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Abstract
Volume measurement is beneficial in left ventricular assist
device (LVAD) therapy to quantify patient demand. In
principle, an LVAD could provide a platform that allows
bioimpedance measurements inside the ventricle without
requiring additional implants. Conductance measured by the
LVAD can then be used to estimate the ventricular radius,
which can be applied to calculate ventricular volume. However,
established methods that estimate radius from conductance
require elaborate individual calibration or show low accuracy.

This study presents two analytical calculation methods to
estimate left ventricular radius from conductance using electric
field theory. These methods build on the established method of
Wei, now considering the dielectric properties of muscle and
background tissue, the refraction of the electric field at the
blood-muscle boundary, and the changes of the electric field
caused by the measurements.

The methods are validated in five glass containers of
different radius. Additional bioimpedance measurements are
performed in in-vitro models that replicate the left ventricle’s
shape and conductive properties. The proposed analytical
calculation methods estimate the radii of the containers and
the in-vitro models with higher accuracy and precision than
Wei’s method. The lead method performs excellently in glass
cylinders over a wide range of radii (bias: 1.66%–2.48%,
limits of agreement < 16.33%) without calibration to specific
geometries.
Keywords: Left ventricular volume, Electric field distribution,
LVAD

Introduction
The use of left ventricular assist devices (LVADs) in the
treatment of advanced heart failure or cardiogenic shock
has proven to improve patient outcomes significantly [1,
2, 3]. The advanced monitoring of pressures and flows
in the circulation would allow to adapt LVAD therapy

to individual needs and reduce adverse events [4, 5].
In the past, various control strategies of an LVAD that
adapt to the loading conditions of the heart measured by
different sensor modalities were studied by several groups
[6, 7, 8, 9, 10, 11] without being clinical routine. In
general, reliable monitoring of hemodynamics has been
shown to reduce rehospitalization [12]. In particular, left
ventricular volume (LVV) is one potential input variable
for physiological VAD control [13, 14]. Bioimpedance
measurements have been identified as a potential tool
for the assessment of LVV [15]. As shown previously by
[14, 16], an implanted LVAD can even provide a suitable
platform for sensor integration.
Techniques for intracardiac bioimpedance measurement

have been developed over the last 40 years. The
invasive nature of the LVAD can be utilized to place
the measurement setup, including the electrodes directly
into the heart, without the need for additional surgical
access to the patient. The established methods of
Wei et al. [17], and Baan et al. [18, 19] sought
to derive an analytical estimate of the left ventricular
radius from the electric field distribution spanned inside
the ventricle. LVV can then be calculated from this
radius using ventricular volume models. The methods
of Wei and Baan are regarded as the gold standard
in intracardiac bioimpedance measurement, in research,
and commercially available pV-loop catheters but are not
clinical routine.
Both methods are based on a multitude of simplifying

assumptions regarding the electric field distribution inside
the heart caused by bioimpedance measurements. Baan
et al. [18] assume a linear conductance-volume relation-
ship. This results in a false assumption of the dependency
between impedance and cylindrical volume segments. Fur-
thermore, the methods by Baan and Wei neglect the
boundary to the conductive myocardium and background
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tissues. Lastly, only the electric field distribution of the
excitation field is modeled, and the measurement field is
omitted, which contradicts the reciprocity condition [20].
As a result, both methods overestimate LVV [18, 21, 22].
In addition, Kass et al. [23] found that changes in con-
ductance are very small over one heart cycle in patients
with dilated hearts and reduced ejection fraction, which
is not represented by these methods. The experimental
results from Wu et al. [22] support this conclusion.
Wei et al. also provide an empirical solution to de-

termine LVV. However, this approach necessitates, in
addition to a given blood conductivity, patient-specific
geometric calibration using echocardiographic volumetry.
Further, parallel muscle conductance significantly influ-
ences absolute LVV measurements [21]. As the refraction
of the electric field at the muscle boundary is not suffi-
ciently considered by Baan and Wei, its proportion needs
to be elaborately determined and then subtracted from
the measurement signal [24, 25, 26, 19].
This study aims to establish new relationships between

the geometric properties of the left ventricle and the
distribution of the electric field generated by intracardiac
bioimpedance measurements, simplifying and improving
the assessment of LVV.

Analytical calculation methods
This section presents the analytical calculation methods
(ACM) developed to improve absolute LVV estimation.
In this study, we focus on tetrapolar measurement
configurations. Larson et al. [27] found that tetrapolar
configurations show better sensitivity distribution in the
blood cavity compared to the commonly used multipolar
configurations.
Wei et al. [17] postulated a nonlinear conductance-

volume relationship designed and validated for infinite and
homogeneous blood media.
The analytical solution of this relationship was derived

by modeling the electric field of two point charges, as
depicted in Fig. 1. From electric field theory, the electric
field distribution ~Esup of a superposition of two point
charges in cylindrical coordinates (�, �, z) is given by

~Esup =
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assuming that the two charges �Q are located at z = d
2

and z = � d
2 . The distance d between the charges

represents the distance between the injection electrodes
in a tetrapolar setup. The current IWei that is induced
by this dipole arrangement is determined integrating the
current density ~J = �bl � ~Esup in the z-plane at z = 0 [28],
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Figure 1: Electric field distribution of to spheres with op-
posite charges Q (red) and �Q (blue). The measurement
electrodes (green) are distanced by L. Background tissue
(�ba = 0) is assumed.
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with dA = � d�d� in cylindrical coordinates. R marks the
radius of the blood cavity, r0 describes the diameter of the
injection electrodes, and �bl the conductivity of blood.
The voltage drop VWei is described by the integration

of ~Esup between the two measurement electrodes along
the z-axis [28]. Assuming a distance L between the
measurement electrodes, it follows,

