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Abstract — Fetal magnetocardiography (fMCG) allows the
non-invasive registration of fetal cardiac activity. This
technique, combined with the use of independent component
analysis (ICA) for signal processing, allows reconstructing of
reliable fetal cardiac traces. Low noise fetal signals can be used
to evaluate fetal cardiac time intervals (fCTI), useful to
monitor fetal heart function. In this work we present a method
for the automatic detection of cardiac waves (ACWD); it was
validated on 45 fMCG data sets of normal fetuses with
gestational age from 22 to 37 weeks. The outcomes of the
automatic procedure were compared with those of a manual
procedure performed by three independent operators on
rhythm strips of 100 consecutive cardiac cycles for each data
set. Distances between the wave boundaries detected with the
two methods were statistically estimated using confidence
intervals: differences were always comparable to those that
could be obtained from different investigators’ estimates.
Statistical correlation between fCTI quantified with ACWD
and with a manual procedure was assessed usingthe
parametric two-tailed Pearson’s correlation test, significance
level ato = 0.01. The automatic procedure showed a
computation time decrease in the ratio of approximately 1:600
with respect to the manual procedure performed on the same
number of beats.

Keywords— Automatic detection tool, cardiac time intervals,
fetalmagnetocardiography, prenatal diagnosis.

I. INTRODUCTION

FMCG has shown to be a promising tool for the
detection of fetal heart electrical activity, thus providing
gynecologists and neonatologists with traces that can be
useful for antenatal monitoring and diagnostics [1].

Several studies validated fMCG for the acquisition of
the fetal cardiac signal; a mandatory condition for its clinical
use is the reliable reconstruction of fetal cardiac traces from
the recorded magnetocardiograms, which include the signals
from both fetal and maternal hearts.

FMCQG allows precise identification of the beginning
and end of P, QRS and T waves, thereby enabling the
quantification of fetal time intervals [2]. This analysis may
complement the existing prenatal monitoring techniques in
case of fetal cardiac dysfunction such as long QT,
ischaemia, arrhythmia and growth retardation [3-5].

FCTI are generally estimated on averaged beats to
eliminate residual magnetic noise, to ease the detection of
the weak P and T waves and to reduce the overall processing
time, but the manual procedure implies that the accuracy of
fCTI estimates relies on the operator’s experience, and the
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use of averaged beats involves that the physiological
variability of the fetal heart rate is disregarded, with a
consequent loss of information.

We processed fMCG traces by means of independent
component analysis, which allowed reconstructing clear and
reliable fetal signals. As a result, P, QRS and T waves could
be identified on each cardiac cycle, permitting a quantitative
evaluation of fCTI and their beat-to-beat variability [6].

A large number of automatic detection tools (ADT)
suitable for CTI analysis on electrocardiograms have been
proposed. Unfortunately, none of them was suitable for fetal
signals: the most reliable ADT, based on neural networks,
requires high quality traces, very long recordings and an
initial training time.

In this work we describe an algorithm for the automatic
detection of cardiac waves (ACWD), tailored to fMCG
signals; this algorithm integrates an analytical model suited
to cardiac waveforms, which does not entail the use of very
long and stable traces. Statistical comparison with the
outcome of a manual analysis performed by three human
operators permitted validating ACWD results on a huge
number of beats.

II. METHODS

Fetal magnetocardiograms were acquired by means of a
multi-channel MCG system operating at ITAB in a shielded
room for environmental noise reduction. The system has 55
sensing channels arranged on a circular plane inside a
cylindrical cryostat [7]. FMCG acquisitions provided 55
raw traces that included the signals from both the fetal and
maternal hearts as well as a signal due touncontrolled
abdomen movements, white noise and, eventually, power
line contamination. The recording system was positioned
over the maternal abdomen in order to get as close as
possible to the fetal heart.

Each acquisition session lasted 5-10 minutes; sampling
frequency was 1 kHz, and the signals were converted in
digital form and filtered between 0.016 Hz and 250.0 Hz.
Forty-five pregnant women at different gestational age
(from 22 to 37 weeks) participated in the study after written
informed consent.

