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Refining the diagnostic quality of the abdominal fetal
electrocardiogram using the techniques of artificial intelligence

Abstract. This article deals with utilization of the combination of the fuzzy system and artificial intelligence techniques, called the Adaptive Neuro
Fuzzy Inference System ANFIS, with the aim to refine the diagnostic quality of the abdominal fetal electrocardiogram FECG. Within the scope of the
experiments carried out and based on the ANFIS structure the authors created a complex system for removing the undesirable mother's MECG
degrading the abdominal FECG. Current research shows that the application of the conventional systems for enhancing the diagnostic quality of the
abdominal FECG faces a series of problems (e.g. non-linear character of the task to solve, computational complexity of RLS algorithms, etc.). The
need for a higher diagnostic quality of the abdominal FECG is reflected in the authors’ intention to utilize the designed system for the latest
intrapartum monitoring method, called ST analysis. In terms of this advanced method, the aspect subjected to a diagnostic analysis is the ST
segment of the FECG curve. The results indicate that the system utilizing ANFIS shows better experimental results than the conventional systems
based on the LMS or RLS adaptive algorithms. The proposed adaptive system aims to clear any doubts in evaluation of the results of ST analysis
while using a non-invasive method of external monitoring.

Streszczenie. W artykule przedstawiono wykorzystanie fuzji metod: zbioréw rozmytych i sztucznej inteligencji ANFIS do poprawy jako$ci diagnostyki
elektrokardiografii ptodu. Gtéwnym problemem jest usuniecie sygnatu pochodzgcego od matki ktéry znacznie przewyzsza sygnat ptodu. (Poprawa

Jjakosci sygnatu elektrokardiogramu ptodu przy wykorzystaniu narzedzi sztucznej inteligencji)
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Introduction

Modern medical diagnostic apparatuses [7], [8], [23],
which are used for external (abdominal) monitoring of
FECG [1], encounter a number of problems relating to the
quality of the records. Physicians have raised a demand for
refining of the diagnostic quality of FECG. This demand
corresponds to the introduction of new medical diagnostic
methods [14], [15], [6]. It is therefore necessary to develop
new systems directed towards an increase in the diagnostic
quality of FECG, resulting in elimination of doubts in
evaluation of the monitoring results.

The authors of this article deal with the issue of the
intrapartum fetal monitoring [23]. In the course of labour,
one of the greatest fights for life takes place. This is due to
the fact that during labour an endless number of
complications may occur [12]. One of them is oxygen
deficiency in the fetal organism, the so-called hypoxia [14].
In the event of hypoxia the fetus is exposed to a very high
risk which may result in permanent pathophysiological
changes [14], or even death.

Nowadays there are modern measurement and predict-
tion technologies available [7], [8], [23], which open the door
to other possibilities of fetal monitoring. This article concen-
trates on the fetal electrocardiogram [1], or more specifically
on the ST analysis (STAN) [7], [18]. At present this pro-
gressive approach is only applied in the medical diagnostic
technology in terms of internal monitoring systems [1].

This article is based on the results of the authors’ own
study published in [1]; it draws on this study and extends it.
Latest research implies that the future of the intrapartum
fetal monitoring lies in the diagnostic technology combining
two simultaneously applied methods in a single apparatus
(cardiotocography CTG [23] and ST analysis). According to
the published studies, such as [14], [9], [10], the doubts in
evaluation of the results (identification of hypoxia) should
now be eliminated to a great extent thanks to this approach.
At present, however, such diagnostic equipment is only
available in the version for internal monitoring (e.g. STAN
S31 [7]). In this article the authors are presenting a system
with the help of which it will be possible to utilize the gentler,
non-invasive external monitoring in everyday practice. In
real conditions, the non-invasive analysis of the heart
activity of the fetus using external monitoring is degraded by
a series of undesirable elements, as clearly shown in Fig. 1
[12].
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Fig.1. The amplitude range and frequency band of particular
components of the signal recorded noninvasively from the maternal
abdominal wall

The authors covered the issue of elimination of these
disturbing elements using the linear adaptive filtration in
their previous study [1]. The linear adaptive filters play an
important role in the signal statistical processing [2].
However, the system implementation in practice has
revealed that we are facing disturbances of a non-linear
character [3], [4] [1], which cannot be completely
suppressed by a linear filter [1], [2]. Another problem
revealed by the performed experiments is a high
computational complexity of the RLS adaptive algorithms
[2]. For these reasons the authors focus in this article on the
utilization of the neuro-fuzzy system [21], [22].

