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Introduction

Lung pathologies such as edema, atelectasis or pneumonea
are life threatening conditions, especially in critically ill pa-
tients. When not diagnosed and treated in an early stage,
these pathologies may even result in an Acute Respiratory
Distress Syndrome (ARDS) [1]. Thus, a bedside avail-
able diagnostic tool would be highly recommended. Today,
however, usually a combination of x-ray, blood gas analy-
sis, computer tomography (CT) or sonography is used in
order to detect such pathologies [2-4]. ARDS is classi-
fied using the Horowitz index, which measures the ratio
of partial pressure of oxygen in blood and the fraction of
oxygen in inhaled air (PaO; / FiO3). A value between
200 mmHg and 300 mmHg describes a mild, a value be-
tween 100 mmHg and 200 mmHg a moderate and a value
below 100mmHg a severe ARDS [5]. The idea of this
project is to use Bioimpedance Spectroscopy, a tool which
is available at the bedside and showed promising results as
a fluid management tool, to detect these pathologies [6]. In
an earlier publication, we showed ex-vivo that it is possible
to differentiate between blood and water content in the lung
based on the impedance spectrum [7]. Furthermore, we de-
veloped measurement strategies utilizing both internal and
external electrodes to focus bioimpedance measurements to
specific regions of interest [8,9]. In this paper, we present
the first results of a pilot animal study investigating the
possibility of bioimpedance spectroscopy for diagnosing
ARDS.

Materials and Methods
Bioimpedance Spectroscopy

In general, the dielectric properties of body tissue are fre-
quency dependent [10]. In bioimpedance applications, es-
pecially the so-called B-dispersion, which is caused by the
cell membrane and typically occurs in the frequency range
of a few kHz up to 1 MHz, is most prominent. Due to the
polarization effect at the cell membrane, the current path
through biological tissue depends on the current injection
frequency. This is demonstrated in Fig. 1, left. At low fre-
quencies, the main current flows around the cell membrane
as it has a capacitive behavior. At higher frequencies, the
current flows through both the extra- and the intracellular
space. This behavior can be modeled and approximated us-
ing the equivalent circuit in Fig. 1, right. Bioimpedance
Spectroscopy (BIS) exploits this by measuring the com-
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Figure 1: Current flow through biological tissue at
low and high frequencies and electrical equivalent circuit
(from [11]).

plex electrical impedance at different injection frequencies
in the B-dispersion range. By analyzing the resulting fre-
quency dependent, complex impedance, information about
the body composition such as fat-free mass and total body
water can be extracted [12].

Animal Trial Setup

The experiment was performed in accordance with the Ger-
man legislation governing animal studies following The
Principles of Laboratory Animal Care and was approved
by the North Rhine-Westphalia State Agency for Nature,
Environment, and Consumer Protection (Germany; 84-
02.04.2013.A200).

In this study, acute respiratory distress syndrome was in-
duced in a female pig (German Landrace, Sus scrofa)
weighing 36,6 kg. After induction of anesthesia, the animal
was intubated and mechanically ventilated. General anes-
thesia was maintained during the entire trial. Subsequently,
femoral arterial and central venous catheter as well as a pul-
monary catheter were placed. Additionally, the impedance
measurement devices were connected. After finishing the
preparations, baseline impedance measurements were per-
formed. Thereafter, ARDS was induced by an infusion of
lipopolysaccharide (LPS) [13]. Three hours later, a mild
ARDS (pa0O2/Fi02 201-300 mmHg) was observed. Hence-
forth, impedance measurements were collected hourly for
8 hours.

Measurement setup

In this study, bioimpedance spectroscopy measurements
were performed using the BIS device Sfb7 from Imped-
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imed (Carlsbad, USA). Impedance was measured at 256
frequency points between 4 kHz and 1 MHz. The length of
one spectroscopic impedance measurement took less than
1 second. A total of 18 electrodes (16 external and 2 in-
ternal) were used for bioimpedance measurements. Fig. 2
shows the positions of the electrodes. Electrodes 1-5 and
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Figure 2: Electrode positions used in this study for differ-
ent measurements setups. A total of eight different elec-
trode configurations were used utilizing both internal and
external electrodes.

12—16 were placed similar to the electrode positions used
in Electrical Impedance Tomography at approx. the height
of the 5th intercostal space. Electrodes 1+, 5+, 12+ and
16+ were placed approx. 10cm below the corresponding
electrodes 1, 5, 12 and 16. Electrodes L2 and R2 are in-
ternal electrodes inside the trachea. For those, a special
endotracheal tube (provided by MicroPen Technologies,
Honeoye Falls, NY, USA) with printed electrodes on the
cuff was used. Fig. 3 shows a picture of this tube with
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Figure 3: Endotracheal tube with integrated electrodes on
the cuff used throughout this study.

internal electrodes. Finally, electrodes L3 and R3 were
placed on the skin at the same height as the internal elec-
trodes. Impedance measurements were performed hourly
using eight different electrode configurations. Tab. 1 shows
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Table 1: Electrode configurations used in this study. Mea-
surements using eight different electrode configurations
were performed. i, ,_ represents the electrode numbers of
the current driving and v, the electrode numbers of the
sensing electrode pairs, respectively.

