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Dynamics of regional lung aeration determined
by electrical impedance tomography in patients
with acute respiratory distress syndrome
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Abstract

Background: Lung tissue of patients with acute respiratory distress syndrome (ARDS) is heterogeneously damaged
and prone to develop atelectasis. During inflation, atelectatic regions may exhibit alveolar recruitment accompanied
by prolonged filling with air in contrast to regions with already open alveoli with a fast increase in regional
aeration. During deflation, derecruitment of injured regions is possible with ongoing loss in regional aeration. The
aim of our study was to assess the dynamics of regional lung aeration in mechanically ventilated patients with
ARDS and its dependency on positive end-expiratory pressure (PEEP) using electrical impedance tomography (EIT).

Methods: Twelve lung healthy and twenty ARDS patients were examined by EIT during sustained step increases in
airway pressure from 0, 8 and 15 cm H2O to 35 cm H2O and during subsequent step decrease to the
corresponding PEEP. Regional EIT waveforms in the ventral and dorsal lung regions were fitted to bi-exponential
equations. Regional fast and slow respiratory time constants and the sizes of the fast and slow compartments were
subsequently calculated.

Results: ARDS patients exhibited significantly lower fast and slow time constants than the lung healthy patients in
ventral and dorsal regions. The time constants were significantly affected by PEEP and differed between the
regions. The size of the fast compartment was significantly lower in ARDS patients than in patients with healthy
lung under all studied conditions.

Conclusion: These results show that regional lung mechanics can be assessed by EIT. They reflect the lower
respiratory system compliance of injured lungs and imply more pronounced regional recruitment and
derecruitment in ARDS patients.
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Background
Acute respiratory distress syndrome (ARDS) is a severe
inflammatory disease with a heterogeneous lung tissue
damage affecting regional lung aeration, ventilation and
perfusion and their spatial distribution. The resulting
ventilation-perfusion mismatch is the most frequent
cause of gas exchange impairment. The patients with
ARDS require artificial ventilation which should secure
adequate gas exchange and cause minimal harm to the
already injured tissue. The selection of adequate tidal
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reproduction in any medium, provided the or
volume and positive end-expiratory pressure (PEEP) is
crucial [1,2].
PEEP is used in patients with injured lungs to avoid

cyclic recruitment and derecruitment and to homogenize
the distribution of ventilation [3]. PEEP setting during
artificial ventilation is a challenging procedure [4]. An
inadequately high PEEP is harmful, since it results in
overdistention of lung regions [5], while an inad-
equately low PEEP causes atelectasis. The knowledge
of regional lung mechanics might provide useful in-
formation on the lung tissue response to modified
ventilator settings.
The respiratory time constant (τ) characterizes the

mechanical properties of the respiratory system [6]. τ is
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affected by PEEP [7-10]. The inflation and deflation be-
havior of the lung in ARDS patients can be described
with a two-compartment model comprising lung tissue
with a fast and a slow τ [7,11]. It is very likely that
recruitment and derecruitment occur in the lung tissue
exhibiting slow τ [11]. Reduced volume of atelectatic tissue,
induced for instance by adequate PEEP choice, can be
expected to reduce the amount of lung tissue with slow τ.
The assessment of regional τ is highly interesting in

ARDS patients due to the inhomogeneous distribution
of lung damage. The first measurement of regional re-
spiratory τ was accomplished in an animal model of
the acute respiratory distress syndrome (ARDS) using
dynamic multiscan computed tomography (CT) [11].
However, this procedure of measuring regional τ is not
feasible in the clinical setting because of the high radi-
ation exposure, the danger associated with the patients'
transport and high costs.
With the development of electrical impedance tomog-

raphy (EIT) there is an imaging modality available that
allows continuous non-invasive measurement of regional
lung function without radiation at the bedside. The high
scan rates of EIT allow the assessment of rapid changes
in regional lung aeration [12-15].
The main objectives of our study were: 1) the assess-

ment of regional τ by EIT in ARDS patients in compari-
son with lung healthy patients during step increase and
decrease in airway pressure; 2) the evaluation of the
PEEP effect under these conditions.

