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STATE-SPACE AVERAGING FOR MATERNAL ECG SUPPRESSION

In this paper a new method of maternal electroogrdim suppression for fetal component extractiamfione-channel
maternal abdominal bioelectric signals is propodéte method performs maternal ECG estimation bylicatpn of state-space
averaging. The estimated signal is subtracted fileenoriginal one and this way suppressed. The rdeflamameters allow us to
balance between the precision of maternal ECG sgpmn and the necessity not to attenuate the @RE$ complexes.
A small database of the maternal abdominal biogtesignals is used to investigate the developestesy for fetal heart rate
determination. The final assessment is based oddtetion performance index. It is shown that fliyppr choice of the parameters
we can tune the system so that it is more effectige the classical approach based on templatesstibn.

1. INTRODUCTION

The noninvasive fetal electrocardiography, basedthtan analysis of the maternal abdominal bioelecsignals,
is a promising technique which offers higher accyraf fetal heart rate (FHR) monitoring than thatime approach based on
the Doppler ultrasound instrumentation [3]. The tmasportant operations that have to be accomplisfad FHR
determination are: maternal electrocardiogram (MEG@pression, fetal electrocardiogram (FECG) eodaent and fetal
QRS detection. In this study, we focus on the mobbf MECG suppression in such a way to allow ss&fcé detection of
fetal complexes. Different methods have alreadynbgeposed for this purpose. We can distinguish-avanel [1, 8]
and multi-channel [1, 2] ones. Whereas the muléirctel methods use the spatial redundancy of the &@aals to achieve
the goal of maternal and fetal components separatite one-channel approaches exploit the repdijabi ECG beats.
We propose a new one-channel method. It is baseal @assical scheme: estimation of the MECG compioaad then its
subtraction. For MECG estimation a modified versidra simple nonlinear state-space filtering [6js9fpplied. The method
performs reconstruction of the state-space reptaten of the processed one-dimensional signaksn ttletermination of
neighbourhoods of state-space vectors and, finalygraging of central coordinates of the vectorsis Tway it enables
enhancement of the repetitive MECG component pvesgrthe individual beats deviations from the ageraone.
Simultaneously, it leads to effective suppressibthe other signal components. Finally, the operatf subtraction leads to
MECG suppression and fetal ECG extraction.

2. METHODS

2.1. STATE-SPACE AVERAGING (SSA)

The name of state-space averaging was used ttheadlpproach proposed as a very simple methoceéhrcing noise
in the data with the nonlinear time evolution [Bhe main steps proposed in [9] are as follows:
— construction of embedding space vectors:

X =[x(n=N), ..., X+ NI 1)

whereN, andN, are fixed positive integers, x(n) — the analyzad-dimensional time series.
— the search for neighbourhoods of the respectite-sg@ace points (vectors)

rm ={ K| ”X(k) —x(™

<5} )

whereg is the chosen radius of the neighbourho&dghe time indices of the points included into tireégghbourhood.
- replacing the B coordinatex,” of each state space vector (corresponding() by the average within the
neighbourhood

x(m= 2 x," @)

kor (™M
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wherex'(n) is the corrected sample of the processed taries
In this study we apply the symmetric embeddiNg#£ Ng). Settingm = N +Ng= 2*N, we obtain

x® =[x(n-1), ..., (n+2]" (4)

where the embedding dimension is equatid..
Since the proper value oh depends on the applied sampling frequency, itdigaatageous to define the so called
embedding window,,, determining the interval covered by the embeddigjors.

2.2. DYNAMIC TIME-WARPING FOR NEIGHBORHOODS DETERMINATI®

As in the method of projective filtering of time wp&d ECG beats [4, 5], in this study we have ajgglied the method
of dynamic time warping to the construction of rdigurhoods. The operation of SSA is preceded wial filtering for
baseline wander and power line interference supfmes QRS complex detection, and cross-correlafiorction based
synchronization of the detected complexes. Thedpstation produces a set of fiducial markg k=1,2,...,K} corresponding
to the same position within the respective dete@B® complexes.

