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SENSOR ARRAY FOR FOETAL ECG. PART 2: SENSOR SELECTION.
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ABSTRACT

Non invasive foetal electrocardiogram (ECG) extraction
involve measurements from electrodes located on different
points of the mother’s skin. As a result, foetal ECG (fECG)
and maternal ECG (MECG) components appear mixed to-
gether in the recordings, in addition with some random dis-
turbances, such as mother electromyograms, thermal noise
from the electrodes,etc. Fetal contribution however is mi-
nor by comparison with these electrical sources and clas-
sical signal processing, like filtering, does not allow us to
recover the fECG. The task of obtaining the fECG from
the rest of non-desired signals, that disturb the cutaneous
recordings, can be coped by using blind source separation
(BSS) tools. In the following, we propose some conditions
on the number and location of the sensors so that the ex-
traction is optimal.

1. INTRODUCTION

So-called non invasive techniques have been shown to be
very efficient for fECG extraction [1, 2]. Recently, some
authors have shown that this problem can fit into the blind
source separation (BSS) framework, where the mixtures
are the signals recorded by external sensors. If their mix-
ture is linear, instantaneous and noise-free, the well-known
method of independent component analysis (ICA) is able
to recover the original sources, up to a scale factor and per-
mutation. Note that, if the identification of fECG signal
among all the estimated sources is a quite easy task, ex-
tracting a complete PQRST waveform requires much more
effort, especially due to the residual noise [3]. A necessary
condition to recover the original sources is that the number
of external sensors must be greater or equal to the number
of original sources. While it may be appropriate to design
a network that densely populate the mother abdomen with
electrodes during sensor deployment, operation of the net-
work may not require that all network nodes be operating.
Indeed, for efficient operation, it may be desirable to se-
lect a subset of nodes such that (i) 2 sensors don’t record
exactly the same signal, (ii) all sources must be involved
in the recording with a non-zero variance, (iii) electrodes
providing irrelevant signals are rejected, (vi) the low power
of the fECG signal can be improved, (v) there doesn’t exist
an optimal location of the sensors, constant in time as the
foetus moves. These considerations, in addition to the low
power of the fECG signal explain why the locations of the
electrodes can improve the fECG extraction, while others
can decrease its efficiency.

An appropriate algorithm for node subset selection in a
densely populated network can be highly dependent on
prior information about the signal and noise. In this paper,
we explore strategies based on sensor selection and anal-
yse the resulting algorithm’s performance. We will show
that sensor selection is a viable approach in the absence of
reliable and detailed prior information. The signals ana-
lyzed here are the sum of the electrical fields generated by
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several simulated sources for which an electrical model has
been derived (see [4]). In section I, we consider the need
for differential measurements and detail the proposed elec-
tronic architecture. Section Il analyses the performance
of selection algorithms. Section IV decribes an algorithm
which chooses electrode pairs based on geometrical calcu-
lation. Section V reviews our results and discusses diretion
fro further investigation.

2. TWO STRATEGIES FOR ELECTRODE
SELECTION

The aim of choosing electrodes is to enhance the quality of
the output signal. This quality is strongly compromised by
the fact that the signal of interest, i.e. the signal of the foe-
tus, is overlayed by other signals with an equal or higher
amplitude. The amplitude of the maternal heart is about
5-20 times higher than that of the foetus. Hence, to make
the signal of the foetus observable the sources have to be
separated. This is not possible by conventional linear filter-
ing as the signals overlap in time and frequency space. For
that reason, Independent Component Analysis (ICA) are
applied. ICA is a signal processing technique capable of
separating signals out of an unknown mixture of indepen-
dent sources. As former investigations have shown, apply-
ing ICA to the signals of experimental found electrodes is
not satisfying. With selecting optimal electrodes the qual-
ity of the input signal of the ICA procedure will increase
and thus also the quality of the output. The reason for the
fact that some electrodes are better than others is that the
sources are not emitting homogenously in every direction
but for every source there are regions of maximal and re-
gions of minimal amplitude [4].

