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Abstract

The image contrast and probing depth of optical methods applied toin vivo skin could be improved by
reducing skin scattering using the optical clearing method. The aim of the present study was to quantify, from
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line-field confocal optical coherence tomography (LC-OCT) 3D images, the modifications of skin scattering
properties in vivo during optical clearing. Nine mixtures of optical clearing agents were used in combination
with physical and chemical permeation enhancers on human skin of three healthy volunteers. Scattering
coefficient and anisotropy factor of the epidermis and the upper dermis were estimated from the 3D LC-
OCT images of skin using an exponential decay model of the in-depth intensity profile. We were able to
demonstrate a decrease in epidermal scattering (down to 33%) related to optical clearing with the best
results obtained by a mixture of Polyethylene Glycol, Oleic Acid and Propylene Glycol.

(a) 3D LC-OCT image of human skin in vivo , represented in slice view and (b) averaged intensity profile R (z
), showing mean linear regression fit of each skin layer (epidermis – red, dermis – blue) and a corresponding

pairs of observables (ρepi, mepi
eff andρder, mder

eff ). Dermal layer parameter ρ der deduced from the intercept
with basal membrane (z = ˜150 μm) and corrected from epidermal layer attenuation.

Keywords: modelling; optical clearing; optical coherence tomography; optical properties, scattering; skin

Abbreviations: CPE , chemical permeation enhancer;DMSO , dimethyl sulfoxide; LC-OCT , Line-field
Optical Coherence Tomography; OA , oleic acid; OC , optical clearing; OCA , optical clearing agent; OCT
, Optical Coherence Tomography; PEG , polyethylene glycol; PG , propylene glycol; RI , refractive index;
SC , stratum corneum;

1 INTRODUCTION

Human skin is an inhomogeneous organ comprised of three main layers: epidermis, dermis and adipose tissue.
Each of these layers differs in thickness and morphology. Playing a role of an interface between the body
and the environment, the skin performs physiological barrier function, protecting the body from ultraviolet
rays, external physical impact and retaining water inside the body.[1]Since the skin is actively exposed to
external irritants, it is susceptible to various pathological processes that can affect different layers of the skin,
depending on the type and stage of the lesion. Due to the importance of the skin for the proper functioning
of the body, the non-invasive diagnosis of skin diseases is an extremely important task, to which many
studies are devoted. Optical methods based on the interaction of light with biological tissues have become
a good potential addition or replacement to existing invasive methods (such as histopathological studies)
due to their non-invasiveness, high sensitivity, the ability to obtain information in real time (without time
consuming preparation of histological samples), as well as potential for clinical implementation.[2, 3]

Line-field confocal optical coherence tomography (LC-OCT) is a recently developed optical imaging method
that combines the advantages of OCT and confocal microscopy, providing three-dimensional (3D) images
of tissue with a quasi-isotropic resolution of ˜1 μm that is high enough to distinguish the cellular skin
structure.[4,5] The applicability of LC-OCT to the diagnosis of skin diseases (including skin cancers) has
been widely demonstrated.[6-8] Besides information on tissue morphology, the LC-OCT images also contain
information on tissue optical properties. Since LC-OCT is an interferometric method, the image is obtained
by registering low-coherence light backscattered or reflected by the tissue. This signal depends on three
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main optical properties of the imaged tissue: absorption μα(λ) and scattering μς(λ) coefficients, which
determine the fraction of light scattered or absorbed over a unit path length, respectively, and the scattering
anisotropy factor γ(λ) that is the mean cosine of scattering angles along the photon trajectory. The in-depth
LC-OCT image intensity I (z) depends on these optical properties and usually can be described (although
only partially since the scattering anisotropy, for example, is not taken into account) by a Beer-Lambert law
in the single-scattering regime:

I (z) ∝ exp−2mt(λ)z, (1)

where z is depth in mm and μτ(λ) = μς(λ) + μα(λ) is the total attenuation coefficient of the medium in
mm-1.[9] Those properties are determined by the size, density and shape of the tissue constituents (cells,
collagen and elastin fibers, etc.). Assessing the optical properties of skin is critical for tissue characterization
and quantification of structural changes associated with the pathological process.

