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Maternal ECG removal from non-invasive fetal ECG recordings

Rik Vullings, Chris Peters, Massimo Mischi, Guid Oei, and Jan Bergmans

Abstract— Fetal monitoring during pregnancy is important to
support medical decision making. The fetal electrocardiogram
(fECG) is a valuable signal to diagnose fetal well-being. Non-
invasive recording of the fECG is performed by positioning
electrodes on the maternal abdomen. The signal to noise ratio of
these recordings is relatively low and the main undesired signal
is the maternal electrocardiogram (mECG). Existing methods
to remove the mECG signal are not sufficiently accurate to
extract the complete fECG signal. In this paper, a novel method
for removal of the mECG signal from abdominal recordings is
presented. It is an extension of the linear prediction method.
Each mECG complex is segmentated and these segments are
separately estimated by linear prediction. Both the presented
method and the standard linear prediction are applied to sim-
ulated abdominal recordings and evaluated by determining the
rms errors between the estimated and the actual fECG signals.
The ratio between the rms errors of the linear prediction
method and the presented method varies between 0.4 dB and
2.3 dB. It can therefore be concluded that the presented method
is capable of a more accurate removal of the mECG signal for
all simulated abdominal recordings with respect to the linear
prediction method.

I. INTRODUCTION

A major problem in modern obstetrics with respect to fetal
monitoring is the lack of possibilities to extract information
from the fetus to assess its condition. The fetal heart rate is
one of the few useful signals that can be measured non-
invasively. In clinical practice it is often the only source
of information that is available. During pregnancy, the fetal
heart rate is monitored using Doppler ultrasound. Unfortu-
nately, this technique is inaccurate and provides a relatively
low positive predictive value [1]: it is reliable only when
the condition of the fetus is clearly good or clearly bad.
In different situations, additional tests, such as microblood
examinations, are required. Furthermore, extensive use of
Doppler ultrasound for fetal heart rate monitoring might be
harmful to the fetus.

During labor, it is possible to monitor the fetal heart rate
by means of an electrode directly connected to the fetal scalp.
This scalp electrode provides a more reliable fetal heart rate
and provides additional information by means of the fetal
electrocardiogram (fECG). Changes in the condition of the
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fetus are reflected in the ECG as changes in the morphology.
Therefore, determination of the fECG in addition to the fetal
heart rate can improve prediction of fetal distress. Drawback
of the direct measurement of the fECG is that it is an invasive
technique that can only be applied during labor when the
fetal membranes have ruptured.

In stages of pregnancy earlier than labor, it could be
possible to monitor the fECG by means of electrodes posi-
tioned on the abdomen of the mother. Furthermore, by using
multiple electrodes it could be possible to reconstruct the
fetal vectorcardiogram. This vectorcardiogram, in fact, is a
valuable diagnostic tool in electrocardiography [2]. Because
of the low signal to noise ratio of these measurements, ad-
ditional signal processing techniques are required to extract
the fECG.

The signals measured at the abdomen are a mixture of
electrophysiological signals and noise. Examples of elec-
trophysiological signals present in the recordings are the
maternal electrocardiogram (mECG), the electrohysterogram
(EHG, the electrical activity of the uterus) and the fECG. The
spectrum of the EHG typically ranges between 0.1 Hz and
3 Hz [3]. Therefore most of the EHG can be suppressed
by applying a linear phase highpass filter with a cut-off
frequency at 2 Hz; filtering with a higher cut-off frequency
would affect the fECG. One of the main sources of noise is
the power line signal, which can be suppressed by applying
a notch filter.

As the amplitude of the fECG is small with respect to
the amplitude of the mECG and the spectra of both ECG
signals overlap [4], the mECG cannot be suppressed by the
application of a classical filter. Several techniques to extract
the fECG from abdominal recordings have been proposed.
Commonly, methods based on independent component analy-
sis (ICA) and linear prediction (LP) are used [5][6]. ICA
determines the linear transformation that maximizes the
statistical independency of the transformed signals [7]. Due
to the low signal to noise ratio of the fECG, in most
situations only one or two [8] of the transformed signals
represent the fECG signal. The fact that only one of two
transformed signals represent the fECG signal is a significant
drawback that limits the diagnostic value of the method,
since it does not allow the accurate reconstruction of the
fetal vectorcardiogram, as for this reconstruction several
fECG signals are required [9]. Therefore, ICA is not further
considered in our approach to obtain the fECG.