To obtain a voltage measurement, it is always necessary to
measure the difference of two potentials U, and U; due to
the definition of voltage

U12 = U2—U1- (1)

Thus every measurement of electrode signals is the differ-
ence between the potential at one electrode and the po-
tential at a “reference” electrode, which is performed by
a differential amplifier. The most useful way is to choose
the reference electrode also out of the electrodes attached
to the body surface. This has the following reasons: First,
noise which is added to every measurement with the same
amplitude, is almost eliminated by measuring the differ-
ence of two signals. Second, with measuring between two
points, the measurement is directed. This is explained us-
ing the example of one dipole and two electrodes as illus-
trated in figure 1.

If the line connecting the two electrodes is orthogonal to
the dipole (Fig. 1.a), then the same signal is measured
at both electrodes due to the symmetry of the dipole field
and thus the difference is zero. On the other hand, if the
measurement is parallel to the dipole direction (Fig. 1.b),
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Figure 1: Direction of measurements.
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the signals have the opposite polarity and thus the differ-
ence has two times the amplitude of the signal of one sin-
gle electrode. This could be taken advantage of by finding
electrode pairs which are orthogonal to the mother’s dipole
and parallel to the foetus’ dipole, i.e. only the foetus’ sig-
nal is captured. As a conclusion, the task is to find pairs
of electrodes so that their measurements are optimized in
order to separate the sources.

A criterion or cost function for that optimization has to be
defined. Two ways for finding optimal electrodes can be
identified:

1. The first possibility is to get the measurements of all
electrodes, to compute the cost function of every elec-
trode pair and to select the pairs with the lowest value.
This would mean the computation of all possible com-
binations of two electrodes.

2. The second way could be to select electrode pairs ran-
domly and change their position iteratively by only us-
ing a subset of measurements.

Some naming conventions which will be proposed in the
following: the measurement of one electrode is called
unipolar measurement. A measurement between one elec-
trode and its reference electrode is called differential mea-
surement. That implies, that both electrodes are connected
to the same amplifier (see Fig. 2). A measurement between
two arbitrary electrodes not connected to the same ampli-
fier is called bipolar measurement.

Unaffected by the cost function used, several questions
came up concerning the optimal electrodes found:

1. Are those electrodes, for which the criterion is fulfilled
best, also the best for another criterion, which is im-
possible to measure? One answer regarding an exam-

le criterion could be that the measurement with the
owest amplitude of the mother is the best for observ-
ing the foetus. But the signal of the foetus may not be
visible at all in this measurement.

2. What if the solution is not one single but a set of dif-
ferent measurements? An additional criterion has then
to be applied to this set. E.g. the bipolar measurements
with minimal maternal amplitude are those orthogonal
to the maternal heart vector but, among these, are also
those orthogonal to the foetal heart vector. Thus, out
of the electrodes orthogonal to the maternal heart vec-
tor, those electrodes have to be chosen, which are most
parallel to the foetal heart vector.

3. Does there exist, among the latter set of different mea-
surements, a trivial one? E.g. one measurement with
minimal maternal amplitude could be received when
using a first electrode as reference and a second elec-
trode which is the same as, or as near as possible to that
reference. In that case, this solution has to be excluded.

3. PROPOSED HARDWARE ARCHITECTURE

Besides the problem of choosing the appropriate criterion
exists the task of implementing the algorithm into hard-
ware. For this task, the future architecture has to be re-
garded. The most important fact is that it is not possible

to collect the whole set of measurements during one sam-
pling time, because the electrodes must be multiplexed to
the amplifiers. Hence not all possible measurements are
available at the same time and it is not possible to select
one pair of electrodes with respect to the total number of
combinations, i.e. L x (C—1)/2 . Additionally, each am-
plifier has one fixed reference electrode and can only be
connected to some electrodes as illustrated by figure 2.
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Figure 2: Proposed electronic architecture.

