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Abstract—Transabdominal fetal pulse oximetry (TFO) is a non-
invasive technique that can provide physicians with a convenient
measure of fetal oxygen saturation. This is accomplished by
sending a known light intensity signal towards the mother’s
abdomen, where it is modified by the maternal and fetal tissues,
and observed some distance away. The measured signal, captured
by a photodetector, contains a mixture of both maternal and
fetal information, where the fetal portion must be extracted to
calculate the fetal oxygen saturation. However, the ability to
decouple the maternal and fetal components is highly dependent
on the physiological and structural parameters of the physical
system. In this work, we propose a contextually-aware sensing
approach that utilizes additional information about the physical
system (physiological, spatial, and temporal) to extract the fetal
signal. It does this by using easily-measurable parameters of the
mother’s physiology to reduce the maternal impact, incorporating
data fusion techniques to combine spatial information from
multiple detectors, and utilizing historical data points to improve
and validate the fetal signal estimates. The efficacy of the
proposed approach is supported by experimental evaluation using
in vivo measurements captured on pregnant sheep.

I. INTRODUCTION

Currently, physicians use cardiotocography (CTG) to mon-

itor fetal well-being during active labor. This technique eval-

uates the temporal relationship between uterine contractions

and changes in the fetal heart rate to identify signs of distress.

It is thought that decelerations in the fetal heart rate after

a uterine contraction is a sign of fetal distress. If occurring

over a long duration, it can be an appealing option to perform

an operative intervention (i.e. C-section) to quickly remove

the child. However, since its introduction, CTG has been

shown to have a horrendously high false-positive rate (99.8%

for cerebral palsy [1]), which has partly led to a significant

rise in emergency C-sections without reducing the rates of

adverse fetal outcomes [2]. C-sections are major abdominal

surgeries, which increase costs and health risks to both the

mother and child, such as higher-rates of type-1 diabetes,

chronic lung conditions, and post-operative complications [3]–

[5]. Currently, 1 in 3 children are born via C-section in the

United States [6] which exceeds the recommended range (10-

15%) put forth by the World Health Organization [7], [8]. In

addition to a mediocre interpretation reliability amongst obste-

tricians [9], a large proportion of C-sections are performed in

response to a non-reassuring CTG trace [10], making it clear

that this high-cost (increased C-sections) and low-benefit (no

change in adverse fetal outcomes) monitoring scheme needs

an alternative.

Transabdominal fetal pulse oximetry (TFO) can potentially

improve fetal outcomes by providing physicians with a more

objective metric of fetal well-being, namely fetal oxygen satu-

ration. This technique uses light to investigate the underlying

fetal tissue through a reflectance-based optical probe placed

on the maternal abdomen. Variations in the diffused light

intensity signal are caused by physiological changes in tissue

composition, and can be analyzed to estimate the fetal oxygen

saturation. A high-level diagram of transabdominal fetal pulse

oximetry (TFO) can be seen in Figure 1.

In general, light-based measurement modalities operate by

sending a known light signal into the body, where it is modified

by the human tissue, and observed some distance away. In

TFO, both maternal and fetal physiology causes the tissue

composition to change, resulting in a mixed (maternal+fetal)

signal. Since photons must first travel through the mother’s ab-

domen before reaching the fetus, any photons containing fetal

information will be corrupted with maternal noise. In addition,

the number of photons that reach the fetus is highly dependent

on the fetal depth, which varies between patients and as natural

birth progresses. These structural and physiological dynamics

makes extracting the fetal signal challenging.

To address the fetal signal extraction problem, we propose

a contextually-aware approach that extracts the fetal signal

by incorporating additional information about the physical

system (physiological, spatial, and temporal). It does this

by utilizing knowledge about the mother’s physiology to re-

duce the maternal noise (physiological), incorporating spatial-

information from multiple detectors to increase robustness

to unknown changes in fetal depth (spatial), and utilizing

historical measures of the fetal signal to improve and validate

new estimates of the fetal signal (temporal). This represents

a tightly-coupled cyber-physical system where the proposed

contextually-aware approach incorporates knowledge of the

physical system to process the raw measurements in the cyber-

system, and expose an underlying physical signal (fetal signal).

