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Abstract. Melanoma is the most aggressive type of skin cancer, with significant risk of fatality. Due to its pig-
mentation, light-based imaging and treatment techniques are limited to near the tumor surface, which is inad-
equate, for example, to evaluate the microvascular density that is associated with prognosis. White-light diffuse
reflectance spectroscopy (DRS) and near-infrared optical coherence tomography (OCT) were used to evaluate
the effect of a topically applied optical clearing agent (OCA) in melanoma in vivo and to image the microvascular
network. DRS was performed using a contact fiber optic probe in the range from 450 to 650 nm. OCT imaging
was performed using a swept-source system at 1310 nm. The OCT image data were processed using speckle
variance and depth-encoded algorithms. Diffuse reflectance signals decreased with clearing, dropping by ~90%
after 45 min. OCT was able to image the microvasculature in the pigmented melanoma tissue with good spatial
resolution up to a depth of ~300 xm without the use of OCA; improved contrast resolution was achieved with
optical clearing to a depth of ~750 um in tumor. These findings are relevant to potential clinical applications in
melanoma, such as assessing prognosis and treatment responses. Optical clearing may also facilitate the use of
light-based treatments such as photodynamic therapy. © 2016 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10
.1117/1.JB0O.21.8.081210]
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1 Introduction investigated.> OCA is typically a hyperosmotic fluid with an
optical refractive index of ~1.4, which decreases refraction mis-
match at microscopic interfaces in cells and tissues. The effects
of OCA have been reported mainly in healthy in vivo and tumor
ex vivo tissues,” in an effort to improve the imaging performance
of laser speckle contrast imaging,’ photoacoustic microscopy,*
confocal microscopy,>® and OCT.*” However, clearing has not
been explored to aid in vivo melanoma optical diagnostics. Here,
the effects of optical clearing in a preclinical melanoma model in
vivo are investigated for the first time using NIR-OCT, together
with white-light diffuse reflectance spectroscopy (DRS)® as an
independent measure of changes in tissue optical properties.

Melanoma is the most aggressive type of skin cancer, charac-
terized by radial and then vertical growth phases. During the
latter, the tumor becomes thicker and develops dense neovascu-
larization that has been correlated with poor prognosis and over-
all survival, tumor ulceration, and increased rate of recurrence.
The high melanin pigmentation results in strong visible-light
absorption, so that optical imaging techniques are limited to
probing only near the tumor surface, which is inadequate to
evaluate the microvascular density. A potential solution lies
with optical coherence tomography (OCT), a noninvasive opti-
cal imaging technique that enables three-dimensional (3-D)
depth-resolved cross-sectional imaging of subsurface tissue 2 Materials and Methods

microstructure at spatial resolution approaching optical micros-

copy by detecting backscattered light using the principle of low 2.1 Melanoma Model and Imaging Preparations
coherence interferometry.” OCT is commonly performed at the
central wavelengths of ~850 or ~1300 nm, and the latter choice
is more appropriate for this study because of decreasing melanin
absorption in the near-infrared (NIR).

In addition to high absorption, melanin exhibits light scatter-
ing, due to its granular structure in the melanoma cells (mela-
nocytes). To reduce the light-attenuating effects of scattering in
tissue, the use of optical clearing agents (OCAs) has been

B16F10 pigmented murine melanoma cells were purchased
from American Type Culture Collection and cultured in
Dulbecco modified Eagle’s medium supplemented with 10%
fetal bovine serum and antibiotics at 37°C and 5% CO,.
Cutaneous melanoma was induced by intradermal injection of
103 cells in the flank of six- to seven-week-old nude mice (J:
NU homozygous, Jackson Labs) using a 30G needle. The mice
were kept in microisolator cages with access to food and water
ad libitum. All procedures were approved by the Institutional
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Fig. 1 White-light photographs of the melanoma mouse model in vivo
(a) before and (b) after 250 min of optical clearing.

Animal Care Committee (University Health Network, Toronto,
Canada: AUP protocol 4401.1).

