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BACKGROUND: Mechanical ventilation is necessary in diverse clinical circumstances. Especially
in the context of ARDS, so-called protective ventilation strategies must be followed. It is already
known that PEEP might enhance oxygenation in ARDS. However, determining the optimal PEEP
settings in clinical routines is challenging. Electrical impedance tomography (EIT) is a promising
technique with which to adjust ventilator settings. We investigated whether the combination of
different EIT parameters, namely the global inhomogeneity and hyperdistension indices, may lead
to a feasible and safe PEEP setting. METHODS: ARDS was induced by a double-hit approach in
18 pigs weighing, on average, 34.8 � 3.97 kg. First, a surfactant washout was conducted; second, the
tidal volume was increased to 20 mL/kg body weight, triggering a ventilator-induced lung injury.
Subsequently, pigs were randomized to either the EIT or control groups, followed by an observation
time of 24 h. In the control group, PEEP was set according to the ARDS network table. In the EIT
group, a PEEP trial was conducted to determine an appropriate PEEP. At defined time points,
hemodynamic measures, ventilation parameters, and EIT recordings, as well as blood samples, were
taken. After euthanization, lungs were removed for subsequent histopathological and cytological
examination. RESULTS: The combination of PEEP and FIO2

differed between groups, although
respiratory compliance, gas exchange, and histopathological examinations, as well as hemodynam-
ics, did not show any statistical differences between the EIT and control groups. However, in the
control group, the PEEP/FIO2

settings followed the given coupling; in the EIT group, divergent
individual combinations of PEEP and FIO2

ranges occurred. CONCLUSIONS: PEEP setting by EIT
facilitates a more individual ventilation therapy. However, in our relatively short ARDS observation
period of 24 h, no significant differences appeared in common clinical parameters compared with
a control group. Key words: ARDS; individualized mechanical ventilation; double-hit animal model of
ARDS; electrical impedance tomography; global inhomogeneity index; hyperdistension index. [Respir
Care 0;0(0):1–•. © 0 Daedalus Enterprises]

Introduction

Different lung pathologies resulting from pneumonia,
aspiration, or trauma can lead to ARDS, which is a life-

threatening complication1 with a mortality rate that ex-
ceeds 40%.2,3 Although there are different etiologies that
lead to ARDS, the common final symptom is severe hyp-
oxia. Therefore, the priority objective is to ensure ade-
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beck, Germany). Prof Rossaint has disclosed relationships with CSL
Behring, Bayer Healthcare, and Ingelheim Boehringer. The other authors
have disclosed no conflicts of interest.

Drs Hochhausen and Biener contributed equally to this work.

RESPIRATORY CARE • ● ● VOL ● NO ● 1

RESPIRATORY CARE Paper in Press. Published on December 20, 2016 as DOI: 10.4187/respcare.05060

Copyright (C) 2016 Daedalus Enterprises ePub ahead of print papers have been peer-reviewed, accepted for publication, copy edited 
and proofread. However, this version may differ from the final published version in the online and print editions of RESPIRATORY CARE



quate oxygenation and avoid severe hypercapnia with me-
chanical ventilation. However, mechanical ventilation can
simultaneously cause serious damage, such as edema, in-
flammatory processes, and atelectasis.4 Furthermore, the
resulting inflammation can induce multi-organ failure,
which also has a high mortality rate.5 To avoid these com-
plications and, consequently, a progression of lung dam-
age and consecutive organ dysfunction, protective lung
ventilation that includes a tidal volume not exceeding
6 mL/kg body weight and an airway pressure of �30 cm
H2O must be provided for critically ill patients.6,7 Further-
more, it is already known that the application of PEEP
shows positive effects on gas exchange based on the open-
ing or reopening of recruitable atelectasis. It is not as easy
as it seems: An increased PEEP is not necessarily com-
bined with a higher survival rate.8,9 In fact, it is essential
to find the individual, optimal PEEP characterized by a
balance ensuring recruitment and avoiding overdistention.
One frequently used method to find optimal PEEP in a
clinical routine is to increase PEEP step by step, followed
by a check of the resulting oxygenation. The optimal PEEP
is found when arterial oxygenation is highest.10 Although
several alternative methods to optimize PEEP are already
published,9-16 up-to-date individual ventilation therapy re-
mains challenging.

