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Abstract
Background: Collagen ﬁbers surrounding breast ducts may
inﬂuence breast cancer progression. Syndecan-1 interacts with
constituents in the extracellular matrix, including collagen
ﬁbers, and may contribute to cancer cell migration. Thus, the
orientation of collagen ﬁbers surrounding ductal carcinoma
in situ (DCIS) lesions and stromal syndecan-1 expression may
predict recurrence.
Methods: We evaluated collagen ﬁber alignment and
syndecan-1 expression in 227 women diagnosed with DCIS in
1995 to 2006 followed through 2014 (median, 14.5 years;
range, 0.7–17.6). Stromal collagen alignment was evaluated
from diagnostic tissue slides using second harmonic generation
microscopy and ﬁber analysis software. Univariate analysis was
conducted using c2 tests and ANOVA. The association between
collagen alignment z-scores, syndecan-1 staining intensity, and
time to recurrence was evaluated using HRs and 95% conﬁdence intervals (CIs).

Results: Greater ﬁber angles surrounding DCIS lesions, but not
syndecan-1 staining intensity, were related to positive HER2 (P ¼
0.002) status, comedo necrosis (P ¼ 0.03), and negative estrogen
receptor (P ¼ 0.002) and progesterone receptor (P ¼ 0.02) status.
Fiber angle distributions surrounding lesions included more
angles closer to 90 degrees than normal ducts (P ¼ 0.06). Collagen
alignment z-scores for DCIS lesions were positively related to
recurrence (HR ¼ 1.25; 95% CI, 0.84–1.87 for an interquartile
range increase in average ﬁber angles).
Conclusions: Although collagen alignment and stromal
syndecan-1 expression did not predict recurrence, collagen
ﬁbers perpendicular to the duct perimeter were more frequent
in DCIS lesions with features typical of poor prognosis.
Impact: Follow-up studies are warranted to examine whether
additional features of the collagen matrix may more strongly
predict patient outcomes. Cancer Epidemiol Biomarkers Prev; 27(2);

Introduction

percentage is even higher (over 27%) in women who actively
participate in mammography screening (2). It has been estimated that approximately one million women were living with
a DCIS diagnosis in the United States in 2016 (3). Women with
DCIS have a 4-fold elevated risk of developing an invasive
breast cancer compared with the general population (4). However, many DCIS cases will not progress, and relative survival
following a DCIS diagnosis approaches 100% (5). Evidence for
overdiagnosis and overtreatment comes from a number of
sources (6–14), indicating that surgical and radiation treatment
may be unnecessary for many women with DCIS, potentially in
the context of observation and endocrine risk–reducing therapy
(15). Prognostic biomarkers for DCIS are needed to reduce the
number of women who receive unnecessary treatment for
indolent disease.
Multiple facets of the tumor microenvironment govern disease
progression, including the presence of speciﬁc cell types such as
macrophages, ﬁbroblasts, or neutrophils that transition into
cancer-associated variants (16–18). Changes in extracellular
matrix composition (19) may potentially alter the stiffness properties of the collagen ﬁber matrix (20), which is linked to increased
tumor formation and changes in gene/protein expression (21).
However, the inﬂuence of the collagen matrix manifests in functional ways as well. In a mouse mammary tumor model, changes
in the orientation of collagen ﬁbers with respect to the tumor/
stroma boundary have been observed and termed tumor-associated collagen signatures (TACS; ref. 22). This observation has been