The method most widely reported in the literature for extractingμτ(λ) with conventional OCT techniques
is to fit an exponential decay curve to the depth-dependent average intensity profile.[10] However, only
few works were dedicated to separate assessment of scattering, absorption and scattering anisotropy from
OCT images.[11] Such an assessment may allow one to obtain more comprehensive quantitative information
about structural changes induced by a particular process in the skin than when estimating the integral
μτ(λ) coefficient. But this approach becomes complicated to implement when it comes to multilayered
samples due to conventional OCT features and the concept of backscattered light as a fixed fraction of the
attenuated light (which is assumed when extracting μτ(λ) coefficient).[12] In contrast, a model based on
Monte-Carlo simulations, developed by Jacques et al .[13] allows for a simple extraction ofμς(λ) and γ(λ)
from focus-tracking OCT techniques and confocal microscopy. This model was validated on phantoms with
pre-defined optical properties[14] and later applied to skin.[15] Since LC-OCT is a combination of OCT and
confocal microscopy techniques, this technique is suitable for application of the aforementioned model. In
her work, Waszczuket al .[16] demonstrated that, with preliminary calibration using a phantom with known
optical properties, it is possible to extract skin μς(λ) andγ(λ) optical properties from 3D LC-OCT images
of monolayered and bilayered phantoms.

However, the use of OCT (as well as other optical methods) for skin diagnosis is limited by strong light
scattering in biological tissues, e.g., in skin. Scattering reduces the image contrast and resolution, lowering
the possible diagnostic potential of such methods. This scattering originates from the inhomogeneities of skin
layers (intralayer and interlayer inhomogeneities), leading to a mismatch in refractive indices (RI) between
the tissue constituents and the interstitial fluid. To overcome this limitation, a tissue optical clearing (OC)
method was proposed, based on the use of osmotic chemicals, called Optical Clearing Agents (OCA), whose
RI was close to that of tissue solid material.[17,18] Being usually topically applied (but also can be injected
into the tissue), OCA cause skin dehydration, followed by replacement the interstitial fluid with OCA and
reversible collagen dissociation. It results in reduced scattering of treated tissue, leading to increased imaging
depth and contrast.[19]

Translation of skin OC into clinical use, however, is connected with the need to comply with established
regulations on the use of drugs, especially if the possible application will be performed on a lesional tissue.
Since at pure concentrations OCA have been reported to have undesired side effects in vivo ,[20,21]their
concentrations must be reduced in order to pass the threshold for clinical admission and biocompatibility.[22]

But the low concentration of OCA does not allow to reach a sufficient clearing effect. To compensate for
lower OCA concentrations in biocompatible applications, they can be used in conjunction with so-called
chemical permeation enhancers (CPE), which are chemicals capable of temporarily disrupting skin barrier
functions. The chemicals most commonly used as CPEs are alcohols,[23]dimethyl sulfoxide and fatty acids
(Oleic acid).[24] There is also a large number of physical methods to enhance the skin permeability for OCA,
such as microdermabrasion and therapeutic ultrasound,[25]which can be combined with CPE for a more
efficient biocompatible effect of OCA.

Such possibility of in vivo clearing of human skin using biocompatible OCA concentrations has been ad-
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dressed in our previous study,[26] where nine mixtures of one of three OCA compounds (Polyethylene Glycol
(PEG), Sucrose and Glucose water solutions) in combination with one of three CPE compounds (Propylene
Glycol (PG), Dimethyl sulfoxide (DMSO) and Oleic acid (OA)) were used with skin microdermabrasion and
ultrasound to test their effectiveness in increasing LC-OCT in-depth image intensity and contrast. It was
demonstrated that all tested OCA compositions caused an increase in the ratio between mean intensity and
contrast extracted from 3D LC-OCT images. It was assumed that the main reason for such effects was a
change in skin optical properties, i.e., a decrease of the scattering coefficient, caused by OCA. However, that
assumption was not experimentally confirmed.

