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Noninvasive Fetal Electrocardiogram Extraction:
Blind Separation Versus Adaptive Noise Cancellation

Vicente ZarzospAssociate Member, IEE&d Asoke K. Nandi*Senior Member, IEEE

Abstract—The problem of the fetal electrocardiogram (FECG) filtering, auto- and cross-correlation based methods, adaptive
extraction from maternal skin electrode measurements can be fjltering, sequenced adaptive filters, etc., were among these clas-
modeled from the perspective of blind source separation (BSS). gjcq| methods. However, the apparent lack of success of these
Since no compﬁrgor;] beéween Bgs techniques angsoéher s'gdnalgarly approaches (see, e.g., [2] and [14] for some of their major
processing methods has been made, we compare a proceaur v X
based on higher-order statistics and Widrow's multireference drawbacks) called for a complete reformulation of the problem,

adaptive noise cancelling approach. As a best-case scenario forwhereby attention would be paid to the fundamental aspects be-
this latter method, optimal Wiener-Hopf solutions are considered. hind the biological problem in hand.

Both procedures are applied to real multichannel ECG recordings Effectively, in [9] it is shown that the problem can be

obtained from a pregnant woman. The experimental outcomes f lated i fficient by looki t th
demonstrate the more robust performance of the blind technique reformulated in a more eincient manner by [ooking at the

and, in turn, verify the validity of the BSS model in this important ~ bioelectrical phenomena ruling the heart activity and the
biomedical application. propagation of heartbeat signals across the body (see also [2],

Index Terms—Adaptive noise cancellation, blind source separa- [11] and [17]). The result relies on an eI(_actrlcaI model of the
tion, fetal electrocardiogram extraction, higher-order statistics, in- heart, the so-callektad-vectorconcept, which was introduced
dependent component analysis, optimal Wiener-Hopf filtering. by Burger and Van Milaan as early as in the mid-forties
[12], [13]. Considerations derived from this model lead to
the statement that each of theelectrodes located on the
patient's body, say (k) = [yi(k),y2(k),...,y,(k)]" € RP,

URING pregnancy, monitoring the fetus’ heart conditiomutputs an instantaneous linear combination of the bioelectric
in order to test their well-being and diagnose possibtirrent sources (symbok denotes a discrete-time index,
diseases is of paramount importance. An early diagnosisd ¥ the transpose operator). Assuming that the activity
before delivery using noninvasive techniques increases fbieall internal bioelectric current sources can be modeled
effectiveness of the appropriate treatment. The extraction [§f means ofg unobservable independersource signals
the antepartunfetal electrocardiogram (FECG) can be carriegt(k) = [z1(k), z2(k),...,z,(k)]T € IR?, the electrode
out through skin electrodes attached to the mother's bodgeasurement vector accepts the matrix form
Unfortunately, the desired fetal heartbeat signals appear at the
electrode output buried in an additive mixture of undesired y(k) = Mx(k). 1)
disturbances. The most important among these disturbances
are the maternal ECG (MECG) contributions, of considerabiatrix A € IR?*? is calledmixing matrix and its structure
higher amplitude than the fetal components. Mother’s respirig-determined by the body geometry, the electrode and source
tion and electromyographic (EMG) signals (e.g., owing to gpositions and the conductivity of the body tissues [14]. Equa-
uncomfortable position of the patient, uterus contraction, eteign (1) corresponds to the familidolind source separation
act as a second source of biological interference. Nonbiologi¢BISS) model of instantaneous linear mixtures [18]. As an
interference sources, such as mains coupling and therrimamediate consequence, BSS techniques may be applied to
noise due to the electronic equipment, corrupt the cutaneasskle the FECG extraction problem. The reader is referred to,
recordings as well. Appropriate signal processing techniquesgy., [9] for a more exhaustive discussion on the theoretical
are required in order to recover the wanted FECG componejuistifications for the validity of model (1) in this particular
from the corrupted potential recordings. biomedical application.

Several different approaches have been proposed to addresthe methods described in [2] and [14] rely on the second-
this problem. Techniques such as coherent averaging, matcbeder statistics (SOS) of the data, seeking the removal of second-

order dependencies in the observations. This type of procedure
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Fig. 1. A cutaneous electrode recording from a pregnant woman. Fig. 2. Another skin electrode recording from a pregnant woman.

