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Highlights

An approach to compute Fetal Cardiac Biomarkers from the Abdominal Electro-
cardiogram

* Fetal biomarkers are obtained from non-invasive abdominal ECG.
* A novel averaging technique is developed to obtain high-correlated fetal beats.

* Onset and end of fetal cardiac waves are computed by using PCA and quater-
nions.



An approach to compute Fetal Cardiac Biomarkers from the
Abdominal Electrocardiogram

Abstract

Objective: The fetal electrocardiogram (FECG) can be recorded from the 20th
week of gestation. The aim of this work is to determine fetal cardiac biomarkers from
non-invasive cardiac signals that may be useful in the assessment of fetal health. Meth-
ods: We have developed an algorithm to obtain FECG fiducial points. It started by dis-
criminating fetal heartbeats based on the relative location between fetal and maternal
QRS complexes. An average beat is derived from the Abdominal Electrocardiogram
(AECG) using 20 beats with a correlation greater than 0.95 and stable RR-interval,
based on data from 12 fetuses (381%-42"% weeks). We have implemented a combina-
tion between quaternion algebra and principal component analysis (Q-PCA method) to
determine the onset and end of FECG waves by analyzing the angular velocity of the
heart electrical vector. To validate our findings, we compared them with measurements
obtained from the Direct Fetal Electrocardiogram (DFECG), as a benchmark. Results:
The values calculated by the Q-PCA method and their correlation with the DFECG
were as follows: PR interval: 125.1 + 19.8 ms (p = 0.97, p-value< 2.39e — 7), QRS
duration: 73.0 £ 4.4 ms (p = 0.67, p-value< 1.74e — 2), QT interval: 261.1 £ 28.5
ms (p = 0.84, p-value< 7.05e — 4) and QTc interval: 388.3 £ 35.9 ms (p = 0.79,
p-value< 2.27e — 3). Conclusion: Given its importance and the measurement perfor-
mance achieved, the methodology presented represents a significant potential tool for
improving the diagnosis of fetal health.

Keywords: Non-Invasive Fetal Electrocardiogram, Principal Component Analysis,
Quaternion
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1. Abbreviations

o AECG: Abdominal electrocardiogram o AECGT: Abdominal electrocardiogram template
e DFECG: Direct fetal electrocardiogram e DFECGT: Direct fetal electrocardiogram template

e ECG: Electrocardiogram e FECG: Fetal electrocardiogram
e FHR: Fetal heart rate e GA: Gestational age
o MECG: Maternal electrocardiogram e NIFECG: Non-invasive fetal electrocardiogram

2. Introduction

During several stages of pregnancy, the health and growth of the fetus are moni-
tored, mainly using ultrasound as a medical technology for prenatal control [1]. Heart
monitoring technologies, such as cardiotocography and ultrasound, can detect compli-
cations that directly or indirectly affect the cardiovascular system. This is achieved,
for example, through the measurement of fetal heart rate (FHR). However, a study
suggested that FHR parameter as a diagnostic pattern did not reduce fetal morbid-
ity or mortality, on the contrary, it increased gradually the use of cesareans, forceps,
and vacuume-assisted delivery [1, 2, 3]. Kahankova et. al [4], explained that with car-
diotocography introduction the perinatal mortality rate decreased but it has not suffered
a significant decrease in the last 30 years. Additionally, certain heart conditions cannot
be identified using these techniques since they only measure the heart rate overlooking
all the additional information that an electrocardiogram could provide [1].

In advanced stages of pregnancy, the fetal electrocardiogram (FECG) can be recorded
by non-invasive fetal electrocardiogram (NIFECG) using electrodes placed on the ma-
ternal abdominal surface, also call abdominal electrocardiogram (AECG). It is also
possible to record by direct fetal electrocardiography (DFECG) using electrodes placed
on the fetal scalp, which is invasive and can only be done during labour. AECG is com-
posed of maternal and fetal cardiac electrical signals plus several noises, such as mater-
nal electromyographic activity, and equipment interference, among others. In addition,
AECG allows us to get a more accurate estimate of FHR and fetal health information
from temporal cardiac indices [5]. One difficulty in obtaining the fetal signal is that it
is at least ten times smaller than the maternal signal [3, 5, 6, 7]. The difference may be
more pronounced in the early stages of pregnancy. In addition, the two signals share a
large part of the frequency spectrum [2, 3].

