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Basal cell carcinoma (BCC) is the most common human malignancy, and its incidence increases
yearly. In this contribution we investigate the feasibility of combining multimodal reflectance and
fluorescence polarization imaging (RFPI) with spectroscopic analysis of the reflectance images for
facilitating intraoperative delineation of BCCs. Twenty fresh thick BCC specimens were obtained
within 1 h after Mohs micrographic surgeries. The samples were soaked for up to 2 min in an
aqueous 0.2 mg/ml solution of methylene blue, briefly rinsed in saline solution, and imaged.
Reflectance images were acquired in the range from 395 to 735 nm, with steps of 10 nm.
Fluorescence polarization images were excited at 630 nm and registered in the range between 660
and 750 nm. The results yielded by RFPI were qualitatively compared to each other and to
histopathology. From the copolarized reflectance images the spectral responses including the optical
densities and their wavelength derivatives were calculated. The differences in the spectral responses
of the benign and malignant stained skin structures were assessed. Statistical analysis, i.e., Student’s
t-test, was employed to verify the significance of the discovered differences. Both reflectance and
fluorescence polarization images correlated well with histopathology in all the cases. Reflectance
polarization images provided more detailed information on skin morphology, with the appearance of
skin structures resembling that of histopathology. Fluorescence polarization images exhibited higher
contrast of cancerous tissue as compared to reflectance imaging. The analysis of the optical densities
and their wavelength derivatives for tumor and normal tissues has confirmed statistical significance
of the differences that can be used for intraoperative cancer delineation. The results of the study

indicate that spectral analysis is a useful adjunct to RFPI for facilitating skin cancer delineation.
© 2009 American Institute of Physics. [DOI: 10.1063/1.3115646]

I. INTRODUCTION

Nonmelanoma skin cancers are more common than all
other types of human cancers.' Basal cell carcinomas (BCCs)
constitute 80% of all nonmelanoma skin cancers, and their
incidence has been increasing at a dramatic rate. Statistically,
every fourth Caucasian will develop at least one lesion dur-
ing their lifetime. BCCs are disfiguring but rarely fatal
(~3000 deaths a year). However, due to their prevalence, the
cost of their treatment exceeds $600 million a year.

Most of BCCs are treated by surgery. As these tumors
often occur on the face and rarely metastasize, it is important
to preserve as much healthy tissue as possible. However, in
many cases, the contrast of the lesions is poor, which com-
plicates visual tumor localization and precise excision. Mohs
micrographic surgery2 is a clinical technique that allows
complete control of excision margins during the operation.
Mohs surgery2 has a success rate of 95%,” but is used in a
minority of cases, as it is expensive, tedious, and time con-
suming. Thus it is imperative that new techniques and treat-
ment protocols be set in place to address the problem of
intraoperative margin control.
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Recent advances in optical imaging have made intraop-
erative, accurate, real-time, and cost-effective inspection of
the entire cancer margin technically feasible."™ Several
complementary techniques, including dye enhanced reflec-
tance and fluorescence polarization imaging (RFPI), have
proven capable of providing real-time high contrast images
of skin cancer with a success rate of up to 94%.*" The Food
and Drug Administration (FDA)-approved dyes suitable for
in vivo use, such as methylene blue (MB), are applied to the
lesions, as the intrinsic differences in optical signals from
normal and diseased tissues are often subtle.'” MB has been
successfully applied to grossly demarcate neoplastic tumors
in the bladder,”f13 tumors of the pancreas,14
esophagus metaplasia.ls’16 Even though it has been reported
that MB accumulates to a much greater extent in the mito-
chondria of cancerous cells as compared to normal cells,17 it
is not 100% specific. Several healthy structures, such as hair
follicles, sebaceous glands, and epidermis retain some dye.
However, the appearance of these tissues and the concentra-
tion of the dye differ considerably from those of cancer. Thus
the results provided by RFPI may be further improved by
incorporating spectral analysis, assuming that practical time-
efficient algorithms can be developed that would allow real-
time tumor delineation process.

