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Abstract. Collagen|(Col1)fibers areamajorstructural componentin the extracellular matrix of human breast cancers.
In a preliminary pilot study, we explored the link between Col1 fiber density in primary human breast cancers and
the occurrence of lymph node metastasis. Coll fibers were detected by second harmonic generation (SHG)
microscopy in primary human breast cancers from patients presenting with lymph node metastasis
(LN*) versus those without lymph node metastasis (LN7). Coll fiber density, which was quantified using
our in-house SHG image analysis software, was significantly higher in the primary human breast cancers of LN*
(fiber volume = 29.22% 4= 4.72%, inter-fiber distance = 2.25 4 0.45 um) versus LN~ (fiber volume = 20.33%=*
5.56%, inter-fiber distance = 2.88 + 1.07 um) patients. Texture analysis by evaluating the co-occurrence matrix
and the Fourier transform of the Col1 fibers proved to be significantly different for the parameters of co-relation
and energy, as well as aspect ratio and eccentricity, for LN* versus LN~ cases. We also demonstrated that tissue
fixation and paraffin embedding had negligible effect on SHG Col1 fiber detection and quantification. High Col1
fiber density in primary breast tumors is associated with breast cancer metastasis and may serve as an imaging
biomarker of metastasis. © 2012 Society of Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.JBO.17.11.116017]
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1 Introduction

The extracellular matrix (ECM) in primary breast cancers is sig-
nificantly altered compared with normal breast tissue and may
provide new biomarkers for cancer diagnosis,'™ metastasis pre-
diction,>® and prognosis of survival.” Cancer metastasis is a
multistep process in which the tumor microenvironment (TME)
facilitates cancer cell-ECM interactions that are necessary for
metastasis to occur.® The ECM in breast tumors is composed
of a complex meshwork of fibrillar collagens, glycoproteins,
and proteoglycans,” which profoundly affect metastasis, as well
as proliferation, angiogenesis, adhesion, migration, invasion,
macromolecular transport, and drug delivery.®™'> Multiple mole-
cular mechanisms, such as ECM degradation by proteases
secreted by cancer cells and dysregulated ECM synthesis by
tumor-associated stromal cells, have been implicated in the for-
mation of the significantly altered ECM of breast tumors® that
include structural changes in the fiber patterns of fiber-forming
ECM components. Collagen I (Coll) fibers are the major struc-
tural ECM component in breast tumors,>%*!*!5 and increased
stromal Coll has been found to facilitate breast tumor forma-
tion, invasion, and metastasis.>°
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X-ray mammography, which detects radiodense fibrogland-
ular tissue in the breast, demonstrated that women with high
(50% to 74% versus <5%) breast density have a 4.64-fold
increased risk of developing breast carcinoma.'®!” Histologic
evaluation of biopsy and mastectomy specimens from Xx-ray
mammographically dense breast regions revealed a significantly
higher collagen density and extent of fibrosis in these
regions.'*!> High Coll fiber density significantly increased
mammary tumor initiation, progression, and lung metastasis.®
Cancer cell invasion in this mouse model started at the
tumor—stromal interface in the primary tumor along radially
aligned Coll fibers, which can form avenues for metastasis.’
In a recent study, Coll fibers that were oriented perpendicular
to the cancer cell boundaries were found to serve as a prognostic
signature for survival of breast carcinoma patients.’

Here we have, for the first time, performed a pilot study to
test the relationship between lymph node metastasis and Coll
fiber texture and density in primary human breast cancers
using second harmonic generation (SHG) microscopy. SHG
microscopy detects an intrinsic signal generated by the noncen-
trosymmetric physical properties of Coll fibers and does not
require the use of an exogenous optical imaging agent.>*!8
We have performed a small retrospective SHG microscopy
study to determine if the Coll fiber signature in primary breast
tumors is altered in patients presenting with lymph node metas-
tasis (LN™) compared to patients with uninvolved lymph nodes
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(LN7). We used our in-house automated fiber analysis software
as previously described,'” which is free of user variability, and
observed that primary breast cancers in LNT patients have
significantly denser Coll fiber signatures than primary breast
cancer in LN~ patients. To validate our in-house software
results, we additionally used two commonly used texture ana-
lysis techniques to analyze Coll images:>°?2 the gray level
co-occurrence matrix (GLCM) and the Fourier transform (FT).
We observed that the GLCM parameters, co-relation and energy,
and the FT parameters, aspect ratio and eccentricity, were sig-
nificantly different for the Coll fiber distribution in LN™ cases
compared to the LN~ cases. We also demonstrated that tissue
fixation and paraffin embedding had no effect on SHG Coll
fiber detection and quantification, indicating that Coll fiber
assessment by nondestructive SHG microscopy may be imple-
mented in routine clinical pathology settings.

