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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Evaluation of borderline epithelial 
ovarian tumor aggressiveness is 
investigated.

• IR analysis of psammoma bodies present 
in tumor of different grade was carried 
out.

• Differences and similarities in the 
chemical content were evaluated.

• The level of carbonate content in 
psammoma bodies of different tumors is 
compared.
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A B S T R A C T

Borderline ovarian tumor is a type of tumor with generally low malignant potential. However, these tumors pose 
diagnostic challenges with benign and malignant epithelial ovarian tumors because the clinical symptoms are 
similar and investigation procedures for specific diagnosis are still debated. In addition, a small number of 
borderlines transform into high-grade serous ovarian carcinoma with a poor prognosis. Therefore, tools 
improving a better characterization of high-risk subtypes of borderline tumors to enable understanding of 
possible unfavorable evolution are essential for patients’ management. Psammoma bodies (PBs) are micro
calcifications found both in serous epithelial ovarian cancer and serous borderline tumors with possible corre
lation with disease progression.

In this work, the chemical composition of PBs found in the tissues of borderline, high-grade and low-grade 
ovarian tumors was evaluated using micro-FTIR spectroscopy. Applying principal component analysis to spec
tral data, it was observed that among the borderline tumors analyzed (1-bl, 2-bl and 3-bl), the PBs of 3- 
bl showed a different chemical content from that of the PBs of the high-grade and low-grade tumors, while the 
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PBs of 1-bl and 2-bl appeared to have similar chemical content to the PBs of high- and low-grade tumors. The 
discriminating wavenumbers were found to be those related to carbonate CO3

2− (1454, 1413 cm− 1 and 872 cm− 1) 
and phosphate PO4

3− (1018 cm− 1 and 960 cm− 1) present in microcalcifications. A higher ratio between peak 
intensities at 1413 cm− 1 and 1018 cm− 1 (I1413/I1018) was observed in the PBs of 3-bl compared with those of 
high- and low-grade ovarian carcinoma patients, which correlates with higher CO3

2− content. On the other hand, 
the PBs of 1-bl and 2-bl showed a CO3

2− level close to that of the PBs of high- and low-grade patients. Several 
studies on microcalcifications in breast carcinoma have reported that increased carbonate content is related to 
decreased tumor aggressiveness. Therefore, case bl-3 appeared to be the less aggressive. The results obtained 
from FTIR analysis were in agreement with histopathological tumor classification and molecular analysis for 
BRAFV600E. The FTIR technique could become a reliable tool for identifying borderline low- and high-risk 
tumors.

1. Introduction

Epithelial ovarian cancer is the second most lethal gynaecological 
malignancy worldwide [1]. Histological classification of epithelial 
ovarian cancer is, in fact, particularly complex since each subtype rep
resents a distinct disease entity with a different site of origin, patho
genesis, clinical features, and prognosis. The 2020 World Health 
Organization (WHO) classification recognizes at least five distinct sub
types of malignant epithelial ovarian cancer: high-grade serous carci
noma (70 % of cases), endometrioid carcinoma (10 %), clear-cell 
carcinoma (6 %–10 %), low-grade serous carcinoma (5 %) and 
mucinous carcinoma (3 %–4%), along with other rare entities [2]. 
Currently, there is no reliable screening method for epithelial ovarian 
cancer, and most women are diagnosed based on symptoms, with the 
majority presenting at an advanced stage [3] with radical surgery 
becoming the main form of treatment.

Borderline ovarian tumors are a further heterogeneous group of 
uncertain malignant potential that represent about 10–20 % of all 
epithelial tumors of the ovary. Borderline ovarian tumors mainly occur 
in young, healthy women of reproductive age and generally have a 
favorable prognosis with a high 10-year survival rate for all stages [4], 
suggesting conservative approaches for fertility preservation. Unfortu
nately, borderline ovarian tumors are not easy to distinguish from early- 
stage malignant ovarian carcinoma due to the similarity between the 
respective symptoms, especially in advanced states, and the lack of 
specific tumor biomarkers and imaging examinations. Moreover, the 
recurrence and conversion into malignant ovarian tumors observed in a 
small fraction of patients pose a further challenging issue for patholo
gists. Such complexity and its effect on treatment choice underline the 
importance of histological tumor typing. Beside the European Society 
for Medical Oncology recommendation that pathological diagnosis 
should be made according to the 2020 WHO classification by an expert 
gynecological pathologist, it may be helpful to use alternative support
ing methods to achieve a more accurate assessment of disease progres
sion. This would lead to personalized management of the disease at the 
same time improve therapeutic choices.

