Optica Applicata, Vol. XLIII, No. 4, 2013
DOI: 10.5277/0a130411

Determination of the optode array representation
using optical properties at systole and diastole
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The necessity to develop an optode array in order to probe the fetus oxygenation noninvasively
regardless of the fetus position has been highlighted in previous literature. In this paper, a series
of optical simulations are carried out to determine the best representation of optode array by using
optical properties at systolic and diastolic states. The selection is based on the highest flux values
accumulated at respective detectors. To accomplish the objective, a homogenous three-layer
semi-infinite tissue model is implemented to represent the pregnant woman model. The geometry
of'the model as well as Monte Carlo simulation are carried out using commercial software, whereas
the optical properties related to systolic and diastolic states are defined for all wavelengths.
A statistical noise analysis is also introduced in order to find a sufficient number of rays to be
launched into the optical tissue system.

Keywords: optical simulation, optical properties, optode array, semi-infinite tissue layer, statistical
analysis.

1. Introduction

Fetal surveillance monitoring is crucial as it helps to avoid fetal hypoxia or intrapartum
asphyxia that can bring damage to the vital organs such as heart and brain and this can
be done by detecting a decrease in oxygen supply in fetus. In conjunction with the use
of cardiotocography (CTG), a fetal scalp blood sampling (FBS) technique has been
used to determine hypoxia in fetus with an abnormal heart rate pattern by measuring
the pH or lactate. Intervention will be recommended if the pH reading shows less than
7.24 or when abnormal lactate points at 4.20 or higher [1].

Although this method can assist medical practitioners or midwifes to handle fetal
distress during labor or near labor, it has several limitations. First of all, the FBS meth-
od is an invasive procedure, non-continuous, technically uneasy and difficult to obtain
an adequate blood sample [2, 3]. Secondly, it shows high failure in sampling and
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analysis of pH blood at the range of 10.4 to 25% and consumes time in collecting or
analysing the data; thus increasing the delay in clinical management [4—6].

The fetal oximetry system is initially developed purposely for intrapartum
monitoring [7, 8]. It is reported that continued monitoring of fetal oxygen saturation
combined with fetal heart rate monitoring may improve accuracy in the evaluation of
fetal well-being [9]. Moreover, it is also recommended to monitor the fetal status using
intrapartum fetal pulse oximetry in cases of non-reassuring or pathological cardiotoco-
graphy to avoid imminent fetal hypoxia [10]. However, commercial optical sensors
for fetal oximetry have several downsides. Firstly, the technique is invasive to mothers.
In real clinical situation, the reflectance optical sensors are attached on the fetus scalp
or cheek by inserting it through the birth canal [11]. Besides that, it is reported that
the sensors may leave marks on the skin of the fetus [12] and also contribute to the in-
creased number of caesarean sections for dystocia due to the presence of the sensors
itself [13].

To overcome those limitations, a transabdominal measuring of fetus oxygen
saturation has been presented by [8, 14—20]. The feasibility of transabdominal
oximetry was studied from various aspects, starting from the modelling of photon
migration through the fetal head until the development of clinical and experimental
models by using continuous wave near infrared spectroscopy [8, 14, 15]. Despite
the tremendous works mentioned above, only VINTZILEOS ef al. [20] claimed to be
the first who successfully measured the fetal oxygen saturation values on maternal
abdomen with the reported value of fetus oxygen saturation between 54 and 74%.

The idea of using a low-cost near-infrared (NIR) light emitting diode (LED) and
a silicon photodetector to detect the fetal heart rate (FHR) transabdominally has been
proposed by [21]. To obtain the clinical trial results of FHR, the fetal position needs
to be determined first by using the CTG and the results revealed that the fetal position
affects the accuracy of the FHR with the best results attained when the probe is close
to fetal tissues. The promising results have led to another possibility of exploring
the noninvasive fetus oxygen saturation measurement by using a low-cost light source
instead of using spectroscopy. In addition to that, all previous works mentioned before
have not yet explored the optode arrays in order to probe the fetal signals independently
of fetal position.

