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Abstract. To overcome the limited spatial resolution of standard 12-lead ECG 
recordings, concentric ring electrodes (CRE) have been proposed to provide valuable 
data for the diagnosis of a wide range of cardiac abnormalities, including infarction and 
arrhythmia. Although theoretical studies indicate that the dimensions of the CRE 
regulate the depth of the electric dipoles sensed by these electrodes, this has not been 
experimentally confirmed. The aim of this work was to analyze the influence of CRE 
dimensions and position of a wireless multi-CRE sensor node on the cardiac signal 
recorded. For this, four wireless multichannel ECG recording nodes based on flexible 
multi-ring electrodes were placed at positions CMV1 (position comparable to V1), 
CMV2, CMV4R and CMV5; each node providing three bipolar concentric ECG signals 
(BC-ECG). Standard 12-lead ECG and 12 BC-ECG signals were recorded in 29 
volunteers. The results revealed that a ring with an outer diameter of 33.5mm achieves a 
balance between the ease-of-use and spatial resolution of smaller electrodes and 
improved detectability and higher amplitudes of signals from larger ring electrodes. 
Although a standard 12-lead ECG outperforms BC-ECC recordings in detectability of 
cardiac waves, if the relative amplitude of the wave is also considered, BC-ECG at 
CMV1 proved superior at picking up atrial activity. In fact, in most of the BC-ECG 
signals picked up at CMV1, P1 and P2 atrial activity waves were more clearly identified 
than in simultaneous 12-Lead ECG signals. Likewise, BC-ECG signals revealed higher 
spatial resolution in detecting anomalous electrical activity in local regions, such as 
impaired intraventricular driving, or atrioventricular blocks. Finally, the wireless multi-
CRE sensor node provides enhanced comfort and handling to both patient and clinician 
over wired systems.  

Keywords: Multi-CRE electrode; BC-ECG recording, local cardiac activity. 

1. Introduction 

Cardiovascular disease remains the major cause of disability and premature death 
throughout the world. Coronary heart diseases are typically diagnosed after a risk assessment. 
The standard non-invasive 12-Lead ECG is currently the most widely used method of 
diagnosing cardiac disorders, despite the fact that the literature has shown that it provides 
limited spatial information for detecting local ventricular, and even less atrial, cardiac activity 
[1-2]. This is mainly due to the use of disk electrodes and their poor spatial selectivity in 
picking up electric dipoles because of the blurring effect associated with the different 
conductivities of the volume conductor [3-6]. 
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The clinical diagnosis of pathologies associated with regions of anomalous local electrical 
activity, such as ventricular arrhythmias, ventricular ischemias, fibrillation, atrial flutters and 
atrial hypertrophies, require invasive electrophysiology which involves significant risks for the 
patient and increases the time of diagnosis [7]. Therefore high spatial resolution non-invasive 
monitoring systems would be very useful in the diagnosis of these pathologies. In this regard, 
the literature has proven that body surface potential maps (BSPM), obtained by recording 
signals from tens of electrode locations on the torso, provide diagnostic information not present 
in 12-lead standard systems that could be useful in the diagnosis of the above-mentioned 
pathologies and disorders [8-10]. Nonetheless, the spatial resolution obtained by merely 
increasing the number of recording electrodes on the body surface is limited, due to the 
smearing effect caused by the torso volume conductor [2]. This limitation can be overcome by 
obtaining body surface Laplacian potential recordings. The Laplacian of surface potential is the 
second spatial derivative of the potentials on the body surface and can be interpreted as a filter 
that allocates more weight to the bioelectrical dipoles adjacent to the recording points and 
provides more detail in differentiating multiple concurrent dipole sources [3]. Body surface 
Laplacian maps (BSLM) were drawn by using large numbers of monopolar electrodes on the 
chest and applying discrete approximations [3,5,11]. Nevertheless, the extensive use of BSPM 
or BSLM as diagnostic tools has been hindered by the inconvenience of applying such a large 
number of electrodes to the surface of the torso in clinical practice, which is time-consuming 
and annoying for both clinician and patient. In this context, active sensors based on concentric 
ring electrodes (CRE) in bipolar and tripolar configurations were proposed to estimate the 
Laplacian potential and acquire more localized electrical activity than conventional disk 
electrodes, alleviating orientation problems and reducing the amount of mutual information 
required by disk electrodes [4,6,12,13].  