2 Materials and Methods

2.1 Ethics Statement

An exemption for retrospective analysis of de-identified human
breast tumor specimens was approved by the Institutional
Review Board of the Johns Hopkins University School of Med-
icine as these specimens were not collected specifically for this
particular research project, and the identity of the individuals to
whom the specimens pertain was unknown to everyone involved
in this research project. Research that involves only coded
human biological specimens is not human subjects research
under the human subjects regulations of the US Department
of Health and Human Services.

All experimental animal protocols were approved by the
Institutional Animal Care and Use Committee of the Johns
Hopkins University School of Medicine under the animal
protocol number MOO8M166 and under the Animal Welfare
Assurance Number A3272-01.

2.2 Tumor Xenograft Specimens

To test if different types of tissue processing affect the SHG Coll
fiber signals, we used a xenograft model system of human breast
tumors instead of valuable patient material. MCF-7, a nonmeta-
static, estrogen-sensitive (estrogen-dependent) line, was orthoto-
pically inoculated in the upper left thoracic mammary fat pad of
female athymic nude mice to grow breast tumor xenografts. MCF-
7 breast cancer cells were purchased from American Type Culture
Collection (ATCC) and used within 6 months. The MCF-7 cell
line was tested and authenticated by ATCC by two independent
methods: the ATCC cytochrome C oxidase I polymerase chain
reaction (PCR) assay and short-tandem-repeat profiling using
multiplex PCR. For MCF-7 cell inoculations, 0.18 mg of a
60-day release 17 f-estradiol pellet (Innovative Research of
America) was subcutaneously implanted near the left shoulder
of athymic nude mice 1 week before inoculation. Two million
MCEF-7 cells were inoculated in a volume of 0.05 mL Hanks
balanced salt solution (HBSS) (Sigma; no Matrigel was used).
Tumor size was about 500 mm® when animals were killed and
tumors were removed. To assess if tissue processing affects
SHG-detected Coll fiber patterns, each tumor was cut into
three equal-sized parallel pieces. One piece was formalin-fixed
paraffin-embedded (FFPE), a second piece was put on a micro-
scope slide and kept in an ice-box for immediate fresh-tissue SHG
imaging, and a third piece was placed in Tissue Tek OCT™
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freezing compound (Sakura Finetek USA, Torrance, CA),
cryosectioned with a microcryotome (Microm International,
Walldorf, Germany) at 100-um thickness, fixed with 4% para-
formaldehyde (Sigma-Aldrich) solution, and mounted with
Faramount aqueous mounting medium (DakoCytomation,
Carpinteria, CA).