Taking into account the method developed by Jacques at al .[13], and later validated for the LC-OCT
technique by Waszczuk et al .,[16] the goal of the current study was to quantify, using LC-OCT, the values of
scattering coefficient μς(λ) and scattering anisotropy factor γ(λ) and their modifications caused by in vivo
biocompatible optical clearing of human skin.

2 MATERIALS AND METHODS

In this study, the composition of OCA compounds, the skin sites under investigation and the imaging
modality was similar to our previously published work, where some complementary information could be
found.[26]

2.1 Optical Clearing Agents and permeability enhancers

The choice of chemicals for this study was based on literature data on OCA currently used for human
skin OC experiments.[17] Three chemicals from alcohol and sugar groups were used as OCA compounds:
Polyethylene Glycol - 400 (PEG, Sigma-Aldrich, USA), 3M aqueous solutions of Sucrose (Sigma-Aldrich,
USA) and Glucose (Sigma-Aldrich, USA). In order to satisfy the possible clinical admission requirements,
OCA compounds did not exceed threshold of a concentration for topical application in the form of a solution,
established by FDA. Thus, the data from FDA inactive ingredients database was used to fix the concen-
tration of OCA mixture compounds, mentioned hereafter.[22] As there was no information about maximum
concentration for glucose and sucrose solutions, a value (v/v) of 50% was established for the current study as
it was previously reported as the most efficient one for OCT-assessed optical clearing.[27] To increase the in
vivo efficiency of reduced concentrations of OCA compounds, they were mixed with three compounds with
permeation-enhancing properties (CPE) from various chemical groups, such as alcohols, organic solvents and
fatty acids: Propylene Glycol (PG, Sigma-Aldrich, USA), Dimethyl sulfoxide (DMSO, Sigma-Aldrich, USA)
and Oleic acid (OA, Sigma-Aldrich, USA). Nine resulting mixtures of OCA and CPE and their corresponding
compound concentrations are presented in Table 1 . If it was not possible to mix OCA and CPE compounds
only without exceeding FDA concentration thresholds, either complementary amount of distilled water or
second CPE (namely PG) was added to the mixture. Additional information (such as the concentration
threshold of each chemical used) can be found in our previous study.[26]

TABLE 1 . Nine mixtures of OCA and CPE with corresponding compounds concentrations (%, v/v) that
meet the FDA-allowed concentration threshold.

OCA number

OCA compound,

concentration (%, v/v)

CPE compound, concentration (%, v/v)

Distilled water, concentration (%, v/v)

1

PEG (3.52 %)

OA (7.44 %) + PG (89.04 %)

4
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2

PEG (3.52 %)

PG (92.48 %)

3

PEG (3.52 %)

DMSO (45.5 %) + PG (50.98 %)

4

Glucose (50 %)

OA (7.44 %) + PG (42.56 %)

5

Glucose (50 %)

PG (50 %)

6

Glucose (50 %)

DMSO (45.5 %)

4.5 %

7

Sucrose (50 %)

OA (7.44 %) + PG (42.56 %)

8

Sucrose (50 %)

PG (50 %)

9

Sucrose (50 %)

DMSO (45.5 %)

4.5 %

2.2 Technical equipment

2.2.1 LC-OCT

Detailed information on the LC-OCT device (DeepLiveTM, DAMAE Medical, France) used for image ac-
quisition in this study can be found in[28]. Briefly, it is a Linnik interferometer-based imaging system with
line illumination by supercontinuum laser at a central wavelength around 800 nm. A water-immersion mi-
croscope objective with a numerical aperture NA = 0.5 is incorporated in each arm of the interferometer.
Backscattered spatially-coherent light is detected using a line camera. By in-depth scanning (along z -axis)
during acquisition of horizontal section images with a field of view of 1.2 mm × 0.5 mm (x × y ), a stack of
images can be compiled to obtain a 3D image of the tissuein situ with axial and lateral resolutions of less
than 1.3 μm and a maximum penetration depth (z ) of about 500 μm.

