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Whitlockite has a characteristic distribution in mammary
microcalcifications and it is not associated with breast

cancer

Dear Editor,

Microcalcifications (MCs) are common findings in mam-
mography and can be indicative of different degrees of
malignancy, thus requiring multiple stereotaxis vacuum-
assisted biopsies under mammography to identify and
characterize breast cancer [1, 2]. In many cases, however,
the presence of MCs is not associated with the pres-
ence of a tumor. Therefore, a better understanding of the
physical-chemical properties of MCs is needed to assess the
relationship between their presence and breast cancer.

It is known that MCs are mostly composed of hydrox-
yapatite (HAp), a particular form of calcium phosphate,
regardless of the clinical characteristics of the surround-
ing tissue. However, crystal features of HAp are altered in
breast cancer [3]. In addition, other forms of calcium have
been more recently identified in breast MCs [4], but their
role is yet to be understood.

Whitlockite (Whit) is a magnesium (Mg)-substituted
form of calcium phosphate [5], whose presence in breast
MCs was suggested as a possible marker of benignity [4]
or a marker of invasiveness [6, 7]. In this work, we aimed
to determine the relationship between the presence of
Whit and the histological and crystal features of MCs and
investigate its spatial distribution in breast MCs.

To assess Whit presence in breast MCs, we first per-
formed a correlative mapping study in representative
biopsies: one from a healthy tissue (benign), one from
ductal carcinoma in-situ (DCIS), and one from an inva-
sive ductal carcinoma (IDC) (Supplementary Figure SI).
X-ray fluorescence (XRF) and wide-angle X-ray scattering

List of abbreviations: MCs, microcalcifications; HAp, hydroxyapatite;
Whit, whitlockite; Mg, magnesium; DCIS, ductal carcinoma in-situ;
IDC, invasive ductal carcinoma; XRF, X-ray fluorescence; WAXS, Wide
Angle X-ray Scattering; P, phosphorous; Wags magnesium mass fraction;
AUC, area under curve; a-CaCOj3, amorphous calcium carbonate;
c-CaCOs, crystalline calcium carbonate (calcite); CaC,0y,, calcium
oxalate; FWHM, full width at half maximum..
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(WAXS), both using synchrotron radiation, and Raman
spectroscopy were applied to the very same MCs on
contiguous tissue sections.

XRF confirmed the presence of Mg confined in calcified
areas as a minor component of MCs, quantified relative
to phosphorous (P) [Mg mass fraction (wy,) = 0.005-0.01,
P/Mg mass ratio of about 17:1, atomic ratio of about 26:1 to
13:1]. Mg was clearly detected in the three analyzed MCs,
regardless of their clinical status (Figure 1A-B). Supple-
mentary Figure S2 shows the distribution of P and Mg
in the samples. wy;,, maps were derived using a theo-
retical sample matrix of HAp type-B and the measured
sample thickness as calculated from X-ray absorption in
each pixel. In the regions close to the MC borders, the
Mg mass fraction wy,, was higher than elsewhere in the
sample.

We thus performed WAXS analysis on the same selected
MCs studied by XRF on contiguous slices. The entire
experimental dataset of WAXS spectra was classified using
a model-free, statistical approach that identified four char-
acteristic WAXS profiles (Figure 1C-D, Supplementary
Figure S3). The first three profiles were associated with
HAp with different degrees of crystallinity and abundance.
The fourth profile, associated with Whit, was found only
in healthy tissue (benign) MCs, mainly located in a rim
around the HAp region. By comparing XRF and WAXS
data, we observed Mg co-localized with Whit in the healthy
tissue (benign), mainly at the boundaries of the MC. On the
contrary, Mg detected by XRF in DCIS and in IDC was not
associated with Whit.