Various results obtained from the application of ICA-BS®vere recorded from eight skin electrodes located on different
methods to the biomedical problem in hand have already bgggints of a pregnant woman’s body. The sampling frequency
reported in the literature [1], [9], [11], [17], [18]. Also, theywas 500 Hz and the sampling time 10 s, so each signal is com-
have been compared to other PCA-BSS methods [1], [9], [LPlpsed ofl; = 5000 samples. Regarding the vertical axes, only
[18]. Nevertheless, to date no comparison with any other cdhe relative amplitudes are important. The first five recordings
ventional technique, like the procedures cited in the beginnirgprrespond to electrodes located on the mother's abdominal re-
has been made. The question that still remains unanswere8i@. In them a mixture of FECG, MECG and noise is visible.
then whether HOS-based BSS techniques are actually so ad\;g?p_ last three signals were digitized from the mother’s tho.racic
tageous relative to other methods. Inspired by this question’§gion, and no FECG heartbeat component can be perceived at
is the primary objective of the present contribution to establigl: due to the longer distance between these electrodes and the
a comparison [22] between a specific BSS method and onefefal heart. A similar set-up holds for the signals of Fig. 2, which

the most significant classical techniques proposed to solve tHgre obtained from [10]. This is a shorter dataset, composed of
challenging problem: Widrow's multireference adaptive noisk2 = 2500 samples. _ _
cancelling (MRANC) method [15]. The choice of abdominal and thoracic (chest) electrode posi-

To this end, the rest of the paper is given the following stru?—ons is justified by the fact that the strongest interference comes

ture. In Section Il the experimental data used in the compariséﬂm the maternal heartbeat. Then it seems reasonable to look

. . ) ; Tor clear MECG components so that they can be subtracted, after
is presented. Section Il is then devoted to recalling the ratio-. . : .

. . ._Suitable processing, from the abdominal leads, leaving only the
nale andmodus operanddf the methods considered herein;

. . . sired fetal heart components. Also the sought MECG signals
Later, results from the experiments are reported in Section : Lo
. ) . . .must be as free as possible from FECG contribution, in order
and discussed in Section V. Section VI makes the concludi

K it prevent the latter from being cancelled out in the abdominal
remarks. lead when performing the subtraction; hence the chest leads.

1The authors are grateful to L. De Lathauwer, D. Callaerts and J. Vandewalle,
Il. EXPERIMENTAL DATA from K. U. Leuven, Belgium, for providing the recordings.

Th | | d di din th 2The sampling frequency given in [10] results in too high heart rates for both
e two real cutaneous electrode recordings used In the gXiner and fetus. Therefore, we will refer in the sequel to the sample number

periments are displayed in Figs. 1 and 2. The signals in Fig.dhd not the actual time instant to describe the time evolution of this dataset.



14 IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 48, NO. 1, JANUARY 2001

lIl. M ETHODS PRIMARY 4 GABDOMINAL LEAD +® OUTPUT

A. Blind Source Separation INPUT - €
. . . CHEST

Relying on the assumption that the surface potentials are ger J URCarres

erated according to model (1), the reconstruction of the FECC pprerence
contributions to the recordings is reduced to the identification iNeurts

of the independent sources of fetal cardiac activity and the cor l
responding elements of the mixing matrix. This goal requires, £
firstly, the estimation of the source signatsand the mixing ; ADAPTIVE
matrix M via a BSS method. In these experiments, we conside T 1 UPDATING
the BSS method developed in [1¥Essentially, it is a two-step
procedure. An initial PCA stage (also knowngswhitening  rig. 3. MRANC solution to the FECG extraction problem.

comprises second-order decorrelation and power normalization,

resulting in a set of prewhitened signals= [z1,..., 2] _ )
PCA is followed by a higher-order processing part—the actuli=; wi(k) * r;(k), symbol % standing for the convolution
ICA—aiming at higher-order independence. The latter stagedgerator. The adaptation criterion whereby the filter coefficients

composed of pairwise Givens rotations, i.e., matrix transform@t€ updated consists of minimizing the output-signal power, or
cosf —sind mean square error (MSEE[?].

