
and at end-inspiration (open symbols) for one representative animal. Squared symbols are used for incremental positive end-expiratory
pressure (PEEP), circles for decremental. Right panel: a representative computed tomography (CT) slice (selected approximately 1 cm above the
diaphragmatic dome) of the same animal at end-expiration (EE) and at end-inspiration (El), at the different PEEP levels during the incremental
(UP) and decremental (D) PEEP trial. Colour code for regions as above.
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Figure 2 Respiratory system resistance (Rrs), oscillatory elastance (Eyxs), percentage volume of non-aerated tissue (VtissNA%), lung gas
volume (Vgas) at end-expiration (closed symbols) and at end-inspiration (open symbols) during the incremental and decremental
positive end-expiratory pressure (PEEP) trial as a function of PEEP. Data are reported as mean and SD. Significance of differences between
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1.0 cm H,O (mean + SD). The minimum of end-expiratory
Exs occurred at a lower PEEP value, 13.0 + 1.0 cm H,O.
Exs was significantly higher at end-inspiration than at end-
expiration, indicating higher tissue distension. The differ-
ence between end-expiratory and end-inspiratory Exs
(related to the cyclic distension applied to the aerated tis-
sues) was lower during the decremental PEEP steps and
reached a minimum at the PEEP value of 12 cm H,O.

Figure 3 shows tidal elastance (Edyn) computed over
the whole breath as well as at the lowest (E;ow) and
highest (Exigr) segments of the tidal volume (see Meth-
ods) for comparison with end-expiratory and end-
inspiratory Exs respectively. Like Exs, both Ejjgn and
ELow displayed U-shaped relationships with PEEP, with
the minimum occurring at 12 cm H,O for Eygy and at
14 cm H,O for E;ow. Enigu was always lower than
ErLow and the difference was minimal at 12 cm H,O
similarly to intra-tidal Ex5. Edyn computed over the
whole breath stayed in between E;ow and Eyjgy and
was minimal at 12 cm H,O.

Even though Edyn and Exs displayed a similar rela-
tionship vs. PEEP and similar changes within the
respiratory cycle, the absolute values of Exs were on
average higher than those of Edyn. This difference is
related to the different frequencies at which elastance
was assessed: the respiratory frequency (approximately
0.5 Hz) for Edyn and 5 Hz for Exs. Moreover Rdyn,

assessed at the breathing frequency, was always higher
that Rrs assessed by FOT at 5 Hz. The relationship
between Edyn-Exs and PEEP was dome-shaped, the rela-
tionship between Rdyn-Rrs and PEEP was U-shaped and
the absolute values of these differences reached a mini-
mum during deflation at PEEP = 8 and 10 cm H,O
respectively.

Figure 4 shows Exs, Vgas and VtissNA% as a function
of pressure, displaying differences in lung mechanics
and aeration between end-inspiration and end-expira-
tion at comparable pressure levels.

Discussion

FOT has all the characteristics needed to provide a bed-
side tool that allows the assessment of lung mechanics
with high temporal resolution and at a given lung volume
(not averaging over a breath) without being affected by the
non-linearities of the respiratory system; therefore, it can
be used to measure lung mechanical properties at both
end-inspiration and end-expiration, possibly helping to
separate the effects of PEEP and tidal volume. The present
study uses data already acquired from a previous study
[21] with the addition of end-inspiratory FOT and CT
data. The analysis of intra-breath changes of lung
mechanics and aeration at different PEEP levels led to the
following novel finding in addition to what has already
been reported: in a lavage model of surfactant-depletion
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the PEEP level that minimized end-expiratory Exs (or
similarly the PEEP level that maximized end-expiratory
compliance, Cxs) 1) was the lowest PEEP that avoided
intra-tidal recruitment/derecruitment as assessed by CT;
2) minimized intra-tidal changes in Exs, suggesting that
tidal tissue distension applied to the lung was also
minimized.

