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Abstract

Concentric ring electrodes (CREs) allow improved spatial resolution, reduced crosstalk and
interference, and increased bandwidth in the sensing of bioelectrical activity. A wide variety of
designs have been used, but their selection is rarely well-founded. The aim of this work is to
assess the implications of aspects of CRE design such as the distance between poles, their width
and their maximum diameter on aspects such as the signal amplitude (and, therefore, quality),
Laplacian estimation error and spatial selectivity (SS). For this purpose, a finite dimensional
model of the CRE was used, and its response to the activity of an electric dipole of variable
depth was simulated via finite element method modeling. Our results show that increasing the
electrode size increases the error to a greater extent than the signal amplitude increases. Pole
widths should be as small as possible. The middle ring of the tripolar CRE should be as far away
as possible from the central disc. Tripolar CREs typically outperform bipolar CREs of the same
outer diameter, significantly reducing the Laplacian estimation error and improving the SS at
the cost of a small decrease in signal amplitude. Our results also show that the design of current
commercial versions of CREs can be optimized. Furthermore, we propose a methodology that
facilitates the selection of an adequate CRE configuration based on the specifications for CRE
performance and practical aspects, such as the depth of activity sources to be recorded from
and/or the maximum size of electrodes to be used. The monitoring and analysis of bioelectrical
signals in a wide range of applications can benefit from the enhanced electrode design and
methodology proposed in this work.

Keywords: bioelectrical activity, concentric ring electrodes, Laplacian, optimization,
finite element method modeling

Abbreviations: Dmax maximum diameter
IAD inter-pole average distance
BCRE bipolar concentric ring electrode MR middle ring
CD central disc NA normalized amplitude
CRE concentric ring electrode NME normalized maximum error
NSS normalized spatial selectivity
OR outer ring
SS spatial selectivity
TCRE tripolar concentric ring electrode
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1. Introduction

Concentric ring electrodes (CREs) are an alternative to con-
ventional disc electrodes for the surface recording of bioelec-
trical signals. CREs are made up of a central disk (CD) and
a series of outer concentric rings; those with one ring, i.e. the
bipolar concentric ring electrode (BCRE) and with two rings,
i.e. the tripolar concentric ring electrode (TCRE) are the most
common versions.

CREs can directly estimate the Laplacian potential (the
second spatial derivative of the surface potential) on the body
surface in a simpler and more accurate way than discrete
approximations derived from an array of disc electrodes meas-
uring surface potentials [1]. A CRE acts as a filter that assigns
more weight to the bioelectrical dipoles closer to the elec-
trode, providing more detail in distinguishing multiple bio-
electric dipole sources [2]. Therefore, one of the main benefits
of CREs over disc electrodes is the enhanced spatial resolu-
tion, which has led to a better contrast to study the cardiac
P-wave and its subcomponents than the traditional 12-lead
electrocardiogram [3], more accurate identification of atrial
fibrillation [4] and of cardiac depolarization waves on the body
surface [5], better localization of activity in electroenceph-
alogram movement-related potentials [1] and visual evoked
potentials [6], and high-frequency activity in epileptic patients
[7]. This enhanced spatial resolution also helps in reducing
crosstalk and interference, facilitating the analysis and char-
acterization of the target signal in a wide range of applications
such as respiratory [8], uterine [9], intestinal [10], gastric [11],
forearm [12, 13], masticatory [ 14] and swallowing muscle [15]
myoelectrical recordings. Furthermore, due to their spatial fil-
tering function [16], CREs have been shown to reduce the
low-pass filtering effect on body surface recordings, provid-
ing signals with a greater bandwidth than conventional disc
electrodes and closer to that of the intramuscular recordings
obtained with needle electrodes [15, 17]. This permits picking
up components of higher frequencies with relevant informa-
tion, such as in electroencephalograms [18], or better assess-
ing muscle fatigue [17].

Many different designs of custom-made and some commer-
cial versions of CREs have been used. Nonetheless, the selec-
tion of the dimensional parameters, such as the outer diameter,
pole widths for the CD and concentric rings, and inter-pole
distances are poorly justified or not justified at all in exper-
imental studies. The main criterion, when described, was to
use BCREs with an outer diameter similar to the distance from
the electrode to the activity source, based on preliminary stud-
ies by Kaufer et al [19], or to use poles of similar conduct-
ive areas to balance the electrode impedance [20]. The dimen-
sional aspects of the CRE can have a great influence on their
performance in terms of the spatial selectivity (SS) or sig-
nal amplitude and quality, as shown in different studies; for
example, BCREs and TCREs have been compared, proving
the superiority of the latter in terms of enhancing the spatial
resolution and reducing mutual information [1, 16, 21]. It is
also known that larger electrodes reduce the SS and increase
the signal amplitude [3, 22, 23]. Nonetheless, working with
real-life signals makes it difficult to study multiple aspects

of electrode design, and typically only two versions of CRE
(bipolar vs. tripolar, or two electrode sizes) are compared.
Analytical and simulation studies can overcome these limita-
tions, but they have been traditionally performed using a neg-
ligible dimensional model of a CRE, where the widths of the
concentric rings and the radius of the CD are assumed to be
negligible [21, 24, 25]. A realistic finite dimensional model of
a CRE, which includes the radius of the CD and the individual
widths of concentric rings, has been recently developed and
validated [26, 27].

In this work, we aim to study the influence of CRE design
aspects, such as the number of concentric rings (bipolar vs. tri-
polar), the outer electrode diameter, pole widths and inter-pole
distances, on their performance in terms of the signal amp-
litude (and associated quality), Laplacian estimation error and
SS. We also propose a methodology that permits the best set of
dimensional parameters of the CRE to be chosen for a given
application, taking into consideration practical aspects, such
as the depth of activity sources and/or the maximum size of
electrodes, as well as prioritized performance features of the
CRE.