VWei = �
∫ L

2
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2
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: (3)

Finally, the conductance GWei of the left ventricle is
calculated using Ohm’s law,

GWei =
IWei

VWei

=
��bl(d

2 � L2)
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(4)

which is similar to the result from [17]. Applying Eq. 4, R
can be derived based on the known geometric properties
of the measurements setup and the measured GWei. Wei
et al. then applied a cylindrical volume model (LV V Wei =

� � R2 � L) to estimate LVV [17].
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Building on this ACM to estimate R from G, we repeal
some of its simplifications and propose two new ACMs
for improved estimation of the ventricular radius from
bioimpedance measurements.

Plate ACM
The electric field refracts at the boundary of two materials
(1 and 2) with conductivities �1 and �2, respectively.
For the normal and tangential components of the current
density fields J1 and J2 applies [28]

J1n = J2n and J1t � �2 = J2t � �1: (5)

In order to consider these dependencies in an analytical
description of the electric field distribution, the incident
angles at each point of the boundary have to be known.
However, the initial fields E1 and E2 are unknown and
thus an analytical solution is not derivable.
Assuming a high conductivity of material 1 and a

low conductivity of material 2 (�1 > �2), the current
density is refracted in tangential direction for material 1
according to Eq. 5. As a result, the field is distorted
and compressed into the high conducting material. Based
on this observation, we assume that in intracardiac
bioimpedance measurements the field is compressed into
the blood-filled cavity, as blood is more conductive than
muscle tissue (�bl = 0:7S/m > �m = 0:17S/m at
20 kHz, see [29]).
Thus, we propose to model the refraction of the electric

field by superposing the electric field of one charged sphere
Q at z = d

2 with the electric field of one charged plate
�Q0 at z = 0 (~Epla). This arrangement is depicted in
Fig. 2. The size of the plate is equal to the cross-sectional
area of the blood cavity with radius R. Due to its equally
distributed charge and its bounded size, the electric field
is compressed into the blood filled volume.
The plate carries the same charge as the sphere, which

has a voltage of V0 and the radius r0,

�Q0

4��

!
= V0 � r0: (6)

Here, �Q0 is equally distributed on the plate. ~Epla is then
defined by [28]

~Epla = V0 � r0 �
2
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It yields the complete field ~Esup,pla by a summation of
Eq. 7 with the electric field of a sphere at z = d

2 ,
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The current Isup,pla excited by this field is the integration
of the current density ~Jsup,pla = �bl � ~Esup,pla in the z-plane
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Figure 2: Electric field distribution by applying the
voltages �V0 (red) on a sphere and V 0

0 = +V0 on a spare
charge plate (blue). The measurement electrodes (green)
are distanced by L. Muscle tissue (�m) with a thickness
of b and background tissue (�ba) are modeled.

(z = 0) analogous to Eq. 2,
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The voltage drop Vsup,pla at the location of the
measurement electrodes is derived by integrating the
electric field along the z-axis considering the symmetry
of the setup to the z = 0 plane,
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This yields the following ACM of the conductance Gsup,pla

of the substitute plate configuration,
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(11)

Gsup,pla is a function of parameters of the measurement
setup (r0, d , L), the geometry of the ventricle (R), and
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Figure 3: Left: electric field distribution of the injection at the outer electrodes with distance d . Middle: electric field
distribution of the injection at the inner electrodes with distance L. Right: electric field distribution considering both the
injection and the measurement field according to lead field theory.

the blood conductivity (�bl). With an increased distance
of the blood-muscle boundary R to the z-axis, the electric
field simplifies to the field of two spherical charges as
proposed by Wei et al. [17]. This effect is not considered
in the plate ACM (cf. Eq. 11), as Q0 is equally distributed
on the plate. Consequently, the plate configuration should
only be applied for small R (R < L). Therefore, the Wei
ACM (cf. Eq. 4) is adapted to consider the conductance
of muscle and background tissue. This was achieved by
extending its integral limits and using the conductivity
of muscle/background to calculate the resulting electrical
current in Eq. 2. The plate ACM is then used to estimate
the conductance of the blood cavity Gsup,pla. Assuming
that Gsup,pla can be modeled parallel to the conductance
of the muscle Gm and background Gba, the complete
compartment Gplate is described by their summation,

Gplate = Gsup,pla + Gm + Gba: (12)

Lead ACM
The second ACM to describe the relationship between the
conductance measured and the radius of the ventricle is
based on lead field theory. The concept of lead field theory
was introduced by Helmholtz et al. [20]. Its fundamental
idea is the reciprocity of the measurement and injection
field: in tetrapolar measurement configurations, it is
irrelevant which pair of electrodes is used for current
injection or voltage measurement. The impedance
measured is identical for both setups. As a result, the
macroscopic impedance was defined in the lead field
theory of Malmivuo and Plonsey [30]. Accordingly, the
impedance of a tetrapolar arrangement is calculated by
the volume integral of the product of the normalized

current densities JI and JM of the injection and the
measurement field.
Within the ventricle, we model the electric field

distributions resulting from either an injection at the inner
electrodes, or an injection at the outer electrodes, using
the electric field distribution Esup of two spheres (cf.
Eq. 1), interchanging the values of d and L. From
~JI;M = � � ~E, the injection current density JI and the
measurement current density JM are then derived.
Figure 3 c) schematically shows the superposition of

the injection (red) and the measurement field (green).
Unfortunately, it is not possible to solve the volume
integral over the product of JI and JM analytically.
Consequently, we propose a simplified solution to account
for the influence of the measurement field.
From reciprocity follows that the conductance mea-

sured is independent of interchanges between the injection
and measurement electrodes. Hence,

