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Abstract: We report the development and implementation of an intraoperative polarization-
sensitive optical coherence tomography (PS-OCT) system for enhancing breast cancer
detection. A total of 3440 PS-OCT images were intraoperatively acquired from 9 human breast
specimens diagnosed by H&E histology as healthy fibro-adipose tissue (n = 2), healthy stroma
(n = 2), or invasive ductal carcinoma (IDC, n = 5). A standard OCT -based metric (coefficient
of variation (CV)) and PS-OCT-based metrics sensitive to biological tissue from birefringence
(i.e., retardation and degree of polarization uniformity (DOPU)) were derived from 398
statistically different and independent images selected by correlation coefficient analysis. We
found the standard OCT-based metric and PS-OCT-based metrics were complementary for the
differentiation of healthy fibro-adipose tissue, healthy stroma, and IDC. While the CV of fibro-
adipose tissue was significantly higher (p<0.001) than those of either stroma or IDC, the CV
difference between stroma and IDC was minimal. On the other hand, stroma was associated
with significantly higher (p<0.001) retardation and significantly lower (p<0.001) DOPU as
compared to IDC. By leveraging the complementary information acquired by the intraoperative
PS-OCT system, healthy fibro-adipose tissue, healthy stroma, and IDC can be differentiated
with an accuracy of 89.4%, demonstrating the potential of PS-OCT as an adjunct modality for
enhanced intraoperative differentiation of human breast cancer.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Breast cancer is the most commonly diagnosed malignancy and the leading cause of cancer
death in females worldwide, with an estimated 2.6 million cases and 521,900 deaths occurring
in 2012 [1]. Similarly, in the United States, breast cancer has become the most prevalent
cancer in females with a total of 266,120 new cases diagnosed and 40,920 deaths reported in
2018 [2]. Current standard-of-care for early-stage and locally advanced breast cancer is breast
conserving surgery (BCS) [3], which when followed by radiation therapy, shows improved
overall survival and disease-specific survival over mastectomy [4]. During BCS, it is critical
to identify and completely resect the tumor and yield negative margins in order to avoid re-
excision and improve the quality of life after BCS. Different methods have been developed to
assess excised breast tissue specimens in an effort to achieve negative margins. Routine
resection of cavity shave margins has been shown to reduce the rates of positive margins, but
results in excessive tissue loss which affects postoperative recovery and cosmesis [5].
Additional intraoperative methods including frozen section [6] and touch-prep cytology [7]
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were also reported. However, these methods are often time-consuming, associated with
sampling errors [8] and sample preparation artifacts [9], and are considered impractical for
BCS. Therefore, it is imperative to develop intraoperative methods that enable real-time
identification of positive margins during BCS.

Various intraoperative methods have been developed for evaluating tumor margins during
BCS, including a handheld probe for performing radiofrequency spectral analysis [10,11],
quantitative diffuse reflectance imaging [12,13], confocal mosaicking microscopy [14], point
spectroscopy [15,16], and optical coherence tomography (OCT) [17-21], among others. OCT,
combining high optical resolution, high-speed, and millimeter scale imaging depth, has shown
much promise for intraoperative breast tumor margin assessment. In particular, the
development of handheld [22] and needle [23,24] OCT probes coupled with portable OCT
systems have significantly advanced the application of OCT during BCS. In general, the
imaging contrast of standard OCT relies on the variations of refractive index and the light
scattering properties of tissue [25]. Specifically, for breast tissue, breast cancer appears more
highly scattering than healthy tissue and disrupts the normal structure of fibro-adipose tissue
found in the normal breast, making it possible to differentiate the two. However, it remains
more challenging to differentiate between normal stroma and tumor, which both appear
highly scattering under standard OCT.

Our group has previously demonstrated bench-top polarization-sensitive OCT (PS-OCT)
for detecting and quantifying birefringence arising from the differences in collagen content
and organization in breast tissues, and demonstrated the potential of PS-OCT to differentiate
between stroma and tumor ex vivo [26]. In this work, we report the development of an
intraoperative PS-OCT system used in the operation room for enhancing the detection and
differentiation of invasive ductal carcinoma (IDC). IDC occurs when cancer previously
confined to the ductal system spreads into the surrounding tissue microenvironment, and may
metastasize to the lymph nodes and throughout the body. IDC makes up nearly 72- 80% of all
breast cancer diagnoses and accurate detection of IDC is critical [27]. A standard OCT-based-
metric (i.e., coefficient of variation (CV)) and two PS-OCT-based metrics (i.e., retardation
and degree of polarization uniformity (DOPU)) were derived for the detection of IDC. The
performances of CV, retardation, and DOPU to differentiate fibro-adipose tissue, stroma, and
IDC were quantitatively evaluated. Finally, linear discriminant analysis (LDA) and leave-one-
tissue-site-out cross-validation (LOSCV) were implemented on the derived metrics to develop
robust diagnostic models for the differentiation of fibro-adipose tissue, stroma, and IDC of
the human breast.