2. Materials and methods

2.1. Finite dimensional model of the CRE

In this work we compare different configurations of bipolar
and tripolar CREs. In contrast to the negligible dimensional
model of a CRE, the finite dimensional model considers that
the CD has an outer diameter and that different concentric
rings have inner and outer diameters that determine different
pole widths; see figure 1. In a similar way to the inter-pole dis-
tance in the negligible dimensional model of a CRE, the dis-
tance between the median lines of each of the concentric ring
poles defines the inter-pole average distance (IAD). Figure 1
shows the main dimensional parameters of the finite dimen-
sional model of a TCRE. These are:

- Outer diameter of CD: D(CD)

- Inner diameter of middle ring: D(MR-inner)

- Outer diameter of middle ring: D(MR-outer)

- Inner diameter of outer ring: D(OR-inner)

- Outer diameter of outer ring: D(OR-outer)

- IAD between CD and middle ring: IAD(CD-MR)
- IAD between CD and outer ring: IAD(CD-OR)

For BCRE, definitions would be equivalent but with only one
ring (R)

Similar to previous works [28, 29], the dimensions of the
CRE in the finite dimensional model vary in a discrete fashion.
Specifically, the maximum outer diameter of the CRE (Dmax)
is subdivided into nine evenly spaced intervals. This yields
more precise models than when using six intervals, which were
also used in previous works [28, 29], and is considered a good
balance between the number of different CRE configurations
that can be assessed (146 for TCRE, 84 for BCRE) and the
complexity of the computation and analysis.
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Figure 1. Finite dimensional model of tripolar concentric ring
electrode [Trip1,4,8 —)——)———)—]. CD: central disc; MR:
middle ring; OR: outer ring; Dmax: maximum diameter; D:
diameter; IAD: inter-pole average distance. The conductive area of
each pole is shown in black. The median line of each pole is shown
with a white dashed line. Dmax is subdivided into nine evenly
spaced intervals.

In this context, the following notation for a given config-
uration of a TCRE with Dmax will be used: ‘Trip CD inter-
val(s), MR interval(s), OR interval(s)’; e.g. Trip1,4,8 stands
for a TCRE with a pole of CD corresponding to interval 1, an
MR of interval 4 and an OR of interval 8 (shown in figure 1);
Trip1-2,4-5,7-9 denotes a TCRE of a CD corresponding to
intervals 1 and 2, an MR ranging from interval 4-5, and an OR
ranging from interval 7-9. The notation of BCRE is equivalent
but with only one ring, i.e. ‘Bip CD interval(s), R interval(s)’;
e.g. Bip1-3,9 denotes a bipolar CRE with a CD corresponding
to intervals 1-3 and a ring of interval 9. A more visual comple-
mentary notation is also used, in which )’ represents intervals
corresponding to poles and ‘- ‘represents intervals correspond-
ing to blanks, e.g. Trip1,4,8 —)——)———)—; Trip1-2,4-5,7-9
—=)=)-))-

2.2. Finite element method model and calculation of electric
and Laplacian potentials

The finite element method model from [1, 21, 24, 25,
30] was adapted from the negligible to finite dimensional
model to directly compare the surface Laplacian estimates
for different CRE configurations. Matlab (MathWorks, Natick,
MA, USA) was used for all of the finite element method
modeling. An evenly spaced 0.1389 mm square mesh of
1400 x 1400 points corresponding to roughly 20 cm x 20 cm
was located in the first quadrant of the X-Y plane over

Concentric 4 %
2
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w—— AR
>
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X
’,,3 Dipole
Dipole
depth

Z

Figure 2. Schematic of the finite element method model used to
compare the Laplacian estimates.

a unit charge dipole oriented toward the positive direc-
tion of the Z axis and projected to the center of the mesh
(see figure 2).

For a given dipole depth (Z), the electric potential v was
generated at each point of the mesh [31]:

v L =D "

e =t

where 7 = (x,y,z) is the location of the dipole, p = (px,py,p-)
is the moment of the dipole, and 7, = (x,,y,,%p) is the obser-
vation point. The medium was assumed to be homogeneous
with a conductivity o equal to 7.14 mS cm™! to emulate the
biological tissue [32].

The analytical Laplacian Av was calculated at each point of
the mesh by taking the second spatial derivative of the electric
potential v [31], as follows:

B I e B R TRt
7 =7’

X

5(zp

— 5
7 — 7

@)

The following parameters were computed to characterize
the electric and Laplacian potentials in the mesh:

Maximum signal amplitude (Max(v)): This is the greatest
signal amplitude that can be recorded with a dipole at a given
depth, i.e. the amplitude of a unipolar recording by means of



Meas. Sci. Technol. 35 (2024) 035115

J Garcia-Casado et al

a disc electrode of negligible dimensions (punctual) located at
the center of the mesh.

Maximum Laplacian amplitude (Max(Av)): Maximum
amplitude of the analytical Laplacian. It is obtained at the cen-
ter of the mesh.

Spatial selectivity (SS): This assesses the decrease in the
Laplacian amplitude from a given point to the surrounding
neighbors at a certain displacement d in the X-Y plane [3, 5].
The greater the SS, the better the ability to differentiate the
central signal from its neighboring signals. It is computed as
the average of the ratio of the Laplacian potential from dis-
placements at four cross-shaped points:

1 Av (x0,¥0) Av (x0,y0)
SS d)= -
(x0,50, ) 4 (Av(xo—d,yo) Av(xo+d,yo)
Av (.X(),y()) Ay ()C(),y()) (3)
Av(xo,y0 —d)  Av(xo,y0 +d)

where (xo, yp) is the position where SS is calculated (the center
of the square mesh) and d is the displacement.

2.3. Calculation of Laplacian estimates via CREs

In order to obtain the Laplacian estimates for different CRE
configurations, bipolar differences for each of the ring poten-
tials minus the CD potential (i.e. two for TCRE, one for
BCRE) were linearly combined using the respective set of
coefficients and divided by the square of the distance between
the concentric circles [27]. The coefficients are obtained fol-
lowing the methodology described in [27]. For the example
shown in figure 1 (Trip1,4,8), the coefficients are 111/337 and
—146/3033 for bipolar signals MR-CD and OR-CD, respect-
ively. Laplacian estimates were computed at each point of
the mesh where the appropriate boundary conditions could be
applied.