Fourier transform infrared spectroscopy (FTIR), by measuring the 
absorption of infrared radiation given by the intrinsic vibrations of 
chemical bonds in biomolecules, provides chemical identification of the 
tissue sample analyzed [5,6]. In addition, the combination of infrared 
spectroscopy with a microscope (micro-FTIR) allows obtaining spatial 
information on the chemical composition of the examined tissues. In 
fact, optical magnification permits the observation of tissue samples at 
the micrometer level. At the same time infrared spectroscopy provides 
information on the biomolecular composition of the tissue area visual
ized by acquiring the corresponding IR spectrum. Spectra recorded on 
tissue samples are generally very complex. In addition, the differences 
among samples under diverse pathological conditions are very slight 
and difficult to notice in the raw spectra. Therefore, to obtain relevant 
information, spectra need to be processed. By applying multivariate 
analysis to spectral data, insight into slight alterations in biomolecular 
content can be extracted and pathological conditions can be investigated 
[7,8].

Standard methods used to analyze ovarian tumors and ascertain 
grade and aggressiveness include histopathological diagnosis and im
aging techniques such as computed tomography and magnetic reso
nance imaging. Histopathological investigation requires complex 
specimen preparation, uses immunohistochemical staining or labeling 
and often it is time-consuming and subjective. Computed tomography 
and magnetic resonance imaging are expensive and usually cannot di
agnose tumors at an early stage. Compared with these analysis tech
niques, FTIR micro-spectroscopy exhibits considerable advantages. This 
technique requires minimal sample preparation, is nondestructive and is 
not time-consuming. It proved to be a very sensitive and reliable tech
nique. In fact, by capturing small changes in the biomolecules that 
compose tissues, it allows detection of precancerous lesions and 
following the progression of cancer. It also allows both qualitative and 
quantitative information on components to be obtained [9–11].

Psammoma bodies (PBs) are round, laminated, microscopic calcifi
cation mainly found in serous epithelial ovarian cancer as well as in 
serous borderline tumors. Their nature and significance have been 
evaluated in various studies [12,13], anyway no correlation between 
biochemical analysis of these microcalcifications and ovarian tumor 
behavior was reported to date. In particular, a possible relationship 
between chemical composition and tumor progression has not yet been 
investigated.

In our previous work [14], we investigated the chemical composition 
of PBs in ovarian tumors using the FTIR technique. Based on this study, it 
had been determined that the PBs found in ovarian tumors are essen
tially composed of amorphous calcium carbonate phosphate, a sub
stance already found in PBs present in thyroid cancer [15]. However, the 
chemical composition of PBs found in ovarian tumors of different grades 
had not been investigated.

The aim of this work was to evaluate whether there is a difference in 
chemical composition among PBs present in borderline serous ovarian 
tumors and epithelial serous ovarian tumors.

Indeed, the knowledge of this different chemical composition and the 
possible correlation with disease progression may be helpful for provide 
insight into prognosis of serous borderline ovarian tumors.

PBs found in tissues of ovarian serous tumors from patients under
going surgery and diagnosed with different serous tumors (high and low- 
grade serous carcinoma and borderline tumors) were analyzed.

The incidence of borderline tumors showing PBs is 6–18 % of all 
borderline serous ovarian tumors [16]. Therefore, although the number 
of patients enrolled in this study is not large, the preliminary results 
obtained could point out the FTIR technique as a valuable tool to 
investigate the evolution of borderline tumors.

By applying principal component analysis (PCA) to the recorded 
FTIR spectra of microcalcifications detected on the tissue samples, the 
similarities and differences in the chemical content of the micro
calcifications were assessed. In addition, the carbonate content in the 
samples was examined. The information deduced from the spectral data 
opened a hypothesis of a priori knowledge of the possible evolution of 
the borderline tumors analyzed corroborated by evaluating molecular 
testing for somatic BRAF V600E mutation.
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2. Experimental section

2.1. Tissue collection, histopathological classification

Tissue samples were obtained from formalin-fixed paraffin- 
embedded samples of surgically removed ovarian tumors from 9 pa
tients. Three patients were diagnosed with borderline serous tumors, 
three patients with high-grade serous carcinomas and three patients 
with low-grade serous carcinomas (Table 1).

