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Abstract: Electrical impedance tomography (EIT) has the
potential for monitoring perfusion in addition to respiration
on the bedside. Several separation methods were reported, e.g.
Filtering, ECG-gating and PCA. However, the separation is
not trivial, which is why harmonic analysis was introduced
in EIT data analysis. It is based on several assumptions and
therefore prove of plausibility is necessary. In this contribu-
tion a two-dimensional thorax simulation is introduced, which
includes simplified lungs and heart with changing shapes and
conductivities due to volume variations and lung perfusion.
Harmonic analysis was applied on the simulated data. The sep-
aration results are in good agreement with the simulation set-
tings. Further investigations will be required due to limitations
of the simulation. Nevertheless, harmonic analysis delivered
precise results in ideal and strictly defined conditions.

Keywords: Electrical impedance tomography, harmonic
analysis, separation of respiration and perfusion, simulation

1 Introduction

Electrical Impedance Tomography (EIT) is a non-invasive,
radiation-free imaging technique, which reveals impedance
changes within an investigated area by applying alternating
currents with an electrode belt [1, 2].

Currently, EIT is mostly applied for bedside ventilation
monitoring of mechanically ventilated patients [1, 2], but re-
gional lung perfusion is not monitored. Actually, perfusion is
equally as important as ventilation for gas exchange in the
alveoli. The ventilation/perfusion-ratio (V/Q-ratio) should be
close to one [3], to ensure a successful ventilation support.

Respiration and perfusion signals are both included in EIT
measurements and, as Putensen et al. [4] suggested, these sig-
nals could be used for gaining information about the V/Q-
ratio. This could, eventually, enhance guidance of mechani-
cal ventilation [2]. To obtain the information of mismatch, the
signal components of respiration and perfusion need to be sep-
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arated, which is challenging [2, 4, 5]: Firstly, signals related to
perfusion are significantly weaker in amplitude than those of
respiration [6]. Secondly, their frequency bands can be in su-
perposition because higher harmonics of respiration overlap
into the region of the basis heart frequency [5]. Thirdly, it is
still not completely understood what causes perfusion related
impedance changes [4, 7].

Several separation approaches have been developed,
e.g. digital filtering, ECG-gating, bolus injection of contrast
agents, apnea and principal component analysis (PCA) [4]. Es-
pecially digital filtering and ECG-gating have significant dis-
advantages [4]. Filtering is not suitable when the frequency
spectra of respiration overlaps that of perfusion; while ECG-
gating is time delayed due to averaging processes and needs
additional measurements [4]. Apnea is not suitable in severe
patients if measurements are repeated over a long time.

Battistel et al. [5] proposed a novel approach, implement-
ing the harmonic analysis on EIT measurements. Harmonic
analysis is applicable on overlapping frequency bands and
does not require additional monitoring tools. However, the ap-
proach depends on five assumptions: Respiration and perfu-
sion are expressible as sums of amplitude modulated signals,
they are stable over time regarding their frequencies, they are
smooth enough to be reconstructed as low order polynomials,
they do not share harmonics, and lung perfusion and cardiac
activity share the same frequency.

In this contribution we aim to prove the plausibility of
the harmonic analysis method. A two dimensional simulation
model was built containing a simplified heart and two simpli-
fied lungs. Harmonic analysis was applied on the simulated
data.

2 Methods

2.1 EIT

Being an ill-posed inverse problem, EIT has significantly less
measurement values y available than are necessary for a pre-
cise reconstruction x̂ of the internal properties x [1]. In dif-
ference EIT, where voltage measurements v are related to a
reference vr, measurements values are defined as y = v − vr

and internal tissue properties as changes in conductivity x =

σ−σr [1]. The reconstructed internal properties, i.e. conduc-
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tivity differences, are calculated by

x̂ = (JtWJ+ λ2R)−1JtWy = By (1)

where J is the sensitivity matrix, which maps measurement
sensitivities to conductivity changes [1]. The identity matrix
W represents the reliability of each measurement channel and
a hyperparameter λ controls the weight of the regularization
matrix R, which contains prior knowledge [1]. B is the result-
ing reconstruction matrix [1].

