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M odelling of bioimpedance measurements:
unstructured mesh application to real human anatomy

A. A. DANILOV * D. V. NIKOLAEV:'— S. G. RUDNEV;
V. Yu. SALAMATOVA'JE and Yu. V. VASSILEVSKF

Abstract — A technology for high-resolution efficient numerical mditgy of bioimpedance mea-
surements is considered that includes 3D image segmantatiaptive unstructured tetrahedral mesh
generation, finite-element discretization, and analys&mulation data. The first-order convergence
of the proposed numerical methods on a series of unmatchsidesiand roughly second-order conver-
gence on a series of nested meshes are shown. The curremntiigiotind sensitivity field distributions
are computed for conventional schemes of bioimpedanceurerasnts using segmented geometrical
torso model of the Visible Human Project (VHP) man. Use ofatiaptive tetrahedral meshes reduces
significantly the number of mesh elements and, hence, tloeiassd computational cost compared to
rectangular meshes while keeping the model accuracy.

Measurements of the electrical impedance of a biologisalug in response to
an applied alternating current provide a number of nonsiveg harmless, portable,
and relatively low-cost techniques for use in medical atbigical studies [4,9,12].
An example is the application of bioelectric impedance ysial(BIA) for in vivo
human body composition assessment [17,19]. In BIA, a simggeesentation of the
human body as a homogeneous isotropic cylindrical condigttommonly used.
The electrical impedancgis converted to the volume of conducting spsce.e., a
volume of water containing electrolytes that conduct thecteical current in the
body, using the formula

L2
V_pZ

wherep is the resistivity, and. the conductor length. The ratle?/Z is called the
impedance index. Thomasset [24] and Hoffer [10] were thé firsshow a high
correlation of the impedance index with the total body watglume and, thus,
opened the way for using bioimpedance in body compositiodiss. Its numerous
applications include the assessment of the body fluid belamgtritional status,
associated health risks, and prognosis [13,18, 22, 32].
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The same methodological principle is applied in impedarediography (ICG)
for the assessment of central hemodynamics and also in Bmpedplethysmog-
raphy (IPG) for the evaluation of peripheral vascular fiorct{4]. In contrast to
electrical impedance tomography aimed at visualizatiothefinternal body struc-
ture (see, e.g., [3,12]), a little amount of electrodes exdus BIA, ICG, and IPG
with a wide spectrum of electrode types, their propertied @nfigurations (lo-
cal, whole-body, segmental, polysegmental) and measunteineguencies. This in-
spires an idea of optimization of bioimpedance measuresrfenspecific purposes.
Since a real human body represents a complex non-homogeaadwnon-isotropic
medium with a variable cross-section area, the fundamesstiags are the nature and
relative contribution of various organs and tissues to ibertpedance signal. The
latter, as well as the measurement optimization probleme wtidied by means of
impedance simulations using computerized models of tHdnteaan anatomy (see,
e.g., [1, 15, 30]). A similar approach is also used in radipdy, nuclear medicine,
radiation protection, and other research areas [2, 29].

Modelling sensitivity distributions for various measurmmh schemes requires
solving a number of computational problems using highitggm anatomically
accurate 3D models. Our aim was to describe unstructuredh meseration and
computational modelling procedures for bioimpedance mreasents, to character-
ize the convergence of the suggested numerical methodoalhdstrate the current,
potential, and sensitivity field distributions for a contienal bioimpedance mea-
surement scheme using a high-resolution geometrical mafdisle human body.
The paper represents an extension of our previously peaislork [25].

The outline of the paper is as following. In Section 2 we cdesa mathematical
model. In Section 3 we analyse the convergence of the prdpus®erical methods
on simplified meshes. In Section 4 we describe the mesh geremocess for the
real human anatomy. In Section 5 we provide some numerisaltee

1. Mathematical model

As described in [9], the electrical fields generated durimjnppedance measure-
ments are governed by the equation

div(COU) =0 inQ (1.1)

with the boundary conditions

(J,n) =+£lg/Sy only 1.2)
(J,n)=0 ondQ\l'y (1.3)
U (X0.Y0,20) =0 (1.4)
J=C0OU (1.5)

whereQ is the computational domaiQ is its boundary[ . are the electrode
contact surfaces) is an external unit normal vectdy, is the electric potentialC
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Figure1l. Simplified geometrical model of a human torso.

is the conductivity tensod] is the current densityl is the electric currents,. are
the areas of the electrode contacts. Equation (1.1) detesthe distribution of the
electric field in the domain with heterogeneous condugti@t Equation (1.2) sets
a constant current density on the electrode contact saif&mpiation (1.3) defines
the no-flow condition on the boundary. The uniqueness ofahéien is guaranteed
by equation (1.4), whergx, Yo, Z0) is some point in the domaif.