To obtain the bipolar signal(s) of each CRE configuration
from the finite element method model, first, the potentials were
calculated for the central point of the electrode, and for all
nine concentric circles as the means of the potentials at four
points on each circle. Next, this central point potential and
these circle potentials were used to calculate the potentials on
the recording surfaces (conductive area of electrode poles) of
each CRE configuration. For example, the potential on the CD
in the TCRE configuration in figure 1 (Trip1,4,8) is equal to
the average of the potential at the center of the CD and the
potential on the concentric circle with a diameter equal to one-
ninth of Dmax; the potential of the MR is equal to the average
of the potentials on concentric circles with diameters equal to
3/9 and four-ninths of Dmax, respectively. Then, the differ-
ences in electric potential between each ring and the CD of
the electrode are computed.

2.4. Performance metrics of CREs

As stated in the previous section, Laplacian estimation via
CRE:s is performed by linearly combining the bipolar signals
resulting from the differential voltage of each ring and the CD
[27]. The amplitude of such bipolar signals, and more spe-
cifically, the signal-to-noise ratio, can be of great importance
to properly characterize the bioelectrical signal of interest [8,
15]. This amplitude obviously depends on the intensity, loc-
ation and number of active electrical dipoles of the muscle
or organ whose activity is being monitored and character-
ized. The power of noise and interference is also application-
specific and depends on other factors, such as the crosstalk
from other biological sources, skin-to-electrode impedance,
instrumentation and acquisition devices. Nonetheless, a meas-
ure of the relative amplitude of bipolar signals from a CRE
configuration with respect to the maximum amplitude that can
be obtained in a given application is a valuable indicator of
the potential robustness/quality of the signal and its derived
parameters. Thus, the following CRE performance metric is
defined:

Normalized (bipolar) signal amplitude (NA): This is the
ratio between the bipolar signal amplitude(s) of the CRE (dif-
ference between the ring and CD potential) and the maximum
signal amplitude. The greater the NA the better, in terms of the
robustness of recorded signals to noise and interference. For a
given dipole depth and CRE configuration, one value of NA is
obtained for BCRE and two for TCRE. In the latter case, that
of the MR will be smaller (and more restrictive) than that of
the OR:

v (Ri) -V (CDi)

NA' =
max (v)

“

where i represents the CRE configuration, R’ is the ring for
BCRE as well as the MR and OR for TCRE, and CD' is the
central disc of the CRE.

Other important aspects of the performance of a CRE con-
figuration are related to its ability to correctly estimate the
Laplacian potential and to provide a similar SS to the ana-
Iytical one. We thus define the following measures (note that
all metrics are normalized so that their values for different
CRE configurations can be directly compared regardless of the
dipole depth of a given application):

Normalized maximum error (NME): This is the NME of the
Laplacian estimate of the CRE over the whole mesh surface. It
is a common parameter to assess the accuracy of the Laplacian
potential estimation [29]. The smaller the NME value, the
more accurate the estimation:

max‘Av— Aiv|

NME' =
max |Av|

&)
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Table 1. Dimensional parameters (expressed as a number of intervals) of CRE configurations used to study their influence on performance
metrics. The dimensional parameter that changes with respect to a ‘base’ configuration is highlighted in bold. CRE: concentric ring
electrode; CD: central disc; MR: middle ring; OR: outer ring; IAD: inter-pole average distance.

CRE Width (CD)  Width MR) Width (OR) IAD (CD-MR) IAD (CD-OR)

Bip1,6 (base) )-mmm)--- 1 — 1 — 5
Bipl,3 )-)------ 1 — 1 — 2
Bip1,9 )------- ) 1 — 1 — 8
Bip1-3,7 )))---)-- 3 — 1 — 5
Bip1,5-7 )---)))-- 1 — 3 — 5
Tripl,4,8 (base)  )--)---)- 1 1 1 3 7
Trip1,5,8 )---)--)- 1 1 1 4 7
Trip1,4,9 )--)----) 1 1 1 3 8
Trip1,3-5,8 )-))--)- 1 3 1 3 7
Trip1,4,7-9 )--)--))) 1 1 3 3 7

where i represents the CRE configuration, A'v represents the
corresponding Laplacian estimate, and Av represents the ana-
Iytical Laplacian.

Normalized spatial selectivity (NSS): This is the ratio
between the SS of the CRE and that of the analytical Laplacian
at the center of the mesh. The displacement d is set to be equal
to Dmax so that different CRE configurations can be directly
compared:

SS!

NSS! =
SS

(6)

where i represents the CRE configuration, SS’ represents the
SS of the CRE, and SS represents the SS of the analytical
Laplacian.

2.5. Comparison of CREs

When using CREs for the monitoring and characterization of
the activity of a bioelectrical signal source, two application-
specific parameters influence the CRE performance. The first
one is the dipole depth (Z) of the organ/muscle to be stud-
ied; e.g. a few millimeters for superficial muscles versus 2—
4 cm for the heart. The second one is the maximum size of the
electrode (Dmax). This maximum size can depend on factors
such as anatomical constraints and the number of CREs when
using arrays or grids of electrodes, e.g. those used for body
surface potential mapping as in [3-5, 33]. It should be noted
that the spatial distribution of the electric potential on the CRE
generated by the dipole is the same for a given Dmax/Z ratio,
i.e. it would be a dimensional scaling factor of the finite ele-
ment method model. Furthermore, since the CRE performance
metrics are normalized, different combinations of Z and Dmax
provide the same results as long as Dmax/Z is constant; e.g. for
Z =0.5cm, Dmax = 1 cm and for Z = 1 cm, Dmax = 2 cm.
Thus, the results obtained for the performance metrics of dif-
ferent CRE configurations can be more easily analyzed, and
subsequently particularized for a given application, if com-
puted for different Dmax/Z ratios. Note that we have preferred
to use Dmax rather than the OR diameter of CRE so that we
can also directly study the effects of not using all the available

‘room’ on the electrode. The performance comparison is per-
formed for CREs with a Dmax/Z ratio ranging from 0.1 to 5.

For each Dmax/Z ratio, we also study the effects of the
dimensional parameters of BCREs and TCREs, such as the
width and TAD of different poles, on the performance of the
electrode. The configurations tested for the BCRE and TCRE
are shown in table 1.

