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Summary

Diagnostic trends in medicine are being directed toward cellular and molecular processes, where treatment re-
gimens are more amenable for cure. Optical imaging is capable of performing cellular and molecular imaging
using the short wavelengths and spectroscopic properties of light. Diffuse optical tomography is an optical imaging
technique that has been pursued as an alternative to X-ray mammography. While this technique permits non-
invasive optical imaging of the whole breast, to date it is incapable of resolving features at the cellular level. Optical
coherence tomography (OCT) is an emerging high-resolution biomedical imaging technology that for larger and
undifferentiated cells can perform cellular-level imaging at the expense of imaging depth. OCT performs optical
ranging in tissue and is analogous to ultrasound except reflections of near-infrared light are detected rather than
sound. In this paper, an overview of the OCT technology is provided, followed by images demonstrating the
feasibility of using OCT to image cellular features indicative of breast cancer. OCT images of a well-established
carcinogen-induced rat mammary tumor model were acquired. Images from this common experimental model
show strong correlation with corresponding histopathology. These results illustrate the potential of OCT for a wide
range of basic research studies and for intra-operative image-guidance to identify foci of tumor cells within surgical
margins during the surgical treatment of breast cancer.

Introduction

Breast cancer continues to have a significant impact
on the lives of every individual in the United States
and throughout the world. According to 2003 cancer
statistics from the American Cancer Society, an esti-
mated 211,300 new cases of invasive breast cancer and
55,700 new cases of in situ breast cancer are expected
to occur in the US this year, being the most frequently
diagnosed non-skin cancer in women [1, 2]. Breast
cancer ranks second among cancer deaths in women
(second to lung cancer) with an estimated 40,200
deaths anticipated in 2003 [1, 2]. Many controversies
remain in the treatment of breast cancer, particularly
for ductal carcinoma in situ (DCIS). It is not clear

if and when DCIS will progress and therefore what
type of treatment regime, if any, is appropriate. Be-
cause early stage DCIS and other breast malignancies
are often difficult to detect and track using mammo-
grams, high-resolution imaging modalities may play a
role in elucidating the fundamental mechanisms of the
disease and its response to therapy.

As with all malignancies, early detection and treat-
ment results in a more favorable prognosis. As one
indicator of success, the 5-year relative survival rate
for localized breast cancer is now at 97%, compared
to only 72% in the 1940s [2]. Unfortunately, follow-
ing loco-regional metastasis, the 5-year survival rate
falls to 78% and for distant metastasis, the rate is only
23%. After 5 years, survival following the diagnosis of
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breast cancer continues to fall for all stages [2]. This
data indicates that our current detection methods and
treatment protocols must still be improved.

Light in the near-infrared region of wavelengths is
capable of propagating deeply through biological tis-
sue. A ‘biological window’ exists in this wavelength
region where attenuation is governed by scattering
rather than absorption [3]. For this reason, and as an
alternative to X-ray mammography that uses ionizing
radiation, optical mammography is being developed.
Spatial maps (images) of tumors and contrast-agent-
tagged sites have successfully been imaged using dif-
fuse optical tomography (DOT) [4-6]. Unfortunately,
because photons undergo multiple random scattering
events as they propagate through highly-scattering tis-
sue such as breast, spatial information and imaging
resolution is lost. DOT can localize relatively large
(~1cm) tumors deep in breast tissue, but resolutions
on the order of several millimeters do not permit ima-
ging of small early-stage tumors and cellular-level
resolution is not possible[4—6]. An inherent trade-off
between depth of imaging and resolution exists in
many imaging modalities, including optics. Therefore,
since optical techniques are capable of imaging tissue
at cellular resolutions, in certain invasive scenarios,
such as fine-needle aspirations, core-needle biopsies,
or surgical resections, one could take advantage of
high-resolution imaging and forego the non-invasive
advantage of DOT.