Discretization of (1.1)—(1.5) was obtained using a finitengént scheme with
piecewise linear elements P1 on unstructured tetrahedrshes [33].

2. Convergence study

We consider a simple geometrical model of a human torso wivah described
previously in [25] (see Fig. 1) and a series of unstructuedthhedral meshes with
a variable element size. Having the automatic mesh geoaratgorithm for this
model, we can perform a lot of numerical tests. For each me&sbompute the nu-
merical solution and compare it with the numerical solutadmained on the finest
mesh by usind.,-norm to evaluate the difference between the numericatisok!
Since different meshes may consist of different vertex setsapply a conventional
piecewise-linear interpolation from a coarse mesh to a fisehmand compute the
discreteL,-norm on the fine mesh. It should be noted that an extra infatipo
error is added in the case of two unmatched meshes as comioahgetarchical
meshes. We consider both series of unmatched unstructugsdes and of hierar-
chical meshes.

The numerical results of the convergence study with unnegataneshes are
presented in Fig. 2. The numerical solution obtained on thesfimesh with the
maximal element size 5 mm is considered as a control soluBiolutions on other
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Figure2. Convergence study on the series of unmatched meshes.

Table 1.
The results of convergence study on hierarchical meshes.
Ny Nr  Memory, N Time, Ly-norm
MB S
2032 9359 7.16 13 0.02 1.24E-03
14221 74872 373 23 0.18 9.31E-04
106509 598976 299.1 58 3.70 5.07E-04

824777 4791808 24375 127 68.55 1.53E-04
6492497 38334464  20015.3 353 2634.15 -

meshes with maximal element size from 7 mm to 50 mm are cordgarhis con-
trol solution. The values in Fig. 2 are well distributed ajdhe line parallel to the
bisector of the coordinate axes of the absolufenorm and the maximal element
sizeh, meaning that the proposed method demonstrates the fitst-oonvergence
on unmatched meshes.

Now we consider the series of hierarchical meshes. Thaligitiarse mesh con-
tains 9359 tetrahedrons. Starting from this mesh, we sptihdetrahedron into 8
smaller tetrahedra by splitting each face into four triasdby the middle points on
the edges [33]. We call this operation a uniform refinemerthefmesh. Now we
can apply uniform refinement to the new mesh, and so on. At staghthe element
size of the mesh decreases by half. The vertex set of the firesst fully covers the
vertex sets of all previous meshes, meaning that the exiegpivlation errors are
not introduced ir.,-norm computation. The finest mesh in the series of five meshes
has more than 38 million tetrahedrons and requires nearlRGf memory for
computation. We used a GMRES-based iterative linear salithrthe second-order
ILU preconditioner [14, 33].
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Figure3. Geometrical model of the segmented image (left) and urtstred tetrahedral mesh (right).

The results of the convergence study on the series of hiecatcmeshes are
presented in Table 1. The first two columns show the numbeedfcesN, and
the number of tetrahedrong;. The next three columns show the memory usage,
the number of linear solver iteratioi needed for 18-fold reduction of an initial
residual, and the overall time use, respectively. The lalsinen contains the relative
L»-norm that reduces asymptotically with roughly the secordkr convergence.

In summary, our tests demonstrated the first-order conmeegef the proposed
numerical methods on a series of unmatched meshes and tteaidgcond-order
convergence on a series of nested meshes.

3. Mesh generation

The original 3D image of the human torso was derived from tH€Mnan data [27].
The data represent an array of 56305x843 colored voxels with the resolution
1x1x1 mm. The initial segmented model of the VHP human torso waglkipro-
vided by the Voxel-Man group [11]. This model has been preduprimarily for
visualization purposes, it contained a significant amotininglassified tissue and,
thus, was not entirely suited for numerical purposes. Thezea further processing
of the segmented model was needed. It was performed seomatitally using the
ITK-SNAP segmentation software program [31]. At the finalg®, we used several
post-processing algorithms for filling the remaining gapsaeen the tissues and
final segmented data smoothing.

