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Abstract: Light propagation models often simplify the interface between
the optical fiber probe tip and tissue to a laterally uniform boundary with
mismatched refractive indices. Such simplification neglects the precise
optical properties of the commonly used probe tip materials, e.g. stainless
steel or black epoxy. In this paper, we investigate the limitations of the
laterally uniform probe-tissue interface in Monte Carlo simulations of
diffuse reflectance. In comparison to a realistic probe-tissue interface that
accounts for the layout and properties of the probe tip materials, the
simplified laterally uniform interface is shown to introduce significant
errors into the simulated diffuse reflectance.
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1. Introduction

Throughout the years, numerous applications of diffuse reflectance (DR) spectroscopy have
demonstrated the usefulness of the method for non-invasive study, characterization, and
analysis of various biological tissues. DR spectroscopy has been used as a diagnostic tool in a
wide range of organs such as bladder [1], brain [2,3], breast [4,5], cervix [6], colon [7,8],
esophagus [9,10], ovaries [11], pancreas [12,13], and skin [14,15]. In addition, the acquired
DR spectra along with different light propagation models have enabled quantification of
tissue optical properties (i.e., absorption and scattering properties) [7,16—19].

Among the many different measurement setups, optical fiber probes are frequently used
for collecting the sample DR spectrum. The main advantage of optical fiber probes lies in the
flexible configuration that enables measurements for a number of different samples and
simple integration into endoscopic and surgical tools. Generally, the optical fiber probes
consist of one or more source and detector fibers that come in a variety of fiber geometries,
each designed for a specific application. Common geometries include linear fiber arrays
[2,20], tightly packed source fibers around a single central detector fiber (e.g. six-around-one
geometry [7,21,22]) and other customized geometries [23-25]. Optical fiber probes are
commonly manufactured by arranging fibers in the desired source-detector layout and
mounting them in a stainless steel tubing or in a black epoxy cylinder [26] that make the
optical fiber probes resistant to disinfection between uses.

Measured DR spectra can be used to assess the optical properties of different tissues by
utilizing a light propagation model. Monte Carlo (MC) method, which is regarded as the gold
standard in the biomedical community, is often used to model the DR spectra as it offers
accurate description of the light propagation for an arbitrary tissue geometry and experimental
setup. However, due to the stochastic nature of MC the modeling is time consuming.
Therefore, the structure and geometry of the tissue and optical fiber probes are frequently
described by employing substantial simplifications. The optical fiber probe-tissue interface is
often approximated by a laterally uniform boundary with mismatched refractive indices [27—
30]. Even though the laterally uniform interface approximation might be valid in some cases,
in general, it could lead to significant errors in the MC simulated DR spectra. The importance
of a more detailed description of the probe-tissue interface was first acknowledged by
Bevilacqua et al. and Cappon ef al. [2,31]. Both authors have analyzed the probe edge
boundary effect and noticed significant deviations of the simulated DR spectra from the
spectra predicted by the laterally uniform probe-tissue interface approximation. The
deviations were most significant when the optical fibers were located near the edge of the
optical fiber probe tubing. Although the probe edge boundary effects have been investigated,
there has not yet been a study on how the different materials at the optical fiber probe tip (i.e.,
stainless steel or black epoxy) and optical fiber arrangement affect the simulated DR spectra.
Moreover, a question arises whether the inner part of the probe tip can be adequately
described by a uniform layer or is a more detailed description of the probe tip required. The
recent advancements in the computational power of graphics processing units (GPUs) have
provided the means to explore more realistic optical fiber probe tip geometries in terms of MC
simulations and compare them to their commonly used simplified counterparts.
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In this study, we compare the MC simulated DR values obtained by the laterally uniform
probe-tissue interface (PTI) approximation and the realistic PTI description that takes into
account the fiber layout, the materials within the optical fiber probe tip and their interactions
with the light. Two common optical fiber probe geometries are studied, namely a linear and a
six-around-one. The DR values were calculated and assessed across the biologically relevant
range of optical properties. In addition, we study the errors introduced by the laterally uniform
PTI-based inverse MC model for extraction of optical properties from a set of synthetic
biological DR spectra simulated by the realistic PTI-based forward MC model. Lastly, we
provide experimental evidence showing that the over-simplified laterally uniform PTI
description can introduce significant errors into the calibration of MC models.

2. Materials and methods
2.1 Monte Carlo (MC) simulations

Diffuse reflectance values were simulated by a modified version of the MC for multi-layered
tissues (MCML [32],) implemented on a GPU [33]. The existing GPU-based MC
implementation was modified to account for the specific characteristics of the optical fibers
(the numerical aperture NA and radius), the geometry of the fiber assembly (e.g., the fiber-
fiber distance and placement) and the characteristics of the probe tip (i.e., specular reflections
from the stainless steel and/or light interaction with black epoxy).

