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Inéz Frerichs
Josef Guttmann

Evaluation of an electrical impedance
tomography-based global inhomogeneity index
for pulmonary ventilation distribution

Received: 10 February 2009
Accepted: 25 June 2009
Published online: 4 August 2009
� Springer-Verlag 2009

The results of this study were presented in
part at the European Biomedical
Engineering Congress (EMBEC 2008) in
Antwerp, Belgium.

Electronic supplementary material
The online version of this article
(doi:10.1007/s00134-009-1589-y) contains
supplementary material, which is available
to authorized users.

Z. Zhao � D. Steinmann � J. Guttmann
Section for Experimental Anesthesiology,
Department of Anesthesiology and Critical
Care Medicine, University Medical Center,
Freiburg, Germany

Z. Zhao � K. Möller
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Abstract Purpose: To evaluate
the plausibility, stability, and interin-
dividual comparability of the global
inhomogeneity index (GI) based on
electrical impedance tomography
(EIT). Methods: The lung area in an
EIT image was identified by using the
lung area estimation method, which
mirrors the lung regions in the func-
tional EIT image and subsequently
subtracts the cardiac-related areas.
The tidal EIT image, showing the
difference in impedances between
end-inspiration and end-expiration,
was calculated and the variations in
its pixel values within the predefined
lung area were then used as an indi-
cator of inhomogeneous ventilation
(the GI index). Fifty patients were
investigated including 40 patients
tracheally intubated with double-
lumen tubes (test group) and 10

patients under anesthesia without
pulmonary disease (control group).
Positive end-expiratory pressure
(PEEP) of 5 mbar was applied in the
test group during both two-lung ven-
tilation (TLV) and subsequent one-
lung ventilation (OLV). The patients
of the control group were ventilated
without PEEP. EIT data were recor-
ded in both groups. Results: A
significantly lower GI value was
found in the control group
(0.40 ± 0.05, P = 0.025 vs. TLV
0.74 ± 0.47 and P \ 0.002 vs. OLV
1.51 ± 1.45). A significant difference
was also found in the test group
between TLV and OLV (P \ 0.002).
If GI was calculated only in the
ventilated lung area during OLV
(0.71 ± 0.32), it did not significantly
differ from the test group during
TLV. Conclusions: The GI index
quantifies the gas distribution in the
lung with a single number and reveals
good interpatient comparability.
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Introduction

The distribution of the tidal volume in the lungs of patients
under mechanical ventilation is often inhomogeneous [1].

Different prevalent conditions may create both collapse of
the posterior part and overdistention of the anterior part of
the lung, which may increase the risk for ventilator-induced
lung injury (VILI) [2]. Ventilation strategies based on
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information integrated over the whole lung may fail to
include inhomogeneity into therapeutical decision-making
and thus may not provide optimal therapy [3]. For example,
Kunst et al. [4] and Hinz et al. [5, 6] have shown that under
static conditions, regional PV curves might considerably
differ from the conventional global PV curve. Therefore, it
has been suggested that regional inhomogeneities in the
damaged lung be taken into consideration to develop
improved ventilation strategies [7].

Other methods such as computed tomography (CT),
which has a very good spatial resolution [8], and the
multibreath washout technique, which has a good temporal
resolution [9, 10], are able to detect the inhomogeneous
distribution of tidal volume in the lung. However, these
methods are not suitable for bedside monitoring.

Electrical impedance tomography (EIT) is a noninva-
sive, radiation-free imaging technique that can be used at
the bedside for monitoring the regional lung ventilation
and tidal volume distribution. EIT measures the electrical
potentials at the chest wall surface based on the phe-
nomenon that changes in regional air content and regional
blood flow modify the electrical impedance of lung tissue
[11, 12]. The reliability of EIT has already been con-
firmed by comparison with different conventional
methods, such as CT [13], single photon emission com-
puter tomography [14], and pneumotachography [15].
However, EIT provides complex information on regional
ventilation that is difficult to interpret [3, 16]. In addition,
the EIT images obtained from different patients can not
be compared directly, since they only display relative
impedance values. Thus, we have recently developed a
global inhomogeneity index (GI) to quantify the tidal
volume distribution within the lung [17]. The tidal EIT
image, showing the difference in impedances between
end-inspiration and end-expiration, was first calculated
and the variations in its pixel values were then used as an
indicator of inhomogeneous ventilation.

