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As one type of spatially offset Raman spectroscopy (SORS), inverse SORS is particularly suited to in vivo biomedical
measurements due to its ring-shaped illumination scheme. To explain inhomogeneous Raman scattering during in vivo
inverse SORS measurements, the light—tissue interactions when excitation and regenerated Raman photons propagate in
skin tissue were studied using Monte Carlo simulation. An eight-layered skin model was first built based on the latest
transmission parameters. Then, an open-source platform, Monte Carlo eXtreme (MCX), was adapted to study the distribu-
tion of 785 nm excitation photons inside the model with an inverse spatially shifted annular beam. The excitation photons
were converted to emission photons by an inverse distribution method based on excitation flux with spatial offsets As of
1 mm, 2 mm, 3 mm and 5 mm. The intrinsic Raman spectra from separated skin layers were measured by continuous
linear scanning to improve the simulation accuracy. The obtained results explain why the spectral detection depth gradually
increases with increasing spatial offset, and address how the intrinsic Raman spectrum from deep skin layers is distorted by
the reabsorption and scattering of the superficial tissue constituents. Meanwhile, it is demonstrated that the spectral con-
tribution from subcutaneous fat will be improved when the offset increases to 5 mm, and the highest detection efficiency
for dermal layer spectral detection could be achieved when As = 2 mm. Reasonably good matching between the calculated
spectrum and the measured in vivo inverse SORS was achieved, thus demonstrating great utility of our modeling method
and an approach to help understand the clinical measurements.

Keywords: Monte Carlo simulation, tissue optical model, spatially offset Raman spectroscopy

PACS: 87.10.Rt, 87.16.A—, 87.50.sg, 87.64.kp

1. Introduction

One novel Raman spectroscopy technique, spatially off-
set Raman spectroscopy (SORS), can avoid interference from
the fluorescent background of surface materials and non-
invasively obtain deep spectral information under materials
with high Raman activity or high fluorescence.!"?! There are
several geometries in which SORS can be deployed, for exam-
ple, ring spot laser illumination and Raman signal collection
or a ring-shaped illumination scheme or collection.*! Inverse
SORS allows some flexibility in changing the spatial offset
(As) by delivering the laser beam in the shape of a ring and col-
lecting the Raman photons at the center of the probe.[* It is
particularly suited to medical applications because the laser ra-
diation is spread over an extended area, permitting the delivery
of a higher laser power to the target in situations where laser
intensities are constrained, for example due to laser safety con-
siderations in in vivo applications.?! However, the re-emitted
Raman photons will be altered during in vivo measurements
by the absorption and scattering effect of the heterogeneous
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tissue structure and biochemical constituents. Therefore, it is
essential to have an accurate illustration of the properties of
excitation photon propagation and the Raman photon escape
process to achieve a theoretical understanding and guidance
for future biomedical applications of inverse SORS.

Monte Carlo (MC) methods are considered to be the gold
standard for modeling light propagation in complex stochastic
media such as biological tissues.!'!l Recently, the simula-
tion speed and accuracy of MC modeling have been greatly
enhanced by techniques such as parallelization of graph-
ics processing units (GPUs) and distributed computing,!'%13]
which provides rigorous and reliable solutions for explain-
ing photon—tissue interactions. Meanwhile, the primary ques-
tion for inverse SORS applications, especially for develop-
ing optical fiber-based systems, is to elucidate the relation-
ship between spectral sensing depth and the spatial offset (As).
Karthik ef al. developed a MC model that enabled the simula-
tion of arbitrary source—detector fiber geometries, fiber proper-
ties and the recording of time-resolved information about ex-
citation and fluorescence light from a fluorophore in a semi-
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infinite medium.!"* Keller et al.l">! used the multilayer fluo-
rescence MC code to investigate the effect of tissue and probe
geometry on SORS measurements and thus developed ap-
plication strategies for surgical margin assessment of breast
tumors.!'%!71 Wilson et al. adapted the MCML model to de-
termine the optimum detection geometry of the bone Raman
signal, and demonstrated how the carbonate/phosphate ratio
was distorted by the elastic scattering effect of the overlying
tissue layer.!'®! Mosca er al. elaborated SORS, detecting the
depth of any particular spatial offset when analyzing turbid
samples.!'”l However, none of the above-mentioned work in-
terpreted inhomogeneous Raman scattering in turbid biologi-
cal media during in vivo inverse SORS measurements.

In this study, we attempt to solve this problem by simu-
lating the in vivo inverse SORS measurement of normal hu-
man skin in the near infrared (NIR) wavelength range. An
eight-layer optical model of the skin was developed using

the transmission parameters from recent publications.[20-2?]

