Current Directions in Biomedical Engineering 2015; 1:450-453

DE GRUYTER

Marcel Bottrich*, Sebastian Ley, and Peter Husar

Simulation based investigation of source-detector
configurations for non-invasive fetal pulse

oximetry

Abstract: Transabdominal fetal pulse oximetry is a
method to monitor the oxygen supply of the unborn child
non-invasively. Due to the measurement setup, the re-
ceived signal of the detector is composed of photons
coding purely maternal and photons coding mixed fetal-
maternal information. To analyze the wellbeing of the fe-
tus, the fetal signal is extracted from the mixed compo-
nent. In this paper we assess source-detector configura-
tions, such that the mixed fetal-maternal components of
the acquired signals are maximized. Monte-Carlo method
is used to simulate light propagation and photon distribu-
tion in tissue. We use a plane layer and a spherical layer
geometry to model the abdomen of a pregnant woman.
From the simulations we extracted the fluence at the de-
tector side for several source-detector distances and ana-
lyzed the ratio of the mixed fluence component to total flu-
ence. Our simulations showed that the power of the mixed
component depends on the source-detector distance as ex-
pected. Further we were able to visualize hot spot areas
in the spherical layer model where the mixed fluence ra-
tio reaches the highest level. The results are of high im-
portance for sensor design considering signal composition
and quality for non-invasive fetal pulse oximetry.
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1 Introduction

Pulse oximetryis a clinical standard method for measuring
oxygen saturation non-invasively since decades. Applying
the basic principle to the abdomen of a pregnant woman
is an approach still under research. The feasibility of the
method has been shown by several animal and simulation
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studies [2, 5, 6]. Two or more light sources are placed on the
abdomen of the pregnant woman. Emitted photons travel
through maternal and fetal tissue layers, are scattered, ab-
sorbed and reflected. According to the principle of reflec-
tion pulse oximetry, a photo-detector captures photons re-
flected back to the surface of the abdomen [8]. The ac-
quired signal is composed of two kinds of photons. There
are photons that traveled through maternal tissue, coding
purely maternal components and there are photons that
reached fetal tissue layers, coding mixed fetal-maternal
information. Signal composition in this context is mainly
influenced by the interaction of source-detector distance
and geometry of the tissue layers [3, 4].

Transabdominal fetal pulse oximetry requires the ex-
traction of the fetal signal, maternal components are re-
garded as disturbancies. To facilitate signal separation the
power of purely maternal components can be minimized
by applying a proper source-detector configuration [3, 4].

This paper describes an investigation of the influ-
ence of source-detector distances to the signal composi-
tion more in detail. Monte-Carlo method is used to simu-
late light propagation inside maternal and fetal tissue lay-
ers. The basic investigations described in [3] are based on
a three-layered plane model. We extended the approach
to also analyze a more complex and more realistic spher-
ical model. The simulation results give an indication of a
suitable sensor configurations for implementation in non-
invasive fetal pulse oximetry.

2 Methods

2.1 Monte-Carlo method

Monte-Carlo method enables to compute the path of single
photons through tissues up to photon interactions with the
tissue. Further, photon fluence in various depths and tis-
sue layers is computed. The algorithm described by Wang
and Jacques in [7] is widely used to analyze photon distri-
butions in tissue. The program uses planes with infinite
width to model different tissue layers.
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Figure 1: Flowchart of the algorithm used to simulate photon prop-
agation in a voxel based tissue model. The algorithm is motivated
by [7] and [1].

In this work the algorithm is extended to allow utiliza-
tion of more complex and realistic (voxel-based) model ge-
ometries, inspired by Boas et al. [1]. However, photon mi-
gration in general is done as described in [7], considering a
finite number of voxel elements. The flowchart of our algo-
rithm is shown in Fig. 1. First, the software initializes and
loads the model data from a file to the main memory to,
speed up read and write processes. A photon is launched
with normalized weight w of 1 and a tissue specific step
size s. In case there is no tissue boundary on the path, wis
reduced and saved to the current voxel. The values saved to
the voxels are interpreted as absorption and used to com-
pute the fluence as described in [7]. Scattering is done by
updating the spin of the photon after the step. If there are
voxel boundaries along the way of the photon and a tis-
sue boundary is reached, the photon stops at the bound-
ary. Based on Fresnel’s law the photon is reflected at the
boundary or transmitted into the next tissue. After the in-
teraction, the photon finishes the step with a new direc-
tion and an updated step size. At the end of every step
w is checked. Roulette is performed if w is smaller than
0.0001. If the photon survives the roulette, one more step
is computed, else the photon is terminated and a new one
is launched. The algorithm terminates, if the preset num-
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Figure 2: Visualization of the plane (a) and the spherical (b) models.
Both models consist of five tissue layers (top to down): maternal
tissue, amniotic fluid, fetal tissue, fetal skull and fetal brain.