In theory, also Cdyn and Edyn can be computed at
various points of the tidal volume using the SLICE
method [26,27,30], which has recently been improved by
the gliding [31] and the adaptive [32] slice methods that
allow a more detailed and less noisy description of
intra-tidal lung compliance during fully controlled venti-
lation. Figure 3 shows that, when the subject is paral-
yzed as in the present study, the intra-breath analysis of
Exs and of Edyn provides very similar information.
However, Edyn (and similarly Cdyn) is strongly affected
by spontaneous breathing and the SLICE method is in
theory even more susceptible to these artifacts because
the fitting is performed on a small volume variation.

We cannot from this study assess the usefulness of
FOT during spontaneous breathing since the animals

were paralyzed in order to perform CT scans at fixed
lung volumes. However, several studies have shown reli-
able results of lung mechanics by FOT measurements
also in the presence of spontaneous activities of the
patients, such as in quiet breathing [33-35], CPAP [17]
and non-invasive mechanical ventilation in COPD
patients [36,37].

Impedance data interpretation

We have previously shown that Xrs reflects both lung
volume recruitment and tissue distension so that its
maximum end-expiratory value during a decremental
PEEP trial identifies the lowest PEEP needed to keep the
lung open at end-expiration (PEEPol) [21]. Moreover,
the use of end-expiratory Xrs to set PEEP led to a more
protective ventilation strategy compared with the ARDS-
Net approach [22]. PEEPol can be defined as the PEEP
level that minimizes end-expiratory Exs. We now found
that PEEPol is the lowest level of PEEP that inhibits
intra-tidal recruitment/derecruitment. In addition, we
evaluated Exs at end-inspiration and found that it was
always higher than at end-expiration. Since recruitment
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is associated with a decrease in Exs while parenchymal
distension leads to an increase in Eys, the higher values
of Exs found during inspiration compared with expira-
tion suggest that in this model of lung injury the impact
of intra-tidal distension on intra-tidal changes in Exs
dominates over that of intra-tidal recruitment/
derecruitment.

The relationship between end-inspiratory Exs and
PEEP could be described by a U-shaped curve, which

was similar to the one between end-expiratory Exs and
PEEP. The difference between the two (which can be
considered an indicator of tidal stress) was higher both
at very low and at very high PEEP levels compared with
the optimal PEEP (Figure 2 and 3). At the beginning of
the decremental PEEP trial both end-inspiratory and
end-expiratory pressures are able to keep the lung
recruited. As PEEP approaches closing pressure, end-
expiratory Exs reaches its minimum (in this study this
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occurred, on average, at 14 cm H,0). In the PEEP range
between the minima of end-inspiratory and end-expira-
tory Exs the lung is partially derecruited at end-expira-
tion but it is still fully recruited at end-inspiration. This
means that cyclic recruitment/derecruitment starts to
develop, as confirmed by CT data. For PEEP values
lower than the one that minimizes end-inspiratory Exs,
the lung is partially collapsed even at end-inspiration.
This is associated with increasing difference between
end-expiratory and end-inspiratory Exs (which may indi-
cate increasing tidal stress) and increasing cyclic recruit-
ment/derecruitment (confirmed by CT). Therefore, the
fact that intra-tidal changes in Exs are minimized
around PEEPol suggests that ventilating either a partially
collapsed or an over-aerated lung is associated with
increased cyclic stress.

This interpretation is supported by the relationship
between Eys and pressure (Figure 4). During the decre-
mental PEEP trial, for PEEP levels equal to or greater
than 14 cm H,O both the end-inspiratory and the end-
expiratory Exs points lay on the same line. This suggests
that in that range of pressures Exs is mostly affected by
the elastic characteristics of the lung and not by recruit-
ment/derecruitment of alveolar units, as confirmed by
VtissNA% assessed by CT. As PEEP is further reduced,
the inspiratory and expiratory curves diverge, indicating
that the lung starts to derecruit.