An open-source platform, Monte Carlo extensions (MCX), ]
was adapted to study 785 nm excitation photon distribution
with an inverse spatially shifted annular beam. The excita-
tion photons were converted to emission photons by an inverse
distribution method (IDM) based on excitation flux to obtain
simulations with spatial offsets As of 1 mm, 2 mm, 3 mm,
and 5 mm. To improve the simulation accuracy, the intrinsic
spectral properties of each skin layer were measured from sep-
arated tissue sections by a continuous linear scanning method.
The reconstructed skin Raman spectra with different spatial
offsets were compared with in vivo experiments to verify the
feasibility of the model.

2. Materials and methods
2.1. In vivo measurement of Raman spectrum of human

skin

A home-made inverse SORS system was established
to measure skin spectral information in vivo as shown in
Fig. 1. The excitation light from a 785 nm semiconductor
laser (MDL-III-785-lock, Changchun New Industry) is col-
limated by a fiber collimator (F260APC-780, Thorlabs) and
then passed through a 785 nm band-pass filter (LD01-785/10-
25, Semrock) to avoid the spectral sideband component of the
laser or stray light entering the excitation light path. The ex-
citation beam is converted into a ring-shaped beam by an axi-
con lens (AX2510-B, Thorlabs), and the radius of the annular
beam (As) is controlled by changing the distance between the
axicon lens and sample continuously. Two quartz glass plano-
convex lenses (GCL-010820/GCL-010811, Daheng Photo-
electric) are used for spectral acquisition. A long-pass filter
(LP02-785RU-25, Semrock) is placed between them inside
to avoid the influence of stray light. An optical fiber bundle
(RTS105-19-3-VIS-NIR, Oceanhood) transmits the obtained

spectral photons to a spectrometer (LS-785, Teledyne Prince-
ton Instruments), and the spectral signal is detected by a back
photosensitive CCD (PIX400BR-SF-Q-F-A, Teledyne Prince-
ton Instruments) camera. The spectral wavelength and re-
sponse of the system are calibrated using a Ne/Ar lamp (Intel-
liCal, Teledyne Princeton Instruments). The integration time
for each measurement was 3 s and the excitation power was
approximately 200 mW measured at the skin surface. All ac-
quired Raman spectra were processed using home-made soft-
ware (NWUSA), including band range selection, cosmic line

removal, ninth-order polynomial fitting of the spectral back-

ground and fifth-order Savitzky—Golay smoothing.**!
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Fig. 1. Schematic diagram of the optical path of the inverse spatial offset
Raman detection system.

2.2. Ex vivo measurements of Raman spectra from excised
human skin tissue sections

Ex vivo Raman spectra were measured with a confo-
cal Raman microscope (Alpha500R, WITec GmbH).[>-27! Its
major components include a 785 nm semiconductor laser for
the spectral excitation, a microscope combined with a 63 x ob-
jective (NA = 1.25, WPlan-Apochromat, Zeiss), and a spec-
trometer (UHTS300, WITec GmbH). A multi-axis piezo scan-
ning stage (2 nm scanning accuracy, P-524 K081, PI GmbH,
Karlsruhe) and an additional motorized stage were used for
precise spectral scanning.

For the experiment, a total of 20 normal skin samples
were obtained from Xi’an International Medical Center Hospi-
tal, Xi’an, Shaanxi, China. Based on the protocol for prepar-
ing frozen tissue sections, consecutive longitudinal sections
were prepared as 10 pm thick slices and placed on gold-coated
glass substrates (BioGold®63479-AS, Electron Microscopy
Sciences) for ex vivo spectral measurements. The frozen sec-
tions were stored in an acetone cooling bath at —80 °C until
use, and thawed for 30 min prior to spectroscopic analysis or
further histological processing.

For the measurements, the spectral signals from four skin
layers (stratum corneum, epidermis, dermis and subcutaneous
fat) were collected over the range 800 cm~!-1800 cm~!. As
shown in Fig. 2, a continuous linear point-by-point scanning
method was adopted to acquire the tissue spectral informa-
tion from about 200 different depth positions along the z axis:
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10 spectra were acquired in the stratum corneum, 40 in the
epidermis, 70 in the dermis and 80 in the subcutaneous fat.
Meanwhile, the same scanning method was repeated at least
10 times for each examined skin section along the x-axis, as
shown in Fig. 2. After spectral preprocessing, a K-means clus-
tering analysis (KCA) algorithm was utilized to address the
general spectral features in each skin layer.

z-direction
z-direction x, T
20
Stratum corneum <«—|
Epidermis «—

Dermis «——

Subcutaneous fat «—

Fig. 2. Schematic diagram of the ex vivo Raman spectral investigation plan.