Config # it i vy v_
1 4 13 5 12
2 L2 2 R2 15
3 L2 2 R3 3
4 R2 15 L3 14
5 L2 5 L3 4
6 R2 12 R3 13
7 16 12 16+ 12+
8 1 5 1+ 5+

the electrode numbers of the injecting and sensing elec-
trode pairs, respectively. Location and selection of the elec-
trodes were based on the results of a simulation study pub-
lished in [8] and [9]. In the trial, both transthoracic con-
figurations (config #1) and configurations focusing on dif-
ferent regions (config #2—-8) were measured. However, the
preliminary results presented in this paper will be based on
the transthoracic configuration #1.

Results and Discussion

The results of the medical parameters are shown in Fig. 4.
Both the progress of the lung compliance (AV /AP) and
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Figure 4: Medical data of the animal trial. The time after
Lipopolysaccharid-injection is shown on the x-axis. "b" de-
notes the baseline measurement. The compliance is shown
in blue and the Horowitz-index in red. 3 hours after injec-
tion, an ARDS was diagnosed (PaO, / FiO; < 300).

the Horowitz-index PaQ, / FiO, are shown. First, it can
be observed that animal model chosen in this study does
indeed induce an Acute Respiratory Distress Syndrome.
As mentioned earlier, ARDS is diagnosed if the Horowitz-
index is below 300 mmHg. Three hours after LPS injection,
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the Horovitz-index was 262 mmHg and the compliance de-
creased to 12.6 ml/mbar. In conclusion, the animal suffered
from a mild ARDS. While the compliance is available at
bedside, blood gas analysis has to be performed to calcu-
late the Horowitz-index.

In Fig. 5, the Horowitz-index is compared to the absolute
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Figure 5: Absolute value of the measured impedance
at configuration #1 at 70 kHz (blue) compared to the
Horowitz-index (red). The time after Lipopolysaccharid-
injection is shown on the x-axis. "b" denotes the baseline
measurement. 3 hours after injection, an ARDS was diag-
nosed (PaO;, / Fi0, < 300).

value of the impedance at 70 kHz using electrode configu-
ration #1. It is apparent that the absolute value decreases as
the ARDS develops. Furthermore, the gradient of the ab-
solute impedance decreases after t=>5h which is consistent
to the Howoritz-index. In both the Horowitz-index and the
absolute impedance, the highest gradient occurs between
t=2h and t=5h.

In Fig. 6, the absolute value of the impedance is shown
from 10kHz to 1 MHz. First, it can be seen that, in ac-
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Figure 6: Absolute value of the impedance from 10 kHz to
1 MHz. It can be seen that the observed drop in impedance
is present at all frequencies.

cordance to Fig. 1, the absolute value of the impedance is

dependent on the frequency and is higher at low frequen-
cies. Furthermore, it is also visible that the results from
Fig. 5 are valid in the complete frequency range. The abso-
lute value drops most in the first hours (t < 5h) and stays
in the same region once an ARDS has been established
(t > 5h). However, this impedance drop is not constant
throughout the complete frequency range. While at 10 kHz,
the absolute value of the impedance drops approx. 8 Q, it
only drops approx. 5Q at 1 MHz. To analyze this further,
in Fig. 7 the real and imaginary part of the spectroscopic
measurement result is shown in the complex plane for each
measurement point. The typical semicircular shape of the
impedance spectrum is visible throughout the trial. While
the real part of the impedance drops constantly, the imagi-
nary part decreases at low frequencies and rises for higher
frequencies. The minimum value of the imaginary part is
frequency dependent and is found at approx. 70 kHz. Most
important, however, again a cluster of similar impedance
spectrums is visible from approx. t=5h to t=11h. When
comparing this to the medical results in Fig. 4, this is also
the span in which the Horowitz-index stayed in the same
region. Thus, both the absolute values and the shape of the
spectrum does not significantly change once an ARDS has
been established.

Conclusions

In this paper, we demonstrated in a pilot study that an Acute
Respiratory Distress Syndrome (ARDS) has an impact on
Bioimpedance Spectroscopy measurements performed in
the thoracic area. Using absolute impedance values, a high
correlation between the Horowitz-index and the impedance
value was observed. Additionally, the shape and individ-
ual values of the spectroscopic measurements were also de-
pendent on the lung status. No technical difficulties were
observed throughout the complete trial. However, no fi-
nal statement on the possibility of the detection of ARDS
based on the impedance spectrum can be made. While
an impact on the impedance is apparent, many other fac-
tors such as the fluid volume of the animal, the tempera-
ture or the ventilation settings also have an influence on
the measured impedance. Furthermore, the absolute values
obtained in this trial are only valid for this specific animal.
While it would be easy to state in this data that an absolute
value of the measured transthoracic impedance at 70 kHz
below 21 Q is related to an ARDS, this threshold might
be shifted in other trials. Consequently, in future work we
will perform additional animal trials including both differ-
ent pathologies such as edema and a control group with-
out intervention. Based on this data, further analysis of the
correlation between the impedance spectroscopy measure-
ments and the medical data. Additionally, relative indices
based on datapoints from all eight electrode configurations
at different frequency points could be developed. Never-
theless, impedance spectroscopy is a promising technology
for the detection of ARDS as it is available at bedside, non-
harming, real time capable and comparatively affordable.
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Figure 7: Results of the Bioimpedance Spectroscopy (BIS) measurements at configuration #1 (see Tab. 1). Both the real
and imaginary part is shown as a function of the frequency. BIS was recorded at an hourly rate. A stable ARDS was
diagnosed at t=3h (see Fig. 4.)
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