Our data also shows that changes in Exs reflect
changes in Edyn. However their absolute values are
slightly different, which is expected because they are
assessed at different frequencies: the respiratory fre-
quency (approximately 0.5 Hz) for Edyn and 5 Hz for
Exs. Moreover Rdyn, assessed during tidal breathing,
was always higher than Rrs assessed at 5 Hz. The fre-
quency dependence of resistance and elastance is a con-
sequence of heterogeneity of time constants [38-40].
The frequency dependence that we observed is in agree-
ment with that reported in previous studies in which
PEEP titration was guided by the minimization of het-
erogeneities [8,41]. In the present study, the absolute
values of Edyn-Exs and Rdyn-Rrs were exaggerated dur-
ing the inflation series and at low PEEP levels, in the
presence of more heterogeneous collapse of lung tissue
[8,41]. Therefore, the PEEP optimization strategy based
on the trade-off between derecruitment and overdisten-
sion was in agreement with that based on the reduction
of heterogeneities.

Finally, this work gives further evidence to the signif-
icance of titrating PEEP during a decremental PEEP
trial. In fact during the decremental series intra-tidal
recruitment/derecruitment (Figure 4) and distension
(Figure 3 and 4) are reduced compared with the incre-
mental one.
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Limitations of the study

In the present study the internationally recommended
thresholds were used for separating differently aerated
regions [28,42-45]. We used a cut-off density between
the aerated and the over-aerated region of -900 HU
similar to Vieira et al. [29]. In contrast to other studies
using similar animal models [10,46], we found a negligi-
ble over-aerated volume. To check whether this differ-
ence could be due to higher slice thickness, in a subset
of pigs images were reconstructed both with 8 mm and
with 1 mm thickness but this did not lead to differences
in the message of our study. On the other hand, the
mechanical distension detected by Exs may not be
directly related to over-aerated volume. In fact, over-aer-
ated volume identified by CT represents lung regions
overfilled with gas, while overdistension is defined as an
excessive mechanical stress [28].

CT scans were performed during breath holds, which
means that they represent the average picture of the
lung over approximately 10 seconds, but it is possible
that dynamic phenomena occurred during the measure-
ments. On the contrary, Exs data was extracted at the
very beginning of the pauses and therefore they more
closely represent what happens during tidal ventilation.

A limitation of this method, like others based on mea-
surements performed at the airway opening, is that it
only gives an average view of the mechanical properties
of the lung. It is well established that the lung even in
healthy conditions exhibits heterogeneities in regional
ventilation [47], which increase in acute lung injury
depending on the severity of the disease, PEEP and tidal
volume [48]. These heterogeneities lead to regional dif-
ferences in the stress-strain relationship [49], which can-
not be taken into account by our method. On the
contrary, FOT measurements performed by applying
multi-frequency stimuli and fitting the data to proper
mathematical models could account for mechanical het-
erogeneities of the injured lung [8,39,50].

Indeed, to facilitate the implementation of these
results in clinical practice it will be necessary to inte-
grate FOT into commercial mechanical ventilators and
to infer the mechanical properties of the respiratory sys-
tem from flow and pressure data measured prior to the
ventilator tubing, which is a challenging issue that will
be addressed in future works.

Conclusions

In conclusion, since FOT allows the assessment of the
mechanical properties of the respiratory system at any
given lung volume, it can be used to evaluate elastance at
end-inspiration and end-expiration. Optimizing PEEP by
end-expiratory elastance minimizes intra-tidal recruit-
ment/derecruitment with the potential to minimize cyclic
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mechanical stress on lung tissue. Moreover, the present
data suggest that FOT measurements at end-inspiration
could be useful also for optimizing tidal volume in order
to further reduce harmful distension of the pulmonary
structure, providing a tool for defining individualized pro-
tective ventilation settings. Future studies will be
addressed at testing this hypothesis.