2.3. Optical model of normal human skin

Based on our previous works,?%2°]

various appendages
of skin tissue, such as hair follicles, sweat glands and seba-
ceous glands, were ignored for simplicity without loss of gen-
erality during the simulations. An eight-layered skin optical
model in the NIR wavelength range was developed with trans-

[20]

port parameters compiled from Shimojo et al.'*" and Salo-

(221 Table 1 outlines our eight-layer model, includ-

matina et al.
ing thickness (d), refractive index (n) and optical transport pa-
rameters (absorption coefficient U,, scattering coefficient L,
scattering anisotropy g) at 914 nm for each skin layer. The
stratum corneum 1is a thin structure, so in the simulation pro-
cess we assumed that the optical characteristic parameters of
stratum corneum and epidermis are the same. The total thick-
ness of the skin model is 4 mm, while the thickness of each
layer is based on published anatomical literature. 20?839 Skin
Raman spectra from 800 cm™! to 1800 cm™!, corresponding
to the wavelength range from 838 nm to 914 nm by 785 nm ex-
citation, are reconstructed by a MC method to investigate the
contribution of intrinsic Raman signals originated from differ-
ent skin layers and the distortion due to tissue reabsorption and
scattering during in vivo measurements.

The refractive index of the ambient medium above the tis-
sue model is 1.0 (air), and that of the ambient medium below
the eight tissue layers is 1.37,13!] which is assumed to be mus-
cle. The refractive indices of epidermis, dermis and subcuta-

neous fat were fixed at 1.34, 1.39, and 1.44, respectively.[*?]

The anisotropy factor g of all bloodless skin layers was as-
sumed to be 0.9 within the wavenumber range of the entire
study.®3! We also assumed that blood has an index of re-
fraction of 1.33, which is equivalent to water. For epidermis
and bloodless dermis, transport parameters from 400 nm to
1100 nm were provided by Shimojo ez al.'>”! The upper blood
plexus consists of capillaries scattered within the dermal tis-
sue. Therefore, it is modeled as a uniform layer of 30% blood
and 70% skin tissue. The optical parameters (U,, Us, g, 1) of
the upper blood plexus were calculated by adding the fractions
contributed by the two components, which could be expressed

by the following matrix formula:[34-36]
.uS — ["LS ug f 1 :| 1
g g2 |- { Al (M
n nt n

where f] and f5 are the respective percentages of a single com-
ponent. For example, in the tissue model, the upper blood
plexus consists of 30% blood (f; = 0.3) and 70% dermal tis-
sue (f» = 0.7). So the refractive index of the upper blood
plexus was estimated as n = (1.33 x 0.3) + (1.39 x 0.7). The
lower blood plexus was modeled as consisting of 10% blood
and 90% dermis. To simulate the Raman photon escape pro-
cess, the optical parameters of other wavelengths (higher than
785 nm) were derived in a similar manner, as shown in Table 1.

Table 1. The transport parameters (U,, s, &, 1) of the eight-layer skin
optical model at 914 nm.

Layer dum) n gy (mm Y pg(mm g
Air - 1 - - -
Stratum corneum 20 1.34 0.191 33.77 0.9
Epidermis 180 1.34 0.191 33.77 0.9
Papillary dermis 120 1.39 0.046 16.26 0.9
Upper blood plexus 50 1.379 0.202 26.38 0.924
Reticular dermis 1400  1.39 0.046 16.26 0.9
Deep blood plexus 80 1.393 0.061 19.64 0.908
Lower dermis 150 1.39 0.046 16.26 0.9
Subcutaneous fat 2000 14 0.036 12.34 0.9
Muscle - 1.37 - - -

2.4. Monte Carlo simulation

The MC model was developed atop the open-source
MCX base.?*371 All simulations were performed in wave-
length (nm), and the results were presented in wavenumber
(cm™1!) to maintain consistency with the experimental results.
To provide a detailed description of the simulated Raman spec-
tra, an interpolation was performed to obtain the same number
of data points as the measured ex vivo Raman spectra. The
simulation process consists of the following steps:

(1) Addressing excitation photon distribution within the
tissue model. After setting the basic parameters in the MCX
platform, such as position and direction of excitation light, op-
tical properties of excitation light, etc., many parallel threads
are initiated to simulate photon migration and generate a
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photon flux map across the entire tissue volume. A three-
dimensional (3D) distribution of excitation light can be effi-
ciently calculated for a 785 nm annular excitation source with
aradius (As) of 1 mm, 2 mm, 3 mm or 5 mm.

(i1) Calculating the number of photons collected on the
Under the condition of As of
1 mm, 2 mm, 3 mm or 5 mm, the transport characteristics of

tissue surface, Ngetect(4,2).

photons of specific wavelength emitted by isotropic point light
sources at different depth positions (z) were trailed for deter-
mining the number of detected photons on the tissue surface
Nieteet(A,2). In the specific simulation process, 10° Raman
photons from nine separate wavelengths (838 nm, 845 nm,
855 nm, 865 nm, 880 nm, 890 nm, 902 nm, 910 nm, and
913 nm) were traced from the isotropic source corresponding
to 800 cm~'-1800 cm~! by 785 nm excitation.

