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Abstract. Neoadjuvant chemotherapy (NACT) is routinely administered to subsets of breast cancer patients,
including triple negative (TN) or human epidermal growth factor receptor 2-positive (HER2+) cancers. After
NACT and subsequent surgical resection, 5% to 30% of patients have no residual invasive carcinoma, termed
pathological complete response. Unfortunately, many patients experience little-to-no response after NACT and
unnecessarily suffer its side effects. Methods are needed to predict an individual patient’s response to NACT.
Core needle biopsies, taken before NACT, consist of tumor cells and the surrounding extracellular matrix. We
performed second-harmonic generation (SHG) imaging of fibrillar collagen in core needle biopsy sections as a
possible predictor of response to NACT. The ratio of forward-to-backward scattering (F/B) SHG was assessed in
the “tumor bulk” and “tumor–host interface” in HER2+ and TN core needle biopsy sections. Patient response was
classified post-treatment using the Residual Cancer Burden (RCB) score. In HER2+ biopsies, RCB class was
associated with F/B derived from the tumor–stromal interface, but not tumor bulk. F/B was not associated with
RCB class in TN biopsies. These findings suggest that F/B from needle biopsy sectionsmay be a useful predictor
of which patients will respond favorably to NACT, with the potential to help reduce overtreatment. © The Authors.
Published by SPIE under a Creative Commons Attribution 4.0 Unported License. Distribution or reproduction of this work in whole or in part requires full
attribution of the original publication, including its DOI. [DOI: 10.1117/1.JBO.24.8.086503]

Keywords: neoadjuvant chemotherapy; breast cancer; second-harmonic generation; collagen; extracellular matrix; multiphoton laser
scanning microscopy.

Paper 190104R received Apr. 8, 2019; accepted for publication Aug. 5, 2019; published online Aug. 27, 2019.

1 Introduction
Neoadjuvant chemotherapy (NACT) is a presurgical option for
select breast cancer (BC) patients, including many triple-nega-
tive breast cancers (TNBCs) or human epidermal growth factor
receptor 2-positive (HER2+) patients. NACT is recommended
based on pathological assessment of an initial core needle
biopsy, which is routinely taken for diagnosis prior to any thera-
peutic or surgical intervention. Core needle biopsies utilize
x-ray-guided stereotactic imaging, ultrasound guidance, or mag-
netic resonance imaging guidance to remove a sample of poten-
tially diseased tissue that is then sectioned, stained, and used for
diagnosis and determination of treatment options, including
NACT. However, predicting who will and who will not benefit
from NACT has proven to be challenging, exposing some
patients to unnecessary toxicity and delaying administration
of other life-saving treatments.1 Methods to stratify patients
based on expected response to NACT are greatly desired.

Core needle biopsies typically consist of tumor cells as
well as the surrounding extracellular matrix (ECM). A major

component of the ECM is fibrillar collagen, which is capable
of producing an intrinsic optical signal called second-harmonic
generation (SHG). SHG is a nonlinear optical phenomenon that
occurs when two identical photons scatter off a noncentrosym-
metric material to produce a single photon of exactly twice the
energy of the incoming photons and hence half the wavelength.
The main source of SHG in solid tumors is fibrillar collagen, and
the directionality of SHG emission is sensitive to its microscopic
arrangement including fibril diameter, spacing, and packing
disorder within collagen fibers, which we collectively call
the “microstructure.”2–7 The ratio of forward-emitted (where
“forward” is the direction of the excitation laser) to backward-
emitted SHG, or F/B ratio, is sensitive to the microstructure,
which is inherent to individual collagen fibers and is distinct
from the overall arrangement of ensembles of fibers.8,9

