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ATR-FTIR Spectroscopy for Differentiating Metaplastic  
Breast Carcinoma, Ductal Carcinoma In Situ, and Invasive 
Ductal Carcinoma: A Retrospective Study

Samuel T. Adeleke1,2*  and Christopher Igbeneghu2

Abstract
Background and objectives: Metaplastic breast carcinoma, a rare entity (<1% of breast neoplasms), lacks comprehensive 
spectroscopic characterization. This study aimed to address this gap by providing a qualitative and quantitative spectro-
scopic profile of metaplastic carcinoma in comparison to ductal carcinoma in situ (DCIS) and invasive ductal carcinoma 
(IDC).

Methods: A retrospective analysis was conducted on archival tissue blocks of metaplastic carcinoma (n = 10), DCIS (n = 12), 
and IDC (n = 31). Sections were stained with hematoxylin and eosin for histological confirmation. Attenuated total reflectance 
Fourier-transform infrared spectroscopy was performed on adjacent unstained sections, with normal breast tissue (n = 10) 
serving as the control. Spectral data were analyzed using t-tests to identify significant differences in peak intensities and ratios. 
Hierarchical clustering analysis and receiver operating characteristic curves were generated to assess the diagnostic potential 
of selected spectral features.

Results: Spectral analysis revealed that mean peak intensities were generally lower in all carcinoma subtypes compared to nor-
mal breast tissue. Specific ratios, including A1237/A1080 (phosphate; p < 0.01), A1043/1543 (glycogen; p < 0.01), and A1080/
A1632 (nucleocytoplasmic index; p < 0.03), were significantly elevated in carcinomatous tissues. Receiver operating character-
istic analysis identified peak 3,280 (area under the curve (AUC) = 0.93–0.96) as highly effective in differentiating normal from 
carcinomatous tissues. Peak 2,922 showed specificity for distinguishing normal tissue from IDC (AUC ≈ 0.7). Peak 1,744 ef-
fectively discriminated between DCIS and metaplastic carcinoma (AUC = 0.7). The ratio 1,080/1,632 (nucleocytoplasmic ratio) 
demonstrated exceptional diagnostic accuracy, distinguishing normal from carcinomatous tissues (AUC ≈ 1.0), DCIS from IDC 
(AUC ≈ 0.86), and DCIS from metaplastic carcinoma (AUC ≈ 0.8).

Conclusions: Attenuated total reflectance Fourier-transform infrared spectroscopy, particularly using peak 3,280 (Amide A) 
and the 1,080/1,632 ratio (nucleocytoplasmic index), offers a promising approach for discriminating between normal breast 
tissue and carcinoma, as well as differentiating pre-IDC from metaplastic carcinoma. These spectral markers demonstrate both 
statistical significance and diagnostic potential.
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Introduction
Metaplastic carcinoma (cancer), constituting less than 1% of all 
breast carcinoma cases,1–3 is a rare breast tumor characterized by 
a mix of distinct epithelial types, predominantly squamous cells, 
and occasionally exhibiting features akin to adenocarcinoma and 
mesenchymal cells.4 The tumor demonstrates significant histo-
logical and molecular heterogeneity, displaying histopathological 
characteristics comparable to those of invasive ductal carcinoma 
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(IDC).3 The histopathological diagnosis is crucial for elucidat-
ing the clinicopathological traits associated with this aggressive 
breast carcinoma subtype, which often presents as high-grade and 
is prone to frequent recurrences.1,5 Notably, immunohistochemi-
cal analyses often reveal a predominance of triple-negative char-
acteristics, correlating with a poor prognosis.6,7 Researchers have 
explored molecular characterization to identify unique abnormali-
ties and potential drug-targetable biomarkers associated with this 
variant.8,9 Evidence underscores its aggressive nature, leading to 
poorer prognosis and low response rates to targeted therapies.1,6–9