Diffuse reflectance and OCT imaging were performed four to
seven days after tumor cell injection, during the vertical growth
phase when the tumors were ~4 mm in diameter and 1 to 2 mm
in depth. The mice were anesthetized using 5% isoflurane and
maintained using 2% isoflurane delivered through a mask. The
animal was placed, on a heating pad to maintain body temper-
ature, on a three-axis micropositioning stage. The paw on the
tumor-bearing side was immobilized to the stage to reduce
movement due to respiration. Immediately prior to imaging
and OCA application, the stratum corneum of the skin overlying
the normal skin or tumor was removed by tape stripping in order
to improve the transdermal penetration of the clearing agent.
The OCA comprised a 19:1 mixture of polyethylene glycol
(PEG-400) and 1,2-propanediol’ and was applied topically
prior to the start of imaging. The skin was then covered with
gauze soaked with clearing agent until the next imaging session.
Although the tumor cells were injected into the dermis, some
tumors developed more superficially than others, so that the
OCA diffusion time throughout the tumor varied between ani-
mals. A typical example is shown in Fig. 1: in this mouse, part of
the tumor was located in the dermis and part was subcutaneous.

2.2 Diffuse Reflectance Measurements

As described above, OCA was applied over the normal skin or
melanoma after tape stripping. The tissue was then massaged for
1 min to enhance diffusion.” The first diffuse reflectance meas-
urement was acquired after OCA application but before tissue
massage, and then every 15 min for up to 90 min. Diffuse reflec-
tance measurements were acquired using a fiber optic reflec-
tance probe with 520 um source—collector fiber separation;®
although somewhat dependent on tissue optical properties,
the typical sampling depth at this source—detector separation
is quite superficial, typically <200 ym. The probe tip (1.5 mm
diameter) was placed in gentle contact with the tissue surface
and the full reflectance spectrum between 450 and 650 nm
was collected in <1 s. DRS and OCT imaging were performed
in different experimental setups to avoid changing the probe and
OCT position when acquiring the data. In both setups, the tumor
was fixed to minimize bulk tissue motion due to, for example,
breathing. Hence, different groups of mice were used to avoid
double application of OCA in the same animal.

2.3 Optical Coherence Tomography Imaging

The swept-source OCT system has been described previously.'®
Briefly, images were acquired with a 36 kHz Fourier domain
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OCT system utilizing a short-cavity swept laser source based
on a tunable polygon filter, with a sweep range of 110 nm
centered at 1310 nm. The axial and lateral resolutions in tissue
were 8 and 13 um, respectively. OCT imaging was performed
immediately following tape stripping, OCA application, and
1 min of massage, and then every 30 min during optical clearing.
Each imaging session took 3 min for collecting structural images
for speckle variance (SV) analysis to highlight the microvascu-
lature; the SV technique has been described elsewhere'' and is
based on decorrelation between successive B-scans due to
movement of blood cells. SV images were then processed to
obtain depth-encoded microvasculature maps of the tumor and
surrounding tissues.

Since there was little prior experience in OCT imaging of
melanoma, we deliberately varied some of the experimental
parameters, such as using glass or plastic slides in contact
with the tissue surface during the image acquisition, to test
for the consistency of the speckle variance optical coherence
tomography (svOCT) results. We noted some biological vari-
ability between animals in the growth pattern, and hence
depth, of the tumors due to unavoidable differences in the
tumor cell microinjection and animal-to-animal variations in
biological response. Data from a total of six mice are reported
in this initial proof-of-principle study.

OCT structural images were acquired in SV mode with 760
B-scans taken over a 6 mm X 6 mm surface area (interscan sep-
aration of ~8 pm); to enable interframe comparison required for
svOCT analysis,'! eight repeat B-scans were acquired at each
position. The svOCT algorithm then calculates the interframe
intensity variance from the same spatial location,!! with the con-
trast arising from differences in time-varying speckle properties.
Thus, we define

1 & i}
SV ik :NZ(Iijk_IJk)zv (1)

i=1

where N is the number of B-scans acquired at the same spatial
location within a 3-D volume (N = 8 for this study), /;j; is the
intensity of the (j, k)’th pixel of the i‘th B-scan, j is the axial
coordinate, k is the lateral coordinate, and I is the mean inten-
sity of 7 pixels from N consecutive B-scans. This procedure was
then repeated for all spatial locations within the 3-D volume.

In Eq. (1), if N B-scans are acquired faster than the stationary
solid-tissue decorrelation time, then the value of (/;j; — I;;) for
these pixels approaches zero, thereby suppressing the tissue sig-
nal in the resulting SV image. Here, the B-scan acquisition
time was set to 25 ms: this was fast enough that signals from
stationary tissues did not decorrelate between frames (thus,
~0 SV igna), While being sufficiently slow to ensure complete
interframe decorrelation for pixels representing vascular
blood (thus, high SV gn,)."