So-called electrical impedance tomography (EIT) is a
promising technique that recently became clinically avail-
able. It is a noninvasive, radiation-free, and bedside-avail-
able monitoring method that is adapted to visualize ven-
tilation in time and spatial domains.17 Therefore, a number
of electrodes (eg, 16 electrodes) that are attached to a belt
must be placed around the chest. Several studies have
already stated several clinical potentials and benefits of
EIT.18,19 Since exact absolute impedances are difficult to
measure, relative impedance changes, related to a refer-
ence, are usually used. However, by this means, functional
EIT images, such as tidal variation images, can be created
to show high correlations with inspired tidal volume and
total air content of the lung.17,20

It is also known that EIT is able to monitor occurring
atelectasis in the dorsal, gravitation-depending parts of the
lung. Visualized impedance variation is “moving” ventral-
ward.21 Furthermore, lung recruitment can also be visual-
ized by EIT, in terms of contrary phenomena.22,23

Besides challenges in image reconstruction and the vi-
sualization methods that were addressed by diverse inter-
disciplinary working groups in past decades, the current

challenge is to establish EIT in clinical routines. There-
fore, feasible and valid clinical EIT parameters or indices
are required. In practice, intensivists and anesthesiologists
need reliable data to adjust ventilator settings or to guide
medical therapies. Up-to-date diverse parameters have been
developed and published,21,23-25 of which none is yet es-
tablished or clinically validated. Two of these newly de-
veloped parameters that concern the quantification of ho-
mogeneous ventilation are the global inhomogeneity index,
which is based on image inhomogeneity,26 and the hyper-
distension index, which quantifies alveolar hyperdisten-
sion, comparing compliances measured at different PEEP
levels.23

Zhao et al26 demonstrated that a PEEP setting using the
global inhomogeneity index is feasible in healthy lungs. In
another study by our group, we found that using only the
global inhomogeneity index to adjust the PEEP setting in
a porcine model of ARDS can lead to severe complica-
tions. Obviously, high PEEP values that led to high in-
spiratory peak pressures were necessary to gain low global
inhomogeneity indices. Consequently, barotrauma, overd-
istention, and further injury of lung tissue can occur as
adverse events, counteracting major aspects of lung-pro-
tective ventilation. Limiting the maximum PEEP value,
such as by using further parameters or limits, seemed to be
essential.27 For that reason, the hyperdistension index was
used. The aim of this study is to investigate whether it is
possible to optimize the individualized PEEP setting by a
combination of the global inhomogeneity and hyperdisten-
sion indices with regard to respiratory compliance, gas
exchange, and histopathological examinations in a porcine
animal model of ARDS.
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QUICK LOOK

Current knowledge

PEEP setting in ARDS is still challenging. Electrical
impedance tomography (EIT) is a bedside-available,
promising technique to optimize ventilator settings. Dif-
ferent EIT-derived parameters have been studied, but
none of them have yet entered clinical routine.

What this paper contributes to our knowledge

PEEP setting by EIT using a combination of the global
inhomogeneity index and hyperdistension index is fea-
sible and supports a more individualized ventilator ther-
apy in a porcine model of ARDS. Furthermore, no sta-
tistically significant differences regarding respiratory
parameters, hemodynamics, or cytological and histo-
pathological examinations were observable compared
with a conventional approach.
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Methods

The study was approved by the North Rhine-Westphalia
State Agency for Nature, Environment, and Consumer Pro-
tection (Germany; 84-02.04.2012.A173). In this pilot study,
we included 18 female pigs (German Landrace) weighing,
on average, 34.8 � 3.97 kg. After the induction of anes-
thesia, the animals were intubated and mechanically ven-
tilated (Servo 300, Siemens Elema, Solna, Sweden) with
a tidal volume of 6 mL/kg body weight, an inspiratory-
expiratory ratio of 1:1, a FIO2

of 0.3, and a PEEP of
5 cm H2O. In the supine position, femoral arterial and
central venous catheters, as well as a pulmonary artery
catheter, were placed. A continuous infusion of a balanced
crystalloid solution (0.1 mL/kg/min) was started. During
the whole investigation, analgesics (fentanyl, 0.1–0.2 mg/h)
and hypnotics (thiopental, 250–350 mg/h) were adminis-
tered according to humane clinical standards. Respiratory
parameters, including the calculated Horowitz index, de-
fined as PaO2

/FIO2
, as well as hemodynamic parameters and

blood gas analyses were recorded continuously, monitor-
ing the health of the animals. Catecholamine therapy and
additional fluid management were initiated, if arterial blood
pressure and urine production decreased, according to clin-
ical routine.