2.2.2 Physical permeability enhancers

5
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Therapeutic ultrasound (Pulson 100, Gymna, Belgium) was used as a physical permeability enhancer as it
allows to increase the skin permeability for OCA.[25] The duty cycle was 100%, the frequency 1 MHz and the
power density 1 W/cm2. Also, the skin microdermabrasion device (Philips VisaCare, Philips, Netherlands)
was used. This procedure is commonly applied in cosmetology and involves the abrasion of stratum corneum
(SC) layer that leads to increased penetration rate of OCA into the skin.

2.3 In vivo human skin sites

The experimental skin sites were the left and right hand thenar space dorsum of three healthy volunteers
aged around 28 years with skin phototypes 2 and 3. An informed consent was obtained from the volunteers
for topical OCA application, dermabrasion and sonophoretic treatment of experimental skin sites and the
acquisition of 3D LC-OCT images. Volunteers’ safety was guaranteed by FDA-approved concentrations
of OCAs and by CE-marked LC-OCT, dermabrasion and sonophoresis medical devices. Since the dataset
used in a current study had been acquired for the previously performed research,[26] an authorization for
the human skin studies in vivo was obtained from the Saratov State Medical University Ethical committee
(protocol 11 by June 7th 2022).

2.4 Optical clearing protocol

Ethanol-cleaned skin sites were subject to intact skin LC-OCT image acquisitions (t = 0 min). Then, after
1 minute of dermabrasion and image acquisition (t = 1 min, Figure 1 (a)), one of OCA mixtures (˜100
μl) was topically applied and skin was exposed to therapeutic ultrasound twice for 5 minutes duration each
(Figure 1(b)). Between and after ultrasound applications (t = 6 and 11 min, respectively), as well as for 30
minutes with 5 minute interval after manipulations were over (Figure 1(c)), LC-OCT imaging was performed
(t = 16, 21, 26, 31, 36 and 41 min). Small amount of corresponding OCA was placed between the skin and
the probe glass plate during image acquisitions to minimize parasitic reflections at the interface.

Control measurements were conducted at similar time points (t = 0 to 41 min) on the same skin site only
subjected to paraffin oil as the LC-OCT probe immersion liquid (neither dermabrasion nor ultrasound were
applied).

FIGURE 1 . Experimental in vivo human skin sites at different optical clearing experimental steps: (a) 1
minute of dermabrasion, (b) skin with topically applied OCA exposed twice to 5 minutes of sonophoresis,
(c) LC-OCT image acquisition during entire experimental protocol.

2.5 Προςεσσινγ οφ Λ῝-Ο῝Τ ιμαγες το εστιματεμς ανδ γ φρομ σκιν λαψερς ιν vιvο

2.5.1 Theoretical background of the model

More detailed explanation of the model proposed by Jacques et al . and later adapted for LC-OCT imaging
system by Waszczuk et al . can be found in[13,16]. To estimate the optical properties of scattering media
considering multiple forward scattering, the following modified exponential decay model of the depth-resolved
reflectance R (z), as proposed by Jacques et al .[13], was implemented:

R (z) = ρ exp−2mεφφz, (2)

with

6
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{

meff = G (g,NA) (ma + a (g)ms)
ρ = ms∆Zb (g,NA)