The Raman mapping analysis of the three selected MCs
confirmed the results of the WAXS study. Whit, clearly
recognizable by the shift of the phosphate peak at 970
cm™! [4], appeared as a minor component only in the
benign sample and distributed around the core of HAp
(Figure 1E-F). Raman signals of Whit also localized in the
areas where wy, was higher (XRF) and where the Whit
phase was specifically detected by WAXS.
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FIGURE 1 Whitlockite is a potential marker of benignity and accumulates mainly around breast MCs. (A) XRF analysis of MCs from
representative samples reporting normal tissue (B1), ductal carcinoma in situ (B5a) and invasive ductal carcinoma (B5b), respectively,
reporting the Magnesium mass fraction (w,,) map derived from data taken at 2.5 keV (see Supplementary Figure S2, the intensity maps of P
and Mg); values outside the calcifications are plotted as zero; the dashed box defines the same area reported in panels (C) and (E), on
contiguous slices. (B) XRF spectra collected at 2.5 keV in the point marked by an arrow in (A). (C) WAXS analysis of contiguous tissue slices
reporting the distribution maps of the two crystalline phases: HAp in three shades of green and Whit in red. The different tonalities of green
refer to low abundance/high crystallinity HAp (HAp 1, dark green); high abundance/high crystallinity HAp (HAp 2, green); high
abundance/low crystallinity HAp (HAp 3, light green). The black area refers to the region of the map where only background signals were
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To determine the representative distribution of Whit
within breast MCs, we performed a Raman mapping study
on 822 MCs from 107 subjects [8]. Of these, 118 MCs
were detected in normal tissues or tissues with minimal
changes (B1), 169 in samples with benign lesions (B2),
84 in samples with uncertain malignant features (B3),
210 in samples with in-situ carcinoma (B5a), and 241 in
samples with invasive carcinoma (B5b). Bl and B2 sam-
ples were defined as benign. B3, B5a and B5b samples
were defined as malignant. Overall, HAp represented the
most abundant mineralized calcium form found in all the
datasets (>95%); in B3 and B5a MCs, HAp exceeded 97% of
mineralized calcium (Figure 1G, Supplementary Figure S4
and Supplementary Tables S1-S3). In parallel, Whit was
detected in 65 MCs and represented the second most abun-
dant mineral in the dataset (2.08% of the overall calcium
deposits). Remarkably, Whit was detected almost exclu-
sively in benign samples, where it represented 4.31% of
mineralized calcium and was observed in 13 out of 46
benign biopsies (Figure 1G, Supplementary Tables S1-S3).
The distribution of Whit was found to be similar in Bl and
B2 MCs (Bl = 4.61%; B2 = 4.13%) (Figure 1G, Supplemen-
tary Tables S3). On the contrary, only a minimal amount of
Whit was detected in malignant samples, where it formed
only 0.14% of mineralized calcium. Among malignant sam-
ples, Whit was slightly more abundant in B3 (0.12%) and
B5a MCs (0.25%) compared to B5b MCs (0.06%) (Figure 1G,
Supplementary Tables S3). These rare deposits of Whit
were detected in 9 out of the 64 malignant biopsies.

The spatial distribution of Whit detected in all MCs
from benign samples is shown in Figure 1H. Most of Whit
was located “at the edge” of the HAp core of the MCs
(69.32%) in direct contact with Hap, a significant portion

(30.37%) was “external” which presented a physical sepa-
ration from Hap, and only a minimal portion (0.31%) was
“internal” to the HAp core (representative maps in Sup-
plementary Figure S4). This distribution was similar in
Bl and B2 samples (Figure 1H), and it confirmed what
we observed through the correlative mapping in the three
representative samples.

