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An experimental and humerical modelling
investigation of the optical properties of Intralipid
using deep Raman spectroscopy
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In this study, Monte Carlo simulations were created to investigate the distribution of Raman signals in
tissue phantoms and to validate the arctk code that was used. The aim was to show our code is capable
of replicating experimental results in order to use it to advise similar future studies and to predict the out-

comes. The experiment performed to benchmark our code used large volume liquid tissue phantoms to

simulate the scattering properties of human tissue. The scattering agent used was Intralipid (IL), of various
concentrations, filling a small quartz tank. A thin sample of PTFE was made to act as a distinct layer in the

tank; this was our Raman signal source. We studied experimentally, and then reproduced via simulations,

the variation in Raman signal strength in a transmission geometry as a function of the optical properties of

the scattering agent and the location of the Raman material in the volume. We have also found that a

direct linear extrapolation of scattering coefficients between concentrations of Intralipid is an incorrect

assumption at lower concentrations when determining the optical properties. By combining experimental

and simulation results, we have calculated different estimates of these scattering coefficients. The results
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1 Introduction

Deep Raman spectroscopy encompasses a range of techniques
that have been developed for probing deeper into turbid
media than traditional Raman: centimetres compared to
microns. Raman spectroscopy is highly chemically specific
and has the ability to probe hydrated samples. This makes it
suitable for several applications, such as art and cultural heri-
tage," pharmaceuticals® and biomedical.®> Our aim is to
improve the development of clinical applications of Raman
spectroscopy: specifically we are interested in the non-invasive
detection of breast cancer.

Breast cancer is one of the most common cancer types in
the UK; there are approximately 55200 new cases every year
which is around 150 per day.* Additionally, more than 1 in 10
of these cases are diagnosed at a late stage. Earlier detection
leads to greater survival rates. The gold standard for breast
cancer diagnosis is a mammogram, followed by a needle
biopsy and histopathology. Mammography is very affected by
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of this study give insight into light propagation and Raman transport in scattering media and show how
the location of maximum Raman signal varies as the optical properties change. The success of arctk in
reproducing observed experimental signal behaviour will allow us in future to inform the development of
noninvasive cancer screening applications (such as breast and prostate cancers) in vivo.

breast tissue density,>® which changes with age. Moreover,

needle biopsies are an invasive procedure with a wait of
around two weeks for results. This is expensive for healthcare
services, stressful for patients, and 80% come back as benign.”
As a complementary method of diagnosis, the detection of
cancer biomarkers could lead to a reduction in the number of
needle biopsies required. For breast cancer, an existing suitable
biomarker is in the form of microcalcifications. These are
calcium deposits, on the scale of tens to hundreds of micrometres
in size, that can occur in breast tissue for a variety of reasons and
can be associated with both malignant and benign lesions.
Microcalcifications fall into two types based on their molecular
composition: type 1 (calcium oxalate; benign) and type 2 (calcium
hydroxyapatite (HAP); benign or malignant) and are chemically
distinct.>® Detection of type 1 calcifications could mean the end
of the diagnostic pathway for patients as these calcifications are
not usually associated with malignant breast tissue, thus reducing
the number of needle biopsies required. Therefore, Raman spec-
troscopy as a chemically specific method of detecting and identi-
fying microcalcifications could be an incredibly useful tool.
Designing a clinical diagnostic technique relies on a
thorough understanding of the propagation of light (both
laser and Raman) through tissue. There have been studies on
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both the strength of the Raman signal versus the depth of the
tissue and also the spatial distribution of Raman scattering
throughout a sample volume."'® These studies can tell us about
the dependence of Raman signal detection on the optical pro-
perties of the sample. This type of work often uses tissue phan-
toms, where the optical properties have been specifically
picked to match those of tissue. They also contain an inclusion
with a known Raman spectrum when investigating signal
origins and recovery of photons."™ Despite the success of
laboratory studies using tissue phantoms, there is a growing
interest for in silico studies to better understand the behaviour
of photon transport throughout the turbid media.

A significant advantage of a validated in silico code is the
potential to simulate many more experimental setups than
could be done in a laboratory. This is cost effective and will
allow for ineffective experiments to be eliminated before being
attempted in a laboratory setting. Simulations can also offer a
greater physical insight into the results seen experimentally by
modelling the light transport throughout the domain.

