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Prenatal Fetal Cardiac
Monitoring Technologies



Auscultation and Phonocardiography
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Doppler Ultrasound

The first fetal CTG monitor by
Hewlett-Packard 8020A

Early Doppler
technologies

The first commercial
fetal monitor by
Hammacher and
Hewlett-Packard
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methods for acquiring and
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(FHR) and uterine
contraction (UC) by Hon,
Caldeyro-Barcia, and
Hammacher
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Fetal Electrocardiography

Fetal scalp
electrode (FSE),
an internal fetal

heart monitor

Intrauterine
pressure catheter
" (IUPC), an internal
contraction monitor

The first fetal ECG trace
by Cremer

FADAM.

Invasive fetal scalp blood
sampling during labor
(Saling, 1964)
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The first clinical
noninvasive fetal ECG

Cremer recorded the first fetal

ECG using abdomino-vaginal and Noninvasive fetal ECG
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Fetal Electrocardiography



Invasive fetal ECG

Fetal scalp
electrode (FSE),
an internal fetal
heart monitor

* Used in normal vaginal deliveries after amniotic sac
rupture

Intrauterine
pressure catheter
i (IUPC), an internal
. contraction monitor

* Used to identify fetuses at risk of hypoxia (oxygen
deficiency) during labor

Drawbacks:
* Only applicable during labor
* May result in scalp lesions and infections

* May result in maternal infections




Noninvasive fetal ECG

e Can be used throughout pregnancy (mainly the third trimester) without any risk

* Drawbacks: Challenges of noninvasive fetal ECG extraction from abdominal
recordings




Complications of noninvasive fetal ECG
extraction

* Weakness of fetal cardiac signals

Strong maternal ECG interference

Change of fetal body coordinates with respect to the
surface leads during fetal motion

Electrode positioning

Multiple pregnancies (twin, triplet, ...)

Electrically insulating layers such as the vernix caseosa
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10



Major interferences

* Maternal interferences:
 Mother’s ECG (the major interference)
* Uterus and muscle contractions
* Baseline wander due to maternal respiration

e Device noises (inductive and conductive):
* Power-line noise

Bedside monitors

Infusion pumps

Cellphones

USB devices

etc.

e Other fetal interferences: in multiple pregnancies
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Major Fetal ECG Noises and Interferences

* The noises and interferences overlap

with the fECG in all domains
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A typical fetal ECG observed on the maternal
abdomen

maternal R-peaks

time(s)



A typical fetal ECG observed on the maternal abdomen
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A typical fetal ECG observed on the maternal abdomen
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Sample data recorded by Dr. Evelyn Huhn and provided by Dr. Raphael Schneider
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Simultaneous invasive and noninvasive fetal ECG

Fetal scalp lead
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Sample data provided by Dr. Adam Wolfberg, Tufts University
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A typical fetal ECG observed on the maternal
abdomen

Notice the interferences from the maternal ECG
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A typical fetal magnetocardiogram

Morphologically
resembles the
ECG
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Sample data provided by Dr. Dirk Hoyer, Jena University
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How to extract the fetal ECG

* What it may sound like:

* How it is in reality:

L

il

«'@'
Al

]

/

Abdominal
ECG

Robust Fetal
R-peak Detection &
HR Calculation

Pre-processing
Maternal
R-peak
Detection
Maternal Maternal
------- f€ce Component Componen
! Enhancement | Denoising GEVD/OGEVD

. s e e et T T

Deep neural network

Auxiliary Synthetic mECG

Channel Construction

Database of
existing data

A 4
B

(L

GEVD/OGEVD |

Decomposition

i (Using ICA and/ |
{ orTemporal |
Filtering)

Ranking

Using s Recomposition

Non Maternal
Component

(rCA)

*A typical fetal ECG extraction pipeline
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Why not just use generic deep neural
networks?!

* Deep neural networks are data greedy

e Lack of sufficient data from border cases; the critical cases are
underrepresented in clinical data

* Lack of “explainability” and generalizability

* Blind learning, is not guaranteed to learn what it should! Examples:
* Learning from measurement noise due to patient sweating
* Learning from environmental artifacts and background noise

Result: current fetal ECG extraction algorithms are a combination of
well-designed signal processing and machine learning pipelines that use
hand-crafted features



A deflation procedure for fetal ECG
extraction

Example 1: Original signal
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A deflation procedure for fetal ECG extraction

Example 1: After 1%t iteration
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A deflation procedure for fetal ECG extraction

Example 1: After 2" iteration
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A deflation procedure for fetal ECG extraction

Example 1: After 37 iteration
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A deflation procedure for fetal ECG extraction

Example 1: After 4t iteration
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A deflation procedure for fetal ECG extraction

Example 1: After 5t iteration (maternal ECG fully removed)
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A deflation procedure for fetal ECG extraction

Example 2: Original ECG
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A deflation procedure for fetal ECG extraction

Example 2: After 1%t iteration
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A deflation procedure for fetal ECG extraction

Example 2: After 2" iteration
100
0

-100
100

O Hootpobenmy |
-100
100

0

-100
200 ! !
0] TR
-200 ' '
100
0

-100
50

0 Wigu/ Wi

) i i i i i i i i
500 1 2 S 4 5] 6 7 8 9 10




A deflation procedure for fetal ECG extraction

Example 2: After 379 iteration
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A deflation procedure for fetal ECG extraction