SHG imaging has been used to study collagen remodeling in
BC using a number of analysis methods.10–12 Provenzano et al.13

identified “tumor-associated collagen signatures” (TACS) by
assessing fiber density and alignment relative to the tumor boun-
dary during early disease, in-situ breast carcinomas, and inva-
sive BC. Using a manual approach, TACS-3 (fiber alignment
orthogonal to tumor boundary) was shown to be prognostic
of disease-free survival by Conklin et al.9 Polarization-based
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SHG reflects the pitch angle of α-helices within the collagen
triple helix, which change with BC progression and has been
applied to mouse models and human samples.2,14 Our group has
previously shown that F/B measured from primary tumor sam-
ples is an independent prognostic indicator of the probability of
remaining metastasis free for 10 years after tumor resection
in a cohort of untreated estrogen receptor-positive (ER+),
lymph node-negative (LNN) invasive ductal carcinoma (IDC)
patients.15 Furthermore, we have shown that F/B from primary
tumor samples is correlated with five-year survival in patients
treated postoperatively with tamoxifen therapy.15

In this study, we assessed the relationship between Residual
Cancer Burden (RCB) class, a measure of response to NACT,
and collagen fiber orientation as well as microstructure (as
reported by F/B) in different tumor regions of pre-NACT core
needle biopsy sections from TNBC and HER2+ BC patients. We
are interested in evaluating F/B as a useful prognostic indicator
of response to NACT; therefore, we measured F/B in samples
that are currently in the clinical workflow, specifically formalin-
fixed, paraffin-embedded (FFPE) hematoxylin and eosin
(H&E)-stained sections from core needle biopsies. Hence, the
F/B we report here is not necessarily equal to F/B that would
be measured in unprocessed fresh biopsy tissue, because various
steps in processing and mounting may affect the F/B value.

1.1 Clinical Background

NACT is a well-established treatment option for the clinical
management of patients with locally advanced BC (more than
three positive lymph nodes or tumors >5 cm), patients who
have medical contraindications to surgery at diagnosis but in
whom surgery is anticipated at a later date (i.e., women diag-
nosed during late pregnancy), select cases of early stage BC
patients in which breast-conserving surgery would be subopti-
mal, and select cases of TNBCs or HER2+ patients. NACT,
which is administered preoperatively, is often used to downsize
larger tumors, allowing breast-conserving surgery rather than
mastectomy.1 Types of NACT include combinations of anthra-
cyclines (e.g., doxorubicin or epirubicin) and taxanes (e.g.,
docetaxel or paclitaxel), with other drugs such as fluorouracil
and cyclophosphamide. In HER2+ patients, targeted therapies
with drugs such as trastuzumab, pertuzumab, lapatinib, and/
or bevacizumab are administered along with standard chemo-
therapy regimens, individualized to the patient. NACT has been
shown to be as effective as adjuvant chemotherapy in terms of
outcomes and is now considered as a possible standard option
and a preferred approach for a select subset of BC patients.16

Multiple studies have shown that a patient’s response to NACT
is correlated with overall prognosis and disease-free survival.17

Specifically, patients who have a pathological complete
response (pCR) after NACT exhibit better overall disease-
free survival and better long-term outcome than those with
residual disease (RD).1,18–22 In particular, pCR is most strongly
correlated with better overall disease-free survival and better
long-term outcome in TNBC and HER2+ BC patients.1,18,23,24

However, NACT has unpleasant and debilitating side effects,
including, but not limited to, nausea, vomiting, fatigue, hair loss,
infection, and mouth sores. Bone marrow reserves and renal
function decrease with age, increasing the probability of
myelosuppression, cardiodepression, peripheral neuropathy, and
neurotoxicity.25 Further, NACT has been shown to increase the
density of tumor microenvironment of metastasis (TMEM) com-
plexes in human breast tumors. TMEM complexes are thought

to be sites of tumor cell intravasation and their density is
correlated with metastatic outcome in human mammary
carcinomas.26 For these reasons, there is an identified pressing
need to administer NACT only to those who will benefit from it
and not administer it to those who will not benefit.19

