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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

• The study aims to improve the differ
ential diagnosis of uterine tumors.

• Leiomyosarcoma (LMS) and leiomyoma 
histotypes (LMs) were analyzed by 
FTIRI.

• FTIRI is a high-resolution imaging 
technique for the analysis of tumor 
lesions.

• IR data were validated with statistical 
tools.

• Reliable spectral features for dis
tinguishing LMS and LMs subtypes were 
achieved.
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A B S T R A C T

Uterine smooth muscle tumors include a broad range of neoplasms, from benign leiomyomas (LMs) to malignant 
leiomyosarcomas (LMS), as well as intermediate forms classified as Smooth Muscle Tumors of Uncertain Ma
lignant Potential (STUMP). An accurate diagnosis of these tumor types is essential for their appropriate clinical 
management; however, it remains challenging due to possible overlapping of histological features. In this study, 
a multidisciplinary approach combining Fourier Transform Infrared Imaging (FTIRI) spectroscopy, a label-free 
and non-destructive analytical technique, with histology and statistical analyses have been exploited for inves
tigating the morpho-chemical characteristics of these uterine smooth muscle tumors. The analysis aimed to 
identify new reliable and diagnostic spectral markers, complementary to traditional histology, and thus useful for 
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improving accuracy in cases with uncertain morphological features. Tissue samples including different leio
myoma histological subtypes, such as usual, cellular, apoplectic, and bizarre, were analyzed and compared with 
LMS and healthy myometrium. The analysis of IR data, submitted to univariate and multivariate statistical ap
proaches, such as Principal Component Analysis (PCA) and Hierarchical Cluster Analysis (HCA), revealed 
distinctive spectral profiles associated with each tumor type and indicated changes in collagen content and 
organization as key features for a reliable discrimination not only between benign and malignant tissues but also 
among different LM histotypes.

1. Introduction

Leiomyomas and leiomyosarcomas are uterine smooth-muscle tu
mors characterized by very different biological behaviors, going from 
benign to malignant outcomes [1]. Leiomyomas are benign lesions 
which present several histological variants. The most common form is 
the usual-type, which accounts for the majority of cases; it is often 
asymptomatic or associated with symptoms such as abnormal uterine 
bleeding, pelvic pain, or infertility [2,3]. Other variants include the 
cellular and apoplectic types and, to a further extent, the less common 
but diagnostically challenging bizarre nuclei one [4]. On the malignant 
end, leiomyosarcoma is a rare and aggressive tumor characterized by 
high recurrence rates and poor prognosis [5,6].

From the histological point of view, usual-type leiomyomas are 
typically well-circumscribed lesions composed of monomorphic spindle- 
shaped cells arranged in intertwined fascicles. These fascicles are often 
separated by variable amounts of hyalinized collagen, which may sub
divide the tumor into nodular structures. Cells show abundant eosino
philic cytoplasm and uniform, cigar-shaped nuclei with small nucleoli 
and rare mitotic figures. [1]. Cellular-type leiomyomas are character
ized by increased cellularity, with round to oval cells displaying scant 
cytoplasm, and often lack the characteristic fascicular architecture seen 
in the usual-type. Prominent vascularization and the presence of stromal 
clefts are typical histological features [1]. In the bizarre variant, cells 
with markedly atypical, hyperchromatic nuclei, often multiple, and 
abundant eosinophilic cytoplasm are present. These tumors may exhibit 
degenerative vascular changes and chronic inflammatory infiltrates, 
although they generally lack significant mitotic activity or necrosis [7]. 
The apoplectic variant shows stellate hemorrhagic areas and edema 
within hypercellular smooth muscle nodules; abnormal blood vessels are 
commonly observed [1,8]. The malignant leiomyosarcoma is charac
terized by the occurrence of three major features: coagulative tumor cell 
necrosis, significant cytologic atypia, and a high mitotic index. The 
simultaneous presence of all three is required for a definitive diagnosis 
[9,10].