Several postprocessing procedures were applied to prepare
the microvascular 3-D data sets for depth encoding and for pre-
sentation as en-face microvascular images. These included

1. noise and artifact removal to minimize contributions
from signals due to bulk tissue motion. From each
set of repeated eight B-scans, those introducing the
highest noise were removed. For this, eight SV images
were calculated by removing each of the eight B-scans
one at a time and then selecting the one with the lowest
mean speckle variance. Bulk tissue-motion artifacts
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caused by animal breathing were reduced by correla-
tion of the B-scans prior to SV computation;

2. skin surface masking using structural images to pro-
vide correct depth encoding, while preserving vessel
structure;

3. binarization of the microvascular 3-D data set by
applying Otsu’s thresholding method in the depth
direction, thereby retaining more deep-vessel informa-
tion in the segmentation that would otherwise be lost
due to the exponential attenuation of the OCT signal;
and

4. application of a skin-surface mask to the svOCT 3-D
data set to first flatten the surface, followed by color
encoding of each depth and finally returning the origi-
nal locations to preserve the blood vessel topology,
orientation, and connectivity.

In addition to comparing the resulting depth-encoded svOCT
microvascular maps, the clearing effect was quantified using
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spatial texture analysis of OCT image speckles.'> Specifically,
regions of interest (ROIs) within the overlying skin and under-
lying tumor regions were selected within same cross-sectional
OCT images at different time points after application of the
clearing agent. The ROI for skin started at the top pixel
below the tissue surface. Tumor ROIs were selected manually
for each mouse, depending on the tumor depth location. All
ROIs were 30 x 100 pixels, corresponding to a physical size
of 125 um in depth X 765 um laterally. Histograms of signal
intensity distributions within each ROI were then fitted using
a least-squares method with the gamma distribution function.'

1
fx,a,p) = mﬂ"xa"e‘”", 2)

where a and f are considered as the shape and scale parameters,
respectively, of the gamma distribution. Furthermore, the a/f
ratio represents the mean of the distribution, essentially the aver-
age signal brightness within a given ROI. This ratio has been
shown in high-frequency ultrasound to be related to changes
in the tissue scattering properties'® and, in the context of
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Fig. 2 Diffuse reflectance of [(a) and (b)] normal skin and [(c) and (d)] cutaneous melanoma during opti-
cal clearing, normalized by the initial value in each case. (a) through (c) Normalized diffuse reflectance
spectra, and (b) through (d) changes in reflectance at several wavelengths as a function of the clearing

time.
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OCT, has proved a useful metric for differentiation between nor-
mal and tumor tissues in vivo."> Thus, in order to estimate the
tissue clearing effect, the ratio [a/Byerore/@/Paiier] Should
decrease for the superficial overlying skin regions but increase
for the deeper-lying tumor regions. This would then enable
quantification of the change in the depth-of-imaging metric
due to clearing.

3 Results

Figure 1 shows the visible effects of optical clearing, with the
superficial layers of the skin becoming more transparent and the
melanoma pigmentation becoming more visible.

3.1 Diffuse Reflectance Measurements

The first measurement (0 min) for both normal skin and mela-
noma was taken immediately after the application of the OCA in
order to minimize variations in optical coupling of the probe and
the tissue surface. As seen in Fig. 2(a), normal skin showed
around +20% variation in diffuse reflectance across this spectral
range over time after OCA application. The reflectance
decreased in the first 15 min and then increased at 30 min,
followed by decrease up to 90 min. These changes in the
signal may be associated with tissue dehydration/rehydration.
Figure 2(c) shows the corresponding diffuse reflectance mea-
surements in experimental melanoma. At 15 and 30 min into
the clearing, the diffuse reflectance decreased overall by
~75% compared to the initial value. The clearing reached its
maximum effect at 45 min, at which time the reflectance had
decreased by ~90%. The reflectance then increased at the
60 min time point, possibly due to a physiological response
to reestablish hydration, after which the reflectance decreased
again at 75 and 90 min [as also seen in normal skin in
Fig. 2(b), although to a lesser extent].