However, certain aspects seem to complicate the use of CRE electrodes in clinical 
practice. First of all, although computational studies have proven that the size of the CRE is 
closely related to the electric dipole depth sensed by these electrodes [14], no experimental 
results have been reported to confirm this. In this respect, the use of multi-CREs would allow an 
assessment of the influence of electrode size on the bioelectrical signal sensed by a CRE. 
Secondly notwithstanding their enhanced spatial selectivity, the amplitude of the bioelectrical 
signal recorded by a CRE is smaller than those recorded with conventional electrodes of the 
same size [15]. As a result, high precision instrumentation and transmission systems are 
required to reduce electronic noise and interference in CRE recordings. Descriptions can be 
found in the literature of active sensors made of a reusable preamplifier circuit placed on the 
back of the CRE and wired to a benchtop bioamplifiers for additional analog processing [2]. 
However, more comfortable and easy-to-use systems are required in a clinical environment, so 
that sensor node prototypes made of tripolar ring electrodes directly connected to an acquisition 
and conditioning module that transmits the captured data wirelessly have been developed and 
tested in ECG recordings [16]. Conditioning modules with better performance (higher number 
of input channels and bandwidth) are required for use with multi-CREs. Finally, no comparative 
studies that analyzed the influence of CRE size and location on the bipolar concentric 
electrocardiographic (BC-ECG) signals have been found in the literature regarding the detection 
capabilities and features of ECG recordings from CRE and standard 12-Lead ECG. 

Therefore, the aim of this work was to analyze the influence of CRE dimensions and the 
position of a wireless multi-CRE sensor node on the BC-ECG cardiac signals recorded. These 
signals were also compared with  standard 12-Lead ECG recordings. 

Page 2 of 17CONFIDENTIAL - AUTHOR SUBMITTED MANUSCRIPT  MST-103028.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 

2. M

2.1 W

precis
and t
transm

and a
allow
condi
gener
body 
distan
the ef
the o
electr
distan
(see F
C202
mesh
printe
LuxP
not b
 

Figur
condit
electr

 

Wh
midd

 
Materials an

Wireless mult

Bipolar c
sion wireles
the electron
mission of th

The sensi
an inner circ

ws the signa
itioning circu
ral rule, the 

surface and
nce between 
ffect of the e

optimal ring 
rodes studied
nce between 
Figure 1). T

20522D1) wa
h screen. The
er. The ink 

Print 8153) w
e in contact w

re 1. Left, ph
tioning and 
ode.  

Three BC

here U1, U2,
dle hooks (fr

nd methods 

ti-CRE senso

concentric E
s dry multi-

nic circuitry,
hree bipolar c
ing electrode
cular electrod
als from the
uit with muc
CRE’s exte

d the bioelec
the heart wa

electrode dim
dimensions 
d in the pre
inner disk a

he flexible e
as printed on
e serigraphy 
curing perio

was deposited
with the skin

hotograph of 
wireless tran

C-ECG signa

 

 

, U3 and U4 
rom the insid

or node 

CG signals 
CRE sensor 
 which incl
concentric E
e was a bilay
de (see Fig. 
 inner disk 
ch less devia
ernal diamete
ctric sources
all and the se
mensions on
for cardiac 
sent work ra

and internal h
electrodes w
nto a flexible
was carried

od was 130 
d on the outp
n during reco

a multi-CRE
smitting and/

ls are obtain
BC1= 

BC2= 

BC3= 

are the bio
de out) of th

3 

were obtain
nodes consi

ludes analog
ECG (BC-EC
yer multi-CR

1). This ho
and central

ance in spati
er should be
s to be recor
ensor is roug

n the BC-ECG
applications

anged from 
hook the sam

were screen-p
e polyester f

d out on an A
ºC for 10 m

put tracks by
ording.  

