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Biomineralogical signatures of breast
microcalcifications

Jennie A. M. R. Kunitake', Daniel Sudilovsky®***>, Lynn M. Johnson®, Hyun-Chae Loh’,
Siyoung Choi?, Patrick G. Morris®>'®"", Maxine S. Jochelson'?, Neil M. lyengar''"3,
Monica Morrow'?, Admir Masic’#, Claudia Fischbach®'*, Lara A. Estroff''>*

Microcalcifications, primarily biogenic apatite, occur in cancerous and benign breast pathologies and are key
mammographic indicators. Outside the clinic, numerous microcalcification compositional metrics (e.g., carbon-
ate and metal content) are linked to malignancy, yet microcalcification formation is dependent on microenvi-
ronmental conditions, which are notoriously heterogeneous in breast cancer. We interrogate multiscale
heterogeneity in 93 calcifications from 21 breast cancer patients using an omics-inspired approach: For each
microcalcification, we define a "biomineralogical signature” combining metrics derived from Raman microscopy
and energy-dispersive spectroscopy. We observe that (i) calcifications cluster into physiologically relevant
groups reflecting tissue type and local malignancy; (ii) carbonate content exhibits substantial intratumor het-
erogeneity; (iii) trace metals including zing, iron, and aluminum are enhanced in malignant-localized calcifica-
tions; and (iv) the lipid-to-protein ratio within calcifications is lower in patients with poor composite outcome,
suggesting that there is potential clinical value in expanding research on calcification diagnostic metrics to
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include "mineral-entrapped” organic matrix.

INTRODUCTION

Pathological calcium mineral deposits, referred to as microcalcifica-
tions, are frequently associated with breast tumor development.
Because of their x-ray opacity and potential association with malig-
nancy, they are key clinical indicators assessed during mammo-
graphic breast cancer screening (1-4). Mammographic malignant
calcifications lead to the identification of a reported one in five in-
vasive breast cancers (5) and are crucial for detection of nonpalp-
able and small invasive breast cancers (6, 7). Only ~25% of biopsies
based on suspicious calcification patterns, however, yield malignant
pathologies; mammographic determination is complicated by the
association of calcifications with numerous benign pathologies in-
cluding sclerosing adenosis, duct ectasia, and fibroadenoma, among
many others (3, 4). Malignant pathologies with associated calcifica-
tions include ductal carcinoma in situ (DCIS), where calcifications
are mammographically detected in 72 to 97% of cases (2, 3), invasive
ductal carcinoma [IDC; detected in ~18 to 54% of cases (3, 8, 9)],
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and, less commonly, invasive lobular carcinoma [ILC; 1 to 24%
(10)]. Calcifications are not considered prognostic markers, al-
though an increasing body of clinical evidence suggests that specific
subtypes of malignant calcifications are associated with more ad-
vanced disease and poorer patient prognosis including higher-
grade cancers, increased risk of cancer recurrence, and higher mor-
tality rates (2, 11). In addition, in vitro studies point to the possibil-
ity that mineral properties directly affect cancer cell behavior (12)
and that more aggressive cancers may produce more calcifications
(13). The contextual complexities surrounding both the diagnostic
and prognostic potential of current calcification-based parameters,
combined with the evidence that calcifications could directly con-
tribute to or reflect tumor aggressiveness, provide a clear imperative
to expand our analysis of these pathological biominerals to a reso-
lution beyond their mammographic/histologic characteristics.

A framework for this analytical approach exists in the study of
physiological biomineralization, e.g., the formation of bones and
teeth in humans, which both informs our understanding of patho-
logical mineralization and delineates the tools that can be harnessed
to identify the key features of the associated organic-inorganic en-
vironment (14). High-resolution materials characterization has
shown that organic matrix components are intimately associated
with physiological biominerals and are mechanistically and physi-
cally integral to the mineralization process as templates, regulators,
compartments, and/or shuttles of mineral precursors (15-17). Fur-
thermore, micrometer-scale mapping of biominerals has revealed
spatial variations in mineral and matrix composition with function-
al and mechanistic implications (18-20). Similar characterization
techniques, applied to pathological calcifications, have unearthed
clues into the dysregulated processes involved in the formation of
retinal drusen (21), cardiovascular calcifications (22), and dental
plaque (23). Mineral characterization techniques can even provide
a diagnostic basis for disease etiology, as in kidney stones (24, 25),
and clinical integration of many of these techniques is underway or
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proposed (26). Thus, using techniques capable of quantifying the
composition of breast microcalcifications could offer a biomineral-
ization-based analytical axis for breast cancer diagnosis and prog-
nosis, e.g., can specific inorganic or “entrapped” organic moieties
serve as chemical indicators of cancer aggressiveness?

A mounting body of evidence points in this direction, suggesting
that, beyond the mammogram, the biomineralogical composition of
microcalcifications holds promise for both diagnosis (i.e., defining
the nature of the pathology) or even prognosis (i.e., predicting the
course of the disease). Numerous reports of mineral compositional
metrics with links to malignancy have been reported. Although
mineral phase can vary [for a recent review, see (14)], the most fre-
quently encountered, and the focus of this work, is carbonated bio-
apatite (which we refer to as “apatite”). This form of apatite is
structurally based on geologic hydroxy(l)apatite [Ca;o(PO4)sOH,]
(14, 27-29), bearing numerous substitutions, many of which have
been implicated in malignancy, including carbonate and metal
ions (30), and associated organic matrix. Note that although the
mineral component of breast calcifications bears resemblance to
bone apatite, osseous metaplasia (the presence of bone tissue and/
or heterotopic ossification) of the breast is rare (4) and, with the ex-
ception of some benign fibroadenomas (14, 31), intrafibrillar min-
eralization of collagen in breast tissue is rarely encountered. In
microcalcifications, relative carbonate content has been shown to
be reduced for those found in malignant versus benign regions
(27, 29, 32). Decreased crystallinity (size and perfection), enhanced
sodium (33), localized metal ions (28, 34, 35), and alterations in
organic matrix content (28, 29, 31, 36) have also been reported
for calcifications in malignant versus benign tissue. Magnesium
and microcalcifications composed of the magnesium-bearing
calcium phosphate phase, whitlockite [Ca;g(Mg),(HPO,4),(PO,)1,]
(37), have received attention, but association with malignancy is
debated (29, 33, 38, 39). Although potentially the most direct line
to cancer and host biology, less is known about the organic
matrix: Classes of biomolecules have been identified within calcifi-
cations (28, 40), and the organic matrix-to-mineral ratio was shown
to be relatively increased in malignant calcifications, particularly in
DCIS (27, 29).

Promising compositional metrics have emerged from individual
and bulk analyses of microcalcifications, yet few studies have
mapped the spatial heterogeneity of these metrics across pathologies
within intact tissue samples. Understanding the extent of both path-
ological and spatial heterogeneity of microcalcification composition
(4, 14) is crucial to assessing the diagnostic/prognostic value of
these metrics as well as developing predictive models that could in-
corporate “biomineralogical signatures.” Furthermore, although mi-
crocalcifications present frequently in DCIS, the prognostic value of
their compositional metrics remains unclear. In this work, we map
calcifications from human breast tissue samples (Fig. 1) within their
chemically distinctive surrounding organic matrices at submicrom-
eter resolution across a range of pathologies. The objective of this
exploratory study is to investigate the association of calcification
mineral properties, e.g., the biomineralogical signatures, and path-
ological parameters, both at the local (i.e., the tissue surrounding
the calcification) and patient level (i.e., the overall patient diagno-
sis). We use Raman microscopy, a powerful, nondestructive tech-
nique (19, 22, 23, 28, 41) based on a clinically relevant
spectroscopy (42, 43), and show the value of Raman to augment
conventional histopathological evaluation. To interrogate the
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effects of physiochemical heterogeneity on calcification composi-
tion, we take an omics-inspired approach (44): For 93 calcifications
across 21 patients, we acquire spatially registered Raman microsco-
py and energy-dispersive spectroscopy (EDS) mapping measure-
ments (28) and collectively define a biomineralogical signature for
each calcification, together with serial histopathology used to clas-
sify the surrounding pathology and tissue environment (Fig. 2).

