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1 Introduction

Abstract. Multispectral polarized light imaging (MSPLI) enables rapid
inspection of a superficial tissue layer over large surfaces, but does not
provide information on cellular microstructure. Confocal microscopy
(CM) allows imaging within turbid media with resolution comparable
to that of histology, but suffers from a small field of view. In practice,
pathologists use microscopes at low and high power to view tumor
margins and cell features, respectively. Therefore, we study the com-
bination of CM and MSPLI for demarcation of nonmelanoma skin
cancers. Freshly excised thick skin samples with nonmelanoma can-
cers are rapidly stained with either toluidine or methylene blue dyes,
rinsed in acetic acid, and imaged using MSPLI and CM. MSPLI is
performed at 630, 660, and 750 nm. The same specimens are imaged
by reflectance CM at 630, 660, and 830 nm. Results indicate that CM
and MSPLI images are in good correlation with histopathology. Cyto-
logical features are identified by CM, and tumor margins are delin-
eated by MSPLI. A combination of MSPLI and CM appears to be
complementary. This combined in situ technique has potential to
guide cancer surgery more rapidly and at lower cost than conven-
tional histopathology. © 2005 Society of Photo-Optical Instrumentation Engineers.
[DOI: 10.1117/1.1854173]
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sectioning occurs as out-of-focal-plane back-scattered light is

Advances in the development of optical imaging modafitids ~ €jected by a pinhole placed in front of a detector. Optical
have facilitated efforts to employ these techniques for nonin- S€ctioning makes it possible to record images of thin layers
vasive detection and treatment guidance of different patho- Within tissue. Confocal microscopy allows imaging within
logical conditions. In general, the turbidity of tissue creates turbid media with high resolutiofiateral~1 um, axial (sec-
major challenges for opticah vivo spectroscopy and imag-  tion thicknes ~3 to 5 um), which is comparable to histol-
ing. However, reflectance imaging techniques, like multispec- ogy. The major disadvantage of confocal microscopy as a de-
tral polarized light macroimaging and confocal microscopy tection and guidance tool for cancer surgery is its small field
(CM), are well suited for skin cancer detection and demarca- of view (typically up to about 0.3 min By sacrificing axial

tion. Confocal reflectance microscopy was introduced to the resolution up to~30 um, it is possible to enlarge the field of
field of dermatology in the 1990sSince then it has been used  view up to 2 mm. But even a 2-mm field of view is much

to study different skin disordefs. Confocal microscopy is @ smaller than the size of most lesions. To examine the entire
technique where the specimen is pointwise illuminated by a Suspected cancerous area using CM, a sequence of images
focused beam of light. An image is recorded by scanning the must be captured and stitched together. This process takes
beam focus through a plane in the specimen, and the reflectedime and motion artifacts may distort the resulting image.

light from thg specimen is foc'used onto a small detector ap- Multispectral polarized light imagingMSPLI) is a simple
erture. The light source, illuminated spot, and detector aper- 54 jnexpensive technique for skin tumor imaging. The tech-
ture are placed in optically conjugated focal planes. Optical g e provides the means to differentiate effectively between
endogenousblood, melanin, et¢.and exogenoug&lye) chro-
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of view (maximum 2.%2.7 cn), and lateral resolution of
approximately 30um. The incident power density did not
exceed 15QuW/cn?.

To image a superficial tissue layer of approximately 150 to
200 um,”® two images were acquired using the remitted light
polarized in the directions parall@l;) and perpendiculafl )
to the polarization of incident light® It has been shown pre-
viously that the difference imag@ ;=1,—1,) is produced
mainly by single scattered lighit® The images were acquired
from the dermal side of the specimens at wavelengths of the
phenothiazine dyes absorption, 630 and 660 nm, and at the
reference wavelength of 750 nm. The acquired images were
processed in the following way. The difference imadgs
M i were calculated for each wavelength. To reject the back-
ground signal, the resulting superficial macroimadgss |5
Fig. 1 Schematic diagram of multispectral polarized light imaging sys- —l }:Sr for A=630, 660 nmj =750 nm,were computed, ana-
tem. lyzed, and compared to CM images and histopathology.