Optical coherence tomography (OCT) is an emer-
ging high-resolution imaging technology that com-
monly uses near-infrared wavelengths to perform
optical ranging in an analogous manner to ultrasound
imaging [7-9]. While depth of imaging is limited
to only a few millimeters in highly-scattering tis-
sues, imaging resolutions less than 1 micron have
been demonstrated [10]. With these high resolutions,
OCT performs an ‘optical biopsy’, capturing images
that approach the resolution and represent the archi-
tectural morphology commonly found in histology
[11-13]. While histology is based on thin slices of
tissue that are selectively stained to highlight selec-
ted features and viewed by transmitting light through
the slices, OCT generates cross-sectional images rep-
resenting the spatially-localized intensity of optical
backscatter of light passed through tissue from above,
typically without the addition of exogenous stains or
probes. Remarkably, the stained morphological fea-
tures in histology correspond well with the backscat-
tering features detected in OCT, even though the light
propagation through the tissue for each technique is

in orthogonal directions.The use of OCT could there-
fore be a powerful alternative to standard histological
processing in the investigation and treatment of breast
cancer. OCT could be used to rapidly scan large areas
of tissue for suspicious breast architecture or mor-
phology, to guide at the cellular level the surgical
resection of neoplastic disease, and to scan tumor mar-
gins for the presence of residual disease, tumor foci,
and potentially even metastasizing tumor cells.

High-resolution optical imaging is performed at
the expense of limited imaging penetration. However,
there are numerous experimental and surgical sce-
narios where it is feasible to deliver the imaging beam
close to the tissue of interest for high-resolution ima-
ging. OCT imaging can be performed through small
needles and hand-held probes [14, 15]. Non-optical
devices are currently used for fine-needle aspirations
and core-needle biopsies of breast masses, and in the
open surgical field. Modifying these devices to integ-
rate imaging optics is an engineering problem that can
be readily addressed. In this paper, we demonstrate
the feasibility of OCT for imaging breast cancer. We
use a well-characterized carcinogen-induced rat mam-
mary tumor model and compare OCT images with
corresponding light microscopy observations of histo-
logical sections. To date, OCT has not been applied
to imaging breast cancer. In part, this may be because
OCT imaging of breast parenchyma and cancer is only
feasible through invasive procedures. However, be-
cause of the prevalence of this disease and its impact
on our lives, new technologies that have the poten-
tial to improve diagnosis and surgical treatment must
be fully investigated. In addition, because breast can-
cer is a molecular disease that has early-stage cellular
changes, technologies that can detect changes at the
cellular level may be more amenable for the detection
and treatment of this disease.

Surgical treatment of breast cancer

The importance of high-resolution imaging in breast
cancer cannot be overemphasized. Intra-operative
image-guided interventions in breast cancer surgery
may ascertain the local extension of the disease,
whether breast tissue surrounding the tumor is tumor-
free or contains tumor cells (occult disease). The
extent of local extension and tumor cell infiltration
in the surrounding breast parenchyma has been in-
vestigated in a group of 264 mastectomy specimens
[16]. Results indicate that 41% of the patients had
additional foci 2cm or further from the primary



tumor, and 11% had additional foci 4 cm or further
from the primary tumor [16]. Of these, the additional
foci were intra-ductal in two-thirds of the patients.
These observations have been confirmed in a more re-
cent investigation [17]. Approximately 40—-50% of all
solid tumors develop local or loco-regional recurrence
following optimum, surgical and/or radiation therapy.
These findings validate that local or loco-regional re-
currence of solid tumors following radical resection
and/or radiation therapy remains a significant prob-
lem. The major reason for this failure rate is because,
during the time of initial therapy, adequate margins
of normal surrounding tissue are either not resected
or included in the portals of radiation therapy. The
single most important reason for this failure to ob-
tain adequate margins is the lack of well-developed
technology that can distinguish with a reasonable de-
gree of confidence that the presumed margin of normal
tissue surrounding the tumors is indeed normal, and
that there are no nests of occult cancer within these
tissues. Recently, with the increasing use of ultra-
sound and MRI, diagnostic accuracy of the extent of
local spread of a given tumor has improved consider-
ably. Nevertheless, both these techniques are unable
to provide information on the extent of microscopic
spread of malignant cells at the periphery of a solid tu-
mor. This automatically leads the clinician frequently
to under-stage the disease, which in turn impairs the
ability not only to adequately treat, but also to properly
prognosticate.

Attempts are being made to design novel tech-
niques to identify tissues infiltrated with tumor. One
method being used is radio-guided surgery [18]. The
general principle is to radio-label a cancer-specific
monoclonal antibody (MADb) and inject this MADb into
the tumor prior to surgery. Then, during surgery, a
handheld counter is used to define the tumor and
the tumor margins (which show radioactivity) to be
resected. Although this is an attractive premise, un-
fortunately it is not possible to prepare MAbs for all
solid tumors. Secondly, most MAbs are hybrids of
mouse proteins. Thus, foreign protein allergy can be
a limiting factor. Furthermore, the accuracy of de-
tecting cancerous tissues is not as efficient as was
originally presumed. Therefore, it is imperative that
the search be continued and perfected for non- or
minimally-invasive technologies such as OCT.