As in the present work, several authors have implemented a variety of processing
techniques to obtain fetal cardiac biomarkers [8, 9, 10, 11]. Also, the state of the art
shows that FECG can be used to identify fetal hypoxia, acidosis and various arrhyth-
mias, among others [5, 12, 13, 14]. A prolonged QT interval is indicative of fetal
heart risk [1] related to different malignant arrhythmia [15]. Abnormalities in cardiac
repolarization can be identified from the T-wave morphology allowing the prevention
of serious cardiovascular disease [16, 17]. The PR and QRS fetal intervals normally
lengthen and increase in parallel with the weight gain of the fetal heart and the mass of
the ventricles during pregnancy [18]. However, abnormal alterations in ECG interval
duration are also associated with illness, either hypertrophy or hypoplasia. Likewise, if
these parameters do not increase as pregnancy progresses, this may also indicate fetal



growth restrictions [3, 18]. It is important to note that the use of fetal biomarkers for
early diagnosis is still being researched.

This study aims to develop a non-invasive method to calculate fetal biomarkers
used in the clinical practice from AECG, such as the PR interval, QT interval, QTc,
and QRS complex duration. The process begins with the discrimination and selection
of fetal beats to generate beat templates. Templates are used to reduce the influence
of noise on the identification of cardiac waves fiducial points. Previously, we have
already observed that at the onset and end of each wave, there are large deflections of
the angular velocity of the cardiac electrical vector [19, 20, 21]. Therefore, we identify
the fiducial points based on the angular velocity calculated from principal component
analysis and quaternion algebra.

3. Materials and methods

3.1. Database

We used Abdominal and Direct Fetal ECG database [22, 23], which was integrated
by multichannel recordings, 5 minutes each, of 12 patients collected by The Depart-
ment of Obstetrics and Gynecology of the Medical University of Silesia in Katowice,
Poland. Ethical approval was obtained from University Bioethics Committee (Com-
mission approval number NN-013-345/02) [22, 23]. The database includes signals
recorded during labor between the 38" and 42"? weeks of gestation. It was mea-
sured with a parallel recorder of AECG and DFECG. The fetal heart electrical activity
was recorded with the developed KOMPOREL system, which amplified the signals
with a low noise level (below 114V) and a high Common Mode Rejection Ratio of 115
dB. Four AECG electrodes were placed around the navel, one reference electrode was
placed above the pubic symphysis, and one common mode reference electrode (with
active-ground signal) was placed on the left leg. The database also provides mater-
nal R-wave position (QRS,,) from AECG and fetal R-wave position (QRS ) from
DFECG [22]. If the R waves annotations are not available, an algorithm developed by
the authors of the database can be employed [22]. The recordings were digitized with
16-bit resolution at 1000 Hz sampling frequency for DFECG and 500 Hz for AECG.

3.2. Preprocessing

AECG was resampled with a FIR antialiasing low-pass filter (Kaiser window method)
at a frequency of 1 kHz [24]. We preprocessed AECG and DFECG with low-pass and
high-pass 5" order Butterworth bidirectional filters with 0.5 and 70 Hz cut-off frequen-
cies, respectively. We selected this frequency bandwidth to suppress low-frequency
noise and include the spectral energy of interest [25]. Furthermore, 5" order IIR notch
bidirectional filter was applied to minimize the power-line interference. We also re-
moved the baseline for all signals using two cascaded median filters, one of 200 sam-
ples length and other of 600 samples length. The resulting signal is the baseline and,
this is subtracted from the original signal [26, 27]. We can observed this process in Fig
2, Panel A.
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Figure 1: Figure A: Electrode positions used in the ADFECGDB database [22, 23]. Figure B: Representation
of the abdominal and fetal ECG signals before and after the filtering described in the "Preprocessing" section.