Methods
Subjects and examination protocol
The study protocol was approved by the institutional
review board of the Medical Faculty of the Christian
Albrechts University in Kiel, Germany. Written, informed
Table 1 Characteristics of patients with no lung disease

Patient Gender Age, yr BMI, kg/m2

1 M 64 28

2 M 38 27

3 M 57 24

4 M 19 28

5 M 29 24

6 F 29 21

7 M 21 28

8 F 20 24

9 M 26 26

10 M 36 24

11 M 58 30

12 M 31 28

BMI, body mass index; F, female; M, male; PEEP, positive end-expiratory pressure.
1PEEP during baseline conditions.
consent to participate in the study was obtained from 32
patients or their legal representatives.
We included 12 lung healthy patients (36 ± 16 yr, mean

age ± SD) with no history of smoking or lung disease and
20 patients with ARDS (58 ± 14 yr) with a mean ratio
of arterial partial pressure of O2 to fraction of inspired
O2 (PaO2/FIO2) of 164 ± 53 mm Hg. Mean PaO2 was
102 ± 17 mm Hg. ARDS patients were ventilated with a
tidal volume of 7.2 ± 1.5 ml/kg body weight and a re-
spiratory rate of 17 ± 5 breaths/min. Further details on
the studied patients are shown in Table 1 and Table 2.
All patients undergoing this study were sedated, paral-

yzed and artificially ventilated through an endotracheal
tube (Mallinckrodt Medical, Athlone, Irland) with an
inner diameter of 7.5/8.5 mm in female/male patients, re-
spectively. Tidal volume of 6 ml/kg predicted body
weight was used in all patients. In lung healthy patients,
PEEP was set to 5 cm H2O whereas it was more than
twice as high in the ARDS patients (11 ± 3 cm H2O,
mean PEEP ± SD) (see Table 1 and Table 2). During the
study examination, sustained stepwise increases in airway
pressure from PEEP levels of 0, 8 and 15 cm H2O to the
maximum pressure of 35 cm H2O were applied in apnea
in random order. The high pressure was kept constant
for one minute. Afterwards, patients exhaled passively
against the PEEP valve with the pressure set to the initial
PEEP value before the inflation. A recruitment maneuver
with 35 cm H2O of PEEP applied for 45 s was performed
in each patient after each inflation-deflation maneuver.
Between the maneuvers, the patients were ventilated at
the PEEP level of the next pressure step for ten minutes.

EIT data acquisition and analysis
EIT examinations were performed with the Goe-MF II
device (CareFusion, Höchberg, Germany). Sixteen
PEEP1, cm H2O Indication for surgery

5 radical prostatectomy

5 cholecystectomy

5 fracture lower leg

5 arthroscopy

5 removal of osteosynthesis material

5 cholecystectomy

5 arthroscopy

5 cholecystectomy

5 fracture foot

5 testicular cancer

5 oral cancer

5 laparatomy, Crohn’s disease



Table 2 Characteristics of patients with acute respiratory distress syndrome

Patient Gender Age, yr BMI, kg/m2 PEEP1, cm H2O PaO2/F1O2, mmHg Diagnosis

1 F 69 25 7 200 pneumonia

2 M 54 19 15 138 pneumonia, sepsis

3 M 77 26 10 143 abdominal sepsis

4 F 57 24 10 233 polytrauma, massive transfusion

5 M 70 30 10 92 abdominal sepsis, pneumonia, MOF

6 M 66 24 15 128 pneumonia, sepsis

7 M 58 27 14 136 abdominal sepsis, cirrhosis of the liver

8 M 51 25 12 187 aspiration pneumonia, myocardial infarction

9 M 45 28 16 256 polytrauma

10 M 56 30 13 89 polytrauma, lung contusion

11 F 56 27 10 180 intracerebral bleeding, pneumonia

12 F 19 24 7 116 polytrauma, massive transfusion

13 F 54 26 8 210 pneumonia

14 M 63 26 10 204 abdominal sepsis, MOF

15 M 57 22 10 256 abdominal sepsis, MOF

16 F 50 28 10 144 abdominal sepsis, MOF

17 M 88 28 12 155 pneumonia

18 M 56 25 10 92 acute necrotic pancreatitis

19 M 55 25 10 200 polytrauma

20 M 52 35 10 119 aspiration pneumonia

BMI, body mass index; F, female; F1O2, fraction of inspired O2; M, male; MOF, multiple organ failure; PaO2 arterial pressure of O2; PEEP, positive end-expiratory
pressure.1 PEEP during baseline condition.
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electrodes (Red Dot 2239, 3M Health Care, Borken,
Germany) were placed on the chest circumference in
one transverse plane approximately at the level of the 5th

