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Abstract
Intraoperative delineation of breast cancer is a significant problem in surgical oncology. A reliable method for

demarcation of malignant breast tissue during surgery would reduce the re-excision rate due to positive margins.
We present a novel method of identifying breast cancer margins using combined dye-enhanced wide-field
fluorescence polarization imaging for en face cancer margins and polarization-sensitive (PS) optical coherence
tomography (OCT) for cross-sectional evaluation. Tumor specimens were collected following breast surgery,
stainedwithmethylene blue, and imaged.Wide-fieldfluorescence polarization imageswere excited at 640 nmand
registered between 660 and 750 nm. Standard and PS OCT images were acquired using a commercial 1,310-nm
swept-source system. The imaging results were validated against histopathology. Statistically significant higher
fluorescence polarization of cancer as compared with both normal and fibrocystic tumor tissue was measured in
all the samples. Fluorescence polarization delineated lateral breast cancer margins with contrast superior to that
provided by OCT. However, OCT complemented fluorescence polarization imaging by facilitating cross-sectional
inspection of tissue. PS OCT yielded higher contrast between cancer and connective tissue, as compared with
standard OCT. Combined PS OCT and fluorescence polarization imaging shows promise for intraoperative
delineation of breast cancer. Cancer Res; 74(17); 4685–93. �2014 AACR.

Introduction
Women have a 1 in 8 lifetime risk of having invasive breast

cancer, which is the second leading cause of cancer death in
women (1). Sixty to seventy percent of patients with breast
cancer undergo lumpectomy or breast-conserving surgery
(BCS) for surgical resection of the tumor and the rest have
mastectomy (2, 3). Alternative noninvasive treatments are also
being developed such as MRI-guided focused ultrasound sur-
gery (4, 5) but BCS presently remains the preferred method of
treatment. Currently, breast cancer resection margins are
defined several days postoperatively by pathologists analyzing
the gross resection specimen macroscopically and represen-
tative histopathology sections of the tissue microscopically,
thus rendering a final diagnosis. However, it is not practical to
evaluate the entire tumor margin with this method, as thou-
sands of histologic tissue sections would have to be examined
to fully evaluate the surface of a breast specimen measuring
1 cm in length (6). Therefore, pathologists render a diagnosis by
analyzing the regions of interest selected from macroscopic
evaluation, which may lead to sampling error. In addition,
pathologic tissue processing takes days to complete and in 20%

to 60% of cases additional tumor is found at the margins (7, 8).
Many patients require additional surgery, which results in
higher treatment cost, greater morbidity, infection risk,
delayed adjuvant therapy, poor cosmetic outcomes, and a
patient's loss of confidence in the adequacy of the treatment
(6). Therefore, defining cancer margins intraoperatively is an
important step for lowering the re-excision rate. Alternative
pathology approaches such as frozen section (FS) pathology (9)
and Touch Prep (TP) cytology (10) have been proposed.
However, performance limitations (11) have prevented main-
stream adoption of such methods. For example, TP cannot
distinguish between in situ and invasive cancers (12). Similarly,
FS processing is time consuming and may damage tissue
compromising definitive permanent histopathology (13, 14).
Further, TP and FS are not widely available and not routinely
used even at high volume centers due to the need for an onsite
pathologist (8). Therefore, surgeons performing BCS have an
urgent need for a method to observe the entire cancer margin
intraoperatively in real time.

Optical techniques such as wide-field polarization imaging
(WFPI; refs. 15–19) and optical coherence tomography (OCT;
refs. 20–22) can potentially perform rapid and accurate eval-
uation of the entire surgical margin intraoperatively. Previ-
ously, our laboratory has shown promising results in delineat-
ing cancer in ex vivo samples of breast ductal carcinomas using
a combination of WFPI and standard OCT (16). In the study,
wide-field imaging was used to accurately evaluate lateral
extent of the tumor of the tissue, whereas standard OCT
provided high-resolution information on the depth of the
lesion. Standard OCT was capable of distinguishing adipose
tissue and cancer, but it was difficult to discern tumor on the
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background of connective tissue. To remedy this deficiency, in
this study, we investigated the combination of wide-field
fluorescence polarization and polarization-sensitive OCT (PS
OCT). PS OCT is capable of examining birefringence differ-
ences within the tissue sample (23). As the birefringence
exhibited by fibrous tissue is higher than that of tumors, PS
OCT can be expected to enhance contrast of cancer on the
fibrous background (16), thus improving the results of tumor
delineation as compared with standard OCT (24–26). In this
article, we present en face fluorescence polarization and cross-
sectional PSOCT images of breast tumors and compare optical
images with histopathology. In addition, we evaluated the
values of fluorescence polarization in invasive ductal carcino-
ma (IDC), benign fibrocystic breast disease or benign fibro-
cystic change (FCC), and normal breast tissue.