RESULTS

Calcifications across diverse pathologies and environments
are primarily apatite with a colocalized organic matrix

To investigate the association of calcification mineral properties and
pathological parameters, frozen breast tumor tissue samples,
banked at Memorial Sloan Kettering Cancer Center, in which
mineral presence was observed upon histological evaluation at the
time of patient diagnosis, were randomly selected (40 in total) and
serially cryosectioned (Fig. 1). Two of these sections underwent his-
tological staining for identification of calcium phosphate regions of
interest (von Kossa) and for classification of pathology correspond-
ing to calcification regions [hematoxylin and eosin (H&E)]. On the
basis of staining and subsequent Raman analysis, calcifications were
detected in a total of 21 of 40 sectioned patient samples (Fig. 1).
Patient diagnoses were primarily invasive breast cancer (19 ductal
and 1 lobular) with one instance of DCIS (1 of 21). However, an
invasive component was not always present on sectioning or
lacked apparent calcifications. The calcification population there-
fore includes, in addition to invasive pathologies, DCIS and
cancer-entrapped or cancer-adjacent benign regions (Fig. 1). Calci-
fication regions within the final, unstained, serial section were ana-
lyzed using both Raman microscopy and EDS to define the
biomineralogical signature (Fig. 2). To preserve tissue structure
and to maintain more physiological conditions, tissue specimens
were immersed in buffer during Raman measurements. Raman
maps were acquired for a total of 117 calcification regions, nine of
which were included in earlier studies (14, 28). Calcifications ranged
in cross-sectional size from <1 um® to 0.4 mm? The patient data
and biomineralogical signature measurements can be found in
data file S1.

Most mineral spectra within Raman maps are consistent with B-
type carbonated apatite, where carbonate ions substitute a fraction
of phosphate ions (30), with a v, phosphate band situated at ~962
cm™, the v, B-type carbonate band evident at ~1075 cm™', and
peak envelope shapes and positions consistent with the bands emer-
gent from the phosphate v, (~430 cm™Y) and v, (~580 cm ™) vibra-
tional modes (45). Apatite inverse basis spectra, where the organic
matrix has been subtracted from the mineral spectra semi-automat-
ically (Fig. 2), showed multiple weak bands or shoulders attributable
to acid phosphate (HPO,””), including ~550, ~878 to 923, and 1004
cm™' (23, 46-48), particularly in calcifications containing low car-
bonate (fig. S1). No clear evidence of A-type carbonate substitution,
substitution at a hydroxyl site rather than a phosphate site (30), was
detected. Secondary electron (SE) and backscatted electron (BSE)
images showed that apatite manifested as multiple morphologies in-
cluding spheroidal, compact, and laminate (figs. S2 to S4). Laminate
structures, reminiscent of other pathological minerals (14, 49-51),
have been previously described in microcalcifications (14, 52), and
their presence may indicate a periodic or intermittent deposition
process. Whitlockite-like mineral was found, although only
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Fig. 1. Breast cancer patient sample flow (with anatomical context) and table of breast cancer patient data and pathology of calcification regions. (A) Schematic
depicting an example patient diagnosed with breast cancer, with calcifications (Calcs) present on the mammogram (MMG). Patient data collected at diagnosis are stored
and later deidentified if the patient is selected for the study. (B) Schematic magnification of the calcification region from the mammogram in (A) showing a milk duct and
lobule with a region of IDC (pink) and associated malignant mineral. Surgical excision of the tumor (dashed line) also extracts an example tumor-adjacent calcification
situated in a benign lobule. (C) Schematic cross-section of the duct from (B) showing IDC. Cancer cells are both within and invading outside the duct into the surrounding
connective tissue (stroma). Example malignant epithelial and nonepithelial calcifications are indicated. (D) Scheme showing that, upon surgical removal of the tumor (via
lumpectomy or mastectomy), a portion was embedded, snap-frozen, and banked at —80°C. After selection for this study, tissue was serially cryosectioned for pathological
and biomineralogical analysis. Note that the schematic is not to scale. (E) Table of patient and calcification data. Patient data collected at diagnosis and follow-up data
(metastases) are shown (left; purple). For each patient, the number of analyzed calcification regions within sectioned tissue [as shown in (D)] is given and broken down by
pathological classifications (right, pink) determined from the serial H&E section. Combined totals across patients for these classifications are shown in insets. Pathological
classification is described in Supplementary Text (page 2, "Calcification classifications" section). Patient-specific symbols/markers and numbers are shown (left) and used
throughout the study.
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Fig. 2. Schematic depicting data analysis flow. The schematic shows how the pathological and biomineralogical signatures are generated for a sample benign (micro)-
calcification (Calc) region within sectioned tissue from patient 21. Using the H&E-stained section (right), the calcification region is classified by conventional histopath-
ological evaluation as indicated. The corresponding unstained section undergoes light optical microscopy followed by rehydration and buffer immersion for
nondestructive Raman microscopy (blue shaded area) of the calcification region (black rectangle). Electron microscopy and EDS mapping (green shaded area) are per-
formed on the region (white rectangle) after sample dehydration. Both Raman and EDS produce hyperspectral datasets, spatial maps where each xy point (represented by
overlaid grids) has a corresponding spectrum. Datasets are represented as cubes shown spatially binned and spectrally cropped for clarity. The spatial distribution of
mineral and organic matrix components is visualized by integrating over isolated peaks associated with specific signatures. Example full-resolution false color peak area
heatmaps for Raman and elemental maps for EDS are shown. For the Raman dataset, averaging the apatite-containing spectra (yellow shading on the gridded image)
produces the “Raman colocalized matrix spectrum,” from which all organic matrix-containing compositional parameters are calculated (right). Because organic compo-
nents spectrally overlap with mineral components, an additional demixed mineral spectrum is generated: the “Raman IBA spectrum,” from which all Raman mineral-
specific compositional parameters are calculated. Last, for the EDS map, averaging the calcium-containing pixels (green shading on the gridded image) produces the
"EDS spectrum,” from which all elemental ratios are calculated for the biomineralogical signature.
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within nine calcification regions (6 of 101 had substantial or total
whitlockite, while 3 of 101 regions had very few pixels where whit-
lockite was evident; see the “Whitlockite occurrences” section in
Supplementary Text and figs. S5 to S8 for details). Because of un-
certainty surrounding the spectrally manifested structural differ-
ences between apatite and whitlockite, whitlockite mineral
metrics were not included in the analyses, although matrix-only
Raman metrics (e.g., the lipid-to-protein ratio) were included. No
unequivocal Raman evidence of any other phases was found, al-
though instances of sub-Raman resolution brightly backscattering
apatite-mixed nanoparticulates were encountered (figs. S9 and
$10) as well as calcium phosphates below Raman resolution
within necrotic regions (fig. S11).

After initial phase determination and data processing, a total of
93 individual apatite calcification regions remained and were ana-
lyzed using correlative pathology, Raman microscopy, and, where
possible, EDS. Calcification pathological classification and tissue
classifications were determined based on the tissue immediately
surrounding the calcification (Fig. 1) within the limits of assessment
using a serial section (see the "Calcification classifications” section
in Supplementary Text for details). Benign calcifications were pre-
dominantly epithelial (30 of 38), i.e., located within ducts or lobules,
while 4 of 38 were stromal. Within one region of duct ectasia, the
calcification was situated at the interface between epithelial cells and
the surrounding connective tissue (mixed). The malignant calcifi-
cation population was primarily split between invasive cancer
regions (26 of 50) and calcifications found within DCIS (23 of 50).

Correlative EDS mapping showed colocalization, or enrichment
relative to the surrounding organic matrix, of trace elements absent
from stoichiometric hydroxyapatite for all calcifications. Elements
colocalized with calcium and phosphorus in >80% of calcifications
included sodium, sulfur, aluminum, magnesium, chlorine, potassi-
um, iron, and zinc. Fluorine was also detected, and although evi-
dence of contamination from the cryotome blade prevented
quantitative analysis, instances of apparent colocalization were
seen as previously reported (28). Most elements appeared relatively
enriched within the calcifications (for additional elemental infor-
mation, see table S1).

The organic matrix colocalized with mineral, identified using
Raman mapping, included general proteins (present in all calcifica-
tions), lipids (found in 68 of 93 calcifications), cell nuclei signatures
(14 of 93, not counting interfacial or surrounding cells, which were
numerous), heme (23 of 93 calcifications), cytochrome c-like signa-
tures (16 of 93), carotenoids (9 of 93), and collagen (2 of 93). The
surrounding organic matrices included signatures from cells, colla-
gen, elastin, and lipids, among others. See the "Raman Data Process-
ing" section of the Supplementary Text for Raman peak assignments
(page 3) and assessment of colocalized matrix by Raman (page 4).
Additionally, see the "Elemental Makeup of the Surrounding
Tissue" section (page 12) of the Supplementary Text for EDS char-
acterization of the surrounding organic matrices.