intercostal space. EIT data were acquired using an adja-
cent current (50 kHz, 5 mArms) injection and adjacent
voltage measurement protocol at a rate of 25 scans/s. A
modified Sheffield back-projection image reconstruction
procedure was used to generate the individual scans of
impedance change (ΔZ) relative to a reference imped-
ance distribution obtained during last four to five sec-
onds in the plateau phase immediately preceding the
step inflation from different PEEP levels. (Further details
on EIT technology and image reconstruction can be
found elsewhere, e.g. [16-18].)
The time behavior of regional ΔZ during inflation and

deflation was analyzed under a priori assumption of a
two-compartment behavior using a custom-made tool-
box (MATLAB v.7, The Mathworks, Natick, USA). To
analyze the regional respiratory time constants, the ΔZ
waveforms in the ventral and dorsal lung areas within
the studied chest cross-section were fitted using the
bi-exponential equations of A = A1 ∙ (1 - e-(t/τ)1 ) + A2 ∙
(1 - e-(t/τ)2 ) for the inflation maneuver and A = A1 ∙ e

-(t/τ)
1 +

A2 ∙ e-(t/τ)2 for the deflation maneuver. In these equa-
tions, A1 and A2 represent the regional fast and slow lung
compartments which on inflation and deflation fill or
empty with the fast or slow respiratory time constants τ1
and τ2. Finally, the fraction accounted for by the faster of
the two components was calculated for each inflation
and deflation at all three PEEP levels studied.

Statistical analysis
The results in the text and figures are presented as mean
values ± SD. Statistical analysis was performed using
GraphPad Prism version 5.0 (GraphPad Software, San
Diego, USA). The data were tested for normal distribution
with the Kolmogorov-Smirnov normality test. The signifi-
cance of differences between the patients with healthy
lungs and the ARDS patients was tested using the
Student0s unpaired t test. Student0s paired t test was ap-
plied to test the significance of differences between the
values in the ventral and dorsal areas. One-way ANOVA
for repeated measures with Bonferronipost test was used
to assess the effect of PEEP. P values < 0.05 were consid-
ered significant and P values < 0.001 were considered
highly significant.

Results
EIT scanning was successfully accomplished during all
studied conditions. Bi-exponential fitting of regional EIT
waveforms in the ventral and dorsal lung regions was
performed off-line with excellent goodness of fit. In the
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healthy subjects, R2 was in the range of 0.9914-0.9990
during the step increase and 0.9940-0.9991 during the
step decrease in airway pressure. The corresponding
values in the ARDS patients were 0.9689-0.9989 and
0.9707-0.9975. Representative regional EIT waveforms
and the corresponding fitted curves obtained in one
subject with normal lungs and in one ARDS patient
during the step increase in airway pressure from 0 cm
H2O to 35 cm H2O are shown in Figure 1. The ARDS
patient exhibited lower values of regional τ1 and τ2
and the fast compartment was relatively smaller.

Fast and slow respiratory time constants during step
inflation
Regional respiratory time constants differed significantly be-
tween the patients with normal and injured lungs (Figure 2).
ARDS patients exhibited significantly lower τ1 at all three
studied PEEP values both in the ventral and dorsal regions.
Regional τ2 was also lower in ARDS patients during all
studied maneuvers. Only at the highest PEEP of 15 cm
H2O, no significant difference in τ2 was found between the
groups in the ventral region.
In both groups of patients, τ1 was significantly higher

in the dorsal than in the ventral regions at all PEEP
levels. Values of τ2 were similar in the ventral and dorsal
regions in lung healthy patients as well as in ARDS
patients. However, a pronounced decrease in τ2 in the
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Figure 1 Representative regional electrical impedance
tomography (EIT) waveforms of relative impedance change
(rel. ΔZ) obtained in a 57-year old male patient with normal
lungs and a 52-year old male patient with acute respiratory
distress syndrome (ARDS) during a step increase in airway
pressure from 0 to 35 cm H2O. Original data and data fitted to a
bi-exponential equation in the ventral (v) and dorsal (d) chestregions
are shown. The calculated regional fast (τ1) and slow respiratory time
constants (τ2) and the relative size of the fast compartment (A1) are
displayed to the right of each waveform. (The very small periodic
fluctuations discernible in the original waveforms are synchronous
with the heart beat and reflect the small changes in rel. ΔZ
occurring at a rate of 59/min in the patient with normal lungs and
of 92/min in the patient with ARDS).
ventral region was noted in patients with healthy lungs
at the highest PEEP.
PEEP exerted a significant effect on regional τ1 and τ2.