Addressing the influence of the dimensional parameters of
CRE:s on the performance metrics, we propose candidates for
the optimal configurations of BCREs and TCREs for each
metric. These optimal candidates are also compared to pre-
vious approaches to CRE optimization as well as to commer-
cial CREs. In [34] and [29], we proposed optimal versions of
BCRE and TCRE, respectively, with one criterion of minimiz-
ing the Laplacian estimation error and with the constraint that
the outer diameter of the CRE should be Dmax. The optimal
candidates were Bip1,3-9 and Tripl,3,5-9. Regarding com-
mercial CREs, on the one hand, Spes Medica (Genova, Italy)
commercializes CODE401526 with the diameter of the CD
equal to 10 mm, and the internal and external diameters of
the OR equal to 20 mm and 30 mm, respectively. Such elec-
trodes would be equivalent to Bip1-3,7-9 and Dmax = 30 mm
in our finite dimensional model of a CRE. On the other hand,
CREmedical (Kingston, RI, USA) commercializes TCREs
with the following diameters: 2.8 mm CD, 5.2-6.4 mm MR
inner—outer, 8.8—10 mm OR inner—outer. Such electrodes can
be approximated by Trip1-3, 6,9 and Dmax = 10 mm in our
finite dimensional model of a CRE.

3. Results

3.1. Analytical values

Figure 3 shows the analytical values of the maximum
signal amplitude (Max(v)), maximum Laplacian amplitude
(Max(Av)) and SS derived from the finite element method
model for different dipole depths (Z). The amplitudes signific-
antly decay (note the vertical logarithmic scale) as the dipole
depth increases, with a steeper response for Max(Av). The SS
shows that for a given displacement (Dmax), the smaller the
dipole depth, the greater the SS. It is noteworthy that the peak



Meas. Sci. Technol. 35 (2024) 035115

J Garcia-Casado et al

107 = ———
. -8-Max(v) [V]
§ AN - o -Max(Av) [Vicm?]
2 1 B e VA b 1]
10 %
NN
EI\\\
(0] i~
2 10°+ KN
= ~ B
= LN Beeio
£ 107 Tenl T
< el
5 V\""‘\
107 2y
-6 L L L L
0% 2 4 6 8 10
Z (cm)

102 I I I
0.5 1 1.5 2 25 3 3.5 4 4.5 5

Dmax/Z

Figure 3. Left panel: Maximum signal amplitude (Max(v)) and maximum Laplacian amplitude (Max(Av)) for different values of dipole
depth (Z). Right panel: SS at the center of the mesh for different values of Dmax/Z (displacement d equal to Dmax).
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Figure 4. NA for different values of Dmax/Z and configurations of
BCREs. The effect of changing Dmax/Z, IAD and pole widths on
the NA is indicated with arrows of length corresponding to the
strength of the effect, in green color if favorable and red if
unfavorable. The NA of Bip1,6 almost overlaps with that of

Bip1,5-7. Dmax: maximum diameter; Z: dipole depth; IAD:
inter-pole average distance; CD: central disc; R: ring.

observed at points with a distance of about Dmax/Z = 0.8 from
the center of the mesh is associated with a zero-crossing of the
surface Laplacian amplitude, which is the denominator of the
SS as shown in equation (3).

3.2. NA

Figure 4 shows the results of the NA depending on Dmax/Z
for different configurations of BCRE. The effect of chan-
ging Dmax/Z, IAD and pole widths on the NA is indicated

with arrows of length corresponding to the strength of the
effect, in green color if favorable and red if unfavorable. The
following text (and that of sections 3.3-3.5) systematically
presents the results of the effects of these factors in separate
paragraphs, with a final paragraph summarizing the potential
optimal designs based on these effects.

It can be seen that the greater the Dmax/Z, the greater
the NA for all BCRE configurations; i.e. for a given dipole
depth and electrode configuration, the larger the electrode, the
larger the NA. Electrode Bipl,6 is shown as a ‘base’ con-
figuration: width = 1/9-Dmax for both poles and IAD (CD-
R) = 5/9-Dmax.

To study the effects of increasing and reducing the IAD,
the results of Bip1,9 and Bip1,3 are shown, where IAD (CD-
R) increases to 8/9-Dmax and decreases to 2/9-Dmax, respect-
ively, keeping the pole widths constant. When compared with
the base BCRE configuration, it is observed that enlarging the
IAD results in a considerable increase in the NA, and reducing
the TAD considerably decreases the NA.

To study the effect of changing the width of CD and R,
the results from Bip1-3,7 and Bip1,5-7 are shown, where the
width is increased to 3/9-Dmax for CD and R, respectively,
keeping the IAD (CD-R) and the width of the other pole con-
stant. Comparison with the base electrode reveals that mak-
ing CD wider results in a slight increase in NA for values
of Dmax/Z < 2.8 and a slight decrease for greater values.
Widening the ring of the electrode shows a similar trend for
NA, but the changes are almost negligible.

It is also interesting to compare the NA of Bipl,9 for a
given Dmax/Z with the NA of Bipl,3 for 3-Dmax/Z. Both
configurations have the same ‘true’ outer diameter of the
electrode but with the latter having absolute values of pole
widths three times larger and IAD 3/4 smaller (the total
equivalency of Bip1,3 (3-Dmax/Z) would be with Bip1-3,7-
9 (Dmax/Z)). For example, NA[Bipl,9 (0.3)] = 2.9% vs.
NA[Bipl,3 (0.9)] = 2.2% or NA[Bip1,9 (1)] = 25.9% vs.
NA[Bipl,3 (3)] = 19.2%. These results show again that the
influence of the IAD on the NA is greater than that of the pole
width.

Considering the effects of the IAD and pole widths,
candidates for the optimal configuration of BCRE in terms
of maximizing the NA would be those with the largest IAD,
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favorable and red if unfavorable. Dmax: maximum diameter; Z: dipole depth; IAD: inter-pole average distance; CD: central disc; R: ring;

MR: middle ring; OR: outer ring.

i.e. Bipl,9, and wider CD while keeping a large IAD, i.e.
Bip1-3.9.