In terms of spectral changes in the diffuse reflectance with
clearing, it can be seen that in normal skin [Fig. 2(b)], the
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reflectance change was nearly uniform across this 200 nm spec-
tral range, except for a slightly greater effect at shorter wave-
lengths. Since there is a gradient of concentration of OCA
into the tissue with topical application, the clearing particularly
affects the short wavelengths that have smaller penetration in
tissue. Longer application times are required to clear deeper tis-
sue layers. The same behavior was observed for melanoma in
the first 45 min. In this particular example, at around 60 min
clearing, the characteristic spectral signature of oxyhemoglobin
(the double dip at around 540 and 575 nm corresponding to
peaks in the HbO, absorption spectrum) becomes apparent in
the tumor, indicating that the probe is detecting light that has
propagated through a well-vascularized region of tissue. This
effect is washed out at the longer times, probably due to
small changes in the probe-sampling position during the meas-
urement. Quantitative interpretation of these data is also limited
by the fact that the source-to-detector fiber separation in the dif-
fuse reflectance probe is only ~0.5 mm, which is not enough to
sample the full tumor thickness of 1 to 2 mm. Nevertheless, the
diffuse reflectance data do suggest that topical application of
OCA does clear melanoma tissue in vivo.

Clearing agents match the refractive index in the tissue,
decreasing the light scattering. Most of the agents studied
have a refractive index around 1.4, which is optimal for soft tis-
sue. However, melanin granules present in melanoma have a
refractive index around 1.7,'® so that the clearing matches the
soft tissue but not the melanin granules. Thus, OCA improves
the light penetration in melanoma but does not completely elimi-
nate the scattering interfaces.

3.2 Optical Coherence Tomography Images

B-mode structural images acquired immediately and at 250 min
after OCA application are shown in Fig. 3, where it can be seen
that immediately after OCA application, only the superficial
region of the tumor was visible, down to a depth of ~400 um.

4 5 6 1 3 5 7
(C) Intensity (au)
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Fig. 3 Example of B-mode OCT imaging of optical clearing in melanoma in vivo. (a) Photograph of the
tumor at the skin surface. (b) Structural B-mode images at 0 (upper) and 250 min (lower) of topical appli-
cation of OCA, taken through the dark spot seen in (a), which is indicated on the OCT images by the blue
arrows. The increased OCT imaging depth (green arrow) due to the clearing is apparent. (c) Average
intensity gradient with depth of an area in B-scan (dot lines) before and after OCA application.
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At the later clearing times, the subcutaneous tumor became vis-
ible down to ~750 ym [Fig. 3(b)]. The average intensity gra-
dient with depth before and after OCA application showed
the same behavior. The tissue surface has high initial signal
and, after OCA application, becomes more transparent and a
higher signal is obtained from deeper tissue layers [Fig. 3(c)].

SV analysis provided tissue microvasculature images
immediately after and at 120 and 250 min following OCA appli-
cation, as exemplified in Figs. 4 and 5. Prior to clearing, svOCT
showed the vascular network in the superficial skin and tumor
layers, as also observed in the structural B-mode images. After
120 min of clearing, larger and deeper vessels became more vis-
ible; this improved further by 250 min. For example, as seen in
the bottom-right panel, the microvascular network down to the
~750 ym depth is beginning to emerge at t = 250 min. The
disorganization of the tumor neovasculature is also appar-
ent (Fig. 4).

750 um 1mm
300 um

120 min

Fig. 4 En-face depth-encoded svOCT projections at 0, 120, and
250 min after topical application of OCA for melanoma. Melanoma
stimulates angiogenesis, so that more vessels are seen, even prior
to clearing. With clearing, the top layers of the tumor become more
transparent, allowing visualization of the disorganized deeper
tumor microvasculature, to a depth of ~500 to 600 ym at 120 min
and ~600 to 750 ym at 250 min.
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Comparing normal skin and melanoma, it is possible to
observe larger vessels in the tumor due to angiogenesis. The
vascular network is also related to the age of the mice. In
this study, the mice were six to seven weeks old, suitable for
tumor development but only presenting small and regular ves-
sels in normal skin (Fig. 5). In addition, diffusion of OCA may
differ between normal skin and melanoma: due to its rapid
growth, melanoma tissue is poorly organized, so likely the dif-
fusion of the OCA within it is greater. To better quantify the
effects of optical clearing on imaging the deeper features of
the melanoma microvasculature, Fig. 6 shows examples of his-
tograms of the svOCT pixel intensity in ROIs of the overlying
skin and the underlying tumor tissue, together with the corre-
sponding a/f ratios obtained from fitting Eq. (2) to the OCT
structural image data. Note the shift in the signal histograms
toward smaller-intensity values with optical clearing in the
skin, indicating reduced backscattering of the light (as more
photons now reach deeper tissue layers). Conversely, in the
underlying tumor, the corresponding signals become stronger,