The open-surgical-field resection of tumors is fre-
quently guided by viewing CT or MRI films of the
tumor that were acquired prior to surgery. These static
images are frequently viewed by the surgeon prior
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to and during the operation. However, registration is
often performed by identifying anatomical landmarks
in both the images and the tissue during the proced-
ure. Advanced image-guided interventional proced-
ures have developed methods to overlay and register
the images with the tissue in real-time, providing the
surgeon with a ‘virtual’ image of the tumor referenced
to the physical anatomy [19]. The current practice in
surgical oncology is to excise the primary tumor with
an ‘arbitrary margin’ of presumed normal tissue and
send the specimen to the pathologist to assess whether
the margins of excision are clear. Even if the margins
are presumed to be free of occult disease, still the prac-
tice is to radiate the entire breast. The objective is to
eradicate any undetected occult disease, either an ex-
tension of the primary cancer or multi-centric regions.

Aside from being a time- and labor-intensive pro-
cess involving a fully-staffed operating room and
pathology laboratory, not infrequently this process is
laden with sampling errors. Thus, the extent of occult
disease left behind following a meticulous lumpec-
tomy is still an open question and is one factor,
for instance, contributing to the central dogma for a
T1-T, primary breast cancer of radiating all patients
who had a lumpectomy. It is common practice, there-
fore, to take wide surgical margins in an effort to resect
the small regions of tissue or the few remaining tumor
cells that have migrated away from the central tu-
mor, at the expense of large volumes of normal tissue.
While this may be without complication for particular
tumors and for specific tumor sites, it is detrimental
for tumors located in the brain or other sensitive and
functional regions of the body where the surgical re-
moval of normal tissue must be minimized. It would be
advantageous to have an image-guided interventional
system capable of scanning both the resected tissue
and the walls of the tumor cavity for neoplastic tissue
or cells in real-time and at cellular resolutions.

The management of ductal carcinoma in situ
(DCIS) is a primary example where OCT may have
a significant impact. DCIS is a proliferation of pre-
sumably malignant epithelial cells confined to the
mammary ducts and lobules without demonstrable
evidence of invasion through the basement membrane
into the surrounding stroma. The incidence of DCIS
has increased considerably since 1983. Most likely,
screening mammography has increased the awareness
of microcalcifications in mammograms, which has in-
creased needle localization biopsies with histologi-
cal diagnoses of DCIS. The ability to identify small
clusters of tumor cells close to the intra-ductal foci as
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evidence of ‘minimal’ stromal invasion is quite dif-
ficult, primarily due to sampling errors. Thus, even
after a biopsy of a presumed site of DCIS, the ques-
tion remains how best to identify the probable sites
of invasion of the surrounding mammary parenchyma.
To complicate the issue, DCIS has been considered
by some to be a multi-centric process with sepa-
rate areas of involved ducts. All of these situations
have made the management of DCIS one of the most
controversial topics in breast disease. The use of
a high-resolution intra-operative image-guidance sys-
tem using OCT may have the potential to identify
small clusters of tumor cells that have invaded the
mammary parenchyma.

Optical coherence tomography

Optical coherence tomography is a rapidly emerging
high-resolution medical and biological imaging tech-
nology [7-9, 11, 12]. OCT is the optical analogue
to ultrasound B-mode imaging except reflections of
low-coherence light are detected rather than sound.
For medical imaging, OCT is attractive because it
permits the imaging of tissue microstructure in situ,
yielding micron-scale resolution images without the
need for excision and histological processing. Much
of the OCT technology leverages the hardware de-
veloped for the telecommunications industry, mak-
ing the instrument potentially compact and portable
(Figure 1).