Light transport in a turbid medium, including inelastic pro-
cesses such as Raman scattering, can be faithfully replicated
by Monte Carlo simulations. This method uses probability dis-
tributions to obtain numerical results. Monte Carlo simu-
lations have been successfully used previously to understand
the transport of light through turbid media, usually pharma-
ceuticals or biological tissue.'*'® There are a number of
reports of Monte Carlo simulations of Raman scattering events
in biological tissue or phantoms;'’>° however most of these
are based on a layered structure with simple shapes
embedded, or have a high computational cost resulting in
impractical simulation run times. In order to have full confi-
dence in the code, we need to make quantitative comparisons
between tissue phantom experiments and code output.

Here, we use our own custom-written Monte Carlo code
using the library arctkf, which is based on principles found
within our astrophysical code TORUS (for a full review of
TORUS see Harries et al.>'). We simulate individual photon
packets in optical media as they undergo the processes of
absorption, scattering, refraction and reflection. Arbitrary geo-
metries can be handled by arctk. In order to use a code as a
predictive tool, we first need to be confident that it returns
known “real world” experimental results. Due to the biological
nature of the end goal application, we chose to base this
experimental work around tissue phantoms made of dilute
Intralipid. There have been many experiments using direct
measurements to characterise Intralipid at different wave-
lengths and concentrations.**>° Of the relevant studies, that
are performed at a similar wavelength to this, the estimates of
the optical properties were varied. We used the literature and
the results found in this investigation to confirm our tool repli-
cates the experimental behaviour observed.

For clarity, we have split this study into two parts: labora-
tory based experimental work to provide data for comparison

+The library can be found at https:/github.com/FreddyWordingham/arctk.
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with the modelling, then the Monte Carlo method and its
application here. First, section 2 discusses the experiment per-
formed to explore the variation in Raman signal strength of a
thin layer at different depths. This experiment is performed in
a variety of IL concentrations, to also investigate how changing
the optical properties of the tissue phantom impacts on the
Raman signals.

In section 3 we open by explaining the Monte Carlo numeri-
cal method in detail before moving on to the role optical pro-
perties play in these codes. We discuss how the experimental
results from section 2 feed into the Monte Carlo model to help
constrain the models and then show that the derived optical
properties allow the model to return the experimental behav-
iour and thus the code validation is complete. Finally, we give
our conclusions in section 4.

2 Experimental investigation
2.1 Method

Intralipid (IL) was used to induce diffuse scattering in the
tissue phantoms in this experiment; the IL here was from
Sigma Aldrich and the bulk solution of 20% was diluted to the
required concentrations. Intralipid is a dilute mixture of emul-
sified fatty acids where the vast majority of the absorption
comes from the water. The concentrations of IL were chosen
based on previous work by Vardaki et al.’® on the distribution
of deep Raman signals in turbid media. This experimental
study differs in that we have used a sheet of PTFE which acts a
“semi infinite” layer to see how this signal changes with depth
compared to that of the finite sized inclusion used in Vardaki
et al.’s work.

PTFE was selected for these experiments to represent the
dominant Raman peak of the pathobiological material that is
found in breast tissue that can be indicative of cancer. PTFE
has a strong Raman peak at a shift of 734 ecm™"; this is spec-
trally similar to that of calcium hydroxyapatite (HAP: the
material that makes up the microcalcifications that can be
associated with cancer) which has a peak around 960 cm™".
Both PTFE and HAP have a distinct signal from the surround-
ing tissue matrix, be that breast tissue or IL; therefore they can
be easily identified in tissue phantom studies such as this.
The PTFE used here is in a distinct layer to allow a simple geo-
metric setup in the simulations, in reality the HAP in the
breast tissue appears as microcalcifications on the scale of
0.02-2 mm. The work performed with this experimental setup
allowed the collection of data in a well defined geometry
enabling evaluation of the performance of our MC models.