Recently, attenuated total reflectance (ATR) Fourier-transform 
infrared (FTIR) spectroscopy and other infrared-based methodolo-
gies have significantly advanced the understanding of carcinoma 
biochemistry. ATR-FTIR spectroscopy is a powerful analytical tool 
used to differentiate biological samples by detecting chemical signa-
tures produced when infrared light induces vibrational transitions in 
IR-active atoms. The resulting spectral patterns provide insights into 
the biochemical composition of various samples. Notably, extensive 
investigations have documented the characterization of breast le-
sions utilizing infrared spectroscopy.10–14 Various breast lesions, in-
cluding fibroadenoma, fibrocystic changes, hyperplasia, intraductal 
and lobular carcinoma, IDC, and rare forms such as tubular, medul-
lary, and apocrine mucinous breast carcinomas, have been analyzed, 
yielding unique spectral signatures for lipid, protein, nucleic acid, 
and carbohydrate components.1,10,15–18 However, there remains a 
significant gap in the literature regarding the spectral characteriza-
tion and biomarker identification of metaplastic breast carcinoma 
compared to normal breast tissue and ductal carcinomas.

Furthermore, most existing studies on the diverse spectrum of 
breast neoplasms have primarily focused on identifying spectral 
differences, with insufficient emphasis on the statistical signifi-
cance of discriminative biomarkers such as nucleic acids, glyco-
gen, proteins, and lipids.13,18,19 Where statistical significance has 
been evaluated, diagnostic relevance, such as through receiver op-
erating characteristic (ROC) curve analysis or logistic regression 
modeling, has been minimally addressed, particularly for breast 
tissue, with no specific studies focusing on rare subtypes like meta-
plastic carcinoma.11,13,19–21 It is essential to assess the diagnostic 
potential of markers that demonstrate both spectral and statistical 
significance. Therefore, this study aimed to leverage ATR-FTIR 
spectroscopy to compare the intensity variations of various peaks 
and biomarkers related to phosphate, proteins, nucleocytoplasmic 
ratios, and glycogen, to effectively differentiate between metaplas-
tic carcinoma, ductal carcinoma in situ (DCIS), IDC, and normal 
breast tissue from both statistical significance and diagnostic per-
formance perspectives.

Material and methods

Ethical considerations
Ethical approval for this study was obtained from the Obafemi 
Awolowo University Teaching Hospital Ethics Review Commit-
tee, reference number: ERC/2025/01/01. The study was carried 
out with a waiver of informed consent for the use of archived, an-
onymized samples in accordance with the principles of the Dec-
laration of Helsinki (as revised in 2024). The ethics committee 
agreed that this study did not require informed consent due to its 
retrospective nature and the minimal risk involved.

Tissue block retrieval
A total of 53 formalin-fixed, paraffin-embedded tissue blocks from 

patients previously diagnosed with metaplastic carcinoma, prein-
vasive ductal carcinoma, and invasive ductal carcinoma between 
2020 and 2024 were collected retrospectively from histopathology 
archives for re-review and subsequent preparation for ATR-FTIR 
analysis.

Tissue block analysis

Histopathology staining
Tissue sections measuring 5 µm were prepared using Leica mi-
crotomes from blocks containing 10 metaplastic carcinoma cases, 
12 DCIS cases, 31 invasive ductal carcinomas, and 10 samples of 
adjacent normal breast tissue from DCIS were included as control. 
The first set of sections underwent staining using standard hema-
toxylin and eosin protocols following the Carson and Capellano 
protocol.22 The stained sections were reviewed by a pathologist, 
and the areas corresponding to metaplastic carcinoma, DCIS, and 
IDC (as shown in Fig. S1) were carefully marked for accurate point 
mapping with ATR-FTIR, as depicted in the flowchart (Fig. 1).

ATR-FTIR spectra acquisition and preprocessing
According to Cui et al.,23 20 µm-thick sections were sectioned 
with a Leica microtome and floated in a prewarmed water bath 
at 40–50°C, then picked up onto substrates. These sections were 
dried overnight, dewaxed in fresh xylene (Surgipath Medical In-
dustries, Inc.), and dehydrated through descending grades of al-
cohol from 100% to 70%, then left to air-dry prior to ATR-FTIR 
analysis. Following established procedures, the second set of sec-
tions was placed on aluminum foil as a low-reflective substrate 
and brought into contact with an ATR crystal made of diamond for 
subsequent spectroscopic analysis using an Agilent Cary 630 spec-
trometer.23 Blank measurements were taken with the substrate be-
fore recording measurements using point mapping on the marked 
carcinomatous areas of the tissue sections. On average, five spectra 
were recorded, preprocessed, and analyzed from each tissue sec-
tion, with 200 scans collected at a resolution of 16 cm−1. The spec-
tral data were further subjected to normalization, smoothing, and 
baseline correction using Spectragryph software, as shown in the 
flowchart (Fig. 1). Key peaks and their corresponding intensities 
were documented in both tabular (Table 1) and graphical formats 
(Fig. 2).