Photon packets were launched uniformly over the source fiber opening and uniformly over
the solid angle defined by the numerical aperture of the fiber. For an arbitrary optical fiber of
radius » centered at (xo, o), the photon packets were launched at coordinates

x=x0+\/zlrcos(27r§2), y:y0+\/§71rsin(27r§2), z=0. )

Here & and & denote uniform random numbers drawn from the interval [0.0, 1.0]. Each
photon packet was launched into the tissue following the direction of a unit vector

p, =cos(27&,) sin(6,), p,=sin(27&)sin(0,), p.=cos(6,), (2)

where cos(f,) = 1 — & (1 — cos(arcsin(NA/n,,))). The corresponding sin(€,) can be calculated
from cos(6,). Here we denoted & and &, as uniform random numbers drawn from the interval
[0.0, 1.0], NA as the numerical aperture of the source fiber and n,, as the refractive index of
the tissue. A schematic illustration of the photon packet launching is presented in Fig. 1.

A single MC simulation included 10° photon packets launched at the probe-tissue
interface (PTI). The tissue was taken as a semi-infinite homogeneous layer with known
absorption coefficient (u,), scattering coefficient (u,) and anisotropy factor (g), which defines
the Henyey-Greenstein phase function. The tissue scattering properties are usually described
by the reduced scattering coefficient u," = u; (1 — g), that can be derived from the scattering
coefficient and the anisotropy factor. The range of optical properties used in this study was
selected to reflect the range observed in biological tissues within the visible spectral range
[34]. The absorption coefficient u, varied from 0 cm™ to 25 cm™ in 35 uniform steps, the
reduced scattering coefficient u,’ varied from 10 cm™ to 100 cm™ in 35 uniform steps, and g
was set to 0.8. In this way, the 2D maps of DR values as a function of the absorption and
reduced scattering coefficients could be obtained.

Once the photon packet has propagated through the semi-infinite layer and hit the PTI
(Fig. 1), depending on the arrangement of optical fibers and details of the interface
description, several decisions were made. If the photon packet hit the interface within any of
the optical fibers, the photon packet was either reflected or transmitted in accordance with the
Fresnel equations and refractive indices of the optical fiber ng, and tissue n,. The weight of
the transmitted photon packet was added to the fiber, if the exit direction was within the cone
of acceptance defined by the NA. In the case of a realistic PTI, a photon packet that hit the
stainless steel interface was either reflected or absorbed. The incident photon packet was
reflected from the stainless steel interface, if a uniform random number drawn from the
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interval [0.0, 1.0] was smaller or equal to the stainless steel reflectivity Ry..,. Otherwise, the
photon packet was absorbed. A photon packet that hit the black epoxy interface was either
reflected or transmitted in accordance with the Fresnel equations and refractive indices of the
black epoxy 7y, and tissue n,. The transmitted photon packets were terminated due to
absorption in the black epoxy. In contrast, the laterally uniform PTI assumed a boundary with
mismatched refractive indices 7y, and n,,.

In order to speed up the simulations, we found that for the range of optical properties used
in this paper it was sufficient to propagate the photon packets up to a radius of 0.5 cm and up
to a depth of 0.8 cm. Beyond these limits, the photon packets were terminated as their
contribution to the acquired reflectance data was negligible.

Fig. 1. An example of a realistic stainless steel probe-tissue interface with a photon packet
propagation schematic. Photon packet is launched from the point (x, y) in the direction of the
unit vector p (blue arrow). The photon packet then propagates through the medium and can
afterwards hit the detector fiber (red arrow), stainless steel (yellow arrow) or black epoxy
(orange arrow).

2.2 Optical fiber probes

The optical fiber probe geometries used in this study were selected based on their frequent use
in the literature [2,7,20-22] and are depicted in Fig. 2. The purpose of this study is not to
cover the entire range of available optical fiber probe geometries, but rather to stress the
importance of considering a more detailed description of the PTI in the MC simulations. In
the conducted experiments, all the optical fibers had a diameter of 200 um with the closest
possible fiber-fiber distance of 220 pm. The refractive index of the optical fibers was set to
ngy, = 1.452 [29] and the refractive index of the black epoxy was set to 74y, = 1.6 (EpoTek
353ND Black, Epoxy Technology Inc., MA, USA). The reflectivity of several polished
stainless steel probe tips was measured by observing the attenuation of a reflected diode laser
beam (670 nm) (Newport Optical Power Meter 1936-C and Thermopile Sensor 818P-001-12).
The obtained average reflectivity R, = 0.43 was used throughout the MC simulations unless
specified otherwise.

As a first example, we studied a linear fiber array geometry (Fig. 2), with one of the fibers
serving as a source and one as a detector. The geometry included six fibers, which provided
the means to assess the DR for five different source-detector separations (SDS). In the case of
a realistic stainless steel PTI (Geometry I-s), the tip comprised a small rectangular cutout
(dimensions 220 pm x 1320 pm) accommodating the linear array of optical fibers held
together by black epoxy. Depending on the diameter and arrangement of the optical fibers, the
refractive index within the cutout was set to 74, Or 71,y For the remaining part of the stainless
steel probe tip, specular reflections were assumed according to the Ry, In the case of a
realistic black epoxy PTI (Geometry I-e), the stainless steel was replaced by black epoxy and
its corresponding refractive index npoy.