Though there are different definitions of pCR, many studies
concede that true pCR includes a lack of residual invasive dis-
ease in both the breast and axillary lymph nodes.18,27–30 RCB,
one method of quantifying RD in a resected specimen, is a score
calculated based on the presence or absence of invasive tumor in
the primary tumor bed, and presence or absence of tumor in the
lymph nodes.20,21,31,32 Patients are sorted into one of four classes
based on their RCB scores, where RCB-0 corresponds to pCR,
RCB-I and RCB-II represent intermediate outcomes, and RCB-
III indicates extensive RD.31 In numerous clinical trials and
meta-analyses, RCB class has a significant positive correlation
with overall survival and discriminates between patients with
favorable and unfavorable prognoses.21 Specifically, RCB-0 and
RCB-I have been shown to have the same positive five-year
prognosis no matter the NACT, adjuvant chemotherapy, or
pathological stage, while RCB-II and RCB-III have worse
prognoses.31 To this end, an improvement in the ability to iden-
tify those BC patients who are most likely to have a class of
RCB-0 or RCB-I, and therefore a better response to NACT,
will assist decision-making regarding surgery, adjuvant chemo-
therapy, and follow-up care.19

2 Methods

2.1 Patient Samples

A total of 29 patients with HER2+ biopsy specimens and
27 patients with TNBC biopsy specimens, all with available
HER2 and RCB results, were identified from the pathology files
at the University of Rochester Medical Center (URMC) (2009 to
2019). Use of patient samples was approved by the Institutional
Review Board at URMC. All TNBC patients received some type
of NACT regimen which included standard combinations of
a taxane, an anthracycline, cyclophosphamide, etoposide, 5-flu-
orouracil, methotrexate, and/or platinum therapy. All HER2+
patients received trastuzumab and/or pertuzumab with some
type of NACT regimen which included standard combinations
of a taxane, an anthracycline, cyclophosphamide, and/or
platinum therapy. All biopsy samples collected prior to NACT
administration were processed in the URMC pathology labora-
tory and mounted on slides as 5-μm-thick FFPE sections,
prior to routine H&E staining. After NACT administration and
tumor resection, all patients received either partial or total mas-
tectomy with appropriate surgical evaluation of lymph nodes.
Postmastectomy tissues were processed in the URMC pathology
laboratory as 5-μm-thick FFPE sections and were H&E stained.
All tumor H&E slides and immunohistochemistry stains were
reviewed by at least two board-certified breast pathologists
with manual interpretation of HER2 (rabbit antihuman HER2,
Dako HercepTest™). Fluorescence in-situ hybridization (FISH)
was performed on all equivocal HER2 immunohistochemistry
results (HER2 IQFISH pharmDx, FDA kit, Dako), and the
FISH results were used in lieu of the immunohistochemistry for
these cases.

The evaluation of the extent of RD following neoadjuvant
therapy was performed on the post-treatment pathology material
using the published method of Symmans et al.21,31,32 and the
associated RCB online calculator. Briefly, the gross description
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along with clinical imaging studies and specimen photographs
were used to determine the two largest dimensions of the
residual primary tumor bed in the resection specimen.
Evaluation of microscopic sections was used to determine (1) the
proportion of the primary tumor bed that contained metastatic
carcinoma, (2) the number of axillary lymph nodes that con-
tained metastatic carcinoma, and (3) the diameter of the largest
metastatic deposit. This information was entered into the online
calculator and the RCB score and RCB class were recorded.

2.2 Imaging

A Spectra Physics MaiTai Ti:sapphire laser (circularly polarized
at the sample using a Berek Compensator, 100 fs pulses at
80 MHz, 810 nm, ∼3 mW at the sample) was directed through
an Olympus Fluoview FV300 scanner. The laser was focused
through an Olympus UMPLFL20XW water-immersion lens
(20×, 0.95 NA), which subsequently captured backward-
propagating SHG signal. This SHG signal was separated from
the excitation beam using a 670-nm dichroic mirror, filtered
(HQ405/30 m-2P, Chroma, Rockingham, Vermont), and col-
lected by a photomultiplier tube (Hamamatsu HC125-02).
The forward-scattered SHG was collected through an
Olympus 0.9 NA condenser, reflected by a 565-nm dichroic
mirror (565 DCSX, Chroma, Rockingham, Vermont) to
remove excitation light, filtered (HQ405/30 m-2P, Chroma,
Rockingham, Vermont) and captured by an identical photomul-
tiplier tube (Hamamatsu HC125-02). Quantification of “F” and
“B” signals while scanning the excitation wavelength from
740 to 880 nm (i.e., just below to just above the emission filter
bandpass) enabled us to estimate the extent of contamination of
the SHG signal with two-photon-excited fluorescence, revealing
that ∼1% of the detected forward-scattered photons and ∼10%
of backward-scattered photons were from two-photon-excited
fluorescence.