Ductal carcinoma in situ (DCIS) is the earliest established
form of breast cancer, in which the malignant cells are conﬁned
within the basement membrane of the breast ductal system.
Although DCIS was a rare diagnosis prior to 1980, it now
constitutes approximately 20% of all breast cancers (1); this
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extended to a cohort of women with invasive ductal carcinoma
where the observation of collagen ﬁbers oriented perpendicularly
to tumor cells predicted decreased survival (23). This result raises
the question whether collagen ﬁber orientation is altered at earlier
disease stages.
We have also examined the role of cell signaling pathways in
progression including effects of the heparan sulfate proteoglycan,
syndecan-1, in loss of growth control in cancer and its effects on
the extracellular matrix. Expression of syndecan-1 by stromal
ﬁbroblasts in the tumor microenvironment engages a reciprocal,
carcinoma growth–promoting feedback loop (24). In xenograft
experiments, the presence of ﬁbroblasts expressing syndecan-1
resulted in an 88% increase in tumor growth compared with
mixed suspensions with syndecan-1–deﬁcient ﬁbroblasts (25);
elevated microvessel density (by 36%) and vessel area (by 153%)
were also observed. This ﬁnding was validated in 207 invasive
breast cancer patient samples, where stromal syndecan-1 expression was associated with increased vessel density and higher
average vessel area (25) as well as the TACS signature (23). These
results support the hypothesis that expression of syndecan-1 in
carcinoma-associated ﬁbroblasts stimulates changes in collagen
architecture associated with tumor progression. Furthermore,
forced syndecan-1 expression in mammary ﬁbroblasts leads to
the production of an extracellular matrix with aligned ﬁbers in
vitro, so that the extracellular matrix is permissive to the directional migration and invasion of breast carcinoma cells (26).
On the basis of these promising results in experimental models
and invasive breast cancer tumors, we examined whether the
realignment of the extracellular matrix plays a role in recurrence
after DCIS. We also evaluated whether the presence of syndecan-1
expression in stromal ﬁbroblasts was associated with collagen
alignment and recurrence. In addition, we compared collagen
alignment and stromal syndecan-1 expression in ducts containing
DCIS to normal ducts, and characterized clinical and histopathologic features of DCIS lesions according to collagen alignment
and syndecan-1 expression. Thus, the purpose of this analysis was
to evaluate whether collagen alignment around DCIS lesions was
associated with recurrence after consideration of important histopathologic and patient factors.

Materials and Methods
Study population
We evaluated the tumor microenvironment in relation to
disease-free survival after a DCIS diagnosis using data from the
Wisconsin In Situ Cohort (WISC). This study was approved by

the University of Wisconsin Health Sciences Human Subjects
Committee. WISC consists of 2,238 women diagnosed with
breast carcinoma in situ (1,930 with DCIS) in Wisconsin during
1995 to 2006. Characteristics of the study population have
been published (27–29). All participants were female residents
of Wisconsin with a ﬁrst primary diagnosis of breast carcinoma
in situ reported to Wisconsin's mandatory tumor registry during
1995 to 2006 and capable of granting a telephone interview.
Eligibility was limited to cases aged <75 years (median 55.9)
with known dates of diagnosis and listed telephone numbers.
Overall, 78% of eligible cases enrolled at baseline, providing
verbal informed consent. The Wisconsin tumor registry provided data regarding the DCIS diagnosis, including patient age,
date of diagnosis, tumor histology, grade, and treatment.
Follow-up interviews with cohort subjects were conducted at
2-year intervals through 2014 to update health information,
including treatment history and any new breast cancer diagnoses (including recurrences and second primary events). For
women that reported a new breast diagnosis, pathology reports
were obtained to validate these diagnoses using informed
consent forms signed by the participants.
At the end of the baseline interview, a sequential subset of
subjects was asked to provide written informed consent to access
their medical records and tumor blocks for pathology review and
IHC analysis. Of 640 women invited to this substudy, 382 (60%)
women agreed to participate. Complete pathology and tumor
block samples were available for 336 women (90%). All tumor
block samples were visually scored for ER, PR, and HER2/neu
staining using standard antibodies (30).
SHG imaging microscopy
Second harmonic generation (SHG) on a multiphoton microscope was used to image collagen ﬁbers as described previously
(Fig. 1; Supplementary Fig. S1; ref. 31). The excitation used 890
nm, 100 fs pulses from a commercial Ti:Sapphire oscillator (Mira,
Coherent). The multiphoton scanning microscope was a modiﬁed Fluoview300 (Olympus) mounted on a ﬁxed stage upright
stand (Olympus BX61). All imaging was performed with a 10
(0.5 N.A) air objective lens. To excite all orientations equally,
circularly polarized light was used throughout. This was achieved
at the focal plane using the combination of a quarter wave plate
and a half wave plate as a compensator (31). The SHG was
collected in the forward direction by a 0.9 N.A condenser, isolated
with a 20 nm bandwidth 445 nm bandpass ﬁlter (Semrock) and
detected by a single photon counting photomultiplier tube module (Hamamatsu 7421). Images were acquired at two times zoom