τ1 fell with PEEP in both patient groups. Regarding τ2,
the effect of PEEP was mainly detected at the highest
PEEP of 15 cm H2O and τ2 was not significantly affected
by PEEP in the dorsal regions in the patients with normal
lungs.

Fast and slow respiratory time constants during step
deflation
τ1 and τ2 showed a significant difference between the
lung healthy and the ARDS patients with the lower
values found in the ARDS patients under all studied
conditions (Figure 3).
A significant difference existed between τ1 in the ven-

tral and dorsal lung areas under all studied conditions in
both patient groups with lower values determined in the
dorsal lung areas. τ2 was higher or tended to be higher
in the ventral than in the dorsal lung areas when the
passive exhalation ended at PEEP of 0 and 8 cm H2O
whereas no regional differences were observed at 15 cm
H2O of PEEP.
During step decrease in airway pressure, τ1 was only

affected by PEEP in the ventral regions whereas no sig-
nificant effect of PEEP was detected in the dorsal regions
both in the patients with normal lungs and in the ARDS
patients. τ2 was significantly influenced by PEEP in both
lung regions whereby the values fell with increasing
PEEP in both patient groups.

Fast and slow lung compartments during step inflation
The compartment sizes were significantly different
between the lung healthy and the ARDS patients under all
three studied conditions. In the ARDS group, significantly
lower fractions of the fast compartment were found
(Figure 4).
The relative size of the fast compartment was lower in

the dorsal than in the ventral lung areas. This finding
was observed both in the patients with normal lungs
and in the ARDS patients during step inflations from all
PEEP values.
The fractions of the lung area exhibiting fast and slow

filling were not significantly affected by different starting
PEEP levels in either group of patients.

Fast and slow lung compartments during step deflation
The fraction of the lung area in the studied chest
cross-section accounting for the faster of the two com-
partments was significantly higher in the patients with
normal lungs than in the ARDS patients when the defla-
tion ended at a PEEP of 0 and 8 cm H2O (Figure 5). At
15 cm H2O, the differences between the groups were not
significant. This means that, similar to the inflation
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Figure 2 Regional τ1(top) and τ2(bottom) determined by EIT in the ventral and dorsal lung areas in 12 patients with normal lungs (left)
and 20 patients with ARDS (right) during step increase in airway pressure from 0, 8 and 15 cm H2O to the final pressure of 35 cm H2O.
Significant differences between and within the groups are indicated: normal lung versus ARDS *, p < 0.05, **, p < 0.001; ventral versus dorsal lung
area §, p < 0.05, §§, p < 0.001; significant effect of positive end-expiratory pressure (PEEP), s., p < 0.05.
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maneuvers, the ARDS patients had a higher percentage
of lung areas with τ2.
A significant difference between the ventral and the

dorsal lung areas was only seen in the lung healthy
patients during the deflation maneuvers ending at 0 and
8 cm H2O of PEEP. During these maneuvers, the fractions
of the fast compartments were lower in the dorsal lung
areas.
A significant effect of PEEP was seen in the lung

healthy and in the ARDS patients during all maneuvers.
The fractions of the fast compartment fell with increasing
PEEP.

Discussion
The results of our study indicate that EIT is able to assess
the dynamic changes of regional lung aeration in re-
sponse to step increase and decrease in airway pressure at
the bedside. Regional lung inflation and deflation could
be described using a two-compartment model. EIT-
derived measures of regional respiratory mechanics τ1
and τ2 as well as the fractions of the fast and slow
compartments clearly distinguished the ARDS patients
from the patients with normal lungs. Regional differences
in these measures were detected between the ventral
and dorsal lung areas reflecting the different filling and
emptying behavior of the lung tissue in the dependent
and non-dependent regions. PEEP exerted a significant
effect on regional τ1 and τ2 during both inflation and
deflation. The fractional contribution of the fast and
slow compartments depended on PEEP during step de-
crease but not during the step increase in airway pressure.