Gd
!
=GL (13)

needs to be valid. The indices of G indicate the distance
between the electrodes used for injection (outside: d ,
inside: L), whereas the other electrode pair is used for
voltage measurement. Considering the configurations
shown in Fig. 3 a) and b), the differences in potential
Vd and VL of both injection locations modeled by two
spherical charges are

Vd = �
∫ L

2

�
L

2

Esph,d dz = �4V0r0 �
2L

L2 � d2
;

VL = �
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(14)
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and thus Vd = VL = Vall in correspondence to lead field
theory.
The currents Id and IL excited by both fields,
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(16)

however, are not equal and the reciprocity condition of
Eq. 13 is not satisfied. Consequently, the assumption
that the electric field of the tetrapolar configuration is
described by two ideal spheres is not valid. As a result,
the description of the currents needs to be adjusted.
According to Eq. 13 and Eq. 14, a straightforward solution
to fulfill the reciprocity theorem is given by

� Id

Vall
� xd +

IL

Vall
� xL = 0; (17)

with xd and xL being unknown factors that model the
influence of the measurement field on the injection field.
This simple solution implies a multiplicative rather than
an additive adaptation of the fields. Hence, if no current
is injected (Id = IL = 0), no offset current remains.
However, Eq. 17 is under-determined. Therefore, the
following limitations for xd and xL are defined:

• xd and xL are unit-less,

• the contribution of both currents Id and IL is
balanced, as the current densities in lead field theory
also contribute equally [30],

• xd = x�1L .

These limitations lead to the unique solutions

xd =

p
ILp
Id

and xL =

p
Idp
IL
: (18)

From this directly follows that the modeled current Ilead
is

Ilead =
√
IL � Id: (19)

This results in the ACM of the conductance Glead,bl of the
blood cavity,
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(20)

The complete conductance Glead further depends on the
properties of muscle and background tissue. We assume
that the lead calculation is valid for all R, so that the total
conductance is calculated by

Glead = Glead,bl + Glead,m + Glead,ba: (21)

Glead,m and Glead,ba are obtained by changing the conduc-
tivities and the integral limits for current estimation (cf.
Eq.16 and 15) according to the muscle and background
dimensions.
The relationship between R and G is given for the plate
and the lead ACM in Eqs. 11–12 and Eqs. 20–21, respec-
tively, where G is directly depended on R. However, the
analytical conversion to R from G is impossible. Hence,
the dependence of R from G is described by numeri-
cally derived characteristic lookup tables. These tables
are based on the model descriptions of the R-dependent
conductances, including the geometry of the tetrapolar
setup, the conductivity of the blood, and the background
conductivity. Dependent on the selected electrode con-
figuration, a specific radius R can be targeted within the
ventricle. Hence, from the estimation of R, a volume
model as proposed by Wyatt et al. [31] can then be applied
for the estimation of LVV. Assuming that R is measured
in the center of the ventricle, the volume would only be
dependent on the height LVh of the ventricle:

LV V =
5

6
� � � R2 � LVh: (22)

Validation methods

This section introduces the models that are applied to val-
idate the ACMs. One highly controllable setup with glass
containers and a setup with two in-vitro silicone phan-
toms are presented. Tetrapolar bioimpedance measure-
ments are performed with a device described in Korn et
al.[32].

Glass containers

Initial testing of the ACMs was performed in cylindrical
glass containers. Their cross-sectional areas correspond
to a perfect circle and thus fit the assumptions of radius
estimation. Five glass containers with radii between
13.3mm and 50.4mm were selected as shown in Fig. 4 to
represent a variety of physiological and pathological heart
radii [33].
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2 3 4 51

I
Vmeas

Figure 4: Left: five cylindrical glass containers represent-
ing simplistic volumes to test the measurement system
and calculation methods. 1: radius 13.3mm, 2: radius
17.5mm, 3: radius 32.8mm, 4: radius 38.6mm, 5: radius
50.4mm. Right: close-up on the measurement catheter
and a possible cascaded measurement configuration.

All containers were filled with saline solution to conduct
impedance measurements. Two distinct concentrations of
saline solutions were prepared to model high conductive
and low conductive materials. The solutions’ conductivity
was measured with the conductivity meter HI 8733
(HANNA Instruments, Woonsocket, Rhode Island, USA)
as �1 = 1:68S/m and �2 = 0:62S/m.