Statistical analysis
Intensity ratios from selected peaks were calculated. Statistical 
analyses, including Student’s t-test (Bonferroni-corrected), were 
performed using SPSS version 26 to assess the significance of 
peak intensities and ratios (biomarkers), with a significance thresh-
old of p < 0.05. Hierarchical clustering analysis (HCA) and ROC 
curve evaluations were also performed, providing area under the 
curve (AUC) values to determine the relatedness and diagnostic 
effectiveness of the observed peaks and ratios for metaplastic car-
cinoma and ductal carcinomas.

Results

Qualitative analysis
A total of 20 distinct peaks were identified and analyzed, enabling 
differentiation between normal tissue, ductal carcinomas, and 
metaplastic carcinoma (Fig. 2). The peaks at 3,280, 2,920, 1,744, 
1,632, 1,543, 1,535, 1,528, 1,453, 1,446, 1,394, 1,386, 1,304, 
1,274, 1,237, 1,230, 1,162, 1,155, 1,080, 1,073, and 1,043 cm−1 
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were characterized. Generally, most peaks corresponding to carci-
nomas exhibited a shift toward lower wavenumbers compared to 
normal breast tissue, indicating a rightward spectral shift (Table 
1). This shift is consistent with specific molecular assignments 
presented in Table 2.11,13–17,19,24–40 Table 1 reveals a distinct down-
ward shift for peaks at 3,284, 2,922, 1,744, 1,535, 1,397, 1,308, 
1,237, and 1,080 cm−1 in ductal carcinoma in situ, invasive ductal 
carcinoma, and metaplastic carcinoma relative to normal breast 
tissue, suggesting conformational changes in the biomolecular as-
signments corresponding to these peaks. In contrast, peaks such as 
1,632 and 1,444 cm−1 shifted upward, with the former being more 
sensitive to protein conformation.

Normal breast tissue exhibited elevated absorbance in the high-
er wavenumber range (3,300–3,200 cm−1), followed by ductal car-
cinoma in situ, compared with other breast carcinoma categories. 
Invasive ductal carcinoma and metaplastic carcinomas showed 
particularly increased absorbance within the 1,400–1,000 cm−1 
range compared to normal and in situ breast tissue.

Hierarchical clustering analysis (HCA)
The a-fHCA conducted on the specified peaks illustrated vary-
ing degrees of relatedness and diversity, attributed to similarities 
and differences in the vibrational modes of various breast tissue 
types (Fig. 3a–f). Between normal and DCIS, the spectral fea-
tures exhibited distinct groupings based on wavenumber proxim-
ity. Peaks at 1,162, 1,154, 1,304, 1,274, 2,922, 1,080, 1,073, and 

Table 1.  Peak shift differences between normal breast, ductal carcinoma 
in situ, invasive ductal carcinoma, and metaplastic carcinoma