ARDS vs. Normal lungs
EIT-based analysis of the temporal behavior of regional
lung filling and emptying discriminated the ARDS
patients from the patients with healthy lungs under all
studied conditions. τ1 and τ2 were always higher in the
patients with normal lungs than in the patients with
ARDS most likely reflecting the higher lung compliance
of the healthy subjects [19-21]. The only exception was
τ2 in the ventral lung regions at the highest PEEP. In this
case, regional τ2 fell markedly in the patients with normal
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lungs due to postulated overdistension and became simi-
lar to the value found in this region in ARDS patients.
Consistent with alveolar recruitment taking place in

the injured lungs during step inflation and derecruit-
ment during deflation is the finding of lower fractions of
the fast compartment in the ARDS patients during both
step increase and decrease in airway pressure. However,
we observed that the fractional contribution of the two
compartments to lung emptying was similar in ARDS
patients and in patients with healthy lungs during expir-
ation to the highest PEEP. The fractions of the slow
compartment were higher in ARDS patients than in the
patients with normal lungs at the lower PEEP values
implying more rapid derecruitment in the injured lungs.

Ventral vs. Dorsal regions
Regional differences between the EIT-derived measures
of regional lung filling and emptying behavior τ1 and τ2 as
well as between the relative sizes of the fast and slow com-
partments existed between the ventral and dorsal regions.
These can be attributed to the effect of gravity. Derecruit-
ment preferably occurred in the dependent lung regions
during expiration and these regions became recruited
again during inspiration, whereas overdistension was more
likely present in the non-dependent lung areas [22].
Since regional alveolar distension is lower in the

dependent than in the non-dependent lung regions at
lung volumes below full inflation [23], a larger volume
gain will occur in the dependent than in the non-
dependent regions during sustained step inflation. This
was found in our study as revealed by higher τ1 in the
dorsal regions during inflation in both patient groups.
The differences between the regions tended to be the
largest when zero end-expiratory pressure was used. Re-
gional τ2 values in the ventral and dorsal regions were
alike during inflation at the lowest PEEP but fell more
rapidly in the ventral regions. This phenomenon is attrib-
utable to regional lung overdistension which was observed
at the PEEP of 15 cm H2O in the patients with healthy
lungs and already at 8 cm H2O in the ARDS patients.
The effects of step decrease in airway pressure on re-

gional dynamics of lung aeration can not be regarded as
a simple reversal of the effects elicited by the rapid infla-
tion of the lungs using a sustained step increase in airway
pressure. Regional τ1 was lower in the dorsal than in the
ventral regions during step deflation. τ2 was also lower in
these regions when the deflation ended at the two lower
PEEP values in the healthy lungs and at the lowest value
in the injured lungs. τ2 was generally higher during defla-
tion than inflation suggesting that once the lung was
recruited during sustained inflation the regional loss in
volume was slower than its gain during the step inflation.
Regional fraction of the fast compartment was higher

in the ventral than in the dorsal regions. This can be
attributed to more pronounced lung recruitment in the
regions near the spine and has already been postulated
in an experimental study using an animal model of
ARDS [11]. The slow compartments were also larger in
the dorsal regions during deflation to low PEEP values.
This phenomenon may reflect regional derecruitment
which was more probable the lower the PEEP value at
which the deflation ended.

PEEP effect
A PEEP-dependent fall in τ1 was found in both patient
groups during step inflation as a result of decreasing
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respiratory system compliance and airway resistance at
higher lung volumes [20,24,25]. The dependency of τ1
on PEEP also existed during deflation but it was only
observed in the ventral regions. These results are in har-
mony with two clinical studies in patients with ARDS
and chronic obstructive lung disease where a reduction
of overall expiratory τ was found with increasing PEEP
[10,26].
τ2 also exhibited a PEEP-dependent behavior with the

lowest values found at the highest PEEP. This was
expected because the lowest degree of recruitment or
derecruitment occurred when the step inflation started
and the step deflation ended at the highest PEEP of 15
cm H2O. High PEEP was shown to decrease expiratory
resistance by preventing airway closure [26].
We expected that the slow compartment size would

become smaller at higher PEEP during the inflation
maneuver but this was not confirmed by the current
results. The relative size of the slow compartment was
previously shown to fall when lung tissue was recruited
in an animal model of ARDS [11]. However, these results
are not directly comparable with our findings obtained
in patients using another imaging modality. In the
present findings, the effect of recruitment on the slow
compartment size may have been masked by other op-
posing effects like overdistension with increasing lung
tissue resistance slowing down the filling of the regions
with air. During the deflation maneuver, a marked de-
pendency on PEEP was observed. The size of the fast
compartment was the highest during lung emptying to 0
cm H2O of pressure, the corresponding average values
exceeded 94% in the lung healthy subjects. This corre-
sponds to previous findings showing an almost mono-
exponential emptying pattern under these conditions [11].