To accomplish this, we perform the following:

• First, we characterize the physical system by decom-

posing the mixed signal into its constituent parts and

performing Monte Carlo simulations, to profile the rela-

tionship between the mixed signal the physiological and

spatial parameters.

• Afterwards, we present the proposed contextually-aware

fetal sensing approach, which incorporates information

about the physical system, to extract the fetal signal, and

describe the details of each submodule.

• Lastly, we evaluate the proposed approach using in vivo

measurements captured on pregnant sheep/hypoxic fetal

lambs, using our transabdominal fetal oximetry system.





1) Mixed Signal Problem: In TFO, photons that contain

fetal information must make a round-trip through the mother’s

abdominal wall before reaching a detector. However, physi-

ological processes causes temporal changes in the mother’s

tissue composition, which alters the signal. Expanding the

MBLL for both maternal and fetal tissues, the signal measured

at a detector can be written as:

∆A =
1

ln(10)
(∆µa,mat ∗〈Lmat〉+∆µa,fet ∗〈Lfet〉)+ξ (5)

where ∆A is the measured change in absorptivity at a de-

tector, ∆µa,mat and ∆µa,fet are the changes in absorption

coefficients caused by maternal and fetal tissues respectively,

〈Lmat〉 and 〈Lfet〉 are the expected partial path-lengths pho-

tons take to reach the detector through respective tissues, and

ξ represents other noise factors seen in the measurement (e.g.

thermal noise) caused by the physical components used and

is considered to be Gaussian-distributed with zero-mean. Note

that we use the absorption coefficient (µa) here instead of the

molar extinction coefficient (ǫ). Both provide a measure of

light attenuation and are related by µa = ln(10) ∗ ǫ ∗ c.
In order to estimate the fetal oxygenation using Equation 4,

the fetal signal must be extracted from the mixed signal.

Given the stochastic nature of light scattering and absorption,

decoupling the maternal and fetal signals can be challenging.

One approach is to use a conventional pulse oximeter on the

mother’s finger, to estimate the maternal contribution and

remove it from the mixed signal. This helps to provide an

additional measure of the mother’s cardiac response, but may

not fully represent the signal seen at the maternal abdomen,

where respiration effects are more evident. Further measures

of the mother’s physiology may be helpful in fully removing

the maternal contribution from the mixed signal.

2) Fetal Depth Variations: Prior to birth, the fetus resides

in the uterus and is typically located several centimeters

within the maternal abdomen. For highly-scattering materials

like tissue, this is optically deep, meaning that only a small

proportion of photons reaching a detector will have traversed

fetal tissues. In general, signals seen at the skin surface are

more sensitive to changes in the superficial (i.e. maternal)

tissues, and thus, the maternal noise dominates the mixed

signal.

For reflectance-mode sensors, the relative distance between

the light source and photodetector (source-to-detector or SD

distance) plays an important role in increasing the depth of

tissue investigated. The larger the SD distance, the deeper the

tissue being investigated but at a cost of overall light intensity

(strength). Optimizing this parameter can be difficult, since

patient variability can cause the fetal depth to vary drastically.

This can occur between different patients, or as the fetus

moves through the birth canal during natural delivery, and

causes the optimal SD distance to vary between patients and

over time [11]. To design a clinically-robust TFO system, it

is important that the fetal signal extraction must be robust to

both inter- and intra- patient variability.

III. PROBLEM STATEMENT

As previously described, the mixed signal is a result of

changes in tissue composition caused by maternal and fetal

physiology. In addition, the signal’s sensitivity to fetal tissues

is highly dependent on anatomical parameters like fetal depth.