and Barrett’s
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TABLE I. Study subjects.
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LXWXH
No. Age Gender Type of the lesion Site (cm)
1 84 M Nodular BCC Right temple 1.8X0.8X0.25
2 64 M Nodular BCC Left temple 1.5X0.7X0.21
3 73 M Nodular BCC Left neck 1.4X0.7X0.21
4 75 M Nodular BCC Left helix 2.1X0.8X0.25
5 74 F Nodular BCC Left nasal tip 2.8X1.0x0.27
6 64 F Micronodular BCC Right middle eyebrow 1.0X0.4X0.18
7 58 F Nodular BCC Middle nasal bridge 1.3X0.6X0.20
8 87 F Nodular BCC Left nose 1.9X0.9X0.23
9 67 M Nodular BCC Left nasal tip 1.3X0.9X0.21
10 59 M Superficial and nodular BCC Left scalp 2.0X1.7X0.24
11 60 M Nodular BCC Left upper forehead 0.7X0.3X0.12
12 48 M Nodular BCC Right nasal wing 0.9X0.3X0.12
13 83 M Superficial and nodular BCC Left temple 24X1.0X0.23
14 58 M Nodular BCC Left nasal sidewall 1.0X0.5X0.19
15 52 F Nodular BCC Right upper lip 1.7X0.7X0.20
16 76 F Nodular BCC Left middle nasal bridge 1.5X0.80.20
17 70 F Nodular BCC Left temple 2.5X1.1X0.27
18 64 M Nodular BCC Left upper neck 22X1.2X0.25
19 66 M Nodular BCC Right nasal bridge 1.7X0.8X0.22
20 78 M Nodular BCC Middle scalp 1.4X0.60.21

Il. MATERIALS AND METHODS
A. Tissue preparation and handling

Twenty (20) freshly excised thick skin specimens with
residual nonmelanoma skin cancers were obtained from 20
patients under an protocol approved by the Institutional Re-
view Board from Mohs micrographic surgeries2 performed at
the Dermatologic Surgery Unit of Massachusetts General
Hospital. The information on the lesions is summarized in
Table I.

In our study we used commercially available MB (MB
injection, 1%, American Regent Inc., Shirley, NY). The MB
was diluted to a concentration of 0.2 mg/ml using Dulbec-
co’s phosphate-buffered solution (1X, pH 7.4, Mediatech,
Herndon, VA) and kept at 37 °C. The specimens were
soaked in diluted MB for up to 2 min. To remove excess of
the dye, the specimens were briefly rinsed in saline solution,
pH 7.4. Then the tissue was placed dermal side up into Petri
dish on gauze moistened with saline solution, covered with a
microscopic slide, and imaged. All the experiments were per-
formed at room temperature.

B. Polarization enhanced reflectance and fluorescence
imaging system

The imaging setup is presented in Fig. 1. We used a 500
W Xe-arc lamp (Spectra Physics Oriel, Stratford, CT)
coupled with an MS 275 grating monochromator (Oriel In-
struments, Stratford, CT) as a light source. The light was
delivered to the tissue via the light guide (Oriel Instruments,
Stratford, CT). A holographic diffuser (15°, Edmund Optics,
Barrington, NJ) and a linearly polarizing filter (Meadowlark
Optics, Frederick, CO) were introduced into the path of the
incident light to provide a homogeneous linearly polarized
illumination of the specimen. A charge-coupled device