AJCC TNM cancer staging manual [17] refers to the pathologic 
classification of a tumor. In this classification: T describes the extent of 
the primary tumor (in the ovary section with numbers from 1 (limited to 
the ovary) to 3 (peritoneal involvement)), N specifies whether the tumor 
has spread to the regional lymph nodes, M indicates whether the tumor 
has spread to other organs (metastasis).

In our cases, among patients with borderline serous tumors, histo
logical evaluation reported respectively a pT (primary tumor) classifi
cation of pT2a (1-bl), pT3b (2-bl), and pT1a (3-bl). (Table 1).

2.2. FTIR analysis of tissue samples

2.2.1. Sample preparation
Two consecutive slices of 10 µm were obtained from paraffin blocks 

containing the tissue samples. The first slice was stained with hema
toxylin and eosin (HE) for the pathological exam and used as morpho
logical reference to identify the presence of microcalcifications (Fig. 1a). 
The adjacent slice was mounted on gold coated microscope slides and 
deparaffinized before measurements using infrared spectroscopy. The 
samples were deparaffinized by immersing them in three different 
containers of xylene and then in two different containers of absolute 
alcohol. Then the samples were immersed in aqueous ethanol solutions 
of decreasing concentration (96 %, 80 %, 70 % and 50 %). The samples 
were soaked in each solution for 3 min. Finally, the samples were 
washed with water and air-dried. (Fig. 1b).

2.2.2. Analysis of microcalcifications using micro-Fourier transform 
spectroscopy (micro-FTIR)

Each sample on gold coated slides was investigated by micro-Fourier- 
transform infrared spectroscopy (micro-FTIR). This instrument com
bines an infrared spectrometer to a microscope equipped with high- 
resolution 1/3 in. color digital camera with 1024 × 768 XGA for the 
collection of visual images of the sample surface. The areas with 
microcalcifications were selected, microscope images were captured and 
point-by-point randomly FTIR spectra of microcalcifications were 

recorded (Fig. 1c).
The instrument used was a Nicolet iN10 infrared microscope 

(Thermo Fisher) with a Mercury-Cadmium-Telluride (MCT-A) nitrogen- 
cooled detector and motorized stage. Spectra were acquired in the 
Attenuated Total Reflection (ATR) mode using an accessory with a 
germanium micro-tip of 350 μm diameter. Spectra were recorded within 
the 4000–800 cm− 1 range with a resolution of 8 cm− 1, using an aperture 
of 15 × 15 μm. Sixty-four (64) interferograms were averaged per spec
trum and apodized using a Blackman-Harris correction. The background 
spectrum was collected on air and a new background acquisition was 
taken before the analysis of each microcalcification. The ATR crystal was 
cleaned with ethanol prior to the measurement of the background. Data 
acquisition and spectra elaboration were carried out with the OMNIC 
SPECTA software provided by Thermo Fisher Scientific. The number of 
total spectra recorded from the different tissues analyzed is 1987. Spe
cifically, 666 spectra were acquired on the samples of the high-grade 
patients hg, 620 spectra were recorded on the samples of the low- 
grade patients lg, 263 spectra were acquired on the samples of the 
borderline patient 1-bl, 238 spectra were recorded on the samples of the 
borderline patient 2-bl, and 200 spectra were recorded on the samples of 
the borderline patient 3-bl.

Then spectral data were converted to files (.txt) for input to Matlab 
software.

Raw data were filtered imposing a threshold of 0.1 on the absorbance 
recorded at 1018 cm− 1, corresponding to PO4

3− (pre-processed spectra).

2.2.3. Principal component analysis (PCA)
PCA was performed on Savitzky–Golay second derivative (11-point 

smoothing) pre-processed spectra related to microcalcifications detected 
in ovarian tissues with high-grade, low-grade and borderline cancer. 
PCA analysis was applied to a total number of 590 spectra. Specifically, 
181 spectra were obtained from the high-grade patients hg, 187 spectra 
were obtained from the low-grade patients lg, 101 spectra were ob
tained from the borderline patient 1-bl, 83 spectra were obtained from 
the borderline patient 2-bl, and 38 spectra were obtained from the 
borderline patient 3-bl.