OCT was originally demonstrated in ophthalmo-
logy and has been successfully commercialized for
clinical eye examination [20]. Recently, OCT has been
applied for imaging a wide range of non-transparent
tissues [21-23]. In these tissues, a ‘biological window’
exists where absorption of near-infrared wavelengths
is minimal and light can penetrate deep into tissue
[3]. In most highly-scattering (non-transparent) tis-
sues, imaging depths of 2-3mm can be achieved.
Imaging studies have been performed in cardiology,
gastroenterology, urology, and neurosurgery, among
many others [13, 23-25]. High-resolution OCT using
short coherence length light sources has achieved axial
resolutions of less than 2 wm [10, 26, 27]. High-speed
OCT at real-time image acquisition rates has also been
demonstrated [28]. OCT has been extended to per-
form Doppler imaging of blood flow and birefringence
imaging to investigate laser intervention [29-31]. Ima-
ging delivery systems have been engineered to enable
OCT of external and internal tissues, including micro-
scopes, hand-held probes, imaging needles, catheters,

and endoscopes (Figure 2) [14, 15, 32, 33]. Most re-
cently, OCT has been combined with endoscope-based
delivery to perform in vivo imaging in human patients
[12, 34-37]. In situ OCT at near-histological resolu-
tion has been used to image morphological differences
between normal and neoplastic tissue. OCT images of
in vitro neoplasms of the brain [13], female reproduc-
tive tract [38], the gastrointestinal tract [39], and the
bladder [40] have been investigated. High-resolution
imaging has permitted real-time tracking of biological
development and cell dynamics in living specimens
including mesenchymal cell mitosis and neural crest
cell migration [41-43]. The high-resolution capabili-
ties for imaging large and undifferentiated cells sug-
gest that OCT could be used to diagnose and monitor
early neoplastic changes in humans.

Initial studies have been performed to demonstrate
the potential for OCT in a surgical setting. OCT has
been used to image surgically-relevant tissues in vitro
[9, 44-47]. High-speed OCT has been used to track
dynamic interventional processes such as laser [45]
and radiofrequency [47] ablation as would be per-
formed in a surgical setting. OCT has been used to
guide microsurgical procedures such as the repair of
nerves and vessels [9]. The majority of studies have
suggested that OCT can be used to image both in vitro
and in vivo tissues to identify regions that suggest
abnormalities and should be biopsied for histopath-
ological examination. To our knowledge, no studies
have been published that demonstrate the use of OCT
in breast cancer.

OCT utilizes a technique known as low-coherence
interferometry (Figure 1). Measurements are per-
formed using a fiber-optic interferometer with a low-
coherence-length light source. Low-coherence light
can be generated by a superluminescent diode or an
ultrafast (titanium:sapphire) laser. The sample arm
of the interferometer contains a modular beam deliv-
ery instrument that directs the light onto the tissue
and collects the reflected signal. Because OCT can
be fiber-optic-based, the imaging beam can be de-
livered to the tissue and the reflections collected from
the tissue using a single optical fiber (approximately
125 pm in diameter). Therefore, imaging can be per-
formed using a scanned optical beam from a surgical
microscope or a hand-held probe in the open surgical
field or with minimally-invasive needle biopsy probes
(Figure 2). The reference arm of the interferometer
includes a mechanism for varying the optical path-
lengths between the two arms. Optical interference
occurs only when the optical distance traveled by the
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Figure 1. OCT schematic. The OCT technology can be fiber-optic-based, enabling a compact and portable system for use in research, clinical,
and surgical settings. Abbreviations: A-D, analog-to-digital converter; UHNA, ultra-high-numerical aperture.
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Figure 2. Beam-delivery systems for OCT. The OCT imaging beam can be passed through a number of existing or modified optical instruments
including (A) surgical or research microscopes, and (B) fine-needle aspiration and core-needle biopsy probes, among others. Abbreviations:
BS, dichroic beamsplitter; Galvo, galvanometer scanner.
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light in the tissue sample and reference paths match
to within the coherence length of the light source. Im-
age generation is performed by a computer and data
is stored digitally. The OCT technology can be made
compact and portable, enabling its use on the research
laboratory bench, the outpatient service for guided
fine-needle aspirations and core-needle biopsies, and
in the surgical suite.