(CCD) CoolSnap HQ camera (Roper Scientific, Tucson, AZ),
equipped with an achromatic CCD lens (Linos Photonics
Inc., Milford, MA) and a rotating linearly polarizing filter
(Meadowlark Optics, Frederick, CO), was used to acquire
co- and cross-polarized reflectance images of the specimens.
For fluorescence imaging, an additional long-pass filter
(660AELP, Omega Optical, Brattleboro, VT) was attached to
the camera lens. The angle between the excitation and emis-
sion polarizer was approximately 55°. The maximal field of
view provided by the system was 3.3X2.9 cm?, and lateral
resolution was better than 25 um. The axial resolution var-
ied between 70 and 200 ,um.4 The power density of the light
on the tissue never exceeded 0.3 mW/cm?. Illumination, ac-
quisition, and image processing were controlled via the
codes developed using the METAMORPH 6.0R1 imaging soft-
ware (Molecular Devices Corporation, CA). The reflectance
measurements required approximately up to 3 s for both po-
larizations. The fluorescence imaging required up to 5 s.

C. Image processing

Superficial reflectance images were calculated as a dif-
ference of experimentally acquired co- and cross-polarized
images in the range of 395-735 nm with steps of 10 nm.

FIG. 1. Experimental setup for RFPI. (1) Xe-arc lamp, (2) monochromator,
(3) light guide, (4) illuminator, (5) and (6) linearly polarizing filter, (7)
long-pass emission filter, (8) CCD lens, (9) CCD camera, (10) PC, and (11)
sample stage with specimen.
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Fluorescence polarization images of the tissues were calcu-
lated as F=(Fqo—Feross) X 100/ (F oo+ Fposs), Where F is a
fluorescence polarization image, and F, and F are co-
and cross-polarized fluorescence emission images, respec-
tively. Image processing was performed in real time.

D. Spectral analysis

Copolarized reflectance images were used to determine
the values of diffuse reflectance and the optical density for
each skin structure in the image at a given wavelength.
Stacks of 35 copolarized reflectance light images were ac-
quired in the range from 395 to 735 nm, with steps of 10 nm.
A calibrated gray reference (reflectance value ~35% in the
range from 395 to 735 nm) was placed in the camera field of
view to enable absolute quantification of diffuse reflectance.
Each experimental spectrum was divided by the value of the
diffuse reflectance measured at 735 nm. As this wavelength
lies outside the absorption band of MB, this normalization
allowed for the compensation of possible impact of back-
ground absorption and scattering on the spectral analysis. For
all copolarized reflectance images acquired at each wave-
length, the absolute diffuse reflectance and optical density of
the skin structures were calculated using the following ex-
pressions:

R=0.35R" /JR*

ref>

OD* =log(1/R"),

where R* is the absolute diffuse reflectance of the skin struc-
tures at a given wavelength, R)‘ref is the relative diffuse re-
flectance of the gray reference at a given wavelength, R)‘s is
the relative diffuse reflectance of the skin structures at a
given wavelength, and OD™ is the optical density of the skin
structures at a given wavelength.

Then the wavelength derivatives of the optical densities
were calculated.

E. Statistical analysis

A Student’s two-tailed t-test (STATISTICA 6.0, StatSoft,
Inc., Tulsa, OK) was used to evaluate the significance of the
difference in obtained optical densities and their wavelength
derivatives between normal skin structures and cancerous tis-
sues for a set of selected wavelengths. The differences in
optical densities and their wavelength derivatives between
healthy and cancerous tissues were considered to be statisti-
cally significant when the calculated probability value
(p-value) was equal or less than 0.05. The results were sum-
marized in a table to outline the spectral regions, where the
optical densities and their wavelength derivatives of normal
and cancerous tissues differed significantly.

F. Comparison to histopathology

En face H&E stained frozen sections were processed
from the imaged tissue blocks using standard Mohs
methodology.2 High-resolution images of the sections were
obtained using a SPOT RT microscope digital camera (Diag-
nostic Instruments, Inc., Sterling Heights, MI) coupled with
an Axiophot microscope (Carl Zeiss, Thornwood, NY).
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The tumor margins in the H&E slides were determined
by a certified pathologist, who had no access to the optical
images. The quantitative reflectance (at 665 nm) and fluores-
cence polarization images were compared to histology.

lll. RESULTS AND DISCUSSION

In total, we have imaged and spectroscopically analyzed
twenty (20) BCC specimens. The spectral responses, i.e., op-
tical densities and their wavelength derivatives, of the fol-
lowing structures were analyzed and stored in the database:
cancer, hair follicles, sebaceous glands, epidermis, collagen,
and subcutaneous fat.