Materials and Methods
Contrast agent

Methylene blue (MB) was used as a fluorescent contrast
agent for WFPI. MB is currently used for detecting breast
cancer in sentinel node (27–30). It is approved for human use
and does not affect OCT imaging because the MB absorption
peaks (618 nmand 668 nm) do not overlapwith thewavelength
(1,325 nm) used for OCT. Furthermore, this dye has been
shown to have similar staining pattern to hematoxylin and
eosin (H&E) in histopathology (31–33), which simplifies mor-
phologic analysis of the images by clinical personnel. Com-
mercially available MB (MB 1% injection, USP, American
Regent Laboratories, Inc.) was purchased for this study. For
staining, MB was diluted to a concentration of 0.05 mg/mL
with Dulbecco Phosphate Buffered Saline solution (DPBS 1�,
pH 7.4, Mediatech).

Sample preparation and handling
Excess tissue specimens for the study were obtained from

UniversityofMassachusettsMedicalCenter followingBCSunder
an Institutional Review Board-approved protocol. In total, we
have investigated 16 specimens from16 patients. Information on
the specimens is summarized in the firstfive columns of Table 1.
The specimens for the study were obtained by a pathologist
before fixation in formalin and after performing gross exami-
nation. The tissues included some tumor and a rim of adjoining
residual breast tissue, which could contain normal tissue. The
specimenswere placed in vials with saline solution (DPBS pH 7.4
from Mediatech Inc.) and immediately transported to UMASS
Lowell for imaging. Imaging team was not informed of the
diagnosis of the specimens. Of the 16 specimens, five were
obtained from mastectomy and 11 from needle localization
lumpectomy specimens either for a preoperative diagnosis of
carcinoma or in four cases for a diagnosis of fibrocystic change
with atypical ductal hyperplasia. Of the five fibrocystic change
samples, four were from lumpectomies for benign condition.
The fifth sample was preoperatively diagnosed as ductal carci-
noma in situ. However, after histopathologic examination of the
imaged tissue, it was confirmed to be benign fibrocystic change.

Upon receiving samples at the Advanced Biophotonics
Laboratory, the samples were stained in a 0.05 mg/mL MB
solution for 2 minutes. The excess stain rinsed off and the
tissues were imagedwith theWFPI system and PSOCT system.
Following imaging, the specimens were fixed in formalin and
histopathology sections were processed from approximately
the same en face and vertical planes that were imaged.

OCT imaging and data processing
A commercially available Thorlabs swept-source system

(OCS1300SS) with a PS add-on module (PSOCT-1300) was

Table 1. Study subjects

Mean fluorescence
polarization � SD

Sample # Gender Age
Lateral dimensions,
(mm � mm)

Diagnosis,
grade

Surgical
treatment Benign Malignant

1 F 72 6.7 � 8.1 IDC, 1 Lumpectomy 0.01 � 0.01 0.04 � 0.01
2 F 44 7.4 � 9.9 IDC, 1 Lumpectomy 0.01 � 0.01 0.04 � 0.01
3 F 71 7.2 � 8.7 IDC, 1 Lumpectomy 0.02 � 0.01 0.05 � 0.02
4 F 49 7.9 � 10.5 IDC,1 Mastectomy 0.02 � 0.01 0.04 � 0.01
5 F 48 8.8 � 9.8 IDC, 2 Lumpectomy 0.03 � 0.02 0.06 � 0.02
6 F 73 8.6 � 9.3 IDC, 2 Lumpectomy 0.03 � 0.02 0.08 � 0.02
7 F 49 8.9 � 9.4 IDC, 2 Mastectomy 0.03 � 0.02 0.07 � 0.02
8 F 55 9.2 � 9.4 IDC, 2 Lumpectomy 0.03 � 0.02 0.08 � 0.02
9 F 44 7.9 � 9.7 IDC, 3a Mastectomy 0.03 � 0.01 0.09 � 0.03