, (3)

where ρ is the fraction of the light backscattered from the focus into the collection angle of the LC-OCT
objective,μ a(λ ), μs(λ ) andg (λ ) are the absorption, scattering and anisotropy coefficients, NA is the
numerical aperture, ∆Z is the axial resolution of the imaging system, G (g, NA),a (g ) and b (g, NA)
are the model parameters described in[13]. G (g , NA) takes into account the average photon path length
considering the NA of the imaging system and the anisotropy factor g of the sample. For the LC-OCT setup
used in this study, G was set to 1 (for NA = 0.5).[13] a (g ) reflects the possibility of photon to reach the
focus in highly forward scattering media despite multiple scattering. For cases of isotropic scattering,a (g )
is close to 1, while for highly forward scattering medium a (g ) tends forward 0. This parameter describes
the slowed down attenuation of light with depth by the so-called “serpentile phantoms”.[16] 0 [?]b (g , NA)
[?] 1 is the fraction of light that is scattered within the focus in such a way that it can be collected by the
LC-OCT objective lens. It is ruled by the phase function of the sample and the numerical aperture of the
imaging system.[13] The factor 2 in Equation 2 accounts for the round-trip light attenuation by the sample.
Since scattering in most biological tissue dominates over absorption (μς >> μα ), the role of absorption was
neglected in this study.[9]

2.5.2 Image processing algorithm to estimate μς and g values

The model described above assumed μεφφ andρ parameters as the experimental observables. Thus, to deduce
optical properties (at the central wavelength λ = 800 nm of LC-OCT imaging system)μς(λ 800) andγ(λ 800)
, the observables must be extracted from 3D LC-OCT images and then mapped to the model described by
Equations 2 and 3. To do that, a mean intensity profileI (z ) (of a 0.8 mm × 0.3 mm (x × y ) central part
of each individual horizontal section) over depth z of a 3D LC-OCT image (Figure 2 ) was calculated and
then converted into reflectance R (z ) using relation fI (z ) =R (z ). Calibration constant f can be obtained
using double integrating spheres measurements on a calibration phantom.[13] In this work, the calibration
phantom with known optical properties (estimated by the integrating spheres measurement as 4.6 mm-1 and
0.68 forμ s and g , respectively) was kindly provided by Lena Waszczuk et al..[16]

FIGURE 2 . (a) 3D LC-OCT image of human skin in vivo , represented in slice view and (b) averaged
intensity profileR (z ), showing mean linear regression fit of each skin layer (epidermis – red, dermis – blue)

and a corresponding pairs of observables (ρepi, mepi
eff andρder, mder

eff ). Dermal layer parameter ρder deduced
from the intercept with basal membrane (z = ˜150 μm) and corrected from epidermal layer attenuation.

Then, a linear regression fit was applied separately to two parts of the intensity profile, corresponding to
the epidermal and dermal layers (Figure 2(b)). Fitting areas were delineated manually for each layer, con-
sidering mostly linear parts of attenuation slope before the background of multiply scattered light becomes
dominant and changes the slope.[13]

μ eff parameter of each layer (mepi
eff for epidermis andmder

eff for dermis)

7
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was calculated as half of each linear fit slope. Epidermal ρεπι parameter corresponding to the intercept of
epidermal linear fit with depthz = 0, which is the interface between the LC-OCT probe glass surface and the
skin surface. For the dermis,ρδερ was obtained fromρδερe−2mεπι

εφφ
δζ (that is an intercept with between layer

interface – basal membrane) by dividing it by correction factor

selectlanguagegreeke−2epi
eff z (or by multiplying it with correction factore2mεπι

εφφ
δζ
) το ςομπενσατε τηε αττενυα-

τιον βψ τηε επιδερμαλ λαψερ οφ τηιςκνεσς δz (Figure 2(b)).

Resulting experimental observables of each layer were then mapped to the model, described by Equations 2
and 3, using the following expression proposed by Jacques et al ., considering μ s>>μ a:[13]

mεφφ

englishρ = aG
b∆z (4)

Such expression has the advantage of being independent fromμ s and depends only on wavelength, NA andg .
With our experimental values λ = 800 nm and NA = 0.5 , the anisotropy factor g of the corresponding layer
was then retrieved as it is a function of μ eff/ρ (as demonstrated in the works of Jacques and Waszczuk).[13,16]

After retrievingg (λ 800) parameter,μ s(λ 800) parameter can be calculated using Equations 2 and 3.