Example color-coded quantitative reflectance and fluo-
rescence polarization images of a BCC shown in Figs. 2(a)
and 2(b), respectively, are compared to H&E histopathology,
shown in Fig. 2(c). The tumor in Fig. 2(c) is outlined with
red by a certified pathologist. The location, dimensions, and
shape of the tumor correlate well with those in the histopa-
thology [Fig. 2(c)]. It is worth noting that cancer in the op-
tical images [see Figs. 2(a) and 2(b)] exhibits higher contrast
in comparison to histopathology at the same magnification
[see Fig. 2(c)].

As expected the superficial reflectance image demon-
strates that the highest optical density, which is color-coded
with red, corresponds to the location of the tumor. However,
some parts of the epidermis (shown with solid white and
black arrows in optical and histological images, respec-
tively), hair follicles (dotted white and black arrows in opti-
cal and histological images, respectively), and sebaceous
glands (dashed white and black arrows in optical and histo-
logical images, respectively) accumulate considerable
amount of dye and can be confused with tumor. Straightfor-
ward qualitative comparison with corresponding histopathol-
ogy [Fig. 2(c)] demonstrates that epidermis, hair follicles,
and sebaceous glands may be discriminated from tumor by
the morphological appearance. Nonetheless, these structures
may be involved with tumor, and therefore a time-efficient
method that could reliably detect small cancer nests and is
compatible with reflectance polarization imaging would be
valuable. In the fluorescence polarization image, presented in
Fig. 2(b), tumor exhibits higher fluorescence polarization
(color-coded with green) as compared to the normal tissues
of the sample. Skin appendixes, such as hair follicles and
sebaceous glands, cannot be easily distinguished. However,
even in fluorescence polarization images, there are several
bright pixels along the epidermis (solid white arrow) and in
the vicinity of the hair follicles (dotted white arrow) that may
manifest malignancy.

Thus, several normal skin structures, such as hair fol-
licles, sebaceous glands, and epidermis, retain some dye.
Some of them appear red in color-coded reflectance images
and green in color-coded fluorescence images. To resolve
this ambiguity we have analyzed the spectral responses of all
skin structures present in the reflectance images. Figure 2(d)
shows averaged over the sample wavelength dependences of
the optical densities of MB-stained cancer sample structures.
The MB concentration is the highest in the tumor, which
results in the increase in optical density in the spectral range
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FIG. 2. (Color) Example specimen with BCC (field of view: 16 X7 mm?; site: scalp): (a) color-coded superficial reflectance image at 665 nm (bar, absolute
reflectance), (b) fluorescence polarization image excited at 615 nm and registered in the range between 660 and 750 nm (bar, fluorescence polarization), (c)
corresponding H&E frozen histology with the tumor borders (red line) outlined by certified pathologist, and (d) averaged optical density spectra of cancer and
normal structures (bars, standard deviation). In the images the solid arrow points to the epidermis, the dashed arrow points to the sebaceous gland, and the

dotted arrow points to the hair follicle.