As a second example, we studied a six-around-one fiber geometry depicted in Fig. 2,
where the central fiber served as a detector and the surrounding fibers as sources. Similarly to
the linear fiber array probe tip, the stainless steel probe tip comprised a small circular cutout
(radius 330 pm) accommodating the fibers (Geometry II-s). The refractive index within the
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cutout was either set to ng, Or #p,y, and specular reflections according to Ry..; were assumed
for the remaining part of the optical fiber probe tip. Analogically to the Geometry I-e, a
realistic black epoxy PTI was also investigated for the six-around-one fiber geometry
(Geometry II-¢).

Geometry I-s Geometry I-e Geometry II-s Geometry Il-e

6.00 mm

stainless steel . black epoxy detector fiber source fiber

Fig. 2. Different realistic probe-tissue interfaces used in this study. A linear fiber array stainless
steel probe tip (Geometry I-s) and black epoxy probe tip (Geometry I-e). A six-around-one
stainless steel probe tip (Geometry II-s) and black epoxy probe tip (Geometry II-e). The color-
coded probe tip materials are listed in the legend.

2.3 Synthetic biological tissue diffuse reflectance spectra and inverse modeling

Synthetic biological tissue DR spectra were obtained by a realistic stainless steel PTI-based
MC model. Subsequently, the synthetic DR spectra were analyzed by a laterally uniform PTI-
based inverse MC model. In this way, any errors arising from fitting the laterally uniform
PTI-based inverse MC model could be attributed solely to the differences between the two
PTlIs.

A semi-infinite medium with the optical properties of a human dermis was used as the
biological tissue. The reduced scattering coefficient was modeled as [35]

ﬂ;(ﬂ>=a[ A j 3)

500 nm

where a is the reduced scattering coefficient at normalization wavelength of 500 nm and b the
scattering power-law exponent. The absorption coefficient was assumed to be dominated by
hemoglobin and therefore defined as

1, ()= B (@l o + (A=) fl, 1) (4)

where B is the total hemoglobin volume fraction, o the hemoglobin oxygen saturation, x4, mo
the absorption coefficient of the oxygenated hemoglobin, and x, x5 the absorption coefficient
of the deoxygenated hemoglobin. The absorption coefficients were adopted according to
Zijlstra et al. [36]. The phase function in the simulations was assumed to be Henyey-
Greenstein and the anisotropy factor was kept constant at 0.8 over the entire spectral range.
Nine DR spectra were simulated by varying the blood content B € {0.5, 1.0, 1.5%} and the
reduced scattering amplitude a € {33, 46, 59 cm™'}. The hemoglobin oxygen saturation was
set to o = 75% and the scattering power-law exponent was set to b = 1.4.

The inverse model employed in this study was based on the Monte Carlo lookup table
approach proposed by Hennessy et al. [29]. The lookup table was created for the absorption
coefficient from 0 cm™' to 35 cm™ in 45 uniform steps, the reduced scattering coefficient from
10 cm™ to 100 cm™ in 35 uniform steps, and anisotropy of 0.8. The inverse model consisted
of parameters B, a, a, and b, which were estimated by a nonlinear least-squares method
minimizing the sum of squared differences between the DR spectra from the Monte Carlo
lookup table and the synthetic biological tissue DR spectra. A trust-region-reflective
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algorithm available in the Matlab Optimization Toolbox (The Mathworks Inc., Massachusetts,
USA) was used to solve the inverse problem.

2.4 Turbid optical phantoms and measurement setup

Monte Carlo simulated DR spectra were verified by acquiring DR spectra from six turbid
optical phantoms with well-defined optical properties. For this purpose, a purely scattering
medium comprising water suspended polystyrene microspheres was used (diameter 0.99 um;
Polysciences Inc., Pennsylvania, USA), thereby eliminating errors that might arise from the
addition of an absorber. The wavelength dependent scattering coefficient x4, and Mie phase
function were calculated according to the Mie theory [37] using the refractive index of bulk
polystyrene [38]. The concentration of polystyrene microspheres was selected to yield the
following values of the reduced scattering coefficient at 630 nm (10.2, 14.9, 21.8, 32.0, 46.9,
68.8 cm™), see Fig. 3. The DR spectra of turbid phantoms were simulated by employing the
Mie phase function. Due to the complexity of the Mie phase function, the random sampling of
the scattering angle was performed by incorporating a lookup table into the MC code as done
by Toublanc [39].

100

Reduc. scat. coef. at 630 nm:
—68.8 cm’!