Limitations
The results of our study require cautious interpretation.
The used set-up, the protocol, the imaging method
and the assessment of regional and not global lung
behavior had an impact on the obtained results and dif-
fered from previous studies on respiratory mechanics in
ARDS.
The patient examinations were accomplished in a clinical

setting in intubated, mechanically ventilated patients.
Therefore, the findings reflect not only the dynamic
behavior of the respiratory system alone but were also
influenced by the endotracheal tube and the respirator
circuit. Therefore, the τ1 and τ2 values were higher in
our patients than in other studies [10,26-28].
The large pressure differences applied during the infla-

tion and deflation maneuvers resulted in high flow rates.
Smaller PEEP differences and, thus, lower flow rates
were applied in a few previous studies [29,30]. Since the
endotracheal tube is a flow-dependent resistive element
it contributes to the determined τ along with the tubing
and ventilator resistance affecting the analysis of the re-
spiratory system mechanics [31]. High flows in the endo-
tracheal tube and respirator circuitry increase the
resistance and lead to higher respiratory τ.
During large airway pressure steps, additional phe-

nomena may have influenced the EIT-derived findings:
Firstly, pulmonary fluid and blood content may have
been affected by the sustained inflation and deflation.
This may have contributed to the small sloping plateau
of the EIT waveforms in the patients with normal lungs
during inflation and also to the steeper slope observed
in the ARDS patients, where an additional effect of lung
recruitment was probable. The relatively high τ2 values
in a relatively small slow compartment found in the lung
healthy patients are consistent with this effect. Secondly,
continuing gas exchange during the later phases of the
deflation maneuvers may have induced a prolonged de-
crease in ΔZ and contributed to the relatively high τ2
values. Thirdly, age-dependent differences in lung
mechanics [32] may have impacted the results since the
ARDS patients were older than the patients with healthy
lungs. Fourthly, slightly different sections of the lung
may have been examined by EIT at different PEEP steps
because of a shift in the cranio-caudal axis. This
phenomenon has been described in animal [33] and clin-
ical EIT studies [34] but it is less dramatic compared
when other imaging modalities are used since EIT exam-
ines a broader than a strictly two-dimensional section of
the chest [35].

Conclusions
EIT was able to describe regional lung filling and empty-
ing behavior induced by step increase and decrease in air-
way pressure. Regional dynamics of lung aeration under
these conditions could be characterized by regional fast
and slow respiratory τ using a two-compartment model.
These EIT-based measures were capable of identifying the
differences in regional lung behavior between patients
with ARDS and patients with normal lungs. These results
are promising as they reflect clinically relevant phenom-
ena like alveolar recruitment and derecruitment or over-
distension. We expect that this EIT-based approach to
analysis of pulmonary ventilation dynamics, possibly with
a slightly modified protocol and setup to minimize the
effect of some of the described study limitations, might be
of benefit to optimize the respirator settings in the future.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
SP, NW, IF have made substantial contributions to conception and design of
the study. SP, MK, GE, DS, BV, NW, IF have made substantial contributions to
acquisition of data, analysis and interpretation. All authors read and
approved the final manuscript.



Pulletz et al. Multidisciplinary Respiratory Medicine 2012, 7:44 Page 9 of 9
http://www.mrmjournal.com/content/7/1/44
Grants
The Medical Faculty of the Christian Albrechts University in Kiel, Germany,
has supported BV as clinical researcher by funding a one-year rotational
position.

Author details
1Department of Anaesthesiology and Intensive Care Medicine, Klinikum
Osnabrück, Am Finkenhügel 1, 49076 Osnabrück, Germany. 2Department of
Anaesthesiology and Intensive Care Medicine, University Medical Center
Schleswig-Holstein, 24105 Keil, Germany.

Received: 10 September 2012 Accepted: 31 October 2012
Published: 15 November 2012

References
1. 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(18):1301–1308.