10 F 72 7.5 � 7.7 IDC, 2b Mastectomy 0.03 � 0.02 0.07 � 0.02
11 F 72 7.3 � 8.3 IDC, 2 Mastectomy 0.03 � 0.02 0.07 � 0.02
12 F 72 6.6 � 9.9 FCC Lumpectomy 0.02 � 0.01
13 F 67 11.8 � 12.9 FCC Lumpectomy 0.01 � 0.01
14 F 61 6.5 � 8.5 FCCc Lumpectomy 0.01 � 0.01
15 F 38 9.8 � 12.4 FCC Lumpectomy 0.03 � 0.01
16 F 53 6.1 � 10.2 FCC Lumpectomy 0.01 � 0.01

aWith squamous differentiation; bwith lobular growth; cpreoperatively diagnosed as ductal carcinoma in situ.
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used for OCT imaging in this study. The system incorporated a
1,325-nm high-speed, frequency swept laser to illuminate the
sample. The two orthogonal polarization states were detected
using a fiber polarization beam splitter. The interference
signals were fed to two balanced detectors measuring the
vertical and horizontal polarization states, which were used
to calculate birefringence-induced phase retardation images
along with standard OCT images. The OCT system provided a
lateral resolution of 25 mm and an axial resolution of 9 mm to
12 mmwith amaximum imaging depth of 1.5 to 2mm in breast
tissue and a scanning rate of 25 fps. The data acquisition and
processing was handled using Thorlabs-integrated software
package. The software allowed for automatic acquisition of
multiple cross-sectional images of a given volume, which could
be processed into a three-dimensional (3D) volume block.

Wide-field imaging and data processing
The illuminationwas provided by a xenon arc lamp (Lambda

LS; Sutter) combined with a 640-nm bandpass filter, with a full
width at half maximum of 10 nm. The lamp was attached to a
custom-built ring light guide, which provided homogeneous
illumination of the sample. Images were acquired using a 0.5�
Rodenstock lens coupled to a CCD camera (CoolSnap cf2;
Roper Scientific). Linear polarizing filters (Meadowlark Optics)
were integrated into the ring light guide in the pathways of the
light incident on the sample and light collected by the camera.
The analyzing polarizer was calibrated for two positions,
parallel or perpendicular to the polarization of the incident
light, which allowed for rapid sequential acquisition of co- and
cross-polarized images. Data acquisition and processing was
performed using Metamorph software (Molecular Devices,
Inc.). Fluorescence polarization images were registered
between 660 nm and 750 nm using a bandpass filter (660AELP;
Omega Optical) placed in front of the CCD camera. The
calibration factor (G ¼ 0.98) was measured to account for a
bias in the detection of the two polarization states in the
manner described by Lakowicz (34). The system provided a
lateral resolution of 12mmandafield of viewof 2.2 cm� 1.6 cm.
Fluorescence polarization images were calculated pixel-by-
pixel using the formula

fpli ¼ Ifco � G � Ifcr
Ifco þ G � Ifcr ; ð1Þ

where fpli is the fluorescence polarization image, Ifco is the
fluorescence co-polarized image, and Ifcross is the fluorescence
cross-polarized image.

Histopathology
Both en face and vertical histopathology sections were

processed from each of the imaged tissue samples. After
imaging, the fixed tissues were embedded horizontally in
paraffin, and several 5-mm thick slices were cut using a
microtome. The sections were cut from the approximate
planes that were imaged. Once cut, the tissue sections were
transferred to glass slides and stained with H&E. After the en
face histopathology had been processed, the paraffin tissue
blocks were melted, the tissue was reoriented and embedded
for cross-sectional slices to be cut. These vertical sections were
cut from the approximate locations of regions of interest

defined from OCT and PS OCT images. The cross-sectional
sections were then transferred to glass slides and stained as
described for en face sections. All histopathology slides were
digitized using a Zeiss Axioscope microscope (Zeiss; 5� objec-
tive lens, numerical aperture, 0.13). The optical images were
correlated with corresponding digitized histopathology.