Figure 1.
Process for evaluating collagen ﬁber
alignment around DCIS lesions. A,
Routine H&E slides from the tissue
blocks at the baseline diagnosis. Scale
bar, 100 mm. D, DCIS lesion; S, stroma. B,
SHG microscopy generated a highcontrast image of the lesion composed
solely of collagen. C, The SHG image
was transformed using the curvelet
algorithm and the angle of curvelets
with respect to the DCIS foci boundary
within a 100-mm radius (green) was
calculated using customized software.
Images are 750 mm2.
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Figure 2.
DCIS lesion with staining for syndecan-1
in the stromal ﬁbroblasts. Rectangular
boxes placed around the lesion
boundary were evaluated for staining
intensity. Scale bar, 100 mm.

with a ﬁeld-of-view of approximately 750 mm2 and a resolution of
1,024  1,024 pixels. On each tissue slide, SHG images were
acquired for an average of 4.6 (range, 2–7) DCIS lesions (one
slide/woman) or normal ducts (one additional slide/woman,
when available).
Each DCIS slide was rated by a trained reviewer (M.W. Conklin)
for the presence of TACS, while blinded to outcome using established deﬁnitions of collagen organization (22, 23). Brieﬂy, TACS
(previously labeled TACS-3 in ref. 23 but referred to simply as
TACS herein) collagen ﬁber organization is typiﬁed by orientation
in a perpendicular pattern with respect to the tumor/stroma
boundary. Collagen alignment was also evaluated in normal
ducts for a subset of DCIS patients (N ¼ 100 patients; mean
number of ducts 4.5, range 2–5). All imaging locations were also
photographed using a digital camera mounted to the eyepiece for
the purpose of pathology veriﬁcation and examination.
Computer-based quantitation of collagen features
A custom-written open-source software package (CurveAlign)
was used to analyze SHG images, which is available for free
download at (http://loci.wisc.edu/software/curvealign; refs. 32,
33). The program executes a curvelet transform of the SHG image,
which is a multiscale, orientation-sensitive version of the wavelet
transform where edges in image features are identiﬁed. Each
curvelet has an x–y location in the image, as well as an orientation.
Individual curvelets are small; thus, several may be assigned to a
single collagen ﬁber. A boundary separating the collagen matrix
from breast epithelial cells was manually drawn in the program.
CurveAlign then measured the angle of the curvelet with respect to
that boundary for each individual curvelet and tabulated the
results into a histogram and summary statistics (mean, mode,
etc.). We also instructed the software to restrict the analysis to only
those curvelets within a 100-mm radius from the drawn boundary.
This was done to lessen the contribution of distant collagen and

140 Cancer Epidemiol Biomarkers Prev; 27(2) February 2018

ﬁbers that are associated with neighboring foci or blood vessels.
Hundreds of curvelets were measured per patient.
Syndecan-1 expression
Syndecan-1 expression was evaluated in the tumor samples by
chromogenic IHC using a mouse mAb to syndecan-1 (clone B-B4,
Serotec) on a Ventana automated instrument, as described previously (34). Negative control slides consistently yielded an
undetectable staining signal. Multiple lesions were evaluated
on each tissue slide (mean, 2.7; range, 1–5). Expression of
syndecan-1 was evaluated in the stromal ﬁbroblasts by placing
an average of 21 (range, 10–45) rectangular boxes (regions of
interest) of equal size (40 by 32 mm) on the area surrounding
ducts on digital images of the tissue slides (Fig. 2; Supplementary
Fig. S2). All slides were evaluated for staining intensity blinded to
outcome using Vectra automated imaging with inForm Cell
Analysis software (PerkinElmer) that produced a staining signal
averaged over the areas in the rectangular boxes.
Statistical analyses
Collagen ﬁber angles for normal ducts and DCIS lesions were
classiﬁed as the percent of ﬁbers relative to the lesion boundary
distributed across 5-degree angle bins (1–5, 6–10, 11–15, . . ., 86–
90 degrees). A probit (latent normal) model for ordinal compositional data was used to create a unidimensional collagen alignment score (latent z-score) for the distribution of ﬁber angles in a
single DCIS lesion or normal duct using the ordinal package in R
(35). Larger collagen alignment scores indicate a greater proportion of ﬁbers angled perpendicularly relative to the duct, whereas
smaller collagen alignment scores represent ﬁbers with orientations more parallel to the duct. Collagen alignment scores and
staining signals of syndecan-1 were averaged to summarize the
multiple measurements for each subject and tissue type. Missing
data were imputed using the aregImpute function in the Hmisc
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package in R (36, 37). Pearson correlation coefﬁcients were
calculated to describe the associations between average syndecan-1 staining intensity and the collagen alignment score in
normal ducts and lesions.
The primary outcome was time to ﬁrst recurrence. Kaplan–
Meier curves were calculated for subjects with high (above the
median) and low (below the median) scores for collagen alignment and syndecan-1 staining intensity; curves with 95% conﬁdence bands are presented for the ﬁrst imputed dataset for
collagen alignment score. Cox proportional hazards models were
used to estimate univariate HRs and 95% conﬁdence intervals
(CI) of recurrence for an interquartile range (IQR) increase in
collagen alignment and syndecan-1 staining intensity scores. The
univariate HR and 95% CI of recurrence associated with the TACS
pattern were also estimated.
Using the tumor slides obtained at baseline, we analyzed
collagen alignment score and staining signal of syndecan-1 in
the stromal tissue surrounding DCIS lesions for 230 women.
Among the DCIS cases, collagen alignment was available for 227
DCIS patients and 100 patients with adjacent normal ducts, and
syndecan-1 staining was available for 125 DCIS lesions.