Up to date, the diagnosis of these lesions mainly relies on the most 
common non-invasive imaging techniques, such as ultrasound, magnetic 
resonance imaging, computed tomography, and positron emission to
mography. The first diagnostic approach is usually based on ultrasound 
examination: it has the advantage of being easily accessible but provides 
little information on the degree of malignancy of the lesion [11]. The 
next step is magnetic resonance imaging, the most informative tech
nique for a more in-depth characterization of uterine tissues. In fact, it 
allows for better discrimination against the nature of the lesion by 
highlighting the presence of irregular or infiltrative margins [12,13]. 
Recently, successful results have been obtained in the detection of 
metastasis by exploiting a combined approach based on PET and CT 
[14].

These pathologies pose a challenge because sometimes they can 
present quite similar clinical, radiological, and, to a further extent, 
histopathological features. This makes it difficult to reach a precise 
diagnosis, especially in the early stages, enabling one to distinguish 
benign from malignant lesions. To address this diagnostic gray zone, the 
World Health Organization (WHO) 2014 classification introduced and 
refined the category of Smooth Muscle Tumors of Uncertain Malignant 
Potential (STUMP) [15]. This category includes tumors that do not meet 

the full criteria for malignancy but also cannot be confidently diagnosed 
as benign [16,17]. Notably, bizarre nuclei leiomyomas are frequently 
included in this category due to their marked cytologic atypia, which 
resembles that observed in LMS, despite lacking other malignant fea
tures [15,18].

This diagnostic uncertainty underscores the urgent need for more 
objective and reliable markers to improve the classification and man
agement of uterine smooth muscle tumors. In recent years, molecular 
studies have aimed to identify biomarkers capable of distinguishing 
benign from malignant lesions and clarifying the status of STUMP [19]. 
In this context, two molecules, Raf Kinase Inhibitor Protein (RKIP) and 
hypusinated eIF5A, have been proposed as potential diagnostic markers 
to differentiate between benign and malignant uterine smooth muscle 
tumors [20,21].

In the last decades, Fourier Transform Infrared Imaging (FTIRI) 
spectroscopy has emerged as a powerful, label-free analytical tool. 
Indeed, FTIRI has been applied to study tumor samples in several human 
districts, including the oral cavity [22,23], prostate [24], lung [25], gut 
[26], breast [27], skin [28], etc. By coupling the potential of optical 
microscopy with advanced array detectors, this technique allows to map 
micrometric areas, collecting at the same time and on the same sample 
the microphotograph and the IR image, in which each pixel corresponds 
to an IR spectrum. Hence, it is possible to obtain a morpho-chemical 
characterization of the sample, by associating the topographical distri
bution and composition of the main macromolecules (such as proteins, 
lipids, nucleic acids, carbohydrates, etc.) to the tissue structure [29]. 
Recently, some Authors of our have successfully applied FTIRI to 
elucidate the biochemical characterization of uterine fibrotic diseases, 
providing valuable insights into the structural organization of the 
extracellular matrix (ECM) and its components, particularly collagen 
[30].

Based on these interesting results, in the present study we propose a 
multidisciplinary approach coupling FTIRI spectroscopy, histological 
analysis and statistical methods (both multivariate and univariate), to 
distinguish uterine smooth muscle lesions, with particular attention to 
the differentiation not only between leiomyosarcoma and leiomyomas, 
but also among the different leiomyomas. The final goal is to contribute 
to the development of additional objective, image-based diagnostic 
criteria that may complement histopathological evaluation and improve 
diagnostic accuracy in challenging cases.

2. Materials and methods

2.1. Samples' collection

Tissue samples were derived from Pathological Anatomy Laboratory, 
Azienda Ospedaliera Ospedali Riuniti di Ancona, Università Politecnica 
delle Marche, Ancona and from Department of Woman and Child 
Health, Fondazione Policlinico Universitario A. Gemelli IRCCS, Rome. 
Permission was granted by the Human Investigation Committee of 
Marche (protocol code MORFO-GF, validated on November 14th, 2024).

The following samples were investigated: N. 5 samples of leiomyo
sarcoma (LMS group); N. 5 samples of leiomyoma with cellular histotype 
(LM-CL group); N. 5 samples of leiomyoma with usual histotype (LM-US 
group); N. 3 sample of leiomyoma with apoplectic histotype (LM-AP 
group), and N. 3 samples of leiomyoma with bizarre histotype (LM-BZ 
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group). N. 3 samples of healthy myometrium (M) were also included as 
control group.