2.2 Confocal Microscopy

mophores absorbing in different spectral domains and is ca- A schematic of the confocal imaging system is presented in
pable of obtaining superficial imagés 150 um in the visible Fig. 2. For the experiments, a commercial reflectance CM
spectral rangeof thick tissue layers. It is relatively insensitive  (Vivascope 2000, Lucid Incorporated, Henrietta, New York
to small shifts in the position of the imaged object. A combi- was modified in the following way. In addition to the existing
nation of the large field of view and sufficient lateral resolu- infrared laser diodéx=830 nmm), the light from an argon-ion
tion enables rapid examination of large surfaces, thus facili- laser (Innova 100, Coherent, Californigpumped dye laser
tating tumor margin delineation. However, morphology of (Coherent 599, Coherent, Califorpiavas coupled into the
individual cells and fine structures cannot be resolved using microscope. To optimize broadband visible and infrared light
MSPLI. Thus, the multispectral polarized light imaging ap- transmission through the system, several optical components
proach naturally lends itself to a combination with the confo- of the original configuration, i.e., polarizing beamsplitter,
cal reflectance microscopy technigue, which can be used by alenses, and quarter waveplate, were replaced by high-
pathologist in cases when high-resolution images of small performance substitutes. Integration of an additional light
suspicious areas are required. Such combination may becomesource allowed imaging in the wavelength range from 600 to
a powerful tool for cancer detection and demarcation. 830 nm and enabled localization of MB and TB in thick skin
In this study, the possibility of combining multispectral excisions with nonmelanoma cancers. Confocal images were

polarized light macroimaging and confocal microscopy for acquired at wavelengths of 630, 660, and 830 nm. Water im-
delineating nonmelanoma skin cancers, i.e., basal cell carci-mersion 20</0.75 objective(Nikon, Japah was used in all
noma(BCC) and squamous cell carcinon@CQC), was inves- experiments. The system provided an axial resolution of 5 to 6
tigated. 23 freshly excised thick skin samples with nonmela- wm, and lateral resolution of 1.2 to 1/8m in the range from
noma skin cancers were stained with either toluidine blue O 620 to 830 nm. The incident power for each wavelength was
(TB) or methylene bluéMB), rinsed in acetic aci¢AA), and adjusted not to exceed 12 mW. Confocal images were ac-
imaged using CM and MSPLI systems. The acquired images quired from the dermal side of the samples at depths of 10 to
were processed and compared to each other and to histopa40 um beneath the surface of the tissue. The depth of confo-
thology. The ability of this combined technique to delineate cal imaging was chosen based on location, size, and surface
tumor margins and distinguish different tissue structures was curvature of the investigated part of the specimen. Single con-
evaluated. focal images covered the area of 80800 um. To compare

the results with macroscopic polarized light images, confocal

mosaics were created from single confocal images. These mo-

2 Materials and Methods saics covered an area ofx8 mm. The resulting confocal
2.1 Multispectral Polarized Light Imaging images and mosaics were compared to MSPLI and histopa-
thology.

A schematic of the multispectral polarized light imaging sys-
tem is presented in Fig. 1. We used a xenon arc ldrambda ) )
LS, Sutter Incorporated, Novato, Californisombined with 2.3 Tissue Preparation

interference filters as a narrowband light source and a charge-Fresh thick skin specimens containing honmelanoma cancer
coupled devicéCCD) camera CoolSNAP Monochrome Pho-  were obtained from Mohs micrographic surgeries. In total, 23
tometrics, Roper Scientific Incorporated, Tuscon, Arizcas samples were used for the experiments. The study was per-
an imaging device. Linearly polarizing filters were introduced formed according to a protocol approved by the institutional
into the pathways of incident light and light collected by the review board of Massachusetts General Hospital. Discarded
camera to enable imaging using co- and cross-polarized scattumor material that remained after Mohs histological analysis
tered light. The automated system provided rapid image ac-was used. The tissue was frozen in the microcryotome and
quisition and processing at multiple wavelengths, large field thawed immediately before the experiment. Several contrast
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Fig. 2 Schematic diagram of the confocal microscope.