sind cos é]' which are applied in — piacticq) adaptive implementations of this general procedure,
turn to each prewhitened signal pédr, z;]7. Angle d is com- such as the popular least mean square (LMS) method and its
puted at each iteration in closed form as variants, are achieved via specific recursive stochastic approxi-
mations of the above optimization criterion and its gradient (as
j_ 1 - ith { €= Elp'e™] Il as its Hessian matrix in the Newton-like algorithms) [6
6 = = arg(¢ -sign(y)), with 4 (2) Wwell as its Hessian matrix in the Newton-like algorithms) [6].
4 = E[p*] -8 Such stochastic approximations mean that, in practice, the MSE
wherepe’® = z + 7z; andy? = —1. SymbolE[-] denotes the obtained after convergence is actually higher than the minimum

mathematical expectation, or ensemble average, which in prfSE (MMSE) achievable for the given system parameters, a
tice is replaced by averages over the signal samples. Expres$lBgnomenon known as misadjustment [16]. The MMSE is cal-
(2) is shown to generalize an approximate maximum-likelfulated from the standard theory of optirifgilener-Hop{WH)

hood estimator earlier suggested in the literature. This pairwidering [6], [7], [15] by assuming stationary signals and fixed
process is repeated in sweeps overgthe — 1)/2 signal pairs T|Iterwe|ghts. !—|ence, WH solutions describe the asymptotic (or
until convergence, usually taking abduit+ /p) sweeps (which best possible’) performance of the associated adaptive scheme.
coincides with the value originally found for the method of [5])!" addition, the extraction qf these optimal filters is carrlgd out
Since the expectations in (2) can be expressed as a function offh@ Patch-processing fashion, as the BSS method outlined in
data fourth-order cumulants, the method is indeed based on H&, Previous section operates. This increases the fairness of the
Also, remark that this procedure operatesatch processing SuPsequent comparison. _ o

mode, in which a whole block of data samples is processed tol "€ mathematical description of optimal WH filtering is very
generate a separation result for that signal block. Batch pie!l known [6], [7], [15], and will, therefore, be omitted in this
cessing generally achieves better separation results than ada#Rer: We simply recall that only second-order correlations of
processing, and it will suffice to the comparative purposes of tHf3€ reference signals and the primary sequence at different time

tions of the form@ = [

paper. See [19] for more details about this BSS method. lags are involved. Effectively, for a given number of reference
inputsn and filter tapsN (which, for simplicity and owing to
B. Multireference Adaptive Noise Cancellation the identical nature of the reference signals in our problem, as

One of the first successful approaches to the FECG extrg,"(:'!l be seen in the next section, is chosen to be equal for all

. . . A
tion problem was developed by Widrow and colleagues in tfigers), the optimal impulse reTsponses are the solutios;ir=
1970s from an adaptive filtering standpoint [15]. An abdominati (0), w;(1), ..., w;(N — 1)]' of then equation systems
lead a(k), mainly containing a mixture of FECG and MECG n
signals, acts as a primary input to an adaptive noise canqeller ZRMWJ =pi, i=1,....n ©)
(Fig. 3). The MECG interference that corrupts the abdominal =
leads is considered as the ‘noise’ to be eliminated. T hefer-
ence inputs to the cancellér;(k),i = 1,...,n} are thoracic Matricesk,; € IRV are builtup asf, (. v) = Elri(k—u+
leads, mostly composed of maternal heartbeat components. The N A o
reference inputs are adaptively processed by means of finite itdi (¥ —v+1)], and vectorp; € IR™ asp;(u) = Elr;(k—u+

Da(k)],withi,j=1,...,nandu,v =1,..., N. Equation (3)

pulse response (FIR) filtefsv; (k), ¢ = 1,...,n} of tap-length A , X ; -
N, and subtracted from the primary input. The output at iff2" easily be recastinto a single matrix expression. The problem

stantk is then given bye(k) = a(k) — s(k), with s(k) = 1S then characterized by gm.N) x (nIV) symmetric matrix
composed of Toeplitz blocks with dimensidh x .
3A priori, there is no reason why this particular method should be preferred
over other BSS procedures to deal with the FECG extraction. Our choice i€For the sake of clarity in the presentation, continuous lines are abusively
merely made for illustrative purposes, and motivated by the fact that other déimployed to represent the tap weights associated to the second and the third
ferent ICA-BSS methods have already been applied to this problem, so theference-signal filters. Remark that the filters are discrete in nature and, hence,
comparisons may be established from the new results presented in this papéreir impulse responses are only defined at integer values of time index
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Fig. 4. Optimal filter weights of the MRANC solution for the dataset oi:g' g.0bl;;:]e;ldcgnt{;}t:)ﬂ;)gzﬁloctfgqee?ﬁggmlnal recordings (first five signals) of
Fig. 1, with tap-lengthV = 50. Each plot represents the WH filter coefficients 9 y '
associated to a primary input. Filter @h reference signal: dotted line:= 1;
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time (s) -5

Fig. 5. Fetal contributions to the abdominal electrodes (first five signals)