For tripolar CREs, two bipolar signals (MR-CD, and OR-
CD) and two values of NA were obtained for each TCRE con-
figuration and Dmax/Z. The results for each of these bipolar
signals are not shown since they are equivalent to that of the
analogous BCRE, deriving the same conclusions regarding the
effects of the IAD and pole width. As IAD (CD-MR) is always
smaller than TAD (CD-OR), the NA of bipolar signal from
MR-CD is thus smaller (more restrictive). Candidates for the
optimal configuration of TCRE in terms of maximizing the
NA would thus be those with the largest IAD (CD-MR), i.e.
Trip1,7,9, and wider CD while keeping a large IAD (CD-MR),
i.e. Trip1-3,7,9.

For the same Dmax, the maximum NA that can be obtained
from the MR of TCRE is smaller than from the ring of BCRE,
and bipolar electrodes are thus better than tripolar in terms of
this performance metric.

3.3. NME

Figure 5 shows the results of the NME depending on Dmax/Z
for different configurations of BCRE (left panel) and TCRE
(right panel). It can be observed that the NMEs of TCREs are
significantly smaller than those of BCREs. The effect of chan-
ging the Dmax/Z, IAD and pole widths on the NA is indic-
ated with arrows of length corresponding to the strength of the
effect, in green color if favorable and red if unfavorable.

The NME increases for all CRE configurations as Dmax/Z
does; i.e. for a given electrode configuration and dipole depth,
the larger the electrodes, the greater the error. Electrodes

Bip1,6 and Trip1,4,8 are shown as ‘base’ configurations for
BCREs and TCREs, respectively, to study the influence of the
IAD and pole width.

Figure 5 shows that increasing the IAD while keeping the
pole widths constant results in unfavorable greater values of
NME for bipolar and tripolar CREs. Similarly, increasing the
width of poles while keeping the IAD constant yields greater
values of NME for BCREs and TCRE:s. Increasing the width
of the CD for TCRE is not shown for simplification, but also
results in larger values of NME. It also seems that the influence
of the IAD is greater than that of the pole width, and in the case
of TCREs, those of the middle ring affect the NME to a greater
extent than those of the outer ring.

The comparison of NME[Bipl,9 (0.3)] = 2.5% vs.
NME|Bip1,3 (0.9)] = 2.4% or NME[Bip1,9 (1)] = 22.5% vs.
NME[Bipl,3 (3)] = 21.9% shows that in this case the effects
of greater absolute values of both pole widths and smaller [AD
for Bipl1,3 are virtually balanced out.

Considering the effects of the IAD and pole widths, can-
didates for the optimal configuration of BCREs and TCREs in
terms of minimizing the NME would be those with the smal-
lest IAD and smallest pole width, i.e. Bip1,3 and Trip1,3,5.

3.4. NSS

Figure 6 shows the results of the NSS depending on Dmax/Z
for different configurations of the BCRE (left panel) and
TCRE (right panel). It can be observed that, for a given value
of Dmax/Z, the NSS of TCRE:s is greater than that of BCREs,
indicating a better performance of TCREs in terms of the SS.
The effect of changing the Dmax/Z, IAD and pole width on
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Figure 6. NSS for different values of Dmax/Z and configurations of BCRE (left panel) and TCRE (right panel). The effect of changing the
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the NA is indicated with arrows of length corresponding to
the strength of the effect, in green color if favorable and red if
unfavorable.

It can be seen that the greater the Dmax/Z, the smaller the
NSS for all CRE configurations, with the exception of the
region surrounding Dmax/Z = 0.8, where the displacements
result in an analytical Laplacian potential close to zero and
the NSS cannot be directly interpreted since its value is highly
dependent on the truncation error.

Figure 6 shows that increasing the IAD results in a decrease
in the NSS for both BCREs and TCREs; i.e. in a worse per-
formance of the CRE in terms of the SS. Such a decrease is
less severe when enlarging the distance between the CD and
OR, pointing to a greater importance of the IAD (CD-MR).
Regarding the influence of the pole width, its effect is similar
to that of the TAD, i.e. enlarging the pole width results in a
smaller NSS of the CRE. In the case of TCREs, the influence
of the width of the MR is greater than that of the OR, which is
almost negligible, pointing again to a greater influence of the
MR.

In general, the effects of the CRE dimensional parameters
on the NSS are equivalent to those on the NME, and candidates
for the optimal configuration of BCREs and TCREs in terms
of maximizing the NSS would thus be those with the smallest
IAD and smallest pole widths, i.e. Bip1,3 and Trip1,3,5.

3.5. NA/NME ratio

In sections 3.2 and 3.3, the effect of the dimensional para-
meters of CREs on the NA and the NME generally showed
opposite behaviors, i.e. what increases the NA also increases

the NME (and decreases the NSS; see section 3.4). Therefore,
it is interesting to study which effect is more acute and which
CRE configuration achieves the best balance between max-
imizing the amplitude (and therefore the associated signal-to-
noise ratio) and minimizing the error in the Laplacian estima-
tion. This can be assessed by computing the NA/NME ratio.

Figure 7 shows the results of this ratio for BCRE and TCRE
when changing different aspects of the CRE design (e.g. IAD,
width) in a similar way to figures 4-6. It is observed that
TCRESs remarkably outperform BCREs in balancing the NA
and NME (note the linear scale for BCRE and logarithmic
scale for TCRE). The effect of changing the Dmax/Z, IAD
and pole widths on the NA is indicated with arrows of length
corresponding to the strength of the effect, in green color if
favorable and red if unfavorable.

As can be observed, the general trend is that the NA/NME
diminishes as Dmax/Z increases (steeper for TCREs); i.e. the
increase in the NME associated with the increase in the elec-
trode size is greater than the increase in the NA.

Similarly, enlarging the widths of any pole of the BCRE and
TCRE also results in a lower (worse) NA/NME ratio. This is
observed when comparing CREs with the same IAD (blueish
traces compared to black ones) and also with the same ‘true’
outer diameter as derived from the comparison of NA/NME
of Bipl,9 (Dmax/Z) with Bipl,3 (3-:Dmax/Z). Regarding the
influence of the IAD, for BCRE it is favorable to enlarge it,
for Dmax/Z < 2.5. In TCREs, when keeping the IAD constant
(CD-OR), itis beneficial to increase the IAD (CD-MR), i.e. the
NA increases to a greater extent than the NME.