Consider the situation in which the sensors are uniformly
distributed and form a L-by-C array, located around the
pregnant woman abdomen [5]. The sensors’ relative po-
sitions are known and labelled with y=1,...,Land n =
1,...,C. Each electrode is defined as a duplet of integers
a=(W,n) 1<y <L,1<n;<C, where y is the co-
ordinate in the direction feet to head, and n; the coordinate
on the abdominal circle. Let & = {ey,...,en} be the set
of sensor elements (n = L x C). Any diffrential measure-
ment my; can be defined as a selection of two electrodes
mj = (&,€j),1 <i,j < n. Reference electrodes are de-
fined as er = (Uri, Nri ). Due to the proposed architecture
detailled figure 2, differential measurements are only pos-
sible between electrodes connected to the same amplifier.
Let defined by .# the set of these differential measure-
ments. The subset of electrodes connected to the same am-
plifier i is defined as &ri = {€|(e,eri) € A }.

4. SENSOR PURSUIT ALGORITHM ADOPTED
TO THE ARCHITECTURE

4.1 Finding the first two electrode pairs

A possible algorithm will be proposed in the following.
The criterion to be maximized is the amplitude of the sig-
nal during the interval [t1,to] while the maternal heart is
not active. This time interval can be retrieved from tho-
racic ECG measurements as it is shown in figure 3.

The electrode grid is illustrated by figure 4, where refer-
ence electrodes eg; are fixed at positions (Ui, Nri) and as-
sociated electrodes g at variable positions (p;, ). Let us
define k the index of iteration steps. Assigned to each ref-
erence electrode eg; is a set of electrodes with variable po-
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Figure 3: Thoracic ECG signal and inactive maternal heart
period [Ty, T2].

sition (ui(k), r]i<k>). For simplicity, it is assumed that one
reference electrode is at each row of the electrode grid and
the assigned set consists of the other electrodes of that row,

as shown in figure 4. This leads to yr = ui(k) forall k. This
means that the coordinate i is the same for all electrodes
connected to the same amplifier. Further, the coordinate pi

chosen at iteration step j will be referenced as ui(k:') or,
shorter, /.

€Ri

—

n
Figure 4: 10-by-10 electrode grid.

Differential measurements are only possible between a ref-
erence and one electrode in the set assigned to that refer-
ence. Unipolar measurement is written as u(y, n,t), and
t is the time index. Differential measurement is given
through time by:

d(eri,&,t) = U(URri, Nri,t) —u(pi, nit) =di.  (2)

Bipolar measurements between two arbitrary electrodes on
the grid, which are not connected to the same reference

electrode is:

b(aaejat) = d(eRJ7eJ7t) _d(eRlaaat)
+d(eri, erj,t) =i ;. 3)
The further algorithm will optimize the placement of the
first two electrodes e; and e,. First, the derivatives in the

direction of u and n during the mother inactive heart pe-
riod [t1,t,] are approximated:

%)

1
D[Jl = N [Z b(u1+ 17 r’la u27 n27t) - b(l"lla ’717 “27 027t)] (4)
=t
1.2
Df)l = N [tZ b(UL ’71 + 17 u27 n27t) - b(l"lla ’717 “27 027t)] (5)
=
1.2
D[JZ = N[Z b(“la ’717112‘1‘ 17’727t) - b(“la na, Lo, n27t)] (6)
=t

1 b
Dp2= N [Z b(u1, N1, M2, N2+ 1,t) —b(Ha, N1, k2, N2,1)]  (7)
=t

where N is the number of summands, i.e. the number of
samples during the mother inactive heart period. Once eq.
(4-7) are complete, the position will be changed in the di-
rection of the derivative:

piY = ¥ 4 aby ®)
NtV =n{ + abps ©)
W — 4 0D a0
n Y =n 1 abD, (11)

where a is a positive constant called learning factor.

The next iteration step starts with calculating other deriva-
tives. This procedure will maximize the amplitude of the
signal during mother inactive heart period. But, if two
neighbored positions have the same foetal amplitude and
that one has higher noise than the other, the electrode with
the higher noise will be chosen. In order to avoid this draw-
back, the algorithm could be used during the interval where
the amplitude of the mother ECG is dominant: the aim of
the procedure is then to minimize the signal. To do so only
t1 and ty have to be changed and the learning factor o is
now set negative.