The neuro-fuzzy system is designed in such a way that
it interprets the fuzzy system [21] while maintaining the
advantage of the neural network [3], namely its ability to
learn from examples and after learning from them to identify
the hidden, non-linear relations. It is a combination of the
fuzzy system and the neural network. On the outside it
looks like a fuzzy system, which is internally structured by a
neural network. Its ability to learn is identical with neural
networks and at the same time the knowledge
representation of the fuzzy system is maintained. The
linguistic variables are set during the learning process going
on in the neural network in contrast with the fuzzy
approximation, where this activity depends exclusively on
an expert. One of the neuro-fuzzy systems is ANFIS, the
Adaptive Neuro-Fuzzy Inference System [4].
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The issue of refining the diagnostic quality of the
abdominal fetal electrocardiogram is currently being studied
by a number of academic institutions all over the world. So
far a whole series of methods has been developed,
applying different approaches towards improvement of the
informative value of FECG. The overview of these methods
is available in [1], [23]. Nevertheless, none of these
methods seems to have reached satisfactory results [1].

The adaptive neuro-fuzzy inference system

ANFIS (Adaptive Neuro-Fuzzy Inference System) [23]
represents a forward, adaptive neural network that is
functionally equivalent to the fuzzy inference system of the
Sugeno type (Takagi-Sugeno) [22].

A Two Rule Sugeno ANFIS has rules of the form [3]:

If xis A, and yis B,
THEN f, =p,x+q,y+r,
If xis A, and yis B,
THEN f,=p,x+q,y+r,

(1)

where x and y are the inputs, A and B; are the fuzzy sets, f,
i =1,2 are the output of fuzzy system, and pi, gi and r are
the design parameters which are determined during the
training process [4].

The ANFIS architecture to implement these two rules is
shown in Fig. 2 [21], in which a circle indicates a fixed node
whereas a square indicates an adaptive node. As figure
illustrates, ANFIS architecture consists of five layers [3].

Laver 1 Layer 3

Layer4 Layer5

Layer 2

Fig.2. The architecture of ANFIS

The functioning of the ANFIS (Fig. 2) is described as (for
more detail see [22]):
Layer 1

The output of each node is [3]:

@A) O, = (X) for i=1,2
(4) O, =us (Y) fori=3,4

where x and y are the inputs to node i, A is a linguistic label
and f, (X) and 4 (Y) can adopt any fuzzy
membership function. So, the O,;(X)is essentially the

membership grade for x and y. The membership functions
could be anything but for illustration purposes we will use
the bell shaped function given by [22]:

6) g (=————

where {a;, bi, ¢} is the parameter set which changes the
shapes of the MF degree with maximum value equal to 1
and minimum equal to 0.

Layer 2
Every node in this layer is a fixed node labelled I,
whose output is the product of all incoming signals [21]:

(6) 0, =w, = M (X) g (Y), =12

Layer 3
The i-th node of this layer, labelled N, calculates the
normalized firing strength as [21]:

M O, =wi=—" =12
’ W, +Ww,

Layer 4
Every node i in this layer is an adaptive node with a
node function [21]:

(8) O,; :Wifi :Wi(pix+qiy+ri)a

where W, is the output of layer 3. The parameters in this

layer ( P;,0;,I;) are to be determined and are referred to
as the consequent parameters.

Layer 5
The single node in this layer is a fixed node labelled %,
which computes the overall output as the summation of all

incoming signals [21]:
Zi W
i

) Overall_output=0;; = ZvTifi i

. DLW

Electrocardiography of the fetus (ST analysis, STAN)
This represents the latest approach in the analysis of
fetal hypoxia during labour. The system is abbreviated as
STAN (ST segment analysis) of the fetal ECG. Its ability to
predict hypoxia was confirmed by a number of studies, e.g.