that corresponds to the two absorption maxima of MB
around 615 and 665 nm. Even though the concentration of
the dye is lower in hair follicles, the spectral responses of
these two structures are quite similar. The spectral responses
of the sebaceous glands demonstrate that the optical density
of these skin appendixes is much lower in the MB absorption
wavelength range between 570 and 710 nm, as compared to
cancer. In the spectrum of epidermis, the MB absorption
peak at 615 nm is more pronounced than the latter at 665 nm.
This feature allows for delineation between cancer and epi-
dermis, as the former exhibits the opposite distribution of
absorption peak intensities. In addition, the comparison of
the optical density curves of epidermis and cancer shows that
the tumor accumulates much more dye and exhibits consid-
erably higher optical density in the vicinity of the 665 nm
MB absorption band. Collagen and fat do not accumulate
significant amounts of the dye, and therefore can be easily
distinguished from the tumor. In addition, subcutaneous fat
spectra exhibit higher optical density in the wavelength
range from 395 to 560 nm, as compared to other skin struc-
tures. This phenomenon can be explained by higher hemo-
globin content in subcutaneous fat. "9t is notable that all skin
structures exhibit different spectral responses within the ab-
sorption band of MB, due to the different uptake of the dye
by skin tissues. To confirm that the spectral signatures of
MB-stained skin structures can be reliably used for discrimi-

nating cancer from benign tissue we have determined and
statistically analyzed the optical densities of cancer, hair fol-
licles, sebaceous glands, epidermis, collagen, and fat col-
lected from 20 fresh thick samples containing BCCs. The
averaged dependences of the optical densities on the wave-
length for all the skin structures that were investigated are
shown in Fig. 3. The optical density of cancerous tissue was
substantially higher as compared to other skin tissues within
the absorption bands of MB. In addition, the differences in
the optical densities of epidermis and cancer were consider-
able in the wavelength range between 390 and 485 nm [see
Fig. 3(c)]. This spectral range corresponds to the Soret ab-
sorption band of hemoglobin. It is known that cancerous tis-
sue always contains blood. In contrast, healthy epidermis is
bloodless. Therefore, the observed differences may be ex-
plained by the difference in blood content of the tumor and
the epidermis. Due to variations in hemoglobin content and
to the low dye uptake by collagen and fat, the differences in
the optical densities of collagen-tumor and fat-tumor pairs
were substantial in the entire spectral range investigated. Dif-
ferences in blood content between cancer and adjacent nor-
mal skin are highly variable. In addition, reflectance mea-
surements may be affected by oxygenation of blood as well
as by location of the lesion on the body. Thus, the identified
differences in the spectral range of hemoglobin absorption
cannot provide a reliable basis for tissue discrimination.
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FIG. 3. (Color) Optical density spectra of cancer-healthy structure pairs, averaged over 20 samples; bars are standard deviations. (a) BCC and sebaceous
gland, (b) BCC and hair follicle, (c) BCC and epidermis, (d) BCC and collagen, and (¢) BCC and subcutaneous fat.

Comparative analysis revealed, that for all the structures in-
vestigated, with the possible exception of hair follicles [Fig.
3(b)], the differences in the spectral range from 615 and 700
nm between cancerous and healthy skin structures were ob-
vious [see Figs. 3(a) and 3(c)-3(e)]. Therefore, we have de-
cided to focus our further analysis on the spectral range be-
tween 600 and 735 nm.

To address the problem of reliable spectroscopic dis-
crimination of the tumor and the hair follicles we have cal-
culated and analyzed the differences in the wavelength de-
rivatives of the optical densities for cancer-normal tissue

pairs. It has been published that MB displays different ab-
sorptive  properties depending on the biochemical
environment.'™'® Thus, we hypothesized that the observed
subtle deviations in the slopes of the MB-stained cancer and
hair follicle optical density curves may be caused by differ-
ences in the biochemical environment of these two struc-
tures. Therefore, if these deviations are reproducible, they
may be used for the reliable differentiation of cancer. The
resulting dependences of the wavelength derivatives of the
optical densities are presented in Fig. 4.