The aim of this study was to evaluate the stability and
comparability of the GI index in a clinical setting.
Recently, it has been shown that EIT can be used to confirm
the placement of double-lumen tube (DLT) [18]. There-
fore, the first hypothesis of our study was that the GI index
should be able to clearly indicate the difference between
the tidal volume distributions during one-lung ventilation
(OLV) and two-lung ventilation (TLV). Our second
hypothesis was that GI should also be able to differentiate
between the tidal volume distributions in healthy and dis-
eased lungs. Consequently, patients with healthy lungs
were included in our study and served as a control group.

Materials and methods

Fifty patients were studied and divided into two groups. Ten
sedated patients (control group) with healthy lungs [ASA I or

ASA II; 7 male, 3 female; age 30 ± 10 years; height 179 ±
8 cm; weight 77 ± 9 kg (mean ± SD)] were mechanically
ventilated in the volume-controlled mode for orthopedic
surgery. Forty patients (test group: ASA I–III; 28 male, 12
female; age 66 ± 13 years; height 171 ± 8 cm; body
weight 75 ± 13 kg) were tracheally intubated with DLT,
and subsequently OLV for thoracic surgical procedures was
performed [18]. Exclusion criteria included age\18 years,
pregnancy and lactation period, and any contraindication for
the use of EIT (pacemaker, automatic implantable cardio-
verter defibrillator, and implantable pumps). An additional
exclusion criterion for the control group was history or
clinical signs of lung disease. The study was approved by the
local ethics committee. Written informed consent was
obtained from all patients prior to the study.

Protocol for the control group

Anesthesia was induced by bolus injection of propofol
and fentanyl and was maintained by continuous infusion
of propofol. Following muscle relaxation (vecuronium
bromide), tracheal intubation (tube ID 7.0 for women and
8.0 for men) was performed. The patients were mechan-
ically ventilated in volume-controlled mode (10 ml/kg
body weight, ventilatory frequency 12 min-1, I:E 1:1.5,
FIO2 1.0, PEEP 0 mbar) using Evita4Lab (Dräger Medi-
cal, Lübeck, Germany). All patients remained in the
supine position, and no surgical procedure was started
before the protocol was accomplished.

Electrical impedance tomography measurement was
performed before the surgical procedure.

Protocol for test group

The protocol applied in the patients of the test group is
described in detail in [18] and is given here in short. After
induction of anesthesia and achievement of complete
muscle relaxation, the trachea was intubated with a left-
sided DLT (Broncho-Cath, Mallinckrodt, Athlone, Ireland)
of appropriate size. After tracheal intubation, both lungs
were mechanically ventilated (Cicero EM, Dräger
Medical, Lübeck, Germany) in volume-controlled mode
(10 ml/kg body weight, ventilatory frequency 12 min-1,
FIO2 1.0, PEEP 5 mbar). During OLV, the tidal volume
was reduced to 5 ml/kg body weight.

Electrical impedance tomography measurement was
performed during TLV after endotracheal placement of the
DLT and during left and right OLV in the supine position.

EIT data collection and analysis

An EIT electrode belt, which carries 16 electrodes with a
width of 40 mm, was placed around the thorax in the fifth
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intercostal space, and one reference electrode was placed
at the patients’ abdomen (EIT Evaluation KIT 2, Dräger
Medical, Lübeck, Germany). EIT images were continu-
ously recorded at 20 Hz and stored. The EIT electrode
belt was removed before surgery.

For the control group, an EIT video sequence of 5-min
duration including about 60 breathing cycles from every
patient was analyzed. Also for the test group, during TLV,
EIT video sequences of 5-min duration were taken for
analysis; during OLV, 12 breathing cycles from each
patient were analyzed. The GI index was calculated from
the analyzed data for every breathing cycle.

The calculation of GI

The GI index was recently introduced by our group [17].
While that paper introduced different indices and their
combination to titrate PEEP based on EIT imaging, here
we focus exclusively on the GI index. In short the GI is
calculated in the following way: For every breathing
cycle, a so-called tidal image is first generated. Each pixel
of these tidal images represents the difference in imped-
ance between end-inspiration and end-expiration. The
median value of each tidal image is calculated for the lung
area. The sum of the absolute difference between median
value and every pixel value is considered to indicate the
variation in the tidal volume distribution in the whole
lung region. In order to make the GI index universal and
interpatient comparable, it is normalized to the sum of the
impedance values within the lung area:

GI ¼

P

x;y2lung

DIxy �MedianðDIlungÞ
�
�
�

�
�
�

P

x;y2lung

DIxy
ð1Þ

where DI denotes the value of the differential impedance
in the tidal images, DIxy is the pixel in the identified
lung area, and DIlung is all the pixels representing the
lung area.