Raman microscopy captures chemical information
complementary with serial pathology

Examples of calcification-containing pathologies from five patients,
with corresponding local tissue and pathology classifications, H&E-
stained sections (Fig. 3, A to E), von Kossa-stained sections (Fig. 3, F
to J), and Raman component maps (Fig. 3, K to O), are shown in
Fig. 3, where severity of pathology increases from panels (A) to (E)
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(see fig. S12 for visual methods used to obtain component maps and
figs. S13 and S14 for all basis maps and inverse basis spectra).
Figure 3 (A, F, and K) shows a sclerosing adenosis calcification,
the largest benign calcification population in this study (18 of 38
benign regions). Sclerosing adenosis is a lobular pathology involv-
ing myoepithelial proliferation, lobular fibrosis, and usually lobular
epithelial atrophy (4). Calcifications frequently appear within
lobules. A cluster of these calcifications can be seen in Fig. 3F.
The Raman image (Fig. 3K) shows carbonated apatite calcifications
interfaced by epithelial cells and associated proteins. Collagenous
stroma abuts the cellular signatures.

Figure 3B centers on a duct presenting low- to intermediate-
grade solid-type DCIS, in which cancer cells have proliferated
within the lumen of the duct, while the ductal basement membrane
and myoepithelial cell layer remain intact. Amid the cancer cells,
small calcifications dot the duct interior (Fig. 3G). The Raman
map (Fig. 3L) shows numerous apatite calcifications embedded
within a cancer cell matrix consisting of cell nuclei signatures and
cytoplasmic protein.

A case of high-grade comedo-type DCIS, defined by the region
of necrosis, with cells that are poorly differentiated and likely under-
went rapid and disorganized proliferation, can be seen in Fig. 3C.
The von Kossa-stained section (Fig. 3H) shows a large calcification
in place of the necrotic debris. Figure 3M shows that, within the
mineral component, minor phase whitlockite and a substantial
protein signature were found to be colocalized with apatite, the ma-
jority mineral phase. Along the mineral edge, there is evidence of
cells or nuclear signatures conforming to the mineral contours. Al-
though this could be the result of a cutting artifact, it may also
suggest that cells, or cellular debris, are in active contact with
mineral. Intimate cellular contact with mineral was also apparent
on three-dimensional (3D) Raman analysis of an ILC calcification
(figs. S15 and S16).

For nonepithelial calcifications, Fig. 3D shows a case of low-
grade IDC in which invasive cancer cells have constructed duct-
like structures. Calcifications are present within and around these
structures (Fig. 3I). From Raman, an apatite calcification within a
duct-like structure is evident (Fig. 3N), and cell nuclei, proteins,
and collagen appear adjacent to the mineral.

High-grade IDC is central within Fig. 3E. In this image, the in-
vasive cancer is flanked by adipose tissue and DCIS, and the DCIS
has a band of surrounding elastin-rich stroma. Calcifications oc-
curred within invasive cancer and DCIS (Fig. 3]). Within the inva-
sive element, the mineral appears mixed with invasive cancer cells
and stromal elements. The Raman map (Fig. 30) depicts an inti-
mate interface between apatite and collagen. Cellular nuclear and
protein signatures border the calcification as well.

Calcifications cluster by malignancy and tissue
environments based on biomineralogical signatures alone
A set of quantitative metrics derived from Raman microscopy and
EDS acquired on the same calcification define a “biomineralogical
signature” for each calcified region. Raman mineral metrics, calcu-
lated from an inverse basis apatite spectrum for each Raman map
(Fig. 2 and fig. S12), included carbonate-to-phosphate (peak area
ratio: 1070 cm™'/962 cm™"), which linearly correlates with weight
percent carbonate in synthetic apatites (53), and the v; phosphate
peak full width at half maximum (FWHM), the inverse of an estab-
lished measure of crystallinity/mineral maturity (47). Calcification
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Fig. 3. Example calcification pathologies and correlated Raman mapping of calcifications. For each patient sample (columns), three serial sections were obtained: (A
to E) H&E staining for pathology (cell nuclei: purple; connective and necrotic tissue: pink), (F to J) von Kossa staining for mineral identification (phosphate minerals: brown)
with Nuclear Fast Red counterstaining (cell nuclei: pink), and (K to O) Raman mapping of calcifications for mineral and matrix compositional analysis, where false color
heatmaps of indicated components were combined for visualization. Raman maps were taken from serially contiguous calcifications where possible [i.e., the same ap-
parent calcification as that seen in von Kossa, as in (H) and (M)] or a nearby pathologically contiguous calcification. In addition, see Fig. 2 and figs. S12 and S13 for details of
Raman processing and generation of color combination maps. Note that (M) is a maximum projection image of components from a 3D Raman scan (fig. S14), taken to
capture the interface between cells and mineral. Refer to Fig. 1 for patient symbol/marker identification.

organic matrix metrics, calculated from an average spectrum of
Raman map pixels containing apatite (Fig. 2), included calcification
lipid-to-protein (peak area ratio: 2850 cm™'/2940 cm™") and phe-
nylalanine-to-phosphate (peak area ratio: 1006 cm™'/962 cm™"),
chosen due to its prevalence in necrosis (28, 54). EDS analysis
metrics included Ca/P, Na/Ca, Mg/Ca, Al/Ca, Fe/Ca, and Zn/Ca.
Note that although Raman and EDS maps were taken from the
same calcifications, they could not be perfectly aligned because of
differences in spot size and focal depth between the techniques,
the constraints of geometry in EDS, and the processing of both
types of data.

To visualize these metrics across individual calcifications, we
used hierarchical clustering. Figure 4 shows hierarchical clustering
of calcification signatures (rows) from 75 calcifications from 16 pa-
tients (18 calcifications across 5 patients were excluded with missing
data) using four Raman metrics and five EDS metrics. The hierar-
chy that emerges corresponds broadly to the local tissue environ-
ment (i.e., stroma, lobule, and duct) and immediate malignancy
(i.e., the malignancy of the tissue or structures directly surrounding
the calcification), among other things (see Fig. 1 and the “Calcifica-
tion classifications” section of the Supplementary Text).

Kunitake et al., Sci. Adv. 9, eade3152 (2023) 22 February 2023

These data show that calcification biomineralogical signatures
can differ substantially among pathologies and patients. Yet, calci-
fication signatures across patients, sharing similar tissue and malig-
nancy environments, had sufficient signature similarities for
numerous instances of cross-patient pathology-specific cluster
cohabitation.

The final (rightmost) joining reveals two stacked parent clusters
with broadly disparate apatite carbonate content, phosphate v,
FWHM, and Ca/P from EDS, all appearing to trend together. The
top group (high carbonate) comprises all the stromal and most of
the benign calcifications (although some mixed stromal-epithelial
regions are in the lower group). The lower group (low carbonate)
consists primarily of malignant ducts and low-grade duct-like inva-
sive structures. A qualitative cluster assignment follows. Note that,
for all elemental ratios excluding Ca/P, although an inverse format
(e.g., 1/Na/Ca) was used for calculation of the heatmap, elemental
ratios are discussed in the direction of the element-to-calcium ratio
(corresponding to the direction of the color scale, which was re-
versed to reflect this direction as well) and are simply referred to
as "Na,” "Al," etc., for the following cluster assignments.

From the top group (high carbonate):
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Fig. 4. Hierarchical clustering of calcifications by biomineralogical signature. Each row rep-
resents a biomineralogical signature of an individual calcification (75 total), while columns corre-
spond to calcification compositional metrics derived from Raman microscopy and EDS mapping.
Corresponding patient numbers are shown (left) and colored according to the malignancy of the
tissue surrounding the given calcification. Local calcification tissue environment (Fig. 1) is indicated
by an additional color column (which was not used for clustering). Parameters were standardized.
Qualitative cluster assignments: cluster 1, invasive; cluster 2, reactive stroma; cluster 3, benign
lobular; cluster 5, benign ductal; cluster 6, lower-grade cancer; cluster 7, large-area DCIS; cluster 8,
intermediate- to high-grade DCIS. Clusters 4 and 9 are outlier clusters. A graphical legend (below
the heatmap) shows, for each compositional parameter, the spectra from which the maximum (red)
and minimum (blue) values (indicated) were calculated. Raman spectra are shown normalized to
the apatite v, phosphate peak, except for lipid/protein (normalized to the protein-rich 2940 cm™"
region). EDS spectra are shown normalized to the calcium K-alpha peak. Na, Al, Zn, and Mg EDS
parameters are ratios, calculated, for the purposes of this heatmap, as Ca/X (rather than X/Ca used
elsewhere in this study). In addition to improved data normality, this was done to maintain the
conventional direction of the calcium-to-phosphorus ratio while avoiding trivial inverse correla-
tions. For interpretability, however, the color scale for the elemental data is reversed such that red
corresponds to a high X/Ca.
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Cluster 1 (invasive) is primarily invasive stromal calcifications
(three patients, two IDC and one ILC) and duct-like invasive calci-
fications (three from one patient). Two benign lobules (one patient)
also reside in this cluster. Members of this cluster have relatively
high Na, Al, and Zn.