The liquid phantoms consisted of a quartz tank (45 mm
width x 30 mm length x 45 mm height) which had an internal
optical path length of 26 mm. This tank contained the
aqueous solutions of Intralipid in the various concentrations.
A thin slab of PTFE (43 mm width x 2 mm thick x 48 mm
height) was placed inside the tank such that the 2 mm path
was aligned with the optical axis of the system, the 43 mm
width was aligned perpendicular to this and is equal to the

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Liquid tissue phantom schematic with inset photo of empty
quartz tank with PTFE slab inside.

internal tank width, thus creating the “semi infinite” effect
desired. This setup can be seen in Fig. 1, along with an inset
photo of the empty tank with the PTFE inside it. The PTFE used
in our experiments was from “The Plastic Shop” (an online shop)
and is described as “virgin grade PTFE sheet, 2 mm thick”. The
slab of PTFE was attached to a motorised translation stage and
moved to 23 different positions along the optical axis, moving
from the laser side to the detector side in 1 mm steps. The
quartz tank dimensions were chosen in order to provide an
approximate equivalent to breast volume in mammographic
screening (1.9-7.2 cm compressed breast thickness®’).

The deep Raman setup at the University of Exeter used a
transmission Raman configuration, as can be seen in Fig. 2.
This setup has a spectrum stabilised laser (Innovative
Photonics Solutions) with laser emission at 830 nm and an
output power of ~300 mW. This was coupled to a Thorlabs
105 pm multimode patch cord, then collimated and filtered by
passing through two laser line filters (Semrock). These filters
suppress the off-centre spectral emission from the laser line.
The laser beam was brought onto the sample in a 1-2 mm dia-
meter spot. The collimated beam passed through the sample,
being scattered, absorbed and/or shifted according to the

Spectrometer

Focusing Sample Notch
lens filter Fibre

Blel=

Collection Lensto

lens focus
onto
bundle

Laser
(830nm)

Fig. 2 Diagram of the deep Raman setup used, in transmission mode.
Based on a figure from Vardaki et al.*®
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optical properties. The Raman scattered photons were then
collected using an AR coated lens (f = 60 mm and diameter =
50 mm). The collimated light was then passed through a holo-
graphic super notch filter (HSPF-830.0 AR-2.0, Kaiser Optical
Systems) to remove the elastically scattered light (the laser
photons) and imaged onto a fibre probe bundle by an identical
lens to the one used for collection. The fibre bundle
(CeramOptec, “spot to slit” line type bundle assembly, active
area spot diameter approximately 2 mm, slit line approxi-
mately 0.25 mm x 14.95 mm) was connected to a Holospec
VPH system spectrograph (Kaiser Optical Systems). The spectra
were recorded using a deep depletion CCD camera cooled to
—75 °C (Andor Technology, DU420A-BR-DD, 1024 x 255 pixels).
The overall spectral resolution of the system was ~8 cm ™.

The signal was collected using 12 accumulations of 5
seconds and the system was calibrated using Raman bands of
an aspirin tablet (acetylsalicyclic acid).

Raman spectra were recorded for tissue phantoms with
different IL concentrations, and therefore different scattering
coefficients. Parameters such as power, wavelength, beam size
and acquisition time were kept constant throughout and
between mappings. The median PTFE Raman spectra are seen
in Fig. 3 for each of the positions of the PTFE in the tank, with
0.25% Intralipid present as the scattering agent. Taking the
median eliminated the cosmic rays present in the raw data.

It is clear that there is a background signal present in the
spectra. Since the Monte Carlo code would only be shifting
photon wavelengths according to the dominant peak, there
was no need to fit and subtract all of the background signal.
Instead, we clipped each spectrum around the dominant
Raman peak, did a straight line fit across the base and then
subtracted this. Python software was then used to fit a
Gaussian peak at each position along the optical axis. Using
the standard integral for a Gaussian, the area under each was
calculated and plotted to show how the concentration of IL

9000 - -=- Dominant Raman peak at 734cm~!

8000 -

7000 -

Intensity (a.u.)

6000 -

5000 A

0 250 500 750 1000 1250 1500 1750

Raman shift (cm™1)

Fig. 3 PTFE spectra for all positions in the tank with 0.25% Intralipid as
the scattering agent. The dominant Raman peak at 734 cm~ is indicated
by the dashed line.
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and the position of the Raman source influenced the intensity
of the Raman signal detected.

2.2 Experimental outcome

Fig. 4 shows the total intensity under the dominant PTFE
Raman peak for each of the concentrations of Intralipid used
in the experiment: 0.25%, 0.5%, 1%, 2%, 3% and 4%. This
intensity is plotted as a function of the location of the PTFE in
the tank; 0 mm corresponds to the slab being in front of the
laser, and 25 mm corresponds to the PTFE being in front of
the detector. The units of the intensity are arbitrary as the cal-
culation involved integrating under a Gaussian fit to the CCD
output spectra. The large difference in the Raman intensities
is due to higher concentrations of Intralipid decreasing the
overall signal through the tank.