Breast cancer research model

The induction of mammary tumors by injection of
virgin female rats with the direct-acting carcinogen N-
methyl-N-nitrosourea (MNU) is the most widely-used
animal model for studying breast cancer develop-
ment. Mammary carcinogenesis in this model mim-
ics numerous characteristics associated with human
breast carcinogenesis, such as hormone dependency,
with histological classifications as adenocarcinomas
or papillary carcinomas. The carcinomas induced are
locally invasive and can metastasis to liver, lung
and spleen [48-53]. It has been reported that MNU-
induced palpable tumors are monoclonal in origin,
exhibit malignant activation of the Ha-ras-1 locus, and
overexpress several cancer markers. Also, the carci-
nogen administration protocol can be modified as far
as amount and timing of dose of this mammary car-
cinogen so that the development and histopathology
of pre-malignant and malignant lesions, the cellular
kinetics of target cells, and detailed characteristics of
tumor angiogenesis can be assessed [54—64]. This has
led to this model being widely used in chemopreven-
tion studies for breast cancer [65, 66]. Because of the
widespread use of this animal model, we have chosen
it to demonstrate the ability of OCT to visualize tu-
mor morphology. In particular, this model emulates
the pathogenesis of ductal disease found in human
DCIS [67]. Because of the existing dogmas associated
with this disease, this model and OCT may be par-
ticularly well-suited for investigational studies. The
use of OCT in this model will permit future tum-
origenesis studies investigating the appearance from
pre-malignant to metastatic stages and for the chemo-
therapeutic and surgical treatments of this disease
[68-70].

Materials and methods

Tumor induction

Female Sprague-Dawley rats (Harlan Sprague—
Dawley, Indianapolis, IN) were housed individually

in rooms with controlled temperature and lighting and
fed rodent laboratory chow (Harlan Teklad, Madison,
WI). At 55 days of age, six rats were administered
one dose of MNU (Sigma Chemical, St. Louis, MO;
i.p. 50mg/kg in saline). Two rats were injected with
an equal volume of saline vehicle only. Beginning
3 weeks post-MNU, animals were palpated weekly.
Rats that developed palpable mammary masses and
normal controls were euthanized by carbon dioxide
asphyxiation prior to OCT imaging. Lateral abdom-
inal incisions were made in the abdominal skin to
reflect back the abdominal wall, exposing the mam-
mary tissue. Tumors were confirmed visually when
the mammary glands was surgically exposed. Ani-
mals were positioned on the OCT stage for imaging.
All eight animals were imaged for this study, and
an average of 20 sites on the mammary gland were
imaged for each animal. All animals used in this
study were cared for and maintained under protocols
approved by the Institutional Animal Care and Use
Committee of the University of Illinois at Urbana-
Champaign.

Optical coherence tomography

Three-dimensional OCT imaging was performed us-
ing a neodymium:vanadate diode-pumped titanium:
sapphire laser as a low-coherence light source
(Figure 1). Laser output wavelength was centered at
800 nm with a 20 nm bandwidth and consisted of ap-
proximately 80 fs pulses at a repetition rate of 80 MHz
and an average output power of 500mW. To spec-
trally broaden the light and improve axial imaging
resolution, the laser output was coupled into a seg-
ment of ultrahigh numerical aperture fiber to obtain
an axial resolution of 2 wm [71]. This fiber was fused
to a fiber-optic coupler which served as a beam split-
ter in this fiber-optic-based system. The sample arm
light from the fiber was collimated, reflected off a
pair of orthogonal galvanometer-mounted mirrors that
directed the X-Y position of the beam on the tissue,
and was focused by a 20 mm focal length achromatic
lens to a spot size diameter (transverse resolution)
of 10 wm. Incident optical power on the tissue was
measured to be 15 mW. The reference arm contained
a galvanometer-mounted retroreflecting mirror trans-
lated over an optical pathlength of 3 mm at a frequency
of 30 Hz. Reflections from each arm were combined
in the fiber-optic coupler and sent to a photodiode.
The electrical output of the photodiode was bandpass-
filtered, amplified, and digitized with 12-bit accuracy.
Custom software assembled digital data for display as



two- or three-dimensional images. Two-dimensional
images (512 x 512 pixels) were acquired in 17s and
three-dimensional data sets consisting of 60 2-D im-
ages required 17 min. Faster acquisition rates are feas-
ible (125 s per image, 7.5 s per 3-D data set) [11, 72]
at the expense of lower signal-to-noise ratios. Custom
image-processing software algorithms were applied to
enhance the visualization of cellular and sub-cellular
features [73].