Pre-processing of traces consisted of band-pass filtering
between 0.4 and 150 Hz and residual power line
contamination suppression with a notch filter at 50 Hz.

Fetal cardiac signals were reconstructed from fMCG
recordings using an ICA-based method tailored to the
features of the flat multichannel MCG device available at
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ITAB [8-9]. Clustering of MCG channels allowed
reconstructing 8 simultaneous fetal traces [8-10], which
were further smoothed to reduce any residual high-
frequency noise [9].

For each data set, the traces with better-defined
morphology were selected (SNR> 6 dB) and used to
produce an averaged reference trace s(t) on which
subsequent elaborations were performed.

R peaks categorization was achieved identifying the
maximal values of s(t) in a preset moving window of 500
ms. The instants R; and Rz, respectively corresponding to
the maximum slope of s(t) in the intervals [R - 40 ms, R - 10
ms] and [R + 10 ms, R + 40 ms], were identified, and the Q
wave onset (Q) and S wave offset (S) were detected as the
instants corresponding to the interception between the
tangent lines to s(t) in R; and R and the baseline.
Accordingly, the following equations were solved to find Q
and S:

S(t)“:Rl +é(t)‘1:r<l (t_R1)= 0 (1)

S(t)‘t:Rz +é(t)‘t:R2 (t_Rz): 0 (2)

Q was analytically determined moving backward from R :

_R,+50
Q—ka“%ﬂl (3)

whereas S was identified moving forward from R» :

s-gr,+50 (4)

§(t)

t=Rp

QRS duration in each cycle was then calculated as the
time lag between Q and S.

The P wave boundaries (P, and P.) were identified, for
each cycle, in an interval Ty preceding the Q onset and
having an extent of 3D/8, where D corresponds to the
duration of the current beat. The instants P; and P»,
corresponding to the maximal slope of s(t) at the beginning
and end of T, were identified, and Py and P. were found at
the interception between the tangent lines to s(t) in Py and P>
and the baseline, i.e. solving equations (1) and (2) for Py and
P» instead of Ry and Ra.

Consequently, P, was found moving backward from P :

P, :PH‘@ %)

(0,

and P. was found moving forward from P- :
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As regards the T wave, the time window Ty for its
detection was defined as the interval between S in the
current beat and Py in the following beat. For each cardiac
cycle, the instants corresponding to the onset and offset of
the T wave (T, and T.) were determined solving the
equation

$(t)=0 @)

and accepting only the solutions that corresponded to signal
intensities greater than the average noise level, in order to
guarantee the correct detection of Ty and Te.

The duration of P and T waves in each cycle was then
calculated as the time lag between Py and Pe , and T and Te
respectively. PQ, ST and RR durations were also calculated
using the defined time instants.

As regards the definition of cardiac waves boundaries
(Py and P., Q, R, S, Ty and T.), the validation of ACWD
performances was performed for each fetus on one hundred
consecutive cardiac cycles. Three professionals examined at
least 3 simultaneous fetal traces and produced 3 vectors of
evaluated waves boundaries. Those vectors were used to
produce, for each wave boundary, a reference manual vector
(Xm); inter-observer variability (IOV) was quantified
averaging the standard deviations of the element-by-element
differences among the outcomes of the three investigators.

Afterward, ACWD evaluations was run on the same
rhythm strips used for the manual procedure and, for each
wave boundary, produced a vector X.. The vector Dx of the
element-by-element distances between the outcomes of the
manual and automatic methods was calculated using X, and
Xa. Average and median values, standard deviations and 5h
and 95" percentiles of Dx were computed for each fetus for
statistical assessment of ACWD performances.

As regards the definition of fCTI, for each fetus and for
each time interval, two vectors Y. and Yn were calculated
from X, and X respectively. Their average values and
standard deviations were computed for comparison.