Cluster 2 (reactive stroma) contains calcifications occurring in
reactive stroma from two patients, one occurring near invasive

Kunitake et al., Sci. Adv. 9, eade3152 (2023) 22 February 2023
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papillary carcinoma (with uncertain immediate pathology) and
one within a section containing DCIS. These calcifications appear
distinct in their high phenyl-to-phosphate and have generally lower
Na, Al, and Zn than cluster 1. Reactive stromal calcifications from
patient 14 additionally showed evidence of colocalized cellular and
cytochrome c-like signatures (data file S1) from Raman analysis,
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suggesting that apoptosis may have occurred near or in association
with these calcifications.

Cluster 3 (benign lobular) contains primarily benign lobular cal-
cifications from five patients with one benign ductal and one ILC
calcification. These calcifications appear to have lower phenyl-to-
phosphate, Na, Al, and Zn than calcifications from clusters 1 and
2. Mg in these calcifications appears relatively high.

Cluster 4 is an isolated or outlier cluster containing a benign
lobular calcification in which Zn was overall very low.

Cluster 5 (benign ductal) is composed of calcifications situated
in benign (two patients) and malignant (DCIS, one patient) ducts
and a calcification within a benign lobule (one patient). Cluster 5
appears distinct from other clusters within the top group with
higher lipid-to-protein and overall lower carbonate-to-phosphate.
Mg is relatively high here, and one calcification from patient 16
had colocalized whitlockite (fig. S6).

Within the lower group (low carbonate):

Cluster 6 (lower-grade cancer) is a mixed group containing pri-
marily low- to intermediate-grade DCIS calcifications (two pa-
tients) and both benign and low-grade duct-like invasive
calcifications from patient 21. Calcifications within duct-like inva-
sive structures from patient 21 primarily occupy one subcluster.

Cluster 7 (large-area DCIS) is primarily composed of large-area
DCIS calcifications from patient 19. All calcifications in this cluster
are malignant except one (large-area) blood vessel calcification. Five
of seven calcifications with colocalized carotenoid (of the 75 total
calcifications within this heatmap) occur in this cluster as well
(four from patient 19 and one from the blood vessel of patient
17). This cluster has the lowest Mg of all the non-outlier clusters.

Cluster 8 (intermediate- to high-grade DCIS) is exclusively ma-
lignant, consisting of intermediate- to high-grade DCIS (three pa-
tients) and one mixed stromal-epithelial region. All calcifications
have high Al, Na, and Zn. Cluster 8 calcifications also have the
highest relative potassium of all the clusters. Apart from patient
13, these calcifications have low carbonate-to-phosphate. Note
that calcifications in patient 13 have the highest Al found within
the study and that the carbonate-to-phosphate and FWHM
diverge as well.

Cluster 9 is an outlier isolated cluster containing a benign duct
ectasia calcification from patient 21 where Mg and Na are relative-
ly low.

Qualitatively, these results suggest that there are numerous
factors influencing calcification properties potentially including
malignancy, local tissue environment, and pathology, as well as
the individual patient (see the “Cluster occupancy for patients
with multiple analyzed calcifications” section in Supplementary
Text). Based on the variability in cluster occupancy for intrapatient
calcification signatures, it would seem also that the extent of hetero-
geneity is variable among patients.

Carbonate content depends on multiple factors including
tissue environment and malignancy

To better understand the complex relationships exhibited by the
clustering, we investigated calcification metric correlations at the in-
dividual calcification level as well as metric behavior with malignan-
cy and tissue environment at the patient level, aggregating over
patients to avoid skewing results toward patients with a greater
number of analyzed calcifications.

Kunitake et al., Sci. Adv. 9, eade3152 (2023) 22 February 2023

At the individual calcification level, carbonate-to-phosphate and
the EDS-derived metric, Ca/P (Fig. 5A), were positively correlated
(P < 0.0001, R? = 0.30). In addition, carbonate-to-phosphate corre-
lated negatively with acid phosphate-to-phosphate (P < 0.0001,
R* = 0.42; fig. S1), and carbonate-to-phosphate and FWHM were
strongly positively correlated (P < 0.0001, R* = 0.70; fig. S1). A sig-
nificant negative correlation was found between carbonate-to-phos-
phate and hydroxyl-to-phosphate, although there was considerable
variability (P = 0.0003, R? =0.15; fig. S1). (For more details, see the
“Apatite mineral property trends” section in Supplementary Text.)

When aggregating by local malignancy and epithelial environ-
ment within patient samples, carbonate-to-phosphate was signifi-
cantly higher and acid phosphate-to-phosphate was significantly
lower in benign epithelial calcifications compared to those found
in malignant epithelia (P = 0.0093 for carbonate-to-phosphate
and P = 0.0027 for acid phosphate; Fig. 5, B and C), while there
were no significant differences between benign and malignant cal-
cifications located within nonepithelial tissue environments. In
agreement with carbonate, Ca/P was also found to be significantly
higher (P = 0.0055) in benign epithelial calcifications (fig. S17).
These relationships were also significant without aggregation at
the individual calcification level (fig. S17).

The differences in metric relationships with malignancy and po-
tentially tissue environment prompted us to examine intratumor
heterogeneity of carbonate-to-phosphate ratios within patients in
which multiple calcifications were analyzed. We first examined cal-
cifications from patient 19 where all calcifications were found in
malignant pathologies, but some were in association with high-
grade IDC, while others were within DCIS (Fig. 5D). A wide
range of carbonate-to-phosphate ratios (0.05 to 0.16) was exhibited.
Within this patient sample, the carbonate-to-phosphate was, on
average, higher in calcifications found amid invasive cancer
(Fig. 5E). Calcifications within DCIS with substantial surrounding
fibrosis—more insulated from invasive cancer and containing cal-
cifications that were cross-sectionally larger—had higher carbon-
ate-to-phosphate. Figure 5F shows a Raman carbonate-to-
phosphate map overlaid upon its corresponding SE image (the
same calcification as in Fig. 3M). The carbonate-to-phosphate,
FWHM (fig. S18), and Ca/P values (fig. S19) were lower at the
edge of the calcification (closer to the cells) compared with the
center. The edge of the calcification also had higher colocalized
chlorine (fig. S19) compared with the center, although no correla-
tion between carbonate-to-phosphate and chlorine was found
across patients. Organic matrix gradients were also evident (fig.
$18). Multiple compositional gradients and/or sharp compositional
changes, including Cl and the matrix-to-phosphate ratio, were
evident in another calcification region from this patient (figs. S20
and S$21). Correlations between Cl content and organic matrix
were conditionally evident within this patient sample but did not
extend across patients (fig. S22).