The identification of the lung area is a prerequisite for
the GI calculation. We recently proposed a novel method
for lung area estimation (LAE) [19]. In brief, it is based
on those lung regions that are determined by functional
EIT (fEIT) with a predefined threshold [20]. These
regions were mirrored and the cardiac-related areas were
subtracted. The details of our LAE method are given in
the electronic supplementary material.

Evaluation of GI

Air distribution between left and right lungs during tidal
ventilation was evaluated by the ratioL,R/TV calculated as
follows: the relative impedance values in the EIT images
in the most ventilated lung are divided by that of both
lungs. This ratio is normalized with the number of pixels
in the predefined lung area. Ideally, ratioL,R/TV should be
0.5 for healthy people and 1 if only one lung is ventilated.

Using the EIT data obtained during OLV, we calcu-
lated the GI in two different ways: (i) GI from the
ventilated lung only [OLV(i)], and (ii) GI from ventilated
and nonventilated lung [OLV(ii)] (Fig. 1). The results
were compared to those calculated in patients from the
control group (healthy) and from the test group during
TLV.

The influence of threshold value of the fEIT method
(the first step of LAE method) on the GI calculation was
evaluated. Threshold values from 0–60% were used and
the corresponding GIs were calculated, respectively.

Statistical analysis

Statistical analysis was performed using the one-way
ANOVA (MATLAB 7.2 statistic toolbox, The Math-
Works, Natick, MA, USA). Results were compared using
the Bland–Altman analysis [21]. A P-value \0.05 was
considered statistically significant. Data are presented as
mean and standard deviation (SD).

Fig. 1 Illustration of GI
calculation in three different
situations. Left During TLV, GI
calculated from both lungs.
Middle During OLV, situation i
[OLV(i)], GI calculated from the
ventilated lung. Right Situation
ii [OLV(ii)], GI calculated from
both lungs. The same lung area
determined during TLV with
the LAE method was used for
TLV and OLV(ii). The fEIT
method was used during OLV
for OLV(i)
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Results

RatioL,R/TV was 0.52 ± 0.01 for control group,
0.60 ± 0.11 for test group during TLV, and 0.87 ± 0.07
during OLV. A value close to 0.5 does not necessarily
mean a homogeneous air distribution in the whole respi-
ratory system, but a value close to 1 definitely means
inhomogeneous distribution between the left and right
lungs according to EIT data. There were five patients in
test group during TLV with ratioL,R/TV [ 0.75 and the
maximum was 0.87.

Table 1 shows the GI of every patient of the control
group and of the test group during TLV. Due to technical
problems during the measurement, three patients (test
group) were excluded from the analysis. The GI index
seemed stable since the standard deviations of GI as taken
from about 60 breathing cycles (5-min EIT video
sequence) in each patient of both the control and test
groups were considerably low.

The boxplot in Fig. 2 shows the comparison of GI cal-
culated from the control group data, TLV data, OLV(i), and
OLV(ii). The mean GI value of each patient was used for
comparison. There are significant differences between
control group and TLV (P = 0.025), TLV and OLV(ii)

(P \ 0.002), OLV(i) and OLV(ii) (P \ 0.002), and between
control group and OLV(ii) (P \ 0.002). No difference was
found between TLV and OLV(i) (see also Fig. 3).

The differences between GI during TLV and OLV(i),
as well as during TLV and OLV(ii) using Bland–Altman
analysis revealed that the GI values were similar during
TLV and OLV(i) (Fig. 3, left) but differed during TLV
and OLV(ii) for every individual (Fig. 3, right).

Figure 4 illustrates the influence of threshold value
(the threshold used in the fEIT method, the first step of the
LAE method) on GI calculation in one patient from the
control group. The GI value decreased while the threshold
value increased. Similar results were found in other
patients from both the control and test groups.

