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Signal separation by nonlinear projections: The fetal electrocardiogram
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We apply a locally linear projection technique which has been developed for noise reduction in determin-
istically chaotic signals to extract the fetal component from scalar maternal electrocardiog&a@kicre-
cordings. Although we do not expect the maternal ECG to be deterministic chaotic, typical signals are effec-
tively confined to a lower-dimensional manifold when embedded in delay space. The method is capable of
extracting fetal heart rate even when the fetal component and the noise are of comparable amplitude. If the
noise is small, more details of the fetal ECG, liReandT waves, can be recoverd®%1063-651X%96)50405-9

PACS numbd(s): 87.10+¢€, 05.45+b

Filtering a time series is the process of transforming adifference arises from the extracellular currents produced
single input into two output time series. In the case of noisdrom cardiac muscle cells in the course of their activation-
reduction, one of the output time series contains the signal afontraction-relaxation cycle. A pregnant woman'’s electrocar-
interest and the other is noise. In the case of signal separdiogram reflects the activity of the hearts of both the mother
tion, both outputs may themselves be of interest. In this paand the fetus(See Fig 1). Since the fetal heart is much
per, we are interested in a practical signal separation protsmaller than the maternal heart, the fetal signal is typically
lem: how to extract the e|ectrocardiogrg(ECG) of a fetus much smaller than the maternal. Normally, the fetal heart
from the ECG of the pregnant mother carrying the fetus. Thideats faster than the maternal heart, and the times of mater-
problem has medical applications to fetal monitoring. nal and fetal beats are considered to be independent of one

Each method for fi|tering time series provides a means oanother. The fetal ECG is otherwise quite similar to the ma-
specifying what are the differences between the two outputdernal ECG, and in particular both have broadband spectra.
Linear filtering implicitly assumes that the difference can be BY positioning the ECG electrodes on the abdomen, one
expressed in terms of the Fourier spectral content of the ougan maximize the amplitude of the fetal component of the
put signals. The linear technique is extremely general an&CG, but it will still be difficult to extract the fetal signal,
powerful. It also has the advantage that a more-or-less auto-
matic procedure can be used to design an optimal linear filter
— this is the Wiener filter. But despite the generality of the
linear filtering approach, it appears quite Procrustean when
confronted with a problem where the output signals have
similar spectral contents.

Nonlinear dynamics has suggested a new class of filtering 100 | .
techniques that are based on the idea of an attractor. This 0 P L g T AV S L
class of techniques can be dramatically superior to linear ~1%°
filtering methods when performing noise reduction on cha-
otic systems. The methods can also be successfully applied
to nonchaotic systems where the signal can be approximated
by dynamics on a low-dimensional attractor. For example, 9 [t
we recently demonstrated that nonlinear dynamics filtering 0 5 sec.
methods are quite powerful on the ECG.

In the signal separation problem, it is necessary that one

can express the dissimilarity between the two output signals FIG. 1. A synthesized signal consisting of the sum of two actual

using the “language™ that is implicitly provided by the fil-  =~:s from the MIT-BIH Polysomnographic Databd8& One of
tering technique. For instance, in linear filtering, th_e differ-yhe ECGs has been sped up by a factor of 3 and reduced to 0.07 in
ence between the two outputs must be expressed in terms gfsjitude in order to mimic a fetal ECG. In addition, the series has
their different frequency contents. Here, we examine the eXpeen contaminated by typical base line noise of the same rms am-
pressiveness of nonlinear dynamics filtering methods in th@jitude as that of the fetal component. We also show the pure fetal
context of the problem of separating the ECG of a fetus fromecG included in the signal. Note that the figure only shows one
that of the pregnant mother. quarter of the time series we used for the signal separation proce-

The ECG is a recording of the electrical potential differ- dure. The sampling rate is 250 Hz. Due to the 12 bit A-D conver-
ence between two points on the body surface. This potentialion, the units here are not simphyV.
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FIG. 2. Delay representations of the ECG shown in Fig. 1. Left: 0
The delay time is 0.02 sec. and the large loop resolves the ventricu-
lar QRS complex while the smaller features in the center contain
the atrialP wave and thd wave. Right: When a longer delay time FIG. 3. A synthesized maternal-fetal ECG for an almost noise
(0.08 seq.is used, theQRScomplex is no longer resolved but the free situation where however the fetal component is very small.
small central loop displays thE wave.(See[7] for an introduction ~ Both ECGs in this figure were taken by Petr Saparin at Saratov
to the terminology and electrocardiography in gengrid. delay  State University.
coordinates, the fetal component is hardly visible as small devia-