Apparent intrapatient spatial trends in carbonate-to-phosphate
were evident within the sample from patient 21, diagnosed with
low-grade IDC, where calcifications were found associated with
both benign and malignant pathologies within the same section
(Fig. 5G). In this sample, calcifications within or around duct-like
invasive cancer structures had, on average, lower carbonate-to-
phosphate than those found associated with benign conditions.
The plot in Fig. 5H shows that benign calcifications nearer to the
invasive front, however, may have lower carbonate-to-phosphate
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Fig. 5. Calcification carbonate content trends and heterogeneity. (A) EDS Ca/P correlation with Raman carbonate-to-phosphate (Carb/Phos) over individual calcifi-
cations. (B) Carbonate-to-phosphate and (C) acid phosphate-to-phosphate versus malignancy (benign, “B"; malignant, “M") by tissue type: epithelial (i.e., ductal and
lobular) and nonepithelial (i.e., mixed stromal-epithelial, invasive duct-like structures, and stromal). For patients with multiple calcifications, calcification parameters
carbonate-to-phosphate and Ca/P were aggregated by malignancy and tissue type (benign/epithelial, benign/nonepithelial, malignant/epithelial, malignant/nonepi-
thelial) by taking the means. Box plots are overlaid, and P values were calculated using the Wilcoxon rank sum test. (D) H&E-stained section from patient 19 with high-
grade IDC. Approximate locations of calcifications analyzed (in the serial section) are marked (triangles) and colored by the carbonate-to-phosphate ratio, with local
calcification pathologies (including in situ components) indicated. (E) Carbonate-to-phosphate ratio versus calcification local pathology for patient 19. (F) From
patient 19, a Raman-SEM composite image (original SE image and Raman carbonate-to-phosphate map; right), where the Raman carbonate-to-phosphate map was
calculated on the basis of a stack of eight images spanning a depth of 16 um, showing spatial distribution of carbonate within an individual calcification. (G) H&E-
stained section from patient 21 with low-grade IDC (separated box is an invasive region outside the field of view of the primary image). Benign calcifications were
also present, and the cancerous region is approximately outlined. (H) Carbonate-to-phosphate versus malignancy where benign calcification markers are colored by
cross-sectional proximity to invasive cancer. (I) Raman-SEM composite image (original images; right) showing the spatial distribution of carbonate within an individual
calcification in patient 21. Refer to Fig. 1 for patient marker identification.

Kunitake et al., Sci. Adv. 9, eade3152 (2023) 22 February 2023 9 of 20



SCIENCE ADVANCES | RESEARCH ARTICLE

than those farther away. Figure 5I shows a Raman-SEM (scanning
electron microscopy) composite image of a calcification from the
invasive region. The Raman carbonate-to-phosphate map, similar
to patient 19, shows carbonate-to-phosphate lower at the edge of
the calcification (see fig. S23 for average spectra). Analyses and de-
scriptions of calcification properties from two additional patients
can be found in the “Additional intrapatient and intratumor calci-
fication property heterogeneity and trends” section in Supplemen-
tary Text and fig. S24, including one patient in which carbonate-to-
phosphate in ILC calcifications was not significantly different from
benign calcifications within the neighboring tissue, although ele-
mental analysis showed clear differences based on malignancy.

Apatite colocalized zinc, iron, aluminum, and sodium are
overall higher in malignant regions

Based on the hierarchical clustering (Fig. 4), in which individual
clusters appeared to comprise distinctive elemental profiles, we in-
vestigated the relationship between malignancy and elemental com-
position of calcifications. Upon aggregating element-to-calcium
values by malignancy within each patient, Zn/Ca (P = 0.0022),
Fe/Ca (P = 0.0073), Al/Ca (P = 0.017), and Na/Ca (P = 0.026)
(log-transformed for clarity within plots) were significantly higher
in calcifications associated with malignant regions (Fig. 6). Mg/Ca
trended higher in benign calcifications (P = 0.083), and S/Ca was
significantly higher in malignant calcifications (P = 0.048; fig.
S§25). Enhanced Zn/Ca, Fe/Ca, and Al/Ca and decreased Mg/Ca
in malignant versus benign were evident at the individual calcifica-
tion level (fig. $26), while malignancy-based differences in Na/Ca
and S/Ca were not significant.

EDS mapping data depicted in Fig. 6 (E to H) explore the enrich-
ment of Zn, Fe, Al, and Na, showing representative malignant cal-
cifications from the four indicated patients with corresponding
calcium, phosphorus, and relevant elemental maps. Colocalization
of the elements under scrutiny in Fig. 6 (A to D) with calcium and
phosphorus signals is evident. Furthermore, spectra acquired within
the calcium-rich regions and outside (on the neighboring organic
matrix) show that these elements appear to be predominantly de-
tected within mineral (fig. S27, where correlated histology for
these calcifications can also be found), as are numerous other ele-
ments (fig. $28). These and earlier results (28) suggest that multiple
elements, including those with diagnostic potential, appear en-
riched within the mineral. This enrichment does not preclude the
possibility of elements being associated with organic matrix, partic-
ularly sodium, which was consistently detectable in the surrounding
organic matrix. To probe this possibility, elements were also nor-
malized to sulfur (see figs. S25 and S26 and the “Elemental sulfur
normalization” section in Supplementary Text).

Apatite-associated lipid-to-protein ratio is reduced with
patient disease severity

Both Raman apatite metrics and EDS elemental data appeared de-
pendent on local calcification environment including malignancy,
tissue environment, and local pathology. This trend was also true of
matrix-to-phosphate (see the “Matrix-to-phosphate trends” section
in Supplementary Text and fig. S29). To explore mineral properties
in the context of breast cancer disease severity, we aggregated
metrics to the patient level, averaging each calcification metric for
each patient (where applicable) regardless of malignancy or tissue
type. On examining Raman metrics based solely on organic

Kunitake et al., Sci. Adv. 9, eade3152 (2023) 22 February 2023

matrix colocalized with calcifications, we found a significant reduc-
tion in calcification lipid-to-protein with numerous breast cancer
prognostic indicators, determined at the time of diagnosis including
lymph node status (P = 0.0079; Fig. 7A ), cancer grade (P = 0.0053;
Fig. 7B), and cancer stage (P = 0.0090; Fig. 7C). Patients who later
had breast cancer recurrence (all metastatic) also had lower calcifi-
cation lipid-to-protein (P = 0.052, nonsignificant). Calcification
lipid-to-protein trended nonsignificantly lower in patients taking
statins (P = 0.061) and in calcifications from patients with estrogen
receptor-negative cancers (P = 0.056), and there was no significant
difference by HER2 status (fig. S30). Figure 7E presents a composite
metric associated with the prognostic indicators in Fig. 7 (A to D),
where a poor composite outcome includes patients who were lymph
node positive, cancer grade III, cancer stage II or III, or had a met-
astatic recurrence (all estrogen receptor-negative patients also
emerged within this grouping structure). Note that, even on exclu-
sion of patients taking statins, the reduction of lipid-to-protein was
still associated with overall poor composite outcome (P = 0.0038;
tig. S30). All the aforementioned relationships at the patient level
were significant at the individual calcification level, including estro-
gen receptor status, statin use, and metastatic cancer recurrence (fig.
S31). Furthermore, substituting the protein peak area calculation
with the larger-area C-H (carbon-hydrogen) stretching peak enve-
lope in Raman maintained the same trends as lipid-to-protein, and
all were also significant (fig. S32).

Figure 7 (F to H) shows calcification regions from example pa-
tients with poor and good composite outcomes: H&E, von Kossa,
Raman lipid-to-protein pixel-level maps, and the averaged Raman
matrix spectra (Fig. 7G, average of the apatite-containing map
pixels, see Fig. 2) in order of increasing lipid-to-protein. The
change in ratio is apparent as the lipid peak, normalized to
protein, appears decreased in calcification examples from poor
outcome patients. Note that none of the example poor outcome
patient calcifications are locally malignant or occur in direct
cross-sectional contact with cancer (the closest being patient 14 at
400 pm from neoplastic processes). Similarly, the calcifications from
the example good outcome patients were in malignant environ-
ments as exemplified by two cases of DCIS. The third example
(patient 16), found within a benign region, is the only patient in
the study without a diagnosis of invasive cancer. The Raman
maps display that pixel-level lipid-to-protein values are lower
across calcifications overall in the poor outcome patient examples;
the color shift from purple-blue to green-red is evident at the pixel
level, although some intracalcification heterogeneity is present.
Lipid-to-protein, however, did not appear to be sensitive to imme-
diate tissue or malignancy environment; no significant differences
were found between benign and malignant locations, epithelial
versus nonepithelial locations, or benign and malignant locations
grouped by epithelial and nonepithelial (fig. S33). Together, these
results suggest that lipid-to-protein associated with calcifications
may hold prognostic promise, potentially even in circumstances
where calcifications are not overtly associated with cancer.