3.3. QRS complexes discrimination algorithm

We applied the following rule to obtain a sequence of fetal beats with minimal
maternal signal interference, (see Fig. 2 Panel B).

QRSm; + 40%RRf; + 60ms < QRSf; < QRSm, | — 65%RRf; — 60ms (1)

where QﬁSm and QES ¢ are maternal and fetal R-wave position, respectively, being
RRf; the time duration between two consecutive fetal beats (Eq. 2) and 60 ms the
half of QRS complex duration in the adult [25]. The percentages used in Eq. 1 were
determined based on the duration of the fetal cardiac waves, as reported in Pérez et al.
[28], such as PR interval, QRS complex, and fetal QT interval durations. Additionally,
the algorithm selected a set of N QRS ¢ for each fetus.

3.4. Beats selection algorithm

The discriminated beats (See Fig. 2 Panel B) must comply with the following
criteria: 1) Correlation higher than 0.95 among all fetal QRS complexes; 2) The RR
interval duration of the fetal beats (RR f;) must be within £5% of the median fetal RR
interval (RRf) (Eq./3\). Fig. 2 Panel C shows the aforementioned procedure over the
set of N selected QRS f, then:

RRf; = QRSfj11 — QRS )

RRf —5%RRf < RRf; < RRf + 5%RRf 3)

We calculated the correlation between each nt? fetal QRS window (Q]?ZS fax60
ms) and the rest of the N — 1 QRS windows completing a square N x N correlation



matrix. For the correlation between each pair, we searched for better possible displace-
ments within the +10 samples (£10 ms) with respect to the original mark in order
to correct possible delineation errors, saving the value of the point of the maximum
correlation coefficient. For each row, all the elements of the correlation are added to-
gether and the row with the highest sum element is then evaluated. Each correlation
coefficient in that row is sorted in descending order. Then, the median RR-interval
(RRf) was calculated for this row of IN beats to satisfy the second condition. Later,
we selected the first 20 QRS complexes that comply with Eq. 3 and also present a
correlation greater than 0.95. In cardiology practice, the average of 10 beats is usually
taken to generate a template. In this sense, taking into account the noise present in
the abdominal signal, it was decided to use 20 beats for the averaging. Fig. 2, Panel
C: "Beats selection algorithm" shows the aforementioned procedure over the set of N
discriminated QRS f.
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Figure 2: Diagram of the proposed work. Panel A corresponds to the preprocessing stage. Panel B repre-
sents the discrimination of fetal beats using fetal and maternal QRS fiducial points provided by the dataset.
As a result of this process, we compute a set of N fetal fiducial points (QﬁS frn)- The image shows an
illustrative example of fetal beat discrimination. Panel C: We evaluate the correlation (> 0.95) and stability
in the RR interval (Eq. 3) of the selected N beats in Panel B. Panel D presents the computing of AECGT
and DFECGT from 20 selected fetal beats, and then the obtaining of fiducial points by the Quaternion-PCA
method and by experienced observers (Obs method), respectively.




3.5. Averaging and Delineating

We constructed the abdominal electrocardiogram templates (AECGT) using 20
beats (subsection 3.4). In addition, DFECG was used as the fetal cardiac signal ref-
erence (benchmark) to validate the obtained results, therefore, we also generated high
quality DFECG templates (DFECGT). Finally, we used the estimated FHR and other
biomarkers [28] to compute the AECGT and DFECGT from the interval defined as:

[QRS; —200ms : QRS + 500ms] @)

We delineated AECGT fiducial points using a novel Quaternion-PCA (Q-PCA)
method and also two experienced observers, so called Observer A and Observer B,
delineated the DFECGT (see Fig. 2 Panel C: "Delineation"). In this sense, we ob-
tained the following fiducial points: Poy, atrial depolarization onset, QRSon and
QRSorr, ventricular depolarization onset and end respectively, and T p, ventricu-
lar repolarization end, for both, AECGT and DFECGT, respectively.