Key messages
« FOT can be used to evaluate end-inspiratory and
end-expiratory Exs,
« In a lavage model of acute lung injury (ALI), the
PEEP level that minimized end-expiratory Exs was
the lowest PEEP able to prevent intra-tidal recruit-
ment assessed by CT.
« For PEEP levels at which Ex; was minimal intra-
tidal changes in Exs were also minimized, suggesting
that they were associated with attenuated cyclic
mechanical stress.
+ Optimal PEEP based on Exs also minimized intra-
tidal changes in Exs, suggesting attenuated cyclic
mechanical stress.

Abbreviations

ALl acute lung injury; ARDS: acute respiratory distress syndrome; CT:
computed tomography; Edyn: dynamic elastance; ETT: endotracheal tube;
Enicn: dynamic elastance assessed at the highest portion of tidal volume;

E ow: dynamic elastance assessed at the lowest portion of tidal volume; Eys:
oscillatory elastance; FIO,: fraction of inspired oxygen; FOT: forced oscillation
technique; PaO,. partial pressure of oxygen in arterial blood; PEEP: positive
end-expiratory pressure; PEEPol: open lung PEEP; Ptr: tracheal pressure; Rrs:
respiratory system resistance; Vao: airway opening flow; Vgas: gas volume;
Vitiss: tissue volume; VtissA%: percentage volume of aerated tissue; VtissNA%:
percentage volume of non-aerated tissue; Xrs: respiratory system reactance;
Zrs: respiratory system impedance.

Acknowledgements

The authors gratefully acknowledge Agneta Roneus and Karin Fagerbrink of
the Hedenstierna Laboratory and Monica Segelsjé of the Radiology
Department of the University Hospital of Uppsala for their precious help.
This study was supported by grants from the Politecnico di Milano, from the
Istituto Italiano di Tecnologia (IIT), Politecnico di Milano unit, the Swedish
Research Council (5315), the Swedish Heart Lung Fund, the Tore Nilsson
Fund and Uppsala University.

Author details

'TBM Lab, Dipartimento di Bioingegneria, Politecnico di Milano, Piazza
Leonardo da Vinci 32, 20133 Milano, Italy. 2Department of Surgical Sciences,
Anaesthesia and Intensive Care, Uppsala University, S 751 85 Uppsala,
Sweden. *Department of Medical Sciences, Clinical Physiology, Uppsala
University, 751 85 Uppsala, Sweden.

Authors’ contributions

EZ contributed to the study design, participated in the experimental activity,
performed the data processing and contributed to the data interpretation
and drafting of the manuscript. RD contributed to the study design,
designed the experimental set-up, participated in the experimental activity
and in the interpretation of the results and contributed to drafting the
manuscript. PK contributed to the study design and participated in the
experimental activity. PP designed the experimental set-up, participated in
the experimental activity and contributed to data processing. AL contributed
to the interpretation of results and critically revised the manuscript. AP
contributed to the study design and to the interpretation of results. GH

Page 9 of 10

contributed to the study design and data interpretation and critically revised
the manuscript. PF contributed to the study design, participated in the
experimental activity and in the interpretation of the results and contributed
to drafting the manuscript. All authors have read and approved the
manuscript for publication.

Competing interests

Politecnico di Milano University, the institution of EZ, RD, PP and AP, owns a
patent on the use of forced oscillation technique for the detection of lung
volume recruitment/derecruitment. The other authors have no competing
interests to declare.

Received: 28 June 2012 Revised: 13 October 2012
Accepted: 23 October 2012 Published: 7 November 2012

References

1. Briel M, Meade M, Mercat A, Brower RG, Talmor D, Walter SD, Slutsky AS,
Pullenayegum E, Zhou Q, Cook D, Brochard L, Richard JC, Lamontagne F,
Bhatnagar N, Stewart TE, Guyatt G: Higher vs lower positive end-
expiratory pressure in patients with acute lung injury and acute
respiratory distress syndrome: systematic review and meta-analysis.
JAMA 2010, 303:865-873.