(iii) Calculating the spectral detection efficiency of
different layers of skin tissue, 1;(1). After obtaining
Nieteet(A,2), the number of photons of wavelength A de-
tected by each layer of tissue (depth from z; to z») is cal-
culated by N(A)detect:z;—z, = f;lz Netect(A,z)dz.  The num-
ber of photons in each simulated wavelength from the skin
model with specific tissue thickness (D) is calculated by
N(A)detect:0-D = fOD Netect (A, 7)dz. The spectral detection ef-
ficiency from different skin layers is calculated by n; (1) =
N(/’L)detect:zl ) /N(l)detect:O—D-
contribution or fractional contribution of the detected Raman

This indicates the spectral

photons from depth z; to z; to the overall detected photons on
the tissue surface at a specific wavelength.

(iv) The total number of all Raman photons de-
tected from z; to z; was calculated by Ngetect:zj—zp =

ZZIZ 893184 Netect(A,2)dAdz. The total number of Raman pho-

(a)

| @R NWRETO N

z (mm)

=N Wk oo 3 o

tons that can be detected within thickness D was calculated by
Netcet:0—D = fOD 893184 Ngetect dA dz. The detection efficiency of
re-emitted Raman scattered photons from different skin layers
was calculated by 12 = Nyetect: 2 —zy /Ndetect:0-p- The physical
significance of 1 is the fractional contribution of Raman scat-
tered photons from depth z; to z; to the overall number of Ra-
man photons detected within the skin model (thickness = D).
(v) Reconstructing the simulated inverse SORS spectra,
Rreconstuct- The in vivo Raman detection spectral data under
different spatial offset conditions can be reconstructed by con-
volving the intrinsic Raman spectrum of the tissue 3(A,z) with
the detection efficiency, as shown in the following equation:

D 1800
Rieconstuct = / / m (172)5(1,2) dAdz, 2
0 J800

where D is the total thickness of the model skin; B(A,z) is the
intrinsic Raman spectrum of the tissue measured by the con-
focal Raman microscope system.

3. Results and discussion

Monte Carlo simulations with 785 nm excitation light and
nine different discrete wavelengths/wavenumbers were used to
simulate the transmission behavior of Raman excitation and
scattered photons at different wavelengths emitted from a ring
light source. During the simulation, the values of spatial offset
(As) were defined for recording the number of spilled pho-
tons from the tissue surface, which is the number of surface-
detected photons Ngeteet(A,z). The compiled MCX program
was executed on an NVIDIA MCX RTX4000 graphics card
on a Lenovo P700 workstation, and 1 million photons were
emitted in each simulation.

() 2 8 (d)

7 0.5 8.0

6 10 75
1.5

5 £ .

4, E20; o

5 =25) 6.5
3.0 6.0

Y s

1 4.0 BT

6 7 8

12345
2z (mm)

| O WA U]

LRRRRAARP TN
chononiomotm

2 4 6 8 10 12
z (mm)

Fig. 3. Schematic diagram of the intra-tissue transport behavior of excitation photons during inverse spatial offset Raman spectroscopy detection: (a) and
(b) As =1 mm, (c) and (d) As = 2 mm, (e) and (f) As = 3 mm, (g) and (h) As =5 mm.

Figure 3 shows a schematic diagram of the photon trans-
port behavior presented by a circular excitation light spot on

the tissue surface with different spatial offsets (radius of the

circular spot) at 1 mm, 2 mm, 3 mm, and 5 mm. Figures 3(a),
3(c), 3(e), and 3(g) show the 3D excitation light distribution
and figures 3(b), 3(d), 3(f), and 3(h) show the corresponding
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cross-section diagrams. It can be observed from the cross-
section diagrams that a small value for the inverse SORS pa-
rameter (e.g., Fig. 3(a), As = 1 mm) tends to cause a strong
and concentrated distribution area of excitation photon over-
lap, illustrated by the orange area in the center of the ring
excitation spot. However, when the spatial offset increases,
the distribution area of excitation photons gradually expands
(pseudocolor changed from light yellow to light green) result-
ing in a shrunken overlapped area (pseudocolor changed from
orange to light yellow or even green) and an enhanced area of
coverage of excitation photons. The observed simulation phe-
nomena are more obvious in the 3D images of Figs. 3(b), 3(d),
3(f), and 3(h), which means that the excitation photons diffuse
in the tissue with a larger volume (e.g., Fig. 3(h), As = 5 mm)
as As increases.