2. Brower RG, Lanken PN, MacIntyre N, Matthay MA, Morris A, Ancukiewicz M,
Schoenfeld D, Thompson BT, National Heart, Lung, and Blood Institute
ARDS Clinical Trials Network: Higher versus lower positive end-expiratory
pressures in patients with the acute respiratory distress syndrome.
N Engl J Med 2004, 351(4):327–336.

3. International consensus conferences in intensive care medicine:
Ventilator-associated Lung Injury in ARDS. Am J Respir Crit Care Med 1999,
160(6):2118–2124.

4. 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(17):1775–1786.

5. Levy MM: PEEP in ARDS–how much is enough? N Engl J Med 2004,
351(4):389–391.

6. D'Angelo E, Tavola M, Milic-Emili J: Volume and time dependence of
respiratory system mechanics in normal anaesthetized paralysed
humans. Eur Respir J 2000, 16(4):665–672.

7. Chelucci GL, Locchi F, Zin WA: On the interaction between respiratory
compartments during passive expiration in ARDS patients. Respir Physiol
Neurobiol 2005, 145(1):53–63.

8. Dellamonica J, Lerolle N, Sargentini C, Beduneau G, Di Marco F, Mercat A,
Richard JC, Diehl JL, Mancebo J, Rouby JJ, Lu Q, Bernardin G, Brochard L:
PEEP-induced changes in lung volume in acute respiratory distress
syndrome. Two methods to estimate alveolar recruitment. Intensive Care
Med 2011, 37(10):1595–1604.

9. Eissa NT, Ranieri VM, Corbeil C, Chassé M, Braidy J, Milic-Emili J: Effect of
PEEP on the mechanics of the respiratory system in ARDS patients.
J Appl Physiol 1992, 73(5):1728–1735.

10. Kondili E, Alexopoulou C, Prinianakis G, Xirouchaki N, Georgopoulos D:
Pattern of lung emptying and expiratory resistance in mechanically
ventilated patients with chronic obstructive pulmonary disease. Intensive
Care Med 2004, 30(7):1311–1318.

11. Markstaller K, Eberle B, Kauczor HU, Scholz A, Bink A, Thelen M, Heinrichs W,
Weiler N: Temporal dynamics of lung aeration determined by dynamic
CT in a porcine model of ARDS. Br J Anaesth 2001, 87(3):459–468.

12. Frerichs I, Dudykevych T, Hinz J, Bodenstein M, Hahn G, Hellige G: Gravity
effects on regional lung ventilation determined by functional EIT during
parabolic flights. J Appl Physiol 2001, 91(1):39–50.

13. Lowhagen K, Lundin S, Stenqvist O: Regional intratidal gas distribution in
acute lung injury and acute respiratory distress syndrome–assessed
by electric impedance tomography. Minerva Anestesiol 2010,
76(12):1024–1035.

14. Muders T, Luepschen H, Zinserling J, Greschus S, Fimmers R, Guenther U,
Buchwald M, Grigutsch D, Leonhardt S, Putensen C, Wrigge H: Tidal
recruitment assessed by electrical impedance tomography and
computed tomography in a porcine model of lung injury. Crit Care Med
2012, 40:903–911.

15. Pulletz S, Adler A, Kott M, Elke G, Gawelczyk B, Schädler D, Zick G, Weiler N,
Frerichs I: Regional lung opening and closing pressures in patients with
acute lung injury. J Crit Care 2012, 3:e11–e18.

16. Bodenstein M, David M, Markstaller K: Principles of electrical impedance
tomography and its clinical application. Crit Care Med 2009, 37(2):713–724.
17. Boone K, Barber D, Brown B: Imaging with electricity: report of the
European Concerted Action on Impedance Tomography. J Med Eng
Technol 1997, 21(6):201–232.

18. Brown BH: Electrical impedance tomography (EIT): a review. J Med Eng
Technol 2003, 27(3):97–108.

19. Broseghini C, Brandolese R, Poggi R, Polese G, Manzin E, Milic-Emili J, Rossi
A: Respiratory mechanics during the first day of mechanical ventilation
in patients with pulmonary edema and chronic airway obstruction. Am
Rev Respir Dis 1988, 138(2):355–361.

20. Eissa NT, Ranieri VM, Corbeil C, Chassé M, Robatto FM, Braidy J, Milic-Emili J:
Analysis of behavior of the respiratory system in ARDS patients: effects
of flow, volume, and time. J Appl Physiol 1991, 70(6):2719–2729.

