


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

Electrode on

skin

Electrode on

ET-tube

L2R2
R3 L3

2 3 4 511615141312

1+16+12+ 5+

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. 10 cm 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

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

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 # i+ i− v+ 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 (∆V/∆P) and

b 0 2 4 6 8 10
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15
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0

200

400
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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 (PaO2 / FiO2 < 300).

the Horowitz-index PaO2 / FiO2 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 (PaO2 / FiO2 < 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= 5 h which is consistent

to the Howoritz-index. In both the Horowitz-index and the

absolute impedance, the highest gradient occurs between

t=2 h and t=5 h.

In Fig. 6, the absolute value of the impedance is shown

from 10 kHz to 1 MHz. First, it can be seen that, in ac-

t

t

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 ≥ 5 h). 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 Ω, it

only drops approx. 5 Ω 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=5 h to t=11 h. 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 Ω 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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