2. Gattinoni L, Carlesso E, Caironi P: Stress and strain within the lung. Curr
Opin Crit Care 2012, 18:42-47.

3. The Acute Respiratory Distress Syndrome Network: Ventilation with lower
tidal volumes as compared with traditional tidal volumes for acute lung
injury and the acute respiratory distress syndrome. N Engl J Med 2000,
342:1301-1308.

4. Mead J, Takishima T, Leith D: Stress distribution in lungs: a model of
pulmonary elasticity. J Appl Physiol 1970, 28:596-608.

5. Muscedere JG, Mullen JB, Gan K, Slutsky AS: Tidal ventilation at low airway
pressures can augment lung injury. Am J Respir Crit Care Med 1994,
149:1327-1334.

6. Slutsky AS: Ventilator-induced lung injury: from barotrauma to
biotrauma. Respir Care 2005, 50:646-659.

7. Grasso S, Stripoli T, De MM, Bruno F, Moschetta M, Angelelli G, Munno |,
Ruggiero V, Anaclerio R, Cafarelli A, Driessen B, Fiore T: ARDSnet ventilatory
protocol and alveolar hyperinflation: role of positive end-expiratory
pressure. Am J Respir Crit Care Med 2007, 176:761-767.

8. Bellardine Black CL, Hoffman AM, Tsai LW, Ingenito EP, Suki B, Kaczka DW,
Simon BA, Lutchen KR: Relationship between dynamic respiratory
mechanics and disease heterogeneity in sheep lavage injury. Crit Care
Med 2007, 35:870-878.

9. Carvalho AR, Jandre FC, Pino AV, Bozza FA, Salluh J, Rodrigues R, Ascoli FO,
Giannella-Neto A: Positive end-expiratory pressure at minimal respiratory
elastance represents the best compromise between mechanical stress
and lung aeration in oleic acid induced lung injury. Crit Care 2007, 11:R86.

10.  Carvalho AR, Spieth PM, Pelosi P, Vidal Melo MF, Koch T, Jandre FC,
Giannella-Neto A, de Abreu MG: Ability of dynamic airway pressure curve
profile and elastance for positive end-expiratory pressure titration.
Intensive Care Med 2008, 34:2291-2299.

11. Suarez-Sipmann F, Bohm SH, Tusman G, Pesch T, Thamm O, Reissmann H,
Reske A, Magnusson A, Hedenstierna G: Use of dynamic compliance for
open lung positive end-expiratory pressure titration in an experimental
study. Crit Care Med 2007, 35:214-221.

12. Gauthier R, Beyaert C, Feillet F, Peslin R, Monin P, Marchal F: Respiratory
oscillation mechanics in infants with bronchiolitis during mechanical
ventilation. Pediatr Pulmonol 1998, 25:18-31.

13. Jordan C, Lehane JR, Jones JG, Altman DG, Royston JP: Specific
conductance using forced airflow oscillation in mechanically ventilated
human subjects. J Appl Physiol 1981, 51:715-724.

14. Navajas D, Farre R, Canet J, Rotger M, Sanchis J: Respiratory input impedance
in anesthetized paralyzed patients. J Appl Physiol 1990, 69:1372-1379.

15. Navajas D, Farre R: Forced oscillation assessment of respiratory
mechanics in ventilated patients. Crit Care 2001, 5:3-9.

16. Peslin R, Felicio da SJ, Duvivier C, Chabot F: Respiratory mechanics studied
by forced oscillations during artificial ventilation. Eur Respir J 1993,
6:772-784.