Normal Ductal carci-
noma in situ

Invasive ductal 
carcinoma

Metaplastic 
carcinoma

3,284 3,280 3,280 3,278

2,922 2,919 2,917 2,917

1,744 1,742 1,740 1,741

1,632 1,632 1,635 1,634

1,535 1,529 1,525 1,525

1,444 1,446 1,446 1,447

1,454 1,453 1,453 1,452

1,397 1,396 1,396 1,395

1,386 1,384 1,384 1,384

1,308 1,304 1,302 1,303

1,237 1,232 1,230 1,232

1,152 1,151 1,152 1,152

1,163 1,162 1,162 1,162

1,080 1,075 1,073 1,073

1,045 1,043 1,049 1,043

Fig. 1. Flowchart of experimental procedure of ATR-FTIR spectroscopy of normal breast tissue, ductal and metaplastic carcinomas. ATR-FTIR, attenuated 
total reflectance Fourier-transform infrared; AUC, area under the curve; ROC, receiver operating characteristic.
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1,043 cm−1 formed a cohesive cluster, as did the sets 1,237/1,230/
1,394/1,386/1,453/1,446 cm−1 and 1,535/1,528/1,543/1,632 cm−1. 
These groupings displayed significantly greater spectral related-
ness than, for example, the relationship between peaks at 1,230 
and 3,280 cm−1 or 3,280 and 2,922 cm−1. Notably, regions asso-
ciated with protein vibrations were spectrally distant from clus-
ters of lower-wavenumber peaks. In contrast, the peak at 1,744 
cm−1 demonstrated the most significant dissimilarity from all 
other spectral clusters examined. When comparing normal and 
metaplastic carcinomas, vibrational spectroscopy identified key 
spectral signatures (1,394–1,043 cm−1) demonstrating homol-
ogy within clusters. Specifically, peak intensities at 1,162–1,632 
cm−1 displayed the greatest discriminatory power between normal 
and metaplastic carcinomatous tissues. Secondary discrimina-
tory potential was observed at 1,237 cm−1 and 1,304 cm−1, with 
diminished efficacy at 1,073 cm−1, 1,155 cm−1, and 1,543 cm−1, 
correlating with increased Euclidean distances between the com-
pared groups. Peaks such as 1,453, 1,386, and 1,543 cm−1 exhib-
ited marked dissimilarities when compared to clusters of peaks at 
2,922, 1,744, 1,446, and 1,304 cm−1, with a linkage distance of 
10. Conversely, the amide peaks at 1,528, 3,280, 1,535, and 1,632 
cm−1, despite their conserved features, displayed significant diver-
sity from other peaks, with a linkage distance of 25. Notably, peaks 
at 2,922 cm−1 and 1,744 cm−1, associated with lipid structures, 

were more closely grouped, indicating better clustering with nor-
mal rather than metaplastic carcinoma peaks. Similarly, spectral 
peak pairings exhibiting tight clustering and potential for discrimi-
nating between normal and IDC include 1,162/1,152, 1,304/1,274, 
1,080/1,073/1,043, 1,394/1,386, 1,237/1,230, 1,453/1,446, and 
1,535/1,528 (Cluster 1). Substantially more dissimilar yet re-
lated pairings include 1,162/1,304 and 1,535/1,543 (Cluster 2); 
1,394/1,237, 1,237/1,453, and 1,394/1,453 (Cluster 3). Remain-
ing clusters consist of 1,073/1,386 and 1,528/1,632 (Cluster 4); 
1,274/1,043 (Cluster 5); 3,280/1,543 (Cluster 6); and 1,744/1,237 
(Cluster 7). Furthermore, spectral analysis revealed distinct peak 
clusters (Cluster 1: 1,394, 1,386, 1,453, 1,446, 1,237, 1,230, 1,080, 
1,073, 1,043; Cluster 2: 1,162, 1,155, 1,304, 1,274, 2,922, 3,280) 
alongside independently clustered peaks (1,535, 1,528, 1,543, 
1,632). This configuration suggests potential biochemical relation-
ships between DCIS and rarer metaplastic carcinomas. Addition-
ally, similarities between Clusters 1 and 2 raise the hypothesis that 
peak 1,274 may exhibit characteristics analogous to peak 1,237, 
potentially due to concurrent biochemical modifications influenc-
ing its spectral signature. In differentiating DCIS and IDC, infrared 
spectroscopy reveals distinct peak clusters exhibiting equidistant 
spacing, suggesting underlying molecular regularity. Specifically, 
peaks at 1,162–2,922 cm−1 and 1,043–1,632 cm−1 demonstrate 
such patterns, predicting that a shift toward invasiveness may be 
accompanied by differential chemical modifications influencing 
peaks at 1,304 cm−1 and 1,043 cm−1, potentially altering their vi-
brational modes compared to previously characterized clusters. Eu-
clidean distance analysis identifies spectral peak combinations of 
1,394/1,386, 1,080/1,073, 1,073/1,043, 1,080/1,043, 1,237/1,230, 
1,453/1,446, and 1,162/1,155 as highly discriminatory between 
IDC and metaplastic carcinoma. However, spectral overlap is ob-
served in peak combinations such as 1,304/1,274, 1,162/1,304, 
1,162/1,274, 1,535/1,543, 1,394/1,073, and 1,237/1,453, suggest-
ing potential concurrent molecular alterations that blur distinct 
spectral signatures.