DISCUSSION

Using spatially correlated histopathology, Raman microscopy, and
EDS, we have mapped breast calcifications within diverse chemical-
ly and histologically distinct tissue environments, providing an
expanse of chemical information that complements and expands
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for additional elemental maps.

upon traditional histopathology. Using quantitative metrics derived
from Raman and EDS, we defined a biomineralogical signature and
critically evaluated calcification compositional metrics in the
context of pathology, tissue environment, intratumor heterogeneity,
and relationships with clinical breast cancer prognostic indicators
within 21 patients. We find that (i) apatite calcifications cluster
into clinically meaningful and tissue environment-specific groups,
based solely on their biomineralogical signature (Fig. 4). (ii) Car-
bonate content is sensitive to local environment, potentially reflect-
ing tumor pH in both the trends observed and the diagnostically
limiting heterogeneity (Fig. 5). (iii) Zinc, iron, aluminum, and
sodium appear enhanced in malignant calcifications, in keeping
with the trends of these metals observed in breast cancer tissue
(Fig. 6). (iv) A calcification metric based on colocalized organic
matrix composition, lipid-to-protein, was lower in patients with

Kunitake et al., Sci. Adv. 9, eade3152 (2023) 22 February 2023

poor composite outcome (Fig. 7), suggesting that pursuing
organic signatures within calcifications may hold clinical value.
While malignancy and specific pathologies have been linked to
microcalcification mineral properties in breast cancer (27, 29, 32),
the influence of the surrounding tissue environment (e.g., epithelial
versus nonepithelial and lobular versus ductal) is largely unex-
plored. The distinction may be an important one: In kidney depos-
its, for example, interstitial and intraluminal apatite calcifications
can be associated with completely different pathophysiologies
(55). We find that the biomineralogical signatures we have
defined cluster not only by malignancy but also by local tissue en-
vironment. Benign lobular calcifications across numerous patients,
for example, clustered together, whereas calcifications from ILC
clustered with other calcifications from IDC (a cancer of different
cellular lineage) that shared a similar organic matrix of collagenous
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stroma. This cluster comprised a contingent of high-grade nonepi-
thelial stromal and invasive cancer calcifications that were separate
from malignant ductal calcifications and, contrary to expectations
(29, 32), were characterized by relatively higher carbonate-to-phos-
phate ratios.

Our results generally suggest that the use of calcification carbon-
ate-to-phosphate as a prognostic or diagnostic tool, as has been pro-
posed (27, 29, 31, 32, 56), is not straightforward. By spatially
correlating the carbonate-to-phosphate ratio to local environment,
we show that this ratio is sensitive to the surrounding tissue envi-
ronment, proximity to cancerous tissue, and the sampling location
within the calcification. While carbonate was significantly de-
creased in malignant versus benign epithelial calcifications, in non-
epithelial environments, there was no significant difference in
carbonate content between benign and malignant calcifications.
In a classification scheme of high carbonate associated with
benign lesions, misclassification of an invasive-adjacent benign cal-
cification as malignant (as might be the case for patient 21) would
pose no detriment to a patient with invasive cancer. Potential mis-
classification of invasive stromal calcifications as benign (e.g.,
regions from patient 19 or patient 20), however, suggests that
more work is needed to understand the nature of calcification car-
bonate variation within tumors and if it reflects a fundamental and/
or clinically accessible process of malignancy as has been previously
proposed (56).

Variations in mineral properties, including carbonate content,
can be influenced by a number of factors including the degree
and modes of cellular involvement in mineralization (57), age or
maturation of the mineral (39, 58-61), diagenesis (25), the more
acidic tumor pH (56, 62, 63), and/or the alkalinity of well-estab-
lished necrotic cores (64-66). Many of our observations could be
consistent with the pH-based effects in and near the tumor. The ex-
tracellular pH of tumors, including breast cancer, is generally more
acidic than normal tissue (62, 63), with an overall reduction in bi-
carbonate ions and an increase in dissolved carbon dioxide (63).
There can also be considerable heterogeneity of solid tumor
acidity, wrought by haphazard vascularity in tandem with varying
and irregular cellular metabolic states (63), which might explain
some of the variability in our findings, particularly in the nonepi-
thelial calcification population. Overall, we found that Ca/P and car-
bonate-to-phosphate were correlated, and both were significantly
increased in benign versus malignant epithelial calcifications, con-
sistent with trends observed in high-pH apatites reported in syn-
thetic studies (67, 68). In addition, we present evidence of acid
phosphate enhancement in malignant epithelial calcifications, pos-
sibly indicating that malignant epithelial apatite was precipitated in
an environment in which acid phosphate ions were more available
(i.e., lower pH) (69). Tumor excretion of acid into the neighboring
tissue (70) might also explain, by affecting forming or existing
mineral, the lower carbonate of benign calcifications nearer to inva-
sive cancer in patient 21 and/or the lower carbonate in DCIS ele-
ments that were not as insulated from invasive cancer in patient
19. A pH-based argument can also be used to explain the gradient
of carbonation that has been seen here and elsewhere (31). The pH
of the necrotic region that defines comedo-type DCIS is initially
thought to be acidic (63, 71); however, well-established necrosis is
considered alkaline (64, 65), and comedo-type ducts within human
breast tumors have been reported as alkaline (66). Speculatively, a
pH gradient spanning from a more alkaline necrotic core toward
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acidic hypoxic viable cells could explain the carbonate gradient ob-
served in the duct. Synthetically, higher carbonation of apatite
under alkaline conditions has been observed (67), and preferential
loss of carbonate has been repeatedly reported in biogenic apatites
exposed to dilute acids (72).

The carbonate gradient might also be explained by mineral age/
maturation; it is possible that mineral at the viable cell edge is the
newest and, by uncertain mechanisms, may have lower carbonate, as
observed in newly deposited bone, enamel, and dentine (59). By this
logic, we can speculate that at the time of surgical extraction, the
benign epithelial calcifications could simply be older than malig-
nant epithelial calcifications, which may be consistent with mam-
mography-based observations over time of benign versus
malignant calcification growth rates (73). On the other hand, bio-
informed in vitro experiments suggest that, regardless of initial car-
bonate content, the nature of the subsequent growth solution
strongly directs the composition of the more-mature biomineral
(59). Thus, mineral properties that manifest as part of the aging/
maturation process are likely to be interwoven with pH, among
other environmental factors.

In addition to carbonate substitution, pathological apatite de-
posits house a unique concentrated repository of potentially
cancer-informative metal ions. We found zinc, iron, aluminum,
and sodium to be concentrated within calcifications and enhanced
in calcifications from malignant environments compared with
benign. Apatite has an accommodating crystal lattice and is
known to both incorporate ions substitutionally and/or sequester
metal ions via surface interactions or intergranularly (18, 72, 74),
distinctions that are not possible to make based on EDS data
alone (74). Physiologically, all the elements analyzed here have
been found within bone (75) and, pathologically, have been local-
ized to calcium phosphate minerals from numerous sites within the
human body (21, 76-80).

Biologically, zinc and iron homeostasis are critical to cellular
function (81, 82), and their enhancement within breast cancer
tissue has been frequently reported (83—-89). Zinc has been found
in association with numerous pathological minerals and has even
been implicated in the progression of pathological mineralization
(76, 77). The availability of zinc and iron to interact with mineral
is likely contingent on a combination of interlinked effects: the
redox state, the extent and types of systemic and/or cellular homeo-
static controls, concentrations and varieties of organic and inorgan-
ic ligands, and the solution pH, among others (81, 82). In contrast,
aluminum has no known biological function and in high doses is
toxic. Links between chronic lower-level aluminum exposure and
anumber of pathologies have been proposed (90-92), and enhanced
aluminum has been reported in breast cancer tissue (85, 88, 92, 93)
and nipple aspirate fluid (94). The pathological association of alu-
minum with bioapatite has been observed, and co-enhancement
with iron may be a recurring phenomenon (79, 80, 95). Last,
sodium (33) has been previously reported to be significantly
higher in malignant versus benign breast calcifications as well as en-
hanced in malignant versus normal breast tissue (84, 85).

Magnesium, an intracellular strongly hydrated divalent cation
that serves as an important cofactor and complex former (96),
was significantly higher in benign apatite calcifications versus ma-
lignant, though only at the individual calcification level. On hierar-
chical clustering of mineral metrics, the cluster containing a high
occupancy of benign lobular calcifications was partly defined by
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enhanced magnesium, although several studies of breast tissue have
reported enhanced levels of magnesium in breast cancer versus
normal tissue (83, 88, 97). Synthetic apatite and human enamel
studies suggest that the uptake of magnesium into apatite is en-
hanced at higher carbonate concentrations and that its effectiveness
as an apatite growth inhibitor is reduced at higher pH. Furthermore,
like carbonate, apatite magnesium may be preferentially lost under
acidic conditions (72, 98). Speculatively, this behavior may compli-
cate interpretation of mineral magnesium content, i.e., although
concentrations may be higher in cancerous conditions, the apatitic
uptake may be reduced at lower pH, and high amounts of magne-
sium may actually inhibit apatite formation altogether (99) and/or
favor the formation of another phase (e.g., whitlockite; see the
“Whitlockite occurrences” in Supplementary Text and figs. S5
to S8).