Discussion

As the main result of the present study, we found it fea-
sible to quantify a complex differential (end-inspiration
minus end-expiration) pulmonary impedance pattern
derived from EIT imaging in one number, the GI index.
A recent study demonstrated the predictive power of GI
for setting PEEP [17]. However, there was no proof that
GI was interpatient comparable. Although no reference
method was used (e.g., CT), we evaluated our GI clini-
cally by comparing the GI values calculated from the
TLV data with those derived from the OLV data. Since

Table 1 GI of 10 patients of the control group and 37 patients of the test group during TLV

Group GI values (mean ± SD)

Control group 0.45 ± 0.02 0.37 ± 0.01 0.46 ± 0.00 0.34 ± 0.00 0.45 ± 0.01
0.44 ± 0.03 0.37 ± 0.01 0.43 ± 0.01 0.32 ± 0.00 0.36 ± 0.00
Average mean 0.40
Average SD 0.01

Test group 0.59 ± 0.04 0.63 ± 0.02 0.87 ± 0.02 0.36 ± 0.01 0.78 ± 0.13
0.91 ± 0.06 0.62 ± 0.01 0.46 ± 0.02 0.70 ± 0.07 1.75 ± 0.20
0.57 ± 0.03 0.67 ± 0.06 0.49 ± 0.05 0.57 ± 0.05 0.91 ± 0.02
0.39 ± 0.03 0.41 ± 0.01 0.39 ± 0.01 2.48 ± 0.11 0.47 ± 0.01
0.45 ± 0.02 0.48 ± 0.01 2.05 ± 0.36 0.44 ± 0.02 0.60 ± 0.02
0.55 ± 0.13 0.71 ± 0.03 0.76 ± 0.07 0.64 ± 0.11 1.14 ± 0.08
0.45 ± 0.01 0.56 ± 0.02 0.69 ± 0.32 1.34 ± 0.11 0.37 ± 0.01
0.62 ± 0.04 0.62 ± 0.05
Average mean 0.74
Average SD 0.06
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Fig. 2 GI of control group (healthy) and test group [TLV, OLV(i),
OLV(ii)]. TLV GI from two-lung ventilation, OLV(i) GI from the
ventilated lung only during one-lung ventilation (OLV), OLV(ii) GI
from ventilated and nonventilated lung during one-lung ventilation.
The boxes mark the quartiles while the whiskers extend from the
box out to the most extreme data value within 1.59 the interquartile
range of the sample. *P = 0.025, significantly different from the
control group; **P \ 0.002, significantly different from the control
group, from the test group itself during TLV, and from OLV(i)
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the patients scheduled for thoracic surgical procedures
may have severe lung diseases, in extreme cases, venti-
lation distribution in the lung during TLV may have
deteriorated to a similar or even larger degree as during
OLV(ii) (asterisk in Fig. 3 and ratioL,R/TV) due to the
difference in ventilator settings (10 vs. 5 ml/kg body
weight). This may also explain the overlap of the box plot
in Fig. 2 between TLV and OLV(ii). But after all, as
hypothesized, we found GI to be significantly higher for
OLV(ii) compared to OLV(i) and TLV, and to be similar
for OLV(i) and TLV (Figs. 2, 3). We also found signifi-
cant differences in GI between healthy lungs and
damaged lungs (Fig. 2). These findings give indirect
proof of the reliability and interindividual comparability
of GI. Small variations in the results (see the SD values in
Table 1) also prove that the GI values are stable within
every individual.

The standard ventilator settings for patients receiving
only short-term ventilation during surgery (FIO2 1.0 and
10 ml/kg) were applied [22]. Notice that the participants
in the control group were sedated and ventilated with zero
end-expiratory pressure (ZEEP). The patients in the test
group were ventilated with a PEEP of 5 mbar. Under
condition of anesthesia, the alveoli in the dependent lung
may collapse, which may lead to an inhomogeneous air
distribution in the entire lung [23, 24]. However, with
respect to ventilation homogeneity, the state of the lung
seems more important compared to the PEEP effect, i.e.
the air distribution in the healthy lung is more homoge-
neous compared to the diseased lung with a low PEEP.

There have already been many studies on the inho-
mogeneity of the air distribution in the lung based on EIT
analysis [2, 4, 5, 25–29]. Frerichs et al. [26] calculated a
weighted mean ‘‘geometrical centre’’ of ventilation to
quantify the changes in ventilation distribution occurring
in the dorsal-to-ventral direction. Further, fractional
ventilation was determined in 64 ROIs in the left and right
halves of the scans (32 ROIs in each half) [29]. Kunst
et al. [27] divided the EIT image into anterior and
posterior parts of the lung region and calculated an

‘‘impedance ratio,’’ i.e., the ratio between the ventilation-
induced impedance changes in these two parts of the lung.
Victorino et al. [2] compared the regional ventilation in
different ROIs with EIT and CT. However, these attempts
to depict the inhomogeneity by comparison between
simple geometric ROIs have their limitation. Only the
ratios, i.e., left side to the right side, anterior part to
posterior part, were analyzed, whereas the impedance
pattern associated with each ROI is not described by these
methods. In the worst case, the air could be equally dis-
tributed among different ROIs but distribution can be
strongly inhomogeneous within certain ROIs.