ROC curve and peak analysis
The selected peaks underwent ROC analysis, employing boot-
strapping and Bonferroni correction to account for sample size and 

Fig. 2. Spectral peaks discriminating between normal breast, ductal carcinoma in situ, invasive ductal carcinoma, and metaplastic carcinoma. 

Table 2.  Peak ranges and their corresponding biochemical assignments

Peaks Biochemical assignment References

3,273–3,284 Amide A 19,28,35,36

2,916–2,920 Lipids 13,26–29,35

1,529–1,535 Amide II 13–17,24,25,38

1,384–1,396 Lipids, Proteins 28,35,36,39

1,274, 1,304 Collagen 11,32,35,36

1,232–1,237 Collagen, Phosphate 28,35,37

1,073–1,080 Carbohydrate, Phosphate 28,33–35

1,038–1,045 Glycogen 27,28,35,39,40
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to evaluate parameters such as AUC, sensitivity, and specificity be-
tween normal breast tissue and breast carcinomas, as well as among 
the breast malignancies, as detailed in the figures and Tables 3 and 4. 
Peak 3,280 cm−1, likely corresponding to Amide A,19,26,28,35,36 along 
with peaks 1,543, 1,535, 1,528, and 1,632 cm−1 (associated with 
beta-pleated sheets in Amide I and II) and 1543 (assigned to α-sheet 
of Amide II) (Table 2),13–17,24,25,38 produced moderate to excellent 
AUC values (0.93) and exhibited high sensitivity (100%) with spe-
cificities ranging from 80% to 60% (Table 3 and Fig. S2).

Cut-off points and clustering patterns
The identified cut-off points were congruent with hierarchical 
clustering patterns, facilitating the identification of peaks with 
similar vibrational characteristics and chemical properties. For 
instance, peaks at 1,043, 1,073, and 1,080 cm−1 shared similar cut-
off values (0.031, 0.032, and 0.032, respectively) between normal 
and carcinoma cases and among carcinoma categories, suggest-
ing potential chemical similarity in their molecular structures, as 
shown in Table 5.

Peak ratio analysis
With Bonferroni correction, comparing breast carcinomas to nor-
mal breast tissue showed that the peak ratio (A1632/A1543), cor-
responding to protein levels associated with beta-sheet structures, 
increased in malignancy but lacked statistical significance for dis-
crimination. However, phosphate (A1237/A1080) and glycogen 

(A1043/A1543) levels demonstrated statistically significant in-
creases in carcinoma compared to normal (p < 0.01), though these 
could not be validated as diagnostic markers. Additionally, the nu-
cleocytoplasmic index peak ratio was significantly elevated (p < 
0.05). However, ROC curve analysis for these peak ratios (A1632/
A1543, A1237/A1080, and A1043/A1543) revealed sub-par AUC 
values and abysmal specificity (less than 1%), indicating limited 
diagnostic relevance despite statistical significance for differenti-
ating normal tissue from breast lesions and among malignancies. 
Notably, the A1080/A1632 ratio achieved statistical significance 
(p = 0.03) with an AUC of 1.0, sensitivity (∼100%), and specific-
ity (∼100%) in differentiating normal from carcinomas and DCIS 
from invasive breast carcinomas (p < 0.001), underscoring its po-
tential diagnostic value as shown in Table 6 and Figure S3. How-
ever, glycogen-related peaks yielded AUC values of 0.6–0.7 with 
∼80% sensitivity and ∼40% specificity, suggesting only cautious 
consideration for delineating invasive ductal and metaplastic car-
cinomas (Fig. S4).