After finishing the preparations, baseline measurements
were performed. Thereafter, FIO2

was set to 1.0, and ARDS
was induced by a double-hit approach. First, lavages with
30 mL/kg body weight saline solution (0.9%) were re-
peated every 10 min, followed by blood gas analyses, until
PaO2

was measured repeatedly �100 mm Hg for 1 h. Sec-
ond, pigs were ventilated with 20 mL/kg body weight for
2 h with PEEP set to 0 cm H2O, aiming to provoke a
ventilator-induced lung injury.28

After establishment of ARDS, animals were randomly
assigned (Randlist 1.2., Dat Inf GmbH, Tübingen, Ger-
many) to the EIT (n � 9) or control group (n � 9), and the
investigation period started. Initially, FIO2

was set to 1.0
and PEEP to 21 cm H2O in both groups.

Subsequently, hemodynamic measures, blood gas
analysis, ventilation parameters, and EIT recordings were
collected hourly up to 7 h after the establishment of
ARDS and then every 2 h up to 24 h after ARDS. Ad-
ditionally, blood samples were taken at defined time
points (baseline and 0, 5, 12, 18, and 24 h after the
establishment of ARDS) and centrifuged for 10 min at
2,500 � g at 4°C. The resulting serum samples were
immediately stored at �80°C for subsequent analysis of

interleukin-6 and interleukin-8 by using a magnetic bead-
based multiplex assay (PCYTMAG-3K, Merck-Milli-
pore, Darmstadt, Germany) and a flow cytometry-based
analyzer (100/200 system, Luminex, Austin, Texas).

Based on the current PaO2
that was received from blood

gas analyses, FIO2
was decreased by 0.1 when PaO2

was
�80 mm Hg or 0.2 when PaO2

was �100 mmHg and
increased by 0.1 when PaO2

was �55 mm Hg or 0.2 when
PaO2

was �45 mm Hg. Thus, the target PaO2
was 55–

80 mm Hg.
In the control group, PEEP was set according to the

ARDS Network table (Table 1). In the EIT group, a
PEEP trial was applied. Therefore, current PEEP (start-
ing with 21 cm H2O for FIO2

of 1.0) was first increased
by 4 cm H2O. Afterward, PEEP was repeatedly reduced
by 2 cm H2O, according to Zhao et al,26 until initial
PEEP minus 4 cm H2O was reached (Fig. 1). The max-
imum PEEP increase of 4 cm H2O was chosen to limit the
maximum PEEP level to 25 cm H2O and with this the
maximum peak inspiratory pressure to 40 cm H2O. At
each point in time, an EIT sequence of 1 min and the
above-mentioned hemodynamic and respiratory measures
were recorded. In this study, the Dräger EIT Evaluation
Kit II and Data Review 5.0 software (Dräger Medical,
Lübeck, Germany) were used for acquisition and image
reconstruction by using a 16-electrode belt that was fas-
tened around the thorax in projection to the 5th and 6th
intercostal spaces. The tidal variation images of 32 � 32
pixels in size were generated using the reconstruction al-
gorithm provided by the aforementioned Dräger software.
Each pixel of these tidal images represents the impedance
difference between end-inspiration and end-expiration.
Based on these images, the global inhomogeneity and hy-
perdistension indices were calculated using a self-devel-
oped MATLAB program (MATLAB 2013a, The Math-
Works, Natick, Massachusetts). The global inhomogeneity

Table 1. ARDS Network Table for a Tandem Approach: PEEP and FIO2
Combination

FIO2
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

PEEP, cm H2O 5 6 9 10 12 14 17 21

Fig. 1. Procedure for finding the optimal PEEP. In order to obtain
the optimal PEEP, a stepwise PEEP increase and decrease was
performed at each predefined time point in the electrical imped-
ance tomography group.
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index was calculated from tidal images as introduced by
Zhao et al.29 To do so, the median value of each tidal
image was calculated. Then absolute differences between
the median value and every pixel value were summed up
and normalized by dividing by the sum of all pixel val-
ues.29 As introduced by Costa et al,23 the hyperdistension
index is calculated by computing pixel compliance at ev-
ery PEEP step. Then the relative change in compliance to
its best compliance is calculated pixel-wise. The hyperd-
istension index represents the mean of these values over
all pixels.23