Esensor node 
/or storage c

ned from the 
U2 - U1 

U3 - U1 

U4 - U1 

opotentials p
he multi-CR

ned from fou
isting of two
g signal con

CG) signals. 
RE formed by
ook design o
l hooks to 
ial sensitivity
e approxima
rded [6,14]. 

ghly 3-5 cm, 
G signals re
s, the outer d
21.5 to 45.5

me as the dis
printed; bioco
film (Dupon
AUREL 900
min. A laye
y the same p

made up of
circuit. Right,

multi-CRE s
 

icked up by
E, respective

 
 
Inner disc
Hook 1 
Hook 2 
Hook 3 
Hook 4 

ur identical p
o parts, the s
nditioning, d

y four hook-
obviates the 
be directly 
y than closed
tely the dist
Taking into
and with the
corded [6,14
diameters of
5 mm, with 
stance betwe
ompatible sil

nt MelinexST
0 high precis
r of dielectr
rocess so tha

f a multi-CRE
, dimensions 

sensor node: 
 

 

 

y the inner d
ely. Using th

Diam
Interna

c 9.5 
19 
31 
43 
55 

portable and
sensing elect
digitalization

-shaped elect
need for bia
connected t
d rings [16]
tance betwee
o account th
e aim of anal
4-16] so as t
f the hook-s
the interelec

een adjacent 
ilver paste (G
T506) using 
sion screen s
ric paste (D
at the latter w

E connected 
of the mult

 

 

 

disk and the
he three-elec

meter (mm) 
al External

 
21.5 
33.5 
45.5 
57.5 

d high 
trodes 

n, and 

trodes 
as and 
to the 
.	As a 
en the 

hat the 
lyzing 
o find 
haped 
ctrode 
hooks 

Gwent 
a 200 

stencil 
DuPont 

would 

 

to the 
ti-CRE 

   (1) 

   (2) 

   (3) 

 three 
ctrode 

l 

Page 3 of 17 CONFIDENTIAL - AUTHOR SUBMITTED MANUSCRIPT  MST-103028.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

4 

 

technique for biosignal acquisition, the outer hook, U5, was connected to the circuit analog 
ground to reduce common mode noises, so that no additional external reference electrode was 

required. The custom-made compact signal conditioning and recording system wirelessly 
(Bluetooth) transmits online signals and stores them locally in a microSD card, thus avoiding 
the inconvenience of benchtop equipment. The circuitry includes bandpass filtering between 0.3 
and 150 Hz and a gain of 4084 V/V. The sensed bioelectric signals are digitalized at 500 Hz 
with 24-bit resolution. The system is powered by a 3.7 V rechargeable 1000 mAh Lithium 
Polymer battery, which ensures patients’ safety. 

2.2 ECG signal recording 

Twenty nine recording sessions were carried out on 23 male and 6 female volunteer 
subjects in the Juana Portaceli Health Center of the Polytechnic University of Valencia (aged 
between 24 and 70 years old and with BMIs between 19.07 and 33 Kg/m2), who had attended 
routine check-ups, some healthy and others with cardiac pathologies. This study was approved 
by the Universidad Politécnica Ethics Committee and adhered to the Declaration of Helsinki. 
The volunteers were informed of the nature of the study, briefed on the recording protocol and 
signed a consent form. The recordings were conducted with the subjects lying on a stretcher.  

For each subject, standard 12-Lead electrocardiographic signals (ECG 8270 monitor, 
Nihon Kohden, Japan) and 12 BC-ECG recordings from four dry wireless multi-CRE sensor 
nodes, placed in positions shown in Figure 2, were recorded, conditioned and wirelessly 
transmitted. BC-ECG signals were identified according to the hook used for obtaining the 
potential difference (BC1, BC2 and BC3) and on the location of the electrode, as follows: - for 
CMV1 (position comparable to V1 near to the atria –right): BC1.1, BC2.1, BC3.1, - for CMV2 
(comparable to V2, near to atria –left): BC1.2, BC2.2, BC3.2), - for CMV4R (comparable to 
V4R, exploratory placement): BC1.4, BC2.4, BC3.4, - for CMV5 (comparable to V5, near to 
ventricles): BC1.5, BC2.5, BC3.5). The skin area on which the electrodes (conventional and 
concentric) were placed was previously minimally exfoliated (Nuprep, Weaver and Company, 
USA) and in the case of male volunteers was also shaved to reduce contact impedance.	The 
subjects’ skin was then thoroughly cleaned with alcohol. The multi-CREs were attached to the 
chest with surgical tape, without applying any additional pressure. Immediately after placing the 
electrodes the 5-min recording session began. The duration of the whole recording protocol 
(skin preparation, positioning and recording) was about 15 minutes. 
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Figure 2. Diagram with the arrangement of the monopolar electrodes in standard precordial positions 
(V1, V2, V3, V4, V5 and V6) and the four wireless multi-CRE sensor nodes in positions CMV1 
(comparable to V1), CMV2 (comparable to V2), CMV4R (comparable to V4R) and CMV5 (comparable 
to V5) for electrocardiographic signals recording. 