3.5.1. Q-PCA method

The four abdominal ECG leads provide a mixed of fetal and maternal cardiac elec-
trical information. We calculated the angular velocity of the fetal beats in order to
obtain Pon, QRSon, QRSorF, and Tgyp. The steps to obtain it are as follows:

Segmentation:. To obtain the fiducial points, we used sub-signals from AECGT corre-
sponding to P and T waves and QRS complex. In this way, we considered the following
time windows [25] (see Eq. 5, 6, 7 and top and middle panels of Fig. 3).

Poave = [1ms : Q}A%Sfl — SOmS} 5)
QRScomplez = [Qﬁsh — 60ms : Q]%Sh + 60ms} (6)
Twave = [Q}AESfl + 80ms : Q§5f2 - 150m5} 7

It is important to highlight that the limits do not indicate the onset or end of the
fetal QRS complexes, P or T-wave. They simply demarcate the part of the signal where
the waves could be found in the averaged beat.

To reduce the noise and keep the spectral information of each cardiac wave, we
applied 10 Hz, 20 Hz and 40 Hz Butterworth low-pass bidirectional filters to sub-
signals of T-wave (Eq. 7), P-wave (Eq. 5), and QRS complex (Eq. 6), respectively.
We also applied a 0.8 Hz Butterworth high-pass bidirectional filter. This frequency
band was selected according to the spectral content of each analyzed cardiac wave
[2, 25, 29].



Spatial Analysis:. We used Principal Component Analysis (PCA) to reduce the four
abdominal ECG leads to three orthogonal axes. We applied a Singular Value Decom-
position to obtain the singular values and vectors of each signal:

A=UxvVT ®

where A represents the P-wave, QRS complex or T-wave sub-signal, U is a 4 x4 matrix,
Visan M x M matrix and the four singular values are in the primary diagonal of the
4 x M matrix . The first three elements concentrate the maximum energy, being Ags
the resulting signal.

Therefore, the decomposed signal Y is:

Yuxm) = E(4><4)V(Z><]v[) ©

where X took the dimensions of 4 X 4, since outside of the singular values this matrix is
composed of zeros. Conserving the three most significant singular values, we obtained:

Ags = Yz (10)

Cardiac vector velocity:. We consider Ags as a sequence A, = (Al,, A2,,, A3,,),
which represents the three orthogonal components of each sub-signal in the space ob-
tained from PCA. We have previously shown that spatial angular velocity, obtained
using quaternion algebra, can be used to define the onset and end of ECG waves
[19, 20, 21]. Quaternions are hypercomplex numbers that are of great utility in the
study of rotations in three-dimensional space. A quaternion is constituted of a single
real unit and three imaginary units that are subject to the Hamilton multiplication rule
[30]: i? = j2 = k? = ijk = —1. The efficacy of this tool is evident when compared to
traditional methodologies, such as Euler matrices, in regard to uncertainty propagation
and computing time [31]. Consequently, we constructed a quaternion sequence ¢, for
each m!" sample of Ags.

= (0, Al,,, A2,,, A3,,)
" (| Al

Thus, we applied the temporal differentiation of g, for the numerical solution of
Poisson equation [32] to obtain the angular velocity, because its large deflections make
it possible to obtain reference points for the onset and end of cardiac waves [20].

Aq Ag

A Ay O (12)
where F's is the sampling frequency of the cardiac electrical vector, g, is the quater-
nion conjugate, and * <’ symbol represents the Hamilton multiplication rule of quater-
nions.