—46.9 cm’
—32.0cm’
—21.8cm’
149 cm’
\ 10.2 cm’”

400 500

B [« o)
=) =) =}

Reduc. scat. coef. (cnf])

[3o3
(=3

600 700 800
Wavelength (nm)

Fig. 3. The wavelength dependence of the reduced scattering coefficient for different
concentrations of the polystyrene microspheres used in the turbid phantoms.

The measurement system consisted of a broadband halogen light source (AvaLight-Hal
LS, Avantes, Apeldoorn, Netherlands), a spectrometer (wavelength range from 177 to 1100
nm, AvaSpec-2048TEC-FT, Avantes) and a linear fiber array stainless steel optical probe (as
depicted in Fig. 2 under Geometry I-s, FiberTech Optica Inc., Ontario, Canada). The turbid
phantoms were poured into a cylindrical container with inner walls coated by a black
absorbing layer that eliminated specular reflections. Fiber optic probe was completely
suspended in the solution, keeping the probe tip sufficiently away from the solution surface
and the cylindrical container boundaries that could affect the spectral measurements. The raw
phantom spectra were recorded in the wavelength range from 400 to 800 nm and were
corrected for the dark current and stray light effects. The DR spectra were obtained by
dividing each corrected raw spectrum of the phantom by a corrected reference white spectrum
collected from a reflectance standard (Spectralon, Avantes).

3. Results
3.1 Diffuse reflectance. Linear fiber array geometry

In this section we assessed the differences between the DR values obtained by the laterally
uniform and realistic PTI for a linear fiber array geometry (Geometry I). An example of
typical distributions of the simulated DR for the 220 pm SDS with different PTIs is given in
Fig. 4. The differences between PTIs are more evident, if presented as a relative error

. R —R
relative error (%) = 100 - —rea—te | (%)

Tu
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where R;, and R,., denote the MC simulated DR values obtained by adopting the laterally
uniform and realistic PTI, respectively. The relative errors were calculated for the range of
optical properties defined in the Subsection 2.1.

100

80

60

40

20

5

Figure 5 presents the calculated relative errors between the laterally uniform PTI and
realistic stainless steel PTI (Geometry I-s). The relative error rises significantly with the SDS.
In addition, the relative error is the highest for low-absorption media, where it can reach 9%
even at the shortest SDS of 220 pm. The relative error is positive at all SDS, suggesting that
the DR values obtained by the laterally uniform PTI are underestimated.

The stainless steel reflectivity R, was set to 43% to match the measured values obtained
for the linear fiber array stainless steel optical probe. However, the reflectivity of different
probes can vary, therefore the relative errors were assessed for the reflectivity range from 0 to
90%. The calculations were performed for zero absorption coefficient, while the reduced
scattering coefficient varied from 10 to 100 cm™'. The results are presented in Fig. 6. As
expected, the relative error rises considerably with the stainless steel reflectivity. For a very

high reflectivity and large SDS, the discrepancy between the laterally uniform and realistic
PTI can easily reach 200%.

Laterally uniform PTI Realistic black epoxy PTI Realistic stainless steel PTI
100
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Fig. 4. Typical distributions of the simulated diffuse reflectance for different probe-tissue
interfaces (PTI) obtained at 220 pm source-detector separation.
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Fig. 5. Relative errors between the Monte Carlo simulations of diffuse reflectance obtained for
the laterally uniform and the realistic stainless steel probe-tissue interfaces (Geometry I-s) as a
function of the single-layer semi-infinite medium absorption and reduced scattering
coefficients. The relative errors are given for the source-detector separations of (a) 220 um, (b)
440 pm, (c) 660 pm, (d) 880 um and (e) 1100 um.
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Fig. 6. Relative errors between the Monte Carlo simulations of diffuse reflectance obtained for
the laterally uniform and the realistic stainless steel probe-tissue interfaces (Geometry I-s) as a
function of the stainless steel probe tip reflectivity and single-layer semi-infinite medium
reduced scattering coefficient. Absorption coefficient was set to 0 cm™. The relative errors are

given for the source-detector separations of (a) 220 pm, (b) 440 pm, (c) 660 pum, (d) 880 um
and (e) 1100 pm.
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Fig. 7. Relative errors between the Monte Carlo simulations of diffuse reflectance obtained for
the laterally uniform and the realistic black epoxy probe-tissue interfaces (Geometry I-e) as a
function of the single-layer semi-infinite medium absorption and reduced scattering

coefficients. The relative errors are given for the source-detector separations of (a) 220 pm, (b)
440 pm, (c) 660 pm, (d) 880 um and (e) 1100 um.

The relative errors between the laterally uniform PTI and realistic black epoxy PTI
(Geometry I-e) proved to be much lower than the errors observed between the laterally
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uniform and realistic stainless steel PTI (Fig. 7). While the highest error observed for low-
absorption media was under 0.5% at the shortest SDS, the error at 660 pm SDS rose slightly
above 1%, but remained under 2% even at the longest SDS. It is, however, apparent that the
relative errors are positive also for the black epoxy probe tip.