To evaluate the significance of the differences between
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FIG. 4. (Color) The spectra of the optical density wavelength derivatives, averaged over 20 samples; bars are standard deviations. (a) BCC and sebaceous
gland, (b) BCC and hair follicle, (c) BCC and epidermis, (d) BCC and collagen, and (¢) BCC and subcutaneous fat.

optical densities and their wavelength derivatives of normal
and cancer tissue pairs we have used unpaired two-tailed
t-tests. The choice to perform pairwise t-test rather than start-
ing with standard analysis of variance (ANOVA) hinges
upon our intention to identify regions of difference between
the cancer tissue and other normal skin type tissues. To that
end we chose to test the independent normal skin type tissue
samples against the cancer tissue samples one by one. The
results of the tests are summarized in Table II. These results
demonstrate that for all cancer-normal tissue pairs, with the
exception of the hair follicles, there exist statistically signifi-
cant differences in the optical densities at the wavelength of
665 nm, which corresponds to one of the absorption maxima
of MB. The statistically significant differences in the wave-

length derivatives of the optical densities between cancer and
hair follicles were found at the wavelengths of 615, 705, and
735 nm, out of which 615 nm corresponds to another absorp-
tion maximum of MB. Interestingly, for all the cancer-
normal tissue pairs, the differences in the wavelength deriva-
tives of the optical densities were significant at 705 nm.
Thus, we were able to identify the spectral ranges suitable
for the reliable differentiation of the cancerous and normal
skin using spectral analysis of the reflectance images. Impor-
tantly, these wavelength ranges include the 615 and 665 nm,
which correspond to the absorption maxima of MB, which
means that the spectral analysis of the images can be incor-
porated into the tumor detection process without altering the
imaging procedure or adding complexity and time. Even
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TABLE II. Spectral regions of maximal optical contrast between cancer and normal skin structures as determined by unpaired two-tailed t-test at the

significance level of 0.05.

Optical density

Derivatives

Wavelength range of statistically

Tumor versus healthy significant difference

Wavelength range of statistically
significant difference

structure pairs (nm) p -values (nm) p -values
595 p=0.0114
. 625 p=0.0095
Collagen [595; 725] 0=p=0.000 45 635 £=0.0021
[675; 725] 0=p=0.036
. . ) [595; 665] 0=p=0.0017
Epidermis [615; 715] 0=p=0.019 [685: 725] 0=p=0.000 001
) 595 p=0.000 031
Subcutaneous fat [595; 725] 0=p=0.000 001 [675; 725] 0=p=0017
615 p=0.035
Hair follicle 705 p=0.021
725 p=0.009
645 p=0.034
Sebaceous gland [625; 695] 0.001=p=0.032 [685; 705] 0.0008=p=0.035
725 »=0.011

though in general it might seem that complete spectroscopic
analysis of every pixel in the image for the entire visible
spectral range would be an appropriate approach, in practice
it is not the most optimal way of handling the problem. First,
analysis of even ten (10) wavelengths for the 1100
X 1300 pixels will require prohibitively long time, rendering
the method unsuitable for the intraoperative use. Second, it
will be redundant, as the reflectance and fluorescence polar-
ization images provide sufficiently accurate information for
the majority of pixels. Thus, the combination of the RFPI
with the two wavelength spectral analysis of several pixels,
which appear suspicious to a surgeon who inspects the im-
ages intraoperatively, seems like a more practical approach,
suitable for use in clinical practice.

To summarize, the results of our study confirm that
analysis of the optical densities and their wavelength deriva-
tives may facilitate nonmelanoma skin cancer delineation us-
ing RFPI. The database of the tissue spectral responses col-
lected in this study and the results of the statistical analysis
indicate that the spectral range corresponding to the absorp-
tion bands of MB can be used for reliable differentiation of
cancer. Our tumor demarcation technique requires imaging at
multiple wavelengths. However, since the optical densities
and their wavelength derivatives of all the normal skin struc-
tures investigated are significantly different from those of
cancer at 615 and 665 nm, quick spectroscopic analysis at
only two (2) interrogation wavelengths should be sufficient.
The data presented above indicate that RFPI combined with
spectral analysis may become a real-time powerful tool for
the accurate intraoperative cancer delineation.
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