2. Materials and methods
2.1. Intraoperative polarization-sensitive optical coherence tomography system

A portable custom-designed polarization-sensitive spectral-domain OCT system was
developed to be easily maneuvered by one person into the operating room. Figure 1(a) shows
the schematic of the intraoperative PS-OCT system. The system used two customized super-
luminescent diodes (SLDs) as the source. The two SLDs were centered at 1236 nm
and 1346 nm, each having a bandwidth of 81 nm and 118 nm, respectively, and were
combined by a 50/50 fiber coupler covering a spectral range of 1200~1400 nm and achieving
an axial resolution of 5 um. The output from the SLDs was first linearly polarized by an in-
line linear polarizer (Thorlabs ILP13010PM-APC), then passed through an optical circulator
(AFW Technologies PMP-13-R-C3N-45-22), 45 m of polarization-maintaining (PM) fiber to
minimize the effects of ghost images [28], and delivered into a free-space Michelson
interferometer through PM fibers. The horizontal linearly-polarized light sent into the
Michelson interferometer was split into reference and sample arms by a 50/50 non-
polarization beam splitter (Thorlabs, BS015). In the reference arm, the horizontal linearly-
polarized light passed through a 22.5-degree positioned quarter-waveplate, reflected by a
mirror, and then back through the same quarter waveplate where it was finally 45-degree
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linearly-polarized light. In the sample arm, the horizontal linearly-polarized light passed
through a 45-degree positioned quarter-waveplate, resulting in circularly polarized light
which was scanned by a pair of galvo scanners (Thorlabs, GVS102) and incident onto the
sample surface after passing through an objective (Thorlabs, LSM02), achieving a transverse
resolution of 8 um. The incident circularly polarized light was changed into elliptically
polarized light by the birefringent specimens (i.e., breast tissue), then passed through the
same objective and quarter waveplate, and finally interfering with the 45-degree linearly-
polarized light of the reference arm. The interference fringes passing through the optical
circulator were split by a PM fiber polarizing beam splitter (AC Photonics PBS-13-P-2-2-1-1)
and detected by two spectrometers each using 2048 pixel linescan cameras (Sensors
Unlimited GL2048L), resulting in a 76 kHz A-scan rate for the system. There were 2048 A-
scans for each B-scan/frame. The power at the sample was 3 mW and the sensitivity of the
system was 89 dB. Control software written in Labview enabled real-time acquisition and
display of the images based on the standard OCT intensity / and the PS-OCT-enabled phase
retardation O , which can be calculated as [29]:
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where E,,, and E, , are the intensities measured by the two spectrometers. The Stokes
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where “*” denotes the complex conjugate, “arg” represents argument.
The degree of polarization uniformity (DOPU) is defined as [30]:
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The coefficient of variation (CV) is defined as:
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and 7 indicates the i-th pixel within a spatial kernel by which CV is calculated. N is the overall
pixel number within the spatial kernel. The size of the spatial kernel for DOPU and CV
calculations was 5 by 5 pixels (25 by 40 um?). Both DOPU and CV were computed on linear
data.