17.  Dellaca RL, Rotger M, Aliverti A, Navajas D, Pedotti A, Farre R: Noninvasive
detection of expiratory flow limitation in COPD patients during nasal
CPAP. Eur Respir J 2006, 27:983-991.


http://www.ncbi.nlm.nih.gov/pubmed/20197533?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20197533?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20197533?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22157254?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10793162?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10793162?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10793162?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/5442255?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/5442255?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8173774?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8173774?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15912625?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15912625?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17656676?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17656676?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17656676?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17255854?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17255854?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17688701?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17688701?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17688701?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18825365?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18825365?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17110872?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17110872?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17110872?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9475327?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9475327?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9475327?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7327973?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7327973?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7327973?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2262456?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2262456?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11178220?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11178220?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8339794?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8339794?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16446315?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16446315?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16446315?dopt=Abstract

Zannin et al. Critical Care 2012, 16:R217
http://ccforum.com/content/16/6/R217

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

3.

32.

33.

34.

35.

36.

37.

38.

Farre R, Gavela E, Rotger M, Ferrer M, Roca J, Navajas D: Noninvasive
assessment of respiratory resistance in severe chronic respiratory
patients with nasal CPAP. Eur Respir J 2000, 15:314-319.

Navajas D, Farre R, Rotger M, Badia R, Puig-de-Morales M, Montserrat JM:
Assessment of airflow obstruction during CPAP by means of forced
oscillation in patients with sleep apnea. Am J Respir Crit Care Med 1998,
157:1526-1530.

Dellaca RL, Andersson OM, Zannin E, Kostic P, Pompilio PP, Hedenstierna G,
Pedotti A, Frykholm P: Lung recruitment assessed by total respiratory
system input reactance. Intensive Care Med 2009, 35:2164-72.

Dellaca RL, Zannin E, Kostic P, Olerud MA, Pompilio PP, Hedenstierna G,
Pedotti A, Frykholm P: Optimisation of positive end-expiratory pressure
by forced oscillation technique in a lavage model of acute lung injury.
Intensive Care Med 2011, 37:1021-1030.

Kostic P, Zannin E, Andersson OM, Pompilio PP, Hedenstierna G, Pedotti A,
Larsson A, Frykholm P, Dellaca RL: Positive end-expiratory pressure
optimization with forced oscillation technique reduces ventilator
induced lung injury: a controlled experimental study in pigs with saline
lavage lung injury. Crit Care 2011, 15:R126.

Hickling KG: The pressure-volume curve is greatly modified by
recruitment. A mathematical model of ARDS lungs. Am J Respir Crit Care
Med 1998, 158:194-202.

Dellaca RL, Santus P, Aliverti A, Stevenson N, Centanni S, Macklem PT,
Pedotti A, Calverley PM: Detection of expiratory flow limitation in COPD
using the forced oscillation technique. Eur Respir J 2004, 23:232-240.
Kaczka DW, Ingenito EP, Lutchen KR: Technique to determine inspiratory
impedance during mechanical ventilation: implications for flow limited
patients. Ann Biomed Eng 1999, 27:340-355.

Hermle G, Mols G, Zugel A, Benzing A, Lichtwarck-Aschoff M, Geiger K,
Guttmann J: Intratidal compliance-volume curve as an alternative basis
to adjust positive end-expiratory pressure: a study in isolated perfused
rabbit lungs. Crit Care Med 2002, 30:1589-1597.

Mols G, Hermle G, Schubert J, Miekisch W, Benzing A, Lichtwarck-Aschoff M,
Geiger K, Walmrath D, Guttmann J: Volume-dependent compliance and
ventilation-perfusion mismatch in surfactant-depleted isolated rabbit
lungs. Crit Care Med 2001, 29:144-151.

Gattinoni L, Caironi P, Pelosi P, Goodman LR: What has computed
tomography taught us about the acute respiratory distress syndrome?
Am J Respir Crit Care Med 2001, 164:1701-1711.

Vieira SR, Puybasset L, Richecoeur J, Lu Q, Cluzel P, Gusman PB, Coriat P,
Rouby JJ: A lung computed tomographic assessment of positive end-
expiratory pressure-induced lung overdistension. Am J Respir Crit Care
Med 1998, 158:1571-1577.