0
Fig. 1 obtained by the MRANC method. OWWWWWM

-10 : ! ! ! L L I
IV. EXPERIMENTAL METHODOLOGY AND RESULTS 10 : w w ‘ ‘ \ T | s ‘

For Widrow’s MRANC solution, the three thoracic leads o O”WWWWW

Fig. 1 are employed as reference inputs to the canceller{(i-e., -10
3, as depicted in Fig. 3), whereas the abdominal leads play (¢
after the other) the role of primary inputs. The optimal WH filter.
forN =50 tapsare shownin Fig_ 4, andthe corresponding out[ﬁ!g. 7. Source signals estimated by the BSS method from the recordings of
waveforms appear in Fig. 5. The impulse responses decay with

the tap number, so we might as well have taken fewer coefficients

by truncating the displayed tap sequences. As a matter of fdirtes, the MRANC results for the second dataset are shown in
results with as little ag& = 10 weights are virtually identical to Fig. 6.

thosein Fig. 5. Nevertheless, as the number of weights is reduce®n the other hand, Fig. 7 shows the independent source sig-
the MECG cancellation is seento worsen. Obtained along simitzals obtained by the BSS method from the recordings of Fig. 1.

time (3)
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Fig. 8. FECG contributions to the abdominal electrodes (first five signals) ¢fg. 10. FECG contributions to the abdominal leads (first five signals) of Fig. 2

Fig. 1 obtained by the BSS method. obtained by the BSS method.
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Fig. 9. FECG contributions to the thoracic electrodes (last three signals)Rif. 11. FECG contributions to the thoracic electrodes (last three signals) of
Fig. 1 obtained by the BSS method. Fig. 2 obtained by the BSS method.

A straightforward visual inspection (more involved mechanisms V. DISCUSSION
for source-type Qutomanc identification are currently under de'AIthough noise and some residual MECG components re-
velopment) confirms that waveforms 1, 2, and 4 correspondrﬁ

the MECG h ¢ 5 and 7 bel th ain noticeable, waveforms 1, 2, 3, and 5 of Fig. 5 show fairly
€ sources, whereas wavelorms 5 an elong the Elgar fetal heartbeat signals by the MRANC. Waveform 4 is still
FECG. The rest are interference sources. The two fetal sourg

: : N P . Sﬁrupted by an important baseline wandering, presumably due
are isolated in vectag; = [, 2. Accordingly, the corre- o others respiration, which hinders the observation of the
spon_dlrlg colur[ms Of the estimated mixing matrix are _Storedilgtal heart complexes in such electrode. Since there is hardly any
matrix iy = [y, 1y, ]. The fetal heartbeat contributions 0y yic \andering component presentin the chest leads, it cannot
the recordings are then obtained by be filtered and subtracted from the fourth abdominal electrode,
4) where it appears. The effect on the estimated optimal filters is

that the weights of the fourth primary input (fourth plotin Fig. 4)
Observe that this procedure allows the estimation of FECG caie not converge to zero: the system is ‘searching’ in the refer-
tributions toall leads. Only the abdominal signals are shown iance inputs, without success, for a component correlated with
Fig. 8 for the sake of a more meaningful comparison with thbe baseline wandering that corrupts the fourth electrode. The
MRANC. For the interested reader, the fetal contributions to thiesults of Fig. 6 can be interpreted in a totally analogous manner.
thoracic leads are displayed in Fig. 9. Analogous results are dtierefore, the performance of the MRANC method seems very
tained in the second dataset, from which another two sourceslependent on the electrode placement, similarly as occurs with
fetal cardiac activity are also identified. Figs. 10 and 11 sho80S-based BSS. The reference electrodes must be such that
the FECG components present in the abdominal and thorattiey contain signal components correlated with the interference
leads, respectively, of the second recording. in the primary electrodes.

yj=myxy.



ZARZOSO AND NANDI: NONINVASIVE FETAL ECG EXTRACTION 17

5 is recovered. From the fetal source, the FECG contributions to

OWW the electrodes involved are obtained as explained in Section 1V,
s ' and are displayed in Fig. 13 (cf. last three plots of Figs. 5
‘ ‘ ‘ ' ‘ and 8). The dimension of the estimated fetal subspace is now

o ) ' ’ ) ' lower than in the full-recording processing, which accounts
_SWPWMWW for the dissimilar results in both cases. However, the FECG

extraction achieved from such smaller number of electrodes

5, i . can still be considered as satisfactory. This robustness arises as
OWWMWWW an important major advantage of BSS techniques.
-5} W The computational cost is another relevant issue. Straight-
—10! ‘ forward calculations lead to a number of flépsf O(n?NT)
8] 1 2 3 a 5 [ 7 8 =] 10
time (s) for the WH-MRANC to extract the FECG components from a

single primary lead, fo®v andT large (or justO(nNT) if op-

Fig. 12. Source signals recovered by the BSS method from only thri . . .
abdominal electrodes (waveforms 3, 4, and 5) of the ECG recordings of Fig.gl('e‘.atlng on-line via LMS)' On the part of the BSS method, the

sources are extracted in roughty(p°/2T) flops, for T’ large.