The estimation of the fECG by the LP method (and other
averaging methods) is based on the subtraction of the average
mECG signal. This is an advantage with respect to ICA
as the linear prediction method extracts the fECG signal
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for each electrode, enabling the reconstruction of the fetal
vectorcardiogram. Due to variability in the shape of the ECG,
the averaged mECG complexes are not completely equal to
the actual recorded mECG complexes. Main causes for this
variability are the respiratory effects [2]. As a result, the
fECG signals obtained by subtraction of the averaged mECG
complexes from the recorded signals are affected by residuals
of the mECG. These residuals can have amplitudes of the
same magnitude as the amplitude of the fECG and can lead
to errors.

In this paper we present a new method to extract the fECG
signals from abdominal recordings. This method is based on
the subtraction of an averaged mECG. In contrast to the
LP method this method averages each wave of the ECG
complex separately, instead of averaging the ECG complex
as a whole. Therefore, the developed method is referred to as
segmentational linear prediction (SLP). The SLP method and
the LP method are evaluated by applying both methods on
simulated abdominal recordings. These simulated abdominal
recordings are composed of actual recordings, but in contrast
to standard abdominal recordings the fetal signal is known
as it is measured directly using a scalp electrode. After
subtraction of the mECG it is therefore possible to evaluate
both algorithms. The fECG signals obtained by the SLP
method show an improved agreement with the actual fetal
signals with respect to the fECG signals obtained by the LP
method.

II. METHODOLOGY
A. Measurement

The fECG measurements are performed by positioning 12
Ag/AgCl electrodes in two horizontal lines on the maternal
abdomen and one electrode on each of the maternal shoulders
(Fig. 1). The recorded signals are digitized using a Porti-
16/ASD amplifier (TMS International B.V., the Netherlands)
operating at 400 Hz sampling rate with 22 bit resolution.
The fECG is measured by positioning an electrode on
the fetal scalp. The signal from this electrode is recorded
using a HP 8040A (Agilent, Palo Alto, California) second-
generation fetal CTG-monitor and digitized by a NI 6034E
data acquisition board operating at 1024 Hz sampling rate
with 16 bit resolution.

To evaluate the performance of the SLP method with
respect to the performance of the LP method, nine abdominal
recordings are simulated. The bipolar lead of the mECG
measured at the shoulders, resembling Einthoven I, is used
as maternal signal and the fECG measured by the scalp elec-
trode is used as fetal signal. Prior to generating the simulated
signals, the fECG signal is downsampled to 400 Hz. The first
four simulated abdominal recordings are characterized by the
rms amplitude ratio between the fECG signal and the mECG
signal. These ratios are 0, -3, -10, and -13 dB. The next four
simulated abdominal recording have a rms amplitude ratio
of -10 dB between the fECG signal and the mECG signal
and are superimposed on a simulated Gaussian noise signal,
representing instrumentation (and muscle) noise. The rms
amplitude ratios between the noise and the mECG are 0, -3,

-10, and -13 dB. The ninth simulated abdominal recording
is obtained from another patient, having a larger variability
in the maternal heart rate with respect to the other simulated
recordings (79 + 8 beats per minute and 71 £ 3 beats per
minute, respectively) and has a fECG/mECG rms amplitude
ratio of -10 dB. Fig. 2 shows a part of the third simulated
abdominal recording.
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Fig. 1. Positions of the electrodes on the maternal abdomen and maternal
shoulders.
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Fig. 2. Simulated abdominal recording. The upper window shows the
maternal signal, the second window shows the fetal signal. In the circle
an enlargement of the fetal signal is displayed. The third window shows
the simulated recording, while the bottom window shows an abdominal
recording that is measured simultaneously.

B. Preprocessing

The power line signal is suppressed by the application
of a fourth order Butterworth notch filter [10]. The EHG
is suppressed by applying a fourth order Butterworth linear
phase high-pass filter with a cut-off frequency at 2 Hz.

C. Removal of the maternal ECG

Fig. 3 shows the block diagram of both the LP method
and the SLP method.

The simulated recording X is composed of a mECG signal,
a fECG signal, and noise. Individual mECG complexes X, ,
are determined by detecting the R-peaks (Fig. 4) in the
simulated recording and subdividing X in » mECG complexes
of m samples. Detection of the R-peaks is performed by
means of a peak detection algorithm that is based on the
length transformation [11]. Both the LP method and the SLP
method work by averaging N successive mECG complexes
to estimate the shape of the next mECG complex X 1., i.€.
the i"" row of matrix X.
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Fig. 3.