In-vitro phantoms
The glass containers do not accurately replicate ventricle
anatomy and omit background material. Thus, the ACMs
were tested in in-vitro phantoms to demonstrate proof-of-
concept. This reduces animal trials and is in accordance
with the 3R strategy [34].
The in-vitro phantoms were cast from silicone (A00,

Silikonfabrik.de, Ahrensburg, Germany) and model the
anatomy of the left ventricle derived from a left ventricle
CT image series from the embodi3D database [35].
The silicone phantoms were either of pure (insulating)
silicone or are enriched with carbon additives to replicate
the conductive behavior of cardiac tissue [32]. The
conductivity of the conductive phantom is approximately
�m = 0:3S/m, but not exactly determinable due to
inhomogeneity in mixing (similar to real muscle tissue).
Both phantoms are shown in Fig. 5 a) and were placed
inside a tank. A syringe was used to displace water
from the tank, which is then inversely displaced inside
the phantom.
For each phantom, a displacement of about 10mL was

realized in five steps, which resulted in a cumulative re-
duction of saline solution in the phantom of approximately
50mL. The saline solution exhibited a conductivity of
�bl = 0:7–0.8 S/m. The phantom was placed inside a
water tank filled with a conductivity of �ba = 0:2 S/m to
replicate background tissue. The volumes of the phan-
toms were obtained from three-dimensional (3D) com-
puter tomographic (CT) measurements from the silicone
phantom as shown in Fig. 5 b). The equivalent circular
radius was then estimated of the cross-sectional area be-
tween the center electrode pair for each volume step (cf.

Fig. 5 c)). Table 1 gives the volumes, the resulting areas,
and the equivalent radius of all six volumes. Informa-
tion on the position and deformation of the measurement
catheter is gained from additional CT scans.

Table 1: Measured volumes inside the silicone ventricle
from CT measurements. Cross-sectional areas obtained
between the center electrode pair. Estimated equivalent
center radius.

Step Volume (mL) Area (mm2) Radius (mm)

1 117.90 1248.84 19.94

2 107.12 1022.55 18.04

3 97.96 855.50 16.50

4 87.20 683.15 14.75

5 76.84 506.83 12.70

6 69.46 401.12 11.30

Ethical approval
The conducted research is not related to either human or
animal use.

Results
All radii estimated by the different ACMs are compared to
the reference radius by providing the bias (%) as the mean
of the difference between the measured and calculated
radii, and the limits of 95% agreement (LOA (%)) as 1.96
of the standard deviations of these differences in relation
to the mean radius measured.

Estimation of glass container radius
The conductance measured inside each glass container is
applied to the classical Wei ACM [17] (cf. Eq. 4), plate
ACM (cf. Eq. 11), and lead ACM (cf. Eq. 20) to estimate
the glass container radius. These estimations are depicted
in Fig. 6 and compared to the actual radii of the glass
cylinders. For all algorithms, the specific conductivity of
the saline solution is given.
For small radii (< 20mm), the lead and the plate

ACM estimate radii that are close to the actual radii
of the containers within both saline solutions. For all
radii, the lead ACM outperforms Wei’s ACM, exhibiting
a bias between �1:66% and �2:48% to the reference
(bias Wei: 41:35% – 42:43%). The limits of agreement
(LOA) are less than 16:33% (LOA Wei: 47:22% –
48:05%). The plate ACM underestimates radius (�1:
�23:92% � 40:01%, �2: �24:39% � 39:90%). This
underestimation is significant for larger radii (container
3–5), but negligible for radii below 20mm.
The experiment shows that both lead and plate ACM

can be used to determine the radius within cylindrical glass
containers without further calibration of the algorithms
to patient-individual geometric properties of the heart.
The lead ACM covers a wide range of radii (13.34mm
– 50.4mm) with an accuracy above 95%, thus including
radii of severely dilated ventricles that may appear during
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c)b)

Silicone ventricle

C-arm

Water tank

a)

Cross-sectional area at 
volume step 1 

Cross-sectional area at 
volume step 6 

Catheter

Figure 5: a) Left ventricular in-vitro phantoms made from silicone (left: carbon, right: pure), b) C-arm with manual test
bench to measure phantom dimension, c) Cross-sectional areas obtained from CT measurements at the center electrode
pair, adapted from [32].
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Figure 6: Estimated radii using the classical Wei, the
plate, and the lead ACM compared to the known radii of
the cylinders (Data). Left: conductivity of saline solution
�1 = 1:69 S/m, right: conductivity of saline solution
�2 = 0:62 S/m.

heart failure. Compared to the Wei ACM, the biases are
reduced by a factor of ten if the lead ACM is applied.
In addition, the plate ACM fits well for radii that are
encountered in physiological ranges [33].

In-vitro phantom measurements
In this section, the ACMs are applied to estimate the
radii of two in-vitro phantoms for six different filling
volumes (cf. Tab. 1). Figure 7 shows the estimated radii
based on the conductances measured inside the phantoms
compared to the center radii of the phantoms determined
from 3D CT scans. For all algorithms, we applied
measurements of the conductivity of the saline solution
(�bl = 0:7S/m), either an insulating (�m = 10�6 S/m) or

conductive myocardium (�m = 0:3S/m), and background
conductivity (�ba = 0:2 S/m). These data are applied to
the calculation methods to estimate phantom radii.
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Figure 7: Estimated radii by the ACMs (Wei, Plate,
Lead) obtained from the conductances measured inside
the in-vitro phantoms compared to reference radii (Data).
Left: insulating phantom of pure silicone, right: silicone
phantom enriched with carbon.

Both the lead and the plate ACM better estimate
the radii of both phantoms and all volumes than the
Wei ACM, achieving the best results for measurements
inside the carbon phantom. This phantom best replicates
natural ventricles as it models both the anatomy and
the conductivity of the ventricle and background tissue.
Here, the radii estimated by the lead ACM deviate by
less than 17.1% � 26.72% (plate: 13.58% � 26.03%)
from the reference values. The application of the Wei
ACM leads to a deviation of 141.51% � 13.75%. For
the silicone phantom, the plate and lead ACM biases are
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increased (plate: 34.14%, lead: -20.41%), the LOAs
remain in a range of approximately 26%. The Wei
ACM, however, exhibits a smaller difference in the silicone
phantom (75.95% � 12.93%) compared to the carbon
phantom, as the silicone phantom better matches the
assumptions of Wei et al. [17]. All considered ACM show
a dynamic range that is different from the dynamics of
the reference radius. The ACMs estimate a lower radius
sensitivity on volume than the reference.