The gaps shown here motivate the authors to conduct a study to determine the best
configuration of a reflectance optode array by measuring the flux values at respective
detectors. Since the oxygen saturation is much dependent on pulsatility of an arterial
and nonpulsatility of bloodless tissues, it is worth to investigate how the systolic and
diastolic conditions may affect the optode configuration.

2. Optical properties

Optical properties of tissues are usually characterized by three parameters which are
the scattering coefficient y,, absorption coefficient #, and scattering anisotropy fac-
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tor g. The anisotropy factor or cosine scatter g represents the amount of light scattered
either in forward or backward direction after a scattering event. The scattering and ab-
sorption coefficients are proportional to the scattering and absorption cross-sections o,
density of scatterers and absorbers in the medium p, and they can be written as:

Ha= Pa O (1
Hs = PO (2)

To create the scattering model, four parameters are needed which are: the absorption
coefficient u,, reduced scattering u, refractive index of tissue n, and scattering phase
function. The reduced scattering ; is used to describe the photons diffusion in a ran-
dom walk after experiencing several scattering events and it is denoted as:

Mg = (1 -g) (3)

The scattering phase function is used to define the new photon direction after each
scattering event. As stated by [22], a very general phase function can be applied if
the optode spacing is more than 20 mm. In this study, a volumetric scattering phase
function is used to guide a new photon direction. A Monte Carlo framework, namely
the Advanced System Analysis Program (ASAP), has been used to generate light
distribution in the tissue.

In ASAP, the Monte Carlo code is based on the surface. In other words, each surface
has a specific type of boundary with the flux dependent on the amount of reflection
and transmission as defined at the boundary [23]. The advantages of using this
programme are as follows: it gives a 3D simulation of light behavior and takes into
account Fresnel reflection and refraction at tissue boundaries.

In a real condition, the lights collected on the detector are modulated with
the oxygenated and deoxygenated blood. During systole, more blood is pumped in
the arteries and as a result, the absorbance of light is increased; thus the light being

Table 1. Optical properties at two different wavelengths.

Parameters
Coefficient s Wavelength
State [mm™'] 735 nm 890 nm
Systolic X Ha, sys,m 0.01163 0.01473
Tl sys, 1 0.01261 0.01411
X Uy, dias, m 0.01147 0.01435
Diastolic 2 Ha dias.f 0.01241 0.01377
Y 1.22 0.89
T ul 1.227 0.895
Ha, af 0.00287 0.00359

Amniotic fluid
U ap 0.01 0.01
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transmitted is minimal. In contrast to systole, the transmitted light is maximal during
diastole due to the minimum absorption of light detected that is caused by the minimum
arterial vessel diameter. In order to take the systolic and diastolic conditions into
consideration, the optical properties associated with this condition are already defined
in the Appendix section and the corresponding values are tabulated in Tab. 1.

All values specified in Tab. 1 are taken from References [24] and [25]. These
optical properties represent the oxygen saturation of fetus and maternal at 70% and
90%, respectively. The value of anisotropy factor g associated with mother and fetus
is the same: 0.80, whereas for amniotic fluid it is 0.85, and it applies to all wavelengths.
On the other hand, the reduced scattering coefficient is wavelength dependent and is
assumed to be the same for mother and fetus layers.

3. Model geometry definition

Based on the standard rotational axis which comprises x, y and z axes, the pregnant
woman model is structured in three layers as illustrated in Fig. 1 and is assumed as
a cylindrical semi-infinite tissue model to resemble a realistic condition. As previously
suggested by researchers [26, 27], a three-layer model is reasonable in light of
available empirical data. As shown in Fig. 1, the first (yellow), second (blue) and third
(green) layers are the mother layer followed by the amniotic fluid layer and fetal layer,
respectively.