1) The linear prediction method: The LP method deter-
mines the coefficients g; of the linear model by minimizing
the squared error €, which is given as:

m
e= (Xij—
j=1

The average mECG complex X,',l,_,m is calculated as:

N

> (ai—iXi-1,))* (1

k=1

N
Xit1.m= z (- Xi—k1..m)- ()
k=1

2) the segmentational linear prediction method: Depend-
ing on the position of the electrode with respect to the
maternal heart, the ECG complex is composed of the com-
bination of a P-wave, representing the depolarization of the
atria, a QRS-complex representing the depolarization of the
ventricles, and a T-wave representing the repolarization of
the ventricles. These waves are shown in Fig. 4. At first,
the algorithm determines which of these waves are present.
This determination is performed by detecting the start and
end of each wave by means of adaptive thresholds. The start
and end of each wave are indicated in Fig. 4 as transitions
between solid and dashed lines. If the width and amplitude
of the detected wave satisfy a physiological model, the wave
defined as being present.

After determination of the individual waves Z,,
(Z=P,Q,R,S,T), average waves Z,,, are calculated for
each mECG complex. Averaging is performed in two steps.
In the first step the waves of N preceding mECG complexes
are time-aligned and scaled to minimize the mean squared
error with respect to the corresponding wave Z; 1., of the

Fig. 4. The five waves that are present in the mECG. Each transition
between solid and dashed lines indicates the start or end of a wave.

current mECG complex. The time-aligned and scaled waves

A

Z; i, are given as:

Z;_ j=AZi_;;p+C, 3)
with j=1...m,, i the index for the current wave, and 1 <
k < N. The scaling factor A, the horizontal time-alighment
B and the vertical offset C are calculated by minimizing the
mean squared error between each of the N preceding waves
and the current wave:

d d 9\ & 5 2
— =, = Z,i—7; ;) )=1(0,00), 4
(33 35°7¢) 2@ 20)) = 000, @
for each 1 <k < N. To solve this equation, both the preceding
waves and the current wave are parabolically interpolated to
generate a continuous function.

In the second step, an average wave is calculated as the
weighted linear combination of the time-aligned and scaled
waves, where the weights wy are given by the reciprocals of
the mean squared errors between the preceding waves and
the current wave:

my -1
we=| X (Zij—Zij)*| - 5)
j=1
Using linear regression for the calculation of the weights
is considered as an alternative. However, the weights deter-
mined by linear regression can be negative and as a result
the shape of the average wave can adapt to the shape of
the wave that is estimated. When the wave that is estimated
comprises a superposition of a mECG wave and a fECG
complex, the average mECG complex contains part of the
fECG. The fECG will therefore be affected by subtraction
of the average mECG.
Each average wave Z is thus composed of a weighted
linear combination of the waves of N preceding mECG
complexes:

v A

7 2= Wkhiokj

T TSN o
Zkzl Wik

with j = 1...m,. The average mECG complexes X are
reconstructed by combining the separate average waves.

By subtracting the average mECG complexes X from the
mECG complexes X and combining the individual com-
plexes to rebuild the simulated recording, the mECG is

; (6)
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removed from the simulated abdominal recording X, leaving
the signal ¥ that is composed of the fECG signal and noise.

ITII. RESULTS

Both the SLP method and the LP method are applied on
simulated abdominal recordings of 100 seconds. For one
simulated abdominal recording the fECG signals that are
obtained by both methods are partly shown in Fig. 5. Fig.
5 also shows the fECG signal that is used in the simulated
abdominal recording.
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Fig. 5. FECG signals obtained by both methods for the simulated
abdominal recording with fECG/mECG amplitude ratio of -10 dB. The
upper signal is the fetal signal (FS) used for the simulated abdominal
recording. The center signal is the fECG obtained by the SLP method and
the bottom signal is the fECG obtained by the LP method.

Both methods are evaluated by calculating the rms error
between the resulting fECG signals and the actual fECG
signals. For all simulated recordings, the amplitude of the
fECG signal is kept constant. Fig. 6 shows the calculated rms
errors for the SLP method and the LP method. Furthermore,
Fig. 6 shows the ratio between these rms errors.