2.3  Data analysis 

In order to compare the applicability of the BC-ECG signals with standard electrocardiographic 
recordings, the following parameters were defined. 

• Detectability (D) of the P, Q, R, S and T waves of the cardiac heartbeat in the 12-Lead 
standard recordings and in BC-ECG signals [17-19]. 12-lead standard ECG signals were 
recorded using an electrocardiograph device commonly available in health care centers, whose 
output is usually acquired on paper and not in digital format. In this work, the identification of 
the PQRST waves (detectability) in both standard and BC-ECG recordings was performed by an 
experienced cardiologist, who determined whether or not each wave was distinguishable in 
every heartbeat using the paper recordings of the signals.  

• Median peak-to-peak amplitude for each ECG beat of the 12 standard ECG and the 12 BC-
ECG signals. 

• Normalized amplitude (NA) of each detected wave with respect to the peak to peak amplitude 
(RS). A common procedure used in cardiology to identify and analyze PQRST waves when 
evaluating electrocardiographic recordings, is to adjust the vertical printing scale according to 
the heart signal’s peak-to-peak amplitude in order to obtain a maximum visual span of the signal 
to allow the cardiologist to detect all the electrocardiographic waves. It is therefore important to 
quantify the normalized amplitude (NA) of each detected wave with respect to the maximum 
signal excursion, since it is directly related to their capacity for analysis. In other words, the 
higher the normalized amplitude of a wave, the easier it is to identify and assess its morphology, 
which would help in the diagnosis of cardiac pathologies. In this context, it should be 
remembered that the parameters related to normalized amplitude (or amplitude ratios) of the 
cardiac waves are widely used in the literature for different aims: ranging from the development 
of new diagnostic algorithms to biometric recognition systems [20,21]. 
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• DxNA (Product of Detectability by Normalized Amplitude): An optimum ECG recording 
system would provide the highest values of both detectability (D) and normalized amplitude 
(NA) for each electrocardiographic wave. Hence the importance of finding a formula that 
combines both parameters, such as the product of DxNA.  
 
3. Results  

Figure 3 shows 2.5 seconds of 12 BC-ECG simultaneous signals captured with the 4 
wireless multi-CRE sensor nodes placed at positions CMV1, CMV2, CMV4R and CMV5. First 
of all, it can be seen that the amplitude of the BC-ECG signals is smaller (between tens and 

hundreds of V) than those picked up by the conventional electrodes (units of mV). This is 
mainly because of the fact that the distance between the different rings and the inner disk is 
much smaller than that between conventional monopolar electrodes and the reference electrode. 
Likewise, it can also be observed that the bigger the size of the outer hook, the higher the signal 
amplitude of the BC-ECG. Another issue to consider is that not all the electrocardiographic 
waves (P,Q,R,S and T) are identified in all the recording channels. For instance, in Figure 3, 
even P1 and P2 waves, showing the electrical activity of the right and left atria, can be clearly 
distinguished in BC2-ECG and BC3-ECG signals at CMV1 (BC2.1, BC3.1), but atrial activity 
cannot be identified by visual inspection in any of the BC-ECG signal recordings at the CMV5 
position, due to the local bipolar resolution of the CRE. Furthermore, the BC-ECG signal 
morphology is seen to vary not only with the position of the multi-CRE sensor node, but in 
some cases there were wide variations in the morphology of signals picked up at the same 
position with the multi-CRE electrode, as shown in the CMV1 in Figure 3. 