Considering the effects of the IAD and pole width, can-
didates for the optimal configuration of BCREs in terms of
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Table 2. Performance metrics of different CRE configurations for Dmax/Z = 1. Dmax: maximum diameter; Z: dipole depth; Opt: optimal;
NA: normalized amplitude; NME: normalized maximum error; NSS: normalized spatial selectivity.

Criteria CRE Dmax/Z NA (%) NME (%) NSS (%) NA/NME
Opt. (NME, NSS) Bipl,3 S — 1 2.7 3.0 96.4 0.90
Opt. (NA, NA/NME) Bipl,9 — ) 1 25.9 22.5 78.7 1.15
Opt. (NA) Bipl-3,9  ))-—-) 1 24.5 234 78.0 1.05
Makeyev et al 2022 [34] Bipl,3-9  )))))) 1 13.4 17.2 83.0 0.78
Spes Medica Bipl-3,7-9  ))--)) 1 19.9 20.5 80.0 0.97
Opt. (NME, NSS, NA/NME) ~ Tripl,3,5  )-)-)— 1 2.7 0.2 99.5 12.10
Opt. (NA, NA/NME) Tripl,7.9  )---)-) 1 16.6 3.1 924 5.34
Opt. (NA) Tripl-3,7.9  )))-—-)-) 1 153 34 91.7 4.50
Makeyev et al 2021 [29] Tripl,3,5-9  )-)-))) 1 2.7 0.6 98.6 4.75
CREmedical Tripl-3,6,9  )))-)--) 1 11.0 2.6 93.6 4.23

maximizing the NA/NME would be those with the largest IAD
and minimum pole widths, i.e. Bip1,9. For TCRE, the optimal
candidates would be those with the largest IAD (CD-MR) and
minimum pole widths, i.e. Trip1,7,9, and with the lowest IAD
(CD-OR) and minimum pole widths, i.e. Trip1,3,5.

3.6. Optimal CRE selection methodology

One possible approach to choosing a CRE for a given applic-
ation with specific approximate dipole depth and maximum
electrode size would be to compare the performance metrics
of different CREs looking for the most suitable configuration.
Table 2 shows the values of the CRE performance metrics, in
an example of application where Dmax/Z = 1, for the con-
figurations that were proposed as optimal candidates with the

previously presented criteria. Recently published optimal ver-
sions, minimizing the error of Laplacian estimation and with
the outer diameter of the electrode equal to Dmax, as well as to
the commercial BCREs from Spes Medica and TCREs from
CREmedical, are also shown for additional comparison.

As can be observed from the table, the optimal candidate
for BCREs in terms of the NME and NSS (Bip1,3) shows a
small error (NME = 3%) and good SS (NSS = 96.4%), but its
signal amplitude may be too small (NA = 2.7%). Conversely,
the optimal candidates for BCREs in terms of the NA (Bip1,9;
Bip1-3,9) show a ‘large’ signal amplitude (NA = 25.9%;
24.5%), but the error may not be acceptable (NME = 22.5%;
23.4%), along with a poor SS (NSS = 78.7%; 78.0%). Bip1,9
outperforms all other BCREs in terms of the balance between
NA and NME. Similar arguments can be made about TCREs,
although the NME in these cases is significantly smaller than
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Table 3. Performance metrics and optimal Dmax/Z of different CRE configurations that fulfill NA > 5%, NME < 5% and NSS > 95%.
Dmax: maximum diameter; Z: dipole depth; Opt: optimal; NA: normalized amplitude; NME: normalized maximum error; NSS: normalized

spatial selectivity.

Criteria CRE Optimal Dmax/Z NA (%) NME (%) NSS (%) NA/NME
Opt. (NA) Bipl,9 E— ) 0.4 5.1 4.4 97.0 1.2
Opt. (NME, NSS) Tripl,3,5  )-)-)-—- 1.4 5.1 0.8 99.0 6.6
Opt. (NA) Tripl,7,9  )-—---)-) 0.6 6.6 0.5 99.5 13.0
Opt. (NA) Trip1-3,7,9  )))--)-) 0.6 6.1 0.6 99.5 11.0
Makeyev 2021 Trip1,3,59  )-)-))) 14 5.1 1.8 97.5 2.9
CREmedical Trip1-3,6,9 )))-)--) 0.7 5.8 0.7 99.8 7.8

Table 4. Physical dimensions of CRE shown in table 4 considering a dipole depth Z = 14.3 mm. CD: central disc; MR: middle ring; OR:

outer ring.
CRE CD (mm) MR-inner (mm) MR-outer (mm) OR-inner (mm) OR-outer (mm)
Bipl,9 )------- ) 0.6 — — 5.1 5.7
Trip1,3,5 )-)-)---- 2.2 44 6.7 8.9 11.1
Trip1,7,9 )-----)-) 1.0 5.7 6.7 7.6 8.6
Trip1-3,7,9  )))---)-) 2.9 5.7 6.7 7.6 8.6
Trip1,3,5-9  )-)-))))) 2.2 4.4 6.6 8.9 20.0
CREmedical )))--)--) 33 5.5 6.7 8.9 10.0

that of BCRESs. Results for more CRE configurations could be
listed and the final choice would depend on the prioritized per-
formance metrics.

When using CREs to monitor the activity of a certain organ
or muscle in order to avoid excessively weak signals, large
Laplacian estimation error or poor SS, setting threshold levels
for CRE metrics is recommended. By setting such thresholds,
we can prioritize certain performance metrics while keep-
ing others at acceptable levels. Each of these thresholds on
performance metrics leads to a range of possible Dmax/Z
values for each CRE configuration that meets the requested
specifications.

An additional practical consideration should be made in
this methodology for choosing/designing a CRE for a given
application (given dipole depth, Z). This is linked to the dis-
crete number of CRE configurations derived from using nine
intervals in the finite dimensional model of the CREs, and it
may be included in the discussion, but it is worth including it
here and enriching the CRE selection methodology and asso-
ciated results. The value of Dmax/Z for a given application
could be considered an upper limit of that ratio rather than a
constant value, since smaller values of Dmax could also be
considered and hence more CRE designs with other absolute
widths and IADs would be available to choose from.