3.2 Diffuse reflectance. Six-around-one fiber geometry

The relative errors between the MC simulated DR values utilizing the laterally uniform and
realistic PTI of the six-around-one fiber geometry were calculated analogically to the linear
fiber array geometry.

Figure 8(a) shows the relative errors between the MC simulated DR utilizing the laterally
uniform PTI and realistic stainless steel PTI (Geometry II-s). The error rises above 2% only
for absorption coefficients below 5 cm™'. However, for zero absorption medium, the relative
error can exceed 5%. Figure 8(b) shows the dependence of the relative error between the
laterally uniform and realistic PTI on the stainless steel reflectivity in the range from 0 to
90%. The results are presented for zero absorption coefficient. For reflectivity below 20%, the
effect of the reflections from the stainless steel probe tip on the DR values drops under 2%.
For probe tips of higher reflectivity, the relative errors can rise considerably, exceeding 10%.

Figure 9 presents the relative errors between the laterally uniform PTI and the realistic
black epoxy PTI (Geometry II-e). Unlike the realistic stainless steel PTI, the realistic black
epoxy PTI does not seem to significantly differ from its simplified counterpart. Although a
trend can be observed with decreasing absorption coefficient, the maximum error stays well
under 0.5%. With respect to the stochastic noise of the MC simulations, the discrepancy
between the two PTIs can be considered negligible.
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Fig. 8. Relative errors between the Monte Carlo simulations of diffuse reflectance obtained for
the laterally uniform and the realistic stainless steel probe-tissue interfaces (Geometry II-s) as a
function of (a) the single-layer semi-infinite medium absorption and reduced scattering
coefficients, and as a function of (b) the stainless steel probe tip reflectivity and single-layer
semi-infinite medium reduced scattering coefficient. Absorption coefficient in the latter case
was set to 0 cm™.
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Fig. 9. Relative errors between the Monte Carlo simulations of diffuse reflectance obtained for
the laterally uniform probe-tissue interface and the realistic black epoxy probe-tissue interface
(Geometry II-e) as a function of the single-layer semi-infinite medium absorption and reduced
scattering coefficients.
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3.3 Impact of the probe tip interface on the extraction of optical properties

The results and relative errors presented in the subsections 3.1 and 3.2 do not provide insight
into the impact of the PTI description on the extraction of optical properties from the DR
spectra. In this section, we analyzed the synthetic biological DR spectra that were simulated
by a realistic stainless steel PTI-based MC model. Subsequently, the simulated DR spectra
were analyzed using an inverse laterally uniform PTI-based MC model. In this way, the
extracted optimal fit parameters could be directly compared to the parameters used to create
the synthetic biological DR spectra. Any discrepancies observed between the two sets of
parameters are a direct consequence of the differences between the laterally uniform and
realistic PTT descriptions. For this purpose, only the shortest SDS (i.e. 220 um) of Geometry
I-s and Geometry II-s were analyzed.

Figures 10(a) and 10(b) show an example of three simulated synthetic biological DR
spectra obtained for the Geometry I-s and Geometry II-s, respectively. In addition, the fitted
DR spectra obtained by the laterally uniform PTI-based inverse MC model are presented. The
two DR spectra exhibit an almost perfect match without any indication of differences between
the synthetic biological spectra and the respective fits.
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Fig. 10. Monte Carlo (MC) simulations of synthetic biological diffuse reflectance spectra based
on the realistic stainless steel probe-tissue interface (PTI) (black line). The corresponding
inverse MC model fits based on the laterally uniform PTI (red dashed line) for the (a) 220 pm
source-detector separation linear fiber array geometry (Geometry I-s), and the (b) six-around-
one fiber geometry (Geometry II-s).

The extracted parameters obtained by fitting the laterally uniform PTI-based inverse MC
model to the realistic synthetic biological DR spectra are gathered in Tables 1 and 2. Each
extracted parameter is provided with the variability reported by the fitting procedure and a
relative error gy calculated as a relative deviation from the true parameter value:

X-X
£, =100 - ———2, (6)

0

where X is the extracted and X, the true parameter value. As it can be observed, the relative
deviations of the extracted parameters from the true values are significantly higher than the
errors that arise from the fitting procedure.

In the case of the linear fiber array geometry with an SDS of 220 um, the laterally uniform
PTI-based inverse MC model most prominently affects the extraction of hemoglobin volume
fraction B and scattering parameter a, exhibiting an average relative error of 8.7% and 9.1%,
respectively. Significant effect was also observed for the scattering parameter b, with an
average relative error of 2.9%. No significant and systematic errors were observed for the
hemoglobin oxygen saturation a.
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Table 1. Extracted parameters obtained by fitting the inverse Monte Carlo model based
on the laterally uniform probe-tissue interface to the synthetic biological diffuse
reflectance spectra simulated by a Monte Carlo model based on the realistic stainless steel
probe-tissue interface. Results are presented for the linear fiber array geometry at a
source-detector separation of 220 pm (Geometry I-s).