The error bars in Fig. 4 were calculated using the guidance
from the Andor camera manual, which stated the overall noise
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Fig. 4 Intensity (measured as area under the peak) of dominant Raman
peak in the PTFE spectrum for each of the tested concentrations of
Intralipid. The laser is incident on the tank at 0 mm, and the collection is
at 25 mm. The error bars represent the shot noise from the camera.

7604 | Analyst, 2021, 146, 7601-7610

View Article Online

Analyst

was 1.41 times the shot noise. Each count recorded by the
camera was 2.5 electrons, thus
noise = /2.5 x count x 1.41.

From Fig. 4, there is an evident maximum in the Raman
intensity near to the middle of the tank. The concentration of
the Intralipid varies the location of the peak of the Raman
intensity and the shape of this peak. The lowest concentration
of Intralipid gives us the strongest signal, which is to be
expected as the mean free path will be longest in this instance.
It is interesting to note that the peak of the Raman intensity
shifts closer to the detector as the concentration of Intralipid
used increases. This behaviour is discussed in the Monte
Carlo results and discussion in section 3.

These results support our understanding of how Raman
intensity varies with depth when the source is a “semi-infinite”
slab. The peak signal appearing around the centre of the scat-
tering volume matches previous work done by Matousek
et al®® and is in contrast to the finite Raman source results
from Vardaki et al.'® This is in line with physical expectations:
the finite source is subject to the same diffusion of laser
photons, resulting in the maximum Raman photon production
in front of the laser and maximum Raman photon detection
probability in front of the detector. The difference arises from
the fact that when in the centre, the finite source could be
missed by the laser photons which can easily be scattered
around it. Therefore the further from the laser that the finite
Raman source is placed, the fewer laser photons will enter it
and the fewer Raman photons are produced. This results in
the Raman signal peaks for a finite source detecting in trans-
mission geometry appearing in front of the laser and in front
of the detector. This is the opposite result to what we have
observed in this study, but both are physically correct and give
insight into photon migration in turbid media and where we
can expect to obtain maximum signals from.

Using the results of this experimental investigation and the
understanding of how signal from a semi-infinite Raman layer
behaves at different depths and optical properties, we can vali-
date our code. The next section details the Monte Carlo
numerical method employed, the optical properties required
for accurate simulation, and how combining the experimental
results found here with the code output can give useful
insights.

giving:

3 Monte Carlo simulations
3.1 Monte Carlo method

An MCRT code was developed in Rust (a compiled, strongly
typed, memory safe language similar to C++) to simulate the
scattering and absorption processes present when light inter-
acts with tissue. The code returns the number of Raman
photons created and the number of those Raman photons that
were detected. The incidence and detection regions are mod-
elled to be the same as in the Experimental section. The
system is able to model an arrangement of various arbitrarily
shaped optical materials which are bounded by triangular

This journal is © The Royal Society of Chemistry 2021
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meshes. These geometric objects are referred to as entities.
For a more detailed description, see Jeynes et al.>* The core
photon loop of the code is based upon the routine as
described in Harries et al.*

The presented simulation is a three-dimensional cuboid-
shaped domain. The tank is modelled as 26 x 41 x 41 mm (x,
¥, 2) filled with the scattering agent. Into this, the Raman scat-
tering layer is modelled as a 2 x 41 x 41 mm (x, ), 2z) entity,
with the optical properties of PTFE. Two circular triangle
meshes of 1 mm radius at opposite sides of the tank entity are
used to describe the laser and the detector. The laser light
source (located at x = 0 mm) emits photon packets at a wave-
length of 830 nm; the detector mesh (located at x = 25 mm)
counts the photon packets that reach it and have a wavelength
of 883.9 nm. The optical properties of the IL are characterised
by the scattering (us) and absorption (u,) coefficients and are
calculated from Grabtchak et al.>® values for 1% IL, detailed in
the optical properties section below.