PCA is an algorithm used to derive relevant information from 
confusing datasets by emphasizing similarities and differences. The 
original data set of variables is reduced to smaller number of orthogonal 
variables called the principal components (PCs). In the analysis of FTIR 
spectra by PCA, the scores indicate the contribute of each spectrum 
relative to the selected principal component.

2.2.4. Boxplot
Boxplot representation of the first two principal components for 

spectral data of group bl, bl-1d, bl-3d, lg was performed. This method is 
suitable for comparing group distributions within the dataset as it vi
sualizes the central tendency, asymmetry, and dispersion of the data, as 
well as highlighting outliers. In detail, it is made of a boxplot whose 
lower and upper limits depict the 25- and 75 %-quartile of the data, 
while a bar within the boxplot represents the median, i.e., the 50 
%-quartile. The boxplot includes 50 % of the data points, and the 
whiskers range from 75 %-quartile to the maximum of the data and 25 
%-quartile to the minimum of the data, respectively.

2.2.5. Average spectra and ratio CO3
2− /PO4

3− determination
Baseline correction was performed on the pre-processed spectra 

using a homemade matlab code. After that, the mean spectra of micro
calcifications detected in the ovarian tissues of the three patients with 
high-grade tumors and the three patients with low-grade tumors were 
calculated. While for the borderline patients the mean spectrum was 
calculated for each patient.

For each spectrum belonging to every spectral data group 1-bl, 2-bl, 
3-bl, lg the ratio CO3

2− /PO4
3− was calculated considering the maximum 

absorbance value at 1413 cm− 1 for CO3
2− and at 1018 cm− 1 for PO4

3− . 
After that for each determined ratio group the average value was 

Table 1 
Types of ovarian tumors investigated.

Tissue 
samples

Classification of ovarian tumors from the 9 patients enrolled in 
this study

1-bl Borderline serous 
tumors 
(3 patients)

pT2aa

(Extension or implants on the uterus or fallopian 
tube(s) or ovaries)

2-bl pT3ba

(Macroscopic peritoneal metastasis beyond 
pelvis ≤2 cm with or without retroperitoneal 
lymph node metastasis)

3-bl pT1aa

(Tumor limited to 1 ovary (capsule intact) or 
fallopian tube; no tumor on ovarian or fallopian 
tube surface; no malignant cells in ascites or 
peritoneal washings)

lg Low-grade serous carcinomas 
(3 patients)

hg High-grade serous carcinomas 
(3 patients)

a Pathologic TNM classification.
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calculated.
One-way ANOVA test was performed using pairwise comparison of 

the ratios CO3
2− /PO4

3− for the spectra of 1-bl, 2-bl, 3-bl, lg and hg to 
assess the significance of the differences among these ratios. The 
threshold of statistical significance was set at P < 0.01 (Fig. S1).

2.3. Immunohistochemical staining for BRAF V600E mutated protein and 
molecular assessment for hot spot BRAF mutation status

Immunohistochemistry and molecular assessment were aimed to 
identify mutation of the BRAF gene that encodes the BRAF protein. This 
intracellular enzyme regulates physiological functions of cells, including 
growth, differentiation, proliferation and apoptosis. Among the possible 
mutations, the most common is the BRAFV600E and is caused by the 
substitution of glutamic acid for valine.

2.3.1. Immunohistochemistry
4-µm sections from representative paraffin blocks for each borderline 

case, were collected on slides and stained with hematoxylin-eosin for 
morphologic evaluation. After microscopic diagnosis, additional 
paraffin sections were cut from the blocks, collected on polarized slides, 
and submitted for immunohistochemical staining using an Automated 
stainer (Dako Omnis, Agilent). Sections were pretreated with EDTA, pH 
8, and incubated with mouse anti-human BRAF(V600E) antibody, clone 
VE1 (Spring Bioscience, Pleasanton, CA, USA) diluted 1:50, for 30 min. 
This antibody recognizes the BRAF V600E mutated protein. The reaction 
product was revealed by peroxidase. Cases were reported as positive 

when a definite brown granular reaction product was seen within the 
cytoplasm of neoplastic cells, in the absence of background staining. 
Control study was performed by omitting the primary antibody. The 
immunostained slides were evaluated in blind by 2 expert pathologists 
(AC, AB), unaware of the clinico-pathologic and genetic data.