[14], together with the evaluation of the fetal
cardiotocography (CTG).
______________________ R._._._______________________________________________
Rise in T/QRS ration
/
Normal 5T-segment _ /-
e RS

Biphasic ST-sagmant

Fig.3. Changes of the fetal ECG during hypoxia: elevation of ST
segment — reaction of the myocardium to hypoxia, depression of
ST segment — the fetus has run out of its reserves, it is not able to
cope with deepening hypoxia

ST analysis enables not only tracing but also direct
diagnosing of the foeti endangered by hypoxia during
labour. Thus a physician can compare the
cardiotocographic records simultaneously (screening) and if
finding them suspicious or pathological, the physician may
decide, based on the ECG curve analysis, namely its ST
segment, whether the identified changes are positively
caused by hypoxia (diagnostics) or not. This is due to the
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fact that the occurrence of a relatively high rate of false
positivity of CTG has been known for a long time. In terms
of the ST analysis we evaluate:

e T-wave elevation

e ST segment

A more detailed description of the diagnostics using the

ST analysis was discussed by the authors in the publication
[1]. For a more detailed description of ST analysis see also
[18], [14] and [7]. The changes in ST segment that
endanger the health of the fetus are shown in Fig. 3 [14].

Implementation of ANFIS within the FECG monitoring
system

Fig. 7 shows the basic diagram of the designed system
in which the experiments were carried out. The designed
system contains two inputs - MECG(n) and FECG(n).

The first input is the signal detected on the skin of a
mother’s thorax MECG(n), see the green curve in Fig. 4.

——MECG(n)
Mreal(n) |1

Maternal RR_| - el :
B Emm——— .

Yoltage [mV]

MHR: B8 :
5 1 1

i 05 1 15 2 25 3
Time [sec]

Fig.4. Green colour: Basic, non-processed MECG, Red colour:

conventionally processed MECG (input for experiments)

The mother's ECG signal reflects the electrical activity
of the mother's heart HR4. From the point of view of the
performed experiments, MECG(n) signal is considered as
an undesirable noise contaminating the FECG(n) under
examination. It is supposed that this undesirable signal
represents almost perfect mother's ECG. This is due to
application of the conventional processing methods [2] to
MECG(n):

e Narow-band filter (the so-called Notch filter [20]) at the
frequency of 50 Hz [20]

¢ FIR filter of the upper limiting type with the threshold
oscillation frequency from 30 to 35 Hz in order to eliminate
muscle interferences [20]

e Filter of the lower limiting type with the threshold
oscillation frequency of 0.5 Hz in order to compensate for
drifts [20]

In this way we acquire the Meal(n) signal, see the red
curve in Fig 4. This signal will serve us as an input to the
ANFIS filter and further for the diagnostics of MECG,
especially for identification of MHR (Maternal Heart Rate
[13]).

The second input to the experimental system is the
signal detected on the mother's abdomen FECG(n). The
fetal ECG reflects the electrical activity of the heart of the
fetus HRz. The ideal shape of FECG (or the desired shape
from the experimental point of view) is shown in Fig. 5.

In case of the non-invasive acquisition of FECG using
abdominal electrodes a range of problems occurs relating to
the quality of the records; see [1]. The authors of this study
presuppose that the main source of disturbance to the
FECG signal is the MECG signal. Therefore the application
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of the conventional processing methods to FECG(n) is
presumed, similarly as in case of the previous MECG(n). In
this way the basic sources of interference by which FECG is
contaminated (EMG [20], power line interference [20], ran-
dom electrical interferences [24], etc.) are eliminated. The
problems of elimination of the interferences mentioned abo-
ve are analysed in numerous publications, e.g. [24], [20].
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Fig.5. The ideal shape of FECG

In terms of the performed experiments, the first input is
Mreal(n) with the amplitude level reaching 50 pV - 5 mV; see
the red curve in Fig 4. The second input, Freal(n), reaches
the amplitude level of 10 — 300 pV, where the required
FECG is degraded by much stronger MECG; see Fig. 6.
Thus we can state that there are two hearts; see Fig. 7:

¢ HR1 mother’s heart — disturbing signal
e  HR2 heart of the fetus — useful signal

These two hearts are electrically separated and work
independently. Within the conducted experiments, the ECG
signal sample frequency of 500 Hz was selected. The time
period for sampling was set to 30sec (15000 samples) but
the graphic outputs show only 3 seconds to enable better
readability. The conventional processing methods were
used for acquisition of the ECG signals [24].
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Fig.6. The actual (measured) shape of FECG (contaminated by
MECG)

Reducing the undesirable MECG

According to the schematic representation in Fig. 7, the
simplest way to suppress the undesirable MECG from
FECG would be a direct subtraction of Mrea(n) from Freai(n).
However, this approach does not work if the MECG
detected by the thorax electrodes is not identical with the
MECG detected by the abdominal electrodes. The result of
the direct subtraction of Mrea(n) from Frea(n) is shown in
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Figure 9. The unknown human body system gets involved
in here (signal deformation owing to the surrounding
environment - interference [3], delay, etc.).