Figure 4 shows a schematic diagram of excitation and de-

Collection side
(a)  Excitation side A Excitation side

0.5 9
1.0
8
1.5
£ 2.0 7
E
< 2.5 "
3.0
3.5 )
4.0 4

1 2 3 4 5 6 7 8
z (mm)

Collection side
Excitation side Excitation side

(c)

z (mm)

tection of photon transmission patterns for inverse SORS de-
tection under different As. When the spatial offset is small
(As = 1 mm), as shown in Fig. 4(a), the excitation region in-
dicated by the red arrow is more concentrated and the Raman
photons at the collection end (indicated by the dark red arrow)
are mainly from the superficial skin layer instead of the deep
layer. Meanwhile, due to the ring-like distribution of excita-
tion photons, the spectral scattering region appears as a kind
of ‘focused’ pattern or effect to re-emit Raman photons. As
shown in Figs. 4(b) and 4(c), by increasing of spatial offset,
the number of excitation photons distributed in the upper layer
gradually decreases. As shown in Fig. 4(d), when the spatial
offset increases to 5 mm, the number of excitation photons dis-
tributed in the bottom layer is relatively higher than that in the
upper layer, indicating greater in-elastic scattering and spectral
detection depth.

Collection side
(b) Excitation side Excitation side

9.5
0.5 9.0
1.0 8.5
1.5 8.0
= 7.5
E920
) 7.0
- 25 6.5
3.0 6.0
4.0 '

1 2 3 4 5 6 7 8
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Collection side
(d) Excitation side T Excitation side

9.5
9.0
8.5
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7.5
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Fig. 4. Schematic diagrams of the excitation and detection photon transmission patterns for inverse spatially shifted Raman spectroscopic
detection: (a) As = 1 mm, (b) As =2 mm, (c) As = 3 mm, (d) As =5 mm. The dark red arrow indicates the excitation side and the red arrow

indicates the collection side.

Figure 5 shows the number of detected photons from dif-
ferent tissue depths with specific wavelengths for As = 1 mm,
2 mm, 3 mm or 5 mm. It is clear that the number of de-
tected photons gradually decreases as the spatial offset in-
creases. This is because when the laser irradiation area is off-
set from the Raman spectral collection area, the laser intensity
inside the sample will become uniformly distributed along the
propagation path due to multiple tissue scattering and diffu-
sion. As shown in Fig. 5, when the spatial offset increases,

Raman photons re-emitted from deep skin layers will be re-
absorbed and scattered by the surface tissues, resulting in a
smaller number of photons being detected at the skin surface.
Generally, the number of escaped photons increases as tis-
sue depth increases in the superficial layers (stratum corneum
and epidermis), because reabsorption and scattering of Raman
photons near the skin surface have little effect on the Raman
escape behavior. As shown in Fig. 5(a), when As = 1 mm,
deep scattered Raman photons have more difficulties when es-
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caping from the tissue surface, so the number of photons de-
tected decreases as the tissue thickness increases. However,
the number of Raman photons escaping from the subcutaneous
fat layer (depth = 2.4 mm) increased slightly, which may be
caused by the change in refractive index between different tis-
sue layers.38) In particular, the subcutaneous fat layer has a
higher refractive index than the layers above and below, and
some Raman photons generated inside this layer encounter to-
tal internal reflection which completely bounces these photons
back. This phenomenon is also consistent with our previous
point-excited in vivo Raman spectral simulations.38! As the
spatial offset increases, the detected in vivo Raman spectral in-
formation comes more from the deep skin layer. In Fig. 5(a),
only a small number of the photons can penetrate the deep

()
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1000

500

Photon number

0.5 1.0 1.5 2.0 2.5 3.0 3.5
Depth (mm)

(c)

3507
300
250
200
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100
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0.5 1.0 1.5 2.0 2.5 3.0 3.5
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subcutaneous fat, and the minimum number of detected or es-
caped Raman photons from subcutaneous fat is only 12% of
that from the stratum corneum layer. When As increased to
3 mm in Fig. 5(c), the minimum number of Raman photons
detected from subcutaneous fat reached 76% of that from the
stratum corneum layer. Moreover, as shown in Fig. 5(d), the
number Raman photons detected from subcutaneous fat and
stratum corneum layers is almost the same as or even slightly
more from the fat layer. This phenomenon could be explained
by the fact that as the spatial offset increases more excitation
light is transmitted to the fat layer with lipid macromolecules,
which is more prone to generate Raman scattering than other

layers.

Photon number
w
=)
S

0.5 1.0 1.5 2.0 2.5 3.0 3.5
Depth (mm)

(d)

Photon number
o
=)

0.5 1.0 1.5 2.0 2.5 3.0 3.5
Depth (mm)

Fig. 5. Number of photons detected, plotted as a function of depth within the tissue at specific wavelengths: (a) As = 1 mm, (b) As = 2 mm,

(c) As =3 mm, (d) As =5 mm.