From each sample, three serial sections (~ 5 μm thickness) were cut, 
two were deposited onto glass slides for the histological analysis and the 
third onto CaF2 optical window (38 mm × 26 mm × 1 mm size) for the 
FTIR Imaging analysis. The use of different sections for histological and 
FTIRI analyses relies on the fact that FTIR spectroscopy is an absorption 
technique and requires specific optical supports transparent to IR radi
ation. Moreover, the histological images acquired in whole sections 
guided the selection of the areas for the acquisition of IR images.

2.2. Histological analysis

A Masson's trichrome staining kit with aniline blue (Bio-Optica, 
Milan, Italy) was used, following the procedure reported in literature 
[30]. This staining let investigate the consistency and amount of the 
extracellular matrix and in particular of collagen, which resulted light 
blue colored. Stained sections were analyzed by an Olympus BM50 op
tical microscope (Olympus, Japan), with 20× magnification to capture 
the overviews of all sections.

2.3. Acquisition of IR images and data analysis

An INVENIO-R interferometer, coupled with a Hyperion 3000 Vis-IR 
microscope and equipped with a Focal Plane Array (FPA) detector 
operating at liquid nitrogen temperature (Bruker Optics, Ettlingen, 
Germany) was used. The FPA detector lets acquire IR images of non- 
homogeneous biological samples, such as tissues and cells, providing a 
contemporary morpho-chemical analysis. On each section, air dried for 
20 min, 2 or 3 IR images were acquired, based on information from the 
histological images: the number of IR images collected on each section 
depended on how many areas worthy of investigation were detected.

IR data were collected in transmission mode in the 4000–900 cm− 1 

range, with a spectral resolution of 4 cm− 1; each IR image was 164 ×
164 μm2 size and it was composed by 4096 pixel/spectra, with a spatial 
resolution of 2.56 × 2.56 μm2/pixel; each spectrum was the result of 256 
scans. Before collecting the IR image of each sample, the background 
spectrum was acquired on a clean area of the CaF2 optical window. Raw 
IR images were then subjected to the Atmospheric Compensation and 
Vector Normalization routines in the whole spectral range of acquisi
tion, respectively for discarding the contribution of atmospheric carbon 
dioxide and water vapor and avoiding artifacts deriving from thickness 
differences. The acquisition of IR images and all the spectral treatments 
were performed by the software OPUS 7.1 (Bruker Optics, Ettlingen, 
Germany).

Pre-processed IR images thus obtained were first integrated under 
the 1360–1185 cm− 1 spectral region, to obtain false color maps repre
senting the topographical distribution and relative amount of collagen. 
To build false color maps, an arbitrary color scale was used, with white/ 
pink colors indicating areas with the highest absorbance values, and blue 
those with the lowest ones.

Pre-processed IR images were then submitted to Hierarchical Cluster 
Analysis (HCA), by using the Euclidean distance and the Ward's method 
(CytoSpec software v. 2.00.01). This procedure lets identify, within the 
mapped areas, points characterized by the same spectral profile, named 
spectral clusters.

Based on false color images and HCA clusters, for each experimental 
group, ca. 250 IR spectra were extracted on areas with the major amount 
of collagen. These spectral data sets were first submitted to an explor
atory analysis by means of Principal Component Analysis (PCA), that 
linearly transforms the spectral data onto a new coordinate system, in 
which the position of each spectrum (showed as a function of the prin
cipal components) easily highlights the largest variation within the data 
set (OriginPro 2023 software). PCA was performed on absorbance 
spectra in the 1360–1185 cm− 1 and 1185–900 cm− 1 ranges, upon vector 
normalization and two-points baseline correction (Vector Normalization 

and Baseline Correction routines, OPUS 7.1 software, Bruker Optics, 
Ettlingen, Germany).

