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Abstract

For secure removal of the basal cell carcinoma tissue, the technique of Mohs'
micrographic surgery is often used. However, Mohs' micrographic surgery is
time-consuming. In this work, we evaluate the ability of multiphoton fluorescence
(MF) and second harmonic generation (SHG) imaging to discriminate the borders of
human basal cell carcinoma. Morphologically, basal cell carcinomas are featured by
clumps of autofluorecent cells with relatively large nuclei and marked peripheral
palisading in the dermis. In contrast, SHG from collagen contributes largely to the
multiphoton signal in normal dermis. Within the cancer stroma, SHG signals diminish
and are replaced by autofluorescent signals. The results suggest that normal collagen
structures responsible for SHG have been altered in the cancer stroma and may reflect
an up-regulated collagenolytic activity of cancer cells. To better delineate the cancer
cells and cancer stroma from normal dermis, a quantitative MF to SHG index (MFSI)
is developed. We demonstrate that this index can be used to differentiate cancer cells
and adjacent cancer stroma from normal dermis. Our work shows that MF and SHG
imaging can be an alternative for the real-time guidance of the secure removal of

basal cell carcinoma.
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1. Introduction

Basal cell carcinoma (BCC) is the most common type of skin cancers.' It is
estimated that there are about 800,000 new cases of BCC per year in the US,' with an
annual incidence rate of nearly 200 for every 100,000 women and 400 for every 100,000
men.' Photodamage caused by excessive sunlight exposure is an important risk factor
for this cancer. BCC most often develops on the head and neck regions of patients
where accumulative sunlight exposure is highest as compared with other body surface.
Though rarely metastasizing, basal cell carcinoma can be locally destructive. Usually,
surgical removal is recommended for patients with BCC. Usually simple excision is
employed for removal of BCC. However, even excised with a safety margin clinically,
the microscopic margin of cancer can not be securely determined and local recurrence
rate can be higher than 10% in cases undergoing simple excision.

Further, when BCC develops in certain anatomical sites including the nose and
eyelids, simple excision with a wide margin may not be suitable for the purpose of
preserving these important structures.

To remove the entire BCC tissue securely, the technique of Mohs' micrographic
surgery was developed. This technique can detect cancer margin with approximately
100% certainty and the recurrence rates are only 1%.” However, Mohs' micrographic
surgery is time-consuming. In addition, it requires the simultaneous cooperation of the
technician for specimen processing and the surgeon. The excised specimen is marked
and immediately processed for histological examination. If residual cancerous tissue
is observed on the margin of the specimen, further excision of the tumor is performed
and the excised specimen is immediately processed again for histological examination.
The procedures are repeated until no cancerous tissue is revealed microscopically.
This limits the wide application of Mohs’ micrographic surgery and Mohs’
micrographic surgery is only available in special institutions. Therefore, the
development of a minimally-invasive technique capable of real-time determination of
BCC margins to circumvent the above mentioned drawbacks is invaluable to clinical
dermatology.

Multiphoton fluorescence (MF) microscopy employing ultrafast laser for

non-linear excitation of fluorescent materials has been widely used for biological
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specimen imaging both in vivo an in vitro.”” Due the non-linear excitation process,
only the focal volume can be effectively excited by use of near-infrared light source,
allowing higher axial contrast, increased imaging depth and lower overall sample
photodamage. In addition, the easy access to the emitted fluorescence also enables
further analysis of the features of emitted light, such as fluorescence spectrum and
fluorescence life time, to be determined.>® Further, another non-linear optical effect of
second harmonic generation (SHG) has also been widely used in biomedical imaging
also.*'” Briefly, the interaction of incident laser with biological structures with
non-centrosymmetrism, such as collagen, muscle fibers and microtubules, leads to the
generation of photons at a wavelength of exactly half the wavelength of the incident
light.*'° In the process of SHG, no molecular transition is involved and the sample
photo-damage is minimal. Since SHG is structurally sensitive, transitions of
biomolecular structures can be monitored.*'? The abundant collagen fibers in the
dermis are capable of generating second harmonic generation (SHG) signals and can
provide contrast to other important structures in the dermis. These two techniques,
minimally destructive and not relying on the use of exogenous labeling and sample
pretreatment, are highly suitable for in vivo application. In this study, we attempted to
characterize the non-linear optical properties of BCC and to evaluate the ability of the
combination of MF and SHG imaging to discriminate the human BCC from normal

dermis.
2. Materials and methods

The MF and SHG microscopic system used in this study is a modified version of
a home-built laser scanning microscopic imaging system based on an upright
microscope (E800, Nikon, Japan) described previously.* A DPSS laser (Millennia X,
Spectra Physics, Mountain View, CA) pumped titanium-sapphire laser system
(Tsunami, Spectra Physics) was used as the excitation source. The 760 nm output of
the laser system was used. Prior to entering the microscope, the excitation source was
angularly deflected by a x-y scanning system (Model 6220, Cambridge Technology,
Cambridge, MA). The input of the upright microscope was modified to accommodate
a beam expander. The excitation source was beam expanded and reflected toward the
focusing objective (Nikon S Fluor 40x, NA 1.30). The average laser power at the
sample is 4.5 mW. The non-linear MF and SHG signal were generated at the sample

focal plane and collected in the epi-illuminated geometry by the same focusing
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objective. After passing through the dichroic mirror, the MF and SHG signals were
separated into two separate channels where they are detected by independent
photomultiplier tubes (R7400P, Hamamatsu, Japan). The SHG signal was isolated by
an additional filter centered at 380 nm with a bandwidth of 20 nm while the MF was
detected by a band pass filter (435-700nm). The signal photons were processed by a
single-photon counting PMT (R7400P, Hamamatsu, Japan) and a home-built
discriminator.