Tissue and image analysis

During OCT imaging, approximately five tissue
sites per animal that produced unique features in
the OCT images were marked with India ink for
registration with histology. The corresponding
mammary tumor and surrounding tissue were em-
bedded in tissue freezing medium (Triangle Bio-
medical Sciences, Durham, NC, USA) and
sectioned with a cryostat (Leica CM3050 S, Leica
Microsystems Nussloch GmbH, Germany). Mul-
tiple 30 wm thick sections were acquired from each
side of the India ink-marked plane that correspon-
ded to the OCT imaging plane. Thick sections
were obtained to preserve the fine architectural
features present in the adipose tissue for cor-
relation with features observed in the OCT im-
ages. Sections were stained with hematoxylin and
eosin and prepared on glass slides according to
standard protocol for light-microscopy observation.
Light microscopy was performed using an Olympus
BH-2 microscope and digital images were captured
(Spot RT Slider, Diagnostic Instruments). Compar-
isons were made between OCT and light micro-
scopy images, correlating microstructural features.
The OCT and histological images presented repre-
sent the best match based on the observed architectural
morphology.

Three-dimensional data sets were viewed and ana-
lyzed using public-domain freeware (ImagelJ, National
Institutes of Health) on a personal computer. Three-
dimensional projections were generated and rotated
along X-Y-Z coordinates for visualization of tumors
and microstructural features.

Results

Two- and three-dimensional OCT image were ac-
quired from normal mammary tissue and N-methyl-N-
nitrosoureas (MNU)-induced mammary tumors in the
rat animal model. Images were acquired to illustrate
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architectural morphology at all size scales includ-
ing solid tumors, early neoplastic changes in ductal
morphology, and cellular features near tumor margins.

OCT images and corresponding histology of nor-
mal mammary gland tissue and a large MNU-induced
tumor are shown in Figure 3. A large portion of breast
tissue is composed of fat (adipocytes) which are large
lipid-filled cells that provide local homogeneous, low-
scattering regions. Adipocytes are most evident in the
images of normal mammary tissue (Figure 3(A) and
(B)). The collection of adipocytes shown lies beneath a
more dense and highly-scattering stroma. Heterogen-
eous regions are commonly observed, such as in the
lower left corner of Figure 3(A). Scattered through-
out the OCT images are small highly-scattering
(dark) spots that likely represent individual nuclei
in both the adipocytes and the stromal cells. The
low-scattering regions of adipocytes are in sharp con-
trast to the dense, highly-scattering collections of tu-
mor cells forming glandular structures or solid tumor
masses. As evident in Figure 3, this late-stage mam-
mary tumor can be identified by these dark, highly-
scattering regions, which typically correspond to areas
with a high-density of tumor cells containing larger,
highly-scattering nuclei. The solid tumor identified in
Figure 3(C)and(D) has a cell density and optical scat-
tering property close to that of the overlying stroma,
making these regions appear similar in the OCT
image. However, because tumors are often hetero-
geneous on a more macro-scale, with varying cell
densities, abnormal glandular features, increased
vasculature, and disrupted architectural morphology,
identification of tumor from normal tissue is pos-
sible using these differences. In Figure 3(C), the
optical backscatter from the tumor appears more het-
erogeneous compared to the more homogeneously-
backscattering stroma.

Figure 4 shows OCT and histological images of
normal and abnormal ducts in this animal tumor
model. Normal ducts (Figure 4(A) and (B) are identi-
fied as small thin-walled, circular-appearing structures
(Figure 4(A), arrows) if the ducts were imaged in
cross-section. Thicker more highly scattering ductal
epithelium (Figure 4(C) and (D)) is present in the
tumor model compared to the normal control, ap-
pearing as larger strongly-scattering regions on OCT
and as larger linear collections of dense tumor cells
on histology when the ducts are viewed in longitu-
dinal sections (Figure 4(C) and (D)). The ductal ori-
gin of this carcinogen-induced tumor and the ability
of OCT to detect early neoplastic changes associ-
ated with changes in ductal morphology suggest that
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Figure 3. OCT of a late-stage tumor. Images of (A) normal and (C) MNU-induced tumor infiltrated rat mammary tissue with (B) and (D)
corresponding light microscopy histopathology. The dense, high-scattering tumor (t) is readily differentiated from the surrounding fatty
parenchyma containing adipocytes (a).

Figure 4. OCT of microscopic early-stage cancer. Images of (A) normal and (C) MNU-induced early stage changes in the ductal epithelium
with (B) and (D) corresponding light microscopy histopathology. Early-stage changes are evident by increased optical backscatter from the
higher nuclear-to-cytoplasmic ratio and the number of cells surrounding the ducts. Arrows in (A) indicate normal ducts imaged in cross-section
and showing thin walls and patent lumens. Boxed regions in (A) and (C) indicate regions of interest for corresponding histology.
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Figure 5. OCT of cellular features along tumor margin. (A) OCT
image of a tumor margin with (B) and (C) corresponding his-
topathology. Cells adjacent to the tumor margin (right box in
(A), histology in (C)) appear to be metastatic and in the process
of migrating into normal gland parenchyma. Large nuclei, high
nuclear-to-cytoplasmic ratio, and increased density of tumor cells
contribute to increased optical scattering in OCT images.