Statistical correlation between fCTI obtained with
ACWD and the manual procedure was assessed using the
parametric two-tailed Pearson’s correlation test on Y, and
Yn. The null hypothesis of no statistically significant
evidence of correlation between Y. and Yn could be rejected
at the chosen significance level o = 0.01 if the calculated
value r was greater than the critical value r, = 0.254, which
corresponded to the degrees of freedom of the analyzed
system.
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Table 1. Descriptive statistics on vector Dx. Average values + Table 2. Fetal cardiac time intervals. Average values + standard
standard deviations (SD) of differences between X, and X. Inter- deviations (SD) of fCTI calculated with ACWD and the manual
observer variability, related to the manual procedure only, is given procedure on rhythm strips of 100 cardiac cycles. The values of the
for comparison. Median values, 5" and 95" percentiles are also two-tailed parametric two-tailed Pearson’s correlation test are given.
shown. Figures, expressed in ms, are average values within preset Figures, expressed in ms, are average values within preset gestational
gestational periods. periods.

Gestational period 2225 2629 3033 3437 Gestational period  22-25  26-29  30-33 3437
Number of data sets 4 10 14 17 ACWD 405+12 42248 424412 437414
Average 3.7 18 0.1 08 RR Manual procedure 405+11 42248 424412 437+14
Pb SD (I0V) 11.9(12.1) 85(8.9) 8.0(8.5 6.3 (6.9) Correlation coefficient 0.91 0.95 0.96 0.98
Median 3 3 0 0 ACWD 62411 69411  69+10 70410
Po.os — Poos (-17;22)  (-10;16) (-13;14) (-11;14) P wave Manual procedure 65+11  70£11 73+9 73£10
Average 32 203 12 -0.8 Correlation coefficient 0.47 0.49 0.56 0.50
Pe SD (I0V) 95(10.0) 86(9.7) 7.1(9.5) 5.6(6.7) ACWD 2048 3247 3247 3147
Median 2 -2 -3 -2 PQ Manual procedure 27+11 3148 31+7 3348
Po.0s — Po.os (-13;15) (-13;9) (-15;9) (-12;10) Correlation coefficient 0.36 0.40 0.65 0.87
Average 2.6 1.5 0.1 -0.9 ACWD 5246 5446 5645 5645
Q SD (I0V) 43(37)  63(60) 3945 25(23) QRS Manual procedure 5247 5545 5545 5445
Median 1 -1 0 1 Correlation coefficient 0.57 0.58 0.60 0.75
Po.os = Poos (-7510) (-1159) (-7:8) (-5:4) ACWD 53+7 5616  54+6  55+6
Average -0.5 0.8 -1.2 0.6 ST Manual procedure 52410 57411 58£9  58£10
R SD (I0V) 3239 25G2) 1724 10018 Correlationcoefficient ~ 043 037 081  0.90
Median 1 0 0 1 ACWD 161£10 16712 16911 170+12
(Poos ; Poss) (-455) (4:3) (353 (112 T wave Manual procedure 157419 16615 166+15 169+17
Average 0.7 0.5 01 -1.2 Correlation coefficient 0.32 0.45 0.74 0.86
S SD (I0V) 42(46) 58(67) 42(62) 32(.7)
Median 1 -1 0 0
Po.os — Po.os (-7;8) (-10;8) (757 (-5;4) Manual pI'OCBdUI'E
Average value -3.1 0.1 0.5 -1.2 pT i ; ; ; ;
Tb SD (I0V) 103 (8.9) 11.3(104) 58(6.0) 5.1 (4.8) Pb Pela R |S ™ Te
Median value -1 1 -1 -2
Po.0s — Po.os (-18;15) (-14;15)  (-11;10) (-10;9) 1
Average value 4.1 1.4 0.2 0.2
Te SD (I0V) 18.8 (22.1) 124 (11.0) 7.0(85) 6.8 (5.6)
Median value 3 3 0 1
Po.0s — Po.os (-25;32) (-21;23)  (-12;13) (-13;14)
III. RESULTS 0 A ] R
//_‘—‘*—\_.

ACWD demonstrated to be a fast algorithm: cardiac ‘ . . . . .
waves boundaries could be determined with an approximate 4B 4B5 47 475 4B 485 49 485 g
time reduction of 1:600 with respect to the time required by ACWD
each operator performing the manual tagging. pT — . : . .