Results
DCIS cases were followed for a median of 14.5 years (range,
0.7–17.6). Among the 227 cases, 36 (16%) experienced a recurrence including 18 DCIS and 16 invasive breast cancer diagnoses;
18 cases experienced ipsilateral recurrences (10 DCIS, 8 invasive),
while 16 cases had contralateral recurrences (8 DCIS, 8 invasive).
Both cases with recurrences of unknown stage occurred in ipsilateral breasts.
The ﬁrst quartile, median, and third quartile of the collagen
alignment scores for DCIS lesions were 0.085, 0.014, and 0.159,
respectively, which correspond to 14.7%, 17.2%, and 21.1% of
ﬁber angles greater than 45 degrees relative to the duct; the
minimum and maximum collagen alignment scores for DCIS
lesions were 0.708 (4.7%) and 0.553 (34.1%). A greater proportion of collagen ﬁbers surrounding DCIS lesions were angled
relatively perpendicular to the ductal boundary, more angles
closer to 90 degrees, than those surrounding normal ducts
(P ¼ 0.058 by paired t test; Fig. 3).
When visually assessed by a trained reviewer, 50% of the
DCIS cases lacked the TACS pattern of collagen alignment in
their tumor samples regardless of the number of lesions evaluated (range, 2–5). The TACS pattern was observed in all
lesions evaluated for only 2 (1%) cases, whereas some but not
all of the lesions evaluated for the remaining 49% of cases
exhibited the TACS pattern. The TACS pattern of collagen ﬁbers
was observed more frequently among DCIS lesions that exhibited comedo necrosis and were estrogen receptor (ER) negative,
progesterone receptor (PR) negative, and HER2 positive
(Table 1). Presence of the TACS pattern was not strongly
associated with age, tumor grade, multifocal lesions, or treatment. Furthermore, the TACS pattern was not associated with
recurrence (HR ¼ 1.51; 95% CI, 0.77–2.95).
The quantiﬁed collagen alignment scores surrounding DCIS
lesions and adjacent normal ducts were not strongly correlated
(r ¼ 0.06, P ¼ 0.77). Collagen alignment scores for DCIS lesions
were positively, but not signiﬁcantly, related to recurrence
(HR ¼ 1.25; 95% CI, 0.84–1.87 for an IQR increase in average
ﬁber angles; Fig. 4); collagen alignment scores for normal ducts

www.aacrjournals.org

Figure 3.
Proportion of collagen ﬁber angles in 5 degree bins relative to the ductal
boundary for median collagen alignment score in normal ducts (white) and DCIS
lesions (black).

were not related to recurrence (HR ¼ 0.86; 95% CI, 0.57–1.29 per
IQR increase).
Syndecan-1 staining intensity was not associated with patient,
tumor, or treatment characteristics in this cohort of DCIS cases
(Table 1), although there was a suggestion that staining intensity
was stronger in women with ER-negative lesions (P ¼ 0.07).
Average syndecan-1 staining intensity was not related to recurrence (HR ¼ 0.92; 95% CI, 0.69–1.22 for an IQR increase in
staining intensity; Fig. 5). Syndecan-1 staining intensity was also
not correlated with collagen ﬁber alignment around DCIS lesions
(r ¼ 0.08, P ¼ 0.51) or normal ducts (r ¼ 0.09, P ¼ 0.65).