This can be illustrated with an application example
of Z = 14 mm and Dmax = 2.5 mm (upper limit of
Dmax/Z = 1.79) and setting the threshold values to 0.05
(which is a typical threshold value in various contexts includ-
ing but not limited to significance levels in statistical tests):
NA > 5%, NME < 5% and NSS > 95%. Setting the max-
imum value of NA/NME as additional criteria for the final
choice of the Dmax/Z value for each configuration, the per-
formance metrics and CRE dimensions of CRE designs from
table 2 that fulfill the specifications are shown in tables 3 and 4,
respectively.

All CRE configurations shown in table 3 meet the imposed
thresholds but with remarkable differences in the value of
NA/NME. The tripolar configurations clearly outperform the
bipolar ones. Among the TCREs, Trip1,3,5-9 yields the low-
est NA/NME (2.9) and Trip1,7,9 the highest (13.0), the lat-
ter being almost double that of the commercial version from
CREmedical, which yields NA/NME = 7.8. It is also note-
worthy that the greatest NA/NME is obtained for the low-
est acceptable Dmax/Z in all the configurations, indicating a
decrease in this parameter as Dmax/Z increases, as shown in
figure 7.

Regarding the CRE dimensions, as can be seen in table 4,
the dipole depth of the application example (Z = 14.3 mm)
was chosen for the case where the dimensions of the optimal
CREmedical configuration (Trip1-3,6,9) coincide with those
of its commercial version. The optimal Bip1,9 configuration
for this application would be of 5.7 mm in outer diameter,
half of that of CREmedical, but also with worse performance
metrics. Trip1,3,5-9 would be the largest electrode (20.0 mm)
and with the worst performance metrics for TCREs. Trip1,3,5
would have a similar outer diameter of the electrode (11.1 mm)
to that of CREmedical and slightly worse performance, as can
be seen from table 3. Conversely, the results of this design pro-
cess for Trip1,7,9 and Trip1-3,7,9 yield CREs of smaller outer
diameters (8.6 mm). These electrodes showed enhanced per-
formance metrics (larger NA and smaller NME in table 3) in
comparison to Trip1,3,5 and CREmedical (Trip1-3,6,9) thanks
to the enlarged IAD (CD-MR) and narrower ring widths.

4. Discussion

In this paper, we have carried out a comprehensive study of
the influence of different aspects of the CRE design on their
potential performance, by means of a finite dimensional model
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of the electrode and finite element method modeling of the
propagating volume of the bioelectrical activity.

4.1. Effect of dimensional parameters of CRE

Our results show that the larger the electrode the better in
terms of the signal amplitude (and associated signal-to-noise
ratio). This agrees with previous analytical and simulation
results [29] as well as with experimental results from car-
diac and uterine electromyographic signal recordings with a
polymer BCRE, where larger electrodes, keeping the CD and
pole widths constant, provided signals of larger amplitude and
signal-to-noise ratio [22, 23]. Nonetheless, our results also
show that larger electrodes entail larger Laplacian estimation
errors and worse SS. Again, this agrees with the experimental
results from cardiac signals, which were recorded with textile
BCREs of two sizes [3]. Both electrodes had a CD radius of
16 mm and an outer ring width of 14 mm, while the outer dia-
meter of the ring was changed from 42 mm to 50 mm. The
amplitude of the different cardiac waves was about 35% lar-
ger for the larger electrode, while the SS was about 15%-25%
smaller [3]. In the case of the Laplacian estimation error, since
a reference to the ‘true’ Laplacian is needed, only analytical
and simulation studies have been previously reported [24, 29,
30], which also show larger Laplacian estimation errors for
larger electrodes.

Thanks to the use of a finite dimensional model of the elec-
trode, where the dimensions of the CRE poles are not negli-
gible, we have also observed that for the same outer diameter a
larger signal amplitude can be obtained by increasing the inter-
pole average distance by reducing the pole widths (as when we
compared the NA of Bipl,9 for a given Dmax/Z with the NA
of Bipl,3 for 3-Dmax/Z). Such a design keeps the Laplacian
estimation error and SS almost constant. Thus, the first two
conclusions can be derived: the pole widths of the electrodes
should be as small as possible and a balance between the amp-
litude and Laplacian estimation error/SS should be considered
when choosing the electrode size. Regarding the first conclu-
sion, electrode designs such as the one in [21] with very nar-
row widths (CD diameter and pole widths of 0.4 mm, outer
diameter 3.6 cm) are recommended. In contrast, the designs
of BCRE from Spes Medica and TCRE in [35, 36], with pole
widths equal to the gap between poles, could be optimized by
narrowing their conductive recording surfaces. Designs with
large CD and small inter-pole distances, such as those in [6] or
those from CREmedical, could also be optimized according to
our results. Nonetheless, this width reduction is mainly limited
by two factors: the limits of the manufacturing technique and
the impedance of the electrode poles. The first limit can largely
vary depending on the technique, conductor material and elec-
trode substrate, but may be on the order of tens of microns in
a conservative scenario. Regarding the impedance of the pole
(and that of the skin-to-electrode contact), it increases as its
area diminishes. Nonetheless, current biosignal conditioning
systems have very large input impedances [37] and can deal
with large skin-to-electrode impedances.

With respect to the effects of the dimensional parameters
of the CRE on the NME (and NSS), they generally showed