For each 3D image, a linear fit of each layer was repeated more than 100 times by scanning the fit limits by 10
μm with 1 μm step to estimate the variability of the fitting depending on the range chosen. Then, resulting
kinetic changes of those parameters (in %) were averaged among volunteers with respect to timepoint of
measurement and OCA mixture applied. This was done to make the observed changes more consistent
as the initial values (intact skin measurements) are different between the volunteers due to interpatient
variability.

3 RESULTS AND DISCUSSION

Scanning the manually established fit limits did not significantly affect the estimation of skin optical prop-
erties. The scattering coefficient μ s(λ 800) mean standard deviation (SD) for all OCA and for all timepoints
was only layer, respectively. The same values for the scattering anisotropy factor g (λ 800) were ˜0.05% and
˜5%. Thus, there was almost no influence of manual fitting range delineation on estimated optical properties.

Figure 3 shows the average of two LC-OCT intensity profilesR (z ) before and after OC, together with the
corresponding linear regression fits of the epidermal and dermal layers with the corresponding μ s values. It
can be seen from the round insets and the corresponding pixel intensity distributions that the image contrast
and brightness from dermal layer (at 200 μm depth) is increased after optical clearing.

8
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FIGURE 3 . Averaged skin LC-OCT intensity profilesR (z ) as a function of depth of one volunteer
before (black dashed line) and after (black solid line) OC with mixture of Polyethylene glycol, Oleic acid
and Propylene glycol with linear regression fit lines of epidermal and dermal layers and correspondingμ s

estimated values. Round insets display LC-OCT horizontal sections of dermal layer at 200 μm depth before
(t = 0 min) and after OC (t = 11 min). The graphs next to the insets are the corresponding pixel intensity
distributions.

Relative changes (in % of intact skin value) of scattering coefficientsmepi
s and mder

s (of epidermal and dermal
layers, respectively) for the nine OCA and a control condition as a function of time are presented in Figure
4 . Similar results, but for epidermal/dermal scattering anisotropy factorg epidermis and g dermisare presented
in Figure 5 . SD bars that represent the variation between three volunteers vere removed from the graphs
for the sake of clarity (due to strong overlapping between bars) and presented separately in Table 2 (mean
values over 10 timepoints) with respect to optical property, layer and OCA used.
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FIGURE 4 . Relative changes (expressed as % of intact skin value) of epidermal (a,b,c) and dermal (d,e,f)
scattering coefficientmepi

s and mder
s , caused by thein vivo skin optical clearing protocol as a function of time

(OA – oleic acid; PG - propylene glycol; PEG - polyethylene glycol; DMSO - dimethyl sulfoxide). Standard
deviation bars were removed to keep data legible.

FIGURE 5 . Relative changes (expressed as % of intact skin value) of epidermal (a,b,c) and dermal (d,e,f)
scattering anisotropy factor g epidermis andg dermis, caused by the in vivo skin optical clearing protocol as
a function of time (OA – oleic acid; PG - propylene glycol; PEG - polyethylene glycol; DMSO - dimethyl
sulfoxide). Standard deviation bars were removed to keep data legible.

TABLE 2 . Mean standard deviation (SD, expressed as % of data) over 10 experimental time points
representing the variation between three volunteers with respect to estimated optical property, skin layer
and OCA used.