Thus far, our data suggest that the local environment in which
calcifications are situated may influence numerous calcification
properties including carbonate content and trace element colocali-
zation. No elemental or Raman metrics derived from the inorganic
component, however, were significantly associated with patient
prognostic indicators, and elemental metrics were acquired using
EDS, a technique that would be challenging to integrate clinically.
To assess prognostic potential, we used Raman microscopy, a clin-
ically relevant technique, and focused on the composition of the
organic matrix that was specifically associated (colocalized) with
the mineral component. This approach was based on (i) the poten-
tial for calcifications to capture cancer-informative biological moi-
eties (40) that might otherwise be mobilized or degraded (i.e.,
provide a “snapshot” of the organic matrix when they formed)
and may even differ compositionally from the surrounding tissue
(100) and (ii) the importance of the organic matrix in physiological
and pathological biomineralization (14, 101). We focused on the
Raman C-H stretching spectral region (2800 to 3100 cm™" range),
which exhibits an enhanced signal strength relative to the “finger-
print” region, and a concordant increased potential for practical
clinical applications (102). By quantifying the relative contributions
of two ubiquitous yet chemically distinct biological components
within this spectral region, protein and lipid, we identified a key
metric with prognostic potential within the calcification organic
matrix: The lipid-to-protein ratio was lower in patients with poor
composite outcomes.

The calcification lipid-to-protein ratio was significantly lower in
the patients presenting with higher-grade cancers, higher-stage
cancers, and cancers with lymph node involvement at the time of
diagnosis. Three observations from the current work suggest that
this ratio is rooted in mechanisms beyond the local calcification en-
vironment: First, lipid-to-protein did not show significant relation-
ships with local malignancy or immediate tissue environment;
second, low lipid-to-protein values were found for patients with
diverse diagnostic presentations; last, calcification lipid-to-protein
trended lower in patients taking statins versus nonstatin users.
Qualitatively, low lipid-to-protein values were found within
benign calcifications from poor composite outcome patients re-
gardless of tissue environment or local pathology, potentially re-
flecting a metabolic shift that extends beyond the immediate
environment. Calcifications from noncancerous breasts have been
reported to have a lipid-rich matrix (52), and Raman breast tissue
studies show enhanced lipid presence in noncancerous versus can-
cerous breasts (103—105), suggesting that the overall presence of
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cancer could affect the lipid component of the calcification lipid-
to-protein ratio. While cancer-related compositional alterations
among biomolecules at the systemic level, e.g., within biofluids,
are well-established phenomena (106, 107), the mechanisms by
which metabolic changes—systemic, microenvironmental, or
local—might influence calcification organic matrix composition
remain to be understood.

Other studies, which use the same Raman bands as those used in
the current study, point to a general reduction in the intensity ratio
of lipid-to-protein in cervical dysplasia tissue versus normal adja-
cent tissue in vivo (108), cancerous brain tissue versus both negative
margins tissue (109) and normal tissue in vivo (110), and colon
cancer versus adjacent normal colon tissue (111). Together, these
studies suggest that, although the mechanisms that drive the
metric are unknown, lipid-to-protein reduction may reflect a sys-
temic and/or cancer-informative metabolic shift that precedes or
is manifest across multiple types of cancer and might extend
across the diverse diagnostic presentations of the breast cancer pa-
tients exhibiting low lipid-to-protein in the current study. The ra-
tiometric approach precludes the knowledge of which—protein,
lipid, or both—drive the behavior (for futher discussion see "The
lipid-to-protein ratio" section of the Supplementary Text). Regard-
less, if lipid-to-protein originates from a systemic mechanism, there
is an enormous imperative to better understand this behavior for
potential prognostic applications.

Further research is required to both validate the calcification
lipid-to-protein ratio and to understand if the lipid-to-protein
ratio is a metabolic reflection of a more advanced disease state
and/or is truly prognostic. The exploratory design and the small
number of patients (N = 21) in this study limit our observations
to single time points (often late stage) and prohibit insights into
causality. Future directions should extend our current understand-
ing to a larger patient population including patients presenting
earlier stages of disease and patients without cancer, where more
benign pathologies can also be analyzed. Although lipid-to-
protein remained significantly lower in poor prognosis patients
after excluding statin users, we cannot deconvolute statin use
from poor prognosis because four/five statin users were also pa-
tients with poor prognosis. Additional limitations include the
limited number and type of benign calcifications in the current
study, which were primarily situated in lobules; the variability of
mineral properties among the myriad of benign “control” calcifica-
tion pathologies requires further research and may provide mecha-
nistic insights into tissue environment-based differences in mineral
properties. Our analysis was biased toward calcium phosphates
because of the use of the von Kossa stain for region selection, and
very small calcifications were excluded. Furthermore, more sensitive
mineral phase detection and/or higher resolutions could expand the
biomineralogical signature and could be achieved by the comple-
mentary use of techniques such as near-edge x-ray absorption
fine structure spectroscopy (112) and/or transmission electron mi-
croscopy (21). The relationships among tissue environment and cal-
cification signatures suggest that future correlative characterization
of the surrounding environment (e.g., specific cell populations, the
mechanical environment, and the organic/ionic composition of
ductal or lobular lumina) could be fruitful.

Regarding the organics colocalized with microcalcifications,
tissue preparation methods may deplete lipids selectively, especially
the use of organic solvents, and it remains to be seen if the
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relationships found here are maintained using more clinically appli-
cable tissue preparation techniques such as formalin fixation (113)
and/or paraffin embedding. Using Raman, with few exceptions, we
are not able to identify specific proteins and/or lipids and unravel-
ing the metabolic mechanism(s) that may govern the lipid-to-
protein ratio will require further experiments. Future work could
aim to spatially resolve the specific lipid and/or protein components
present in mineral by staining (e.g., Oil Red O for lipids) and/or
mass spectrometry imaging (100, 114). Although the small quantity
of mineral may present a challenge, omics performed on isolated
calcifications could yield a potent characterization of the organ-
ics present.

The use of Raman spectroscopy, a nondestructive, label-free
technique that enables the identification of characteristic chemical
bond vibrations associated with numerous biological components
(115), is particularly enticing for clinical applications and has
seen many applications in the direction of cancer diagnosis in
both ex vivo and in vivo capacities (43, 108—111, 116). Furthermore,
ex vivo Raman microscopy can be both clinically compatible in
terms of sample preparation and visually complementary with his-
topathology. Its nondestructive nature could enable a workflow of
Raman analysis followed by complementary biomarker staining or
targeted immunostaining, which may be crucial to exposing both
biochemical and mineralogical mechanistic underpinnings amid
the heterogeneous environment of breast cancer. The possibility
that calcifications could preserve chemical information at their
time of formation in the form of their “encapsulated” organic ma-
trices offers the potential for both insights into pathological miner-
alization processes and an unused analytical axis with clinical
import. Detection of calcifications has been demonstrated using
spatially offset Raman through tissue as thick as 2.7 cm (117), offer-
ing the tantalizing possibility that, if calcifications do “encapsulate”
valuable information, there is potential that this information could
be gathered without invasive surgery.

MATERIALS AND METHODS

Experimental design

The objective of our exploratory study was to investigate the associ-
ation of the biomineralogical signatures of microcalcifications in
breast tissue, local pathological parameters (i.e., the tissue sur-
rounding the calcification), and patient-level data (i.e., the overall
patient diagnosis). Deidentified, banked breast carcinoma samples
from the Memorial Sloan Kettering Cancer Center (MSKCC) were
used in this study. These samples were collected with approval from
the MSKCC Institutional Review Board. Patients were diagnosed
between 2007 and 2011. Written informed consent concerning
tissue specimen banking for broad research purposes was obtained
from all patients before curative-intent surgery. To this end, study
personnel explained the study procedure and the risks and benefits
of the study to the eligible subjects. All banked specimens had been
snap-frozen: Immediately after surgical removal via mastectomy,
lumpectomy, or excisional biopsy, the tissue was embedded in
optimal cutting temperature (OCT) compound and maintained
at —80°C.