As alast step, the onset and end of ECG waves were obtained from 2-norm of an-
gular velocity to the left and right of the wave peak respectively. We applied Hamming
windows to obtain Ppgax and Tpgak from maz(||Ass||2). Then, we computed the
fiducial points from angular velocities: Py was the peak of the angular velocity to
the left of Pppak, QRSon and QRSorr were the first and last peaks of the angular

an

= (QWL+1 _QW) * F's — ﬁ =



velocity above the noise level. Finally, Trxp was defined by the peak of the angular
velocity to the right of Tppax [20, 21]. Bottom panel of Fig. 3 shows the angular
velocity (|| <f||2) of the P-wave, the QRS complex, and the T-wave. We indicated the
fiducial points corresponding to Poyn, QRSon, QRSorr and Tgyp with vertical
dotted lines in Fig. 3.

3.6. Experienced observers delineation

We only used the DFECG as a benchmark to validate the proposed algorithm,
although it is clear that these data will not be available in daily clinical practice.
Two experienced observers measure the ECG fiducial points Pon, QRSon, QRSy,,
QRSorr, Tenp and QﬁS t, (see top and middle panels of Fig. 3) from DFECGT
using a computer calibrated cursor (OBs method).

3.7. Temporal cardiac biomarkers

We computed temporal cardiac biomarkers, PR interval, QRS complex width, QT
and QTc intervals using the fiducial points obtained from Q-PCA method and OBs
method, respectively, according to the following equations:

PR =QRSoNn — Pon
QRS = QRSorr — QRSon
QT =Tgnp — QRSon
QTc= (Tgnp — Qon)/RRy

Furthermore, the QT interval was corrected using Bazett’s formula, given its de-
pendence on heart rate. For QT 'c obtained by observers, the Ry value was calculated

13)

using the previously averaged Qf{S +, and QES +, fiducial points (see Fig. 3). For Q7'c
obtained by the Q-PCA method, we averaged the RR-interval value of the 20 fetal beats
selected in "Beats selection algorithm" section.

3.8. Measurements comparison

A Bland-Altman plot is a graphical tool for comparing two measurement tech-
niques [33]. The plot shows the mean of the two measurements in the x-axis, and the
difference between the two measurements in the y-axis. The mean of the differences
(bias) and the standard deviation of the differences are used to define the limits of agree-
ment. To evaluate the normality of differences, we used the Shapiro-Wilk Normality
Test [34] with a p-value < 0.05.

The Bland-Altman plot and correlation were used to assess interobserver reliability
between the two experienced observers and also used to compare the results between
Q-PCA method and OBs method using the mean of the interobserver fiducial points,
so called Obs method.



4. Results

We analyzed 48 AECG templates (12 fetuses x 4 channels) and 12 DFECG tem-
plates (12 fetus x 1 channel). To construct these templates, approximately 1285 multi-
channel beats were processed by Eq. 1, with an average of 107 beats per fetus. Finally,
240 beats obtained from Eq. 2 and Eq. 3 were used. The resulting templates were
of high quality templates due to the high correlation of QRS (> 0.98) and required
stability of the RR intervals. As a representative example, Fig. 3 shows the averaged
DFECG (top panel) and the averaged AECG (middle panel). Additionally, fiducial
points identified by Observer A and Observer B are indicated on the DFECG by cir-
cle and square markers. The temporal positions of the angular velocity maximums are
shown in the Bottom Panel of Fig 3.

Table 1: Comparative table of temporal cardiac biomarkers obtained with Q-PCA method and experienced
observers delineation (Obs method).