B (%) ep (%) o (%) &, (%) a(cm™) &, (%) b & (%)

0.550£0.001 100 745+02 0.7 3541+£001 73  1429£0001 2.1
0.550 +0.001 10.0 743+£02 09 50.39+£0.02 9.5 1.45+0.002 3.6
0.549 +0.001 9.8 742 +£0.3 -1.1 66.26 = 0.04 12.3 1.485 +0.002 6.1
1.077+£0.002 7.7  748+02 03 3518+0.02 6.6  1.414+0002 1.0
1.083+£0.002 83  747+02 04 50.03+003 88  1.434+0002 24
1.087 +0.003 8.7 745+£0.2 -0.7 65.76 £ 0.05 11.5 1.467 +0.003 4.8
1.611 +0.003 7.4 753+£0.2 0.4 35.10+0.02 6.4 1.411 +£0.002 0.8
1.622 +0.004 8.1 752+£0.2 0.3 49.85 +0.04 8.4 1.426 +0.003 1.9
1.624 £ 0.004 8.3 75.0+£0.2 0.0 65.41 £0.06 10.8 1.454 +£0.003 39

In the case of the six-around-one fiber geometry, the laterally uniform PTI-based inverse

MC model introduces less, however not negligible, error into the hemoglobin volume fraction

B and scattering parameter a estimates, with an average relative errors of 4.8% and 4.2%,
respectively. A significant average relative error of —1.3% was also observed for the
scattering parameter b. No significant and systematic errors were observed for the hemoglobin
oxygen saturation o.

Table 2. Extracted parameters obtained by fitting the inverse Monte Carlo model based
on the laterally uniform probe-tissue interface to the synthetic biological diffuse
reflectance spectra simulated by a Monte Carlo model based on the realistic stainless steel
probe-tissue interface. Results are presented for the six-around-one fiber geometry
(Geometry II-s).

B (%) g5 (%) a (%) £ (%) a(cm™) £ (%) b & (%)
0.532+0.001 6.4 74.7+0.2 -0.4 34.40 £0.01 4.2 1.391 £0.001 -0.6
0.527 +£0.001 54 742 +0.2 -1.1 48.10 +0.02 4.6 1.386 £ 0.001 -1.0
0.526 +0.001 5.2 745+ 0.2 -0.7 62.05 £0.03 5.2 1.395 £ 0.002 -0.4
1.049 + 0.002 49 749+ 0.2 -0.1 34.23 £0.02 3.7 1.380 £ 0.002 -1.4
1.044 = 0.002 4.4 75.0+0.2 0.0 4790+ 0.02 4.1 1.378 £0.002 -1.6
1.039 £ 0.002 3.9 75.0+0.2 0.0 61.68 £0.04 4.5 1.381 £0.002 -14
1.567 +£0.003 4.5 753+0.2 0.4 34.15+0.02 35 1.377 £0.002 -1.6
1.560 = 0.003 4.0 752 +0.2 0.3 47.72 +£0.03 3.7 1.371 £ 0.002 -2.1
1.561 £ 0.003 4.1 75.5+0.2 0.7 61.56 +0.04 43 1.378 £0.002 -1.6

3.4 Impact of the probe tip interface on the Monte Carlo model calibration

In order to directly compare the measured and simulated DR spectra, a calibration based on
phantoms with exactly defined optical properties is required. For this purpose, 6 phantoms
containing different concentrations of polystyrene microspheres were measured by a linear
fiber array stainless steel optical probe and compared to the corresponding simulated DR
spectra based on either the laterally uniform or the realistic stainless steel PTI. A calibration
curve for each phantom was obtained by computing the quotient between the measured and
the corresponding simulated DR spectrum. Ideally, the calibration curves should be the same
for all the phantoms, therefore, the calibration curves were divided by the average of all
calibration curves. The obtained normalized calibration curves should exhibit values that are
close to 1 over the entire spectral range.

Figure 11 shows the normalized calibration curves for the linear fiber array geometry at
SDS of 220, 660 and 1100 pm obtained by the laterally uniform and realistic PTI. For the
laterally uniform PTI, the normalized calibration curves at SDS of 220 um are close to 1 with
a root-mean-square (rms) error of 1.6% over the entire spectral range. In contrast, the
deviations from 1 are clearly visible for the 660 and 1100 pm SDS with a rms error of 7.1%
and 12.7%, respectively. The consistency among the normalized calibration curves obtained
by the realistic PTI-based MC simulations is significantly improved. For the 220, 660, and
1100 um SDS the rms error dropps to 1.5%, 1.4%, and 2.4%, respectively.
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Fig. 11. Normalized calibration curves derived from the Monte Carlo (MC) simulated and
measured diffuse reflectance spectra of polystyrene microsphere suspensions obtained for the
linear fiber array optical probe. MC simulations utilizing (top) the laterally uniform and
(bottom) the realistic stainless steel probe tissue interface (PTI) (Geometry I-s). Each column
pair represents a different source-detector separation.