Tables 1 and 2 depict the detectability percentage of the electrocardiographic waves 
(P,Q,R,S and T) in the 12 BC-ECG recording channels and the 12-Lead standard ECG and for 
the total of the recording sessions. It can be observed that higher detectability percentages are 
achieved by the 12-Lead standard ECG system than the 12 BC-ECG signals. Indeed, the 
precordial leads V1, V2 and V3 show the highest detectability values for all waves except the S, 
whose detectability was highest in V5. As for the BC-ECG recordings, the signals picked up at 
the CMV1 and CMV2 locations present higher detectability percentages than those obtained at 
CMV4R and CMV5. Furthermore, for each multi-CRE, the bigger the size of the ring electrode 
and its distance from the central disk, the higher the detectability rate. In this regard the 
detectability values associated with BC1-ECG recordings are much lower than those achieved 
for BC2-ECG and BC3-ECG for all electrocardiographic waves (see Table 1).  

As for ECG beat peak-to-peak amplitudes, in the case of the standard 12-lead 
recordings  the highest values (18.5-17.8 mV) are those of the V3, V4 and V5 precordial leads, 
near the ventricles, and the lowest value is that of aVL (6.5 mV). For BC-ECG recordings, the 
peak-to-peak amplitude is much lower (hundreds or tens of µV), with CMV2 and CMV5 being 
the electrode locations with the highest amplitudes. It seems that the electrode at CMV2 is able 
to pick up ventricular activity even better than at CMV5. This may be because the relative 
distance between the multi-CRE and ventricles at CMV2 is smaller than at CMV5, due to the 
different anatomical characteristics of the subjects. As previously mentioned, Figure 4 also 
clearly shows that the larger the outer hook, the higher the BC-ECG signal amplitude, 
regardless of its position (CMV1, CMV2, CMV4R, or CMV5). 
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Figure 4. Bar chart of the median values of ECG beat peak-to-peak amplitude for 12 BC-ECG recordings 
in 29 subjects. 

Figures 5 and 6 show the bar diagrams of the median values of the normalized 
amplitudes of the P, Q, S and T electrocardiographic waves for all recording channels (12 
standard and 12 BC-ECG). It can be appreciated that the normalized amplitudes for the P wave 
of standard 12-Lead recordings are much lower than those of the Q, S, and T waves. 
Specifically, the maximum NA value for the P wave is 0.14 in Lead III, followed by 0.13 in 
Lead I and aVL 0.12, being 0.1 in aVR and aVF. In the case of precordial leads, the maximum 
value (0.09) is that of V1. The maximum NA of Q wave (0.51) is recorded in the V3 precordial 
lead, followed by 0.3 and 0.2 (Leads V2 and III). Maximum NA values for S and T waves 
(0.49, 0.52) are also obtained from V3 signals. NA values over 0.2 are reached in V1, V4, I, III, 
aVL and aVF for the S wave, whereas for the T wave NA values are higher than 0.2 in all leads 
with the exceptions of V1 and III. 

In the case of BC-ECG signals, the highest normalized amplitudes for the P wave were 
obtained in CMV1. This result agrees with the fact that the maximum normalized value for the 
P wave in standard precordial leads is that of V1. It is remarkable that the NA values for the P 
wave in BC-ECG signals at CMV1 (0.38, 0.24, 0.23) almost tripled those reached in standard 
12-Lead recordings. Regarding the Q wave, as in the case of the P wave, it is best recorded in 
CMV1, with similar NA (0.53) to those achieved with standard leads (V3). It is possible that 
putting a multi-CRE at the V3 position would have given higher NA values for the Q wave. As 
for the S wave, the maximum NA was also at CMV1 (0.39), and was very similar to those 
obtained at CMV2 (0.35). It is noteworthy that in almost every recording position, the NA of the 
S wave exceeds 0.2. Comparing BC-ECG and 12-lead results, it can be deduced that higher 
values could have been reached by placing multi-CRE at CMV4 or CMV3. Finally, the T wave 
was recorded with the greatest normalized amplitude (0.49) at CMV2, similar to that achieved 
with the best standard lead (0.53 by V3), followed by CMV1 (0.4) with values over 0.2 in all 
BC-ECG signals.  