Fetus | PRIms] | QRS[ms] | QT[ms] | QTc[ms]
Q-PCA | Obs |Q-PCA | Obs | Q-PCA | Obs | Q-PCA| Obs
#1 135.0 | 1345 | 70.0 | 71.0 | 236.0 | 245.0 | 345.0 | 357.9
#2 103.0 | 88.5 71.0 | 79.0 | 278.0 | 291.5 | 4144 | 4345
#3 140.0 | 126.5 | 66.0 | 71.5 | 205.0 | 241.0 | 337.5 | 397.0
#4 112.0 | 93.0 79.0 | 80.5 | 259.0 | 292.0 | 389.1 | 439.2
#5 141.0 | 133.0 | 70.0 | 71.5 | 264.0 | 247.0 | 384.7 | 359.7
#6 110.0 | 93.0 78.0 | 79.0 | 268.0 | 290.5 | 404.0 | 437.5
#7 118.0 | 110.5 | 75.0 | 77.5 | 308.0 | 311.5 | 4469 | 451.7
#8 150.0 | 139.0 | 73.0 | 72.0 | 258.0 | 259.0 | 378.3 | 379.8
#9 89.0 85.5 80.0 | 80.0 | 269.0 | 298.5 | 406.5 | 450.5
#10 114.0 | 1055 | 69.0 | 78.0 | 303.0 | 304.0 | 439.2 | 440.6
#11 145.0 | 137.0 | 70.0 | 70.5 | 235.0 | 243.0 | 343.5 | 355.2
#12 144.0 | 138.0 | 75.0 | 73.0 | 250.0 | 246.5 | 370.6 | 365.0
Mean 125.1 | 115.3 | 73.0 | 75.3 | 261.1 | 272.5 | 388.3 | 405.7
+SD +19.8 | £21.5| +4.4 |+4.0| £28.5 | £27.6 | £35.9 | £40.1

Correlation 0.97 0.67 0.84 0.79
p-value <23% — 7 < 1.74e — 2 < 7.05e — 14 < 2.27e -3

Table 1 presents fetal cardiac biomarkers computed by the Q-PCA method and the
Obs method. The RR-interval values used to compute QTc interval for Q-PCA and
Obs methods were 451.5 & 29.3 ms and 451.8 4 29.5 ms, respectively (expressed as
mean =+ SD over 12 fetuses). In addition, the correlation between the two methods for
the values PR interval, QRS interval, QT and QTc intervals were: 0.97, 0.67, 0.84, and
0.79, respectively.

We have used a reliable signal of fetal cardiac electrical activity, i.e. the DFECG
signal. This signal is not disturbed by the maternal ECG signal and therefore the man-
ual measurements on it are used as a benchmark. To obtain the values for the Obs
method, we first analyzed the concordance of the fiducial points defined by each ob-
server using Bland-Altman plots. The distribution of the differences of fiducial points




between observers exhibited a normal distribution, with the exception of QRSorF,
which did not meet the normality condition. Therefore, in the latter case, the Bland-
Altman plot was analyzed using non-parametric methods, where the median was used
as the bias and the 2.5 and 97.5 percentiles as the limits of agreement [35], as shown
in Fig. 4. The QRSon and QRSorr fiducial points showed minimal dispersion be-
tween observers, with mean differences close to 0.5 ms. However, the Poy and Tenp
markers exhibited greater dispersion. The Py analysis revealed that two fetuses (#6
and #10) has differences exceeding the accepted limits, with discrepancies of 6 and
3.73 ms respectively, while there are three cases of complete agreement between ob-
servers. In contrast, only one fetus (#4) fell outside the Trnyp limits, showing a
discrepancy of 28 ms between observers. In this case, the baseline was not clearly
defined, which could have resulted in variations in the observers criteria. In addition,
fetuses #10 and #11 also showed a difference of 23 and 14 ms, respectively Similarly,
we observed high correlation levels between observers for Pox: 0.99 (p < 8.46e — 6),
QRSon: 0.94 (p < 7.80e — 6), QRSorr: 0.98 (p < 1.42e — 8), and Tgnp: 0.93
(p < 8.46e — 6). As we can observe in Fig. 5, the Bland-Altman plots demonstrated
the agreement between the Q-PCA and Obs methods.