2.3 Breast Cancer Specimens

We retrospectively analyzed 14 breast cancer tissues, all of
which were invasive ductal carcinomas (IDC). Eight of these
breast cancers were LNT and six were LN™. All cancers were
tumor grade 2 to 3, estrogen receptor positive (ER"), and pro-
gesterone receptor positive (PR™). All of our samples were
obtained from hospitals in Maryland and were graded by
board-certified breast pathologists including P. Argani. Snap-
frozen primary breast tumor specimens were placed in Tissue
Tek OCT freezing compound (Sakura Finetek USA), cryosec-
tioned with a microcryotome (Microm International) at 100-ym
thickness for whole-mount sections and 5-um thickness for adja-
cent sections, fixed with 4% paraformaldehyde (Sigma-Aldrich)
solution, stained for nuclei with Hoechst 33342 (Invitrogen,
Carlsbad, CA), and mounted with Faramount aqueous mounting
medium (DakoCytomation) as previously described.'® For test-
ing the within-tumor consistency of SHG-detected Coll inter-
fiber distances and Coll fiber volume, we obtained FFPE
samples from four different biopsy passes of the same breast
cancer for four human specimens, which were grade 3, LNT,
ER", and PR"; grade 2, LN, ER", PR"; grade 2, LN-,
ER™, PR™; and grade 3, LN, ER", PR™. These FFPE samples
were embedded in paraffin blocks, within which they were
marked with the pink dye phloxine, which visualizes the shape
of the biopsy specimen within the white paraffin block. We also
obtained the adjacent hematoxylin and eosin (H&E) slide. In our
pathology lab, the H&E section is always cut as the last slide
in the series from a given FFPE block. Therefore it was possible
to spatially correlate the shape of the H&E section with the
specimen in the FFPE block.

2.4 SHG Imaging

SHG microscopy was performed on a Zeiss LSM 710 NLO
Meta confocal microscope (Carl Zeiss Microlmaging, Thorn-
wood, NY) equipped with a 680- to 1080-nm tunable Coherent
Chameleon Vision II laser with automated pre-compensation
(Coherent, Santa Clara, CA) located in the Johns Hopkins Uni-
versity School of Medicine (JHU SOM) Microscope Core Facil-
ity (directed by Dr. Scot Kuo). Incident laser light of 880 nm
was used for generating the SHG Coll signal and laser light
of 760 nm for two-photon excitation of Hoechst 33342. The
laser power used was about 10 mW for the 880-nm channel
and about 19 mW for the 760-nm channel. The SHG signal
was detected within 410 to 450 nm, and the Hoechst fluores-
cence was detected within 400 to 475 nm. Six to 10 random
fields of view (FOVs) per sample that were equidistantly spread
throughout the breast tumor specimen were imaged to provide a
realistic representation of each breast cancer sample. At each
FOV, we acquired a z-stack of 100 um total thickness with a
z-interval of 5 ym using a 25 x /0.8 LD LCI PlanApo multi-
immersion lens. The corresponding images of adjacently cut,
H&E-stained, 5-mm-thick sections were used to verify that
all samples contained cancer. Brightfield microscopy of the
H&E-stained adjacent sections was performed using a Nikon
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inverted microscope equipped with a Nikon Coolpix digital
camera (Nikon Instruments, Melville, NY). For testing the
within-tumor consistency using FFPE blocks of different biopsy
passes, we additionally performed tile-function imaging cover-
ing the entire biopsy sample for two biopsy passes, again acquir-
ing z-stacks of 100 um total thickness with a z-interval of 5 ym
using the 25x% lens.

2.5 Coll Fiber Quantification

To quantify our data independent of SHG signal intensity and
free of errors introduced by user variability, we used automated
geometric analysis and texture analysis techniques. We used a
geometric analysis technique in which the parameters of fiber
volume and inter-fiber distance were calculated. Image analysis
to quantify the Coll inter-fiber distance and the Coll fiber
volume was performed using in-house software as previously
described.' This software was written in Matlab (version
7.4.0, TheMathWorks, Natick, MA) and was previously
described in detail.'” Briefly, our software quantifies the median
of all Coll inter-fiber distances and the total Coll fiber volume
as outlined in Fig. 1. A representative z-plane of a raw image is
shown in Fig. 1(a), which is preprocessed to exclude noise and
nonfibrillar shapes as demonstrated in the schematic in Fig. 1(b),
resulting in the extraction of Coll fiber structures from the raw
images as shown in Fig. 1(c). As indicated in Fig. 1(d), Eucli-
dean distances from each empty voxel to the nearest Coll fiber
voxel were computed within each 3-D FOV to quantify the inter-
fiber distances and the total fiber volume from the Coll fiber
mesh. Based on a previous report, we expected more tightly
packed Coll fibers and a higher fiber volume for LN™ cases
as compared to LN~ cases.® Therefore, a one-sided t-test
(a = 0.05) was used to detect significant differences in the
Coll inter-fiber distance and the Coll fiber volume between

(b)