2.3.2. Molecular analysis
BRAF molecular testing was performed to confirm positive immu

nostaining for BRAFV600E mutations. Eight 5 µm thick sections were cut 
from paraffin block, dewaxed, hydrated and submitted for DNA 
extraction using the Qiagen mini kit. Molecular analysis was performed 
using PCR method in another Institution.

This study did not require ethical approval since it was retrospective 
and was performed using anonymized paraffin sections. The study ID 
was only related to the TNM stage at diagnosis. No personal data from 
patients were collected or shared. All the activities of the study were 
conducted in accordance with the 1964 Helsinki Declaration and later 
amendments.

3. Results and discussion

Tissue samples from patients affected by high and low-grade serous 
carcinoma and borderline tumors (Table 1), ascertained through histo
pathological classification of expert pathologist, were analyzed using 
ATR-FTIR microspectroscopy. After identifying the presence of micro
calcifications (Fig. 1a) for each tissue sample, the successive dewaxed 
tissue slice, deposited on the gold slide (Fig. 1b), was examined using the 

Fig. 1. (a) Histology of ovarian tissue from a serous tumor analyzed showing numerous microcalcifications (psammoma bodies), hematoxylin-Eosin stain, medium 
power field; (b) 10 μm thick dewaxed ovarian tissue sample on gold coated microscope slides; (c) photomicrograph obtained with the micro-FTIR digital camera of 
selected region of tumor tissue sample containing microcalcifications highlighted with white circles and the red marks show where the ATR-FTIR spectra were 
recorded; (d) the resulting unprocessed spectra.
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FTIR microscope. Spectra were acquired in ATR mode at several random 
points within the selected specific areas associated with micro
calcifications (Fig. 1c). Photomicrographs of the other tissue samples 
analyzed were reported in SI (Fig. S2). Microcalcifications were mainly 
composed of amorphous calcium carbonate phosphate, as already 
observed in our previous studies [14]. In fact, already in the unprocessed 
spectra (Fig. 1d), the main band around 1020 cm− 1 related to the 
asymmetric stretching mode of PO4

3− and the signals around 1460–1410 
cm− 1 and 872 cm− 1 typical of vibrational modes of the CO3

− 2 group can 
be easily distinguished.

These data are of interest considering a previous study suggesting 
that ovarian cancer cells switch to a calcifying phenotype and express 
bone related transcription factors and bone matrix proteins to cause the 
calcification deposition [18]. Moreover, the influence of female repro
ductive apparatus was considered by Das and colleagues who affirmed 
that the formation of calcifications may be linked to the secretion of 
collagen and could also be affected by hormones [12].

This work investigated the possibility of exploiting the biochemical 
information contained in microcalcifications observed in different tis
sues, to understand the aggressiveness of ovarian cancer and its poten
tial progression in borderline patients. This information might also 
support pathologists in differentiating borderline tumors from carci
noma especially when the invasive component is limited. In fact, the 
ESMO–ESGO consensus conference recommendations on ovarian cancer 

reports that microinvasion (<5 mm) can be seen in borderline tumors 
but these cases should still be regarded as borderline for classification 
and management purposes [19].

Principal component analysis (PCA) was performed on spectral data 
of all tissue samples analyzed (1-bl, 2-bl, 3-bl, lg and hg) after applying 
the second derivative to the spectra recorded following the procedure 
shown in Fig. 1. Second derivative highlights smaller spectral differ
ences among the spectra of the samples. In fact, it enhances the gradients 
of the spectral bands of interest with respect to the baseline and allows 
resolving overlapped peaks.

PCA was applied on spectral data in the region 800–1500 cm− 1, 
where signals of amorphous calcium carbonate phosphate, which is the 
main substance in PBs, are observed. The resulting score plot PC1 vs PC2 
is reported in Fig. 2a, and interesting chemical similarities and dissim
ilarities among the samples can be observed. Meanwhile, the score plot 
for PC3 vs PC4 showed no discrimination (Fig. S3b).