Fig. 1. The geometry model is defined by a 3-layer tissue which comprises (from left) mother, amniotic
fluid and fetus.

The length of the fetal layer is set to 200 mm along the z-axis. BEARDEN et al. stated
that the thickness of the maternal abdominal wall is in the range of 20 to 50 mm [28].
In other study [29], the average abdominal wall thickness measured on 243 pregnant
patients (gestation weeks: 26+7) is 24+8 mm, whereas the thickness of the amniotic
fluid layer is found to be 134 mm. The maternal abdominal thickness used in this
simulation is from the latter study. The value for amniotic fluid thickness is taken
from the amniotic fluid index. This is the only method available to measure the amni-
otic fluid thickness and for that reason it can be accepted when modelling the amniotic
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fluid layer [24]. To simplify, the typical thickness values for mother and amniotic fluid
are being used in this study.

4. Modelling light sources and detectors

A study on how deep is the penetration of light in the tissue is excluded in this paper
since the extensive research has been carried out previously [8, 17, 28, 30]. However,
their relative merits will be discussed briefly in this section. Previous works, for in-
stance RaMaNUJIAM et al. [8, 14] and GaAN et al. [21, 24], have shown that longer
wavelength penetrates tissue more effectively. Meanwhile, BEARDEN et al. [28] sug-
gested that for visible light to penetrate the biological tissue with thickness more
than 40 mm, the optimal wavelength should be in the range of 600 to 700 nm.

In the case of noninvasive fetal pulse oximetry, previous researches such as
MAWwN et al. [18] and VINTZILEOS et al. [20] utilize 735, 805 and 850 nm as a source
of light. This selection of wavelengths is upon the basis of MANNHEIMER ef al. [25] and
ZOURABIAN et al. [16] studies. In the latter study, an analysis of optimal wavelength
for fetal pulse oximetry based on hemoglobin, water absorption and scattering effects
is presented. The results stated that the minimum error in saturation occurred in
the range of 670 to 720 nm and 825 to 925 nm in the region of visible light and infrared
light, respectively, whereas in the former study, three sets of wavelength pairs had
been proposed and the findings show that 660/890 nm and 735/890 nm allow optimum
performance during high and low saturation, respectively. On the other hand, although
800/950 pair provides good reading in low saturation, the measurement sensitivity
becomes smaller [25].

The type of a light source intended to be modelled in this paper is a light emitting
diode (LED). The light source or emitter is created as an incoherent source by
modifying the ray flux to match the graphical intensity distribution provided by
the LED manufacturer. This process is also known as ray apodization. Although
wavelengths related to the minimum error in saturation should be accounted, this error
is only significant at smaller optode distance and applied to one wavelength only.
Moreover, the ratio of two wavelengths will reduce this error significantly [16]. In
addition to that, the lack of information on optical properties of the tissues at these
wavelengths caused that only two wavelengths were considered here, that is 735 and
890 nm.

As shown in Fig. 2a, a diamond configuration of optode array is being proposed
here. The name is given based on the perimeters of the detectors’ arrangement.
The initial distance between each detector with respect to the source is set at 40 mm.
Such distance is chosen because 70% of received optical power contributed from
the fetal layer occurred at 40 mm [24].

Square configuration is another option which has also been tested in the simulation.
As can be seen in Fig. 2b, four detectors are added and labeled starting from D5 until
DS; with the distance of 40 mm with respect to the adjacent detectors. All detectors
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b

D1

D3

Fig. 2. Detectors arrangement in diamond configuration (a) and square configuration (b). The position
of a light source is at the centre of the origin (0, 0, 0).

are assigned to absorb the light and are modelled as a square with dimension of
10x10 mm?. This dimension is the actual active area of a photodiode N57-513
(Edmund Optics).