Discussion
Spectral analysis reveals distinct vibrational signatures differ-
entiating normal breast tissue from carcinomatous counterparts, 
with normal tissue exhibiting a shift toward higher wavenumbers, 
suggesting diagnostic utility. Specifically, carcinoma samples dis-
played increased peak intensities at 1,045 cm−1, 1,075 cm−1, 1,080 
cm−1, 1,151 cm−1, 1,162 cm−1, 1,274 cm−1, 1,237 cm−1, 1,308 

Fig. 3. Hierarchical clustering analysis showing (a) notable peaks with close clustering patterns discriminating normal breast tissue and ductal carcinoma 
in situ. (b) Notable peaks with close clustering patterns discriminating normal breast tissue and metaplastic carcinoma. (c) Notable peaks with close clus-
tering patterns discriminating normal breast tissue and invasive ductal carcinoma. (d) Notable peaks with close clustering patterns discriminating ductal 
carcinoma in situ and metaplastic carcinoma. (e) Notable peaks with close clustering patterns discriminating ductal carcinoma in situ and invasive ductal 
carcinoma. (f) Notable peaks with close clustering patterns discriminating metaplastic carcinoma and invasive ductal carcinoma. 
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cm−1, 1,386 cm−1, 1,394 cm−1, and 1,453 cm−1, while normal tis-
sue showed enhanced intensities at 1,230 cm−1, 1,446 cm−1, 1,525 
cm−1, 1,535 cm−1, 1,543 cm−1, 2,919 cm−1, 3,273 cm−1, and 3,284 
cm−1.12,13,19

Normal tissue exhibited broader, more intense peaks at 3,273–
3,284 cm−1 (O–H and Amide A stretching vibrations),19,24,25 while 
peaks at 2,916–2,919 cm−1 (CH2 asymmetric stretch of acyl lipids) 
in normal tissue showed a narrower band with lower intensity 
compared to carcinomas as shown in Table 2 This underscores the 
role of saturated lipids in membrane integrity and suggests carci-
noma’s potential for progression and metastasis.20,26,41–43

Conversely, higher expression of the lipid peak at 1,744 cm−1 
(C=O stretching vibrations from esters and phospholipids) was ob-
served in malignant tissue,19,28,41,42 positioning it as a key differen-
tial marker for metaplastic versus DCIS. This increased expression 
aligns with reduced hydrogen bonding, potentially augmenting de 
novo lipogenesis in carcinoma, indicating metastatic potential, and 
highlighting a redox environment in metaplastic carcinoma similar 
to aggressively proliferating ductal carcinoma.28–30,39,42

Normal tissue displayed sharper, more intense features at 
1,627–1,632 cm−1 (β-sheet Amide I stretching vibrations) and 1,529 
(β-sheet Amide II) and 1,543 cm−1 (α-sheet Amide II),13–17,33,35–
36,44–47 suggesting β-sheet proteins as markers distinguishing nor-
mal from breast carcinoma,36 despite conflicting evidence regarding 
β-sheet protein reductions in metaplastic carcinoma. Protein peaks 
were fairly conserved across all malignant breast tissues.10,16,32,42,46

Normal breast tissue exhibited a more pronounced peak at 
1,446 cm−1 (CH2 bending of lipids, triglycerides, and C–H vibra-
tions),21,48 supporting observations for unsaturated lipid bands and 
emphasizing membrane fluidity for cellular health. In contrast, the 
peak at 1,453 cm−1 (asymmetric CH3 vibrations and protein defor-
mation) showed less distinct characteristics.12,26,29,42

Metaplastic carcinoma showed increased intensities in peaks at 
1,386 cm−1 and 1,394 cm−1. Peaks at 1,394 cm−1 is identified with 

fatty acids due to COO- symmetric stretching of amino acids side 
bonds vibration and 1,308 cm−1 involving protein symmetric CH3 
bending assigned to collagen/Amide III vibrations,28,35 highlight-
ing fatty acids and amino acid involvement in neoplastic trans-
formation.29,30,33,35,36 Increased collagen deposition in carcinoma 
tissues suggests heightened tumor aggressiveness.24,25,32,36,49,50

Peaks at 1,230 cm−1 and 1,232 cm−1 (nucleic acid contribu-
tions) showed sharper features in normal tissue,11,32,33,34–38,51 
aligning with literature indicating differential intensities in carci-
noma tissues due to genetic mutations and nuclear enlargement, 
particularly in metaplastic and ductal carcinomas, which exhibited 
increased intensity compared with normal breasts. Elevated peaks 
at 1,308 cm−1 and 1,274 cm−1 assigned to collagen- a matrix tis-
sue due to metalloproteinases- were found prominently in carci-
nomas,30,32,35–38,51 suggesting fibroblast activation and heightened 
collagen deposition in metastatic conditions.16,31,32,41,50