2.2. Tissue imaging

A total of 9 human subjects undergoing either breast reduction surgery (healthy controls, no
history of cancer) (2 patients), or lumpectomy (4 patients) or mastectomy (3 patients) were
recruited for this study. Among the 9 subjects recruited, tissue specimen from 2 subjects were
diagnosed as healthy fibro-adipose tissue; tissue specimens from 2 subjects were healthy
stroma; and homogeneous-appearing tissue specimens from the remaining 5 subjects were
diagnosed with different stages of invasive ductal carcinoma (Stage [A: n = 2; Stage [IA: n =
1, Stage IIB: n = 1, Stage IIIA: n = 1). All subjects preoperatively signed an informed consent
permitting the investigative use of the tissue, and this study was approved by the Institutional
Review Boards (IRB) of both Carle Foundation Hospital and the University of Illinois at
Urbana-Champaign. Immediately after surgical resections, ex vivo tissue specimens were
imaged by the intraoperative PS-OCT system located in the operating room. Areas imaged
with PS-OCT were marked with ink for later histological processing, which served as the
gold standard for tissue classification. Following formalin fixation, the tissue was processed
using standard procedures for histological evaluation of hematoxylin and eosin-stained tissue
sections. The paired galvo scanners allowed for 3D volumetric imaging, but due to the time
constraints in the operating room, only a single B-scan or a set of B-scans were
intraoperatively acquired from each tissue site. As a result, 3440 PS-OCT images were
intraoperatively acquired from 75 sites (fibro-adipose tissue: n = 13, stroma: n =12, IDC: n =
50).
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Fig. 1. Intraoperative PS-OCT system. (a) Schematic showing optical hardware components.
(b) Intraoperative PS-OCT system integrated in a portable cart for easy transportation into the
operating room and positioning near the sterile surgical field. SLD: superluminescent diode;
SME: single mode fiber; PMF: polarization maintaining fiber.

2.3. Statistical analysis

In order to obtain independent analysis and remove classification artifacts arising from
images that were closely correlated due to spatial proximity, correlation coefficients were
calculated for the images acquired from tissue sites where more than one PS-OCT image was
acquired. Correlation coefficient analysis showed that when images were a physical distance
of 0.1 mm apart, the correlation coefficients were smaller than 0.01, and the 0.1 mm spatially-
separated images were considered as independent. Therefore, from the 9 subjects in this
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study, a total of 398 independent images (fibro-adipose tissue: n = 70, stroma: n = 263, IDC:
n = 65) from 75 sites (fibro-adipose tissue: n = 13, stroma: n = 12, IDC: n = 50) were finally
used for the statistical analysis. A standard OCT-based metric, the coefficient of variance
(CV), was chosen for this study because it can compare the intensity variation of image
regions that have different intensity means and can be calculated in less than 30 seconds using
a standard multi-core desktop PC [31]. PS-OCT-based retardation and DOPU metrics were
chosen to reveal the breast tissue form birefringence and could be calculated in less than 1
second using a standard multi-core desktop PC. Further, the means of the CV, retardation, and
DOPU were calculated for each image, and the unpaired two-sided Student’s z-test was used
to evaluate their differences among fibro-adipose tissue, stroma, and IDC. Linear discriminant
analysis (LDA) was applied on the derived intensity and polarization metrics for developing a
diagnosis model. Leave-one-tissue-site-out cross-validation (LOSCV) was further used to
assess and optimize the LDA model complexity, while reducing the risk of over-fitting. The
above multivariate statistical analysis was performed using in-house written scripts in the
Matlab programming environment (Mathworks. Inc., Natick, MA).

3. Results and discussion

As shown in Fig. 2(a), adipocytes are recognizable in the OCT image of fibro-adipose tissue
due to their round shape and low scattering lipid interior, while the fibrous septa appear
moderately scattering and are identified by their linear vein-like structure. These unique
features associated with fibro-adipose tissue demonstrate that standard OCT alone offers the
capability to differentiate fibro-adipose tissue from stroma or IDC. Unlike fibro-adipose
tissue, however, stroma tissue appears as relatively large areas that are homogeneous and
moderately scattering under OCT (Fig. 2(f)), which is similar to IDC (Fig. 2(k)), making it
difficult to discriminate IDC from normal stroma under standard OCT alone. The cellular
composition of IDC is, however, much different from that of normal stroma. In IDC, tumor
cells have displaced the normal breast tissue, resulting in fragmentation and disorganization
of the collagen structures leading to lower retardation (Fig. 2(n)) in IDC compared to images
of normal stroma. In addition, IDC is associated with higher DOPU (Fig. 2(m)). This is
probably because DOPU is a parameter representing the spatial uniformity of polarization,
and the randomly-oriented collagen fibers [32] of IDC results in low birefringence and more
uniformly distributed polarization states. One notes that thresholding was used to generate
masks to only consider image areas with empirically meaningful tissue signal. In Fig. 2, 20%
of the CV standard deviation was set as a threshold to generate the mask.