The study protocol was approved by our Institutional Review Board. We
conformed to the Helsinki Declaration with respect to human subjects in biomedical
research. Nodular type formalin-fixed BCC samples are imaged in this study. For
comparison MF/SHG images of the cells and tissue with histological results, serial

thin cross-section slices (7-10 pum in thickness) of each specimen were used for
multiphoton imaging and histological examinations. A thin cross-section slice of

each specimen was mounted on the slide and covered with a No. 1.5 coverslip for

viewing. Large area multiphoton imaging was performed for each specimen.

3. Results

Figure 1 shows the MF/SHG image of normal skin. In the epidermis, the
cytoplasm of keratinocytes is effective in generating MF signals and the nuclei are
characterized by a halo in the fluorescent cytoplasm. The epidermis is deficient of
SHG signals. In the dermis, SHG contributes to most of the signal. The presence of
SHG indicates the regular packing of collagen molecules in the dermis. This reflects
the fact that collagen is the major extracellular matrix protein in the dermis. SHG
signals can be used to analyze the dermal fibrous structures of collagen. In addition,
there are also fine fluorescent elastic fibers penetrating in the SHG-generating
collagen fibers (arrow, Figure 1).

Figure 2 shows the MF/SHG image of a representative BCC specimen. Within
the tumor regions, clumps of fluorescent cancer cells can be visualized. In the
magnified image (Figure 3), cells with relatively large nuclei can be found and the
peripheral cells in each cancer clump are palisading along the basement membrane, a
unique feature of basal cell carcinoma. This is consistent with the histological results
(Figure 4). In the cancer stroma, the SHG signals are greatly diminished and MF

signals increase in comparison with that of normal stroma. Since the SHG signals of
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collagen depends on the regular packing of triple-helical collagen molecules, the
diminished SHG signals in the cancer stroma indicate that the collagen structures
responsible for SHG are disrupted or collagen molecules themselves are deficient.
Our result is consistent with previous report that collagen content in the BCC stroma
is decreased as compared with normal dermal stroma.'® It has also been shown that
matrix metalloproteinase expression is up-regulated in basal cell carcinoma,'” and the
collagenolytic activity may lead to the disruption of collagen in the adjacent stroma.
Elastic fiber stains reveal no increased elastic fibers in the cancer stroma (data not

shown).
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Figure 1. Selected large area multiphoton fluorescence and SHG images of normal

skin. In the epidermis, keratinocytes are autofluorescent. SHG signals contribute to
most of the dermal signals and some fine autofluorescent fibers are penetrating in the

SHG generating dermal stroma (arrow). (bar: 100um)
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Figure 2. Selected large area multiphoton fluorescence and SHG images of basal cell
carcinoma. There are clumps of cancer cells (arrows) embedded in a stroma with
decreased SHG signals (stars). (bar: 150um)
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Figure 3. Enlarged image of the basal cell carcinoma clump. Cells have enlarged

nuclei and are palisading at the periphery. (bar: 30um)
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Figure 4. Histology of basal cell carcinoma. Basal cells are characterized by clumps

of basaloid cells in the dermis. (bar: 100um)
However, to help to discriminate BCC from normal dermal stroma, we propose
to use the definition of MF to SHG index (MFSI). The MFSI is defined as:

MFSI= (a-b)/(a+b)

In each selected area, the pixels of MF are defined as a and pixels of SHG are
defined as b. In this nomenclature, a highly fluorescent sample (relative to SHG
signal) would have a higher MFSI while a specimen containing intense SHG signal
(compared with MF) would have a lower MFSI. MFSI approaches the maximum
value of 1 when only MF signals are present. The smallest value of MFSI is -1 and
this occurs when MF is absent and only SHG signal is present. The index of each
selected area is computed and the average index in each case is calculated.

For quantitative analysis of the specimens by use of MFSI, we randomly selected
five 50um by 50um rectangular areas inside the cancer masses, cancer stroma and
normal stroma in the dermis respectively in each sample for quantitative analysis.
Cancer stroma includes stroma within the cancer clumps and right adjacent to the
cancer mass. Normal stroma is defined as the dermal stroma at least 200um away
from the margin of the tumor clumps.

The MFSI is highest within the tumor masses (mean MFSI=0.93) where the
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contribution of the fluorescent signal comes from the cytoplasm. In the normal dermal
stroma, the MFSI is the lowest (mean MFSI=0.37), indicating the relative high
content of intact collagen molecules. In the cancer stroma, the MFSI (mean
MFSI=0.81) is significantly higher than that of normal dermal stroma. The decrease
of SHG and increase of MF in cancer stroma accounts for the higher MFSI in
comparison with that of normal dermal stroma. Hence, MFSI mapping can help to

discriminate normal dermis from BCC cancer and BCC stroma.

4. Discussion

This study shows that multiphoton imaging is able to discriminate BCC from
normal dermis. BCCs are featured by clumps of autofluorescent cells with relatively
large nuclei and marked peripheral palisading in multiphoton imaging. Compared
with normal dermis, the SHG signals decrease and MF signals increase in the stroma
within and adjacent to the tumor masses. This reflects higher collagenolytic activity
of BCC. We also develop a quantitative analytical index of MFSI which can help to
differentiate normal dermal stroma from BCC cells and BCC stroma. Our work shows
that, with further development, the combination of MF and SHG imaging can be an
alternative for Mohs’ surgery in real-time monitoring BCC removal.
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