(d) (c)

Inter-fiber Distance and Fiber Volume

Fig. 1 Construction of inter-fiber distance and fiber volume. Composite
image (a) of the collagen | (Col1) fibers (red) and cell nuclei (green);
preprocessing using the optional filter (b) to identify fiber-like objects
(red) among various non-fiber-like objects in the image to produce
the corresponding Col1 fiber image (c); (d) computing the distances
from each 3-D voxel to the surrounding fibers in 3-D to determine
the nearest distance to a fiber in um and the total fiber volume (%).
One z-plane from a 3-D image stack is displayed in (a) and (c). Each
image size is 339 by 339 um. The scale bars represent 50 ym.
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primary tumors from LN~ versus LNT cases using Excel
2007 (Microsoft, Redmond, WA). P values of <0.05 were
considered to be significant. P values of 0.10 > P > 0.05 were
considered to be a trend toward significance.??

To validate our analysis results, we also used well-
established texture analysis methods for Coll fiber quantifica-
tion,?%?? to see whether the Coll fiber distributions were signif-
icantly different for the LN~ and LN cases as observed in our
geometric analysis. We used GLCM and FT texture analysis to
analyze Coll fiber distributions. Several textural features were
extracted by GLCM, which is a statistical texture analysis
method based on the second-order statistics of an image’s gray-
scale histogram.?* This analysis was done in Matlab. The
extracted features include (1) contrast, which is a measure of
intensity variation, with a contrast = 0 for a constant image,
and a range = [0 1]; (2) co-relation, which is a measure of
how a pixel is co-related to its neighboring pixel, with 1 for posi-
tively and —1 for negatively co-related pixels, and a range =
[-1 1]; (3) energy, which is also known as uniformity or
angular second moment, with an energy =1 for a constant
image, and a range = [0 1]; and (4) homogeneity, which is
a property measure of how homogeneous an image is, with a
value = 1 for a constant image, and a range = [0 1].> We
also calculated the 2-D FT for all images. For randomly distrib-
uted Coll fibers, the resulting FT approximates a circle, whereas
for a more organized fiber pattern, the FT looks elliptical. FT
features were obtained by fitting an ellipse to the FT of each
image and including (1) aspect ratio (AR), which is the ratio
of the major axis to the minor axis of the ellipse; (2) orientation,
which is the angle between the x-axis and the major axis of the
ellipse; and (3) eccentricity, which is the ratio of the distance
between the foci of the ellipse and the length of the major
axis. For a circle, the eccentricity is 0 and its range = [0 1].
A one-sided #-test (a = 0.05) was used to detect significant dif-
ferences in the Coll texture for all above parameters between
primary tumors from LN~ versus LNT cases using Excel
2007. P values of < 0.05 were considered to be significant.

3 Results

To test whether the SHG microscopic detection of Coll fiber
signatures depends on tissue processing, we compared fresh tis-
sue samples with formaldehyde-fixed, Hoechst-stained whole-
mount sections and FFPE samples from the same MCF-7 breast
tumor xenograft. The data presented in Fig. 2 demonstrate that
SHG microscopy effectively revealed Coll fiber signatures in
this breast tumor xenograft model. We found that the Coll fiber
distribution in tissues under these different preparations were
fairly consistent. Figure 2(a) to 2(c) shows that the Coll fiber
structures were stable and remained unaltered in the same MCF-
7 breast tumor xenograft that was first imaged fresh, and from
which adjacent sections were re-imaged after 4% paraformalde-
hyde fixation and Hoechst 33342 staining, or after formalin fixa-
tion and paraffin embedding within FFPE blocks. The Col1 fiber
volume [Fig. 2(d)] and inter-fiber distance [Fig. 2(e)] from five
randomly selected FOVs detected from each sample preparation
revealed no changes between the same tissue that was fresh,
fixed, or paraffin-embedded. These results suggest that tissues
with different preparations (fresh, fixed, or FFPE) can be used
for SHG-Coll imaging studies without introducing artifacts,
although in practice, tissue processing within each experimental
setup should be kept consistent to avoid any potential variations
across different types of tissue preparations.
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Fig. 2 The second harmonic generation (SHG) signal is robust and independent of tissue processing. We obtained comparable images from fresh (a),
fixed and Hoechst-stained (b), and paraffin-embedded (c) MCF-7 breast tumor xenograft tissue, consistent with almost identical results obtained by fiber
volume (d) and inter-fiber distance quantification (e) of five randomly selected fields of view (FOVs) from each differently processed tissue. Each image

size is 339 by 339 um. The scale bars represent 50 um.