Discussion
The application of the newly proposed ACMs to estimate
radius, and hence LVV (cf. 22), from bioimpedance
measurements in glass cylinders and in in-vitro ventricle
phantoms demonstrates that the plate and the lead ACM
outperform the established method of Wei et al. [17].
The measurements inside the glass containers show the
possibility of estimating their radii without calibration to
patient-individual geometric properties of the heart with
an accuracy of more than 95% using the lead ACM. The
plate method fits well for radii smaller than 20mm, but
underestimates larger radii. The assumption that the
charge Q0 is uniformly distributed on the plate simplifies
this underestimation of larger radii. Consequently, the
plate configuration should only be used for smaller radii
and is not applicable for highly dilated hearts.
The validation using a carbon-silicone phantom illus-

trates the importance of considering heart and back-
ground conductivity in the ACMs, as the Wei ACM, which
assumes insulating muscle, overestimates phantom radius
by more than 100%. The plate and lead ACM better
estimate radius with biases below 20%.
However, the dynamic changes in radius due to different

volumes are not correctly replicated by the ACMs. These
discrepancies may be caused by the ACMs or by a non-
ideal behavior of the reference radius. CT measurements
were not simultaneously conducted with bioimpedance
measurements, and catheter position and volume changes
may not have been exactly replicated. Therefore, a major
challenge of in-vitro validation of the ACMs lies in the
precise placement of the electrode catheter. A preliminary
study showed that small displacements of the catheter
in the radial direction do not significantly affect the
results. However, a change of position in the longitudinal
direction severely impacts radius estimation. Varying the
longitudinal position of the catheter in a phantom with
initial volume (step 1) by 1 cm, the impedance measured
varies by 8
 to 38
 depending on the insertion depth
(total insertion depth of 10 cm). Therefore, a fixed
longitudinal position should be accounted for, e.g., by
screw-in assemblies as used for implantation of pacemaker
electrodes or when mounted onto the cannula of the
LVAD.
In future work, the proper placement of electrodes in

the left ventricle needs to be investigated. Therefore,
the carrier for the electrode placement is critical. For

example, a catheter-based LVAD has the potential to
serve as a platform for the electrodes. If a setup proposed
by Cysyk et al. [14] is used, the geometric factors of
the electrodes must be adjusted in the proposed ACMS.
Another option for electrode placement may be a catheter
attached to the cannula that extends from the apex into
the left ventricle.
The deformation of the phantom due to volume

changes is most likely different from the deformation of a
ventricle in vivo. In contrast to the native heart, the walls
of a silicone phantom are passively controlled. Therefore,
thinner wall sections contribute more to the contraction of
the in-vitro model. This unlikely deformation is confirmed
by the CT scans of different volume steps (cf. Fig. 5,
c)) and might explain the difference of the conductance
measured compared to the equivalent circular reference
(cf. Fig. 7). Therefore, another approximation of the
actual center radius might show fewer differences.
In the future, the deformation of the ventricle should be

more realistically represented to validate the accuracy of
the proposed ACMs further. Additionally, the integration
of electrodes on catheter-based and apex-based LVADS
and their influence on the performance of the algorithms
needs to be evaluated and tested in in-vivo studies.

Conclusion
In this study, two new ACMs are proposed that overcome
some of the limitations of intracardiac bioimpedance
measurements accepted by established methods [17, 18].
The plate and lead ACM account for the background
properties of the blood cavity. Additionally, the plate
ACM is a workaround to model the refraction of the
electric field at the blood-muscle boundary, whereas the
lead model considers the contribution of the measurement
(lead) field.
By applying these new methods, accuracy in the assess-

ment of radii without calibration to geometric properties
is increased from 60% for the established ACM of Wei et
al. [17] to more than 95% in glass container experiments.
Furthermore, the ventricular radius was estimated with
an accuracy above 80% in in-vitro ventricle phantoms.
Hence, we suggest using the lead ACM in future mea-
surements of bioimpedance inside the left ventricle, as
it covers a wide range of radii. If these estimates are
applied to a volume model [31], the proposed ACMs can
provide absolute volume assessment necessitating calibra-
tion of the longitudinal length only. These improvements
in intracardiac bioimpedance measurement may describe
a major step forward in LVAD therapy, as clinically es-
tablished volume measurements from bioimpedance need
further calibration to patient-individual stroke volume.
In-vitro silicone models are potent tools for rapidly

testing highly invasive measurement techniques before
animal experiments are required. They are durable, and
the controlled environment allows for a high degree of
reproducibility. Future work should focus on accurate
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reproduction of deformation along the cardiac cycle and
measurements in in-vivo trials to further validate the
proposed methods.

Acknowledgments
This work has been funded by the Federal Ministry of
Education and Research (BMBF, Germany) and is part
of the project inHeart (grant number 13GW0118C).

Conflict of interest
Authors state no conflict of interest.