0 min £

opmy i

120 min [

250 min

450 um

Fig. 5 Normal skin en-face depth-encoded svOCT projections at 0,
120, and 250 min after topical application of OCA. In the normal
skin, small vessels in a regular pattern are seen before clearing.
Larger vessels start to appear with clearing, probably localized
under the skin 300 xm in depth.
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Fig. 6 Structural OCT image pixel intensity distributions of melanoma and normal skin for the ROIs
shown in the insets (scale bar = 100 yum): (a) and (b) at time 0, and (c) and (d) after 250 min of clearing
with physical massage of the tissue. The blue lines show fits to the gamma distribution function of Eq. (2)
and the resulting a/p ratios. The centers of the ROlIs for skin and melanoma were selected at depths
of 65 and 650 um below the tissue surface, respectively. Both ROIls were 30 pixels x 100 pixels

(125 um x 765 um).

again indicating that more light is now able to penetrate to the
deeper tissues.

Figure 7 summarizes the «/f ratios before and after clearing
data for the six mice, where the imaging conditions, periods of
OCA application, and depth of the tumors varied between ani-
mals, as indicated.

The overall trends show that the a/f ratio in the skin
increased consistently with clearing (average ~ + 20%), while
the ratio consistently decreased in the melanoma (average
~ —30%). As per our conjecture, the surface tissues are becom-
ing more transparent, allowing greater depth of penetration of
the light into the underlying tumor tissue. Covering the tissue

16 T T T T T A No cover|
L O plastic
1.4 A 0 glass
S 8 n a
3 &
<% 1
NS
]
0.8 400um  340um  gp0,m  S10MM 50, B
o6 A ° - ° ° 650 um
- :

0.4

I 1 L 1 L L
30 min M1 45min M2 90 min M3 180 min M4180 min M5250 min M6

Fig. 7 Summary of the changes with optical clearing in the o/ ratio in
skin overlying melanoma (green) and in melanoma (red). Note that the
ratio before clearing divided by the ratio after clearing is plotted, so
that values >1 (red horizontal line) indicate a reduction in signal inten-
sity (as in the skin) and values <1 represent signal intensity increase
(as in tumor). The ROls for the skin were selected below the tissue
surface. Tumor ROls were selected manually for each mouse
depending on the tumor depth, which is indicated above each data
point. Both ROIs were 30 (depth) x 100 (lateral) pixels, corresponding
to a physical size of 125 ym x 765 um. The clearance times and
mouse number are indicated along the abscissa axis. Triangles indi-
cate that OCT imaging was done without covering the tissue surface;
circles indicate a thin plastic covering and squares indicate that the
tissue surface was covered with a glass coverslip. These data
serve to demonstrate that the changes with optical clearing are rela-
tively insensitive to the exact OCT imaging conditions.
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surface during imaging did not appear to make a substantial
difference to these ratios, indicating robustness in the measure-
ments and analysis. There was also no systematic trend apparent
with increasing clearing time, likely due to the biological vari-
ability in the model. However, systematic time dependence was
indeed observed in single mice, as illustrated by the example
shown in Fig. 8. In this case, increasing loss of signal intensity
with clearing time was apparent in the skin, as was better tissue
visualization at the 400 to 525 ym layer in the tumor, as also
seen in the corresponding increased brightness of the microvas-
culature. Figure 9 shows that the image contrast and resolution
at this depth in tumor are also improved by the optical clearing.
There was minimal change in the ¢/ ratio at the deeper layer in
the tumor, indicating that the OCA did not reach this depth even
after 4 h of OCA application.