tions from the manifold. the choice of three important parameters: the length of the
embedding window, the dimension of the local manifold pro-
especially during the spikelik® RScomplex. A number of jected on, and the diameter of the neighborhoods used to
methods have been proposed to perform this extraction othéorm the linear approximations. The embedding window can
than by visual inspection. Most approaches use multiplde used to select components by time scale, the neighbor-
leads which are subtracted in an appropriate way in order thood size determines a length scale in phase space.
approximately cancel out the maternal signal. If a single lead These parameters constitute the “language” that allows
is used, one can subtract a template of an averaged EC@ to express the differences between the fetal ECG and the
cycle from the maternal signgP]. Filtering in the Fourier maternal ECG. In our case, the relevant medical facts are that
domain is not appropriate since all three components, matethe fetal ECG is much smaller in amplitude than the maternal
nal, fetal, and noise, have broad spectra that are hard to sepfa€G, and that the fetal heart beat occurs on a shorter time
rate. scale than the maternal one. We set the nonlinear filtering
The strategy pursued in this paper is based on an obseparameters accordingly: the embedding window is set to 0.2
vation which has been discussed and used for ECG noissec. corresponding to a small fraction of a maternal heart
reduction in previous workl]: Although not deterministi- beat cycle but covering practically an entire fetal beat; the
cally chaotic, the ECG can be unfolded using delay coordilocal neighborhoods are set large enough to contain the peak-
nates and is then empirically found to be effectively con-to-peak amplitude of the fetal ECG. As a result, the locally
strained to a low-dimensional manifold. This is related to thelinear projections are inadequate to preserve the structure of
relatively good predictability of the ECG over times smaller the fetal ECG: essentially the whole complicated nonlinear
than a cycle length. Such a delay representation is shown istructure of a fetal beat is being projected onto a linear mani-
Fig. 2. (See[4] about the theory of time series embeddings. fold. The output of the nonlinear filter is therefore stripped of
In [1], noise reduction has been accomplished by constructhe fetal ECG component. To recover the fetal ECG, then,
ing locally linear approximations to this manifold and pro- one can subtract the output of the filter from the input, as
jecting onto these linear subspaces. In the present paper, tehown in Figs. 3 and 4. In such a case, although the fetal
fetal component will be treated similarly to the noise, that is,component is quite small, it can be recovered from the su-
as a disturbance of the maternal signal. perimposed series in such detail that the estimation of clini-
We will again use the local projective noise reductioncally relevant parameters, like th&Q interval, is possible.
algorithm proposed if5] and adapted to the ECG case in  The idea of discriminating between two signals based on
[1]. (See[6] for a review on nonlinear noise reductipfror  their peak-to-peak amplitudes is quite foreign to the linear
a technical description of the algorithm we refer to thesefiltering methodology, which has no effective means of ex-
references. Let us, however, recall that the algorithm requirepressing this simple difference between the fetal and mater-

10 sec.
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20 | . FIG. 4. Detail of the input signalleft), the
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151 |QRS>) i fetal componen(r_mddle), and thg recon_stru_cted
200 1 T fetal componentright). Same series as in Fig. 3.
100 F QRS 1 10+t We also identified some clinically relevant fea-

0 bt _j\ A 5| P tures of the fetal part: th® wave indicates the
¥ depolarization of the atrium. Th@ RS complex

-100 | \/ . 0 B/ reflects the depolarization and tfewave the re-
-200 5 5 polarization of the ventricle.
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FIG. 6. Schematic diagram for the extraction of the fetal ECG.
FIG. 5. The result of Wiener filterinop) is shown in compari- Two locally linear projections are performed. The fetal component
son with the true fetal componefitottom). Same data as in Figs. 3 1S estimated as the difference of the two resulting sigrials
and 4. Although we used the known spectrum of the fetal Compoi‘noises”). Sometimes it can be useful to perform an additional
nent to construct the filter, the optimal linear filter is essentiallyNoise reduction step on the estimated fetal ECG.
useless for extracting the fetal signal. The large peaks in the Wiener
filter output correspond to the materr@R Scomplexes. fetal ECG is faithfully extracted by the nonlinear filter. De-
tails such as th® wave are lost. In a clinical situation, fetal
nal ECG signals. The use of amplitude as a discriminatingnonitoring is mainly concerned with fetal heart rate, and so
feature also leads to a paradox: the performance of the filtefhe timing of theQR Scomplex is the important feature that
can become worse as the amplitude of the fetal signal inmyst be preserved in the signal separation process. This
creases. clinical criterion is satisfied even in the noisy ECG case.
We can compare the nonlinear dynamics filtering process Technically, the first filtering step is done with an embed-
to the optimal linear filter, the Wiener filter. To construct the ding window that is somewhat shorter than one ECG cycle,
optimal linear filter, we need estimates of the power spectrg.2 sec. in the examples in this paper. Further, the diameter
of the maternal and fetal signals separately. For the purposes the neighborhoods is chosen large enough in order to
of demonstration, we will use the actual fetal and maternatover both the fetal signal and the noise. For the signal in
signals to estimate the power spectrum, recognizing that theig. 1 we used neighborhoods of diameter analog-to-digital
resulting filter will be more refined and precise than WOU|d(A_D) 50 units, while for the smaller fetal Signa| in F|g 3 we
be possible in practice. The result of the Wiener filter thuschose 25 A-D units. This relevant length scale was deter-
constructed is shown in Fig. 5. mined by inspection of the measured signal. The difference