References
1. Sieweke JT, Berliner D, Tongers J, Napp LC, Flierl

U, Zauner F, Bauersachs J, and Schäfer A. Mortality
in patients with cardiogenic shock treated with the
Impella CP microaxial pump for isolated left ventricular
failure. European Heart Journal: Acute Cardiovascular
Care 2018; 9:138–48. DOI: http : //dx . doi . org/10 .
1177/2048872618757393

2. Slaughter MS, Rogers JG, Milano CA, Russell SD,
Conte JV, Feldman D, Sun B, Tatooles AJ, Delgado
III RM, Long JW, et al. Advanced heart failure treated
with continuous-flow left ventricular assist device. New
England Journal of Medicine 2009; 361:2241–51. DOI:
http://dx.doi.org/10.1056/NEJMoa0909938

3. Wilson SR, Mudge Jr GH, Stewart GC, and Givertz MM.
Evaluation for a ventricular assist device: selecting the
appropriate candidate. Circulation 2009; 119:2225–32.
DOI: http://dx.doi.org/10.1161/CIRCULATIONAHA.
109.850610

4. Chong MA, Wang Y, Berbenetz NM, and McConachie
I. Does goal-directed haemodynamic and fluid therapy
improve peri-operative outcomes?: a systematic review
and meta-analysis. European Journal of Anaesthesiology
(EJA) 2018; 35:469–83. DOI: http://dx.doi.org/10.
1097/EJA.0000000000000778

5. Stephens RS and Whitman GJR. Postoperative critical
care of the adult cardiac surgical patient. Part I:
routine postoperative care. Critical Care Medicine 2015;
43:1477–97. DOI: http://dx.doi.org/10.1097/CCM.
0000000000001059

6. Rüschen D, Opitz S, Platen P von, Korn L, Leon-
hardt S, and Walter M. Robust physiological control
of rotary blood pumps for heart failure therapy. at-
Automatisierungstechnik 2018; 66:767–79. DOI: http:
//dx.doi.org/10.1515/auto-2018-0014

7. Wu EL, Stevens MC, Nestler F, Pauls JP, Bradley AP,
Tansley G, Fraser JF, and Gregory SD. A Starling-like
total work controller for rotary blood pumps: An in vitro
evaluation. Artificial organs 2020; 44:40–53. DOI: http:
//dx.doi.org/10.1111/aor.13570

8. Colacino FM, Moscato F, Piedimonte F, Arabia M, and
Danieli GA. Left ventricle load impedance control by
apical VAD can help heart recovery and patient perfusion:
a numerical study. Asaio Journal 2007; 53:263–77. DOI:
http://dx.doi.org/10.1097/MAT.0b013e31805b7e39

9. Petrou A, Lee J, Dual S, Ochsner G, Meboldt M, and
Schmid Daners M. Standardized comparison of selected
physiological controllers for rotary blood pumps: in vitro
study. Artificial organs 2018; 42:29–42. DOI: http://
dx.doi.org/10.1111/aor.12999

10. Arndt A, Nüsser P, and Lampe B. Fully autonomous
preload-sensitive control of implantable rotary blood
pumps. Artificial organs 2010; 34:726–35. DOI: http:
//dx.doi.org/10.1111/j.1525-1594.2010.01092.x

11. AlOmari AH, Savkin AV, Stevens M, Mason DG, Timms
DL, Salamonsen RF, and Lovell NH. Developments
in control systems for rotary left ventricular assist
devices for heart failure patients: a review. Physiological
Measurement 2012; 34:R1. DOI: http://dx.doi.org/10.
1088/0967-3334/34/1/R1

12. Abraham WT, Adamson PB, Bourge RC, Aaron MF,
Costanzo MR, Stevenson LW, Strickland W, Neelagaru
S, Raval N, Krueger S, et al. Wireless pulmonary artery
haemodynamic monitoring in chronic heart failure: a
randomised controlled trial. The Lancet 2011; 377:658–
66. DOI: http://dx.doi.org/10.1016/S0140-6736(11)
60101-3

13. Ochsner G, Wilhelm MJ, Amacher R, Petrou A, Ce-
sarovic N, Staufert S, Röhrnbauer B, Maisano F, Hierold
C, Meboldt M, et al. In vivo evaluation of physiologic
control algorithms for left ventricular assist devices based
on left ventricular volume or pressure. ASAIO Journal
2017; 63:568–77. DOI: http://dx.doi .org/10.1097/
MAT.0000000000000533

14. Cysyk J, Newswanger R, Popjes E, Pae W, Jhun CS,
Izer J, Weiss W, and Rosenberg G. Cannula tip with
integrated volume sensor for rotary blood pump control:
early-stage development. ASAIO Journal 2019; 65:318–
23. DOI: http : / / dx . doi . org / 10 . 1097 / MAT .
0000000000000818

15. Schmid Daners M and Dual SA. Pathophysiological De-
terminants Relevant in Blood Pump Control. Mechanical
Support for Heart Failure. Springer, 2020 :253–77. DOI:
http://dx.doi.org/10.1007/978-3-030-47809-4_18

16. Dual SA, Zimmermann JM, Neuenschwander J, Cohrs
NH, Solowjowa N, Stark WJ, Meboldt M, and Schmid
Daners M. Ultrasonic sensor concept to fit a ventricular
assist device cannula evaluated using geometrically
accurate heart phantoms. Artificial Organs 2019;
43:467–77. DOI: http://dx.doi.org/10.1111/aor.13379

17. Wei CL, Valvano JW, Feldman MD, and Pearce JA. Non-
linear conductance-volume relationship for murine con-
ductance catheter measurement system. IEEE Trans-
actions on Biomedical Engineering 2005; 52:1654–61.
DOI: http://dx.doi.org/10.1109/TBME.2005.856029