We compared the Coll fiber signatures in the primary tumors
of LN~ and LN patients in an initial proof-of-principle pilot
study. As evident in Fig. 3, denser SHG Coll fiber signatures
were detected in primary tumor specimens from eight LN
patients compared to those from six LN~ patients. We quantified
10 randomly selected, equidistant FOVs from each primary
tumor to assess global Coll changes. This approach accounts
for the possibility that Coll fiber architecture can be spatially
heterogeneous within a given tumor. The image quantification
software described above was used to quantify the Coll fiber
volume [Fig. 3(c)] and distance [Fig. 3(d)] in this geometric ana-
lysis. The Coll fiber volume significantly (P = 0.0036, n = 6
to 8, values are mean =+ standard deviation) increased from
20.33% =+ 5.56% in LN~ to 29.22% + 4.72% in LN* patients.
The Coll inter-fiber distance showed a trend toward significance
(P =0.0807, n = 6 to 8) and decreased from 2.88 £+ 1.07 ymin
LN~ to 2.25 + 0.45 um in LN patients (Fig. 3). The primary
tumors of all patients were positive for ER and PR. Hence ER

(2) [HNE (&) e

50 ym

(CI p=0.0807

S
IN

a

N

o
Fiber Distance [um]
w

Fiber Volume [%]
- - g N W

o
-

o o

LN- LN+ LN- LN+

Fig. 3 Primary breast tumors from lymph node positive (LN*) patients
contained denser Col1 fibers than primary tumors from LN~ patients.
Shown are representative SHG Col1 fiber (red) images from an LN~
patient (a) and an LN* patient (b). Nuclei were counterstained with
Hoechst (green). Each image size is 339 by 339 um; one z-plane is dis-
played. The scale bars represent 50 um. LN~ patients (n = 6) displayed
significantly (P =0.0036) decreased fiber volume (c) and a trend
(P =0.0807) toward increased inter-fiber distance (d) compared to
LN* patients (n = 8). Values are mean = standard deviation.
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and PR status were the same in all patients and were not con-
founding factors in this comparison.

To validate our geometric analysis of the differences
observed in Coll fiber distribution of LN~ versus LN patients,
we used different texture analysis methods to quantify the fiber
patterns in a manner that is independent of the SHG signal inten-
sity. We analyzed the same FOVs as for the geometric analysis
using GLCM and FT methods. We observed that the GLCM
parameters co-relation and energy [Fig. 4(a)] significantly sepa-
rated the LN~ and LN* patients (P = 0.0007 and 0.0178,
respectively). The Coll fibers in LN~ samples had a signifi-
cantly lower co-relation (LN~ mean = 0.44, LN mean = 0.67,
P =0.0007) and a significantly higher energy value
(LN~ mean = 0.47, LN* mean = 0.28, P = 0.0178) than the
fibers in LNT samples. These parameters of higher co-relation
and lower energy in LN versus LN~ cases indicate that LN
samples had more and denser Coll fibers than LN~ samples,
which is consistent with our geometric analysis results. In
Fig. 4(b), we show that the FT parameters AR and eccentricity
were significantly different for the LN~ and LN patient sam-
ples (P = 0.0557 and 0.0462, respectively). The LN~ samples
had a significantly higher AR (LN~ mean = 1.9, LN" mean =
1.45, P =0.0557) and a significantly higher eccentricity
(LN~ mean = 0.74, LN* mean = 0.66, P = 0.0462) than the
LN* samples. The FT analysis parameters AR and eccentricity
were able to distinguish between LN and LN~ samples. How-
ever, because the spatial information is lost in FT analysis, it was