Since tissue is a highly-scattering material, small changes

in fetal depth can have significant effects on the ability to

capture sufficient fetal information. To address this problem,

we propose a contextually-aware approach that can extract

the fetal signal by utilizing additional knowledge about the

physical system, namely physiological, spatial, and temporal

information. In this work, we first characterize the physical

system by decomposing the mixed signal into its constituent

parts, and simulate photon propagation through representative

tissue models to profile the relationship between spatial param-

eters to the mixed signal. Next, we present the contextually-

aware approach and describe its various submodules in detail.

Lastly, we evaluate the efficacy of the approach to identify

the fetal signal, by developing a TFO system prototype and

capturing in vivo measurements on pregnant sheep.

IV. CHARACTERIZING THE PHYSICAL SYSTEM

In this section, we characterize the physical system in order

to understand its effect on the mixed signal. In particular,

we decompose the mixed signal into maternal and fetal

components and describe the physiological changes that cause

the light intensity to vary, and simulate photon propagation

through representative tissue models to profile the relationship

between fetal depth, SD distance, and fetal signal sensitivity

(i.e. the proportion of signal that contains fetal information).

A. Decomposing the Mixed Signal

To understand the relationship between the mixed signal

and the underlying physiology it describes, we decompose

the mixed signal into the maternal and fetal components and

rewrite Equation 5 as:

∆A = ∆Amat +∆Afet + ξ (6)

where ∆Amat and ∆Afet are the changes in absorptivity due

to maternal and fetal tissues respectively. In TFO, identifying

∆Afet is the goal. These changes are caused by the slight

arterial expansion from heart contractions occurring at the fetal

heart rate (FHR), typically occurring between 2-5 Hz [12]. As

described in Section II-B, this signal forms the basis upon

which fetal oxygen saturation can be calculated.

Physiological changes in the maternal tissue ∆Amat are

also present in the mixed signal. Some of these changes are

caused by the mother’s respiration and cardiac cycles:

∆Amat = ∆A
Resp.
mat +∆ACardiac

mat (7)

In the cardiac cycle, arterial vascular tissues expand slightly

with each heart contraction, which increases the blood-tissue

volume ratio. Depending on the tissue perfusion, the amount

this rises typically varies between 2-10% [13]. While this is a

small percentage, it is enough to create a PPG waveform that

is used in conventional pulse oximetry. This maternal PPG





Fig. 3. Results from the Monte Carlo simulations. a) Fetal Signal Sensitivity
(ratio of photons that traversed fetal tissues to total photons seen) at various
SD separations and fetal depths, b) Attenuation ratio vs SD separation (ratio
of number photons seen to total photons injected into the tissue).

monotonically-increases with SD distance, but decreases with

fetal depth. This is expected, since it is harder for photons

to reach the fetus when it is deeper. However, the attenuation

ratio, defined as the number of detected photons over the total

photons introduced into the skin, exponentially decreases with

SD distance, as described in Equation 1. In practice, fetal depth

is unavailable during the intrapartum period, and thus, it is

difficult to determine if sufficient fetal information is being

captured by a detector, without additional context.

V. CONTEXTUALLY-AWARE FETAL SENSING APPROACH

As argued previously, the structural and physiological dy-

namics of the physical system makes it difficult to decouple the

fetal and maternal components from the mixed signal. In this

section, we present a contextually-aware approach that extracts

the fetal signal by incorporating additional information about

the physical system (physiological, spatial, and temporal). In

particular, we utilize external measures of the mother’s physi-

ology to reduce the maternal noise (physiological), incorporate

known information about the SD distance to increase robust-

ness to unknown fetal depths through data fusion techniques

(spatial), and by utilizing historical estimates to improve

the ability to track and validate the fetal signal (temporal).

We assume that external measures of fetal information are

unavailable, as existing methods may interfere with the TFO

optode due to similar placement requirements on the mother.