We thus studied the typical Raman spectral character-
istics of HAp [4, 9] in benign MCs presenting Whit, com-
pared with those in benign MCs without Whit (Figure 11I).
Interestingly, MCs containing Whit showed HAp with
lower crystallinity [p < 0.001; area under the curve (AUC)
= 0.88] if compared with MCs without Whit, and low crys-
tallinity is a marker of benignity [4]. On the contrary, the
levels of carbonate inclusions in HAp were comparable in
MCs with or without Whit. Lastly, the mineral-to-matrix
ratio of the MCs with Whit was significantly lower than
that of MCs without Whit in benign tissues (p < 0.001;
AUC = 0.88) and more similar to that of MCs detected in
malignant lesions (Figure 11, Supplementary Figure S5).

As a limitation, we analyzed the presence of Whit in
MCs which were at least 15 um in size. However, we did
not rule out the possibility of smaller Whit deposits else-
where in the tissues. A recent study reported very small
Whit deposits also in invasive breast cancer [10].

In conclusion, our data suggest that the co-presence of
Whit and HAp in breast MCs could be a marker of benig-
nity. We also observed that MCs made of HAp in benign
tissues are frequently associated with Whit localized at the
border of MCs or in the immediate surrounding area. The
almost complete absence of Whit in malignant samples
may suggest that this specific calcium phosphate phase
could be progressively lost with cancer onset. At the same

collected. (D) WAXS signals corresponding to the two crystalline phases and HAp variants mapped in (C). WAXS spectra and pixels in the
images are plotted with the same colors (see Supplementary Figure S3, the comparison with theoretical signals). WAXS spectra are shifted for
clarity. (E) Raman mapping analysis of tissue slices contiguous to those used for XRF and WAXS studies, reporting in false colors the
localization of HAp (green), Whit (red), surrounding tissue (light pink) and background (white). (F) Average Raman spectra of HAp (green)
and Whit (red) pixels detected in (E); Raman spectra are shifted for clarity. (G) Mineral composition of the 822 MCs reporting the percentage
of each mineral component [Whit (red), calcium oxalate (CaC,0,, blue), crystalline calcium carbonate (i.e. calcite) (c-CaCOs, yellow),
amorphous calcium carbonate (a-CaCOj, beige), and HAp (green)] considering the calcium deposit detected by Raman spectroscopy in the
different diagnostic categories [normal tissue or minimal changes (B1); benign (B2); uncertain malignity (B3); in-situ carcinoma (B5a);
invasive carcinoma (B5b)] (more details in Supplementary Tables S2-S3). (H) spatial distribution of Whit within benign MCs. Pie charts
represent the percentage of Whit pixels detected as “internal”, “at the edge”, or “external” to the HAp core in benign (B1+B2) (left) or in Bl
(middle) and B2 MCs (right panel). (I) Statistical analysis of the Raman metrics obtained from the analysis of the HAp core of benign MCs.
The three boxplots report the crystallinity (1/full width at half maximum (FWHM) of the phosphate band at 960 cm™') of HAp in MCs
presenting Whit compared to those that do not have Whit (left); the level of carbonate inclusions (measured as the ratio between the
phosphate peak at 960 cm™! and the one of carbonate at 1072 cm™) in HAp in MCs presenting Whit compared to those that do not have Whit
(middle); the mineral-to-matrix ratio (measured as the ratio between the phosphate peak at 960 cm™ and the CH, peak at 1450 cm™') in MCs
presenting Whit compared to those that do not have Whit (right). Each data point represents a single MC. Empty dot: mean; lines: median;
whiskers: 1.5 IQR.

Abbreviations: MCs, microcalcifications; HAp, hydroxyapatite; Whit, whitlockite; a-CaCOs, amorphous calcium carbonate; c-CaCOj,
crystalline calcium carbonate (calcite); CaC,0,, calcium oxalate; Mg, magnesium; P, phosphorous; XRF, X-ray fluorescence; WAXS, Wide
Angle X-ray Scattering; FWHM, full width at half maximum.
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time, this process does not necessarily imply the removal
of Mg from MCs, as revealed by the XRF detection of Mg
in all three diagnostic categories. In future, further stud-
ies will be needed to obtain a comprehensive picture of the
various calcium deposits in the breast tissues.
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