=0.0007
(@ 10, " (b) p=0.0557
p=0.0178 OLN- — 2.5 ’-*-‘ DLN-
(%]
"é 0.8 A ELN+ E 20 ELN+
S 06 >
> 215 p=0.0462
—
g 0.4 S5 10
o] =]
0.2
= Sos
0.0 0.0

Co-relation

Energy

AR

Eccentricity

Fig. 4 Gray level co-occurrence matrix (GLCM) and Fourier transform
(FT) texture analyses of Col1 fibers in primary breast tumors were able
to distinguish between LN* and LN~ patients. (a), GLCM parameters
showed that LN~ patients (n = 6) displayed a significantly decreased
inter-fiber co-relation (P =0.0007) and significantly higher energy
uniformity (P =0.0178) compared to LNT patients (n=8). (b),
Texture analysis using FT demonstrated that the Col1 fiber distribution
of LN~ patients (n = 6) had a significantly higher aspect ratio (AR, P =
0.0557) and significantly higher eccentricity value (P = 0.0462) com-
pared to LNT patients (n = 8). Values are mean = standard deviation.
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not possible in our case to interpret the decrease in AR and
eccentricity in LN versus LN~ patients in terms of geometric
fiber parameters.

To assess whether local Coll fiber differences in a given
tumor affect global Coll fiber measurements obtained by ana-
lyzing and quantifying 10 randomly selected, equidistant FOVs
from each primary tumor (n = 14), we determined the spatial
heterogeneity of the Coll fiber architecture in breast tumor spe-
cimens. This assessment is necessary because with microscopic
techniques such as SHG Coll fiber imaging, the FOV is in the
range of hundreds of microns, whereas clinical breast tumors
typically span larger diameters. Therefore, it is necessary to
test whether the differences in Coll fiber density globally
span the tumor or are local phenomena. Our data presented
in Fig. 5 show that the Coll inter-fiber distance distribution
and fiber volume are almost identical in four biopsy passes
that were obtained from the same human breast tumor specimen.
In addition, the overall averages of a Coll fiber volume of
25% £ 3% and distance of 3.0 £ 0.4 um for the tile-imaged
biopsy pass B1 are comparable to the averages from six FOVs
per biopsy pass (Fig. 5). Comparable results were obtained for a
total of four primary breast tumor cases, in which the Coll fiber
volumes and inter-fiber distances for six equidistant FOVs from
four separate biopsy passes from each one of the four tumors
gave comparable results (null hypothesis of the f-test was
true, i.e., P > 0.05 for all breast tumor cases; n = 4). Although
there is some heterogeneity in the Coll fiber architecture in
breast tumor specimens, our approach of measuring and aver-
aging over several randomly selected, equidistant FOVs that
cover the entire tumor/biopsy averages out local fiber heteroge-
neity and detects overall global changes in Coll fiber signature.
Our data indicate that global Coll fiber alterations in breast
tumors dominate local Coll fiber differences.

4 Discussion

The presence or absence of metastases in axillary lymph nodes
is currently the most important predictor of prognosis in breast
carcinoma and an integral component of the breast cancer sta-
ging system.?5?’ Using ex vivo primary tumor specimens from
patients, we observed increased Coll fiber density in LN™ com-
pared to LN~ patients (P = 0.0036, n = 14) and significantly
varied fiber distributions as obtained by our texture
analysis (co-relation, P = 0.0007; energy, P = 0.0178; AR,
P = 0.0557; eccentricity, P = 0.0462; n = 14). Our data are
in good agreement with a recent study that identified a
tumor-associated Coll signature (TACS) of bundles of straigh-
tened and aligned Coll fibers that are oriented perpendicular to
the tumor boundary as an independent prognostic marker for
poor survival in patients with this TACS in their primary
tumors.” While this larger clinical study scored for disease-
free survival in 196 patient samples on human breast carcinoma
tissue microarrays, our study more specifically compared pri-
mary tumors from LN and LN~ patients in an initial proof-
of-principle study. Unlike the study by Conklin et al.” that relied
on a qualitative yes/no judgment performed by trained persons
without software involvement or quantification, data analysis in
our study was done by using in-house automated software that
quantifies inter-fiber distance and fiber volume from raw Coll-
SHG images. A major advantage of this automated analysis
approach is that it is free of errors from subjective judgement,
and it can give quantitative results in real time. By averaging
over 6 to 10 FOVs that were equidistantly spread throughout
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(a)
Biopsy pass B1