Finally it is noteworthy that the normalized amplitudes in BC-ECG vary for the 
different rings of the multi-ring electrode. The smaller rings emphasize the local activity in the 
electrode surroundings, yielding higher NA values for the dipole sources nearest to the 
electrode. Conversely, the active cardiac dipoles from distant regions are greatly attenuated, 
especially in the case of the smallest rings, resulting in the poor D values of cardiac waves 
associated with distant sources. This means that both the detectability (D) and the normalized 
amplitude (NA) of the cardiac waves depend on the relative position of the electrodes, the 
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dipole sources and on the electrode size. High detectability values do not imply high NA values 
and vice versa.  

To assess the efficiency of the different electrode configurations and locations in 
picking up the different cardiac waves, a parameter was defined that combined detectability and 
normalized amplitude (DxNA) and applied to the P, Q, S and T waves. The results of all these 
ECG recordings were sorted into descending values (see Figure 7). For the P wave, the first and 
second positions are those of BC3.1 and BC2.1 (BC3 and BC2 recordings at CMV1), their 
values (17.8 and 13.9) being significantly higher than those of the rest of the ECG recordings. 
As for standard recordings, Leads II and I present the highest values (10.5 and 9.8) and V1 is 
the precordial lead with the best results (7.9). As expected, BC-ECG signals recorded at CMV5 
show the lowest values. The ECG recording with the best ability to examine the Q wave is V3 
(45.5), followed by BC3.1 (44.2). Note that in this case, 8 of the top 10 positions are BC-ECG 
recordings (all at CMV1 and CMV2 and CMV4, except BC1.4). In respect to the S wave, V4 
shows best results (29.9), followed by BC2.2, BC2.1, BC1.2, BC3.2 (23-22.5). Values below 
16.5 are reached by BC3.1, V5, III, and BC-ECG signals at CMV5. Finally, the T wave is best 
picked up by Lead V3 (50.1), followed by BC2.2, BC1.2 (37), I (34) and V4 (33.5). 

To sum up, BC3 and BC2 recordings at CMV1 have a better ability to capture the P 
wave than the rest of electrocardiographic leads (12-lead standard and BC-ECG). For Q, S and 
T waves, the highest values are reached in V3 or V4 precordial leads, but closely followed by 
BC3 and BC2 recordings at CMV1 or CMV2. 

 
 
 

    

 
Figure 5. Bar charts of normalized amplitudes of the P, Q, S and T waves for the standard 12-Lead ECG 
recordings. 
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Figure 6. Bar charts of normalized amplitudes corresponding to P, Q, S and T waves for the standard 
multi-ring electrode locations. 
 

 
 
Figure 7. Bar charts of DxNA values in descending order of the P, Q, S and T waves for all ECG 
recordings (standard & multi-ring). 
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Apart from normalized amplitudes and DxNA values, it was observed that the BC-ECG 
signals are able to provide information that is not always available in standard 12-lead 
recordings, as in the case of the P1 and P2 waves of left and right atrial activity, as depicted in 
Figure 8. This ability to discriminate individual atrial activities is most marked in the BC-ECG 
signals picked up at CMV1.  

Figures 9 and 10 show the capacity of the BC-ECG signals for identifying local cardiac 
activity. For instance in Figure 9, even though impaired intraventricular driving can be observed 
in the V1 recording, this can be more clearly identified in BC2.2 and BC3.2 signals. Likewise, 
in the recordings in Figure 10 obtained from a subject suffering from atrioventricular (AV) 
block, it is noteworthy that the atrial activity is more evident in BC-ECG signals picked up at 
CMV1 than in the V1, V2 and V3 ECG leads, in which atrial activity could be expected to be 
clearer. 

 
 
 
 

 

  
 
 

Figure 8. Top: V1, V2 and V3 (left) and I, II and III (right) ECG leads and; Bottom: BC-ECG signals 
obtained at CMV1 in the same subject. P1 and P2 waves of atrial activity can be clearly identified in all 
BC-ECG traces but not in the standard ones. Furthermore this patient’s  right bundle branch block, 
although visible in Leads V2 and V3 is highly detailed in BC-ECG signals. 
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4. Discussion 