Then, the average IR spectrum and the corresponding standard de
viation spectra of each spectral population were calculated, submitted to 
vector normalization (Averaging and Vector Normalization routines, 
OPUS 7.1 software, Bruker Optics, Ettlingen, Germany), and curve fitted 
in the 1360–900 cm− 1 region (Peak Fitting routine; GRAMS/AI 9.1, 
Galactic Industries, Inc., Salem, New Hampshire). This procedure allows 
to identify all the peaks underlying a convoluted band, in terms of po
sition (wavenumber, cm− 1), height and area. The fitting was performed 
upon local straight baseline correction in the above defined ROI (regions 
of interest). The number and position of the underlying peaks were 
identified by the analysis of second derivative minima and fixed during 
the fitting procedure by means of Gaussian functions (GRAMS/AI 9.1, 
Galactic Industries, Inc., Salem, New Hampshire) (see Fig. 1S in Sup
plementary Material). The integrated areas of meaningful peaks were 
used to calculate specific spectral parameters.

2.4. Statistical analysis

Statistical analysis was performed by PRISM 8.0 software (GraphPad 
Software, San Diego, CA). IR data were presented as mean ± standard 
deviation. Significant statistical differences among groups were calcu
lated by means of One-way ANOVA multiple comparison test; statistical 
significance was set at p < 0.05.

3. Results

3.1. High resolution imaging analysis

Masson's trichrome staining was used to identify various tissue 
components thanks to their different coloration, such as collagen (blue/ 
cyan), muscle fibers (pink), and cytoplasm and cell nuclei (red/brown). 
Based on this evidence, the analysis of the histological images of 
representative samples of leiomyosarcoma (LMS) (Fig. 1A), leiomyomas 
with cellular (LM-CL), usual (LM-US), apoplectic (LM-AP) and bizarre 
(LM-BZ) histotypes (respectively Fig. 1B–E), and healthy myometrium 
(M) (Fig. 1F) revealed interesting differences among groups. More in 
detail, collagen was almost absent in LMS being mainly localized in 
isolated spots, surrounding blood vessels (Fig. 1A). Regarding LM sam
ples, a few amount of collagen was found in LM-CL (Fig. 1B), while 
higher quantities were observed in LM-US, LM-BZ and LM-AP. Inter
estingly, a different distribution was also evidenced: in LM-US collagen 
was characterized by a poor structural organization (Fig. 1C); in LM-BZ, 
it appeared not homogeneously distributed (Fig. 1D), whereas, in LM- 
AP, it resulted in a more uniform arrangement (Fig. 1E).

The hyperspectral analysis performed on serial unstained sections is 
displayed in Fig. 2. Specifically, the microphotographs of representative 
sections of each experimental group are shown in Fig. 2A (red boxes 
indicating the areas selected for IR mapping), while in Fig. 2B, the 
corresponding false color images describing the topographical distri
bution of collagen are reported. Interestingly, this analysis corroborated 
the above-described histological results. In LMS, a minimal amount of 
collagen was observed, distributed in a punctate manner, likely due to 
the tumor's infiltration into the surrounding tissue, while an increasing 
amount of this protein was found going from LM-CL to LM-US, LM-BZ, 
and LM-AP. The presence of different spectral populations emerged by 
HCA images (Fig. 2C), in which pink clusters co-localized with collagen- 
rich areas highlighted by false color images, while green ones were more 
consistent with the presence of cells.

For deepening the different spectral features among groups, the 
spectral region 1360–900 cm− 1, representative of collagen, phosphates 
and nucleic acids was further investigated (Fig. 3). The most meaningful 
peaks are listed in Table 1. Interestingly, in M and LM samples, the 
following bands representative of collagen were found: ~1340 cm− 1 

(wagging of CH2 groups in proline, the main amino acid in collagen) 
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[22,31]; ~1320 cm− 1 (α-helix secondary structures) [22]; ~1284 cm− 1, 
and ~ 1240 cm− 1 (triple helix secondary structures) [32,33]; ~1260 
cm− 1 (random coil structures) [32,33]; ~1203 cm− 1 (amino acids' 
lateral chains) [34]; ~1157 cm− 1 (COH moiety) [35,36], and ~ 1030 
cm− 1 (glycogen and carbohydrates) [37]. A different shape was dis
played by LMS, in which the absence of the bands at ~1284 cm− 1 and ~ 
1203 cm− 1 confirmed the lack of collagen. This malignant lesion was 
characterized by a prominent band at ~1080 cm− 1, attributable, 
together with those at ~1240 cm− 1 and ~ 1220 cm− 1, to the stretching 
modes of phosphates in nucleic acids [38,39], a shoulder at ~1122 cm− 1 