A high-level diagram of the proposed approach can be seen

in Figure 4(b). In the following, each of the modules are

described in detail.

A. Maternal Noise Reduction

In the proposed approach, we incorporate external measures

of the mother’s physiology to reduce the maternal noise seen

in the mixed signal. As we described in Section IV-A, the

source of maternal noise is caused by respiration and cardiac

contractions. Therefore, we utilize the mother’s respiration

rate (MRR) and heart rate (MHR) to generate filters that

reduce their contribution to the measurements. Given the

periodicity of these physiological signals, we analyze the TFO

measurements in the frequency domain. First, we generate

the frequency-domain representation of each channel’s raw

data using the fast-fourier transform and estimate their power

spectral densities (PSD). The PSDs, in conjunction with ex-

ternal measures of the MRR and MHR, are used by the filter

generator to create ideal notch filters centered at the MHR and

MRR frequencies, and their associated harmonics identified as

strong peaks in the PSD at integer multiples of the fundamental

frequencies. Harmonics up to 6 Hz are considered, since the

fetal signal should be present within 2-5 Hz. The signals are

sent through the associated filters to reduce the maternal noise

in each of the channels.

∆Afiltered = ∆Afet + ξ (8)

After maternal noise reduction, the filtered signals should

consist of only the fetal signal and random noise, as shown

above.

B. Data Fusion

In addition to incorporating physiological information, we

use data fusion to combine the measurements seen at each

detector (channel) to improve the fetal signal estimation. After

reducing the maternal noise, only the fetal content and random

noise should remain in each of the channels. However, if

the measurements are captured from a detector with a small

SD separation, it may not contain sufficient fetal information

(i.e. ∆Afet ≈ 0), whereas channels with a larger SD distance

will have higher fetal sensitivity but captures less photons

overall. Importantly, the fetal sensitivity monotonically in-

creases with SD distance. We use this information to combine

the measurements from each channel using a weighted-sums

approach where the weights represent the SD distance for

respective detectors, and thus provides a measure of relative

fetal information contained in that channel.

∆Awsums =
∑

i

wi∗∆Afilt.,i =
∑

i

wi∗(∆Afet,i+ξi) (9)

As seen in Figure 3, the shape of the fetal sensitivity to SD

distance relationship changes with fetal depth. However, fetal

depth is an unavailable parameter, and thus this knowledge

cannot be utilized. For this reason, we define our weights as

linear, evenly-separated weights between 0 and 1, where the

weight for the largest SD distance is assigned the value of 1

and smaller SD distances closer to 0. This linear-weighting

approach aims to improve robustness to unknown changes in

fetal depth.

In addition to incorporating spatially-aware sensing through

data fusion technique, another benefit is that the variance of ξ

is reduced in the fused signal. Since ξi represents the random,

Gaussian-distributed with zero-mean, noise seen in the ith

channel, the expectation of
∑

wi ∗ ξi will also be a Gaussian-

distributed, zero-mean random variable with reduced variance,

thus improving the fetal signal-to-noise ratio.

C. Fetal Signal Estimation

After data fusion, the resulting signal is then sent to the fetal

signal estimation module. In a simple manner, this module uses

the power spectral density of the fused signal, and searches











optical phantom, which performed well. Their technique rep-

resents a similar approach to the naı̈ve method introduced in

this paper. The authors in another study addresses the issue

of patient variability by optimizing the optode design using a

multi-objective optimization process [11].

VIII. CONCLUSION AND FUTURE WORK

In this paper, we presented an approach that estimates the

fetal signal by incorporating additional physiological, spatial,

and temporal context about the physical system. We evaluated

the approach by capturing in vivo measurements on a pregnant

sheep animal model, and compared the proposed approach

with the true FHR. Currently, we are working on improving

the system, and evaluating the system in an antepartum (prior

to labor) scenario on pregnant human mothers.
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