As shown in Fig. 7, Mal(n) represents mere MECG.
Freal(n) represents the FECG(n) and the noise n(n) after
passing through the unknown system of human body. The
auxiliary signal d(n) is then expressed by the equation:

(10) d(n) = FECG(n)+n,(n)

Another possible way is application of the linear filtration
(frequency selective filters) [2]. However, these
conventional filtration techniques [17] cannot be used for
our purposes due to the time variability of the spectra of
both the disturbing and the useful signals.

Supposing we regarded the unknown system as linear,
we could apply an adaptive algorithm that would teach the
FIR filter how to distinguish the channel characteristic. And
if we later applied this filter to the FECG signal containing
the undesirable MECG signal, we could successfully
subtract the interference (mother's ECG). But many studies
[11, [4], [5], point to the fact that the environment of human
body is of non-linear character. In such case the techniques
of non-linear adaptive filtration do not bring satisfactory
results (especially the LMS algorithms [2]). The authors
focused on the study of the LMS and RLS linear adaptive
filters [2] in the publication [1] on which this article is based.
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Fig.7. The experimental system deS|gned for FECG monltorlng using ANFIS
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Fig.9. The result of direct subtraction of Mreal(n) from Freal(n)

Environment of the Human Body

The interference signal n4(n) that appears in the
measured signal is assumed to be generated via an
unknown nonlinear equation:

2cos(n(n))n(n—1)

(11)
(1+n(n=1)%)

n (n) =

This nonlinear characteristic is shown as a surface in
the window. Fig. 8 shows the unknown channel
characteristics that generate interference.
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Fig.8. Unknown channel characteristics that generate interference
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d(n)=FECG(n)+ni(n)

The results of the experiments

Within the experiments carried out, various structures of
ANFIS were examined. An overview of the structure models
used for this purpose is in Table 1. In order to build the
ANFIS model the ANFIS functions were used [16] and for
the training (estimation) the EVALFIS functions were
applied [16]. A detailed description of the work with the
ANFIS and EVALFIS function in MATLAB [17] is available
in [16], [17].

Figures 10 to 13 present the results of the performed
experiments. In the graphs the particular segments
(components) of the FECG signal are identified (P, Q, R, S
and T). Then the FHR is determined including a statement
whether we are able to make an ST analysis. If there is a
question mark (?) in the graph near the segment under
examination, it means that we are not able to identify this
segment (determine it unambiguously).
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Table 1. ANFIS info

ANFIS info

Building the ANFIS
Model

Number of nodes 21 35 53 | 75

Number of linear

A B C D

12 27 | 48 | 75

parameters
Number of nonlinear 12 1 181 24 | 30
parameters
Total number of 24 | a5 | 72 | 105
parameters
Number of fuzzy 1 9 16 | 25
rules
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Fig.10. The results of the experiments for ANFIS A Model

The ANFIS A Model shows only a partial improvement
of the diagnostic quality of FECG. If this model is applied, it
is not possible to identify the FHR. The model is not able to
plausibly determine the R-R interval; see Fig. 9 (there are R
segments which are impossible to identify without doubt).
Making an ST analysis, while applying this model, is out of
the question.

In case of applying the ANFIS B Model (Fig. 11), we are
able to determine the value of FHR (determination of the R-
R interval). This model enables precise (unambiguous)
identification of the FECG segments (R, Q and S).
Although the recording is not precise enough to enable
making an ST analysis, the system utilizing this model is
able to serve as a genuine cardiotocograph [5].