The embedding space points are divided into suneessightly overlapping sequences of vectors vehtrse indices
belong to the following sets

W, ={a+l[1=01..N}, k=12 K- (5)

whereay =r,—b, Ny =r1—r¢+ 20; bis a small positive integer introduced to immurtize method against small errors of
the fiducial marks determination (as in [5]).
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Fig. 1. The ECG signal sections containing succes@iRS complexes. The presented embedding windows tsledfirst and the last state-
space points d¥; andWy respectively. Thé&th sequence of points is time warped with respethé first one

The general concept [5] is to perform the nonlinglagnment of the successive sequences of vectdrk(= 2, 3, ...
K-1) with respect to the first sequence and this teagetermine the neighbourhoods correspondinbeaéspective positions
within ¢4,

For smallb the side points(*) and x(**N1) overlap QRS complexes (as in Fig.1), and thus tieghbourhoods can
be determined on the basis of the preprocessipystailts:
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r@={a |k=12..K-13

6
|—(<’:\1+N1):{ak+Nk | k=1,2,...,K_]} ( )

Determination of the neighbourhoods correspondintpé respective positions withi# is performed in the following
way [5].
1. In the first step each neighbourhood of a pointifré; is filled with this point only, and so the timediex of this
point is included into the neighbourhood set

re®={a+1}, 1=01,..N, @
These points become the first mass centres oeective neighbourhoods. Then wekset?2 and go to the next step.

2. The sequences of points that belong#pare time warped with respect to the sequence efnthss centres.

For this purpose, the so-called warping paths afeutated:wy,, | = 0, 1, ...,N;, containing the indices of the
vectors x\**¥x!) that are aligned with the successive mass centted). The warping path is calculated by
minimizing

(®)

Nl
Q = ZHX(awwm —x@*h
1=0

while preserving the border conditions, the moniityn conditions and the condition restricting thember of
successive points fror# that may be omitted in the warping path [5].

3. After the kth sequence4 has been time warped with respect to the sequearicéghe mass centres,
the neighbourhoods are supplemented with the pwaintse indices are stored in the warping path

@ = @ D{ a + ka|} 9)

4. The mass centres of the respective neighbourhoedsplated and is incremented. Ik < K-1 we go to step 2,
otherwise we end the algorithm.

Each constructed neighbourhood contains the pdgitmal intervals) that occupy the same positiorthivi the
nonlinearly aligned sequences of vectors. To recactsthe central coordinates of the respectivaorsc(according to (3)),

for each vectorx* ™" we determine the smaller neighbourhood — as thenasd percentage of the nearest among the points
contained inf®* . To this end, we calculate the distances frefh™" to the respective points frofi*™" | we sort the
distances and we accept roun,gq]'(al*" ) of the nearest points; | ... | denotes cardinafifa set; 0 <, < 1.

2.3. THE SYSTEM FOR FETAL HEART RATE DETERMINATION

The method of state-space averaging was succsssifpiilied [4] to ECG signals processing for widedbanoise
suppression. In this study, it is applied to maaeECG estimation. As it is shown in Fig. 2, théreated MECG is subtracted
from the original signal to extract the fetal ECIhe obtained signal is analyzed by a detector tal @RS complexes, and,
as a result, the locations of the complexes arerahiied.
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Fig. 2. The block diagram of a single-channel sysfer fetal heart rate determination

The applied detector consists of linear band-pdtsrifig for noise attenuation, differentiation f@RS slopes
estimation, and squaring and moving window intégratThis way we form a so called detection funetishich responds
with distinctive peaks to fetal QRS complexes. Teatection function is compared with automaticalajcalated detection
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threshold. Once a peak crosses the threshold, aretséor higher peaks within a 250 ms interval. Eaacountered higher
peak replaces the previous one. The search is edlopfnen no higher peak is found within the spedifine interval.

The found highest peak is stored as the QRS lotatial the search for the next complexes is cordinMore detailed

description of the algorithm can be found in [7].