OCT may be able to detect early changes prior to
solid tumor formation. However, additional studies in-
volving larger numbers of specimens at varying stages
of tumorgenesis is required.

The tumor margin is of primary interest in tum-
origenesis, metastatic processes, and surgical resec-
tion. Figure 5 shows OCT and histological images of
a tumor margin (arrows) where individual cells can
be observed. Suspect individual cells (Figure 5(A)
box, 5(C)) adjacent to the solid tumor show evidence
of increased scattering, compared to the surround-
ing adipocytes. Increased scattering is likely due to
the higher nuclear-to-cytoplasmic ratio in these cells
and the higher regional cell density. Detection of
these cells among relatively low-scattering adipocytes
demonstrates the feasibility of detecting these mi-
grating metastatic cells intra-operatively. Detection of
individual tumor cells in dense, highly-scattering nor-
mal tissue remains problematic for OCT, as frequently
is true for histopathology. In this scenario, the addition
of an exogenous contrast agent for OCT [74] could
help identify tumor cells.

Finally, localizing sub-surface tumors and tumor
margins within a three-dimensional tissue volume is
facilitated with 3-D OCT image acquisition. Figure 6
shows reconstructed 3-D projections of OCT data sets

Figure 6. Three-dimensional OCT. Projections of 3-D OCT data
sets acquired from (A) normal mammary and (B) MNU-induced
tumor tissue are shown. A series of 60 images were acquired and
assembled for each projection. Projection orientation is shown by
the cube in the lower right corner. A tumor (t) and margin is shown
in (B) below the tissue surface (s). Manipulation of these data
sets in 3-D space with computer-sectioning at arbitrary planes will
permit visualization of cellular features, enabling high-resolution
intra-operative surgical guidance and intervention at the cellular
level.

acquired from normal and MNU-exposed mammary
tissue. These data sets each consist of a series of 60 2-
D OCT images acquired at 50 wm inter-slice spacing.
The margin of a sub-surface later-stage tumor is evi-
dent in the lower-left corner of Figure 6(B). Rotation
of these projections and computer-based sectioning
along arbitrary axes can be performed to identify
suspect regions at high resolutions in large tissue
volumes.

Discussion

To date, no published reports have demonstrated the
use of OCT for imaging breast cancer. Based on our
results presented here, breast cancers can be readily in-
dentified in vitro in this commonly used rat mammary
tumor model. These results, and those from previous
OCT studies in other tissue types, suggest the poten-
tial of OCT for identifying breast cancers in vivo. A
large portion of breast parenchyma is composed of
fat (adipocytes). These large lipid-filled cells provide
local homogeneous, low-scattering regions that dis-
tinctly contrast the dense collections of tumor cells
forming glandular structures, or for individual cells
that have large nuclear-to-cytoplasmic ratios com-
pared to adipocytes. The imaging resolutions used
in this study (2 wm axial, 10 wm transverse), and by
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many other groups, enable the visualization of lar-
ger cells such as adipocytes and undifferentiated cells,
which typically range 20—40 microns in size. In these
larger cells, cell nuclei and occasionally organelles can
be visualized. To date however, challenges remain for
visualizing smaller, terminally differentiated cells that
are closely packed in highly-scattering tissue. Despite
the use of OCT systems with sub-micron resolutions
[10], visualization of small (10-15 pm diameter) cells
is still problematic, possibly due to complicated op-
tical scattering and coherent speckle artifacts from
cellular structures and organelles. Just as molecu-
lar imaging techniques are being developed for many
clinical modalities such as PET, CT, MRI, and ultra-
sound, the ability to design and target contrast agents
with molecular specificity enables molecular imaging
using optical techniques, including OCT [73]. The
ability to clearly differentiate normal from abnormal
breast tissue at the cellular or molecular level using
OCT will be advantageous for both the basic research
and surgical treatment of breast cancer.