The Monte Carlo simulations were optimised to replicate
the experimental behaviour while not taking too long to run;
they were run with the slab at locations from 3 mm to 23 mm
in step sizes of 2 mm. This was a fine enough grid to show the
same results as the experimental, while being coarse enough
to run in a reasonable time. Large numbers of photon packets
were used in order to detect sufficient signal to noise: 10°
photon packets for each simulation, and 10 simulations for
each PTFE slab location in the tank to obtain the variance.
Each concentration, therefore, is comprised of 110 simulations
and took approximately 1 week to run on our 32-thread com-
puter, with the code parallelised.

The initial direction of each packet is normal to the surface,
facing into the tank along the x-direction to simulate a colli-
mated laser beam. Following emission, the packet travels
forward a random optical depth along its direction vector. This
step size is described by:

_—In(1-¢)
o

! (1)
where ¢ is a uniform random number [0-1] and u is the inter-
action coefficient of the medium the packet is currently in.
Each material in the simulation has an associated set of
optical properties at the relevant wavelengths. The interaction
coefficient for the medium is calculated by summation:

1= s + pa (2)

For the PTFE material that is creating Raman photon
packets, this scattering coefficient is calculated by summing
the elastic scattering and Raman coefficients: ps = Hejastic +
Hraman- The single scattering albedo is defined as:

a=ts (3)

U
After travelling distance [, the packet then interacts with the
medium through scattering. The other optical property of the
medium that is required for a fully correct Monte Carlo model
is the anisotropy factor (g). This variable can be any value in
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[-1,1] where —1 describes entirely backward scattering, 1 is for
fully forward scattering and 0 is equivalent to isotropic scatter-
ing. It is used to calculate the deflection angle for the scatter-
ing packet, via the Henyey-Greenstein phase function:*?

Py =L 1-g
"7 An(1 4 g2 — 2g x cos(0))

7z (4)

where P, is a probability density function and 6 is the scatter-
ing angle in radians.

We are looking at a single wavelength shift in the PTFE
Raman spectrum, therefore if the photon packet has not
undergone a Raman shift we use a loop to determine if it will
be shifted. A random number in [0,1] is generated, and if it is
less than pigaman/p then the wavelength of the packet is
adjusted and the optical properties are updated accordingly.
The packet’s statistical weight is also reduced to reflect the
fraction of photons in the packet that would have been
absorbed in the interaction. The remaining fraction is given
by:

w=wx (1-A4).

()

The photon packet will continue to propagate and scatter
until it exits the domain of the simulation. In the event that its
statistical weight is so small that the computational power to
simulate it outweighs the contribution to the output, the
packet undergoes a roulette scheme.

When a Raman scattering event occurs, the location at
which it occurs is stored. This is in order to go back to this
location, once the lifetime of the Raman photon has been
simulated, to continue the re-weighted laser photon path as if
the Raman event had not occurred. By doing this, the laser
photons are not significantly depleted which is more akin to
the physical experiment. This is an important consideration
because if it is not implemented then the output of the Monte
Carlo simulation does not match that of the experiment due to
under-sampling the PTFE layer.

The Raman scattering coefficient, praman, Was set to be
0.01 ecm™" as this gave a good production rate of Raman
packets without significantly increasing the computational
time. This is several orders of magnitude greater than the rea-
listic Raman scattering coefficient which is ~107® em™. To
counteract this “over creation” of Raman photons, all of the
shifted photons had correspondingly decreased weights. The
dominant peak in the PTFE Raman spectrum occurs at a
Raman shift of 734 cm™ which means a shifted wavelength
from 830 nm (the laser wavelength) to 883.9 nm. The simu-
lated packets were only shifted a maximum of once, and
always to this wavelength. The experimental data was analysed
at this peak only and so comparisons between the relative
Raman intensities from the MC simulations and the experi-
ment can be found.

3.2 Optical properties

The absorption and scattering coefficients, along with the an-
isotropy factor, are the dominant optical properties for a

Analyst, 2021,146, 7601-7610 | 7605
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material. These have a huge impact on the output of Monte
Carlo simulations and so it is vital to get them correct. For the
PTFE, the optical properties were determined experimentally
by time-domain diffuse spectroscopy as used in Mosca et al.:**
Ha = 0.0477 em ™', y's = 9.997 cm ™. It is a very highly scattering
medium with little absorption; this is in line with the physical
properties we can observe with the eye - it is a solid, white,
opaque plastic.