Meier et al. [25] took a step forward insofar as they
divided the tidal volume change into the tidal volume gain
and loss. In this way, the authors tried to detect inho-
mogeneous changes in the regional distribution of tidal
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Fig. 3 Bland–Altman plot to
compare the GI values during
TLV and OLV(i) (left), TLV and
OLV(ii) (right). Each circle
represents one patient from the
test group. Dashed line in the
middle depicts the mean value
of the whole data set. The other
two dashed lines represent one
standard deviation. The red
asterisk shows the extreme case
where ventilation distribution in
the lung during TLV was worse
than that during OLV(ii)
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Fig. 4 Typical curve of the influence of threshold value in the fEIT
method (the first step of the LAE method) on GI calculation in a
patient from the control group. The threshold values as indicated on
the abscissa are a fraction of the maximum variation in relative
impedance change
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volume. However, this method would add more infor-
mation than the other methods only if the tidal volume
changed during the ventilation process. Hinz et al. [5]
analyzed the regional PV curves for every pixel in the
regions defined as the ‘‘EIT lung region.’’ Up to 912
regional PV curves might be reconstructed in the whole
image. Of course much more information will be gained,
but at the same time the method is not applicable for
clinical use. Pulletz et al. [28] analyzed the tidal volume
distribution based on fEIT and two other types of ROI
definition but again divided the EIT scans into left and
right regions. The GI, as one compact index, contains
information taken from every pixel of the lung area in the
EIT image and is able to describe the inhomogeneity of
tidal volume distribution in the entire lung.

One limitation of the GI is that it does not consider the
local distribution effect. Although it is good enough for
the current patient data set, it might be improved by
adding the LI, which was also developed by our group
and presented earlier [17]. The LI calculates the differ-
ences among the pixels and their neighbor pixels. These
two indices, GI and LI, emphasize different aspects of
inhomogeneity of the air distribution, therefore it may be
reasonable to combine them in order to find a suitable
ventilation strategy. Since both indices are normalized,
they can be combined simply by multiplication [17].

Another limitation is that the GI value differs when
different lung area determination methods are used. For a
given patient, the size of the lung area may differ con-
siderably based on the method used for its determination.
Both the early suggested method by Hahn and Frerichs
[26, 30, 31] and the method modified by Hinz [5] may fail
to detect parts of the lung regions in the EIT images when
some lung diseases exist. Pulletz et al. [32] recommended
combining the fEIT and simple geometric ROIs for lung
function analysis in certain pathological situations. This
was not applicable however for GI calculation. Therefore,
the mirrored lung regions without cardiac-related areas
(the LAE method) are used to calculate the GI. The
advantages and limitations of the LAE method are dis-
cussed in the electronic supplementary material by
comparing LAE with the method of Hahn et al. [33].

As shown by Pulletz et al. [32], different threshold
values in the fEIT method lead to different sizes of lung
area. Using fEIT method as the first step, the LAE method
would deliver different results and thus the GI value
would be influenced (Fig. 4). It was previously suggested
that a threshold between 20 and 35% should be used [32].
In our GI calculation, 20% was applied. Different
threshold values may be applied, but they should be used
consistently so that the corresponding GI values are
interpatient comparable.

The GI index may be further used in other diseases
that are associated with inhomogeneous tidal volume
distribution in the lung such as pneumothorax, acute
respiratory distress syndrome (ARDS), and asthmatic
bronchitis. Costa et al. [34] suggested a method to detect
pneumothorax using EIT. However, their method cannot
be used for diagnosing stable preexisting pneumothoraces
[34]. Absolute EIT technique seems promising in
detecting pneumothorax [35]. Artifacts in outer regions,
systematic errors and differences in absolute values of
tissue resistivity among individuals and trials indicate that
further development is needed for this technique however.
Since our GI enables interpatient comparison, it may be
possible to set up a threshold that may be used to dis-
tinguish healthy patients from pneumothorax patients.
However, further investigation is necessary to evaluate GI
for its predictive value.

Conclusions

The GI index has proved to be reliable and interpatient
comparable. It is able to depict the tidal volume distri-
bution in the lung with respect to the disease state of the
lung and to the ventilation pattern. Thus, it may prove to
be a useful tool to guide ventilation therapy.
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