4. Discussion

In this study, we evaluated the impact of the commonly used laterally uniform PTI
approximation on the MC simulated DR and performance of inverse models. The study
included a linear array and six-around-one fiber geometries that are most commonly used in
the literature.

Significant differences between the MC simulated DR obtained by the laterally uniform
and realistic stainless steel PTI were observed. For the linear fiber array geometry, the
deviations were more pronounced at longer SDS (Fig. 5). Moreover, the relative error was
always positive indicating that more photon packets were able to reflect from the stainless
steel probe tip and score in the detector fiber. Because the photon packets detected at longer
SDS have a longer photon path-length, there is a higher probability that a specific photon
packet will hit and reflect from the stainless steel interface along its path. In purely scattering
media, the photon packets are not attenuated along their path, thus the differences are the
highest. For the six-around-one fiber geometry, the differences are significant (over 2%) only
for samples with low absorption coefficient. This observation could be explained by the fact
that the photon packets interacting with the stainless steel interface need to take an unlikely
path to the outer region of the probe tip and then return back inwards to score in the detector
fiber.

As shown in Figs. 6 and 8(b), the stainless steel probe tip reflectivity significantly
influences the relative errors between the simulated DR obtained by the laterally uniform and
realistic stainless steel PTI. The result suggests that the probe tip reflectivity should be
measured and not treated as a perfect reflector in order to obtain accurate MC simulations of
the DR.

In our study, the anisotropy factor was fixed to 0.8 due to its frequent use in biological
tissues. As an example, Fig. 12 shows the relative errors between the MC simulated DR
values obtained for laterally uniform and realistic stainless steel PTI as a function of the
anisotropy factor for a set of absorption and scattering coefficients (Geometry I-s). It can be
observed, that the relative error decreases with increasing anisotropy factor. Such observation
is somewhat expected as with higher anisotropy, the photon packets are more forward
scattered and thus the influence of the PTI is decreased. In addition, the observation is in
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agreement with the relative error dependency on the reduced scattering coefficient in Fig. 5,
because an increase in the anisotropy factor causes a decrease in the reduced scattering
coefficient according to u,' = u, (1 — g). In fact, in turbid media it is common to assume a
similarity relation, where the diffuse reflectance values approximately depend only on the
reduced scattering coefficient and not on the combination of the scattering coefficient and
anisotropy factor. The similarity relation is commonly used in the MC lookup table inverse
models [28,29].

220 um 660 um 1100 um
60
—u,=0cm’, u, =275 cm’

= | u,=0cm’, g, =50 cm’
s u,=12.5cm”, =275 cm’
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Fig. 12. Relative errors between the Monte Carlo simulations of diffuse reflectance obtained
for the laterally uniform and the realistic stainless steel probe-tissue interfaces (Geometry I-s)
as a function of the anisotropy factor for different absorption and scattering coefficients (see
legend). The source-detector separation is provided above each figure.

The relative errors between the laterally uniform and realistic black epoxy PTI have
proved to be negligible. The relative errors obtained for the linear fiber array geometry were
under 2% for all SDS and the relative errors obtained for the six-around-one fiber geometry
were under 0.5%. It should be noted that the relative errors are always positive, thus
suggesting that the photon packets reflect more from the realistic black epoxy PTI than the
laterally uniform PTI. This observation is somewhat expected, as the black epoxy used in this
study had a refractive index of 1.6, producing a higher refractive index mismatch than the
fiber-tissue interface. The obtained relative errors between the laterally uniform and realistic
black epoxy PTI are well within the accuracy of the employed measurement setting. In the
literature, a 2% or 3% accuracy is often considered as the margin for a successful
measurement [40,41].