The global inhomogeneity and hyperdistension indices
were calculated for each PEEP step, where the hyperdis-
tension index referred to the initial PEEP level before
starting the PEEP trial. Optimal PEEP was defined when
the global inhomogeneity index was lowest, provided that
the hyperdistension index was �10%. Apart from that, the
next higher global inhomogeneity index was accepted, ful-
filling this condition. For further analysis, the impedance
ratio was determined. This parameter is defined as the
ratio of the impedance variation of the ventral half of the
lung section divided by its dorsal half.30

Twenty-four hours after the presence of ARDS, animals
were sacrificed under deep sedation, including a bolus of
pentobarbital of 0.5–1 mL/kg. Afterward, the lungs were
removed, photograph-documented, and examined. In do-
ing so, lungs were anatomically sectioned into their lobes.
For cytological analysis, a bronchoalveolar lavage was
conducted from the right lower lobe. The accumulation of
granulocytes, lymphocytes, and macrophages was assessed.
Lung tissue samples for histopathological analysis were
taken from the left upper and lower lobe so that a senior
pathologist could analyze 2 peripheral regions and one
central region. The examination was targeted on lung edema
(interstitial and alveolar), infiltration of granulocytes and
macrophages, and aspect of hemorrhage. Therefore, a semi-
quantitative assessment was used, ranging from minor to
major in 3–6 steps. Moreover, ventral and dorsal tissue
samples were taken from the right upper and middle lobes
for analysis of wet/dry ratio.

Statistical analysis, including the Kolmogorov-Smirnov
test and Mann-Whitney U test, were performed by SPSS
22 (SPSS, IBM Business Analytics Software, Armonk,
New York). All tests were 2-tailed. Statistical significance
was considered for P � .05. Due to the pilot nature of this
study, no power analysis was performed. To compare pre-
defined outcome parameters of the EIT and control groups
with each other, medians and quartiles over time after
establishing ARDS were calculated.

Results

All animals included in this investigation were in good
health, as confirmed by veterinary examination. After con-

ducting the aforementioned double-hit procedure, all ani-
mals suffered from ARDS. Five animals (n � 3 of the EIT
group; n � 2 of the control group) did not survive the
entire study. Three of them belonged to the EIT group and
died between 11 and 19 h after fulfilling the criteria of
ARDS; 2 control animals died 17 and 19 h, respectively,
after ARDS.

The PEEP settings differed between groups (Fig. 2). In
the control group, due to the given fixed coupling, higher
FIO2

values led to higher PEEP levels and vice versa. In
contrast, in the EIT group, this dependence dissipated.
High PEEP levels were used at high FIO2

values, as well as
at low FIO2

levels. In detail, the EIT group included some
animals that show a most homogeneous ventilation at PEEP
levels �10 cm H2O, although FIO2

was �0.8. Addition-
ally, some animals showed the best relationship between
hyperdistension and alveolar collapse at PEEP levels that
were �15 cm H2O, although FIO2

was �0.4. In contrast to
the conventional approach, even in the middle range of
FIO2

, the resulting PEEP settings varied individually.
The global inhomogeneity index of the EIT group dif-

fered significantly from that of the control group (26.67 vs
26.21, P � .002, EIT vs control group). Additionally, the
impedance ratio was lower in the EIT group (1.63 vs 2.85,
P � .001), which indicates a shift of ventilation from the
ventral part to the dorsal, dependent part of the lung.

The pathological examination attested to signs of lung
edema, atelectasis, hyperdistension, and pneumonia in all
tissue samples. Therein, neither the aspects of interstitial
and alveolar edema (P � .16 and P � .26) nor wet/dry
ratio (5.9 vs 5.5, P � .26) were different. All other path-
ological and biochemical examinations failed to show any
statistical differences (Table 2).

No statistical differences occurred between the EIT and
control groups regarding respiratory mechanics, gas ex-
change, hemodynamics, and histopathological examina-
tions during the investigation period after the presence of
ARDS. Neither median compliance over time (8.94 mL/cm
H2O vs 9.44 mL/cm H2O, P � .80, EIT vs control group)
(Fig. 3) nor Horowitz index (171 vs 149 mm Hg, P � .73)
(Fig. 4) or PEEP (10 vs 9 cm H2O, P � .73) (Table 3)
differed between groups.