Evaluation of tumor contrast in optical images
Contrast of tumor with respect to normal tissue was

assessed quantitatively for wide-field fluorescence polariza-
tion, standardOCT, andPSOCT images. For correlating optical
and histologic images and for evaluating cancer contrast in the
optical images, the tumor and normal areas were outlined in
the optical images of each specimen, exactly as they present in
histopathology. This procedure was described in detail else-
where (15, 16, 35, 36). In short, cancerous and normal regions
were outlined by a pathologist in digitized histopathology
slides. Because of the preparation of paraffin-embedded his-
topathology, sections may not preserve the shape and size of
the imaged tissue block. To correct for this artifact, digitized
histopathology slides were overlaid onto the optical images.
Then affine, projective, or polynomial transformations were
applied so that similar structures in the optical images coin-
cided with corresponding structures in histopathology. After
correction, the regions corresponding to cancer and normal
breast tissue in histopathology were outlined in the optical
images.

Mean fluorescence polarization values were determined for
each specimen frommean pixel values of the entire tumor and
normal areas in the fluorescence polarization images. Thus,
obtainedmean fluorescence polarization values for cancer and
normal tissue were averaged across all samples.

To compare contrast of the standard OCT and PS OCT
images, the images were normalized by the maximum pixel
value. Normalized mean pixel values for tumor and normal
areas were calculated for each specimen. Then obtained mean
pixel values for cancer and normal tissue were averaged across
all specimens.

Tumor contrast was calculated using the formula

C ¼ pxlT � pxlN jj
pxlT þ pxlN

; ð2Þ
where C is the contrast, pxlT is the mean pixel value for tumor
areas, and pxlN is the mean pixel value for normal areas,
including adipose and fibrous connective tissue. Contrast
value of 1 indicates maximum contrast, whereas 0 indicates
no contrast.

Statistical analysis
The differences in tumor and normal values were evaluated

statistically for wide-field fluorescence polarization, standard
OCT, and PS OCT images using a one-tailed Student t test for
two independent populations. In all cases, we tested the
alternative hypothesis that the mean pixel value averaged over
tumor regions in each sample was significantly different from
the mean pixel value averaged over all normal regions in the
samples. The P value results were calculated for each modality
and considered significant at P < 0.005.

Multimodal Polarization Imaging for Breast Cancer Detection
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Results/Discussion
In total, 11 IDCs and five benign fibrocystic breast tumors

from 16 patients were imaged for this study. The patient ages
ranged from 38 to 73 years. The sample sizes varied approx-
imately between 6.1 to 12.9 mm in the lateral dimensions and 3
to 7mm in depth. The respective data are summarized in Table
1. Histologic analysis performed by the study pathologist after
optical imaging established that all cancer specimens included
tumor and normal regions. Fibrocystic tumor specimens did
not contain normal tissue.

Example en face images of a representative IDC sample are
presented in Fig. 1. IDC shows architecturally abnormal pro-
liferation of ducts, with ill-defined margins and variable
amount of fibrocollagenous or adipose stroma. In this carci-
noma sample, the tumor presents on the background of
fibrocollagenous connective tissue as seen in histopathology
(Fig. 1A) and residual benign breast tissue seen in the bottom
third of the tissue section is predominantly adipose (fat) tissue.
Cancer-affected area is bright in the fluorescence polarization
image (Fig. 1B). Comparison of the tumor boundary in fluo-
rescence polarization image and in histopathology (Fig. 1A)
demonstrates good correlation. In Fig. 1B, the tumor is clearly
distinguished from the surrounding normal tissue, as fluores-
cence polarization rapidly decreases upon transition into the
normal tissue. The en face standard OCT and PS OCT images
are presented in Fig. 1C and D, respectively. Tumor-affected
area, as well as connective tissue, seems equally bright in the
standard OCT image (Fig. 1C) and can hardly be distinguished.
In contrast, in the PS OCT image (Fig. 1D), tumor is dark,