A microscopist who was blinded to the patient outcome (i.e.,
eventual RCB class) performed the SHG imaging and analysis.
Three fields of view (FOVs) were taken in the “tumor bulk”
(solid box, Fig. 1) of each 5-μm-thick pretreatment core needle
biopsy sample. The “tumor–host interface” was defined as the
stroma immediately surrounding the tumor bulk. Three FOVs
were also taken in the tumor–host interface, with the tumor bulk
just out of the FOV (dashed box, Fig. 1). Forward- and back-
ward-scattered SHG images were collected simultaneously.
Examples of the H&E-stained FOV and corresponding SHG
images are shown in Fig. 2. Images from these core needle
biopsy sections revealed a random network of collagen fibers
often encapsulating SHG-dark nodules containing highly
cellular areas, consistent with our previous images of primary
tumor sections.15,33 Interestingly, close inspection of forward (F)
and backward (B) images often revealed the characteristic
“segmented” appearance of fibrils in the B image relative to the
F image (Fig. 2), as previously reported in other tissue types.4,8

2.3 Image Analysis: Intensity Mask-Based F/B

A single value of F/B for a FOV was derived from the
F and B images of that FOV using ImageJ34,35 as previously
described.15,33 Briefly, an F image of forward-propagating
SHG and a B image of backward-propagating SHG were col-
lected in each FOV. All images were background-subtracted and
a pair of masks was created to distinguish background pixels
from collagen fibers. To produce the masks (one mask for the
F image and one for the B image), a blinded user selected
a threshold to best distinguish pixels within fibers from back-
ground pixels. The same two thresholds were used for all F and
all B images in a single imaging session. All pixels above the
lower threshold were set to 1 and those below the lower thresh-
old to 0, producing binary F and B masks. These binary F and B
masks were multiplied together to create a final mask of pixels
within fibers. The background-subtracted F and B images were

Fig. 1 Core needle biopsy sections contain tumor cells and surrounding stroma. Pretreatment core nee-
dle biopsy sections contain heterogeneous cellular and noncellular regions. We have defined both the
tumor bulk (solid box), which consists primarily of tumor cell clusters, and the tumor–host interface
(dashed box), the matrix that surrounds the cell clusters and consists mainly of collagen and structural
proteins. Three images were taken in the tumor bulk and three in the tumor–host interface for each
H&E-stained core needle biopsy.
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Fig. 2 Tumor bulk and tumor–host interface can be imaged with SHG microscopy. Core needle biopsy
sections contain the bulk of the tumor and the tumor–host interface consisting mostly of collagen. Here,
the same region of the tumor bulk is shown: (a) transmitted light microscopy (H&E stained) and (b) two-
photon forward-scattered SHG image. In the same core, a FOV containing the tumor–host interface is
shown: (c) transmitted light microscopy (H&E stained) and (d) two-photon forward-scattered SHG image
of the same region. Note: (a)–(d) are ∼660 μm across. (e) Backward-scattered and (f) forward-scattered
SHG images reveal the fibrillar collagen network, often encapsulating SHG-dark cellular areas.
Characteristic segmented fibrils appear in (e) the backward-scattered image, relative to (f) the corre-
sponding forward-scattered image. Note: (e) and (f) are ∼420 μm across.
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divided to produce a single F/B image, which was multiplied by
this final mask. The average value of the nonzero pixels from
the resultant image yielded the average F/B of the entire FOV.
The F/B values from the three FOVs in each location type were
averaged to provide a single F/B value from the tumor bulk and
one from the tumor–host interface for each patient.