The optical properties of Intralipid are more difficult to
determine or locate in literature, especially at the weak concen-
trations used in this study. Initially, the scattering coefficients
used were taken from Vardaki et al.'® as the same concen-
trations were used in this study. The reduced scattering coeffi-
cient y'y was 9.2 ecm™" at 1% IL, and extrapolated linearly to
the other concentrations. These were originally estimated by
linear extrapolation from Michels*® experiments on 10%, 20%
and 30% Intralipid. The optical properties did not return the
expected behaviour from the experiments and were deemed
inappropriate for the concentrations we are working with.

A study by Grabtchak et al® experimentally derived the
scattering coefficient and anisotropy factor for 1% IL. The an-
isotropy factor of g = 0.67 is in close agreement with another
study at similar concentrations by Aernouts et al.>* Trying the
scattering coefficients from each of these studies, only the
Grabtchak value returned the behaviour from our experimental
output for 1% concentration: pg Grabtchak = 27.4 cm™' and
Hs Aernouts = 5.6 em™'. Direct linear extrapolation from the
Grabtchak value to the other concentrations did not return
good results for the Monte Carlo output. Therefore, the code is
validated against the experimental work carried out at 1% con-
centration of IL, and we can utilise the MC and experimental
work together to derive estimates for the scattering coefficient
of IL at the other concentrations. Despite not being a direct
measurement of the scattering coefficient, this is a useful
application of the results of our experimental and compu-
tational work.

The absorption coefficient measured for 1% IL concen-
tration is approximately equal to that of water, meaning the
Intralipid absorption is negligible at these weak concen-
trations compared to that of the water. The Monte Carlo simu-
lation uses an arbitrary input laser power, and the recorded
Raman signal is the sum of the weights of the detected photon
packets. Therefore, to compare these outputs to detected
power in our experiments, the relative behaviour of each was
plotted and compared. Using both the relative behaviours, and
the differences between the Raman signals at each concen-
tration allows us to estimate the scattering coefficients.

Scattering coefficient estimates were determined by first
running a large suite of Monte Carlo models: from 12 cm™ to
57.5 cm™ ', in step sizes of 0.1 cm™'/0.2 cm™'/0.5 cm™" increas-
ing as the scattering coefficient increased. Then, the average of
each of the differences between the 1% experimental output
and the other concentrations’ experimental outputs were cal-
culated. This “relative difference” was then repeated for the
Monte Carlo outputs, relative to the scattering coefficient value
of 27.4 em™" (the experimentally and now computationally vali-
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dated value for 1% IL concentration®). These lists of relative
differences were compared in order to find the scattering
coefficient from the Monte Carlo suite of models that returned
the corresponding relative fractional difference as seen in the
experimental outputs, for each concentration. This yielded
promising results, as seen in the top plot of Fig. 5, finding
close matches in the fractional relative average differences
which reproduce the experimental output behaviour. This frac-
tional relative average difference means that the intensity of
the dominant Raman peak for 1% Intralipid is approximately
0.8 times greater than the intensity for 4% Intralipid, as seen
in Fig. 4.

The results of using the experimental differences as a basis
to determine the scattering coefficients can be seen in the
lower plot of Fig. 5. The derived scattering coefficient found
from the suite of models is plotted against the relevant con-
centration. Although the relationship is linear, it is clearly not

0.84 « Experiment X
¥ MC x
0.6
0.4 A
0.2 A
0.0 A x
_0'2 4

_04 .

Relative average difference

—0.6
x

A Estimated breast tissue value ,’
40 - e

30 A

20 A

10 1

Scattering coefficient (cm™1)

0

00 05 10 15 20 25 3.0 35 4.0

Concentration of Intralipid (%)

Fig.5 Top plot is the fractional comparison of the experimental
average difference (purple circles) and the Monte Carlo simulation
average difference (blue crosses), both performed relative to 1%
Intralipid values. The lower plot is of our corresponding derived scatter-
ing coefficients against concentration. The variation in the scattering
coefficient does not scale with the concentration directly as previously
thought. The best fit line is the dashed line and has the formula s = 5.16
X concentration(%) + 22.1. The black triangle indicates the estimated
scattering coefficient for breast tissue based on our results.
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a direct scaling from concentration to scattering coefficient:
the scattering coefficient does not double when the concen-
tration is doubled. The best fit straight line yields a relation-
ship of us = 5.16 x concentration(%) + 22.1. This relationship
cannot hold for all concentrations: consider a concentration of
0% as a water-filled tank, the scattering coefficient would pre-
sumably be approximately zero. However, this line appears to
be a good fit for this range of Intralipid concentrations, which
encompasses the scattering properties of biological tissues.
The scattering coefficients were found from comparing the
relative average differences of a suite of Monte Carlo models to
those found in the experimental outputs and can be seen in
Table 1. The reduced scattering coefficient, u's, is calculated
by:

H's = ps X (1_g)

for each of the predicted Intralipid scattering coefficients in
order to compare it to values for breast tissue. The reduced
scattering coefficient in uncompressed breast tissue at 830 nm
has been shown to be y's = 9.84 cm™".*> The absorption of
breast tissue has been estimated as y, = 0.068-0.102 cm™" for
light at 825 nm in papillary breast cancer.*® It should be noted
that the optical properties have been shown to change with
pressure applied and this change is dependent on BMI.>’
Using the reduced scattering coefficient allows for comparison
between materials with different anisotropy values, as is the
case in this study for Intralipid and breast tissue. From
Table 1, it is evident that the concentration of Intralipid that
most reflects breast tissue in its optical properties is 1.5%, as
the breast tissue value lies between the 1% and 2% IL values
derived here.

3 Results and discussion

The experimental results can be seen compared to the Monte
Carlo simulation output for each concentration in Fig. 6. The
simulations match the experimental output faithfully; most
importantly, 1.5% Intralipid concentration has the most
similar reduced scattering coefficient to breast tissue, and 1%
and 2% IL experimental outputs are very well simulated by the

Table 1 Absorption (ua), scattering (us), anisotropy (g), and reduced
scattering coefficient (4's) used in the simulations at 830 nm, the laser
wavelength. The values for breast tissue®>*¢ are included in order to
compare with the tissue phantoms. The absorption coefficient values
for the diluted IL are that of water, as this is the dominant absorbing
material in the tissue phantoms

Material ta (em™) s (em™)  Anisotropy (g) #'s (em™)
PTFE 0.0477 99.97 0.9 9.997
Intralipid 0.25% 0.03 23.3 0.67 7.69
Intralipid 0.5% 0.03 25.0 0.67 8.25
Intralipid 1% 0.03 27.4 0.67 9.04
Intralipid 2% 0.03 32.5 0.67 10.7
Intralipid 3% 0.03 36.5 0.67 12.0
Intralipid 4% 0.03 43.5 0.67 14.4
Breast tissue 0.068-0.102 98.4 0.9 9.84
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Fig. 6 A comparison of the experimental output at each concentration
of Intralipid (purple) against the results of the Monte Carlo simulations
(dashed teal). The scattering coefficients for the Monte Carlo simu-
lations were calculated from the relative difference ratio and are detailed
in Table 1. The laser is incident at 0 mm and the collection point is at
25 mm. Monte Carlo simulations were run with 10° photon packets and
repeated 10 times for each PTFE slab position in order to calculate the
variance.

MC code. The behaviour of the Raman intensity peak moving
closer to the detector with increasing concentration is still
clear when plotting relative intensity, and is replicated in the
Monte Carlo results. It is clear why if we examine the physical
processes at play here.

In lower concentrations, the Raman intensity curve has
symmetry between the illumination (left) and collection (right)
sides. The highest number of Raman photons are created
when the PTFE block is at the illumination side as this is the
point at which there are the most laser photons present in the
tank, thus the highest probability for Raman scattering to
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occur. Once a laser photon has been converted however, it
then needs to survive traversing the whole width of the tank in
order to be detected. These Raman photons created with the
PTFE at the illumination side have the least chance of traver-
sing the tank without being scattered out or being absorbed.
On the other side, when the PTFE block is on the right hand
side of tank (and closest to the detector), Raman photons are
more efficiently detected because they have the least distance
to travel to the detector. However, the fewest number of
Raman photons are created here as the laser photons need to
survive traversing the tank of Intralipid.