18. Baan J, Jong TTA, Kerkhof PL, Moene RJ, Van Dijk
AD, Der Velde ET van, and Koops J. Continuous stroke
volume and cardiac output from intra-ventricular dimen-
sions obtained with impedance catheter. Cardiovascular
Research 1981; 15:328–34. DOI: http://dx.doi.org/10.
1093/cvr/15.6.328

133

https://doi.org/http://dx.doi.org/10.1177/2048872618757393
https://doi.org/http://dx.doi.org/10.1177/2048872618757393
https://doi.org/http://dx.doi.org/10.1056/NEJMoa0909938
https://doi.org/http://dx.doi.org/10.1161/CIRCULATIONAHA.109.850610
https://doi.org/http://dx.doi.org/10.1161/CIRCULATIONAHA.109.850610
https://doi.org/http://dx.doi.org/10.1097/EJA.0000000000000778
https://doi.org/http://dx.doi.org/10.1097/EJA.0000000000000778
https://doi.org/http://dx.doi.org/10.1097/CCM.0000000000001059
https://doi.org/http://dx.doi.org/10.1097/CCM.0000000000001059
https://doi.org/http://dx.doi.org/10.1515/auto-2018-0014
https://doi.org/http://dx.doi.org/10.1515/auto-2018-0014
https://doi.org/http://dx.doi.org/10.1111/aor.13570
https://doi.org/http://dx.doi.org/10.1111/aor.13570
https://doi.org/http://dx.doi.org/10.1097/MAT.0b013e31805b7e39
https://doi.org/http://dx.doi.org/10.1111/aor.12999
https://doi.org/http://dx.doi.org/10.1111/aor.12999
https://doi.org/http://dx.doi.org/10.1111/j.1525-1594.2010.01092.x
https://doi.org/http://dx.doi.org/10.1111/j.1525-1594.2010.01092.x
https://doi.org/http://dx.doi.org/10.1088/0967-3334/34/1/R1
https://doi.org/http://dx.doi.org/10.1088/0967-3334/34/1/R1
https://doi.org/http://dx.doi.org/10.1016/S0140-6736(11)60101-3
https://doi.org/http://dx.doi.org/10.1016/S0140-6736(11)60101-3
https://doi.org/http://dx.doi.org/10.1097/MAT.0000000000000533
https://doi.org/http://dx.doi.org/10.1097/MAT.0000000000000533
https://doi.org/http://dx.doi.org/10.1097/MAT.0000000000000818
https://doi.org/http://dx.doi.org/10.1097/MAT.0000000000000818
https://doi.org/http://dx.doi.org/10.1007/978-3-030-47809-4_18
https://doi.org/http://dx.doi.org/10.1111/aor.13379
https://doi.org/http://dx.doi.org/10.1109/TBME.2005.856029
https://doi.org/http://dx.doi.org/10.1093/cvr/15.6.328
https://doi.org/http://dx.doi.org/10.1093/cvr/15.6.328


Korn et al.: Volume from electric field modeling. J Electr Bioimp, 12, 125–134, 2021

19. Baan J, Van Der Velde ET, De Bruin HG, Smeenk
GJ, Koops J, Van Dijk AD, Temmerman D, Senden J,
and Buis B. Continuous measurement of left ventricular
volume in animals and humans by conductance catheter.
Circulation 1984; 70:812–23. DOI: http://dx.doi.org/
10.1161/01.CIR.70.5.812

20. Helmholtz Hv. Ueber einige Gesetze der Vertheilung
elektrischer Ströme in körperlichen Leitern, mit Anwen-
dung auf die thierisch-elektrischen Versuche. Annalen der
Physik und Chemie 1853; 89:353–77. DOI: http://dx.
doi.org/10.1002/andp.18531650603

21. Salo RW, Wallner TG, and Pederson BD. Measurement
of Ventricular Volume by Intracardiac Impedance: The-
oretical and Empirical Approaches. IEEE Transactions
on Biomedical Engineering 1986; 2:189–95. DOI: http:
//dx.doi.org/10.1109/TBME.1986.325890

22. Wu CC, Skalak TC, Schwenk TR, Mahler CM, Anne A,
Finnerty PW, Haber HL, Weikle RM, and Feldman MD.
Accuracy of the conductance catheter for measurement
of ventricular volumes seen clinically: effects of electric
field homogeneity and parallel conductance. IEEE Trans-
actions on Biomedical Engineering 1997; 44:266–77.
DOI: http://dx.doi.org/10.1109/10.563296

23. Kass DA, Midei M, Graves W, Brinker JA, and Maughan
WL. Use of a conductance (volume) catheter and tran-
sient inferior vena caval occlusion for rapid determination
of pressure-volume relationships in man. Catheterization
and Cardiovascular Diagnosis 1988; 15:192–202. DOI:
http://dx.doi.org/10.1002/ccd.1810150314

24. White PA, Brookes CI, Ravn HB, Stenbøg EE, Chris-
tensen TD, Chaturvedi RR, Sorensen K, Hjortdal VE,
and Redington AN. The effect of changing excitation fre-
quency on parallel conductance in different sized hearts.
Cardiovascular Research 1998; 38:668–75. DOI: http:
//dx.doi.org/10.1016/S0008-6363(98)00052-2