Schumann S, Vimlati L, Kawati R, Guttmann J, Lichtwarck-Aschoff M:
Analysis of dynamic intratidal compliance in a lung collapse model.
Anesthesiology 2011, 114:1111-1117.

Schumann S, Burcza B, Haberthur C, Lichtwarck-Aschoff M, Guttmann J:
Estimating intratidal nonlinearity of respiratory system mechanics: a
model study using the enhanced gliding-SLICE method. Physiol Meas
2009, 30:1341-1356.

Zhao Z, Guttmann J, Moller K: Adaptive SLICE method: an enhanced
method to determine nonlinear dynamic respiratory system mechanics.
Physiol Meas 2012, 33:51-64.

Dellaca RL, Santus P, Aliverti A, Stevenson N, Centanni S, Macklem PT,
Pedotti A, Calverley PM: Detection of expiratory flow limitation in COPD
using the forced oscillation technique. Eur Respir J 2004, 23:232-240.
Dellaca RL, Duffy N, Pompilio PP, Aliverti A, Koulouris NG, Pedotti A,
Calverley PM: Expiratory flow limitation detected by forced oscillation
and negative expiratory pressure. Eur Respir J 2007, 29:363-374.

Dellaca RL, Pompilio PP, Walker PP, Duffy N, Pedotti A, Calverley PM: Effect
of bronchodilation on expiratory flow limitation and resting lung
mechanics in COPD. Eur Respir J 2009, 33:1329-1337.

Farre R, Peslin R, Rotger M, Barbera JA, Navajas D: Forced oscillation total
respiratory resistance and spontaneous breathing lung resistance in
COPD patients. Eur Respir J 1999, 14:172-178.

Navajas D, Alcaraz J, Peslin R, Roca J, Farre R: Evaluation of a method for
assessing respiratory mechanics during noninvasive ventilation. Fur
Respir J 2000, 16:704-709.

Gillis HL, Lutchen KR: How heterogeneous bronchoconstriction affects
ventilation distribution in human lungs: a morphometric model. Ann
Biomed Eng 1999, 27:14-22.

39.

40.

41.

43.

44,

45.

46.

47.

48.

49.

50.

Page 10 of 10

Kaczka DW, Hager DN, Hawley ML, Simon BA: Quantifying mechanical
heterogeneity in canine acute lung injury: impact of mean airway
pressure. Anesthesiology 2005, 103:306-317.

Otis AB, Mckerrow CB, Bartlett RA, Mead J, Mcilroy MB, Selver-Stone NJ,
Radford EP Jr: Mechanical factors in distribution of pulmonary
ventilation. J Appl Physiol 1956, 8:427-443,

Bellardine Black CL, Hoffman AM, Tsai LW, Ingenito EP, Suki B, Kaczka DW,
Simon BA, Lutchen KR: Impact of positive end-expiratory pressure during
heterogeneous lung injury: insights from computed tomographic image
functional modeling. Ann Biomed Eng 2008, 36:980-991.

Gattinoni L, Caironi P, Cressoni M, Chiumello D, Ranieri VM, Quintel M,
Russo S, Patroniti N, Cornejo R, Bugedo G: Lung recruitment in patients
with the acute respiratory distress syndrome. N Engl J Med 2006,
354:1775-1786.

Puybasset L, Gusman P, Muller JC, Cluzel P, Coriat P, Rouby JJ: Regional
distribution of gas and tissue in acute respiratory distress syndrome. lll.
Consequences for the effects of positive end-expiratory pressure. CT
Scan ARDS Study Group. Adult Respiratory Distress Syndrome. Intensive
Care Med 2000, 26:1215-1227.

Puybasset L, Cluzel P, Gusman P, Grenier P, Preteux F, Rouby JJ: Regional
distribution of gas and tissue in acute respiratory distress syndrome. I.
Consequences for lung morphology. CT Scan ARDS Study Group.
Intensive Care Med 2000, 26:857-869.