For further analysis of the highly variable individual
PEEP levels, a subgroup analysis was conducted. There-
fore, the EIT group was divided into 3 subgroups for fur-
ther analysis: subgroup A, in which PEEP level was
�3 cm H2O lower than expected regarding the reference
value from the ARDS Network table; subgroup B, in which
PEEP was equal to or similar to the reference value; and
subgroup C, in which PEEP was �3 cm H2O above the
reference value.

There were no differences regarding hemodynamics ex-
cept for the heart rate. It was increased in subgroup A
as compared with subgroup B (128 vs 113 beats/min,

OPTIMIZING PEEP BY EIT IN PORCINE ARDS

4 RESPIRATORY CARE • ● ● VOL ● NO ●

RESPIRATORY CARE Paper in Press. Published on December 20, 2016 as DOI: 10.4187/respcare.05060

Copyright (C) 2016 Daedalus Enterprises ePub ahead of print papers have been peer-reviewed, accepted for publication, copy edited 
and proofread. However, this version may differ from the final published version in the online and print editions of RESPIRATORY CARE



P � .003). Horowitz indices differed between all sub-
groups (73 vs 157 mm Hg [P � .001; subgroup A vs B]
and 347 vs 157 mm Hg [P � .001; subgroup C vs B]).

Results from histopathological analysis did not differ.
Obviously, higher PEEP levels led to higher oxygenation
indices. However, even in subgroup A, our predefined
target range was achieved.

Discussion

In this study, it was shown that an EIT-based PEEP
setting is feasible and led to more individuality than a
conventional clinically established approach. Therefore,
an EIT-based procedure using the global inhomogeneity
index and hyperdistension index was developed. When
following this procedure, a fixed coupling between FIO2

level and PEEP setting that appeared in the control group
did not arise in the EIT group. In fact, in EIT group,
different combinations of FIO2

and PEEP occurred. No
differences were identifiable with respect to predefined

clinical outcome parameters, such as respiratory compli-
ance, gas exchange, and histopathological examinations.
Additionally, EIT, as a bedside monitoring technique, al-
lows for the diagnosis of atelectasis, pneumothoraxes, or
other complications in real time.

Lung-protective ventilation with low tidal volumes is
known to be beneficial in patients with ARDS, but the
optimal PEEP level remains uncertain. Several common
clinical approaches for PEEP optimization are described in
the literature, but only oxygenation as a target has become
accepted in clinical routine. Thus, the ARDS network ta-
ble, which contains relatively fixed combinations of FIO2

and PEEP, is commonly used at the bedside, although
individual lung mechanics are not considered.

In contrast, another approach, which brings lung me-
chanics into focus, is the compliance method that is based
on a PEEP trial by selecting the PEEP with the highest
compliance.10,11 Another alternative possibility with which
to find the optimal PEEP is to perform a slow-flow infla-
tion maneuver to assess a pressure-volume curve, which

Fig. 2. The PEEP level shows a strict dependence in the control/conventional group. A high PEEP level was associated with high FIO2
values;

conversely, a low PEEP level was associated with low FIO2
values. In contrast, no strict dependence in the electrical impedance tomography

(EIT) group was observable.
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takes a sigmoidal course with 2 noticeable marks: the up-
per and the lower inflection points. The ventilation pa-
rameters PEEP and inspiratory peak pressure should
range between the upper and lower inflection points.
Setting the PEEP by using the pressure-volume curve
seems to be promising,12 but correct pressure-volume
curve assessment is challenging because relatively com-
plicated measurement of esophageal pressure is required,
in addition to other measurements.16 Furthermore, Tal-

mor et al13 established another way to optimize PEEP.
They demonstrated that respiratory mechanics and ox-
ygenation are improved by using directly measured trans-
pulmonary pressure, resulting in the difference between
the airway pressure and the esophageal pressure.13 How-
ever, another study found that directly measured trans-
pulmonary pressure is characterized by high inter-indi-
vidual variability. Therefore, it can be considered a
questionable method for PEEP setting.14