ber of photons migrated through the tissue model. Photons
that reached fetal tissue layers are marked to allow extrac-
tion of the fluence caused by purely maternal and mixed
fetal-maternal photons at the surface of the model. Mixed
components of the detected signal correspond to the flu-
ence generated by marked photons, unmarked photons
carry purely maternal components. Total signal power is
the sum of these two components. We successfully vali-
dated the algorithm by performing the standard simula-
tions described in [7].

2.2 Tissue model and simulation setup

The model geometry is based on three dimensional cu-
bic voxels with an edge length of 0.02 cm. We considered
two basic shapes to model the abdomen: plane layers and
spherical layers. The plane model with different tissue lay-
ers is shown in Fig. 2 a). Most of the former works use
planes for simulating photon distributions and analyzing
feasibility of fetal pulse oximetry and expected signal com-
position [3, 5]. Using spheres instead of planes allows mod-
eling of surface curvature that certainly influences photon
propagation and leads to more reliable and realistic sim-
ulations. The spherical model with tissue layers is shown
in Fig. 2 b). The radius of the outer sphere represents the
abdomen of a pregnant woman and is set to 15 cm. We con-
sidered five tissue layers for both models with geometrical
and optical properties listed in Tab. 1 below. The values
were taken from [5] and represent averages for the tissue
volumes. All optical parameters are valid for wavelengths
in the near infrared range between 800 to 900 nm.

A point source S and a point like detector D are used
to simulate the impulse response of the system as pro-
posed by Wang and Jacques [7]. However, Monte-Carlo is
a method for stochastic. To reach convincing results for
photon distributions, 5108 photons were launched. The
absorption values saved in voxels at the surface are inte-
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Table 1: Geometrical and optical properties of the five tissue layers
are listed. The scattering coefficient (us), absorption coefficient
(ua), anisotropy (g) and refractive index (n) describe the optical
characteristics of the tissues and d is the thickness of the layer.

Tissue dincm Hs in  pg in g n
layer cm™? cm?

Maternal 1.6 5.0 0.08 0.800 1.300
tissue

Amniotic 0.9 0.1 0.02 0.850 1.300
fluid

Fetal tis- 0.34 14.0 0.18 0.800 1.300
sue

Fetal 0.16 10.0 0.70 0.935 1.564
skull

Fetal 8.8 9.6 0.20 0.978 1.400
brain

grated over the circumference of the sphere at the position
of the detector and normalized by the number of launched
photons.

3 Results

The fluence distribution at the surface of the models is
shown in Fig. 3. Plots a) and b) show the spatial distribu-
tion of the total fluence for the plane and spherical layer
model, respectively. Depicted are sections from the top
view of the models with values represented in a logarith-
mic scale for visualization purposes. The point source S is
represented by a white spot, indicating a very high fluence
at this point. The graphics show that the fluence decreases
with larger distance to the point source S. However, the flu-
ence distributions are more or less the same for both mod-
els.

Fig. 3 ¢) shows the fluence as a function of the S-D dis-
tance in the range between 2 cm an 16 cm. The fluence of
the reflected light captured by the detector drops exponen-
tially with increasing S-D distance in both models. The ac-
quired signal is slightly stronger in the sphere model. As-
suming the source emitted light with a fluence of 1 J/cm?,
the optical fluence at the detector is at around 1 pJ/cm? at
11 cm for the plane and 14 cm for the spherical layer model.