To explore the diagnostic capability of standard OCT- and PS-OCT- based metrics, CV
(Figs. 2(b), (g), (1)), DOPU (Figs. 2(c), (h), (m)) and retardation (Figs. 2(d), (i), (n)) were all
derived from the PS-OCT measurements. Since fibro-adipose tissue is characterized by
relatively uniform honey-comb-like structures and does not appear as homogeneous, a higher
CV was expected, as confirmed by the brighter CV image of fibro-adipose tissue (Fig. 2(b)).
Further calculation shows the CV of the fibro-adipose tissue is significantly (p<0.001) higher
than either stroma or IDC (Fig. 3(a)), which is consistent with the CV image (Fig. 2(b)). The
CV difference between stroma and IDC, however, is minimal and does not show significant
difference. This observation is in agreement with the OCT images of the stroma and IDC,
which both appear homogeneous and moderately scattering (Figs. 2(f)(k)). To determine how
the CV performs to differentiate between stroma and IDC, a threshold of 5.6 was chosen by
optimizing receiver operating characteristic (ROC) curves. With that threshold, fibro-adipose
tissue can be differentiated against stroma and IDC with an accuracy of 89.2% (sensitivity:
94.3% (66/70), specificity: 88.1% (289/328)), but the stroma and IDC were all mixed without
clear differentiations.

Retardation and DOPU derived from PS-OCT analysis, on the other hand, revealed
significant differences between stroma and IDC. For instance, the retardation of stroma was
significantly (p<0.001) higher than that of IDC, which agrees with the hypothesis that the
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tissue birefringence originates from the collagen content. An empirical retardation threshold
of 0.82 was chosen by optimizing ROC curves to differentiate stroma from IDC with an
accuracy of 86.3% (sensitivity: 87.5% (230/263), specificity: 81.5% (53/65)). Similarly, the
DOPU of stroma is significantly (p<0.001) lower than that of IDC. This is because collagen
bundles are abundant and well-aligned within stroma, resulting in significant changes in
polarization state which lead to lower DOPU values. However, the collagen content of IDC is
very sparse, causing little-to-no change in the polarization state which leads to higher DOPU
values. An empirical DOPU threshold of 0.78 was chosen by optimizing ROC curves to
separate IDC and stroma with an accuracy of 87.8% (sensitivity: 87.5% (230/263),
specificity: 89.2% (58/65)). Further inspection of the misclassified PS-OCT images of stroma
and IDC revealed brighter ghost images than those that correctly classified PS-OCT images,
indicating that the ghost images, even minimized by a long (45 m in this paper) PM fiber, still
existed, and lowered the classification accuracy of the PS-OCT-based metrics. We are
currently developing next-generation PS-OCT systems without using PM fibers to completely
remove these confounding ghost images.

Fig. 2. Representative structural OCT images (a, f, k), coefficient of variation (CV) (b, g, 1),
degree of polarization uniformity (DOPU) (c, h, m), retardation (d, i, n) and H&E-stained
histology (e, j, 0) of fibro-adipose tissue (a-¢), stroma (f-j), and invasive ductal carcinoma (k-
0), respectively. Scale bar: 500 pm. Note, CV (b, g, 1) is shown on a base 10 logarithmic scale.
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Fig. 3. Bar diagrams + 1 SD showing the (a) CV, (b) DOPU, and (c) retardation of different
tissue types (i.e., adipose, stroma, and IDC) interrogated by the intraoperative PS-OCT system.
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As stated above, we found that the OCT intensity-based metric, CV, and the PS-OCT-
based metrics, retardation and DOPU, were complementary for the differentiation of IDC.
Considered further, the CV exploits the scattering differences between fibro-adipose tissue
and that of stroma and IDC, but is not able to distinguish IDC from stroma (Fig. 3(a)). On the
other hand, retardation and DOPU indicate collagen fiber distributions and could differentiate
stroma and IDC very well (Figs. 3(b-c)). We therefore implemented linear discriminant
analysis (LDA) — leave one site out cross-validation (LOSCV) to utilize the complementary
information revealed by PS-OCT- and standard OCT-based metrics for the classification of
fibro-adipose tissue, stroma, and IDC. With histopathology as the gold standard (prior
information), Fig. 4 shows the 2-dimensional ternary plot of the posterior probabilities of
each PS-OCT prediction using LDA-LOSCV for PS-OCT measurements. The prediction
results are also summarized in Table 1. We found among 70 adipose tissue (column-wise with
histopathology as gold standard), 67 were correctly classified into adipose by PS-OCT
measurements (row-wise), while the remaining 3 were misclassified as IDC by PS-OCT
measurements. Among 263 stroma tissues (column-wise with histopathology as gold
standard), 230 were correctly classified into stroma by PS-OCT measurements (row-wise),
while 29 were misclassified as adipose and 4 were misclassified as IDC by PS-OCT
measurements. Overall, we found fibro-adipose tissue, stroma, and IDC could be detected
with an accuracy of 89.2%, confirming the complementary nature of PS-OCT- and standard
OCT- based metrics for enhanced differentiation of fibro-adipose, stroma, and IDC.