Table 2. Histopathological Findings and Biochemical Results

Histopathological Findings EIT Control P

Wet/dry ratio 5.9 (4.3–7.2) 5.5 (2.4–6.4) .26
Interstitial edema, score 2 (2–2.5) 2 (1.5–2) .16
Alveolar edema, score 2 (2–2.5) 3 (2–3) .26
Infiltration of granulocytes, score 3 (2–3) 3 (3–3) .44
Infiltration of macrophages, score 2 (2–2) 1 (1–2) .30
Hemorrhage, score 1 (1–4) 1 (1–3) .86
Aspect of atelectasis, % 20.0 (5–20) 10.0 (7.5–20) .86
Aspect of emphysema, % 20.0 (5–20) 10.0 (7.5–30) .39
Aspect of pneumonia (peripheral region 1), % 10.0 (5–25) 30.0 (10–55) .08
Aspect of pneumonia (peripheral region 2), % 90.0 (60–90) 70.0 (40–85) .26
Aspect of pneumonia (central region 1), % 80.0 (60–90) 60.0 (30–85) .19
BAL granulocytes, % 60.0 (25–75) 50.0 (35–70) .82
BAL lymphocytes, % 20.0 (10–20) 10.0 (10–27.5) .82
BAL macrophages, % 20.0 (15–50) 25.0 (20–37.5) .74
Interleukin-6, pg/ml 226 (163–268) 210 (196–731) .80
Interleukin-8, pg/ml 118 (84–202) 86 (49–129) .22

Results are medians (interquartile range). Shown are results from histopathological examination including wet-to-dry ratio; diverse semiquantitative scores for comparing edema, cellular infiltration,
and hemorrhage; and aspects of atelectasis, emphysema, and pneumonia in different regions in percentage. Second, examination findings from bronchoalveolar lavage are shown. Third, biochemical
analysis results are provided.
EIT � electrical impedance tomography
IQR � interquartile range
BAL � bronchoalveolar lavage

Fig. 3. Course of respiratory compliance over time. After the establishment of ARDS, respiratory compliance was significantly reduced, and
stability was maintained during the entire investigation in both groups. Boxes represent interquartile ranges, and center lines denote the
median. Whiskers show the highest and lowest values. Outliers are shown as points; extreme outliers are shown as stars. EIT � electrical
impedance tomography.
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Altogether, it is very difficult to talk about “optimal
PEEP” today, since various competing methods coexist.
Most approaches support better oxygenation, but they are
accompanied by inflammatory processes due to overdis-
tention and, consequently, a reduced long-term survival
rate. In fact, overdistention is difficult to measure and
monitor, especially in routine operations. Additionally, all
methods of PEEP titration that are described above are
based on measuring global lung mechanics.

By contrast, EIT is a bedside-available, noninvasive,
and radiation-free tool that may be able to close the gap in
the literature concerning PEEP optimization and the indi-
vidualization of protective ventilation strategies by illus-
trating ventilation in smaller parts of the lung. EIT is able
to estimate regional alveolar collapse and overdisten-
tion.31,32 In addition to standard circular electrode place-
ment, diverse, more sophisticated electrode configurations
have been studied, such as the attachment of internal elec-

Fig. 4. Course of Horowitz index over the first 24 h after established ARDS. Analog to respiratory compliance, oxygenation was significantly
impaired after ARDS and remained at a low level during the entire study period in both groups. Boxes represent interquartile ranges, and
center lines denote the median. Whiskers show the highest and lowest values. Outliers are shown as points; extreme outliers are shown
as stars. EIT � electrical impedance tomography.

Table 3. Respiratory and Hemodynamic Data

Characteristics EIT Control P

Compliance, ml/cm H2O 8.94 (8.55–10.07) 9.44 (8.38–10.06) .80
PaO2

/FIO2
171 (106–219) 149 (103–210) .73

PEEP, cm H2O 10 (7–12) 9 (7–13) .73
Ppeak, cm H2O 40.5 (38.8–44.5) 40 (34.5–42.3) .26
Pmean, cm H2O 19 (17.8–20.8) 19 (15.5–21.8) .73
SpO2

, % 91 (88–95) 94 (90–96) .55
FIO2

, % 0.45 (0.35–0.78) 0.5 (0.43–0.73) .67
PaO2

, mm Hg 71 (65.7–80.3) 76.9 (72.5–80.8) .30
PaCO2

, mm Hg 48.9 (43.9–58.8) 55.1 (50.9–60.3) .09
Heart rate, beats/min 125 (104–130) 114 (99–153) .73
SAP, mm Hg 102 (97–111) 107 (99–109) .67
MAP, mm Hg 77 (70–83) 82 (77–83) .44
DAP, mm Hg 59 (53–67) 66 (58–67) .49