A huge number of rays are required to accurately predict the performance of
the optical system. For that reason, a statistical noise is being calculated to determine
the sufficient number of rays required for running the simulation. Different number of
seeds needs to be applied at selected wavelength and the resulted total flux of all
detectors has to be averaged before a standard deviation can be found. In this study,
we run for 10th trials and assume that more rays are needed if the standard deviation
is more than 1%.

Once the number of rays has been determined, the simulation begins by launching
a 735 nm towards the tissue layers that have the optical parameters at a systolic state.
In the same way, another simulation is carried out using diastolic parameters.

5. Results and discussion

5.1. Optical simulation

Of three layers, only the amniotic fluid layer is not affected by the systolic and diastolic
condition since it has no blood capillaries. Thus, the optical properties at systolic and
diastolic states as described in Appendix are for mother and fetus layers. Total flux
injected through the model is 1 mW and the propagation of each ray flux is terminated
if the power of scattered rays reaches 1.25 pW. A much lower value can be set;
however, it will not contribute to the absorption of flux by the detectors. The same
number of seed is applied to all simulations for strict reproducibility of the research
results.

Monte Carlo modelling is known for the replicability issues when applying different
seed numbers [31]. An observation has been made regarding this matter by repeating
the same simulation on diamond configuration with different seed number using
735 nm at systolic condition for 10 times at 1 and 5 millions of rays. As expected,
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Table 2. Standard deviation calculated using different seed number.

Number of rays Standard deviation o Execution time
1 million 0.005% 19-30 min
5 million 0.002% 120-125 min

the flux values obtained from these simulations are varying depending on the seed
numbers due to the stochastic nature of the Monte Carlo process. Considering
the variation in optical power associated with the seed number, an analysis in statistical
noise has been conducted to find the mean and standard deviation of the optical power
for each 10th trial. Using Intel® Core™ 2 Duo, with the speed of 2 GHz and
2 GB RAM computer, the execution time ranges from 19 min to 30 min for 1 million
rays, whereas using 5 million rays, the simulation time increased four-fold. Since
the standard deviations for both numbers of rays are less than 1%, 1 million of rays
are sufficient enough to run the simulation. The details for this finding are presented
in Table 2.

5.2. Radiation pattern of light source

Figure 3 shows the resulting ray apodization for 890 nm. The 735 nm are simulated
using the same specification as 890 nm. It is quite difficult to obtain the relevant LED
datasheets for 735 nm unless the source of light is coming from spectroscopy or laser.

1 flux/steradian

Fig. 3. Simulation of radiation pattern with viewing angle of 36° at 890 nm.

That is why the specification of 890 nm is applied to other wavelengths. By doing this,
any disparity in light distribution due to the variation in viewing angle could also be
neglected.

5.3. Optical power at detectors

Tables 3 and 4 show the resulting flux collected by detectors in square and diamond
configurations, respectively. Looking comparatively at both tables, high flux values
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Table 3. Flux values associated with systolic and diastolic states using square configuration.

Optical power [W]

Wavelength 735 nm

Wavelength 890 nm

Detector Systolic Diastolic Systolic Diastolic

D1 0.7158x10~* 0.7822x10~* 0.7782x1074 0.7754x10~*
D2 0.7342x107* 0.7149%x10~* 0.7890x10~4 0.8070x10~*
D3 0.6992x10~* 0.7610x10°* 0.7558x107* 0.7554x10~*
D4 0.6854x1074 0.7620x10~4 0.7691x1074 0.8422x1074
D5 0.3875%x1074 0.3700x10~4 0.3876x1074 0.4121x1074
D6 0.3758x1074 0.3572x1074 0.3666x1074 0.3939x10°4
D7 0.3414x107* 0.3584x10~* 0.4152x1074 0.3914x107*
D8 0.3594x10~* 0.3489x10~* 0.3946x1074 0.4204x107*

Table 4. Flux values associated with systolic and diastolic states using diamond configuration.