The resulting geometrical model of the torso was used tot&€raa unstruc-
tured tetrahedral mesh. This can be achieved using sevgrebaches, including
the marching cubes algorithm for surface reconstructi@j, [Rurface triangulation
smoothing and coarsening [23, 26], 3D Delaunay triangaaft], and the advanc-
ing front technique for volume mesh generation [5, 6]. Weliappthe Delaunay
triangulation algorithm from the CGAL-Mesh library [21]hiB algorithm makes it
possible to define a specific mesh size for each model materiaider to preserve
the geometrical features of the segmented model, whileikgepfeasible number
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Figure 4. Electrode configurations for Kubicek-like (left) and Mozha (right) measurement
schemes: current electrodes in red, voltage electroddsién b

of vertices, we have assigned a smaller mesh size to bloseigeand a larger mesh
size to fat and muscle tissues.

The segmented model, which contains 26 labels and desc¢hieesajor organs
and tissues of the human torso, and the generated mesh @t081lvertices and
2315 329 tetrahedrons are depicted in Fig. 3. This mesmeetabst anatomical
features of the human torso.

After mesh generation, we added a skin layer and multilajeatedes to the
surface of the constructed mesh. Boundary triangulatiosn wead to create a pris-
matic mesh on the surface, and then each prism was splitlinée tetrahedrons
resulting in a conformal mesh. Mesh cosmetics algorithnosnfthe Ani3D li-
brary [33] were used to improve the mesh quality. This esslestiep reduces dis-
cretization errors and the condition number of the resyllgiystems of linear equa-
tions.

4. Numerical results

Let us consider two electrode configuration schemes: théd€kbike scheme (see
[16]) with a pair of current electrodes on the head and theldégf, and a pair of
band voltage electrodes as illustrated in Fig. 4 (left), asdheme by Mozhaev [20]
with a pair of current electrodes on the arms and a pair of gpledge electrodes
on the chest as shown in Fig. 4 (right). Since our calculatimare performed on a
torso segmented model, we applied the boundary conditib@% &t the appropriate
interfaces.
We defined the conductivity parameters for labeled tisssegyuhe data in [7].

The simulations were done for current frequencies 5 and 50 KiHe computed
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Figure5. Cutplanes of the potential fields. Measurement frequendy-s0

Figure 6. Current lines. Measurement frequency 5 kHz.

current and potential field distributions are shown in Flgsand 6. The results of
sensitivity analysis showing the contribution of variousl regions and tissues to
the measured impedance signal (for methodology, see [8]p@sented in Fig. 7
and Table 2 and show good quantitative agreement with thdtsesbtained by

Kauppinen et al. [15] and Mozhaev [20].
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Figure7. Areas of high sensitivity providing 70% of the whole sendi#s. Measurement frequency
50 kHz.

Table2.
Relative contribution (%) of organs and tissues to the iraped signal.
Kubicek-like scheme Mozhaev scheme
5 kHz 50 kHz 5kHz  50kHz
Muscles 72.56 69.44 53.14 45.93
Left lung 5.23 5.49 9.81 10.39
Right lung 4.59 5.03 12.62 13.44
Diaphragm 2.57 2.39 2.81 2.58
Oesophagus 2.27 2.00 2.23 2.18
Stomach 2.19 2.14 1.29 1.23
Thyroid gland 1.61 1.50 0.86 0.80
Visceral fat 1.25 0.54 1.67 1.51
Intestine 0.91 1.12 1.58 1.76
Trachea 0.68 0.71 0.55 0.53
Heart 0.64 1.01 3.50 5.02
Bones 0.57 0.51 1.50 1.34
Pancreas 0.47 0.45 0.38 0.36
Liver 0.28 0.50 0.41 0.69
Skin 0.23 0.22 0.00 0.26
Pulmonary trunk 0.05 0.11 0.43 0.67
Pulmonary veins 0.15 0.28 0.92 1.66
Pulmonary arteries 0.15 0.28 0.88 1.58
Other arteries 0.75 1.50 1.55 2.31
Other veins 2.21 4.18 2.82 4.77
Other tissues 0.64 0.60 1.05 0.99

5. Conclusion

In this work, the unstructured tetrahedral mesh generaéohnology for real hu-
man anatomy, as well as the method of nhumerical modellingadfipedance mea-
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surements on such meshes, are considered. The numerigh @3s a simplified

human torso model demonstrate at least first-order cormeegef the proposed
scheme. Sensitivity distribution analysis for a pair of \@mtional measurement
schemes on the segmented torso VHP geometrical model shgagat quanti-

tative agreement with the results obtained previously eioauthors. The sug-
gested approach enables mesh generation for high-resolotodels with a sig-
nificantly fewer mesh elements compared to rectangular esesrhis reduces the
computational cost of solving various problems, such agdtheslopment of new
bioimpedance measurement schemes, optimization of etkcplacement configu-
rations, their types, and measurement frequencies.
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