To understand how the intrinsic Raman spectrum is dis-
torted by tissue reabsorption and scattering, we calculated the
Raman detection efficiency 11 (A,z) by the method described
in Subsection 2.4. The Raman detection efficiency 1;(A,z)
is the probability of obtaining a Raman signal from a specific
layer at each simulated wavelength. Since it is impossible to
obtain the intrinsic Raman spectra of different layers in the
subdivided dermis through experiments, the final Raman spec-
tra of the dermis are obtained by calculating and summing the
detection efficiency of the five layers obtained previously. The

Raman detection efficiencies of different skin layers at spe-

cific spatial offsets are shown in Fig. 6. It can be seen that
for As = 1 mm, 2 mm or 3 mm (Figs. 6(a)-6(c), respectively)
the detection efficiency of the dermis layer is the highest, fol-
lowed by the subcutaneous fat layer, the epidermis and the
stratum corneum, which is consistent with the previous point
Raman excitation simulation.*8! When As increased to 5 mm,
as shown in Fig. 6(d), the detection efficiency of the subcu-
taneous fat layer is enhanced; this is due to the fact that the
excitation photons were transported to deeper skin layers and
exhibited a greater probability of inelastic scattering.

Figure 7 compares the detection efficiency for different

118702-6



Chin. Phys. B 32

, 118702 (2023)

skin layers at As = 1 mm, 2 mm, 3 mm, and 5 mm. For the stra-

tum corneum and epidermis (Figs. 7(a) and 7(b)) the detection

efficiency gradually decreases as the spatial offset increases

because the detection depth gradually increases with increas-

ing spatial offset. When the scattered Raman photons are gen-

erated from deeper skin layers they have a higher chance of

being rescattered by the superficial tissue structure and con-

stituents, thus exhibiting a large amount of lateral migration

before escaping from the skin surface to be observed. Mean-
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while, compared with the dermis and subcutaneous fat layer,
the thinner superficial skin layer of stratum corneum and epi-
dermis exhibited a lower probability of inelastic scattering, re-
sulting in a reduced number of detected Raman photons and
a lower detection efficiency. As shown in Fig. 7(c), the de-
tection efficiency for dermis is highest when the spatial offset
is 2 mm. More spectral information from the deep subcuta-
neous fat layer could be detected as the spatial offset increases
to 5 mm, as shown in Fig. 7(d).

800 1000 1200 1400 1600 1800
Wavenumber (cm™1)

800 1000 1200 1400 1600 1800
Wavenumber (cm™!)

Fig. 6. The detection efficiency (11(A,z)) of Raman scattering photons at wavelength A emitted from different layers of skin tissue: (a) As =
1 mm, (b) As =2 mm, (¢) As =3 mm, (d) As =5 mm.
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Fig. 7. Detection efficiency 1; of Raman scattered photons of wavelength A emitted at different spatial offsets (As = 1 mm, 2 mm, 3 mm and
5 mm): (a) stratum corneum, (b) epidermis, (c) dermis, (d) subcutaneous fat.
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The detection efficiency of scattered Raman photons for
each skin layer was calculated and is displayed in Fig. 8, which
shows the difficulty of detecting the spectral information from
each skin layer at different spatial offsets. When the spatial
offset increases, the detection efficiency of superficial layers
(stratum corneum and epidermis) gradually decreases while
the detection efficiency of deep tissue structures (dermis and
subcutaneous fat) gradually increases. Compared with point
excitation (As = 0 mm), The detection efficiency of the fat
layer is highest among all skin layers, attributed to the fact
that more excitation light is transmitted to the fat layer when
using 5 mm diameter ring-shaped excitation (As = 5 mm); this
improves the probability of the Raman scattering effect oc-
curring in the fat layer. Meanwhile, although a small number
of excitation photons will propagate into this layer, the main
biochemical constituent of subcutaneous fat is lipid biomacro-
molecules, which exhibit greater Raman scattering probability
and spatially offset Raman spectroscopic detection, reflecting
that the inverse spatial offset method is more likely to detect
deep spectral information. The highest detection efficiency for
the dermis layer was found at As = 2 mm, which implies that
the optimal spatial offset for in vivo analysis of the Raman
spectral properties of the dermis layer should be around 2 mm,
similar to the above observations.

0.08f
0.07r
_.0.06¢
5 0.05}
=
> 0.041
——Stratum corneum
~ 0.03f —— Epidermis
= .
L — Dermis
0.02
——Subcutaneous fat
0.01f

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
As (mm)
Fig. 8. Detection efficiency 1, of Raman scattered photons for differ-

ent skin layers at different spatial offsets (As = 1 mm, 2 mm, 3 mm, and
5 mm).