Rouby JJ, Puybasset L, Cluzel P, Richecoeur J, Lu Q, Grenier P: Regional
distribution of gas and tissue in acute respiratory distress syndrome. Il.
Physiological correlations and definition of an ARDS Severity Score. CT
Scan ARDS Study Group. Intensive Care Med 2000, 26:1046-1056.

Grasso S, Stripoli T, Sacchi M, Trerotoli P, Staffieri F, Franchini D, De M,
Valentini V, Pugliese P, Crovace A, Driessen B, Fiore T: Inhomogeneity of
lung parenchyma during the open lung strategy: a computed
tomography scan study. Am J Respir Crit Care Med 2009, 180:415-423.
Robertson HT, Kreck TC, Krueger MA: The spatial and temporal
heterogeneity of regional ventilation: comparison of measurements by
two high-resolution methods. Respir Physiol Neurobiol 2005, 148:85-95.
Gattinoni L, Pelosi P, Crotti S, Valenza F: Effects of positive end-expiratory
pressure on regional distribution of tidal volume and recruitment in
adult respiratory distress syndrome. Am J Respir Crit Care Med 1995,
151:1807-1814.

Perchiazzi G, Rylander C, Vena A, Derosa S, Polieri D, Fiore T, Giuliani R,
Hedenstierna G: Lung regional stress and strain as a function of posture
and ventilatory mode. J Appl Physiol 2011, 110:1374-1383.

Kaczka DW, Massa CB, Simon BA: Reliability of estimating stochastic lung
tissue heterogeneity from pulmonary impedance spectra: a forward-
inverse modeling study. Ann Biomed Eng 2007, 35:1722-1738.

doi:10.1186/cc11858

Cite this article as: Zannin et al: Optimizing positive end-expiratory
pressure by oscillatory mechanics minimizes tidal recruitment and
distension: an experimental study in a lavage model of lung injury.
Critical Care 2012 16:R217.

~
Submit your next manuscript to BioMed Central
and take full advantage of:
e Convenient online submission
e Thorough peer review
¢ No space constraints or color figure charges
¢ Immediate publication on acceptance
¢ Inclusion in PubMed, CAS, Scopus and Google Scholar
¢ Research which is freely available for redistribution
Submit your manuscript at ( -
www.biomedcentral.com/submit BioMed Central
J



http://www.ncbi.nlm.nih.gov/pubmed/10706498?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10706498?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10706498?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9603133?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9603133?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19789855?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19789855?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21455750?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21455750?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21575220?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21575220?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21575220?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21575220?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9655729?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9655729?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14979497?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14979497?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10374726?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10374726?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10374726?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12130984?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12130984?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12130984?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11176175?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11176175?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11176175?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11719313?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11719313?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9817710?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9817710?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21336098?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19864706?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19864706?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22155927?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22155927?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14979497?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14979497?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17079262?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17079262?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19164347?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19164347?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19164347?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10489847?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10489847?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10489847?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11106216?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11106216?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9916756?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9916756?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16052113?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16052113?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16052113?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/13286206?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/13286206?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18340535?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18340535?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18340535?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16641394?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16641394?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11089745?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11089745?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11089745?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11089745?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10990099?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10990099?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10990099?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11030160?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11030160?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11030160?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11030160?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19542479?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19542479?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19542479?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15964251?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15964251?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15964251?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7767524?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7767524?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7767524?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21393463?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21393463?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17558554?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17558554?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17558554?dopt=Abstract

	Abstract
	Introduction
	Methods
	Results
	Conclusions

	Introduction
	Materials and methods
	Animal preparation
	Measurements
	Experimental protocol
	Data analysis
	Statistical analysis

	Results
	Discussion
	Impedance data interpretation
	Limitations of the study

	Conclusions
	Key messages
	Acknowledgements
	Author details
	Authors' contributions
	Competing interests
	References