0.00

e IDC
4 Stroma
m  Adipose

0.00 0.25 0.50 0.75 1.00
Posterior probability (Adipose)

Fig. 4. Posterior probabilities of 398 statistically different PS-OCT measurements belonging to
fibro-adipose tissue (n = 70), stroma (n = 263), and IDC (n = 65), based on the PS-OCT and
standard OCT techniques.

Table 1. Confusion matrix detailing the multiclass classification results of PS-OCT
measurements of different breast tissues using LDA with leave-one tissue site-out, cross-
validation methodology.

Histopathology
Adipose Stroma IDC
! Adipose 67 29 5
Ctfe P
Q2% Stroma 0 230 1
»n & E
-~ E IDC 3 4 59
Sensitivity (%) 95.7 87.5 90.8
Specificity (%) 89.6 80.2 97.9

Accuracy (%) 90.7 91.5 96.7
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Some limitations of the current study should be identified. One notes that the number of
acquired PS-OCT images are unbalanced, with a relatively larger number of images identified
as stroma compared to those identified with breast cancer tissue (e.g., IDC). This is primarily
due to the limited number of available specimens, as well as the size and type of specimens
that became available. Larger multicenter studies are underway to increase the number of
subjects and specimens, and to further assess the clinical detection capabilities of
intraoperative PS-OCT for breast tumor margin detection and breast cancer subtyping.
Related to specimen availability, only the IDC subtype of breast cancer was investigated in
this study. Unlike IDC, ductal carcinoma in situ (DCIS) was previously found to be
associated with relatively strong birefringence, as demonstrated in our previous work on ex
vivo differentiation of human breast tissue [26]. A separate study is also currently underway
to evaluate the capability of PS-OCT for the differentiation of DCIS.

In addition, the IDC tissues included in the current study were rather homogeneous, with
little or no portions of the images being normal. This was intentional so that we could derive
numerical metrics (CV, retardation, and DOPU) from each image for statistical analysis. In
real margin assessment, we would expect not only homogeneous regions of tissue, but also
heterogeneous tissues with a mixture of tumor and normal tissues. To implement the strategy
developed in this paper for margin assessment, we would need to segment the images first,
and then calculate the means of numerical metrics (CV, retardation, and DOPU) from each
segmented area for classification. Alternatively, with windowed-measurements as smaller
regions of interest, these numerical metrics could be calculated, compared to the metric
values of more homogeneous tissue images (such as in this paper), and then determine a
probability of each tissue type for each region of interest. The periodic nature of the
cumulative retardation signal used in the current study may also lead to classification
inaccuracies, especially when considering the classification of smaller regions of interest.
Classification by using local tissue retardation should be explored further.

Finally, this study was performed using an intraoperative PS-OCT system configured with
a microscope sample arm. Ongoing work is focused on the miniaturization and integration of
the current free-space Michelson interferometer (Fig. 1) into a handheld probe that can be
integrated with the current PS-OCT system and utilized by a surgeon for in vivo imaging of
the tumor resection bed.

4. Conclusions

We have developed and demonstrated an intraoperative PS-OCT system along with an image
classification approach for enhanced differentiation of human invasive ductal carcinoma
(IDC). Significantly increased coefficients of variation (CV) were observed for fibro-adipose
tissue compared to either normal healthy stroma or IDC. While the CV differences between
stroma and IDC were minor, significantly increased degree of polarization uniformity
(DOPU) and significantly reduced retardation were associated with IDC compared to stroma.
By using the complementary information provided by CV, DOPU, and retardation revealed
by the PS-OCT/OCT system, an overall accuracy of 89.4% was achieved to differentiate
fibro-adipose tissue, stroma, and IDC. This work demonstrates the potential of using PS-OCT
as a complementary adjunct imaging modality to OCT for enhanced breast cancer detection in
the operation room.
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