Fig. 1 presents a reconstructed beat from a normal fetus Pb Pe @ R | ™ Te
at 28 weeks; an example of wave boundaries detection using
the two different methods is shown. The direct comparison 1
of the ACWD results with those of the manual procedure is
possible.

The effectiveness of the analytical model proposed for
the automatic detection of fetal cardiac waves boundaries
can be appreciated from the values reported in Table 1; the
same rhythm strips were used, and the average values and e /—-E/x/_\’/_‘
standard deviations of the distances between the instants
identified with the two methods are grouped in gestational . L . . L L L

46 465 47 475 48 485 449

periods. Inter-observer variability (manual procedure) is %% gae

provided for comparison, as well as median values and

percentiles, providing information about the statistical Fig.1 — Example of fetal beat in s(t) (fetus at 28 weeks). The
distribution of the distances. vertical lines indicate the waves boundaries detected with

the manual procedure (top) and with ACWD (bottom).

249



[JBEM
Vol. 7, No. 1, 2005

As regards the fCTI estimate, the ACDW validation
outcomes are summarized in Table 2. Average values and
standard deviations of fCTI calculated using the wave
boundaries obtained with ACWD and with the manual
procedure are grouped in gestational periods; the correlation
values between corresponding intervals are also given.

IV. DISCUSSION

We could reconstruct clear and stable fetal signals by
means of ICA [8-10]. P, QRS and T waves were adequately
definite, in order to allow recognition of cardiac waves
boundaries on single cycles, with a consequent intra-
individual evaluation of fCTI and their variability [6].

The differences between the two methods were always
small; the largest ones regard earlier gestational period, for
which a clear fetal trace reconstruction is known to be more
difficult.

As regards standard deviations, the values associated

with ACWD were generally lower than or comparable to
those obtained with the manual procedure; the only
exception regarded the T wave, which is characterized by a
low intensity and an unstable, sometimes biphasic
morphology.
Moreover, in all presented cases, median values and
percentiles indicate that the statistical distribution of the
distance between the two methods can reasonably
approximate a Gaussian distribution, with variance being
smaller as gestational age increases.

Although generally smaller than the inter-observer
variability, the relatively large variability associated with the
ACWD estimates of P, QRS and T boundaries was reduced
in fCTI estimate. As summarized in Table 2, the estimates
obtained with ACWD and with the manual procedure
generally showed a good matching; standard deviations
associated with ACWD were usually smaller than those
obtained manually, in particular for the ST and T wave
intervals. Correlation coefficients, always higher than the
critical value at the chosen significance level, confirmed a
statistically significant evidence of correlation between fCTI
obtained with the two methods.

As a final remark, the ACWD demonstrated its
capability of reducing total processing time in a ratio of
1:600 with respect to the manual procedure; any inter-
observer variability could be eliminated at the same time.

V. CONCLUSION

The assessment of fCTI at a beat-to-beat level would be
an important adjunct to the clinical techniques used for the
monitoring of fetal well-being, but such procedure, when
performed manually, can be extremely time-consuming, so
that its automation become mandatory.
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As already demonstrated in previous papers [8,9], ICA
allows retrieving low-noise fetal signals from fMCG
recordings. Those traces were successfully used to detect
fCTI on single cycles with the proposed ACWD model.
Those fCTI estimates were unaffected by inter-observer
variability and accounted for the physiological rhythm
variations occurring in fetal heart. Moreover, the short
processing time required by ACWD with respect to the
manual procedure allowed a remarkable time saving, so that
the overall estimation time was comparable to that of the
manual procedure performed on averaged fetal beats.

Therefore, we can state that the combination of an ICA-
based technique to retrieve dependable fetal cardiac signals
with a tool for the automatic detection of cardiac waves,
such as ACWD, might be suitable for the rapid
quantification and classification of fCTI: the possibility of
quickly estimating those temporal cardiac parameters is
unquestionably an extremely important step forward the
adoption of fMCG for the antenatal monitoring of the fetal
health.
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