Considering PC1 and PC2, the explained variance was not very high, 
and 20 PCs would be needed to reach 80 % (Scree plot in Fig. S3a). 
However, PC1 and PC2 were informative, which can be supported by 
analyzing the corresponding loadings (Fig. 2b). PCA loadings represent 
the variance in the wavenumber directions. They are used to identify 
spectral signals with a high degree of relevance for the observed pattern 
in the distribution of scores. By considering the loadings plot associated 
with PC1 and PC2 (Fig. 2b), the most discriminant wavenumbers are the 

Fig. 2. (a) Score plot PC1 vs PC2 for microcalcifications from borderline patients (1-bl, 2-bl and 3-bl), high-grade patients (hg) and low-grade patients (lg); (b) 
Loadings plots related to PC1 (top) and PC2 (bottom) (c) box-plots of PC1 scores; (d) box-plots of PC2 scores.

M. Orsini et al.                                                                                                                                                                                                                                  Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 327 (2025) 125301 

5 



signals at 872, 960, 1018, 1413, and 1454 cm− 1 related to the carbonate 
and phosphate anions present in PBs. This result suggests that the 
different carbonate and phosphate content in the various samples ac
counts for their differentiation in the score plot PC1 vs PC2.

In detail, from the score plot PC1 vs PC2 (Fig. 2a) it can be seen that 
the spectra from the microcalcifications associated with the 3-bl patient 
seem to differ from most of the other data. The spectra extracted from 
the microcalcifications of borderline 1-bl and 2-bl patients tend to form 
a single cluster with the spectra from the high-grade (hg). From this 
trend, the spectral data for low-grade microcalcifications differ slightly, 
showing greater variability.

To better identify and visualize the differences and similarities 
among spectra of microcalcifications box plots of PC1 and PC2 scores 
were used (Fig. 2c and d). The median line of the box plot related to the 
spectra of microcalcifications of patient 3-bl tends to lie outside the box- 
plots associated with hg, lg, 1-bl and 2-bl. This highlights the difference 
in the biochemical content of microcalcifications associated with patient 
3-bl compared with all other patients examined. On the other hand, the 
microcalcifications present in borderline 1-bl and 2-bl patients appear 
chemically similar to those in high-grade and low-grade patients.

Further investigation was carried out on the samples of the three 
borderline patients (1-bl, 2-bl, 3-bl) and the samples of the high-grade 
patients (hg). In fact, the finding of similarity or chemical diversity 
between the PBs of the borderline patients and those of the high-grade 
patients can be a crucial information for determining the evolution of 
the borderline case a priori.

For this purpose, PCA analysis was performed separately considering 
the spectral data of each borderline patient and all spectral data of 
microcalcifications of high-grade patients in the region 800–1500 cm− 1.

The score plot PC1 vs PC2 (Fig. 3a) shows that borderline 3-bl 
microcalcifications are sufficiently discriminated on PC1 from the high- 
grade microcalcifications. However, such discrimination is not evident 
for the spectral data from the 1-bl and 2-bl microcalcifications (score 
plots 3b and 3c).

Regarding the loadings associated with PC1 and PC2 (Fig. S4), again 
it is confirmed that the discriminant wavenumbers are those related to 

carbonate and phosphate signals.
These results are further verified and shown using box plots of PC1 

scores in Fig. 3(d–f) and PC2 scores in Fig. S5. In fact, in Fig. 3f the 
median line of the box plot related to the spectra of microcalcifications 
of patient 3-bl is outside the box-plot of hg whereas for 1-bl (Fig. 3d) 
and 2-bl (Fig. 3e) compared to hg this divergence is not observed.

When PCA analysis was performed, between the spectral data of each 
individual borderline patient, and the spectral data of the micro
calcifications of all samples from the low-grade patients, no clear 
discrimination was observed (Fig. S6). This is probably due to the higher 
variability of the data for low-grade tumors, as it can be seen from the 
box and whiskers in plots 2b and 2c.

To verify whether the biochemical differences among samples can be 
attributed to carbonate and phosphate content as identified by loadings, 
a comparison of the average spectra of the microcalcifications of the 
borderline patients (1-bl, 2-bl and 3-bl) and those of hg and lg was 
performed (Fig. 4a). Pre-processing applied to the spectral data was a 
baseline correction technique. In this way, the spectra maintained on the 
y-axis scale the absorbance intensity values correlated with the abun
dance of the chemical species associated with the IR signal.