The intrinsic Raman coefficient (§(A,z)), representing
the true spectral nature of skin tissue, was measured by the
confocal micro-Raman system and the results are shown in
Fig. 9. A multi-axis piezoelectric scanning platform with a
scanning accuracy of 1 nm—2 nm was used to acquire the tis-
sue spectral information from about 200 different depth po-
sitions along the z-axis using a line-scan method. Consid-
ering the large number of spectra from this experiment and
the non-uniform shape of the edges of the skin tissue lay-
ers, the KCA algorithm was adopted to categorize the ac-
quired spectra to obtain more accurate ex vivo spectral data
for each skin tissue layer, as shown in Fig. 8. The impor-
tant spectral features in the range of 800 cm~'-1800 cm ™~ are

the main vibrational bands around 855 cm™! (collagen), !
935 cm™!
and protein backbone (¢-helix conformation)/glycogen (pro-
tein assignment)],[40] 1080 cm™! (collagen),[41] 1265 cm™!
(amide III of collagen),*?! 1300 cm~! (CH2 twisting
(lipids),[*! 1445 cm™! [collagen (protein assignment); phos-

pholipids (lipid assignment)],[*%#! 1655 cm~! [(C-C) amide
40,44]

[C-C stretching mode of proline and valine

11 and 1745 cm™~! [phospholipids (lipid assignment)].!
It can be observed that the intensity of the Raman signal grad-
ually increases from the stratum corneum to the subcutaneous
fat layer. Since the stratum corneum is thinner, the measured
signal is more spread out and the signal-to-noise ratio is rela-
tively low. It should be noted that although there are multiple
dermal layers in the model skin (Table 1), the dermal spec-
trum shown in Fig. 6 was used for all dermis layers in the skin

model.
—— Stratum corneum —— Epidermis
——Subcutaneous fat —— Dermis
I 869 1070 1270 1310 1450 1650 1750
264 5| | i |
176 !
88

364
273}
182}
01}

330}
220
110

Raman intensity (arb. units)
=

360[
240f
120}
O_.I.|.||.|.||.|.
800 1000 1200 1400
Wavenumber (cm™)

L 1 L L I
1600 1800

Fig. 9. Intrinsic Raman spectra measured in different layers of ex vivo
unstained and fresh normal skin.

In order to reconstruct the in vivo Raman spectrum us-
ing Eq. (2), the detection efficiency shown in Fig. 6 was in-
terpolated to obtain data points with the same wavenumber as
the in vivo spectrum shown in Fig. 9. Figure 10 shows the
reconstructed Raman spectra at different spatial offsets com-
pared with the in vivo SORS measurements from the five vol-
unteers. Table 2 shows the standard deviations between the
reconstructed and experimental results in Fig. 10. Table 2
shows that the standard deviation is the smallest at As = 2 mm,
and the reconstructed spectra in Fig. 10(b) present the best
agreement with the in vivo Raman spectra. Several major Ra-
man peaks were reconstructed with MC simulations, around
855 cm™!, 1080 cm™!, 1100 cm™!, 1265 cm™!, 1450 cm™,
and 1650 cm™!, respectively, matched well with the in vivo
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spectra. Referenced with Fig. 8, the detection efficiency of the
dermis is highest when As = 2 mm, indicating that the der-
mis has the greatest influence on the simulation results, and
the higher the detection efficiency of the dermis, the better the
reconstructed results match with the experimental results. In
Fig. 10(d), the reconstructed and in vivo Raman spectra have

a poor coincidence when As increases to 5 mm, as can also be
seen from Table 2. Although the greater spectral contribution
from subcutaneous fat will be realized at As = 5 mm, the deep
re-emitted Raman photons will be reabsorbed and scattered
during the escape process inside the tissue model, resulting in
more deviations.

Table 2. Tissue reconstruction with in vivo experimental measurement of Raman spectral standard deviation (S, subject).

Standard deviation

Spatial offset, As In vivo data S1

In vivo data S2

In vivo data S3 In vivo data S4 In vivo data S5

1 mm 0.248898679 0.247007386 0.237127178 0.255290551 0.242858744
2 mm 0.240207942 0.240372688 0.237329036 0.229893391 0.22992784
3 mm 0.275803896 0.276780646 0.255677082 0.307979742 0.307671459
5 mm 0.357536786 0.365890036 0.375882837 0.37930856 0.36410298
(a) 2.50 MCX simulation reconstructed Raman spectrum (b)2 ——MCX simulation reconstructed Raman spectrum
. -_ In vivo Raman spectrum (subject 1 from back of hand) 50-_ In vivo Raman spectrum (subject 1 from back of hand)
2.25F In vz:vo Raman spectrum (SUbJ:CCt 2 from back of hand) 2.25+ In vivo Raman spectrum (subject 2 from back of hand)