0.4
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Fig.11. The results of the experiments for ANFIS B Model

0.4

The ANFIS C Model (Fig. 12), allows for determination
of FHR. This model enables precise identification of all

segments of the FECG signal (P, Q, R, S and T). However,
the recording is not conclusive enough to enable an ST
analysis (the ST segment is still distorted to a great
degree).
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Fig.12. The results of the experiments for ANFIS C Model

The results of the experiments indicate that if the ANFIS
D Model (Fig. 13), is applied, it is possible to make an ST
analysis because we can precisely analyse the T wave
elevation as well as the ST segment.
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Fig.13. The results of the experiments for ANFIS D Model

Table 2 shows the ability of the examined ANFIS
models to improve the value of SNR (the distance of the
signal from the noise). In terms of the performed
experiments, first the SRN value of the contaminated FECG
was determined and then the value of the signal after its
passage through the designed system was identified. The
difference between these two values reveals what
improvement was reached by applying each model. The
SNR ratio is defined by the equation [17]:

(12) SNR= 1010g§[dB],

n

where Ps and P, determine the signal output (s means
signal) and noise (n means noise). If the SNR value = 0 dB,
it means that both the signal and the noise have the same
output. If SNR > 0, then the signal output is greater than the
noise output and if SNR < 0, then it is vice versa.
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Table 2. The results of the experiments in the form of SNR

Improvement of the SNR value
Building ) SNR
the ANFIS S[::'j“ 5;‘;?"‘ imerovement
Model [dB]
ANFIS
Model A -17.3014 -6.6157 10.6857
ANFIS
Model B -17.3269 1.1349 18.4618
AN.FIh, -17.4686 3.2987 20.7673
Model C
ANFIS
Model D -17.2959 4.3245 21.6203
ANFIS
Model E -17.5413 4.4568 21.9981
ANFIS
Model F -17.4598 4.4324 21.8922
Conclusion

This article deals with the utilization of the ANFIS
system for refining the diagnostic quality of the abdominal
fetal electrocardiogram FECG. The ANFIS system was
implemented in order to identify (learn about) the non-linear
relation between the thorax and the abdominal MECG (the
source of contamination of the examined FECG).

The experiments carried out have proved the
functionality of the designed technology. They have shown
that the designed technology can successfully extract the
FECG even if it is completely contaminated by the mother’s
MECG. The results of the study indicate that in case of
applying the ANFIS D Model it is possible to identify the
individual segments of the FECG signal; see Fig. 13.

The results have also revealed that the system utilising
ANFIS shows better experimental results than the
conventional systems based on the LMS and RLS adaptive
algorithms [1]. The designed system has the ambition to
clear up the doubts in evaluation of the results of the ST
segment analysis while applying the non-invasive external
monitoring.

The authors of this article are still involved in intensive
research in this field. The next step will be a verification of
the designed technology on a large sample of the real
FECG records. For this purpose the authors started
cooperating with The University Hospital Brno, Czech
Republic.

Acknowledgement

This research was supported in part by The Ministry of
Education, Youth and Sports of Czech Republic under the
project KONTAKT Il registration number LH12183.

REFERENCES

[1] Martinek R.; Zidek, J. A System for Improving the Diagnostic
Quality of Fetal Electrocardiogram. InJournal Przeglad
Elektrotechniczny, R. 88 NR 5b/2012, Warszawa, Poland, May
2012, pp. 164-173, ISSN 0033-2097.

[2] Martinek R.; Zidek, J. Use of adaptive filtering for noise
reduction in  communications  systems. International
Conference-Applied Electronics. Pilsen: AE, 2010. pp. 1-6,
ISBN  978-80-7043-865-7, ISSN  1803-7232, |INSPEC
Accession Number 11579482.

[3] Nasiri, M.; Faez, K. Extracting fetal electrocardiogram signal
using ANFIS trained by genetic algorithm. International
Conference Biomedical Engineering (ICoBE), Penang 2012,
pp. 197-202, ISBN 978-1-4577-1990-5.

[4] Assaleh, K. Extraction of Fetal Electrocardiogram Using
Adaptive  Neuro-Fuzzy Inference Systems. Biomedical
Engineering, Volume: 54, Issue: 1, 2007, pp. 59-68 ISSN 0018-
9294.

160

[5] Wahlin, A. Fetal ECG waveform analysis for intrapartum
monitoring. PhD thesis, Dept. Obstetrics and Gynecology, Lund
University Hospital, 2003.