Although several studies have shown that BC-ECG recordings have higher spatial 
resolution than those obtained from monopolar electrodes [4-6] and tripolar concentric wired 
electrodes have been used for cardiac mapping and compared to standard Lead II-ECG signals 
[6], as far as we know the present study is the first to compare the standard 12-lead system with 
electrocardiographic recordings by four multi-CREs. It is also the first related to BC-ECG 

recordings by a multi-CRE with wireless transmission and / or data storage in SD.  
Our results show that the 12-lead standard system is better than the BC-ECG system 

proposed here in detecting the cardiac waves (PQRST). However, this superiority is 
compromised if fewer ECG-leads are used, as in the case of many ECG holters. In this regard, 
detectability values in BC-ECG signals are better for nodes at CMV1 and CMV2 than at 
CMV4R and CMV5 for all electrocardiographic waves. If slight changes are made to the 
electrode positions, instead of setting a ‘blind’ fixed position, it is believed that higher 
detectability values could be achieved. Although it might have been useful to place a multi-CRE 
as near as possible to each precordial standard derivation, this procedure was discarded because 
the electrodes were too big for this purpose, as our intention was to analyze the effect of the 
multi-ring electrode size on BC-ECG signal recordings. This aspect will be considered in future 
studies. 

In fact, the ring size is expected to affect the spatial sensitivity to pick up bioelectrical 
dipole sources [22]. In the present work it was seen that the larger the ring size the higher the 
BC-ECG amplitude picked up, which agrees with the findings of previous studies [14-22]. In 
this regard, BC-ECG amplitudes ranged from a few microvolts to a hundred microvolts, which 
is within the range of values reported in the literature [6-15]. In addition, for the same multi-ring 
electrode, the ability to detect the different ECG waves is lower for BC1 (21.5 mm outer 
diameter ring) than for BC2 (33.5 mm) and BC3 (45.5 mm) ECG recordings. Therefore, the 
distance between the ring and central disk should be greater than 21.5 mm (BC1 outer diameter) 
so as to better capture the underlying electrocardiographic activity. It is noteworthy that 
increasing the ring size from 21.5 mm to 33.5mm (BC2 outer diameter) yields significantly 
higher cardiac wave detectability rates, but the improvement is less significant when changed 
from 33.5mm to 45.5mm (BC3 outer diameter). This suggests that a 33.5mm external diameter 
CRE picks up signals with a good compromise between the enhanced usability and spatial 
resolution of smaller electrodes and the better detectability and higher amplitudes of signals 
from larger ring electrodes. On the other hand, in order to be able to study cardiac waves for the 
diagnosis of cardiac disorders, these waves should not only be detectable but they should also 
have a signicant relative amplitude in the recorded signal. In this sense, a new parameter 
(DxNA) was defined to estimate the ability of the different electrode configurations to pick up 
different electrocardiographic waves.  

This parameter has shown the advantage of the BC-ECG signals (BC3 and BC2 
recordings at CMV1) in picking up atrial activity (P wave) over standard 12-Lead recordings. 
This is especially relevant considering that P wave amplitude is the lowest of the 
electrocardiographic waves, due to the number of cells involved in atrial activity being much 
lower than those involved in ventricular activity. The results obtained by BC3.1 and BC2.1 in 
picking up the P wave (DxNA=17.8 and 13.9) are far superior to the best values associated with 
standard leads (I, II; 10.5 and 9.8, respectively). This is of particular interest, since these leads 
could not be monitored by holter devices. If only precordional leads are considered, the 
superiority of BC-ECG signals is even more evident (V1: 9). For Q, S and T waves, the highest 
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values are reached in the V3 or V4 precordial leads, but closely followed by BC3 and BC2 
recordings at CMV1 or CMV2. Higher values for DxNA could have been reached for the BC-
ECG recordings if the multi-CREs had been placed at positions comparable to V3 and V4. Also, 
as regards the location of the multiring electrode nodes, it seems that CMV4R and CMV5, 
which presented lower DxNA values than CMV2 and CMV1, do not provide significant 
additional information and therefore may not be considered in further studies. 

Apart from DxNA parameter values, it has been shown that BC-ECG recordings 
provide better spatial resolution in picking up cardiac activity. Indeed, in most of the BC-ECG 
signals picked up at CMV1, P1 and P2 atrial waves were clearly identified [1]. Likewise, ECG 
signals obtained from volunteers with different pathologies associated with local regions with 
anomalous electrical activity (such as impaired intraventricular driving, or AV block) reveal the 
higher spatial resolution of BC-ECG signals compared to standard monopolar 12-ECG 
recordings. It is worthy of note that this enhancement is achieved by means of the electrode 
configuration (ring electrodes) without the need for invasive procedures such as catheterization. 