Patients with breast carcinoma (including DCIS, IDC, ILC, and
Paget's disease), were selected from banked cases (N = 40). All pa-
tients had no evidence of distant metastasis. Radiology and pathol-
ogy reports were cross-referenced and reviewed to randomly select
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carcinoma cases with pathology-based evidence of benign and/or
malignant calcification (37 of 40) with (22 of 40) and without (18
of 40) mammographically evident calcifications. On the basis of
postoperative histological evaluation, one patient was excluded
because of a noncancer diagnosis of lobular carcinoma in situ.
Digital preoperative mammograms were then reviewed to charac-
terize calcifications as likely benign or suspicious. Three breast
cancer samples had neither pathological nor radiological evidence
of calcification, although two contained mineral when later sec-
tioned for this study.

All samples were serially cryosectioned. For each sample, two
sections underwent histological staining for local pathological as-
sessment (H&E) and calcification identification (von Kossa) to
enable systematic selection of calcification-containing sections for
further analysis. All tissues in which calcifications could be identi-
fied using von Kossa, and in which they persisted through more
than one section (to minimize analyzing artifactually displaced
mineral), underwent Raman analysis (N = 28). Upon Raman anal-
ysis, seven samples were excluded on the basis of the following cri-
teria: Mineral was below the resolution of Raman or was otherwise
not detected (N = 4), the tissue had prohibitively delaminated in the
region of interest (N = 2), and, in one case, the mineral was organic
(not a calcification) (80). For the remaining samples (N = 21; see
Fig. 1 for patient data and calcification pathological classification
breakdown by patient), mineral properties were determined by
analysis of calcifications within a final serial section using spatially
correlated Raman microscopy and EDS where possible. Raman
mineral properties were derived from established metrics within
the physiological biomineralization community (45, 47). Raman co-
localized matrix metrics (e.g., lipid-to-protein) had previously been
established as an intensity ratio within the Raman cancer tissue
community (108-111). Elements detected using EDS and used as
mineral properties metrics are well established in both bone and
pathological minerals. To maintain data quality, numerous exclu-
sion criteria for both Raman and EDS metrics were imposed and
are thoroughly described within Supplementary Text. Data file S1
includes tabulated mineral property metrics for all calcifications
and patient and local pathological data.

Patient follow-up data

Breast cancer recurrence and metastasis follow-up data were ac-
quired in July 2020. One patient stopped receiving care less than
3 months after surgery. Other than this patient and those that
died of breast cancer, patient follow-up times ranged from 7.5 to
15 years (median of 12 years) including two patients who died of
other or unknown causes. Breast cancer recurred in five patients
with metastases in all five. Three of these metastatic patients died
of breast cancer. Except for metastases, patient data were acquired
at the time of diagnosis.

Tissue sectioning, histology, and histological imaging

Before sectioning, tissue blocks were transferred to a freezer at
—20°C for 24 hours. Samples were sectioned on a microtome
(Thermo Fisher Scientific HM550 Cryostat) at —18° to —20°C.
Three serial (or as close to serial as possible) sections were cut
from each sample in the following order: two 12-um-thick sections
mounted (Fisherbrand Superfrost/Plus microscope slides) for histo-
logical analysis (H&E and von Kossa/Nuclear Fast Red, respectively)
and one thicker section (20 pm) mounted on a fused quartz slide
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(Technical Glass Products) for correlative analyses (Raman micros-
copy, SE/BSE/EDS). Histological sections were air-dried and baked
at 65°C for 45 min to adhere the sample to the slide and were pro-
cessed at the Cornell College of Veterinary Medicine Animal Health
Diagnostic Center using standard protocols for the stains. The
thicker section was not baked (to preserve structure) and was
stored in a desiccator for no more than a month before and
during transport to Raman facilities.

All sections (histology and unstained) were imaged using a Scan-
Scope CSO (Aperio, Vista, CA) at x40 magnification. Stained sec-
tions were then reviewed carefully to select regions of interest
containing calcifications based on von Kossa staining (118). The
histological classifications of calcification regions are described in
Supplementary Text (“Calcification classifications” section).

Tissue hydration and stabilization for Raman

Tissue sections were hydrated before Raman imaging following
standard hydration practices: 100, 95, 70, and 50% ethanol, followed
by deionized water and then phosphate buffer, 3 to 5 min in each.
Tissue delamination was an issue, possibly due to the use of fused
quartz slides, particularly in benign sections that contained less
stroma and more fat. To reduce the effect, the rehydration time
was reduced to 3 min per solution. It is possible that mineralized
matrix composition could alter with rehydration time, although,
given the likely heterogeneity of density among calcifications and
concordantly the variable amounts of intermixed organic matrix,
it would be difficult to ascertain the effects without further experi-
mentation. Approximate rehydration times are included in data
file SI.

For Raman imaging, tissue sections were either covered by a
thick bead of phosphate buffer or secured in a petri dish [using
either cyanoacrylate or a stabilizing clay (Sargent Art Plastilina
Modeling Clay)] and immersed in phosphate-buffered saline
(PBS) (Dulbecco's PBS).

Raman microscopy setup

A confocal Raman microscope (alpha300RA, WITec, Ulm,
Germany) with a frequency-doubled Nd:YAG laser (532 nm) exci-
tation source was used (maximum power: 75 mW). The charge-
coupled device detector (DU401A-BV, Andor, UK) was placed
behind the spectrometer (UHTS 300, WITec, Ulm, Germany)
with a grating of 600 g/mm (Blaze wavelength = 500 nm).
Samples were placed on a multi-axis piezo scanner and a motorized
large-area stage for sample positioning and imaged using a water
immersion 60x objective [Nikon, numerical aperture (NA) = 1.0].
The lateral resolution was 0.61 A/NA = ~325 nm. The typical
mapping scanning step size used was 1 um (though ranged from
0.5 to 2 um) with a typical integration time of 0.23 s per step
(though going as high as 4 s per step in rare cases).

Mapping data from 117 regions (from 96 individual calcifica-
tions and 5 particle-containing regions) containing Raman-detect-
ed calcifications with pathological continuity were analyzed. All
Raman data were analyzed using WITec Project Plus version 4.1
and, where indicated, Igor Pro 7 (WaveMetrics Inc., Lake
Oswego, OR, USA). Raman data processing is elaborated in Supple-
mentary Text.
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SEM/EDS sample preparation

Following Raman mapping, samples were dehydrated (deionized
water, 50, 70, 95, and 100% ethanol, 3 to 5 min each), then air-
dried, and stored in a vacuum desiccator until electron microscopy.
To ready the fused quartz mounted tissue for SEM/EDS, surround-
ing sample-free fused quartz was scored and removed. The sample
was coated with carbon to ~15 nm thick (Denton Vacuum, Desk V
Sample Preparation system equipped with a carbon evaporator).
Silver paint was used to improve conductivity.

Scanning electron microscopy

Coated tissue sections mounted on fused quartz were imaged using
a Tescan Mira3 field-emission SEM (Czech Republic). High-resolu-
tion images of calcifications were acquired at 5 kV (working dis-
tance of 3 mm) with the in-beam SE detector and/or the in-beam
backscatter detector. Using these parameters, the absorbed current
was measured at 223 pA. The 5-kV SE images depicted throughout
this work were autocontrasted using Fiji (119). In the cases of Fig. 6
(F and H), the Stack Focuser Fiji plugin was used (author:
M. Umorin, mikeumo at sbcglobal.net) to combine two planes of
focus. Raman-SEM composite image generation is described in
Supplementary Text.

EDS mapping

EDS mapping was carried out at 20 kV (to ensure we did not miss
higher Z elements and mitigate contribution from surface-based ge-
ometry effects) at a working distance of 15 mm using the EDS de-
tector (XFlash Detector 6/60, Bruker, MA, USA). Under these
conditions, the absorbed current was measured at 864 pA. The lo-
cations were matched to Raman mapping locations. EDS maps were
acquired for at least 5 min, typically closer to 15 min. In most cases,
we attempted to match the pixel diameter of the map to the spot
diameter of the beam (spot size of ~5.2 pm diameter with a cross-
sectional area of ~21.2 um?), although some regions were over-
sampled. Analysis was done using ESPRIT 2.1. Note that one
region was excluded from all subsequent EDS data processing due
to prior analysis using an alternate EDS system linked to an AirSEM,
where the altered instrumental and sample conditions warranted
exclusion. Thus, the total number of starting calcification regions
analyzed using the described conditions was 92. EDS data process-
ing is described in Supplementary Text. Statistical analysis and data
visualization are described in Supplementary Text.

Supplementary Materials
This PDF file includes:
Supplementary Text

Figs. S1 to S35

Table S1

Legend for data file S1
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