The distribution of Raman signal intensity is therefore a
balance between these phenomena, and the result is that the
peak of this signal is somewhere near the middle of the tank.
When the PTFE is at these locations, the number of laser
photons reaching the block is sufficient enough to create
plenty of Raman photons, and then many of these Raman
photons are able to traverse the remainder of the tank to be
collected. The balance shifts towards the detector as the con-
centration of the Intralipid increases because water absorbs
Raman photons (i.e. longer wavelengths of light) more than
laser photons as shown in Vardaki et al.'® The increasing scat-
tering coefficient means the total path lengths are longer and
therefore more Raman photons are absorbed between creation
in the PTFE and the detector compared to lower concen-
trations. Thus, the maximum point of Raman signal detection
moves closer to the detector as the concentration of Intralipid
increases because the Raman photons have a shorter total
path length and are less likely to be absorbed or exit the tank
before being detected. This result is similar to what would be
expected from an analytical process to solve for diffuse fluo-
rescence with two coupled diffusion processes giving the bi-
phasic outcome.*®

The scattering coefficients that we have determined here
differ from the values found in other studies, except the value
at the concentration of 1% as discussed earlier. There are
limited studies, which do not always overlap (see Hohmann
et al.*® for an example), and did not return the experimental
behaviour we have observed. At 1% IL concentration, the
values found in the literature were varied: g = 2.7,%° 5.6,%
27.9 em™" (adapted from Vardaki et al.'”).

The exact reasons for the differences are outwith the scope
of this study; the main difference noted here is the brand of
the Intralipid used. The work by Grabtchak et al.>® uses the
same brand of IL (Sigma Aldritch) as used in this study, and
returned a good result when used in our Monte Carlo simu-
lations. Other studies did not return the expected results, and
used different brands of IL. As IL is not manufactured specifi-
cally to have identical scattering coefficients, this could go
some way to explaining the differences observed. Another
important factor is the length of time taken to do the experi-
ments. IL is a lipid emulsion, therefore over time there can be
quality degradation due to the fat droplets joining together.
Our experimental work was completed in 2 days from opening
the bottle in order to minimise this effect but it is unclear how
long other studies have taken. There was no noticeable degra-
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dation or change in the IL over the 2 days of the experimental
work. The length of time to complete the work could have an
effect on the optical properties determined by different
studies. Additionally, the difference in the phantom volumes
used could play a role, especially pertaining to boundary
conditions.

Our Monte Carlo numerical tool replicates the behaviour
seen in the experimental results and is also capable of gaining
information about the optical properties of the tissue phan-
toms by use of the experimental outputs. This information can
then in turn be used to inform future experiments: this
reduces costs by predicting experimental outcomes and simu-
lating far more environments and Raman material distri-
butions than currently readily available in a physical
laboratory.

4 Conclusions

Experimentally, we have explored the Raman scattering distri-
bution in liquid tissue phantoms in order to validate our
Monte Carlo numerical tool. These tissue phantoms are useful
because they approximately mimic the scattering properties of
breast tissue. It has clearly been shown how the intensity of
the Raman signal varies as the scattering coefficient of the
liquid phantom changes. The results show that for a “semi
infinite” layer of Raman scattering material, the highest
signals are likely to be from the layers nearer the middle of the
material using transmission Raman. This is contrary to earlier
observations with a finite vial containing the Raman material,
which showed a stronger signal from the illumination and col-
lection surfaces and the weakest signal in the middle. These
results are in line with previous studies and strengthen our
understanding of light transport in these situations.

In this study, we have shown that our Monte Carlo numeri-
cal tool with the library arctk is capable of reproducing experi-
mental results. We have recovered the same behaviour in our
simulated photon packets as was recorded in the experimental
outcomes: a strongest signal in the middle of the phantom,
with this peak shifting towards the detector for more turbid
media. Using experimentally derived optical properties as our
input, this has validated the code. This shows promise for
future applications of Monte Carlo simulations in the journey
to improve breast cancer detection.

Crucially, we have found that assuming direct linear extra-
polation for the scattering coefficient between different concen-
trations of Intralipid may not be physically valid, in the most
dilute regimes. A linear relationship does exist, with a shallow
gradient. By looking at the differences between the experimental
outputs, we have found more realistic scattering coefficients for
Intralipid at a variety of concentrations and proven that the new
values return the observed signal behaviour.

Simulations can investigate a variety of future probe designs
and realistic calcification distributions. In this way, we will be
able to rule out sub-optimal setups and ultimately work towards
a non-invasive deep Raman diagnosis of breast cancer.

This journal is © The Royal Society of Chemistry 2021
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