Nonoise FECGIMECG = -10 dB, noise added Variable mECG

s error SLP
s error LP
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Fig. 6. Calculated rms errors between the fECG signals obtained by the
SLP and LP methods and the actual fECG signals. The first four simulated
abdominal recordings have amplitude ratios between the fECG and mECG
signals of 0, -3, -10, and -13 dB. The next four simulated abdominal
recordings have amplitude ratios of -10 dB and are superimposed on a
Gaussian noise signal. The amplitude ratios between the noise and the
mECG are 0, -3, -10, -13 dB. In the ninth simulated abdominal recording
a mECG signal from another patient is used, having a larger variability in
the maternal heart rate with respect to the heart rate variability in the other
simulated recordings (79 =+ 8 beats per minute and 71 + 3 beats per minute,
respectively).

IV. DISCUSSION AND CONCLUSIONS

The rms errors between the fECG signals obtained with
the SLP and LP methods and the actual fECG signals are
smaller for the SLP method in all simulated abdominal
recordings. The ratio of the rms errors for both methods
varies between 0.4 dB and 2.3 dB. Based on this result, it can
be concluded that the SLP method is capable of removing the
mECG signals more accurately than the LP method for all
the simulated abdominal recordings. From figure 6 it can be
concluded that the optimal fECG/mECG ratio for subtraction
of the mECG is approximately -10 dB, which is a common
amplitude ratio for non-invasive fECG recordings. For larger
ratios the fECG is not completely suppressed in the average
mECG waves and is therefore affected by subtraction of the
average mECG. For smaller ratios, the rms errors between
the average mECG and the actual mECG have the same order
of magnitude as the fECG.

As expected, the addition of noise results in an improve-
ment of the performance of the LP method with respect to
the SLP method. Reason for this is that the addition of noise
causes the determination of the individual mECG waves to
be less accurately. The ratio between the rms errors for the
simulated abdominal recording with the larger variability
in the maternal heart rate is increased with respect to the
rms errors ratio for the third simulated abdominal recording,
which has the same fECG/mECG amplitude ratio. Reason
for this is that the SLP method is more capable of handling
variability in the mECG signal than the LP method, because
each wave of the mECG signal is averaged separately. Future
plans include the calculation of bipolar fECG complexes to
study the possibility of deriving the fetal vectorcardiogram.

REFERENCES

[1] L. Amer-Wahlin et al., Cardiotocography only versus cardiotocography
plus ST analysis of fetal electrocardiogram for intrapartum fetal
monitoring: a Swedish randomised controlled trial, Lancet, vol. 358,
2001, pp 534-38.

[2] A.C. Guyton and J.E. Hall, Textbook of Medical Physiology, W.B.
Saunders Company, Philadelphia, 1996.

[3] D. Deveduex et al., Uterine electromyography: A critical review, Am
J Obstet Gynecol. vol. 169(6), 1993, pp 1636-1652.

[4] S. Abboud and D. Sadeh, Spectral Analysis of the Fetal Electrocar-
diogram, Comput Biol Med.,vol. 19, 1989, pp 409-415.

[5]1 V. Zarzoso and A.K. Nandi, Noninvasive Fetal Electrocardiogram Ex-
traction: Blind Source Separation Versus Adaptive Noise Cancellation,
IEEE Transactions on Biomedical Engineering, vol. 48, No. 1, January
2001, pp 12-18.

[6] S. Comani et al., Time course reconstruction of fetal cardiac signals
from fMCG: independent component analysis versus adaptive maternal
beat subtraction, Physiol Meas, vol. 25, 1998, pp 1305-1321.

[71 A. Hyvérinen and E. Oja, Independent Component Analysis: Algo-
rithms and Applications, Neural Networks, vol. 13(4-5), 2000, pp 411-
430.

[8] S. Harmeling et al., ”Analysing ICA components by injecting noise”,
in 4th International Symposium on Independent Component Analysis
and Blind Signal Separation, Nara, Japan, 2003, pp 149-154.

[9]1 T.F. Oostendorp, Modelling the fetal ECG, Ph.D. thesis, Katholieke
Universiteit Nijmegen, 1989.

[10] J.G. Proakis and D.G. Manolakis, Digital Signal Processing, Macmil-
lan Publishing Company, New York, 1992.

[11] FE Gritzali et al., Detection of the P and T waves in an ECG, Comput
Biomed Res, vol. 22(1), February 1989, pp 83-91.

1397



	MAIN MENU
	Go to Previous Document
	CD-ROM Help
	Search CD-ROM
	Search Results
	Print


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for export to IEEE PDF eXpress. May 2005. PaperCept.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