Results are median values over time after establishment of ARDS with corresponding interquartile ranges in parentheses.
EIT � electrical impedance tomography
Compliance � respiratory compliance
Ppeak � peak airway pressure
Pmean � mean airway pressure
SpO2 � peripheral capillary oxygen saturation
SAP � systolic arterial pressure
MAP � mean arterial pressure
DAP � diastolic arterial pressure
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trodes to breathing and feeding tubes.33 Furthermore, sev-
eral EIT-derived parameters seem to be very useful to
optimize respiration therapy in clinical routines. One of
these parameters is the impedance ratio, which examines
eventual shifts of ventilation from dorsal to ventral parts or
vice versa.30 To do so, the lung has to be sectioned into
several regions of interest (at least into 2 horizontal lay-
ers). The so-called regional ventilation delay index is an-
other well-described reasonable parameter,24 which dem-
onstrates the relative delay of inflation time needed by
respective regional impedance change exceeding a thresh-
old. However, up until now, no study exists in either pa-
tients or animals that shows the benefits of regulating ven-
tilation parameters by EIT in terms of clinical outcome
parameters.29,34 Recently, different EIT parameters were
introduced to find the best PEEP for optimizing ventilator
therapy, some of them concerned with establishing homo-
geneity. Blankman et al35 optimized PEEP settings during
a decremental PEEP trial in 12 post-cardiac surgery sub-
jects by using the intratidal gas distribution index as a new
homogeneity parameter, calculated by EIT. This index is
the quotient of the intratidal gas distribution of the non-
dependent lung region and the intratidal gas distribution of
the dependent lung region. In conclusion, the intratidal gas
distribution index was able to indicate overdistention and
was comparable with the dynamic compliance method.35

Up until now, studies using the intratidal gas distribution
index for PEEP setting in ARDS lungs are still missing.

Another approach was introduced by Zhao et al30 in the
form of the so-called global inhomogeneity index, which
quantifies the heterogeneity of regional lung ventilation.
However, in subjects with healthy lungs, the practice of
setting PEEP as controlled by the global inhomogeneity
index was not superior to the dynamic compliance method
or the compliance volume curve approach.26 These meth-
ods pursue different approaches. Whereas the dynamic
compliance and the compliance-volume curve method are
based on the mechanics of respiratory system, the global
inhomogeneity index illustrates the homogeneity of ven-
tilation distribution.26 This implies that the global inho-
mogeneity index somehow reflects the pathological effects
of mechanical ventilation. However, using the global in-
homogeneity index solely to adjust PEEP in a porcine
model of ARDS can lead to hyperdistension and baro-
trauma.27 Costa et al23 presented an EIT-derived parameter
called the hyperdistension index for estimating hyperdis-
tension based on regional lung mechanics.

In the present study, we investigated whether a combi-
nation of these 2 EIT-derived indices, the global inhomo-
geneity index and the hyperdistension index, is suitable to
detect the optimal PEEP level. The study demonstrates
that using EIT to set PEEP led to an individualized opti-
mization of mechanical ventilation, providing hemody-
namic stability. As expected, in the control group, the

PEEP levels show a strict dependence. High FIO2
levels are

attended by high PEEP levels, and low FIO2
levels are

associated with low PEEP levels. In the EIT group, no
strict dependence between PEEP levels and FIO2

values is
visible. Only a tendency of a combination of high PEEP
levels and high FIO2

values, as well as low PEEP levels and
low FIO2

values, is notable.
However, guiding the PEEP setting by EIT leads to

different possible combinations of PEEP and FIO2
. One

potential explanation is the fact that some animals benefit
from high PEEP levels because of resulting recruitment
maneuvers, the consequence of which is to reduce FIO2

stepwise. In other animals, high PEEP levels did not have
an effect on lung homogeneity or any other clinical ad-
vantage. Only a higher FIO2

delivered a better oxygenation.
Gattinoni et al36 demonstrated that the percentage of po-
tentially recruitable lung is variable in subjects with ARDS
and may be important for PEEP setting. Briefly, these
results demonstrate that EIT enables a more individual
therapy.