Due to the fact that the values for D vary largely, it is dif-
ficult to set the appropriate value for the learning factor
a. Making a smaller will make the algorithm stop earlier.
Making o larger results in larger steps at the beginning.
This could prevent the algorithm from converging to one
blurred solution. A possible solution would be to replace
the term a - D by sign(D). Thus, after each step, the co-
ordinates are changed by one. This might seem too slow
but with a 10-by-10 electrode grid, the maximal number of
iterations needed to converge is 10. Once the right posi-
tion is found, the movement of the foetus will only induce
small changes of the electrode position.

This algorithm converges to a maximum but it is not en-
sure that this is a global one (see [6]). In other words, the
algorithm might get blocked in “local maxima”. Evaluat-
ing the signals from the simulator, no local maximum was
found, but though, the existence of local maxima cannot be
excluded for real data.



This algorithm is used to select one first pair of electrodes
with maximal maternal amplitude and another one with
maximal foetal amplitude. This works under the assump-
tion that the noise is equally distributed over the electrode
grid or, at least, that the difference in noise between two
electrodes is negligible with respect to the difference in
foetal signal amplitude.

4.2 Finding Further Pairs. ..

Let X defines the set of measurement: X = [x1x2...Xn],
where x;j = (X1, . - ,xiT)T is the data vector of sensor i and

T is the transpose operator. More electrode pairs are found
by minimizing the correlation between an additional pair
and a pair already found. This could be achieved by chang-
ing equations (4-7) to the following correlation difference:

D. = E[xgx;] — E[xox/], (12)

where x, denotes the signal of the already found pair, x,
denotes the signal of the additional pair at the actual posi-
tion and x¢ is the signal of the additional pair moved the
samg way as in equations (4-7). These signals are first cen-
tered.

When computing the correlation by equation (12), it is only
possible to receive the correlation between two electrode
pairs. But it is necessary to have one single criterion which
reflects the correlation between one new signal and an ar-
bitrary number of already found signals. It was proposed
to use the angle between the axis of the new signal and the
eigenvector of the new signal. By eigenvector and eigen-
value is meant the eigenvector and eigenvalue of the full

correlation matrix of the signals E[XT X]. The explanation
for this uses statistical matters [6] which will be outlined
in the following, while the first and second signals are al-
ways the signals of the already found electrode pairs and
the third signal is always the signal of a new electrode pair
whose placement has to be optimized. The problem is lo-
cated near the problem of principle component analysis,
which is discussed in detail in [7].

In the following, all signals are assumed to have zero mean,
which could be easily achieved by subtracting the mean
from the signals. The correlation between two signals
could also be seen as in figure 5 where the lines indicate
the eigenvectors of the signals. When one signal is already
recorded and a second one has to be found, the two signals
are uncorrelated if the eigenvector of the second signal is
lying parallel to the axis of the second signal (figure 5.b).
The two signals can be correlated if the eigenvalues are
rotated as in figure 5.a.

Thus the angle between the eigenvector and the axis of the
new signal can be used as a scalar criterion for the uncor-
relatedness of the signals. The angle between two vectors
a and b is calculated by equation (13):

¢ = arccos (%) (13)

This calculation works also for higher dimensions and is
used as the quality criterion. Figure 6 shows the eigen-
vectors of the signals before (a) and after (b) the iterative
optimization.

One problem of this optimization was, that the differential
signal of two electrodes very near to each other is uncorre-
lated with any other signal but electrodes like that are not
useful for a measurement. The approach of the two elec-
trodes to each other is accompanied by a significant de-
crease of the eigenvalue of the new measurement. Thus if
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the eigenvalue is beneath a certain threshold, the electrodes
are replaced randomly. The correlations between the new
signal and the two already found signals over the iteration
index is plotted in figure 7.

correlation

epoch

Figure 7: Correlations

At iteration 6 to 7, the steep edge indicates the replacement
of the electrodes. This procedure can be used to find a third
electrode pair but not to find further pairs. The reason for
that is the following: the algorithm is based on following
the gradient to an extremum but it cannot be guaranteed
that this is a global extremum. Regarding the two signals
which are optimized for the foetus and the mother, the cor-
relation landscape is mostly monotonic as in these signals
one component (mother or foetus) is dominant and thus the
correlation declines with the the declination of the domi-
nant component. But the third signal is chosen so that the
two dominant components of the first two pairs are the least
existent, thus the correlation landscape is quite irregular as
shown in figure 8.