@ F In vivo Raman spectrum (subject 3 from back of hand) @ F In vivo Raman spectrum (subject 3 from back of hand)

-E 2.00 In vivo Raman spectrum (subject 4 from back of hand) E 2.00 In vivo Raman spectrum (subject 4 from back of hand)

= I In vivo Raman spectrum (subject 5 from back of hand) s i In vivo Raman spectrum (subject 5 from back of hand)

5 1.75 . 1.75

Q
g [ g [
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2z [ > -
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(C) ——MCX simulation reconstructed Raman spectrum (d) —— MCX simulation reconstructed Raman spectrum
2.501 In vivo Raman spectrum (subject 1 from back of hand) 2.50 In vivo Raman spectrum (subject 1 from back of hand)
2951 In vivo Raman spectrum (subject 2 from back of hand) 2.25k In vivo Raman spectrum (subject 2 from back of hand)

» ' In vivo Raman spectrum (subject 3 from back of hand) ' In vivo Raman spectrum (subject 3 from back of hand)

-g 2.00+ In vivo Raman spectrum (subject 4 from back of hand) X 2.00+ In vivo Raman spectrum (subject 4 from back of hand)

= In vivo Raman spectrum (subject 5 from back of hand) In vivo Raman spectrum (subject 5 from back of hand)
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Fig. 10. Comparison of skin Raman spectra reconstructed with MC simulations and in vivo Raman spectra of the skin tissues of five volunteers:

(a) As =1 mm, (b) As =2 mm, (c) As = 3 mm, (d) As =5 mm.

A GPU-accelerated MC model developed by the open-
source MCX project*! provides a well-established platform
with flexible, broad physical parameters and proven capabili-
ties to provide insight into in vivo biophotonics measurements.

The benefits of this parallelized Raman MC model for simulat-

[4647] have been validated using multi-

ing full Raman spectra
layered skin models. The established inverse SORS model in-
tuitively explained 3D excitation light distribution maps with
different spatial offsets. The simulation results showed that

the spectral contribution from subcutaneous fat is very simi-
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lar to or even higher than that of the superficial skin layer as
As increased to 5 mm, which is consistent with the experi-
mental observations and further confirms the feasibility of our
model. Although the spectral information from subcutaneous
fat could be detected with a big spatial offset value, the dermis
layer still has the greatest influence on the skin Raman results.
The closest match between constructed and measured spectra
could be achieved by using a 2 mm spatial offset, and mostly
originated from the dermis layer.

4. Conclusion

In summary, the properties of in vivo inverse SORS were
studied using an adaptive massively parallel MCX-based sim-
ulator. In the simulation, a multilayered skin tissue model was
built based on the latest optical properties and parameters. For
acquiring the intrinsic Raman spectra of separated skin layers,
a point-by-point scanning method was adapted. The recon-
structed Raman spectra were obtained by convolving the in-
trinsic Raman spectra with the detection efficiency at different
spatial offsets (As = 1 mm, 2 mm, 3 mm, and 5 mm). The
simulation results suggest that the Raman photons generated
from deeper skin layers will be rescattered by the structures
and constituents of superficial tissue, and they exhibited large
lateral migration before escaping from the skin surface to be
observed. Although the detection depth gradually increases
with increasing spatial offset, the intrinsic Raman spectrum
is distorted by the reabsorption and scattering due to the su-
perficial tissue constituents, which causes a decreased spectral
detection efficiency for the deep skin layers. The spectral con-
tribution from subcutaneous fat is improved when As increases
to 5 mm, while tissue reabsorption and rescattering will in-
troduce more deviations between experiments and modelled
spectra. Meanwhile, the reconstructed spectra are in good
agreement with the experimental results. The simulated re-
sults agree best with the experimental results when the spatial
offset is 2 mm.

The results of this study demonstrate the utility of our
modeling and experimental approaches. The accuracy of the
simulation is supported by using tissue optical parameters for
Asians, consistent with our in vivo measurement subjects. The
acquired intrinsic Raman coefficient is close enough to the true
spectral nature of skin tissue, which also contributes to the val-
idation of our model. Moreover, the GPU-based MC modeling
extends the computational capability and increases the simu-
lation efficiency by a factor of nearly 100. However, the pri-
mary shortcoming of the current simulation is that only blood
contents were added to multilayered tissue model; other in-
homogeneous Raman scatters, such as melanin and collagen,
were neglected. The reconstructed skin Raman spectra with
different spatial offsets exhibited good agreement with in vivo
measurements, demonstrating the utility of our model.
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