OCA mixture SD of mepi
s (%) SD of gepidermis (%) SD of mder

s (%) SD of gdermis (%)

Control 25 3 24 30
PEG/OA/PG 9 6 26 21
PEG/PG 10 3 32 29
PEG/PG/DMSO 15 3 41 18
Glucose/OA/PG 11 6 16 81
Glucose/PG 11 5 24 40
Glucose/DMSO 10 2 50 123
Sucrose/OA/PG 22 5 43 41
Sucrose/PG 10 5 64 11
Sucrose/DMSO 12 1 42 22

Most of the curves related to the dermis optical properties show high standard deviation bars that are over-
lapped for the consecutive values (unlike the epidermis), thus hardening the interpretation of the observable
kinetic changes (Figure 4 and 5 (d, e, f), Table 2). This is possibly due to the combined effect of mea-
surement uncertainties propagated through the Jacques model. Additional reason might be the unstable
LC-OCT probe positioning, which was constantly reapplied to tested skin sites without the possibility to
use any kind of adhesive position-tracking labels due to mechanical manipulations with the skin surface in
the beginning of the experimental protocol, making it impossible to analyze exactly the same tissue volume
throughout the experiment. Another reason might be the morphological variation between the dermal layers
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of the volunteers and a more significant contribution of multiple scattering to the dermal layer linear fit (as
compared to epidermis).[16]

The uncertainties mentioned in the previous paragraph are described in detail in the work of Waszczuk et al
.[16]First, there are uncertainties on the optical properties, estimated for a calibration phantom using double
integrating spheres, which are then used in LC-OCT images processing. Second, there is an effect of both
linear fit accuracy and variation between different images of the same sample on the μ eff and ρ parameters.
Finally, all these uncertainties affect the resulting LC-OCT estimation of scattering coefficient and scattering
anisotropy factor. However, despite it was mentioned by Waszczuk et al . that when propagating through
the model of Jacques the errors were amplified for high values of μ s(λ 800) andγ(λ 800) , this method is still
well suited to samples with relatively high scattering anisotropy (γ(λ 800) factor ranged between 0.7 and 0.9)
and scattering coefficientsμ s(λ 800) up to 12 mm-1, i.e. biological tissues such as skin.

Epidermis scattering coefficient demonstrated ˜ 20% decrease for the control condition. But with a mean
standard deviation over time of 25% of the observed values (Table 2) and the significant overlapping, it can be
concluded that control conditions in general do not significantly affect the skin optical properties. However,
it can also be seen that some OCA caused noticeable clearing effect in dermis. For example, a mixture
of both sugars with DMSO caused a decrease in epidermis scattering mepi

s (Figure 4(b)). Sucrose/DMSO
mixture effect resulted into 28±18% decrease after 21 minutes of experimental protocol. Such decrease
overcomes a moderate overall standard deviation (mean ˜12% for all timepoints). Mixture of Glucose and
DMSO demonstrated more pronounced effect – 40±3% of epidermal scattering decrease (from 8.3 ± 1.3
mm-1 to 5 ± 0.9 mm-1 for three volunteers), which is greater than the mean variation of data over the
time for this OCA – 10%. Both mixtures demonstrated as well an increase in scattering anisotropy of a
dermal layer. However, as it was mentioned above and can be seen in Table 2, dermis values have a relatively
high standard deviation, making it onerous to conclude that there is a clearing effect on dermis. So, only
the general behavior can be mentioned. The result for Glucose/DMSO mixture is in a good agreement with
observations made in our previous publication, where this mixture was considered as one of the most efficient
among nine OCA in terms of in-depth increase of LC-OCT image intensity and contrast.[26] Such increase
was assumed to be caused by the epidermis scattering decrease, that is quantitatively assessed in the present
study. Other notable results are related to the mixtures of Glucose and PEG with PG as a permeation
enhancer. Glucose/PG mixture (Figure 4(c)) caused 23% decrease of epidermal scattering with the mean
˜11% data variation over time and PEG/PG mixture caused 33% decrease with ˜10% mean data variation.