Regarding technical aspects, the multi-CRE sensor node used in this study represents an 
advance on a previous prototype developed by the present research group that allowed 
simultaneous recording, conditioning and wireless transmission of one BC-ECG signal captured 
by a tripolar concentric disposable and flexible sensing electrode and Lead-I ECG picked up 
using monopolar conventional electrodes [16]. This module was inadequate to meet the 
requirements of the current application, in which three bipolar bioelectric signals are transmitted 
by each multi-CRE sensor node with higher sampling frequency and better amplitude 
resolution. We should emphasize that despite the fact that the amplitudes of the 12-Lead ECG 
(mV) are much higher than those of BC-ECG signals (tens-hundreds of µV) it is observed that 
the present conditioning, storage and BC wireless transmission system provides high quality 
signals, comparable to those obtained with a standard 12-lead ECG using commercial systems 
with SNR ratios higher than 35dB similar to those obtained in [16]. 

The next logical step in introducing CRE into clinical practice would be to compare 
standard 12-lead ECG and BC-ECG recordings obtained by placing CRE electrodes with an 
external diameter of33.5mm or more in the standard precordial positions. Nevertheless, these 
positions may not be the optimal for BC-ECG recordings. In view of the spatial selectivity of 
CRE electrodes, a matrix of these electrodes should be placed over the heart to provide 
enhanced recordings of atrial activity. This could provide improved signal analysis and cardiac 
isochronal activation maps so as to accurately identify the cardiac electrical activity and could 
be of help in the diagnosis of conditions such as fibrillation or atrial flutter, ventricular 
arrhythmias, atrial hypertrophy or ventricular ischemia [7].  

Regarding hardware, we also plan to develop a System on Chip (SoC) integrated 
version of the multi-CRE sensor node hardware, which would make it possible to significantly 
reduce its dimensions and power consumption [23-25]. Likewise, we intend to expand the 
multi-CRE sensor node bandwidth to [0.05-150 Hz] so as to prevent loss of information of the 
ECG bandwidth at low frequencies, to improve the diagnosis of certain cardiac pathologies in 
which these components are particularly significant, as in the case of ischemias. Finally, the 
system presented in the present work was originally intended to increase the local spatial 
resolution achieved from standard 12-Lead ECG signals in short-term clinical recordings with 
patients at rest, offering additional patient comfort and ease of use. A comprehensive study 
aimed at obtaining ECG recordings in patients in motion and with minimal skin preparation 
should be undertaken to assess the applicability of the developed wireless system in ambulatory 
ECG monitoring.  
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5. Conclusions 

An analysis was carried out of the effect of the position (CMV1, CMV2, CMV4R and 

CMV5) and dimensions (BC1, BC2 and BC3: 21.5, 33.5, 45.5mm outer ring diameter) of a 
wireless multi-CRE node on the cardiac signal recorded, using a 12-Lead standard ECG as 
comparison. 

Firstly, the conditioning, storage and wireless transmission nodes provide high quality 
BC2-ECG and BC3-ECG signals, similar to those of standard 12-lead recordings. The 
experimental results show that the bigger the ring size, the higher the amplitude of the BC-ECG 

signals. A 33.5mm ring diameter picks up signals with a good compromise between better 
usability and the spatial resolution of smaller electrodes and the better detectability and higher 
amplitudes of the signals obtained from larger ring electrodes. 

Secondly, the 12-Lead standard ECG is better able to detect cardiac waves than the 
proposed BC-ECG multi-node system. The detectability of electrocardiographic waves in BC-
ECG signals is better at positions CMV1 and CMV2 than those obtained at CMV4R and 
CMV5.  

Thirdly, BC-ECG signals (BC3 and BC2 recordings at CMV1) proved to be superior in 
picking up atrial activity, providing the best combination of detectability and normalized 
amplitude of the P wave. 

Finally BC-ECG recordings can provide added value with respect to the classical 
electrocardiography when high spatial resolution electrocardiographic recordings are required, 
with no apparent significant contributions in other applications. 
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