[38,39], due to C–O of ribose in RNA, and a peak at ~968 cm− 1, cor
responding to the backbone vibration of DNA [38,39]. Interestingly, a 

weak but well evident peak at ~1170 cm− 1 was also present, due the 
stretching vibration of non‑hydrogen bond C–O, mainly in protein 
component [35,36,40,41].

3.2. Collagen features

The analysis of the PC scores plot, performed on absorbance spectra 
in the 1360–1185 cm− 1, diagnostic for collagen, confirmed a different 
macromolecular composition in the extracellular matrix of the analyzed 
groups (Fig. 4A). A good separation was found among all spectral pop
ulations, letting distinguish healthy myometrium (M) from benign (LMs) 
and malignant (LMS) lesions. Specifically, M and LMS were localized 

Fig. 1. Masson's trichrome histological images of the following uterine human lesions: (A) leiomyosarcoma (LMS); leiomyomas with (B) cellular (LM-CL), (C) usual 
(LM-US), (D) bizarre (LM-BZ), and (E) apoplectic (LM-AP) histotypes; (F) healthy myometrium (M) (scale bar 50 μm). Collagen (blue/cyan), muscle fibers (pink), and 
cytoplasm and cell nuclei (red/brown). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Hyperspectral analysis of representative sections of healthy myometrium (M), leiomyosarcoma (LMS), and leiomyoma samples with cellular (LM-CL), usual 
(LM-US), bizarre (LM-BZ), and apoplectic (LM-AP) histotypes. (A) Microphotographs showing the IR mapped areas (highlighted by red boxes; 164 × 164 mm2 size; 
4096 pixel/spectra with spatial resolution 2.56 × 2.56 μm2/pixel). (B) False color images describing the spatial distribution of collagen (an arbitrary color scale 
ranging from 0 to 20 in terms of absorbance was used, with white/pink colors indicating areas with the highest absorbance values in the 1360–1185 cm− 1 region, 
while blue those with the lowest ones). (C) HCA images showing the localization of different spectral populations (pink clusters, collagen rich areas; green clusters, 
cellulated regions; cyan, not defined; black, areas without sample). (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.)
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respectively in the third and fourth quadrants, segregated each other 
along PC1 (explained variance 97.4%), with the most discriminant 
spectral features at ~1340 cm− 1, ~1284 cm− 1 and ~ 1240 cm− 1 (PC1 
loadings; Fig. 4B). LM histotypes were found in the upper part of the 
plot, segregated from M and LMS along PC2 (explained variance along 
1.3%). Moreover, LM-CL was on the first quadrant, LM-AP and LM-BZ on 
the second one, while LM-US shows an intermediate position. The PC2 
loadings displayed as the most discriminant spectral features the peaks 
centered at ~1320 cm− 1, and ~ 1220 cm − 1 (Fig. 4B).

To identify reliable spectral markers able to distinguish between 
different leiomyomas, specific collagen features were investigated in M 
and LM samples (LMS was not included due to the very scarce presence 
of collagen) (Fig. 5). The spectral parameter PROLINE (integrated area 
of the band at ~1340 cm− 1) is representative of the relative amount of 
proline, the most abundant amino acid in collagen, and, hence, of 
collagen [22,31]: it confirmed what already pinpointed by histological 
and hyperspectral analyses, with the highest values in LM-BZ and LM- 
AP, followed by LM-US, M, and LM-CL (Fig. 5A). With regard to 
collagen secondary structure, the following spectral parameters were 

investigated: ALPHA HELIX (integrated area of the band at ~1320 
cm− 1) [22]; TRIPLE HELIX (integrated area of the band at ~1284 cm− 1) 
[32,33]; RANDOM (integrated area of the band at ~1260 cm− 1) 
[32,33], and FOLDED/UNFOLDED (ratio between the integrated area of 
the band at ~1284 cm− 1, representative of triple helix structures, and ~ 
1260 cm− 1, representative of random coil structures). ALPHA HELIX 
agreed with PROLINE: the lowest value was displayed by LM-CL, while 
the highest ones were found in LM-BZ and LM-AP (Fig. 5B). TRILPE 
HELIX (Fig. 5C) and RANDOM (Fig. 5D) showed an inverted trend, 
suggesting a higher structural organization of collagen in M, LM-CL and 
LM-US respect to LM-BZ and LM-AP, as confirmed also by FOLDED/ 
UNFOLDED (Fig. 5E).