2.4 Image Analysis: Coherency Mask-Based F/B

In addition to the selection of pixels based on an intensity
threshold, we also investigated the selection of pixels based
on their grouping into linear structures, as quantified by pixel
“energy” and “coherency,” as previously described.36 SHG
images were background-subtracted and day-to-day variations
in intensity were normalized, as described above. The open-
source toolbox OrientationJ was used to select those pixels most
relevant in this analysis. This toolbox enables the production of
binary image masks where the pixels that are rejected or passed
through the mask are selected based on their energy and/or
coherency contribution. For this analysis, pixels passed by the
mask were chosen to have a minimum of 2% of both normalized
energy and coherency,37 where the energy and coherency values
are calculated from a 2 × 2 structure tensor that is determined for
each pixel. The structure tensor is defined as

EQ-TARGET;temp:intralink-;sec2.4;63;491J ¼
� hfx; fxi hfx; fyi
hfx; fyi hfy; fyi

�
;

where fx and fy are the partial derivatives of the intensity in the
x and y directions, respectively.37 This tensor is found for each
pixel by using a cubic B-spline interpolation in both the x and y
directions to find the continuous spatial derivative. Once the
tensor values are known, the coherency is calculated based on
the eigenvalues as

EQ-TARGET;temp:intralink-;sec2.4;63;380coherency ¼ λmax − λmin

λmax þ λmin

;

where λmax is the largest eigenvalue and λmin is the smallest.
Then the energy of the tensor is found as the trace of the struc-
ture tensor or

EQ-TARGET;temp:intralink-;sec2.4;63;303energy ¼ hfx; fxi þ hfy; fyi:

Once the binary image masks were obtained for both the
forward and backward images, they were multiplied together
to produce a final mask. The background-subtracted forward
and backward images were divided to produce a raw F/B image,
which was multiplied by the final mask. All pixels of value zero
were excluded, and the average of this image gave an average
F/B for a particular FOV.

2.5 Image Analysis: Collagen Fiber Angle at
Tumor Boundary

In addition to measuring F/B in each tumor region, we assessed
the organization of collagen fibers at the tumor–host interface.
Using the method of Provenzano et al.,13 the boundary between
the tumor bulk and the interface was defined and then the angle
of collagen fibers relative to the tangent of the boundary was
measured every 30 μm. This analysis was performed in three
imaged locations per biopsy section.

2.6 Calibration

For each imaging session, a background image of no sample and
a reference F and B image of a dilute stock solution of isotropi-
cally emitting fluorescein isothiocyanate (FITC) were collected
(to quantify day-to-day variations in sample alignment). Day-to-
day variations in system alignment were normalized by dividing
each F/B value by the F/B value measured for the FITC stock
solution (expected F/B = 1) during that imaging session.

2.7 Statistical Analysis

Logistic regression was used to assess the association between
F/B and binary response variable “RCB class >1.” (This is a
variable that can be either 0 or 1. A value of “0” is assigned
when RCB class is 0 or I, and a value of “1” if RCB class is
II or III.) A likelihood ratio test was used to calculate the p-value
for the test of whether the regression coefficient for F/B was
zero. All graphs were generated using GraphPad Prism 8 and
statistics were assessed using JMP Pro 14.

3 Results
We have previously shown that F/B from SHG images is prog-
nostic of metastasis-free survival in a cohort of untreated ER+
LNN IDC patients. Further, a subset of these patients was
administered postoperative (tamoxifen) therapy after they were
diagnosed with distant recurrence and F/B of the primary tumor
was correlated with five-year survival in these patients.15 As a
result, we explored the relationship between F/B in core needle
biopsy samples and a patient’s subsequent response to NACT.
The goal of this study was to assess a potential relationship
between F/B derived from different regions of pretreatment
biopsy sections and NACT response. As RCB accounts for
lymph node involvement as well as the primary tumor bed,
it was used as an assessment of patient response to NACT.
RCB-0 and RCB-I have been shown to have the same five-year
prognosis no matter the neoadjuvant therapy, adjuvant therapy,
or pathologic stage; therefore, RCB-0/I and II/III were grouped
together for our comparison.31 We performed SHG imaging on
pretreatment biopsy sections to see if we could distinguish
patients who responded favorably to NACT from those with RD.