2N

i

B1 B2 B3 B4 B1 B2 B3 B4

Fig. 5 SHG tile imaging covering breast tumor biopsy B1 (a) and the
adjacent hematoxylin and eosin-stained section (b). Fiber volume (c)
and fiber distance (d) were quantified with our software on an FOV-
by-FOV basis covering the entire biopsy pass B1 to visualize the spatial
heterogeneity by heat maps. Representative, average fiber volume and
inter-fiber distance of the 3-D data stack is displayed in 2-D [(c) and (d)].
Six randomly selected FOVs (marked in red) in this biopsy were ana-
lyzed for their Col1 fiber distribution. Four biopsy passes B1 (shown),
B2, B3, and B4 taken from the same LN breast tumor were analyzed for
their Col1 fiber volume (e) and distance (f) and displayed close to iden-
tical values for both parameters. Values are mean + standard deviation.
These findings demonstrate that robust global changes in Col1 fiber
architecture occur in malignant breast tumors, which can be reliably
quantified by randomly selecting six FOVs. Each image size is 9862
by 4080 um. The scale bars represent 500 ym.

each breast tumor specimen, we were able to obtain robust quan-
titative results (n = 14, total number of tissue samples). Our
data are also in good agreement with preclinical findings in a
bi-transgenic mouse model, in which high Coll fiber density
promoted mammary tumor initiation, progression, and metasta-
sis,® and provide the first patient data linking lymph node
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metastasis with Coll fiber density. In addition, recent studies
demonstrated that high Coll fiber density in primary tumors
can facilitate metastasis by providing dense Coll fiber avenues
along which cancer cells migrate to ultimately establish distant
colonies.> In these studies, the initial invasion of breast cancer
cells at the tumor—stromal interface was shown to occur along
radially aligned Coll fibers in the primary tumor.>® Breast can-
cer cells invade into Coll matrices by overexpressing integrins
on their cell surface, which enable these cells to adhere to the
Coll-containing ECM.?%° Cancer cells migrate through lympha-
tic vessels to the connected sentinel lymph node to establish
metastatic growth.’** Because lymphatic vessels are attached
to collagen through anchoring filaments,>** future studies should
focus on identifying if Coll fibers guide migrating cancer cells
into tumor-associated lymphatic vessels within the primary tumor.

In the clinic, lymph node status is typically assessed by a
sentinel lymph node biopsy, where the sentinel nodes draining
the lymphatic basin containing the tumor are identified and
excised. This biopsy is typically performed at about 3 weeks
after the initial breast biopsy*’ to identify and histologically
examine axillary lymph nodes that are at high risk of containing
cancer cells. There is a 25% adverse event rate after sentinel
lymph node biopsy, with 9% of patients having axillary
paresthesia, 6% lymphedema, 6% axillary seromas, and 3%
wound infections.?’ Avoiding the sentinel lymph node biopsy
procedure would eliminate these risks for those patients that
are LN™. If the sentinel lymph nodes cannot be identified, addi-
tional axillary lymph node dissection is performed, which
causes even more adverse surgical effects than the sentinel
lymph node biopsy alone.?’ Therefore, novel biomarkers that
alone or when integrated with other standard markers accurately
predict for lymph node metastasis are critically needed. Our data
suggest that SHG imaging of Coll fibers may serve as a surro-
gate marker to predict the presence of lymph node metastasis,
which is in good agreement with the study by Conklin et al.” that
showed that a specific TACS was able to predict survival. Coll
fibers were detected by optical SHG microscopy, a highly sen-
sitive and nondestructive technique that images intrinsic signal
from Coll fibers.*!33738 Several other breast cancer markers
have been associated with axillary lymph node metastasis such
as CCNDI1, CD44, COX-2, EGFR, HER2/NEU, HPA, and
LYVE-1 (reviewed in Ref. 39). In addition, increased expression
of vascular endothelial growth factor C (VEGF-C) or VEGF-A,
both of which are able to promote lymphangiogenesis in pri-
mary tumors, was correlated with an increased incidence of
regional lymph node as well as distant metastases in humans
and animals.>**? Different techniques assessing protein expres-
sion, mRNA expression, chromosome alterations, and DNA
copy number changes are being used to evaluate these markers
of lymph node metastasis in primary breast tumors.*”> The
advantage of SHG detection of Coll fibers as a biomarker of
lymph node metastasis is that the technique is nondestructive
and can be used to interrogate live tissues.