2.2 Harmonic Analysis

Harmonic analysis is described in detail by Battistel et al. [5],
but in general can be written as

ŷ(t) =

Np∑
p=0

Nh∑
n=1

(θ̂gnf,p cos (2πnft)− θ̂hnf,p sin (2πft))bp(t)

(2)
where a reconstructed signal ŷ, is expressed as the sum of in-
phase and out-of-phase modulated signals with coefficients θ̂

obtained in a least square sense, which control a set of basis
functions bp(t). In this method the basis functions are hermite
polynomials. Nh describes the number of harmonics which are
fitted and Np the number of coefficients that are used for fit-
ting. The frequency f is either the basis heart or respiration
rate resulting in two separated signals ŷr and ŷp.

The coefficients are determined by fitting the harmonics
and intermodulations of respiration and perfusion with hermite
functions in the frequency domain. The first six harmonics of
respiration and the first two of perfusion were considered in
this analysis. The fitting can be conducted on global and pixel-
wise impedance values, resulting in an overall and pixel spe-
cific separation of respiration and perfusion.

Parameters need to be set to specify how many coeffi-
cients per frequency should be used for fitting. For perfusion
related frequencies, five coefficients were used and two for all
others, i.e. respiration and intermodulations. The width of the
gaussian window, which lets hermite functions decay when ap-
proaching infinity, was set to two.

Because hermite functions are eigenvectors of the fourier
transform, the calculated coefficients from the frequency do-
main can be used for reconstructing respiration and perfusion
separately with hermite polynomials in the time domain.

2.3 Simulation

Matlab R2019b (Mathworks, Natick, MA) and the EIDORS
toolbox (Version 3.10) [8] were used for simulation. The finite
element model (FEM) was generated with NETGEN (Version
5.3) [9], which is integrated into EIDORS.

Tab. 1: Different tissue conductivities for AC frequencies of

100 kHz [10]

Tissue Conductivity [S ·m−1]

Blood 0.70

Heart Muscle 0.22

Lung (Deflated) 0.27

Lung (Inflated) 0.11

Fat 0.04

Muscle 0.36

The shapes of lung and heart were modelled with ideal
circular areas, which differ in radius and location in a thoracic-
shaped two-dimensional FEM. Radius changes were calcu-
lated in dependence of cylindrical volume changes, which
were based on cosine functions.

In simulation, the volume of each lung over time (VL(t))
was calculated as

VL(t) =
1

2
(VFRC +

VT
2

cos(2πfRt) +
VT
2

) (3)

where VT is the tidal volume. It is reported to be 500 ml in
healthy adults [3]. VFRC is the functional residual capacity
(FRC) and describes the amount of air remaining in the lungs
during normal breathing, which is about three liters [3].

In simulation, the myocardial volume over time (VM (t))
was calculated by

VM (t) = VMmax
− 1

2
(VS cos(2πfH t) + VS) (4)

where VMmax
is the maximum heart volume, including the

myocardium, and was assumed to be 360 ml [11]. The change
in volume is described by VS and equals the biventricular
stroke volume, which is about 140 ml [11].

One blood chamber was added in the hearts center. It
represents the two ventricles, which, in reality, beat syn-
chronously with similar stroke volumes. The chambers volume
over time VC(t) is calculated as

VC(t) = VEDV − 1

2
(VS cos(2πfH t) + VS) (5)

where VEDV is an end-diastolic volume of 240 ml [3]. VS is
the same stroke volume as in equation 4.

fR and fH describe the frequencies of respiration and
heart activity, which were chosen to be 0.25 Hz and 1.17 Hz
respectively.

For an alternating current frequency of 100 kHz [1] the
different tissue conductivities used in the simulation are listed
in Table 1 [10]. The background conductivity was set to
0.2 S·m−1 and calculated as the average between fat and mus-
cle conductivity. The heart was modeled as a heart muscle sur-
rounding one large ventricle filled with blood. The change in
lung tissue conductivity σLL

(t) was modeled as

σLL
(t) =

σdef + σinf
2

− σdef − σinf
2

cos(2πfRt) (6)
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Fig. 1: Lungs (light green) and heart (dark red) in thoracic shaped

FEM-mesh with their specific conductivities at time 3 s

where σdef and σinf are the lung tissue conductivities at max-
imum expiration and maximum inspiration, respectively.