whereas the fibrous tissue is bright, which confirms our
hypothesis that birefringence imaging may help in delineating
tumor and connective tissue. Comparison of the en face optical
images, including fluorescence polarization (Fig. 1B), standard
OCT (Fig. 1C), and PS OCT (Fig. 1D), with histopathology
(Fig. 1A) demonstrates that fluorescence polarization deline-
ates the tumor margins more accurately as compared with
standard OCT and PS OCT. In particular, neither of the OCT
modalities highlights cancer in the upper left corner of the
specimen. For this particular sample, the contrast for tumor to
adipose tissue was measured to be 0.65 in the fluorescence
polarization image (Fig. 1B), 0.14 and 0.03 in the standard OCT
(Fig. 1C) and PS OCT (Fig. 1D) en face images, respectively.
Moreover, it is hard to discern fibrous tissue surrounded by
the tumor in Fig. 1C. However, the standard OCT image
in Fig. 1C demonstrates remarkable morphologic detail. In
particular, honeycomb structure of adipose cells is very prom-
inent. PS OCT (Fig. 1D) provides complimentary information
by highlighting the morphology of connective tissue. The
contrast for tumor to fibrous connective tissue was 0.34 in
the fluorescence polarization image (Fig. 1A), 0.22 and 0.40 in
the standardOCT (Fig. 1C) andPSOCT (Fig. 1D) en face images,
respectively.

Cross-sectional OCT images of the IDC specimen shown
in Fig. 1 are presented in Fig. 2B–C. The approximate location
of the cross-sectional images is indicated in the en face
histopathology image displayed in Fig. 1A. Cross-sectional
histopathology (Fig. 2A) shows an area of tumor and connec-
tive tissue surrounded by adipose tissue on either side. Sim-
ilarly to the en face standardOCT image in Fig. 1, standardOCT
shows good contrast of adipose tissue in the cross-section
pictured (Fig. 2B). The standard OCT image correlates well
with histopathology but does not differentiate tumor on the
background of connective tissue. PS OCT (Fig. 2C) emphasizes
an area of connective tissue that is not clearly delineated in the
standard OCT image (Fig. 2B), although it does not clearly
distinguish adipose tissue.

A representative benign fibrocystic breast disease case is
shown in Figs. 3 and 4. Fibrocystic change (FCC) presents as a
combination of features, including stromal fibrosis, cystic
dilatation of ducts, apocrine metaplasia, and adenosis. En face
histologic and optical images are displayed in Fig. 3 with
corresponding cross-sectional images shown in Fig. 4. In
histopathology (Fig. 3A), the pink area seen above the fatty
breast tissue shows FCC, which mainly includes stromal
fibrosis and cystic dilatation of the ducts. Smaller foci include
lobules that have some minimal degree of adenosis. Fluores-
cence polarization does not highlight any areas in the sample.
Thus, the benign lesion does not exhibit significant fluores-
cence polarization.

As compared with the ductal carcinoma sample presented
in Figs. 1 and 2, the contrast in fluorescence polarization image
of FCC is poor (Fig. 3A). FCC exhibited fluorescence polariza-
tion of 0.02. This value is significantly lower as compared with
the average fluorescence polarization of the tumor area in the
ductal carcinoma specimen presented above, which was mea-
sured as 0.09. Standard OCT (Fig. 3B) and PS OCT (Fig. 3C) also
display low contrast except for small pockets of adipose tissue
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Figure 1. En face images of a representative sample with invasive ductal
carcinoma. A, histopathology. B, wide-field fluorescence polarization. C,
standard OCT. D, PS OCT. Red line in A, approximate location of cross-
sectional images shown in Fig. 2 (bar, 1 mm).
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in between areas of dense fibrous tissue. Neither of the OCT
images of FCC highlights the lesion.
Cross-sectional standard OCT (Fig. 4B) shows no distinction

between fibrous tissue and benign ducts and lobules, as
indicated in histopathology. There is no adipose tissue present
in this cross-section and as such the standard OCT image lacks
contrast. In contrast, PS OCT (Fig. 4C) yields higher signal in
areas corresponding to fibrous connective tissue, whereas the
benign ducts and lobules exhibit a lower signal. PS OCT
highlights dense connective tissue within FCC sample. It also
emphasizes the stromal fibrosis within the tissue except for the
regions containing breast ducts and lobules with adenosis.
The pixel values of optical images for cancer, fibrocystic