3. RESULTS

To evaluate the system, we used ten four-channedrnal abdominal bioelectric signals with the elishled locations
of the fetal QRS complexes. Each signal was fiveuteis long. During tests the respective channete wsed as different
one-channel signals. The obtained detection reagite evaluated with the following performance xde

Pl = w [100[%] (10)

whereN is the total number of QRS complexes in the tegtads, Nea — the number of false alarms, aNg — the number of
missed complexes.

Table 1. Detection performance index obtained fibeint combinations of the parametegsandc,.
For reference the index obtained after MECG sugimasy template subtraction (TS) is given.

Parameters\Method SSA SSA SSA SSA TS
Iy [MS] 200 200 500 500 -
ca [1] 0.5 1.0 0.2 1.0 -
Pl [%] 86.2 81.9 90.4 83.3 89.0

The most important parameters that influence tropgsed system performance are the embedding wirgoand
the fractionc, of the state-space vectors accepted during detatimmof neighbourhoods. In the experiment, we iappthe
embedding windowr, varying from 100 ms to 500 ms with the step of b@) For each embedding dimension we tested the
ca parameter varying from 0.1 to 1.0 with the step. Ohe performance indices obtained for a few coaions of these
parameters are presented in Table 1.
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Fig. 3. Results of maternal ECG estimation by apgitin of state-space averaging (SSA).
M denotes the maternal QRS complexes, F — thedats; the arrows indicate residua of the latter
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Fig. 4. The fetal electrocardiogram extracted bytsaction of the estimated MECG (the case of higkllEECG component).
F, M - as in Fig.3; the arrows indicate the suppeddetal QRS complexes (compare to Fig.3.B)
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Fig. 5. The fetal electrocardiogram extracted bytsction of the estimated MECG (the case of lovel&ECG component).
F, M — as in Fig.3;y denotes residua of the maternal QRS complexes

We can notice that better results were achievetbfagger embedding window. Since for so high embegldiimension
most state-space vectors overlap the maternal @Rfplexes, it assures more effective determinatfaremhbourhoods.

Although the ECG signal morphology is approximatedpeatable, it is not constant. Therefore after bnlinear
alignment of the ECG signal segments accordinghto dlgorithm described, it is advantageous notverage central
coordinates of all state-space vectors, but to shdlbose which are nearest to the corrected orgea.résult, both for,=200
ms andr,;=500 ms the highest performance indices were aeliéwc, < 1.0.

These observations are confirmed visually by figu8es. In Fig.3 we can notice that for small emldegdlimension
estimation of maternal ECG by SSA was not perfeot.so high level of the fetal ECG the obtainednestte contained high
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residua of the fetal QRS complexes. Subtractiosuch a signal according to the diagram from Figad$ to inconvenient
attenuation of the fetal complexes. This phenomeésevell visible in Fig.4 B.

When the level of the fetal component is low, thesatibed effect is negligible (see Fig.5). Howevelis more
important to suppress precisely the maternal E@GFi¢).5 we can notice that both fgr=200 ms andr,=500 ms when
ca=1.0, estimation of MECG signal morphology is netarate (which results from averaging of state-spaectors that
belong to the beats of possibly slightly differenbrphology) and after the operation of subtractibe obtained signals
contain not only the fetal ECG but also the residiithe maternal complexes. Such residua complitetdurther analysis of
the signals which results in lower detection parfance (as presented in Table 1). The higRéstas obtained for,,=500 ms
and c,=0.2. It was higher than that achieved after apgibten of the improved method of template subtract[8].
We can conclude that the proper choicerpindc, allows us to balance the requirement to suppressgely the maternal
ECG with the necessity not to attenuate the fetadgonent.

4. CONCLUSIONS AND FUTURE WORKS

The proposed method allows relatively effectiveepsion of the maternal ECG with limited atteruatdf the fetal
QRS complexes. As a result, followed by a detectofetal complexes it enables relatively high datet performance.
Compared to the classical approach based on tesnglditraction, it achieved higher performance inddms we can expect
it to be an effective tool for fetal heart rate ntoring system. However, more experiments with éardatabases of maternal
abdominal bioelectric signals are necessary toigurthese results.
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