In this simulation the lung perfusion σLB
(t) was assumed

to be linearly related to changes in blood volume in the pul-
monary system and is described as

σLB
(t) = σB − 0.14 · σB

2
cos(2πfH t− π) (7)

where σB is the blood conductivity. After each heartbeat 35 ml
of blood are pumped into each lung and each lung carries
about 250 ml of blood (Vpul), which results in a blood volume
change of 14% per heartbeat [3]. The change in conductivity
(σLB

(t)) was calculated according to this percentage with an
additional phase-shift of 180° in relation to heart activity [4].
The lung conductivity σL(t) is calculated by

σL(t) =
σLL

(t) · VL(t) + σLB
(t) · Vpul

VL(t) + Vpul
(8)

where lung tissue σLL
(t) and lung perfusion σLB

(t) conduc-
tivities are combined by averaging. The average was weighted
with their volume proportions.

The FEM with assigned conductivities is illustrated in
Figure 1. Simulated measurements were conducted with ad-
jacent stimulation pattern. The reference voltages for differ-
ence imaging were measured at time 6 s. Reconstruction was
performed with the one step Gauss-Newton algorithm and
Laplace prior with a hyperparameter λ of 0.1. No artificial
noise was added to the simulation data.

3 Results and Discussion

In Figure 2 the frequency spectrum of the global impedance is
presented and the respiration and cardiac harmonics are clearly
visible. The separation results are depicted in Figure 3 and
show good overlap with their simulation settings.

The respiration related impedance changes correlate
closely to inspiration and expiration, but are steeper when de-
creasing and flatter when increasing. This is caused by the in-
teraction between changes in lung tissue conductivity σLL

(t)

Fig. 2: Plot of global impedance with harmonics and intermodula-

tions in frequency domain

Fig. 3: Comparison of reconstructed global impedance (a), sepa-

rated respiration (b) and perfusion (c) with their simulation model

counterparts global impedance (a), lung (b) and heart volume (c)

Fig. 4: Respiration (a1 max. inspiration, a2 max. expiration) and

perfusion (b1 end-systolic, b2 end-diastolic) related images after

pixel-wise separation with harmonic analysis
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and lung volume VL(t). Figure 4 depicts the pixel-wise sepa-
ration, where end of inspiration and expiration are well visible
in (a1) and (a2) respectively. The pixel intensities in Figure 4
were rescaled to [-1,1].

For perfusion, shown in Figure 3, heart volume and
impedance correlate negatively. When the heart volume in-
creases, the perfusion related impedance decreases. This
matches the expected result because with an increase in heart
volume more conductive blood is present in the modeled
chamber and consequentially impedance decreases. Lung per-
fusion is not visible in the graph (Figure 3) because it has a
180° phase shift to heart activity according to equation 7 and
is probably too weak in amplitude to make an observable dif-
ference. Nevertheless, lung perfusion is well visible in Fig-
ure 4 (b2) and changes accordingly during the cardiac cycle.

However, our research has limitations. The model is two-
dimensional, the lungs are perfectly symmetrical and the heart
only consists of one large ventricle surrounded by myocardium
and is placed in the middle of the thorax. Volume changes are
based on pure cosine functions and therefore disregard time
differences between inspiration and expiration and between
systole and diastole as well. The myocardial conductivity is
modelled as isotropic, but in reality is highly anisotropic and
should therefore be dependent on measurement direction [4].
Additionally, lung perfusion in the simulation is simplified,
as that blood related conductivity changes have a linear re-
lationship to changes in blood volume. Also, only pulsatile
volume changes were modeled for simulating perfusion, disre-
garding other sources [7]. Lastly, the background conductivity
was simply calculated as an average of fat and muscle conduc-
tivity and skeletal structures were not present at all.

Nevertheless, this simplified simulation allowed us to
make comparisons between the original and separated signals
related to respiration and perfusion, without overlapping too
many possible signal origins and loosing the ability to distin-
guish them.

4 Conclusion

Perfusion monitoring in EIT has not reached clinical use yet,
which could mostly be caused by the lack off sufficient sepa-
ration algorithms and especially their validation. In this contri-
bution, harmonic analysis is shown to be capable of delivering
precise results in ideal and strictly defined conditions. How-
ever, the simulation model bares limitations and consequen-
tially, further investigations will be required.
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