Optical power [W]

Wavelength 735 nm

Wavelength 890 nm

Detector Systolic Diastolic Systolic Diastolic

DI 0.7158x10°* 0.7822x10~% 0.7782x1074 0.7754x10~*
D2 0.7342x10~* 0.7149x1074 0.7890x10~* 0.8070x10~*
D3 0.6992x1074 0.7610x1074 0.7558x1074 0.7554x1074
D4 0.6854x1074 0.7620x1074 0.7691x1074 0.8422x107*

can be found at D1 to D4 in both configurations, whereas at D5 to DS, the flux values
are near or more than 50% less as compared to the first four detectors. These results
are not surprising because the more distant the detector is from the source, the less
flux will be received by the detector. Also, at D1 to D4, the optical powers during
systole and diastole are found to be the same in both configurations due to the same
tissue characteristics as well as the number of rays launched into the system.

Besides that, during diastole, the optical power collected at detectors is higher
than the flux values at systole condition. This should be expected since physiologically,
the absorption of light by hemoglobin is reduced during diastole condition and thus
more light can be transmitted through the tissue. However, there are some results that
show a contrasting idea by having high flux values during systole. Although this is not
fully understood, the main reason is probably due to the stochastic nature of the Monte
Carlo simulation process.

Based upon the results and justifications discussed previously, the most suitable
optode array that is capable to detect the nearest fetus position is diamond config-
uration. The finding also suggests the importance to check and compare the SNR (fetal
to mother ratio) value at systolic and diastolic states when implementing the optode
array probe in the theoretical calibration and future phantom studies. In other words,
at any condition, the optical power during diastole should always be higher than at
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a systole state. The optical properties employed in this study are based on 90% and
70% blood oxygenation of mother and fetus, respectively. Therefore, using this similar
method, a theoretical calibration study can be conducted.

On the other hand, the results obtained probably would differ if any of these
parameters changed, e.g. when applying different seed number or varying the thickness
of each layer. In addition, if the semi-infinite tissue model that has been employed in
this work is changed to the physical 3D model of pregnant woman, the values of optical
power may differ as well.

5.4. Optical density analysis

Apart from finding the most suitable optode array, another significant feature of
obtaining the optical power during systole and diastole is that it enables computation
of optical density. In this subsection, an example of how to compute the optical density
will be described. The optical density could be calculated by finding the log of
the ratio of the light intensity during systole to the light intensity during diastole. In
literature [25, 32] an assumption is made that the aforementioned ratio is approximate
to the ratio of AC to DC component for small pulse amplitude and hence the same
assumption will be applied in this analysis. To simplify, another assumption is made
that the flux values collected by detectors are coming from the fetal layer alone. In real
case, those flux values contain a mix signal of mother and fetal.

Table 5. The calculated optical density (OD) and OD ratio correspond to the first four detectors.

Optical density (OD)

Detector Wavelength 735 nm Wavelength 890 nm OD ratio
DI ~3.853x1072 1.565x1073 —24.610
D2 1.157x1072 -9.797x1073 ~1.181
D3 ~3.678x1072 2.299x107* ~1.600
D4 —4.601x1072 ~3.943x1072 1.167

Referring to Table 5, the first and second columns show the calculated optical
density for the first four detectors based on the ray flux values in Table 4. Then,
an OD ratio (OD735/ODygq,) is calculated to represent the ratio, R value corresponds
to 70% of fetus oxygen saturation. Among four detectors, only D4 shows the relevant
OD ratio since the value of OD ratio is always positive and finite. Extensive analysis
needs to be done in order to get a reliable theoretical calibration curve for 735/890
wavelength pair.

6. Conclusions

In real clinical application, the optode array will be handy when measuring the fetus
oxygenation transabdominally. As cited in previous literature, the measurement of
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fetus signal is much dependent on fetal position with respect to the optode assembly.
The fetus in the womb could be in various positions; either near to maternal’s abdomen
or far away from it. Therefore, it is expected that at least the strongest fetus signal
could be captured by any of the detectors that might be at the nearest location with
respect to the fetal body without having to use other instruments such as ultrasound
imaging to determine the fetus position.