The shape of the cross-sectional profile through the blood
vessel in Fig. 8(b), with the flat-top appearance and sharp
edges at the 250 min time point, suggests that the effect of clear-
ing may be due to altered optical properties of the tissue (thus

0 0to 120 um
© 400 to 520 um a
2 |a 750 to 870 um o e O
o =]
e -]
g 5 1.5F ° |
sl &
ST L,
NS 1 =
8 A A a & A& 4 a :
0.5 ® o o o ° ° 1
0 1 1 1 1 1 1 1 1 1 1
Ref 0 30 60 90 120 150 180 210 24

Time (min)
Fig. 8 Example of the time course of optical clearing in one mouse: in

5 skin (0 to 125 yum—squares) and in tumor at two different depths
(ROIs at 400 to 520 circles and 750 to 875 um triangles).
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Speckle variance (au)

@ 0 min
- 120 min
4 250 min

Width (um)

En-face projections

0 min 120 min

(b) 180 um

165 um

120 um

Fig. 9 Example of the improvement in svOCT image quality within melanoma as a result of optical clear-
ing. (a) Depth-encoded en-face projection of microvasculature after 250 min clearing. (b) The area within
the white dashed rectangle in (a) is shown at three different time points during clearing; the arrows indi-
cate the apparent reduction in its measured width (black line). (c) Corresponding normalized speckle
variance intensity across the diameter of this vessel and its cross-section.

improving imaging contrast / resolution) and/or physiological
response of the vessel to the OCA.

4 Discussion and Conclusions

Melanoma is a skin cancer that originates in the melanocytes
present in the epidermal basal layers. Its dark pigmentation
poses a significant challenge for optical techniques, due to
high absorption and scattering. Jacques'’ estimated the melanin
absorption coefficient in moderately pigmented adult skin with
10% volume fraction of melanosomes to range from 172 cm™!
at 755 nm to 55 cm~! at 1064 nm. However, absorption is not
the only factor influencing the light distribution in tissue due to
melanin. Sergeev et al.'® estimated melanin scattering using the
finite-difference time-domain method for individual cells, not-
ing its high index of refraction relative to the surrounding cell
components: the resulting scattering coefficient was about three
to five times higher at 830 nm in melanotic (7% volume
concentration of melanin granules) than amelanotic cells.r18
One would expect that this difference would decrease with
wavelength.

OCA works by matching the refractive index of soft tissue
components with that of the extracellular fluid, reducing the tis-
sue scattering. Different clearing effects have been reported for
different agents and routes of delivery.? For example, PEG-400
has been investigated in combination with chemical enhancers
such as thiazone and 1,2-propanediol. Although these enhancers
improved the diffusion of the OCA into skin, deep clearing was
achieved only when tissue massage was also applied.” Tape
stripping, which removes the stratum corneum, also improves
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penetration into skin and overcomes diffusion limitations
reported for OCA effectiveness in diseases as fibroma, pig-
mented nevus, and seborrheic keratosis.'”

Yu and collaborators quantified the optical transmittance,
reflectance, and absorption of normal skin and observed that,
for the range from 400 to 1370 nm, the reflectance decreased
by ~50% after OCA application as a result of reduced
scattering.® White-light DRS was used in the present study
to estimate for the first time the clearing effect on melanoma
and to compare it to normal skin. The normal skin spectrum
showed ~ + 20% of variation in diffuse reflectance, with the
signal decreasing in the first 15 min, followed by an increase
at 30 min. Similar results were obtained by Wen and collabo-
rators using glycerol as the clearing agent in rat skin in vivo.
They observed that, at some concentrations, there was an
increase in diffuse reflectance at 30 min.>! Genina and
collaborators™ also reported clearing effects in skin in vivo
and proposed that the optical properties do not change mono-
tonically, due to the interplay of OCA and water diffusion effects
in tissuer22. This may also explain the changes that were
observed in our reflectance measurements for both normal
skin and melanoma. In the measurements performed in mela-
noma, marked decreases in the diffuse reflectance signal (aver-
age ~75%, maximum > ~ 90%) were observed, likely due to a
combination of changes in microstructural disorganization in
tumor tissue and scattering and absorption of melanin granules.
In normal skin, a refractive index of 1.4 is optimal for index
matching, but this is not the case for melanoma. Melanin
granules have a refractive index of ~1.7,'® so they still have

August 2016 « Vol. 21(8)

Downloaded From: http://biomedicaloptics.spiedigitallibrary.org/ on 06/14/2016 Terms of Use: http://spiedigitallibrary.or g/ss/'TermsOfUse.aspx



Pires et al.: Optical clearing of melanoma in vivo: characterization by diffuse reflectance. ..

significant light scattering even after OCA application. In this
case, not only the soft tissue refractive index but also the refrac-
tive index and absorption properties of melanin granules them-
selves need to be investigated. Due to these multiple factors, it is
difficult to describe the whole effect of OCA in melanoma using
only DRS, although this technique does semiquantitatively val-
idate the changes in melanoma optical properties with clearing.