agents, including methylene blue, toluidine blue O, and acetic quantitative discrepancies in the size of the tumors determined
acid, were applied to the tissue to enhance the contrast of afrom the MSPLI and histopathology. Confocal images were
lesion with respect to the healthy tissue. MB and TB are pref- acquired from depths of 10 to 40m below the surface of the
erentially retained in carcinoma celf§These dyes have simi-  tissue. Therefore, they should closely resemble the last histo-
lar chemical structures and physicochemical properties. Ab- logical frozen section processed during Mohs surgery. How-
sorption band in the 550- to 700-nm region determines the ever, the ideal correlation cannot be expected, as the spatial
blue color of MB and TB. Acetic acid is often applied for gap of 10 to 4Qum between the frozen and confocal sections
confocal examination of different cancer types.Washing is on the order of one to several cell dimensions. For these
with acetic acid leads to chromatin compaction inside the cell reasons, quantitative comparison of the images to histopathol-
nuclei. Compacted chromatin increases light scattering by theogy could not be done in a straightforward manner and was
nuclei, thus enhancing the contrast of the image. For the ex-not attempted in this work. However, due to the obvious simi-
periments, each specimen was submerged for 10 to 20 min inlarities of the tissue features present in histological slides,
isotonic Dulbecco’s phosphate-buffered solutid®PBS of CM, and MSPLI images, visual qualitative comparison of the
MB or TB and for 2 min in 5% AA. 13 samples were stained tumor shape, size, and margins was performed.

using MB and AA(11 BCC and 2 SC{Cand 10 samples using
TB and AA(7 BCC and 3 SCT After the excessive dye was
rinsed off the samples, the intact tissue was imaged using CM
and MSPLI systems. For imaging, cancer specimens were
placed on a glass slide and covered with a cover slip. A drop
of saline solution was added to prevent drying of the sample.
To enable comparison of the results to histopathology, the
images were acquired from the dermal side of the specimens.

3 Results and Discussion

Nodular basal cell carcinoma is the most frequently occurring
type of nonmelanoma skin cancers. Confocal and polarized

Tissue used for experiments

~

2.4 Comparison of the Images to Histopathology Histalogical section

used for evaluation
The resulting MSPLI and CM images were qualitatively com- —
pared to each other and to the last histological frozen section
processed during Mohs surgery. Preparation of histological
horizontal sections is described in detail elsewHéré Ide-
ally, the last frozen section generated during surgery should
reproduce the features of the reflectance polarization image
acquired from the remaining discarded piece of tissue that we
use for the experimentsee Fig. 3. However, the thickness
of an optical section is approximately 150 to 206. It is 30
to 40 times thicker than the histological section, which is only
5 um thick. This difference in thickness may contribute to the  Fig. 3 Preparation of the horizontal histological frozen sections.
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Fig. 4 Images of nodular BCC stained in 0.2 mg/ml aqueous solution
of MB: (a) confocal mosaic acquired at 660 nm; (b) superficial mac-
roimage acquired at 660 nm; and (c) histological frozen section. Tu-
mor margins in (c) as determined by a Mohs surgeon are outlined with
red line (color online only).
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Fig. 5 Images of infiltrative BCC stained in 0.2 mg/ml aqueous solu-
tion of TB. (a) Confocal mosaic acquired at 830 nm. (b) Confocal
mosaic acquired at 630 nm. (c) Superficial macroimage acquired at
630 nm. Red square in the confocal mosaics outlines the area pre-
sented in the confocal images in Figs. 6(a) and 6(b). (d) Histological
frozen section. Tumor margins in (d) as determined by Mohs surgeon
are outlined with red line (color online only).