In order to find the best representation of an optode array, a commercial surface-
-based Monte Carlo algorithm is employed in this study to simulate the effect of optical
properties at systolic and diastolic states through the homogenous multilayer tissues
of maternal-fetal. The systolic and diastolic optical properties are obtained by calcu-
lating the total absorption in tissue using equations as highlighted in the Appendix.
A series of simulations have been conducted on two optode array configurations and
the results led us to choose the diamond assembly which shows the highest contribution
of the ray intensity.

A statistical noise approach is also introduced in this paper in the quest to verify
sufficient number of rays to be launched through the system. This step is vital since
the accuracy of the results from Monte Carlo simulation also depends on the huge
number of rays injected into the system. It is found that 1 million of rays are sufficient
enough without a need to sacrifice the amount of time when executing the simulation.
In addition, an example of optical density analysis is also described to show the sig-
nificance of getting the accumulated light intensity at a detector by using systole and
diastole properties.

The main finding will be served as a guideline to develop the noninvasive optical
probe for fetus oxygenation. Currently, the development of theoretical and empirical
calibration which will consider fetus absorption spectrum of hemoglobin is being
carried out as well as the development of the instrument before conducting a phantom
study.

Appendix

As stated by ScumiTT [33], when tissue is assumed as a homogenous mixture, the total
absorption coefficient and total reduced scattering coefficients can be written as:

Sty = Vot V1= 0+ 1) Ju (4)

S = o Vol + [ 1=+ 1) 5)

where V, and V, are the volume fractions of arterial and venous blood, respectively,
with the ratio of 1:3. The total blood volume is V; = 0.0125 during a diastolic state,
whereas 5% increase is detected during a systolic state. The #2" and x)*" in (4) refer
to the absorption coefficient of the arterial and venous blood, respectively, whereas



Determination of the optode array representation... 757

,usb' and u!" in (5) are the reduced scattering coefficients of blood and bloodless tissue,
respectively. The ,usb' and u!' can be calculated using Eq. (3), whereas the #2™ and

ven

;" are defined as:
= —f [5,0,61%% + (1-5,0,) 0] 6)
" = = [5,0,00% + (1-5,0) 0% )

1

where H is hematocrit, whereas v; is the volume of red blood cells with a typical value
for H at45% and v;is 90 um?, respectively. The 0';00% and O'aO% are optical absorption

cross-sections of totally HbO, and Hb, respectively, and are calculated as [24]:
V. V.
100% _ i 0% _ i
o = —— o = —— (®)
’ Hyt" o H®
The arteriovenous difference is assumed to be 10% difference in [33]. Thus, for mother,
S,0, and §,0, are set to be 90% and 80%, respectively, whereas 70% and 60% are
the arteriovenous values for fetus.
The total absorption in tissue will be increased during systole due to the increase
in the arterial blood, whereas the venous blood is unchanged [24]. To embed this
situation, (4) is modified to be:

rt
St 5 = Vi sty V" [ 1=, 5+ 1) | 9)
where y, 5and V, s are (u,+ 6,) and (V, + 6V,), respectively. In this case:

8, = SV, ("~ ul) (10)

Since, 42" > !, hence:
S, = SVt (11)

As for the reduced scattering coefficients, [24] and [25] are assumed to be not
affected by the small percentage of blood volume in the tissue. Therefore, only ! '
part in (5) is used to describe the total reduced scattering coefficient. On the other
hand, the absorption coefficient of amniotic fluid, 4, ,¢ is assumed to be approxi-
mately four times smaller than mother’s absorption coefficient, whereas the reduced
scattering is assumed to be 0.01 mm™! for all wavelengths [24].
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