3.1 HER2+ Samples: Intensity Masks

When F/B is calculated from SHG images using masks that
select collagen pixels and reject background based on pixel
intensity, the average F/B from the tumor bulk was signifi-
cantly different from that of the tumor–host interface
[F∕B ¼ 8.84� 0.67 (tumor bulk) or 15.35� 1.01 (tumor–host
interface), p < 0.0001, data not shown]. Intensity mask-based
F/B in each region type was subsequently stratified by the
patient’s RCB class post-NACT after mastectomy. Samples
were grouped as RCB-0/I or RCB-II/III in both the tumor
bulk (F∕B ¼ 8.87� 0.88 or 8.78� 1.05, respectively) and the
tumor–host interface (F∕B ¼ 16.51� 0.95 or 12.32� 1.84,
respectively). When coded as a binary response (0/I or II/III),
intensity mask-based F/B derived from the tumor–host interface
was associated with RCB class (p ¼ 0.0246; Fig. 3). However,
intensity mask-based F/B was not associated with RCB class
when derived from images of the tumor bulk (p ¼ 0.297;
Fig. 3).
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3.2 HER2+ Samples: Coherency Masks

The F/B was then derived using masks that select collagen
pixels and reject background pixels based on their residence
in linear structures (i.e., coherency). In each region type (tumor
bulk and tumor–host interface), the F/B was coded as a binary
response (0/I or II/III) post-NACT after mastectomy. Samples
were again grouped as RCB-0/I or II/III in the tumor bulk
(F∕B ¼ 33.03� 2.73 or 35.12� 3.76, respectively) and tumor–
host interface (F∕B ¼ 39.47� 2.25 or 35.66� 3.85, respec-
tively). Coherency mask-based F/B was not associated with
RCB class when measured either in the tumor–host interface
or tumor bulk (p ¼ 0.643 and 0.346, respectively; Fig. 4).

3.3 TNBC Samples: Intensity Masks

In TNBC needle biopsy samples, the average intensity mask-
based F/B derived from the tumor bulk was significantly differ-
ent from that of the tumor–host interface [F∕B ¼ 7.48� 0.55

(tumor bulk) or 10.67� 0.69 (tumor–host interface), p ¼
0.0008, data not shown]. The F/B in each region was coded
as a binary response according to a patient’s RCB class post-
NACT after mastectomy. Intensity mask-based F/B was not
associated with RCB class 0/I or II/III in the tumor bulk
(6.62� 0.75 or 7.72� 0.72, respectively; p ¼ 0.329; Fig. 5).
Intensity mask-based F/B was also not associated with RCB
class 0/I or II/III in the tumor–host interface (10.81� 3.89 or
10.31� 3.56, respectively; p ¼ 0.73; Fig. 5).

3.4 TNBC Samples: Coherency Masks

Coherency mask-based F/B in each region type was coded as a
binary response by RCB class post-NACT after mastectomy.
Samples were again grouped as RCB-0/I or II/III in the tumor
bulk (F∕B ¼ 29.98� 4.20 or 34.18� 2.98, respectively) and
tumor–host interface (F∕B ¼ 35.99� 3.81 or 35.23� 2.57,
respectively). Coherency mask-based F/B was not associated
with RCB class when derived from either the tumor–host inter-
face or tumor bulk (p ¼ 0.400 and 0.862, respectively; Fig. 6).

Fig. 4 Coherency-based F/B is not correlated with RCB class in
HER2+ biopsy samples. Coherency-based F/B was calculated from
tumor bulk and tumor–host interface in each HER2+ core needle
biopsy (n ¼ 29) using OrientationJ. Coherency-based F/B is not
correlated with RCB class in either region of HER2+ biopsy samples.
Error bars = SEM.