tumor, and normal areas averaged over all samples are sum-
marized in Fig. 5. For fluorescence polarization images, these
averaged pixel values represent mean fluorescence polariza-
tion. The mean fluorescence polarization of normal, fibrocys-
tic, and cancerous areas measured over all samples in this
study was found to be 0.03� 0.01, 0.02� 0.01, and 0.06� 0.02,
respectively. The fluorescence polarization values found for
normal and cancer tissue in this study are in good accordance
with previously measured values from our earlier study (15).
Higher fluorescence polarization of cancer with respect to
benign tissue was measured in all the samples. There could be
several explanations of these results. In our previous work, we
have ruled out the hypothesis that differences in elastic scat-
tering from tumor and normal tissue lead to enhanced fluo-
rescence polarization of breast cancer (13). Restricted rota-
tional motion as well as reduced fluorescence lifetime of the
dye molecules in cancer cells can result in higher fluorescence
polarization (34). Restricted rotational motion of dye mole-
cules could be caused by several factors such as binding of the
dye molecules to large cell organelles and higher intracellular
viscosity. The work is currently under way to investigate the

origins of higher fluorescence polarization in breast cancer as
compared with normal tissue and benign pathology.

Fluorescence polarization values averaged over the cancer
and normal areas for each sample are presented in columns
seven and eight of Table 1. Mean fluorescence polarization
values for normal tissues varied between 0.01 and 0.03, whereas
mean fluorescence polarization of cancer was in the range
between 0.04 and 0.09. Even though the highest mean fluores-
cence polarization, 0.03, of normal tissue seems to be close to
the lowestmean fluorescence polarization exhibited by cancer,
0.04, it can be seen from the table that the samples with lower
fluorescence polarization of normal tissue exhibit lower fluo-
rescence polarization values of cancer and similarly samples
with higher normal tissue fluorescence polarization exhibit
higher cancer fluorescence polarization. These variations
between the samples are most likely caused by the differences
in the background optical properties of the specimens, and in
particular, by differences in the scattering coefficient. It can
also be appreciated that higher grade cancer tissue demon-
strated overall higher fluorescence polarization. Further stud-
ies are required to investigate the apparent correlation
between the stage of cancer and fluorescence polarization
values exhibited by tissue.

Averaged over all samples, fluorescence polarization exhib-
ited by breast cancer and FCC is 0.06 � 0.02 and 0.02 � 0.01,
respectively. The gradient of fluorescence polarization at the
boundary between cancer and benign tissue is high in all the
specimens investigated. Thisfinding indicates thatfluorescence
polarization may be capable of differentiating between malig-
nant and benign disease and accurately delineating cancer. It is
known that dense breast tissue as a result of fibrocystic change
can cause enhanced contrast onMRmammography, leading to
false positives (37). Furthermore, with commonly used current
breast cancer screening tests, conventional mammography,

Adipose

Tumor

Connective

Bar = 1 mm

0º 180ºPhase retardation

A

B

C

Histology

Standard OCT

Polarization OCT

Figure 2. Cross-sectional images of the invasive ductal carcinoma sample presented in Fig. 1. The images were acquired from the approximate location
indicated in Fig. 1A (red line). A, the histopathology cross section of IDC sample outlining areas of tumor, adipose, and connective tissue. Corresponding
standard OCT and PS OCT sections are shown in B and C, respectively (bar, 1 mm).
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and/or clinical breast examination, false-positive rates over a
10-year period have been reported as high as 31.7% (38).
Therefore, if benign diseases could be reliably diagnosed pre-
operatively using "optical biopsy," it could prevent unnecessary
resection of nonmalignant tissue or surgery all together for
these patients.

Normalized average pixel values of normal and cancerous
areas, measured from OCT and PS OCT images, are summa-
rized in Fig. 6. Averaged pixel values for normal and cancer
tissue for standard OCT were 0.13 � 0.09 and 0.29 � 0.07,
respectively. For PSOCT, the normalized pixel value for normal
areaswas 0.26� 0.08 and 0.29� 0.08 for cancer. The contrast of
cancer in the fluorescence polarization images was found to be
0.39 � 0.08, whereas in standard OCT and PS OCT images, it
was 0.39 � 0.15 and 0.24 � 0.09. Fluorescence polarization
showed a significant difference between tumor and normal
(P < 0.00001). Standard OCT differences between tumor and
normal were also significant (P < 0.0001). Interestingly, even
though PS OCT reliably delineated cancer on the background
of birefringent connective tissue, it revealed no significant
difference in contrast of cancer as compared with normal
tissue (fibrous and adipose) averaged across all samples in
this study. This could be explained by low birefringence
exhibited by cancer and normal adipose tissue. It should also

be noted that contrast of the tumor in the image is not the only
important factor in evaluating the performance of themethod.
The ability of the technique to present morphology of tissue
with adequate resolution should also be considered as equally
important. In this respect, all the techniques investigated,
including fluorescence polarization, standard OCT, and PS
OCT, are complimentary and demonstrated good performance
in discerning the morphology of tumor, adipose, and connec-
tive tissues, respectively.