Surgical intervention is the process of interfering
with disease pathogenesis by surgically modifying its
course. The use of OCT in an interventional proced-
ure was first demonstrated by the OCT image-guided
placement and assessment of retinal laser lesions in
the in vivo primate eye [75, 76]. These studies ex-
amined the dynamic evolution of retinal lesions from
continuous wave lasers, and from nanosecond, pico-
second, and femtosecond pulses at visible wavelengths
(514-580nm). Although images were acquired every
5's, the time evolution of lesion morphology enabled
a better understanding of the mechanisms of dam-
age. Faster image acquisition rates (4-8fps) now
enable rapid microstructural changes to be observed
sequentially over time [30, 40, 47].

The feasibility of OCT to perform high-speed
image-guided surgical interventions in highly-scatter
ing tissue has been investigated [45, 47]. The ima-
ging capabilities of OCT have been used to guide
and assess the progress of surgical interventions using
high-power argon laser ablation and radio-frequency
(RF) ablation. In this study, we have demonstrated
the use of OCT for imaging tumor morphology in a
well-characterized MNU-induced rat mammary tumor
model. This model is successfully used in basic sci-
ence investigations because of its similarities to human
breast cancer. Based on strong correlations between
OCT and histopathological findings, OCT can accur-
ately image the architectural morphology of breast
tumors at multiple scales including large solid tumors,

early-stage ductal changes, and individual tumor cells
migrating from tumor margins into surrounding nor-
mal adipose tissue. These results suggest that OCT
can be used not only for basic science research using
this animal model, but also for intra-operative surgical
diagnostics.

While the imaging resolutions of this technique
surpass those of any other major clinical imaging mod-
ality, the relatively shallow imaging depth prevents
this technology from being used non-invasively. In this
study, a titanium:sapphire laser was used to generate
low-coherence light centered at 800 nm wavelength.
Because light at longer wavelengths is scattered less
in biological tissue, the use of 1300 nm light (a second
commonly-used OCT wavelength) is likely to increase
imaging depths by a factor of 2-3 [23]. However, the
shorter 800 nm wavelength light can provide higher
imaging resolution.

Imaging penetration depths, regardless of the OCT
wavelength used, do not permit imaging through the
full skin thickness and into breast parenchyma. Still,
there are many novel scenarios where OCT can make
a significant impact in the research and treatment
of breast cancer. First, OCT can be used to rap-
idly scan large areas of tissue, such as the exposed
rat mammary fat pad, for suspicious areas of tumor
growth, eliminating the need for extensive histological
processing of large tissue blocks. Second, the OCT
beam can be delivered minimally-invasively through
needles commonly used in fine-needle aspirations or
core-needle biopsies [14]. OCT can be used for image-
guidance to direct the investigator or physician to
suspicious areas prior to aspiration or biopsy with
the potential to reduce the problems associated with
sampling errors and non-diagnostic specimens. OCT
image-guided fine-needle aspirations and core-needle
biopsies can be used in both basic research studies
in anesthetized rats or in clinical human studies and
diagnostic procedures. Third, OCT can be performed
using a hand-held surgical probe in an open surgical
field [15]. Resected masses can be imaged on all sur-
faces for the presence of tumor and the validation of
clean tumor margins. Intra-operative imaging could
eliminate the time spent in the surgical pathology lab
when a fully-staffed operating room is waiting for
pathological diagnoses of tissue specimens. Fourth,
following resection of tumor masses, OCT can be
used to scan the walls of the tumor cavity for the
presence of residual tumor or metastasizing tumor
cells that have extended beyond the surgical tumor
margin.



The use of high-resolution imaging of tumor mor-
phology and individual cells may potentially represent
a new paradigm of surgical treatment. Surgical pro-
cedures in the past have routinely been performed at
the macroscopic scale in the operating room, relying
on histological observations in the surgical pathology
suite to confirm or exclude the presence of abnormal
tumor cells along tumor margins or within tissue spe-
cimens. The high-resolution, real-time imaging cap-
abilities of OCT may enable these histopathological
observations and diagnoses to be made intra-
operatively in real-time. Undoubtedly this will be
more cost efficient in terms of dollars and time.

This paper has provided a brief overview of the
OCT technology along with OCT images and cor-
responding histopathological observations to validate
the feasibility and potential for this technology in the
investigation and treatment of breast cancer. Future
studies will use this technology to address specific re-
search questions and to perform intra-operative image-
guided procedures. The long-term benefit of OCT
will be to enhance visualization for understanding
disease processes, pharmacotherapeutic interventions,
and surgical options in the treatment of breast cancer.
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