Discussion
Motivated by prior studies of invasive breast cancer, we examined whether collagen alignment surrounding DCIS lesions was
associated with recurrence. Quantitative collagen alignment measurement using novel analysis of SHG microscopy images
detected a very modest trend for lesions, measured at the time
of diagnosis, to have more collagen ﬁbers oriented closer to 90
degrees than normal ducts. Collagen alignment scores did not
predict recurrence. However, we did observe that the TACS pattern
was more common in DCIS lesions with markers of poor prognosis, including ER, PR, and HER2 status as well as comedo
necrosis. Although TACS is evaluated subjectively, this conﬁrms
our prior study in invasive breast cancer (23) and suggests that
features of the collagen ﬁber matrix beyond orientation, such as
ﬁber straightness and density, may predict malignant potential.
The role of DCIS in the natural history of many breast cancer
tumors is uncertain. Regardless of treatment received, relative
survival following a DCIS diagnosis approaches 100% despite
the 4-fold elevated risk of developing an invasive breast cancer
compared with the general population (5). Thus, DCIS is considered a nonobligate precursor and many DCIS patients will not
develop invasive breast cancer; at the same time, it is uncertain
whether all invasive breast cancers ﬁrst grow through an in situ
stage (DCIS or other type of in situ) or progress directly to invasive
disease (4). Relatively few histopathologic or biological markers
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Table 1. Characteristics of DCIS cases according to collagen alignment and syndecan-1 staining around DCIS lesions, WISC study
Collagen alignment (n ¼ 227)
Syndecan-1 staining (n ¼ 125)
Characteristicsa
Total no.
TACS (%)
Pb
Total no.
Average staining signal
Age
20–49
72
44.4
39
0.0129
50–64
105
50.5
54
0.0158
65–74
50
56.0
0.45
32
0.0139
Tumor grade
Low
46
46.7
24
0.0148
Intermediate
88
51.7
45
0.0145
High
93
49.6
0.71
56
0.0140
Comedo necrosis
Absent
105
41.9
53
0.0128
Present
122
56.6
0.03
72
0.0155
Multifocality
Absent
73
51.2
44
0.0132
Present
154
49.1
0.74
81
0.0150
Method of detection
Symptomatic
35
63.0
21
0.0187
Mammography
192
47.4
0.09
104
0.0135
ER status
Negative
35
74.3
22
0.0227
Positive
192
45.3
0.002
103
0.0126
PR status
Negative
77
60.7
39
0.0173
Positive
150
44.2
0.02
86
0.0131
HER2 status
Negative
102
45.3
45
0.0119
Equivocal
63
38.8
42
0.0131
Positive
62
68.2
0.002
38
0.0187
Treatment
BCS
42
55.3
19
0.0127
BCS with radiation
98
43.9
55
0.0142
Mastectomy
87
53.7
0.28
51
0.0153
Endocrine therapy
No
164
51.6
87
0.0141
Yes
63
45.2
0.43
38
0.0150

Pc

0.58

0.57

0.24

0.32

0.34

0.07

0.22

0.18

0.54

0.56

Abbreviations: BCS, breast conserving surgery; TACS, tumor-associated collagen signature.
a
At baseline. Missing data were imputed for grade (n ¼ 141), multifocality (n ¼ 20), method of detection (n ¼ 1), ER status (n ¼ 1), PR status (n ¼ 3), HER2 status (n ¼ 5),
surgical treatment (n ¼ 66), and endocrine therapy (n ¼ 60). Zero cases were missing data for age or comedo necrosis.
b
From c2 tests of the association between patient characteristics and TACS present in at least one DCIS duct.
c
From two-sided t tests using ANOVA.