The fluence of the photons that reached the fetal layer
in relation to the total fluence for various source-detector
distancesis shown in Fig. 4. The corresponding spatial dis-
tribution is visualized in a) and b). Fig. 4 c) shows the flu-
ence ratio as a function of S-D distance in the range be-
tween 2 and 16 cm. Both have a very weak mixed compo-
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Figure 3: Spatial fluence distribution for the total signal in loga-
rithmic scale is shown in a) for the plane model and in b) for the
spherical model. Visualized are sections from the top view of the
models. In ¢), the total fluence is shown as a function of the S-D dis-
tance. Fluence drops exponentially with increasing S-D distance in
both models.
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Figure 4: Spatial distribution of the fluence ration between mixed
component and total signal is shown in a) and b) for the plane and
spherical layer models, respectively. The fluence ratio as a function
of S-D distance is plotted in c). The amount of the mixed component
steadily increases with the S-D distance and converges to 65 %

in the plane model. For the spherical model, the curve reaches a
maximum of 50 % at the hot spot area.

nent next to the source, represented by the dark area in
Fig. 4 a) and b). Purely maternal components dominate
in this area and the ratio of the mixed component goes
down to below 10 %. However, there are characteristic dif-
ference visible between the two models. As expected and
already shown in [3], the fluence of the mixed component
increases with the S-D distance and converges to a maxi-
mum of around 65 % in the plane model. This implies that
for an S-D distance larger than 14 cm the mixed compo-
nent causes 65 % of the total fluence. The distributions are
slightly different in the spherical model. The bright area in
Fig. 4 b) indicates that there is a hot spot area, in which the
ratio of the mixed component reaches a maximum. From
c) can be seen that the relative fluence of the mixed com-
ponent reaches a maximum of 50 % at around 8.5 cm and
drops down to 30 % with larger S-D distances.

Bereitgestellt von | Technische Universitat lImenau
Angemeldet
Heruntergeladen am | 09.09.19 09:21



DE GRUYTER

4 Discussion

The extraction of the fetal pulse curve from the mixed sig-
nal requires a sufficient fluence of the fetal component at
the detector side. Due to the anatomy, there always will be
a maternal component in the captured signal, since pho-
tons necessarily travel through maternal tissue to reach
the fetus. However, it seems to be possible to minimize the
influence of purely maternal information coding photons
by choosing a proper S-D distance.

The simulation results from the plane layered model
indicate that a large S-D distance enhances the composi-
tion of the fluence. Assuming an ideal detector with infi-
nite sensitivity and without noise, S-D distance should be
set to 14 cm. Assuming a source fluence of 1]/ cm?, for ex-
ample, total fluence is 0.2 pI/cm2 and mixed component
fluence is 0.14 p]/cmz. Choosing a smaller S-D distance
leads to a larger fluence at all, but reduces the relative
amount of the mixed component, thus the fetal signal. The
simulations with the spherical model show a hot spot area.
The fluence of purely maternal components tends down to
a minimum, implicating the highest possible power of the
fetal signal is achieved by placing the sensor in this area.
At a S-D separation of 8.5 cm, the fluence of the mixed com-
ponentis at 5 pJ/cm? in the configuration described above.

Real detectors have a limited sensitivity and a certain
noise level. Smaller S-D distances should be preferred to
receive a sufficient signal at all. Our simulation results re-
garding signal composition imply, that the spherical shape
of the abdomen facilitates signal separation especially at
S-D distances below 9.5 cm. Future investigations should
consider more realistic, at least spherical, geometries to
get more practically relevant information.

5 Conclusion

We conclude that the distance between source and de-
tector significantly effects the signal composition. We did
simulations with a plane and a spherical layer model to
show their characteristic differences and the impact of the
model choice and design. The results of the plane layer
model imply that a larger S-D distance also leads to a more
convenient signal composition at the detector side. Noise
level and sensitivity of the detector may be the only limi-
tation in this scenario. The more realistic spherical model
showed that there is a hot spot area where the power of the
mixed component reaches a maximum. The knowledge of
the hot spot is of high importance for sensor design. The
simulations help to find an optimum, where the ratio of
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the mixed fluence component and the fetal signal reaches
its maximum, while the signal quality at all is still suffi-
cient. More realistic models are needed to finally use the
results for implementation purposes.
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