[6] Chudacek, V. Fetal Electrocardiogram Analysis. PhD thesis,
Department of Cybernetic, Czech Technical University in
Prague, 2009.

[7] Neoventa: Stan S31, 2010. [online]. [cit.
<http://www.neoventa.com/products/stan>

[8] Monica — Healthcare Limited, Training Guide, 2011. [online].
[cit. 2012-06-26]. <http://www.monicahealthcare.com/>

[9] Bhogal, K.; Reinhard, J. Maternal and fetal heart rate
confusion during labour, British Journal of Midwifery. Vol. 18,
No, 7: 424-428. July 2010.

[10] Wayne, R. Accuracy and Reliability of Fetal Heart Rate
Monitoring Using Maternal Abdominal Surface Electrodes.
Cohen et al, Submitted to Obstetrics & Gynecology (under
review), August 2011.

[11] Cabaniss, M.; Ross, M. Fetal Monitoring Interpretation.
Second, Lippincott Williams & Wilkins, 2010. 512 s. ISBN 978-
1-60831-381-5.

[12]  Murray, M. Antepartal and Intrapartal Fetal Monitoring. Third
Edition, 544 pp., Softcover, ISBN-13: 9780826132628, 2006.
[13] Costa, A.; Ayres-de-Campos, D.;Costa F.; Santos
C.; Bernardes J. Prediction of neonatal acidemia by computer
analysis of fetal heart rate and ST event signals. 2009 Nov;

201(5): 464.e1-6. Epub 2009.

[14] Janku, P. ST waveform analysis of fetal ECG in intrapartal
diagnostic of fetal hypoxia in case of risk pregnancies. Prague,
78 p., PhD thesis, Faculty of Medicine, Masaryk University,
2007.

[18] Khamene, A.; Negahdaripour, S. A new method for the
extraction of fetal ECG from the composite abdominal
signal. IEEE Trans. on Biomed. Eng. April 2000, vol. 47, n.4,
pp. 507-515.

[16] Roberts, M. J. Signals and Systems: Analysis Using
Transform Methods and MATLAB, USA, The McGraw-Hill
Companies, 2008, 1026 p. ISBN 0-07-293044-6.

[17] Blanchet, G., Charbit, M. Digital Signal and Image
Processing using MATLAB®. Newport Beach,CA 92663, USA :
ISTE USA, 2006. 764 p. ISBN 978-1-905209-13-2.

[18] Amer-Wahlin, I.; Yli, B.; Arulkumaran, S. Fetal ECG and
STAN technology - a review. Eur Clinics Obstet Gynaecol
2005, 1, 61-73.

[19] Wagner, G. S. Marriott's Practical Electrocardiography. 8th
edition Lippincott Williams & Wilkins, 2002. 488 p. ISBN
0781797381.

[20] Sornmo, L.; Laguna, P. Bioelectrical Signal Processing in
Cardiac and  Neurological  Applications  (Biomedical
Engineering). 1st edition Academic Press, 2005. 688 p. ISBN
0124375529.

[21] Castillo, O.; Melin, P. Type-2 Fuzzy Logic: Theory and
Applications. 2008, XIV, 244 p. 188 illus, ISBN 978-3-540-
76283-6.

[22] Shukla, A.; Tiwari, R.;Kala, R. Towards Hybrid and
Adaptive Computing. 1st Edition, 2010, 450 p., 138 illus, ISBN
978-3-642-14343-4/

[23] Cabaniss, M., L.;Ross
Interpretation. Second
ISBN: 9781608313815.

[24] Macfarlane, P.W.; Oosterom, A.; Pahim, O.; Kligfield, P.;
Janse, M.; Camm, J. Comprehensive Electrocardiology. 2nd
ed., 2010, XVII, 2291 p ISBN 978-1-84882-045-6.

2012-06-26].

M., G.
Edition, p.

Fetal Monitoring
512, 2009,

Authors: Ing. Radek Martinek, E-mail: radek.martinek.st1@vsb.cz.
doc. Ing. Jan Zidek, CSc. E-mail: jan.zidek@vsb.cz.

VSB-TU, Faculty of Electrical Engineering and Computer Science.
17. listopadu 15, 708 33 Ostrava-Poruba

PRZEGLAD ELEKTROTECHNICZNY, ISSN 0033-2097, R. 88 NR 12b/2012