A PS combination of wide-field and OCT imaging would
allow for more rapid and accurate evaluation of tumor mar-
gins, as compared with the OCT imaging alone. The OCT
system is capable of simultaneously acquiring standard and
PS OCT cross-sectional images in approximately 40 millise-
conds. The en face imaging of 3 cm2 sample surface will take
more than 30 seconds. A combination system could use wide-
field fluorescence polarization to acquire en face images,
rapidly acquired within 1 second, and then use this image to
guide cross-sectional OCT inspection of suspicious areas.

In summary, we have shown that fluorescence polarization
wide-field imaging is suitable for delineating lateral extent of
the breast cancer margins from en face images with contrast
superior to that provided by OCT. However, OCT imaging can
complement wide-field fluorescence polarization by enabling
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Figure 3. En face images of a
representative samplewith FCC. A,
histopathology. B, wide-field
fluorescence polarization. C,
standardOCT. D, PSOCT. Red line
inA, approximate locationof cross-
sectional images shown in Fig. 4
(bar, 1 mm).
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high-resolution cross-sectional imaging and thus facilitating
inspection of the close margins. In our previous publication
(16), we have reported that delineating tumor on the back-
ground of the fibrous tissue using standard OCT may be
challenging and we proposed to use PS OCT to emphasize
birefringence properties of the connective tissue and thus
improve the contrast of the tumor margins. In this study, we
have confirmed that PS OCT is capable of differentiating
cancer from fibrous tissue yielding the higher contrast of
0.40, as compared with 0.22 in the standard OCT. Fluorescence
polarization has also demonstrated the capability to differen-
tiate benign tissue from cancer. Thus, this technologymay also
prove to be useful as an optical biopsy tool to help avoid
unnecessary surgical removal of benign tissue, such as FCC.
The results of our pilot trial suggest that presented combined
technology has potential to detect microscopic nests of ductal

carcinoma in situ. The resolution, afforded by the device
(� 12 mm), and high contrast of fluorescence polarization
images point toward the feasibility of successful outcome.
However, larger trials are required for conclusive proof of this
hypothesis. Further clinical studies will focus on determining
the sensitivity and specificity of this combined technology for
delineating different types of breast cancer.

In conclusion, this study demonstrates the potential of
combining wide-field fluorescence polarization imaging and
OCT, standard and PS, for rapid and reliable evaluation of
breast cancer margins. The proposed approach can be used to
image the excised tissue or the surgical wound in situ. In
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Figure 6. Normalized standard OCT and PS OCT pixel values for normal
and malignant tissue averaged over all samples. Bars, SD above the
mean.
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Figure 4. Cross-sectional images of the FCC sample presented in Fig. 3. The images were acquired from the approximate location indicated in Fig. 3A (red
line). A, the histopathology cross sectionof FCCsample outlining areasof stromal fibrosis andbenignducts and lobules. CorrespondingstandardOCTandPS
OCT sections are shown in B and C, respectively (bar, 1 mm).
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Figure 5. Averaged fluorescence polarization values for FCC, normal, and
malignant tissue. Bars, SD above the mean.
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general, the twoapproaches should yield equivalent results and
both can be implemented in clinical practice. For in vivo
implementation, it will be required to rinse the surgical bed
with aqueous solution ofMB,which should be safe, as currently
MB is used clinically in much higher concentration for map-
ping sentinel nodes. Both methods, i.e., fluorescence polariza-
tion andmultimodal OCT, aremature technologies that can be
readily implemented in a single instrument. Further develop-
ment of this combined technology may enable intraoperative
evaluation of tissue and serve to lower positive margin and
reoccurrence rates.
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