Fig. 5 Intensity threshold-based F/B is not correlated with RCB class
in TNBC biopsy samples. Intensity threshold-based F/B was calcu-
lated from both tumor bulk and tumor–host interface in each TNBC
core needle biopsy (n ¼ 27). F/B is not correlated with RCB class
in either region of TNBC biopsy samples. Error bars = SEM.

Fig. 6 Coherency-based F/B is not correlated with RCB class in
TNBC biopsy samples. Coherency-based F/B was calculated from
tumor bulk and tumor–host interface in each TNBC core needle biopsy
(n ¼ 27) using OrientationJ, as previously described. Coherency-
based F/B is not correlated with RCB class in either region of TNBC
biopsy samples. Error bars = SEM.

Fig. 3 Intensity threshold-based F/B is correlated with RCB class in
HER2+ biopsy samples. Intensity threshold-based F/B was calculated
from SHG images of the tumor bulk and tumor–host interface in each
HER2+ core needle biopsy (n ¼ 29). Each point is the average of
three tumor bulk or tumor–host interface FOVs. Two categories of
NACT response were determined using RCB class, grouped as
RCB-0/I and RCB-II/III. F/B is correlated with RCB class in the
tumor–host interface, but not in the bulk of the tumor. Error bars =
standard error of the mean (SEM), p ¼ 0.0246.
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3.5 HER2+ and TNBC Samples: Fiber Angle at
Tumor Boundary

The average collagen fiber angle along the tumor boundary for
each patient was coded as a binary response by RCB class post-
NACT after mastectomy. Samples were again grouped as RCB-
0/I or II/III in both HER2+ and TNBC patient groups. Average
fiber angle was not associated with RCB class when measured
in either HER2+ (p ¼ 0.298) or TNBC samples (p ¼ 0.258;
Fig. 7).

4 Discussion
NACT has become a recommended treatment option for certain
patients with locally advanced or inoperative BC. However,
a significant number of patients do not respond to NACT and
would instead benefit from immediate tumor resection and other
therapies. The ability to predict patient response to NACTwould
greatly reduce overtreatment, mitigate side effects and cost, and
optimize individual patient treatment regimens.

Solid tumors are heterogeneous, consisting of tumor cells as
well as soluble growth factors, stromal cells, and the ECM.38

The ECM is dynamic, responding to and influencing tumor cell
behavior, and this relationship is integral to tumor chemoresist-
ance and metastasis.38–42 Accordingly, we investigated the tumor
ECM as a candidate for predicting NACT response in two sub-
sets of BC patients that typically receive it—TNBC and HER2+
BC patients. We have previously shown that the F/B derived
from SHG images is associated with metastasis-free survival
in a subset of untreated IDC patients and progression-free
survival in IDC patients treated with tamoxifen after a distant
recurrence was diagnosed.15 Therefore, we used SHG imaging
and F/B measurements to study the ECM and subsequent patient
response to NACT.

We imaged core needle biopsy sections taken from IDC
patients prior to NACT administration and assessed the relation-
ship between SHG F/B and post-treatment RCB class. This tech-
nique is nondestructive, rapid, and fits into the typical pathology
workflow, as imaging can be performed on the same sections
used for diagnosis without additional staining or tissue process-
ing. SHG imaging complements genetically based diagnostic
tests by additionally assessing the ECM surrounding tumor
cells. We first analyzed SHG F/B from pixels above a threshold
brightness that served to distinguish pixels in collagen fibers