The region of the spectrum analyzed was 800–1550 cm− 1. This range 
includes the characteristic signals of amorphous calcium carbonate 
phosphate. In fact, as can be seen in Fig. 4a, the band at 1018 cm− 1 is 
related to ν3 PO4

3− asymmetric stretching mode and the shoulder around 
960 cm− 1, assigned to ν1 PO4

3− symmetric stretching mode, is a finger
print confirming the structure of the amorphous calcium carbonate 
phosphate. The signals at 1454, 1413 cm− 1 were assigned to ν3 CO3

− 2 

asymmetric stretching modes while 872 cm− 1 is associated with ν2 out- 
of-plane vibration of CO3

− 2.
By comparing the average spectra obtained from the micro

calcifications in the different samples analyzed, it is evident that the 
peak intensity at 1018 cm− 1 in 3-bl sample is lower than that in hg and 
in 1-bl and 2-bl samples, revealing a reduced phosphate content. 
Meanwhile, the average spectra of 1-bl and 2-bl show peak intensities 
similar to each other and, in some spectral regions, closer to those of the 
hg. These results confirm those obtained by PCA.

Fig. 3. Score plots PC1 vs PC2 for microcalcifications from borderline and high-grade patients: 1-bl and hg (a), 2-bl and hg (b), 3-bl and hg (c). Box-plots of PC1 
scores for microcalcifications from borderline and high-grade patients: 1-bl and hg (d), 2-bl and hg (e), 3-bl and hg (f).
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Recent studies on microcalcifications present in breast tumors have 
shown that carbonate amount may be related to the aggressiveness of 
the disease [20–22], specifically, carbonate level was found to be 
decreasing in progressively more invasive tumors [23].

Given these findings regarding microcalcifications in breast cancer, 
this work investigated the carbonate content in microcalcifications 
found in the three borderline cases and those present in patients with 
high-grade and low-grade cancer.

The absorbance ratio of CO3
2− and PO4

3− signals was used to estimate 
carbonate levels. The value of the CO3

2− /PO4
3− ratio turns out to be the 

higher the carbonate content. The signal at 1018 cm− 1 was chosen to 
obtain the maximum absorbance of the phosphate group, while the 
signal at 1413 cm− 1 was selected for the carbonate group (Fig. 3a). All 
carbonate signals show an increment in intensity as carbonate substi
tution increases, but this increase is more easily seen for bands around 
1400 and 1450 cm− 1 [21]. Therefore, the ratio of peak intensity at 1413 
cm− 1 to the peak intensity at 1018 cm− 1 (I1413/I1018) was determined to 
assess the carbonate level in the various microcalcifications.

It has been observed that the carbonate content is significantly 
different among the three borderline patients (1-bl, 2-bl, and 3-bl) 
(Fig. 4b). In addition, in the borderline 3-bl patient, the amount of 
carbonate is noticeably higher than in the other borderline patients 1-bl 
and 2-bl and also with respect to the lg to hg samples. While in the lg 
and hg the level of carbonate is similar. This outcome on similarity and 
dissimilarities in chemical composition of microcalcifications is in 
agreement with spectral data analysis performed with PCA and box plot 
(Fig. 2 and Fig. 3).

Taking into consideration studies related to breast cancer micro
calcifications, according to which a higher level of carbonates indicates 
a lower aggressiveness, these results suggest that the borderline 3-bl 
tumor is less aggressive than 1-bl and 2-bl tumors (Fig. 4b).

This hypothesis is strongly supported by the TNM staging (Table 1), 
where case 3-bl is the only borderline tumor classified as pT1a while 1- 
bl and 2-bl are respectively pT2a and pT3b. In addition, both immu
nohistochemistry for BRAFV600E mutant protein and molecular anal
ysis for BRAF gene showed BRAFV600E mutation in case 3-bl (Fig. 5), 
while resulted wild type in the other two cases (1-bl and 2-bl). Immu
nohistochemistry (IHC) using mutation-specific antibodies against 
BRAFV600E provides an alternative inexpensive method for the rapid 
identification of BRAFV600E mutation-positive tumors. IHC for 
BRAFV600E is approved to be of value for clinical management of ma
lignant neoplasms [24]. In our case, the hot spot mutation BRAF
V600E was confirmed by PCR, performed in another Institution.