Synthetic biological DR spectra simulated by the realistic stainless steel PTI were
analyzed to investigate the impact of the laterally uniform PTI on the inverse model. For this
purpose, the DR spectra were analyzed for probe geometries that exhibited low relative errors
between the laterally uniform and realistic PTI, i.e. a linear fiber array with 220 pm SDS and
six-around-one fiber geometry. As the two measurement settings exhibited significant errors
only for low absorption samples, one would expect negligible errors when fitting the laterally
uniform PTI-based inverse model to the synthetic biological DR spectra with dominant blood
absorption. While the fitted DR spectra show good agreement with the synthetic biological
DR spectra in Fig. 10, the extracted parameters reported in Tables 1 and 2 show clear
systematic deviations in the hemoglobin volume fraction B, and scattering parameters a and b.
These deviations indicate that the MC model utilizing the laterally uniform PTI is inadequate
even for biological DR spectra with non-zero absorption. For example, the hemoglobin
absorption spectrum at 1% blood content and 75% oxygen saturation is higher than 5 cm™
only below 450 nm and falls under 1 cm™" above 600 nm. Consequently, the laterally uniform
PTI-based inverse MC model used to fit the synthetic biological DR spectra introduces
spectrally non-uniform error that affects the accuracy of both the absorption and reduced
scattering coefficient estimates. In addition to the 220 um SDS, we have analyzed the laterally
uniform PTI-based inverse model for the remaining SDS and observed a progressively
deteriorating performance leading to clear discrepancies between the fitted and synthetic
biological DR spectra and significantly higher relative deviations of the extracted parameters.
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The relative deviations of the extracted parameters for the six-around-one probe geometry
(Geometry II-s) are almost two-fold smaller than those of the linear fiber array (Geometry I-s)
at 220 pm SDS. This result is somewhat expected, with respect to results reported in Figs.
5(a) and 8(a). While at absorption coefficients near 0 cm™ the relative errors for Geometry I-s
at 220 um SDS can reach up to 10%, the relative errors hardly exceed 5% for Geometry II-s.
Therefore, when fitting the inverse MC model based on the laterally uniform PTI, the
extracted parameters in the case of Geometry II-s show smaller relative deviations.

Accurate calibration of the optical probe experimental setup is necessary to allow inverse
model-based assessment of the DR spectra measurements made in samples with unknown
optical properties [28,29,41,42]. Such calibration is used to establish relation between the
forward model and the measured DR spectra, therefore any calibration errors will hamper the
accuracy of extracted optical parameters. The results presented in Fig. 11 clearly show that
the calibration procedure is significantly affected by the level of details encompassed by the
PTI description. In the case of a linear fiber array geometry with a stainless steel probe tip, it
is necessary to employ the realistic stainless steel PTI. Once the reflections from the stainless
steel are accounted for, the normalized calibration curves are much closer to 1, in particular
for the longer SDS. However, there is no significant improvement at the SDS of 220 pm. This
lack of improvement is most likely due to the following reasons. Firstly, the phase function
and the scattering coefficient of the polystyrene microspheres greatly depend on the values of
diameter and refractive index. Any errors in the two values might reflect in the lobes, which
are visible in the 220 um normalized calibration curves (Fig. 11). Secondly, the relative errors
between the laterally uniform and realistic stainless steel PTI-based DR estimates are the
smallest for the 220 um SDS. Therefore, even for the laterally uniform PTI, the normalized
calibration curves are expected to be close to 1.

The significant differences between the DR spectra simulated by the laterally uniform and
realistic PTI can have important implications for the use of other light propagation models.
Analytical expression proposed by Farrell er al. is often used to estimate DR values for
various optical fiber probe geometries [20,43]. This expression treats the PTI as a laterally
uniform boundary with mismatched refractive indices. As observed in our study, one should
carefully consider the effects of the simplified laterally uniform PTI before employing the
proposed expression. While it might be appropriate to use the expression for non-contact
optical fiber probes, the model is likely to introduce significant errors when used with e.g.
stainless steel optical fiber probes. In order to speed up the MC simulations, many authors
have proposed and used response to an infinitely narrow light beam and convolution in order
to account for the finite diameter of a light beam exiting the optical fiber [44]. The
convolution principle depends on the symmetry and homogeneity of the medium and the
upper boundary which are broken by the introduction of a realistic PTI. However, the
convolution-based estimate might produce accurate results under certain fiber probe
geometries and probe tip materials. For example, as seen in Figs. 7 and 9, black epoxy optical
fiber probes can be approximated by a laterally uniform PTI without introducing significant
errors into the MC simulation.

5. Conclusion

In this paper we highlighted the importance of considering a realistic description of the probe-
tissue interface (PTI) for modelling the diffuse reflectance (DR) spectra. The problem has not
yet been addressed properly in the literature. Many of the authors utilized a simplified
laterally uniform PTI that accounts only for the refractive index mismatch at the optical fiber
probe tip. Thus, in order to assess the impact of such simplifications on the simulation and
analysis of DR spectra, we systematically investigated the most common optical fiber probe
geometries used in DR spectroscopy.

In the case of a stainless steel probe tip, the reflections from the stainless steel greatly
influence the DR spectra. A laterally uniform PTI approximation can significantly affect the
Monte Carlo (MC) simulated DR spectra. The effect was observed for both the linear array
and six-around-one fiber geometries. Moreover, the simplified laterally uniform PTI can have
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a deteriorating effect on the accuracy of the inverse model and model calibration. Therefore, it
is imperative that a realistic stainless steel PTI is included in the MC simulation. What is
more, the MC simulated DR spectra significantly depend on the stainless steel reflectivity,
therefore the reflectivity should be measured.

In the case of a black epoxy probe tip, the difference between the MC simulated DR
spectra obtained by the laterally uniform and realistic PTI is small and in most cases well
within the experimental measurement variability. Thus, in our opinion, a simplified laterally
uniform PTT adequately describes the geometry of such optical fiber probes.
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