It is obvious that the global minimum can be found for the
first two signals of the mother and the foetus but hardly for
the third one. Thus, it is hardly possible to find a fourth
electrode pair which is least correlated with the others.

5. GEOMETRY BASED ALGORITHM

This algorithm proposed to select an arbitrary number of
electrode pairs by covering best the electrode grid and all
possible directions starting with at least one already found
electrode pair. For every electrode on the belt, the distance
in space to an other found electrode e, , is calculated and
the squared inverse of the distances to all m found (single)
electrodes fi,i = 1,...,mis cumulated. In the following
bold characters describe coordinate vectors with x, y and z
components:

m
1
dyp=5Y ——m— =1...L,n=1...C. (14
a i;|fi—eu,n|2 H d (14

The indices u, n of the lowest of all d, , are the indices of
the first electrode f, 1 of the new pair. Thus this electrode
is the most far awaﬁrom the others. The second electrode
of the new pair should be chosen so that the direction of
the line connecting the two electrodes, is most different
(or orthogonal) to the direction of the pairs already found.
To achieve that, the vector of the connection lines of the
already found electrodes, f5 1 and f5; forming one pair p;j,

Figure 8: Correlation landscapes.



is calculated:

pi = —fi_1

fai x fai1x . m
= fay |- fa_zy |,Vi=1l...7  (15)
faiz fa 1z 2

The vector is then divided by its norm. Further, The com-
ponents X,y and z of the vectors between all electrodes of
the belt and the first electrode of the new pair are calculated

by:

Ayn=eyn—fm1, u=1...L,n=1...C (16)
Thus, the first electrode fr,. 1 of the new pair is selected
and all possible vectors for the new pair are available. To
find the second electrode of the new pair, one of the pos-
sible vectors has to be chosen. The best choice should be
the pair with the largest angle ¢ or smallest dot product
between the new vector and all the vectors of the pairs al-
ready found. For this, the dot product is computed between
all possible vectors and the first already found pair. The
result is a matrix with as many entries as the total number
of electrodes. This matrix is now computed another time
for the second pair already found and added to the matrix
corresponding to the first pair and so on for all the pairs
already found.

m/2
Su.n = Z Apn-pi (17)
I

Now the electrode with the smallest value for this cumu-
lated dot product s is chosen as second electrode fy,,» of
the new pair. The new pair is added to the list of already
found pairs and the procedure starts again for the next pair.
The result is a set of electrode pairs which cover the belt
by their placement and cover the space by their direction.

6. PARTICULARITIES OF THE SIGNALS

the hearts are emitting their electric field not homoge-
nously in all directions. The fields are generated by dipoles
with fixed position but changing direction. Thus, regarding
only one heart, the signals of two neighbored electrodes
are not only of different amplitude but also shifted in time
depending on the position of the electrodes. In addition
to that the signal is not only shifted but its shape is also
changed. Simplifying, it can be described as if the different
peaks of the P,Q,R,Sand T waves have different changes
in amplitude for different direction. In other words, by
switching from one electrode to a neighbored electrode,
the Q peak could be higher while the R peaks is lower.
Separation could be archieved by finding a function, which
describes the relation between signals neighbored pairs and
inserting this function in the ICA model. This could be
threatened by the fact that not all sources are fields of ro-
tating vectors and by the fact that the properties of the rota-
tion, like speed and direction, heavily depend on anatom-
ical properties as described in [4]. Thus these properties
can change between two individuals especially when some
kind of anatomical anomalies exist.

7. CONCLUSION AND FURTHER WORKS

Several different aspects of sensor selection were dis-
cussed. The most important result of this work is not the

algorithm but rather the knowledge gained on the proper-
ties of the signals. How the field of the rotating dipole
behaves and which questions have to be answered. It came
out that the discussion over the best suitable algorithm is
closely related to the choice of the hardware. Thus this
work did not arrive at the best mean of sensor selection but
provides basic information for future researchers.
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