opposite behaviors to the effects on the NA; i.e. what was
favorable in terms of the NA was unfavorable in terms of
the NME (and NSS). We computed the NA/NME ratio to
study which effect is more acute and which CRE configura-
tion reaches the best balance between maximizing the amp-
litude (and therefore the associated signal-to-noise ratio) and
minimizing the error in the Laplacian estimation. For a given
CRE configuration, greater values of this ratio are obtained for
smaller electrodes; i.e. when increasing the electrode size, the
desirable increase in amplitude is smaller than the undesirable
increase in the error of the Laplacian estimation. The electrode
should thus be as small as possible as long as the signal amp-
litude is large enough, which forms the third conclusion of this
work. In this context, it should be considered that in TCREs the
smallest bipolar signal amplitude is the one obtained from the
differential voltage between the MR and the CD, and would
thus be the most restrictive one in terms of the potential signal-
to-noise ratio. Therefore, the signal quality would benefit from
increasing the inter-pole distance between the MR and CD. In
fact, as shown in tables 4 and 5, an electrode with such design
(Trip1,7,9) yields a greater MR-CD signal amplitude than
larger electrodes with the MR placed half way between the
CD and the OR (Trip1,3,5 or commercial CREmedical elec-
trodes) and even greater than designs with minimum distance
between the CD and MR, as in Trip1,3,5-9 [29]. Furthermore,
not only was the restrictive signal amplitude larger, the NME
was also smaller. According to this, the fourth conclusion of
this work is that the MR should be placed as far as possible
from the CD; i.e. closer to the OR. Thus, we suggest modify-
ing the usual configuration of the TCRE, where the distance
between CD-MR equals that of MR-OR (constant inter-ring
distance) as in the electrodes from CREmedical and [5, 27],
and even more so those electrode designs where the MR is
very close to CD while the OR is farther away (increasing the
inter-ring distances), as in [12]. While it is true that, with the
same outer electrode diameter, designs with increasing inter-
ring distances yield the lowest Laplacian estimation errors,
followed by constant and by decreasing inter-ring distances
[25], they also yield a smaller signal amplitude and signal-to-
noise ratio [38]. Similarly, previously reported optimal con-
figurations of CRE [29], with the only criterion of minimiz-
ing the Laplacian estimation error and with the constraint that
the outer diameter of the CRE should be Dmax, showed that
the smallest NME of TCREs with the same ‘true’ outer dia-
meter but also the smallest signal amplitude (table 2). Our res-
ults show that, without such constraints, when using a larger
CD-MR distance and a smaller MR-OR distance, the result-
ing CRE can be of smaller outer dimensions, yielding an even
smaller Laplacian estimation error and a larger MR-CD signal
amplitude.

4.2. TCRE vs. BCRE

Another issue that should be discussed is the comparison
between BCREs and TCREs. For the same outer diameter of
the electrode, it is obvious that the amplitude of the bipolar sig-
nal from the BCRE would be greater than that of the bipolar
signal obtained from the MR-CD of the TCRE, as confirmed
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Figure 8. General criteria for dimensional parameters of optimal
CRE. CD: central disc; MR: middle ring; OR: outer ring; D:
diameter; IAD: inter-pole average distance.

with experimental results in [38]. Nonetheless, the NME that
can be obtained with a BCRE is much larger than that of a
TCRE of the same size (figure 4, also reported in [24, 30]),
and still larger than a TCRE of double the size (tables 3 and 4).
In fact, our results show that thresholding a maximum NME
seriously limits the acceptable size of the BCRE for a given
application. The SS is also worse for BCREs in comparison
with TCREs (figure 5), which agrees with [5], which com-
pared BCREs and TCREs in body surface electrocardiogram
isochronal mapping. In that work, the tripolar configuration
provided high spatial selectivity even for a larger electrode
diameter (the TCRE was implemented by adding an OR while
keeping the CD and MR of the BCRE). Our results suggest that
a better balance between the signal amplitude and Laplacian
estimation error (and SS) is obtained with TCREs. Therefore,
another important conclusion of this work is that TCREs are
highly recommended over BCREs. Even when the outer dia-
meter of the electrode is restricted, it is worth adding another
ring close to the OR so as not to significantly reduce the sig-
nal amplitude, to obtain higher Laplacian estimation accuracy
and SS. Nonetheless, it should also be noted that to obtain the
Laplacian estimate via TCRE, two bipolar signals (and asso-
ciated additional signal instrumentation hardware) are needed,
as opposed to only one needed for BCRE.

Figure 8 shows, in graphical form, the general criteria
for the different dimensional parameters of the optimal CRE
according to the considerations covered in this discussion.

4.3. Limitations of the study

This work is not exempt from limitations. The finite ele-
ment method model used is simple; it does not consider body
curvature and is single-layer. The results would be more real-
istic with a more comprehensive model, such as a five-layer
planar model of the abdomen [39] or the four-layer concentric
inhomogeneous spherical head model used in [6]. Including

layers with different conductivities and thicknesses or con-
sidering multi-dipole sources rather than a single one will
undoubtedly significantly change the characteristics of signals
on the body surface, but the conclusions derived from the com-
parison of different configurations of CREs will remain similar
— even more so, considering that all the performance met-
rics are normalized in this study. Furthermore, the compar-
ison with experimental data (when available), discussed above,
supports our results. Another potential limitation is the NA
and NME being considered of equal importance in the utilized
NA/NME ratio. Depending on the application, this can change
from the NME being of greater importance in the case of a high
signal-to-noise ratio, to the NA being of greater importance in
the case of a low signal-to-noise ratio. However, this limita-
tion can be addressed for a specific application by modifying
either the threshold values for NA and NME in the proposed
methodology or the NA/NME ratio accordingly. For example,
for an application with high signal-to-noise ratio, NA/NME?
can be used instead.

5. Conclusions

In this work we carried out a comprehensive comparison of
BCREs and TCREs, specifically assessing, for the first time,
the influence of design issues such as the maximum electrode
size, pole widths and inter-pole distances on their perform-
ance in terms of the signal amplitude (and therefore quality),
Laplacian estimation error and SS.

The main conclusions derived from our analysis and results
are: (1) the CRE should be as small as possible, as long as the
signal amplitude is large enough; (2) the pole widths should be
as small as possible; (3) the middle ring of the TCRE should
be as far as possible from the CD; (4) TCREs typically out-
perform BCREs of the same outer electrode diameter, signi-
ficantly reducing the Laplacian estimation error and improv-
ing the SS at the cost of a small decrease in signal amplitude;
(5) the design of current commercial versions of CRE could
be optimized.

Furthermore, the methodology presented in this work per-
mits comparison of the expected performance of different
CRE configurations for a given application, taking into consid-
eration practical aspects such as the depth of activity sources
and/or the maximum size of electrodes to be used. In this way,
CRE configurations can be selected based on the specification
set for CRE performance.

The monitoring and analysis of bioelectrical signals in
a wide range of applications where CREs have shown
their advantage in comparison with conventional disc elec-
trodes, such as electrocardiography, electroencephalography
and electromyography of uterine, swallowing, gastrointestinal
or breathing muscles, can benefit from the enhanced electrode
designs and methodology proposed in this work.
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