25. Georgakopoulos D and Kass DA. Estimation of parallel
conductance by dual-frequency conductance catheter
in mice. American Journal of Physiology-Heart and
Circulatory Physiology 2000; 279:H443–H450. DOI:
http://dx.doi.org/10.1152/ajpheart.2000.279.1.H443

26. Gawne TJ, Gray KS, and Goldstein RE. Estimating left
ventricular offset volume using dual-frequency conduc-
tance catheters. Journal of Applied Physiology 1987;
63:872–6. DOI: http://dx.doi.org/10.1152/jappl.1987.
63.2.872

27. Larson ER, Feldman MD, Valvano JW, and Pearce
JA. Analysis of the spatial sensitivity of conduc-
tance/admittance catheter ventricular volume estima-
tion. IEEE Transactions on Biomedical Engineering
2013; 60:2316–24. DOI: http://dx.doi.org/10.1109/
TBME.2013.2256134

28. Cheng DK et al. Fundamentals of engineering electro-
magnetics. 1993

29. Gabriel C, Gabriel S, and Corthout yE. The dielectric
properties of biological tissues: I. Literature survey.
Physics in Medicine & Biology 1996; 41:2231. DOI:
http://dx.doi.org/10.1088/0031-9155/41/11/001

30. Malmivuo J and Plonsey R. Bioelectromagnetism: prin-
ciples and applications of bioelectric and biomagnetic
fields. Oxford University Press, New York, 1995 :482

31. Wyatt HL, Meerbaum S, Heng MK, Gueret P, and Cor-
day E. Cross-sectional echocardiography III. Analysis of
mathematic models for quantifying volume of symmetric
and asymmetric left ventricles. American Heart Journal
1980; 100:821–8. DOI: http://dx.doi .org/10.1016/
0002-8703(80)90062-9

32. Korn L, Lyra S, Rüschen D, Telyshev D, Leonhardt
S, and Walter M. In silico and in vitro conductivity
models of the left heart ventricle. Journal of Electrical
Bioimpedance 2020; 11:62–71. DOI: http ://dx .doi .
org/10.2478/joeb-2020-0010

33. Lang RM, Badano LP, Mor-Avi V, Afilalo J, Armstrong
A, Ernande L, Flachskampf FA, Foster E, Goldstein
SA, Kuznetsova T, et al. Recommendations for cardiac
chamber quantification by echocardiography in adults: an
update from the American Society of Echocardiography
and the European Association of Cardiovascular Imaging.
European Heart Journal-Cardiovascular Imaging 2015;
16:233–71. DOI: http ://dx.doi .org/10.1093/ehjci/
jev014

34. Russell WMS, Burch RL, et al. The principles of humane
experimental technique. London: Methuen & Co. Ltd.,
1959

35. Emboi3D. Heart and pulmonary artery tree from CT
angiogram. 2017 Nov. Available from: https://www.
embodi3d . com/files / file / 59 - heart - and - pulmonary -
artery-tree-from-ct-angiogram/?%5C_fromLogin=

134

https://doi.org/http://dx.doi.org/10.1161/01.CIR.70.5.812
https://doi.org/http://dx.doi.org/10.1161/01.CIR.70.5.812
https://doi.org/http://dx.doi.org/10.1002/andp.18531650603
https://doi.org/http://dx.doi.org/10.1002/andp.18531650603
https://doi.org/http://dx.doi.org/10.1109/TBME.1986.325890
https://doi.org/http://dx.doi.org/10.1109/TBME.1986.325890
https://doi.org/http://dx.doi.org/10.1109/10.563296
https://doi.org/http://dx.doi.org/10.1002/ccd.1810150314
https://doi.org/http://dx.doi.org/10.1016/S0008-6363(98)00052-2
https://doi.org/http://dx.doi.org/10.1016/S0008-6363(98)00052-2
https://doi.org/http://dx.doi.org/10.1152/ajpheart.2000.279.1.H443
https://doi.org/http://dx.doi.org/10.1152/jappl.1987.63.2.872
https://doi.org/http://dx.doi.org/10.1152/jappl.1987.63.2.872
https://doi.org/http://dx.doi.org/10.1109/TBME.2013.2256134
https://doi.org/http://dx.doi.org/10.1109/TBME.2013.2256134
https://doi.org/http://dx.doi.org/10.1088/0031-9155/41/11/001
https://doi.org/http://dx.doi.org/10.1016/0002-8703(80)90062-9
https://doi.org/http://dx.doi.org/10.1016/0002-8703(80)90062-9
https://doi.org/http://dx.doi.org/10.2478/joeb-2020-0010
https://doi.org/http://dx.doi.org/10.2478/joeb-2020-0010
https://doi.org/http://dx.doi.org/10.1093/ehjci/jev014
https://doi.org/http://dx.doi.org/10.1093/ehjci/jev014
https://www.embodi3d.com/files/file/59-heart-and-pulmonary-artery-tree-from-ct-angiogram/?%5C_fromLogin=
https://www.embodi3d.com/files/file/59-heart-and-pulmonary-artery-tree-from-ct-angiogram/?%5C_fromLogin=
https://www.embodi3d.com/files/file/59-heart-and-pulmonary-artery-tree-from-ct-angiogram/?%5C_fromLogin=

	Introduction
	Analytical calculation methods
	Plate ACM
	Lead ACM

	Validation methods
	Glass containers
	In-vitro phantoms
	Ethical approval

	Results
	Estimation of glass container radius
	In-vitro phantom measurements

	Discussion
	Conclusion
	Acknowledgments
	Conflict of interest