from background pixels. For comparison, we also assessed
F/B using a method to identify pixels for analysis based on their
grouping into linear arrangements. We found that intensity
mask-based F/B was associated with NACT response in
HER2+ BC patients, but not TNBC patients, while coherency
mask-based F/B was not associated with NACT response in
either patient group. Further, there was no association between
NACT response and the average angle of collagen fibers relative
to the tumor boundary. This suggests that the relationship
between F/B and response to NACT may lie in the collagen
microstructure (fibril properties) rather than the overall fiber
alignment. It is worth noting that this statistically significant
relationship was derived from images taken in the collagenous
tumor–host interface rather than the tumor bulk (Fig. 3). This
suggests the possibility that chemoresistant cells occupy the
tumor–host interface rather than residing in the bulk of the
tumor. Future improvements in the ability of F/B to predict
RCB status might be found by more efficiently separating the
small contaminating fluorescence signal from SHG (by using
narrower bandpass filters, time-domain imaging, as well as
exploring other excitation wavelengths), depositing tissue sec-
tions on antireflection-coated slides to more accurately measure
the true F/B, or even assessing F/B from fresh tissue if that
proves more predictive. However, any methodological modifi-
cations that would require alteration of the current clinical
workflow should be carefully considered, as they may hinder
adoption of any resultant predictive method.

Several possible mechanisms of chemoresistance may be
responsible for the relationship between F/B and the outcomes
we observed in the HER2+ population. Systemic drug delivery
is controlled by vascular transport (flux via the vascular net-
work), transvascular transport (flux through vessel walls and
basement membranes), and interstitial transport (diffusion and
convection through a tumor to target cells).43 The ECM affects
each of these transport mechanisms directly and/or indirectly
and can be studied using multiphoton microscopy-based
methods.43–47 Increased production of ECM components such
as hyaluronan and collagen causes solid stress, constricting vas-
culature and normal cellular function. In addition, leaky and
convoluted vessels combined with reduced interstitial pressure
further hinder drug delivery via blood flow and diffusion.48

Finally, collagen orientation and organization influence drug
diffusion rates through the ECM by steric hindrance.49–51

In addition to affecting chemotherapy efficacy by influencing
transport of drugs to target cells, collagen organization can
influence the resistance of cells to that drug. This can occur via
interactions between collagen and cancer cell receptors and
activation of downstream signaling pathways.38,48

5 Conclusions
NACT is often used to reduce tumors prior to operation in BC
patients. The pCR to NACT is considered to be a positive prog-
nostic indicator and is correlated with a good long-term out-
come, particularly in HER2+ and TNBC patients. The RCB
is a method of scoring a patient’s response to NACT based
on the amount of residual invasive carcinoma in the primary
tumor bed and the presence or absence of invasive carcinoma
in the lymph nodes. SHG imaging is a nonlinear optical method
that utilizes intrinsic properties of fibrillar collagen in solid
tumor ECM. Directional (F/B) scattering from fibrillar collagen
is sensitive to microstructure properties, including fibril diam-
eter, packing disorder, and spacing, and has been correlated with

Fig. 7 Average fiber angle at the tumor boundary is not correlated
with RCB class in HER2+ or TNBC biopsy samples. The collagen
fiber angle relative to the tumor boundary was measured every 30 μm
in HER2+ (n ¼ 28) and TNBC core needle biopsies (n ¼ 24). The
average fiber angle of each sample is not correlated with RCB class.
Error bars = SEM.
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metastasis-free survival response in a subset of IDC patients.
SHG imaging was performed on two subsets of core needle
biopsy sections taken from HER2+ and TNBC patients prior
to NACT administration and microstructure analyzed two ways.
Intensity mask-based F/B derived from the tumor–host inter-
face, but not the tumor bulk, was associated with post-treatment
RCB class in HER2+ biopsies. There was no association
between coherency mask-based F/B and RCB class in HER2+
samples. In triple-negative biopsies, no association was found
between F/B determined using intensity or coherency-based
methods in either the tumor bulk or the tumor–host interface.
The average fiber orientation relative to the tumor boundary was
not correlated with RCB class in either HER2+ or TNBC
patients. This pilot study suggests that intensity mask-based
F/B may be a useful predictor of response to NACT in
HER2+ patients and warrants further investigation. Develop-
ment of a convenient F/B-based method to predict which
patients will respond favorably to NACT will help to inform
clinical decision-making for BC patients and their healthcare
providers.
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