02 Therefore, the relative cost, under the same conditions:asfd
| ‘ : the order ofp, depends on the number of taps in the MRANC
OWWMMWWW filters. For the parameter values of these particular experiments,
-0.2! : . ; . however, the BSS method is more expensive.
0.1 : Although the optimal WH solutions are obtained in batch-

o processing mode, it must be remarked that the MRANC is adap-
tive by nature (see in [21] results in adaptive mode), whereas

-0t ) : the BSS method employed in these experiments processes the
data in sample blocks (off-line or batch processing). For the ap-
OWWWMWMWMWM“ plication in a clinical environment, on-line (or adaptive) pro-
B . 1 cessing is certainly more convenient. Adaptive BSS methods
° ! 2 3 4 'ﬁmg o ° 7 s 9 10 doexistas well (e.g., [3], [20]), but additional experiments on
these ECG data confirm that more samples are needed for these
Fig.13. FECG contributions to electrodes 3, 4, and 5 obtained from the soug@aptive algorithms to reach a satisfactory stable solution. This
signals of Fig. 12. is connected with the fact that larger sample sizes are required
to compute HOS with a reasonable estimation accuracy. In the
As to the higher-order BSS method, the quality of all th®MRANC, by contrast, only SOS are (implicitly) used.
reconstructed FECG contributions is notably superior. For in- Results obtained in this biomedical context by other BSS
stance, the baseline wandering which corrupted the fourth sighégthods are reported in [1], [4], [9], [14] and [17]. In [1] and
obtained by the MRANC solution (Fig. 5) is now completely17] the recordings of Fig. 1 are processed through the PCA
eliminated in Fig. 8, since it is found to be generated by a&d the techniques of [5] (ICA-HOEVD) and [8] (HOSVD).
independent source of interference (sixth waveform in Fig. Basically, results from the BSS method evaluated here are much
and, hence, it is extracted from the fourth recording as a sepaere precise than from the PCA and the HOSVD, and very sim-
rate noise signal. Also, all reconstructed fetal components d@f to the ICA-HOEVD.
much less noisy than their MRANC counterparts, thanks to the
two additional independent noise sources extracted (waveforms VI. CONCLUSION AND OUTLOOK
3 and 8 in Fig. 7). Very similar outcomes are obtained for the
second recording (Fig. 10).
Besides the abdominal electrodes, the BSS method is

The experiments presented and discussed in this paper show
0OS-based BSS as a more robust and successful approach to
& noninvasive FECG extraction problem than the MRANC,

ECG-extraction quality offers promising prospects for the use
1CA-BSS technigues in prenatal medical diagnosis.

. "Eor the introduction of blind separation techniques as a gen-

maternal and other sources of disturbance. eralized diagnosis tool, however, further research is still neces-
The BSS robustness with respect to the electrode pla%%'ry. As the mostimportant point to be explored, the relationship

mﬁ nt %ndFTEuéné) er was ewdencelzd tr|1rough flu rctjhg r exp:ar!:pe Es[ween physiological sources of cardiac activity and the statis-
\fN erebg inal Isogrces vlver_e (’ieaéy revi?e yltexp ortin i@ally-independent sources that the signal separation methods
ew abdominal leads exciusively. Favorable Tesulls WeTe Ofgimate needs to be clarified. The lack of knowledge on this re-

tained by processing the output of up to only three elemmd{?ionship does not prevent BSS techniques from being useful

as illustrated by Figs. 12 and 13. In Fig. 12, the fetal a zts important state-of-the-art applications as telemedicine, in
maternal subspaces are successfully separated, and an FEC

source (third signal) practically free from MECG interference 5Additions are neglected, so that we definfiop as a real multiplication.
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which the physician merely considers the fetal cardiac rate.
addition to the heart rate, BSS presents the potential of offeri
more detailed information about the fetal heart, thus allowin
more accurate diagnosis.
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