The signal shown in Fig. 4 is unusually noise free. In apetween the input and the output of this filter contains fetal
more typical case, there is considerable content in the EC@nd noise disturbances of the maternal ECG.

that reflects neither the maternal heart nor the fetal heart, and |n order to select the exogenous noise, the embedding

that we consider exogenous noise. In addition, there may bgindow of the second filter is much shortérere 0.02 seg.

physiological variability in the maternal ECG that cannot besych that the fetal component is interpreted as part of the
well represented by dynamics on a low-dimensional mani-

fold and that therefore shows up in the extracted fetal signal.
We wish to try to estimate this physiological variability and

the noise in order to minimize the contamination of the ex-
tracted fetal signal. This can be done by performing noise »q | _
reduction with a shorter embedding window and a smaller ‘
neighborhood size. The objective now is to preserve the fetal
signal which is possible because using the shorter embedding
window and smaller neighborhoods allows the locally linear

projections better to represent the fetal components. The dif- o4 | ]

ference between the input and the output is now taken to 0
indicate the component of the ECG which is neither of fetal
nor maternal origin. As seen in Fig. 7, middle strip, this

approach is only partially effective in practice: although the 20 f .
maternal and fetal components are greatly reduced in ampli- !
tude, there are remnants particularly during the fetal and ma-
ternal QRS complexes.

Combining the outputs of both filters, as indicated in Fig.
6, appears to give the best resulSee Fig. 7. Although
some part of the fetal signal is lost, the combination compen-
sates for the inability of the large-neighborhood filtering per-  FIG. 7. Top: all contaminations of the maternal signal, Fig. 1,
fectly to represent the peaks of the mater@d® Scomplex.  containing fetus and noise. Middle: attempt to select the random
In the case of the noisy ECG, only tl@RScomplex of the  contamination only. Bottom: difference of the two previous panels.

0 5 sec.
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last processing of the fetal signal, where projections onto

20 - three dimensions were used. We used a delay of 4 msec for
ol w all embeddings. This usually gives the best filter properties.
The necessary embedding dimension and thus the computa-

tional effort can, however, be reduced dramatically when a
longer delay time is chosen. In that case, the filtering can be
done in about real time on an Alpha 200 workstation, once a

20 . good set of parameters is established.
o r\w A number of different approaches have been developed

for extracting the fetal ECG2]. These approaches are all
nonlinear, but generally consist @d hoc techniques for
0 5 sec. identifying the materna@ R Scomplexes and subtracting out
templates reflecting the typical mater@@R Scomplex. For
instance, a template might be constructed by averaging to-
FIG. 8. Top: original fetal component included in the seriesgether many aligned maternal compléeQRST cycles.
shown in Fig. 1. Bottom: reconstructed fetal component after nonThe approach we present here offers a natural framework for
linear noise reduction. Although the amplitude of the fafRS  this sort of subtraction: rather than using a template in the
complex is reduced in the reconstruction, at least the heart rate cdime domain, we estimate one in the domain of the embed-
be determined reliably. ded signal. The template takes the form of a low-dimensional
manifold. This domain allows us to express the differences
between the fetal and maternal components in terms of am-
plitude and time scale, which are closely based on what we

1) as well in order to preserve the fetal contribution. The . .
difference signal, Fig. 7, bottom, was then further processegnneﬁgrﬁsoéég]e physical differences between the fetal and

using a delay window of 0.1 sec. and neighborhoods of di-
ameter 10 A-D units. The final version of the reconstructed = We thank Petr Saparin for providing ECG recordings
fetal ECG is shown in Fig. 8. We are not particularly inter- and Peter Grassberger and Holger Kantz for stimulating dis-
ested in the maternal signal itself. Thus, since we form theussions. This work was supported by the SFB 237 of the
difference of two reconstructions, some smooth overall disDeutsche Forschungsgemeinschaft, the Natural Sciences and
tortion of the maternal signal is of no concern, and we al-Engineering Research Council of Canada, and the Fonds de
ways project onto a one-dimensional manifold, except for théa recherche en santk Qudec.

signal. The neighborhoods are small&® A-D units in Fig.
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