3.3. Analysis of the cellular component

The analysis of the PC scores plot (Fig. 6A), performed in the 
1185–900 cm− 1 range, showed the distribution of different uterine tis
sue types along the first two principal components (PC1: 75.2%, PC2: 
8.0%). The plot highlighted a clear separation between healthy myo
metrium (M, pink) and leiomyosarcomas (LMS, red), predominantly 
segregated along PC1. M spectra were mainly located on the left side of 
the plot (negative PC1), while LMS ones occupied the right-lower 
quadrant, indicating distinct spectral features between these two tis
sue types. The corresponding PC1 loadings (Fig. 6B) showed that this 
separation was mainly driven by spectral bands at ~1125 cm− 1, ~1080 
cm− 1, and ~ 1030 cm− 1, suggesting biochemical alterations in the 
extracellular matrix or cellular content of LMS compared to M. Benign 
leiomyomas (LMs) exhibited greater variability: LM-AP (green), LM-BZ 
(cyan), were mostly clustered in the upper part of the plot (positive 
PC2), while LM-US (orange) and LM-CL (purple) were interspersed 
among LMS samples, showing less defined clusters and suggesting in
termediate or overlapping biochemical characteristics. PC2 loadings 
indicated that this separation was mainly influenced by peaks at ~1170 
cm− 1, ~1080 cm− 1 and ~ 968 cm− 1.

To identify spectral markers able to improve the diagnosis of LMS 
respect to LM histotypes, specific spectral parameters related to the 
cellular component were also analyzed: PHOSPHATES (integrated area 
of the band at ~1080 cm− 1) [38,39]; DNA (integrated area of the band 
at ~968 cm− 1) [38,39]; RNA (integrated area of the band at ~1122 
cm− 1) [38,39]; GLYCOGEN (integrated area of the band at ~1030 cm− 1) 
[37]; NON H-BOND/H-BOND C–O (ratio between the integrated areas 
of the bands at ~1170 cm− 1 and ~ 1157 cm− 1) [35,36,40,41]. The 
statistical analysis of the above defined spectral parameters let draw 
some considerations: (i) LMS and LM-CL were characterized by the 
highest values of PHOSPHATES, DNA and RNA, suggesting the presence 
of a highly cellulated and actively proliferating tissue (Fig. 7A–C); lower 
values in these parameters were found in the other LMs, with a decre
ment going from LM- US, LM-BZ, LM-AP and M, indicating a progressive 
decrease in cell content; (ii) GLYCOGEN was lowest in LMS (Fig. 4.7D), 
while it increased in a statistically significant manner when moving 
from M and LM-CL to LM-US, LM-BZ and LM-AP; this result suggests a 
higher consumption of sugars in LMS due to the presence of actively 
proliferating cells; (iii) LMS displayed also the highest value of NON H- 
BOND/H-BOND C–O (Fig. 7E), suggesting an increase of the band at 
~1170 cm− 1, already observed in tumor samples.

4. Discussion

Uterine smooth muscle tumors encompass a spectrum of neoplasms 
with markedly different biological behavior, ranging from benign leio
myomas (LM) to malignant leiomyosarcomas (LMS), with intermediate 
entities such as STUMPs [1,15]. Among benign leiomyomas, several 
histological variants exist, including usual (LM-US), cellular (LM-CL), 
bizarre (LM-BZ), and apoplectic (LM-AP), which occasionally display 
features overlapping with malignant lesions, thus complicating the 
diagnostic process [4].