10



DFECGT [uV] ORSY, ORSY,

O Obs
s0 Q Observer A

B Observer B
0 —

\ VA X Y

oN ORS,, ORS,,,, Town
A#CGT [/l V] ~ / / ¥ Quaternion and PCA Method

|
sl lleo@ll, fradss]
|

Figure 3: Top panel: DFECGT delineation measured by Observer A and Observer B (circle and square
marks). Middle panel: AECGT delineation using Q-PCA method. The shaded area corresponds to the time
windows defined in section 3.5 Averaging and Delineation, subsection Q-PCA method, i.e., P-wave, QRS
complex, and T-wave sub-signals. Bottom panel: Angular velocity signal. The position of the onset and end
of these waves are represented with vertical dotted lines ending in triangular marks.
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Figure 5: Bland-Altman plot comparing the fetal cardiac biomarkers obtained by the Q-PCA method and
Obs method. The plot shows the bias of measurement with a black line and the limits of agreement with
CI 95% in discontinued line. The bias found for each cardiac biomarker was: PR interval:—9.75 ms (CIL:
—20.45 — 0.95), QRS duration:2.29 (CI: —4.45 — 9.04), QT interval:11.38 (CI: —20.18 — 42.93) and
QTc:17.26 (CI: —31.56 — 66.08) It is important to note that the dispersion of QT and QTc measurements
is also related to the dispersion already observed between observers at T-wave end, as well as to the charac-
teristics of each fetus.
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5. Discussion

During fetal growth or labor, a NIFECG can be used to evaluate cardiac health
[6, 12]. The main objective of this work was to implement a simple processing method
of the non-invasive fetal ECG to calculate cardiac biomarkers as faithfully as possible
with the highest possible accuracy. An algorithm was implemented to discriminate
and select fetal QRS annotations from maternal QRS annotations, thus preventing the
maternal signal from influencing the obtained fetal beat template. As the focus of
this study is not on detecting these fiducial points, if fiducial points are unavailable,
alternative algorithms, such as the one proposed by Agostinelli et al. [36], can be
applied.

According to Fig. 5, the largest difference between Obs and Q-PCA methods was
observed in QT and QTc intervals. However, the bias for QT and QTC is within 5%
of the duration obtained with the Q-PCA method. In the same way that Martinek et
al. [37], we obtained the most significant discrepancy in fetus #3 (36 ms and 59.3 ms
for QT and QTc intervals, respectively), likely caused by the low signal-to-noise ratio
(SNR) in this recording [23]. We assumed these differences could be attributed to the
uncertainty in defining the T-wave end. With regard to the PR interval, it is the pa-
rameter that demonstrates the greatest dispersion in relation to the mean value obtained
by the Q-PCA method. Moreover, the QRS duration differences did not exceed more
than 2 ms of in 67% of cases, further supporting the hypothesis that the T-wave end
definition poses the main challenge.

Taking into account similar stages of pregnancy, we compared our results with
those published by other authors, see Table 2. We found similar results to PR interval
of Taylor et al.[38], this author did not present the mean = SD. However, we found
differences of about 7 to 15 ms with the other authors [9, 10, 11]. This difference could
be attributed to averaging, i.e. distortions in the onset of the P-wave could be due to
the influence of the maternal T-wave. In adults, parasympathetic changes and severe
hypoxia have been shown to prolong the PR interval [39]. Whereas in intrapartum fetal
monitoring, it can be used to determine fetal acidosis [40]. Moreover, the PR interval
is an electrocardiographic parameter to diagnose fetal asphyxia [1].

Table 2: Comparative table of temporal cardiac biomarkers obtained by others authors (mean + SD).
*Prediction values of biomarkers by linear regression with CI 95%.