There are several limitations that must be addressed
before transferring our results to the clinical treatment of
patients with ARDS. First, the investigation period lasted
24 h. This is, with regard to ARDS therapy, a relatively
short period. Mechanical ventilation in patients with ARDS
must usually be performed for several days. Perhaps our
approach with a more individualized PEEP setting will
demonstrate more benefits after a longer observation pe-
riod. Second, clinical end points for demonstrating a su-
periority of a new technology, such as mortality, ventila-
tor-free days, organ dysfunction, stay in ICU, and stay in
hospital, cannot be investigated in animal-based research
projects but in clinical studies. Third, the ARDS network
table, which is used in this study for PEEP titration in the
control group, is not based on any functional assessment of
lung aeration. Whereas the ARDS network study focused
on ventilating with various tidal volumes, many other stud-
ies have dealt with optimal PEEP setting8,37-43 or con-
cluded that the “open lung concept” in traumatized lungs
seems to be beneficial.44 Hence, PEEP setting by the ARDS
Network table is not the best approach and is not based on
physiological facts but is easy to implement and therefore
widely used and clinically established in intensive care
medicine for many years. On the contrary, most methods
for PEEP optimization are time-consuming and necessitate
physiological measurements with additional tools or ma-
neuvers. This was the reason for choosing the ARDS net-
work table and EIT respectively. Fourth, in the EIT group,
a step-wise PEEP titration was applied. On the one hand,
this would be a relatively resource-consuming procedure
in clinical practice; on the other hand, periodic incremental
PEEP increases themselves may lead to recruitment ef-
fects. However, application of diverse PEEPs could be
automatically performed by ventilators in the future. Fourth,
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performing a PEEP trial may influence different outcome
parameters. In fact, the global inhomogeneity index was
higher in EIT group animals, whereas the impedance ratio
was lower. Clinical interpretation of these results is spec-
ulative. A shift toward dorsal lung regions reflects recruit-
ment effects, whereas a higher global inhomogeneity index
indicates higher heterogeneity. However, reduced non-ho-
mogeneity and avoided overdistention (measured by the
hyperdistension index) will potentially lead to better oxy-
genation in a longer investigation period by avoiding shear
forces, toxic high concentrations of FIO2

, and insufficient
PEEP levels. The impedance ratio measures the ventilation
distribution. A shift toward dorsal lung regions indicates
recruitment, which has the potential to improve oxygen-
ation and therefore also the clinical outcome. So, indeed,
impedance ratio calculation might also be useful to guide
ventilation therapy.

Finally, ventilator settings should be adaptive to indi-
vidual disease stages and further patient-related factors.
Therefore, currently established procedures must be opti-
mized and developed. EIT is certainly one of the most
promising techniques. Further studies, focusing more on
individual ventilation, must be performed, including clin-
ical outcome parameters.

In summary, PEEP setting by EIT could lead to an
individualized approach that is noninvasive and available
at bedside. In contrast, at the present time, routine practice
requires periodic blood gas analyses for PEEP adjustment.

Conclusions

PEEP setting by EIT using a combination of the global
inhomogeneity index and the hyperdistension index was
clinically feasible and facilitated a more individual pro-
tective ventilation under stable hemodynamic conditions.
Within a relatively short time period of 24 h after the
induction of ARDS, no clinical differences occurred as
compared with an established procedure using fixed tan-
dem settings of FIO2

and PEEP.
Our findings, derived from an experimental study, sug-

gest that optimal PEEP finding led by the observed indi-
vidual response might make more sense than using a fixed
regime. Whether this can be best achieved by the use of
bedside EIT measures remains, however, still open for
discussion.
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2. Villar J, Blanco J, Añón JM, Santos-Bouza A, Blanch L, Ambrós A,
et al. The ALIEN study: incidence and outcome of acute respiratory
distress syndrome in the era of lung protective ventilation. Intensive
Care Med 2011;37(12):1932-1941.

3. Zambon M, Vincent JL. Mortality rates for patients with acute lung
injury/ARDS have decreased over time. Chest 2008;133(5):1120-
1127.

4. Matthay MA, Ware LB, Zimmerman GA. The acute respiratory
distress syndrome. J Clin Invest 2012;122(8):2731-2740.
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titration guided by ventilation homogeneity: a feasibility study using
electrical impedance tomography. Crit Care 2010;14(1):R8.

27. Czaplik M, Biener I, Leonhardt, S, Rossaint R. Setting ventilation
parameters guided by electrical impedance tomography in an animal
trial of acute respiratory distress syndrome. Proc SPIE 9038, medical
imaging 2014: biomedical applications in molecular, structural, and
functional imaging. doi: 10.1117/12.2043402.

28. Wang HM, Bodenstein M, Duenges B, Ganatti S, Boehme S, Ning
Y, et al. Ventilator-associated lung injury superposed to oleic acid
infusion or surfactant depletion: histopathological characteristics of
two porcine models of acute lung injury. Eur Surg Res 2010;45(3):
121-133.
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