Our data show that the global Coll fiber architecture in a
given breast cancer is an important parameter that dominates
local Coll fiber differences within the tissue. Our approach of
probing several randomly selected, equidistant FOVs covering
the entire tumor/biopsy to average out local fiber heterogeneity
ensures that we are measuring global Coll fiber architecture,
which is quantified by the parameters Coll fiber volume and
inter-fiber distance. We previously observed in an orthotopic
human breast tumor xenograft model that hypoxic tumor
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microenvironments reduce Coll fiber density and increase
Coll inter-fiber distance.!” Some of the occurring local hetero-
geneity in the Coll fiber architecture of human breast cancers
may be due to hypoxic pockets in these tumors. To implement
SHG microscopy of Coll fibers in the breast pathology work-
flow, it would be feasible to image the SHG Coll fiber signa-
tures using paraffin blocks generated from excised tumors of
patients as was done in Fig. 3 or from biopsies as shown in
Fig. 5. As SHG microscopy is nondestructive, the unaltered
paraffin blocks can be returned to the pathology archive after
SHG microscopic investigation. Another major advantage of
SHG microscopy is that it can be performed through an
ultra-compact fiber-optic endomicroscope,*®™** which can be
integrated with a 14-gauge breast biopsy needle. Such “through-
needle” SHG endomicroscopy may, in the future, allow for SHG
Coll imaging to be performed during the initial diagnostic
mammography-guided breast biopsy in the clinic. We have
also demonstrated the feasibility of using automated software
to analyze Coll fibers and obtain robust quantitative results
that avoid human subjectivity and error. Our software has the
potential to provide real-time results during fiber-optic endomi-
Croscopy scanning.

Coll fibers are the target of recently developed stromal deple-
tion therapies to treat desmoplasmic tumors.*® Stromal depletion
therapies are currently going into clinical trials in pancreatic can-
cer.*® Imaging biomarkers that are able to assess the response to
such therapies in patients will be important. The SHG-detected
Coll fiber signature may provide such a monitoring tool for stro-
mal depletion therapies in the future, and this may be realized
either by nondestructive SHG microscopy during the pathology
workflow using FFPE blocks or by using SHG endomicroscopic
imaging of Coll fibers in patients. Col1 fibers also play an impor-
tant role in drug delivery across the ECM of tumors, for which
SHG imaging can serve as an assessment tool.'® Tumor delivery
of nanotherapeutics may in fact be improved by strategies aimed
at reducing the Coll fiber matrix, as recently demonstrated with a
Coll synthesis inhibitor in desmoplasmic models of human
breast, pancreatic, and skin tumors using SHG microscopy.*’

5 Conclusions

In summary, the results obtained here have identified a potential
biomarker that may be useful in the assessment and staging of
breast cancer and confirmed the importance of Coll fibers in the
metastatic process. Larger scale studies using breast and other
cancer tissues are necessary to validate the sensitivity and spe-
cificity of Coll fibers detected with SHG microscopy to predict
the presence of cancer cells in lymph nodes. Such studies can
lead to the development of an imaging biomarker to evaluate
lymph node metastasis at the time of presentation and may result
in the formulation of novel Coll fiber-depletion strategies to
reduce metastatic spread. Detection and quantification of Coll
fibers can easily be implemented in clinical pathological labora-
tory routines to provide additional valuable information for
potentially predicting lymph node involvement in breast cancer.
Automated software can be used to quantify the Coll fiber dis-
tribution to give objective results, with the potential to perform
real-time quantification during endomicroscopy.
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