show single tumor nests. The differences in resolution can be
explained mainly by a difference in the optical section thick-
ness between CM and MSPLI. The optical section thickness
of each confocal image is5 to 6 um, approximately 30 to

40 times less than that of each MSPLI macroimage. Skin
tumor excisions are thicker in the center and thinner at the
edges. Therefore, it is usually not feasible to create a CM
mosaic over the whole sample including the boundaries,
whereas in the superficial macroimage, the complete sample
is visualized. Another practical factor limiting confocal imag-
ing is that CM requires the imaged sample surface to be held
flat, which is difficult to achieve for a large surgical tissue
sample. In contrast, MSPLI imaging does not require the
sample surface to be flattened.

Infiltrative BCC tumors are a common variant of BCC that
typically have thin strands or cords of tumor cells extending
into the surrounding dermis. This type of tumor is usually
hard to delineate. A surgical excision specimen with an infil-
trative BCC was stained using aqueous solution of (DR
mg/ml) and imaged at the wavelength of 630 nm, which is
within the absorption band of the dye, and at 830 nm, where
absorption of the dye is negligible. Confocal mosaics of the
acquired images are presented in Fig&) @and Jb). It is
difficult to localize the dye in Fig. ® (confocal mosaic at
830 nm), while the dark areas in Fig(|) (confocal mosaic at
630 nm clearly demarcate areas of high dye concentration,
corresponding to tumor. As in the case shown in Fig. 4 of a

light superficial images of a representative specimen with nodular BCC stained in MB, the confocal mosaic at 630 nm
nodular basal cell carcinoma stained in 0.2 mg/ml aqueous and the superficial polarized light image acquired at the same

solution of MB acquired at 660 nm are presented in Figa). 4
and 4b), respectively. Contrast of the tumor with respect to
normal tissue was sufficient for reliable delineation of the
cancer margins in both CM and MSPLI images. CM and
MSPLI images, presented in Figs(a# and 4b), correlate
well with corresponding histopathology, presented in Fig.
4(c). Comparison of the images in Figsiatand 4b) shows
that a CM mosaic provides more information than MSPLI on

wavelength Fig. 5(c)] are remarkably similar. Comparison of
these two images with the last frozen section processed during
Mohs surgery, presented in Figdb, demonstrates good cor-
relation with histopathology. However, due to inherently
lower resolution, the separate tumor lobules that are clearly
visible in the CM mosaic can hardly be seen in the superficial
macroimage. This case illustrates the value of combining CM
and MSPLI to see both the small tumor lobules and the wider

the arrangement and structure of separate tumor lobules, but idield tumor borders, respectively.

not capable of visualizing the complete sample, whereas an

MSPLI image provides a larger field of view, but does not

Journal of Biomedical Optics
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Confocal images presented in Figgagand b) are taken
from the squares outlined in the CM mosaics at 830 and 630
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Fig. 6 Images of infiltrative BCC stained in 0.2 mg/ml aqueous solu-
tion of TB. Red arrows point to the locations of the tumor lobules. (a)
Confocal image at 830 nm taken from the red square area of the
mosaic presented in Fig. 3(a). (b) Confocal image at 630 nm taken
from the red square area of mosaic presented in Fig. 3(b). (c) Histo-
logical frozen section (color online only).

nm, shown in Figs. @ and 3b). Corresponding histopathol-
ogy is shown in Fig. &). These confocal images were ac-

Fig. 8 Images of micronodular BCC stained in 0.2 mg/ml aqueous
solution of MB. (a) Superficial macroimage acquired at 660 nm. Red
square outlines the area presented in confocal images and histopa-
thology in Figs. 8(b), 8(c), and 8(d). (b) Confocal image at 830 nm

quired at the margin of the tumor and contained several tumor taken from the red square area of the macroimage presented in Fig.