PEG/OA/PG mixture demonstrated the most pronouncedmepi
s decrease (Figure 4(a), blue triangle data

points). Already after 21 minutes of experimental protocol (10 minutes after ultrasound-assisted clearing was
over), this parameter decreased by 33 ± 17% for 3 volunteers, from 9.9 ± 1.1 mm-1down to 6.6 ± 1.7 mm-1.
It can be seen that the decrease pattern in this case is the most confident among the other OCA. Moreover,
for the first 6 measurement points (up to t = 21 min), the mean standard deviation is only ˜5% of the data
(overall SD is ˜9% of the data). Considering all the mentioned uncertainties and high standard deviation bars
in the case of other mixtures, PEG/OA/PG mixture demonstrated the most significant clearing effect. That
is as well in good agreement with previous observations,[26] where PEG/OA/PG mixture demonstrated the
best increase (40%) in image in-depth intensity and contrast after 10 minutes of ultrasound-assisted clearing.

Concerning the scattering anisotropy parameter, none of the OCA demonstrated significant changes in g
epidermiswith relatively low SD values. Together with decrease inmepi

s one can conclude that OCA clearing
effect on epidermis expressed and limited to matched RI of scattering particles and interstitial fluid. This RI
matching effect is a well-investigated cause of reduction in tissue scattering mentioned in the literature.[17]

On the contrary, dermal scattering does not change significantly due to high SD, but the tendency of dermal
scattering anisotropy g dermis towards increase indicates a different influence of tested OCA on skin dermis
than to the epidermis in vivo . Mie theory explains that such behavior is related to an increase in the size
of the scattering particles rather than to RI matching.[19] This applies to the dermis as there are bundles
of collagen, which are probably swollen under the action of OCA mixtures, causing light to scatter in the
forward direction.
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Our results obtained on in vivo human skin demonstrate the possibility of LC-OCT quantitative estimation
of changes in skin scattering coefficientμ s(λ 800) and scattering anisotropy factor γ(λ 800) , caused by
biocompatible optical clearing (involving the reduced concentrations of clearing agents used together with
chemical and physical permeation enhancers). Moreover, the mixture of PEG/OA/PG has shown the best
results. Although our current results were not validated with integrating spheres measurements (as the study
was carried out on skin in vivo ), this was done on phantoms in the study of Waszczuket al. , demonstrating
a good correlation between the values obtained using integrating spheres and application of Jacques’ model
to LC-OCT images.[16]

4 CONCLUSION

The experimental results presented in the paper demonstrate that the application of a model developed by
S. Jacques to LC-OCT images makes it possible to quantitatively estimate the modifications in epidermal
and dermal optical properties (scattering coefficientμ s(λ 800) and scattering anisotropy factor γ(λ 800) at
the central wavelength λ = 800 nm of LC-OCT imaging system), caused by topically-applied biocompatible
optical clearing, in vivo. The best results were obtained with the PEG/OA/PG mixture, whose application
reduced scattering in the epidermis by 33 ± 17% already after the first external manipulations.

Different effects were observed for the two skin layers tested. In the epidermis, OC effect was mostly expressed
in a reduction in the scattering coefficient, related to RI matching between scattering particles within the
tissue and the interstitial fluid. In dermis, it was mostly related to the swelling of collagen fibers, causing an
increase in the scattering anisotropy factor.

ACKNOWLEDGMENTS

This research was carried out with the support of the French National Research Agency (ANR) under the
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Graphical Abstract

Line-field Confocal Optical Coherence Tomography (LC-OCT) is used to determine the human skin in vivo
optical properties modifications caused by biocompatible optical clearing. After a prior calibration using
a phantom with determined optical properties, a theoretical model is applied to mean in-depth intensity
profiles of 3D LC-OCT images acquired during optical clearing protocol. As a result, kinetic relative changes
of epidermal and dermal layer optical properties demonstrated with the best results caused by the mixture
of Polyethylene Glycol, Oleic Acid and Propylene Glycol.
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(a) 3D LC-OCT image of human skin in vivo , represented in slice view and (b) averaged intensity profile R (z
), showing mean linear regression fit of each skin layer (epidermis – red, dermis – blue) and a corresponding

pairs of observables (ρepi, mepi
eff andρder, mder

eff ). Dermal layer parameter ρder deduced from the intercept
with basal membrane (z = ˜150 μm) and corrected from epidermal layer attenuation.
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