BRAFV600E mutated ovarian serous borderline tumors have been 

reported to be at low risk for progression to serous carcinoma [25]. Since 
evaluating of BRAFV600E mutational status was proposed as a potential 
tool for clinical management of ovarian serous borderline tumors, we 
might affirm that FTIR analysis has the same value in identifying low- 
risk borderline tumors but requiring minimal resources and giving 
faster results. This prognostic approach might also improve inter- 
observer variability among pathologists in the setting of borderline tu
mors, as previously suggested for the use of immunohistochemistry 
[26].

Therefore, if a larger court of patients confirms the preliminary re
sults obtained, the Micro-FTIR analysis may represent a complementary 
tool for histological diagnosis with implication for predicting the risk for 
tumor progression. This approach also opens a new insight in the 
cytological evaluation of pelvic washing. In such samples, the presence 
of psammoma bodies was reported in 3.6 % of cases, including serous 
ovarian tumors [27,28]. In these cases, FTIR should complement 
morphological assessment in determining the nature of underlying 
processes.

4. Conclusions

This work investigated the chemical composition of psammoma 
bodies, microcalcifications often observed in serous epithelial ovarian 

Fig. 4. (a) The averaged spectra of the microcalcifications of borderlines (1-bl, 2-bl and 3-bl), high-grade tumors (hg) and low-grade tumors (lg); (b) mean ratio of 
signal absorbances related to CO3

2− (1413 cm− 1) and PO4
3− (1018 cm− 1) from the spectra of microcalcifications in the borderline (1-bl, 2-bl and 3-bl), high-grade 

tumors (hg) and low-grade tumors (lg).

Fig. 5. Immunohistochemistry using mutation-specific antibodies against 
BRAFV600E mutated protein on paraffin section from case (3-bl). Positive re
action is evident in the cytoplasm of the epithelial neoplastic cells (brown 
color), hematoxylin counterstained, low power field.
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cancer and serous borderline tumors, using FTIR spectroscopy. Unsu
pervised multivariate PCA analysis was applied to spectral data recorded 
in ATR mode from the microcalcifications in the tissues of three 
borderline, three high-grade, and three low-grade tumors.

Based on the respective PBs composition, two of the borderline pa
tients (1-bl and 2-bl) and high-grade ovarian carcinoma ones form a 
chemically uniform group, from whom the third borderline patient (3- 
bl) differentiates. The differences in the carbonate levels found in 
psammoma bodies present in the cancer tissues of patients account for 
this classification. A higher CO3

2− content was found in PBs of borderline 
patient 3-bl compared to that in both microcalcifications of patients 
with high- and low-grade ovarian carcinoma. On the other hand, 
borderline patients 1-bl and 2-bl showed a carbonate content close to 
that of the microcalcifications present in malignant epithelial ovarian 
cancer. As reported in the literature for microcalcifications in breast 
cancers, it is worth noting that an increase in carbonate content corre
lates with lower tumor aggressiveness and vice versa. Thus, FTIR anal
ysis of psammoma bodies seems able to differentiate the borderline 
tumors and to give indications about their aggressiveness. These hy
potheses agreed with the TNM histopathological classification and the 
result of the molecular analyses for BRAFV600E performed on the three 
borderline tumors. These preliminary findings suggest that the FTIR 
spectroscopic technique is a promising and valuable tool for identifying 
low-risk borderline tumors, requiring minimal resources and providing 
faster results.
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[3] A. González-Martín, P. Harter, A. Leary, D. Lorusso, R.E. Miller, B. Pothuri, I. Ray- 
Coquard, D.S.P. Tan, E. Bellet, A. Oaknin, J.A. Ledermann, Newly diagnosed and 
relapsed epithelial ovarian cancer: ESMO Clinical Practice Guideline for diagnosis, 
treatment and follow-up, Ann. Oncol. 34 (2023) 833–848, https://doi.org/ 
10.1016/j.annonc.2023.07.011.

[4] N. Bourdel, C. Huchon, C. Abdel Wahab, H. Azaïs, S. Bendifallah, P.-A. Bolze, J.- 
L. Brun, G. Canlorbe, P. Chauvet, E. Chereau, B. Courbiere, T. De La Motte Rouge, 
M. Devouassoux-Shisheboran, C. Eymerit-Morin, R. Fauvet, E. Gauroy, T. Gauthier, 
M. Grynberg, M. Koskas, E. Larouzee, L. Lecointre, J. Levêque, F. Margueritte, 
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