lobules(red arrow$ mixed with areas of healthy tissue. Mar-

gins of the tumor can hardly be delineated in the image ac-
quired at 830 nm, whereas in the image acquired at 630 NM, ¢apaceous glands (color online only)

8(a). (c) Confocal image at 660 nm taken from the red square area of
the macroimage presented in Fig. 8(a). (d) Histological frozen section.
Red arrow shows the location of tumor lobules; green arrow shows

the tumor is much darker than healthy tissue and can be easily

demarcated. Comparison of the image at 630 Rig. 6(b)] to
frozen H and E sectiofFig. 6(c)] confirms that position and
shape of single tumor lobules is determined correctly by con-
focal microscopy.

In Fig. 7, images of invasive squamous cell carcinoma, .

stained using 0.1 mg/ml aqueous solution of TB, are pre-

sented. A polarized macroimage acquired at 630 nm and cor-

responding histological section are shown in Fig&) and

7(b). The shape and the size of the tumor that appears dark in

the macroimage correspond well to that outlined with red
marker in the histology. A confocal image of part of the can-

cerous area acquired at 630 nm and corresponding histopa

thology are presented in Figs(cy and 7d), respectively.
Morphological appearance of the tumor microstructure is very

200 pm

Fig. 7 Images of invasive SCC stained in 0.1 mg/ml aqueous solution
of TB. (a) Superficial macroimage acquired at 630 nm. (b) Histological
frozen section. Tumor margins in (b) as determined by a Mohs surgeon
are outlined with red line. (c) Confocal image of cancer acquired at
630 nm. (d) Magnified image of the histological frozen section taken
from the same area as presented in Fig. 7(c) (color online only).
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similar in the confocal image and histology. Tumor cells ap-
pear bright due to scattering enhanced by acetic acid. Loca-
tion and shape of the tumor lobules correlates well with those
in the H and E stained frozen section. This example shows
that a combination of topical staining using phenothiazine
dyes and rinsing in AA may further enhance the similarities in
the appearance of the acquired images and histopathology,
thus simplifying interpretation of macro- and confocal im-

In Fig. 8@ a polarized light macroimage of a basal cell
carcinoma specimen stained in 0.2 mg/ml aqueous solution of
MB acquired at 660 nm is presented. Two strongly stained
islands of BCC can be clearly delineated in the image. Mag-
nified confocal images of the BCC lobule, which is outlined
in red in Fig. 8a), acquired at 660 nnistrong absorption by
MB) and 830 nm(negligible absorption by MBare shown in
Figs. 8b) and 8c), respectively. Detailed evaluation of con-
focal images taken at 660 and 830 nm demonstrates that one
part of the suspicious arémarked with green arromappears
dark in both images, whereas another gararked with red
arrow) is much darker in 660 nm, as compared to the 830-nm
image. Therefore, the area that is clearly darker in the 630-nm
image than in the 830-nm image contains a significant amount
of the dye and can be presumed to be a tumor. However, the
suspicious area that is dark at both wavelengths implies a
structure with low scattering and comparatively low dye up-
take. In skin, sebaceous glands appear as such lower-
scattering structures. Comparison of the images to histology,
presented in Fig. @) confirms that these dark areas contain a
tumor lobule and a sebaceous glamedd and green arrows,
respectively.

In total, we have investigated 23 thick surgical excisions of
nonmelanoma skin cancer, including 18 basal cell carcinoma
(nodular and infliltrativg and 5 invasive squamous cell carci-
noma samples. The lateral size of the nonmelanoma skin can-
cer specimens varied from 4 to 36 mm and the thickness from
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3 to 18 mm, respectively. The lateral sizes of the tumors pathology. By allowing the tumor to be delineaiedsitu, this
ranged from 0.5 to 15 mm. For 13 tumors with lateral sizes approach may decrease the cost and time of cancer surgery.

less than &6 mm, confocal mosaics were created and quali-

tatively compared to superficial macroimages and histopathol- Acknowledgments
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