As in most solid tumors, growth of melanoma is character-
ized by an initial avascular radial phase followed by a vascular
vertical (depth) phase. In the former, there is typically horizontal
growth penetrating the epidermis, while in the latter phase, there
is vertical vascular invasion in which the lesion thickens and
penetrates the lower dermis. Over time, a rich but poorly organ-
ized vascular network forms and the risk of metastatic spread
increases. Consequently, high intratumoral micro vessel density
is related to important clinical factors such as poor prognosis,
overall survival rate, and increased relapse rate.”>?’ Hence,
there is an unmet need for noninvasive imaging that can visu-
alize the microvasculature network of melanomas. Optical tech-
niques should, in principle, meet this need, but are compromised
by the high absorption and scattering of melanin.

In OCT imaging, the light attenuating effects of melanin
(absorption + scattering) are reduced by the use of NIR light
at 1310 nm. The imaging performance (contrast/resolution/im-
aging depth) was further improved by optical clearing, so that
the effective depth of high-resolution imaging of tumor micro-
vasculature in pigmented melanoma was approximately
doubled, up to depths that may be relevant to imaging of
human tumors. The contrast resolution of blood vessel imaging
was also improved throughout the imaging depth up to
~750 ym. In the murine experimental model, melanoma cells
are injected intradermally and are able to migrate to the epider-
mis or to the subcutaneous tissue layers. In the early stages, a
thin normal skin layer overlays the tumor, making it more dif-
ficult to reach the tumor either by imaging or treatment.

Additionally, the stratum corneum protects the skin (and the
underlying tumor), preventing the diffusion of topical applied
agents. Hence, tape stripping was used to remove the stratum
corneum and improve the transdermal diffusion of OCA into
the tumor. By contrast, human melanoma originates in the epi-
dermal basal membrane and migrates to the epidermis surface
during its first phase. Thus, the tumor is directly accessible to a
topically applied agent without the need for tape stripping tech-
nique. In the initial stage, the tumor is localized in the epidermis,
the most superficial skin layer that is ~80 um in depth.?® Later,
the tumor starts to invade the dermis and subcutaneous tissue as
an expanding mass, with associated risk of metastases.?*

Hinz and collaborators®' investigated OCT and ultrasound
imaging to assess the thickness of different melanocytic skin
lesions in patients, including two melanoma cases. OCT was
able to image up to 770 and 400 pm in depth for superficial and
cutaneous melanoma, respectively. In the mouse model used
here, we were able to image vessels up to 750 um deep.
Based on human melanoma development, this would be signifi-
cant for diagnosis of tumors in the epidermis and at the papillary
dermis stage. Hence, the combination of optical clearing and
NIR svOCT imaging is promising for clinical applications,
such as evaluating melanoma prognosis, which depends on
the tumor thickness and microvascular network density. To
our knowledge, this is the first time that a technique for in
vivo imaging of the microvasculature in cutaneous melanoma
has been successfully described.
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Optical clearing may also facilitate the use of light-based
treatments of melanoma, such as photodynamic therapy
(PDT). While very effective in other skin tumors, particularly
basal cell carcinoma,’* PDT has been largely unsuccessful
to date in treating melanoma in patients due to the limited
light penetration.**¥ Two-photon PDT with femtosecond
pulsed NIR lasers,*® which may be a useful approach in mela-
noma, should also be enhanced by the use of optical clearing.

OCT, including in particular Doppler OCT of tumor vascu-
lature, has already been described for monitoring PDT treatment
responses, both in preclinical tumor models and in patients
(PDT) treatment.>’° Hence, this may also represent a useful
clinical application of the technique described here. Although
PDT is still not established for pigmented tumors, our DRS mea-
surements have shown that tissue clearing improves the light
penetration in melanoma, which may translate into improved
PDT responses. Treatment of nonpigmented but thicker tumors
that have incomplete PDT response could similarly benefit from
the use of optical clearing. It may also be useful to use DRS to
help plan PDT treatments and monitor the tumor response, since
it can be implemented rather easily in different tumor sites such
as surface and endoscopic lesions and intraoperatively.

We are also investigating the addition of whitening agents
such as kojic acid, an anti-tyrosinase agent that inhibits melanin
synthesis,*’ as a means to further improve NIR-OCT imaging
and PDT of melanoma to complement the use of optical clearing
in optical diagnostics and treatment of tumors, both pigmented
and nonpigmented.
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