Example 2: After 4t iteration
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A deflation procedure for fetal ECG extraction

Example 2: After 5t iteration (maternal ECG fully removed)
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Maternal abdominal vs. fetal scalp lead ECG

Normalized Amplitudes
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Maternal abdominal vs. fetal scalp lead ECG

Example 2: The abdominal results may even be better than the scalp lead results in some cases
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Clinical parameter extraction from the fetal
ECG

* Fetal heart rate time-series

* Fetal ECG for twins

* Morphological parameters: QRS width, QT-interval, ST-segment, etc.
* Fetal position

* Fetal activity

* Uterine contractions



Evolution of fetal cardiac rhythms throughout

pregnancy

* The heart rate rhythm becomes more complex with fetal gestation age — can be used

as an indicator of fetal brain and neural development
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Ref: R. T. Wakai, Assessment of fetal neurodevelopment via fetal
magnetocardiography. Exp Neurol, vol. 190 Suppl 1, pp. S65-S71, Nov 2004.
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Maternal and fetal heart rate tracking

o Fetal heart-rate acceleration/deceleration
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Maternal Fetal Heart Rate Hlstogram

HR(BPM)

p A T | =
150u ‘, !f‘}* { | & | | w "\J“f“ M *l' .'» | oo | \ | 10000 |

iy 0 Y el Wkd]| =
100 f ¥ ll 4000 | _

MM Mﬂ ‘7 W WY M ” W]NMW M «v “l't ‘»” r'“r' I MM % MM HWM M”W WW‘ ] | | M

50 | ! | ! ! ! ! 60 80 100 120 140 160 180 200 220
0 5 10 15 20 25 30 35 40 45 50 . HR(BPM)
time(min)

37



Fetal ECG/MCG monitoring for twins

Fetus No. 1
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Ref: Sameni, R. (2008). Extraction of fetal cardiac signals from an array of maternal abdominal recordings Doctoral
dissertation, Institut National Polytechnique de Grenoble-INPG; Sharif University of Technology.

38



Heart rate traces of twins
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Ref: H. Biglari and R. Sameni, “Fetal motion estimation from noninvasive cardiac signal recordings,” Physiological
Measurement, vol. 37, no. 11, pp. 2003-2023, November 2016. 39



Fetal position and motion tracking

How? By mapping the fetal ECG back to the abdominal lead space, the energy distribution of the fetal ECG
indicates the fetal position

Right Left

Front
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Fetal position and motion tracking

Example
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Motion detection and cardiotocography from fetal ECG

How? Tracking short-term variations in the fetal ECG amplitude



Motion detection and cardiotocography from fetal ECG

Example 1: No significant fetal motion observed
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Motion detection and cardiotocography from fetal
ECG

Example 2: Minor fetal movement
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Motion detection and cardiotocography from fetal

ECG

Example 3: Significant fetal movement
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Fetal rotation tracking from fetal ECG
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Ref: H. Biglari and R. Sameni, “Fetal motion estimation from noninvasive cardiac signal
recordings,” Physiological Measurement, vol. 37, no. 11, pp. 2003-2023, November 2016.

N

How? Variations in the fetal ECG
morphology across a session indicate

fetal movement and rotation
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Fetal Morphologic Parameters

* Average beat morphologies are obtained by beat alignment and (weighted) averaging.

* The beat averaging can either be simple or by normalizing the RR-intervals, using the
ECG phase signal 6(t) introduced before

i i i i i i
0 50 100 150 200 250 300 350 400 450 500
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Fetal ECG morphology

Mean and SD of scalp fECG

normalized amplitude
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Note: the fetal ECG morphology is not necessarily identical to the fetal scalp lead ECG, due to a different

representation of the fetus
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Fetal QT Interval

Example:
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Wolfberg, and G. D. Clifford, “Evaluation of the fetal QT interval using non-invasive fetal ECG technology,”

Physiological Measurement, vol. 37, no. 9, pp. 1392-1403, September 2016.



Fetal ST-segment analysis

How? By fitting polynomial (or other) models over the ST and other fetal ECG segments
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Ref: D. Fattahi, R. Sameni, Cramér-Rao Lower Bounds of Model-Based Electrocardiogram Parameter Estimation, IEEE
Transactions on Signal Processing, vol 70, 3181 - 3192, 2022, DOI: https://doi.org/10.1109/TSP.2022.3182113



Future perspectives



Emerging technology: hyper-modal fetal monitors

Fusion of multiple modalities for fetal monitoring

Data transfer ;

Multi-modal . ) Signal Processing and

Machine Learning

Computer-aided
diagnosis

acquisition

devices
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Future perspective

As with any other technologies, the technical aspects are only a small
part of the problem

Open-Access

Data Challenges

Clinical Utilization

Social-Welfare

Code/Data Contributions
f P i TEgd :
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Development Patenting : -
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E At A Modality Fusion Decision Making
Sensor_ AHAOE EraRt-End Analog-to-F)lgltaI Multlmo.dgl.Slgnal
Technologies - Conversion Acquisition
Physical & Physiological Modeling Single- & Multi- Virtual Patient
Aspects Framework Modal Modeling Models
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Thank you for your attention!

Contact: rsameni@dbmi.emory.edu
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