have been established as predictive of recurrence or invasion
after DCIS. Comedo type architecture, high-grade, and larger
tumor size are associated with small (2-fold) increases in the
likelihood of recurrence after DCIS (38–41). Although expression of HER2/neu, p53, ER, and PR do not appear to be strong
independent predictors of recurrence after a DCIS diagnosis
(42, 43), the Oncotype DX DCIS score has shown promise for
predicting local recurrence and guiding treatment decision
making for certain low-risk DCIS cases based on lesion size,
grade, and surgical margin (44–46). We did not have available
data for the Oncotype DX DCIS score to compare to the
collagen alignment score, although our study did suggest that
TACS is correlated with comedo necrosis, ER and PR negativity,
and HER2 positivity. PR is one of 7 cancer-related genes
included in the Oncotype DX DCIS score.
Although most research has thus focused on characterizing
the cancerous DCIS cells, laboratory studies have recently
demonstrated the important role of the tumor microenvironment in breast cancer progression. Aside from malignant
epithelial cells, the tumor microenvironment consists of several types of nonneoplastic stromal cells and an extracellular
matrix of collagen, proteoglycans, and other molecules. Sev-
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eral lines of evidence suggest that breast tumorigenesis is
critically inﬂuenced by active signaling between malignant
breast epithelial cells and the nonneoplastic cells of the tumor
microenvironment (47). A number of investigators have used
in vitro– and in vivo–based assays to demonstrate that experimental manipulation of the stromal microenvironment can
profoundly affect tumor cell growth, invasion, and metastasis
(48). Thus, alterations in the tumor environment, rather than
the neoplastic cells themselves, may dictate the DCIS-to-invasive stage transition.
We have shown previously that the orientation of collagen
ﬁbers may lead to enhanced directional persistence of breast cells
with malignant potential (20). Using tumor explants in threedimensional culture, we showed that local cell invasion was
found predominantly along radially aligned collagen ﬁbers
(22). Others have also found that breast cancer cells in a collagen
composite extracellular matrix appear to follow collagen ﬁber
alignment direction during intravasation (49). Syndecan-1
expression in breast carcinoma stromal ﬁbroblasts may promote
the realignment of the extracellular matrix into parallel arrangements that is permissive to breast carcinoma directional migration
and invasion (26). This study did not extend these ﬁndings
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Figure 4.
Kaplan–Meier estimates for time to recurrence as a function of collagen alignment score (above and below the median) from the ﬁrst imputed dataset for normal
ducts (A) and DCIS lesions (B). Univariate HR for IQR increase in collagen alignment score from Cox proportional hazards regression with collagen alignment
score as a continuous (linear) predictor. Shaded regions reﬂect 95% conﬁdence bands for the survival curves.

regarding syndecan-1 expression in the setting of invasive breast
cancer to the archived tumor samples from our DCIS cohort.
Evaluation of syndecan-1 was limited as 45% of the cases had
tumor tissue slides that were inadequate for syndecan-1 assessment; the small sample size reduced statistical power to detect
modest associations. Ongoing research concerning breast cancer
progression will need to consider both biological factors, including those associated with the tumor microenvironment as well as

Figure 5.
Kaplan–Meier estimates for time to recurrence as a function of average
syndecan-1 staining intensity (above and below the median). Univariate HR for
IQR increase in staining intensity from Cox proportional hazards regression
with average syndecan-1 staining intensity as a continuous (linear) predictor.
Shaded regions reﬂect 95% conﬁdence bands for the survival curves.

www.aacrjournals.org

nonbiological features such as quality of imaging, technical skills
of specialty providers, and adherence to recommendations for the
standard of care.
Although the size of the DCIS cohort limited identiﬁcation of
associations between the collagen alignment score, syndecan-1
staining intensity, and disease-free survival, other features of our
study bear consideration. This is the ﬁrst study to evaluate collagen
alignment in the DCIS setting. TACS was assessed without knowledge of recurrence outcomes; concordance in TACS assessment
between the baseline diagnosis and recurrence was not evaluated,
although this would be an important area for future studies where
tissue samples are available for both diagnoses. Notably, our
approach for evaluating collagen ﬁber orientation relative to the
tumor–stroma boundary using SHG microscopy is unique. Other
groups have used similar microscopy with differing algorithms for
evaluating collagen ﬁber alignment in invasive breast cancer (50–
52), ovarian cancer (53), and engineered cardiovascular tissue (54).
Furthermore, the DCIS cohort has extensive follow-up (up to 17
years after diagnosis), and our approach to the statistical analysis
took full advantage of ordinal nature of the data to efﬁciently use
the available data via dimension reduction.
In summary, these results underscore the relevance of the breast
tumor microenvironment to malignant potential, in particular
the arrangement of the collagen ﬁber matrix. The distribution of
ﬁber angles relative to the DCIS boundary appears to be skewed
toward a perpendicular orientation, whereas ﬁbers surrounding
normal ducts are more parallel to the stromal boundary. Fiber
orientation patterns that are more perpendicular are also more
common in DCIS lesions with features typical of poor prognosis
in breast cancer. Future research is warranted to discover additional features of the collagen matrix that may more strongly
predict patient outcomes.
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