Fig. 3. Representative spectral profiles of myometrium (M), leiomyosarcoma 
(LMS) and leiomyoma with bizarre (LM-BZ), apoplectic (LM-AP), usual (LM- 
US), and cellular (LM-CL) histotypes. Spectra are displayed in absorbance mode 
in the 1360–900 cm− 1 region.

Table 1 
Major IR peaks detected in healthy myometrium (M), leiomyosarcoma (LMS) 
and leiomyomas (LM-CL, LM-US, LM-BZ and LM-AP): position (wavenumbers, 
cm− 1), vibrational mode, and biological meaning.

Wavenumbers 
(cm− 1)

Vibrational modes Biological meaning

~1340 Wagging of CH2 moieties Proline
~1320 Alpha helix structures

Collagen
~1284, ~1240 Triple helix structures
~1260 Random coil structures
~1203 Amino acids' side chains

~1170, ~1157
Respectively non H-bond and 
H-bond νC-O

non H-bond and H-bond 
C–O groups, 
mainly in proteins

~1122 νC-O of ribose RNA
~1240, ~1220, 

~1080 νasym and νsym PO2
− Nucleic acids

~1030 δC-O-H, νC-O, and νC-C Glycogen
~997 ν uracil ring RNA
~968 DNA backbone vibration DNA
~935 Z-DNA vibration Z-DNA
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In recent years, FTIRI spectroscopy has emerged as a promising tool 
in the biomedical field, thanks to its ability to probe the biochemical 
composition and structural organization of tissues [22–30]: it has been 
demonstrated that by detecting vibrational signatures of the main bio
logical macromolecules, FTIR can provide label-free, non-destructive 
insights into molecular alterations associated with pathological changes, 
including Usual type leiomyoma [22,30].

Building upon this potential, in the present study, leiomyosarcoma 

and different variants of leiomyoma have been investigated combining 
FTIRI spectroscopy, histology, and statistical analyses. This multidisci
plinary approach allowed us to further explore the structural informa
tion from histology with that at the molecular level via FTIRI, providing 
a thorough understanding of the nature of the different lesions. The 
focus was on characterizing the extracellular matrix, particularly 
collagen, and the cellular component, to identify spectral markers 
capable of supporting differential diagnosis, mainly in challenging cases.

Fig. 4. (A) PCA scores plot calculated in the 1360–1185 cm− 1 on absorbance spectral populations of healthy myometrium (M), leiomyosarcoma (LMS), and leio
myoma samples with cellular (LM-CL), usual (LM-US), bizarre (LM-BZ), and apoplectic (LM-AP) histotypes. (B) PC1 and PC2 loadings.

Fig. 5. Statistical analysis of the following spectral parameters: (A) PROLINE (representative of the relative amount of proline); (B) APLHA HELIX (representative of 
alpha helix structures); (C) TRIPLE HELIX (representative of triple helix structures); (D) RANDOM (representative of random coil structures), and (E) FOLDED/ 
UNFOLDED (ratio between folded and unfolded structures). Data are presented as mean ± SD. Different lowercase letters over histograms indicate statistically 
significant difference among M, LM-CL, LM-US, LM-BZ, and LM-AP (One-way ANOVA; Tukey's multiple comparisons test; statistical significance was always set at p 
< 0.05; GraphPad software, San Diego, CA).
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Histological staining with Masson's Trichrome revealed variable 
collagen content and distribution among leiomyoma subtypes: LM-US 
and LM-CL histotypes showed low and patchy collagen deposition, 
whereas LM-BZ and LM-AP exhibited higher but more irregular collagen 
distribution. These observations were consistent with IR false color 
images, which demonstrated elevated collagen and proline content in 
LM-BZ and LM-AP, compared to LM-US, LM-CL, and LMS. Beyond 
quantity, the analysis of IR data also revealed differences in collagen 
organization. The spectral parameters TRIPLE-HELIX, RANDOM, and 
FOLDED/UNFOLDED, indicative of secondary structure, suggested a 

more structured matrix in LM-US and LM-CL. Conversely, collagen 
appeared disorganized in LM-BZ and LM-AP, pointing to altered protein 
conformation [33].