Author PR [ms] QRS [ms] QT [ms] QTc [ms]
Chivers et al.[11] .
(GA: 20-40 weeks) 118.54 +£23.21 | 58.34 £5.73 | 261.63 £ 36.16 | 396.40 + 45.78
Wacker-Gussman et al.[10] . . . .
(GA: 39 weeks) 113 £ 16 50+ 6 241 + 26 367 + 32
Chia et al.[9]
(GA: > 37 weeks) 110.1 +£94 52.6 7.4 242.7+16.1 367.7 £28.5
Taylor et al.[38] B B B B
(GA: 38-42 weeks) 86 — 141 47 — 69 233 — 329 292 — 491
Taylor et al.*[8] 105.16 54.6 258.88 392.8
(GA: 40 weeks) (80.2 — 137.8) (41.0 — 72.8) (204.3 — 313.5) (308.20 — 392.8)
This work
(GA: 20-40 weeks) 125.1 +£19.8 73.0+44 261.1 +28.5 388.3 £ 35.9
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On the other hand, QRS interval has been linked to several pathological conditions
such as: indicator of fetal growth restriction (IUGR) [3, 41], hematological disease
[42], and basal tachycardia [37]. Our results were comparable with the maximum
values obtained by Taylor et al. [38], however, there are significant differences of
approximately 20 ms with Wacker-Gussmann et al. [10] and Chia et al. [9] and slightly
less (12 ms) with Chivers et al. [11]. In our study, we observed a low bias between the
Q-PCA method and the observers for the QRS intervals. The underestimation of QRS
width as measured by other authors could be linked to a some degree of uncertainty in
the identification of the end of the QRS complex.

The QT interval could be useful for premature diagnosis of intrapartum hypoxia
and fetal acidosis [1, 4, 12, 39]. Sato et al. [39] observed prolonged QTc interval in fe-
tuses with nonimmune fetal hydrops, dilated cardiomyopathy, cardiac abnormality, and
TIUGR. On the other hand, Velayo et al. successfully differentiated healthy fetuses from
those with ITUGR using QT and QTc intervals [43]. Schwartz et al. [44] found a strong
association between QT prolongation and sudden infant death syndrome in neonates,
with a mean QTc interval of 435 & 45 ms in those who died, compared to 400 &£ 20 ms
in survivors. Using the Q-PCA method, the QT and QTc intervals obtained were found
to be closely matched to the results previously reported by Wacker-Gussmann et al.
[10], Chia et al. [9] and Chivers et al. [11]. The maximum observed discrepancy was
approximately 20 milliseconds, which is less than the standard deviation reported by
the authors. The difference found in the results for the end of the T-wave may have also
been transferred to obtain the QT and QTc intervals. These discrepancies, particularly
at the Ty p point, see Fig. 4, align with observations by other researchers regarding
the complexity of T-wave morphology [9, 10]. In the case of Taylor et al. [38], the
results obtained with the Q-PCA method are within the range presented by the author.

Also, Taylor et al. [8] predicted fetal cardiac interval durations through linear re-
gression. The PR interval and QT and QTc intervals obtained by the Q-PCA method
were within the confidence interval provided in the study (Table 2). In the case of QRS
complex width, it exceeded the maximum interval value by less than 1 ms. In all cases,
the values found were closer to the upper limit of the confidence interval.

6. Study limitations

The algorithm has been evaluated for gestational stages close to labour, as our re-
sults have been validated using the DFECG. It has been applied to healthy patients, so it
cannot be assumed that it will be effective when applied to fetuses with any pathology.

It should be noted that the abdominal signals recorded by the different authors
and those in this study were recorded with different configurations and numbers of
electrodes. In order to obtain fetal cardiac parameters in the future, it is essential to
standardize the recording of abdominal signals and generate a new database with a
larger number of patients.

7. Conclusions

In this work, we have obtained fetal cardiac biomarkers using a non-invasive fetal
monitoring technique. We developed an algorithm capable of detecting fetal beats
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with low maternal ECG influence. This algorithm generated high quality fetal beat
templates that allowed us to achieve very good delineation performance using the Q-
PCA method. Considering the fact that there are no standard values of fetal cardiac
waves, promising results were obtained based on our method. As diagnosis using fetal
electrocardiograms is not yet routine in clinical practice, and given its importance, it is
necessary to further develop these techniques with the aim of developing non-invasive
fetal health monitoring devices.
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