21. Pelosi P, Cereda M, Foti G, Giacomini M, Pesenti A: Alterations of lung and
chest wall mechanics in patients with acute lung injury: effects of
positive end-expiratory pressure. Am J Respir Crit Care Med 1995,
152(2):531–537.

22. Gattinoni L, Pesenti A: The concept of "baby lung". Intensive Care Med
2005, 31(6):776–784.

23. Milic-Emili J, Henderson JA, Dolovich MB, Trop D, Kaneko K: Regional
distribution of inspired gas in the lung. J Appl Physiol 1966, 21(3):749–759.

24. Briscoe WA, Dubois AB: The relationship between airway resistance,
airway conductance and lung volume in subjects of different age and
body size. J Clin Invest 1958, 37(9):1279–1285.

25. Pesenti A, Pelosi P, Rossi N, Aprigliano M, Brazzi L, Fumagalli R: Respiratory
mechanics and bronchodilator responsiveness in patients with the adult
respiratory distress syndrome. Crit Care Med 1993, 21(1):78–83.

26. Kondili E, Prinianakis G, Athanasakis H, Georgopoulos D: Lung emptying in
patients with acute respiratory distress syndrome: effects of positive
end-expiratory pressure. EurRespir J 2002, 19(5):811–819.

27. Chelucci GL, Brunet F, Dall'Ava-Santucci J, Dhainaut JF, Paccaly D,
Armaganidis A, Milic-Emili J, Lockhart A: A single-compartment model
cannot describe passive expiration in intubated, paralysed humans.
Eur Respir J 1991, 4(4):458–464.

28. Lourens MS, van den Berg B, Aerts JG, Verbraak AF, Hoogsteden HC,
Bogaard JM: Expiratory time constants in mechanically ventilated
patients with and without COPD. Intensive Care Med 2000,
26(11):1612–1618.

29. Fretschner R, Laubscher TP, Brunner JX: New aspects of pulmonary
mechanics: "slowly" distensible compartments of the respiratory
system, identified by a PEEP step maneuver. Intensive Care Med 1996,
22(12):1328–1334.

30. Miedema M, de Jongh FH, Frerichs I, van Veenendaal MB, van Kaam AH:
Regional respiratory time constants during lung recruitment in high-
frequency oscillatory ventilated preterm infants. Intensive Care Med 2012,
38:294–299.

31. Guttmann J, Eberhard L, Fabry B, Bertschmann W, Wolff G: Continuous
calculation of intratracheal pressure in tracheally intubated patients.
Anesthesiology 1993, 79(3):503–513.

32. Parraga G, Mathew L, Etemad-Rezai R, McCormack DG, Santyr GE:
Hyperpolarized 3He magnetic resonance imaging of ventilation defects
in healthy elderly volunteers: initial findings at 3.0 Tesla. Acad Radiol
2008, 15(6):776–785.

33. Frerichs I, Hahn G, Hellige G: Thoracic electrical impedance tomographic
measurements during volume controlled ventilation-effects of tidal
volume and positive end-expiratory pressure. IEEE Trans Med Imaging
1999, 18(9):764–773.

34. Bikker IG, Leonhardt S, Bakker J, Gommers D: Lung volume calculated from
electrical impedance tomography in ICU patients at different PEEP
levels. Intensive Care Med 2009, 35(8):1362–1367.

35. Rabbani KS, Kabir AM: Studies on the effect of the third dimension on a
two-dimensional electrical impedance tomography system. Clin Phys
Physiol Meas 1991, 12(4):393–402.

doi:10.1186/2049-6958-7-44
Cite this article as: Pulletz et al.: Dynamics of regional lung aeration
determined by electrical impedance tomography in patients with acute
respiratory distress syndrome. Multidisciplinary Respiratory Medicine 2012
7:44.


	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Subjects and examination protocol
	EIT data acquisition and analysis
	Statistical analysis

	Results
	Fast and slow respiratory time constants during step inflation
	Fast and slow respiratory time constants during step deflation
	Fast and slow lung compartments during step inflation
	Fast and slow lung compartments during step deflation

	Discussion
	ARDS vs. Normal lungs
	Ventral vs. Dorsal regions
	PEEP effect
	Limitations

	Conclusions
	Competing interests
	Authors' contributions
	Grants
	Author details
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