As for the cellular compartment, LMS displayed the highest levels of 
nucleic acids (PHOSPHATES, DNA, and RNA parameters), along with 
reduced glycogen and carbohydrate content (GLYCOGEN parameter). A 
progressive decrease in nucleic acid signals was observed from LM-CL 
and LM-US to LM-BZ and LM-AP, evidencing a gradient of prolifera
tive activity. These patterns support the interpretation of LM-US and 
LM-CL as more cellular subtypes, with LM-US in particular showing 

Fig. 6. (A) PCA scores plot calculated in the 1185–900 cm− 1 on absorbance spectral populations of healthy myometrium (M), leiomyosarcoma (LMS), and leio
myoma samples with cellular (LM-CL), usual (LM-US), bizarre (LM-BZ), and apoplectic (LM-AP) histotypes. (B) PC1 and PC2 loadings.

Fig. 7. Statistical analysis of the following spectral parameters: (A) PHOSPHATES; (B) DNA; (C) RNA, (D) GLYCOGEN, and (E) NON H-BOND/H-BOND C–O. Data 
are presented as mean ± SD. Different lowercase letters over histograms indicate statistically significant difference among M, LMS, LM-CL, LM-US, LM-BZ and LM-AP 
(One-way ANOVA; Tukey's multiple comparisons test; statistical significance was always set at p < 0.05; GraphPad software, San Diego, CA).
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highly proliferative but organized characteristics, while LM-BZ and LM- 
AP were less cellular but richer in collagen. Interestingly, LMS showed 
the highest value of the NON H-BOND/H-BOND C–O parameter, while 
all benign lesions displayed similar and lower values (not statistically 
significant among them). This finding appears in accordance with what 
reported in literature [35,36,40,41], regarding the presence of a band at 
~1160 cm− 1 in normal tissues, which shifted to ~1170 cm− 1 in ma
lignant ones.

FTIR imaging analysis has enabled the differentiation of LMS from 
LM-BZ. LM-BZ leiomyoma exhibits cells that are morphologically similar 
to those of LMS and, it is therefore often classified as STUMP in the 
absence of a definitive diagnosis. Consequently, the ability of FTIR to 
distinguish between them highlights its potential clinical relevance. 
Additionally, PCA of the spectral populations of LM-CL and LM-US 
revealed substantial overlap, along with similar values in several spec
tral parameters. These findings are consistent with recent literature 
suggesting that the LM-CL histotype may represent an early develop
mental stage of LM-US [42,43]. Overall, multivariate analysis (PCA) 
clearly distinguished LMS from benign leiomyomas, and a set of spectral 
parameters, collagen content and structure, nucleic acids, and glycosy
lated compounds, proved effective in highlighting key differences. 
Notably, while LM-US and LM-CL presented as highly cellular and 
infiltrative lesions with lower collagen levels, LM-BZ and LM-AP were 
defined by their dense but disordered extracellular matrix. LMS, by 
contrast, showed a predominance of cellular components with low 
collagen, in line with its aggressive behavior. These findings reinforce 
the hypothesis that both the quantity and organization of collagen, 
together with cellular metabolic signatures, may be very useful in 
differentiating uterine smooth muscle tumors. They also support the 
growing interest in the extracellular matrix's role in tumor development, 
especially considering recent studies suggesting that an aberrant in
flammatory response involving myofibroblasts may drive excessive and 
disorganized collagen deposition in leiomyomas [44].

5. Conclusions

This preliminary study could be considered a proof of concept for the 
use of the proposed multidisciplinary approach in the differential 
diagnosis of human uterine muscle lesions. Indeed, the coupling of FTIR 
Imaging spectroscopy and histology with multivariate and univariate 
analyses provided complementary information, potentially useful in 
challenging diagnostic cases. New reliable spectral markers, mainly 
regarding the relative amount and structure of collagen, nucleic acids, 
and glycosylated compounds, have been identified, able not only to 
highlight the malignant nature of the lesion but also to distinguish 
among the different histological benign variants. We are aware that the 
variability associated with this kind of samples and the limited number 
of analyzed specimens could represent some limitation, and, in this re
gard, further investigations will be carried out to increase the number of 
cases and to make the proposed spectral markers more robust and 
generalizable, also including an external validation cohort.
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