Peak 1,151 cm−1 (C–O glycogen stretches) was more prevalent 
in malignant samples,33,36,38,52 especially in invasive ductal carci-
noma, followed by metaplastic carcinoma, pre-IDC, and normal 
breast tissue.29 This is corroborated by other carbohydrate peaks, 
reflecting escalated cell activity in the G1 phase and heightened 
energy needs during DNA synthesis,7,15,34,37,39,40 although inter-
pretations are rare in the literature, especially concerning meta-
plastic carcinomas.

Peak 1,080 cm−1 (nucleic acids) indicated shifts favoring nor-
mal tissue,28,34,35,51 paralleling documentation of asymmetric 
phosphate vibrations linked to malignancy markers.11,12,19,36,37,40 
Meanwhile, peak 1,162 cm−1 (collagen mechanics) showed inten-
sified patterns in metaplastic as well as ductal carcinomas versus 
normal breast tissue.

Comparative evaluation of peak ratios revealed that nucleic 
acid and glycogen levels were statistically elevated in metaplas-
tic carcinoma versus normal breast tissue, consistent with studies 
validating nucleic acid increases in carcinoma development.38–40,47 

Table 5.  Discriminating peaks, cut-off points, and chemical assignments

Discriminating peaks Average cut-off normal-carcinomas Average cut-off carcinoma groups Chemical assignment

1,043 0.031 0.053 Phosphate (asym)/Glycogen

1,073 0.032 0.055

1,080 0.032 0.055

1,155 0.025 0.046 Protein (amino acids)

1,162 0.031 0.045

1,230 0.052 0.053 Phosphate (asym)

1,237 0.053 0.053

1,274 0.038 0.046 Protein (Collagen, Amide III)

1,304 0.037 0.047

1,386 0.046 0.055 Lipids, Protein

1,394 0.046 0.055

1,446 0.053 0.053 Protein (methyl group) asym

1,453 0.055 0.052

1,528 0.077 0.074 Protein (Amide II)

1,535 0.079 0.073

1,543 0.079 0.069

asym, asymmetric vibration; sym, symmetric vibration.
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Elevated glycogen levels in other carcinomatous tissues are simi-
larly documented,36,52 although some studies suggest glycogen is 
relatively lower in normal tissues.12,16,35 Elevated glycogen levels 
in metaplastic tissues could suggest rapid cell cycle shifts.40,44 The 
nucleocytoplasmic index ratio also proved significantly relevant (p 
= 0.03) for discriminating between normal and all metaplastic car-
cinomas as well as between ductal carcinoma in situ and invasive 
breast carcinomas, reflecting carcinoma’s need to compensate for 
its metabolic demands through excessive nuclear growth relative 
to the cytoplasm.34,53

Hierarchical clustering, one of the supervised learning mod-
els,19,29,47,54–58 coupled with ROC curve analysis for cutoff deter-
mination, elucidates potential synergistic chemical relationships 

between spectral peaks and establishes diagnostic links between 
clustering patterns and optimal classification thresholds. This 
analysis revealed three distinct clusters capable of differentiating 
breast tissue types. Notably, hierarchical clustering associated 
less-utilized peaks (e.g., 1,394 and 1,386 cm−1) with established 
carcinoma biomarkers, suggesting a shared chemical basis de-
spite differing vibrational modes. The observed spectral proxim-
ity, quantified by linkage and Euclidean distances, implies closer 
functional relationships than conventionally recognized, poten-
tially harboring diagnostic significance. Similarly, the co-clus-
tering of the 1,162 cm−1 peak (typically assigned to carotenoids) 
with other compounds suggests a more complex origin than pre-
viously considered.54,55 Furthermore, the clustering of peaks at 

Table 6.  Biomarker mean differences and diagnostic performance between paired breast tissue types

Biomarkers Breasts t-test AUC Sensitiv-
ity (%)

Specific-
ity (%) Cut-off

Normal: Mean ± SEM DCIS: Mean ± SEM p-value p-value

NC 0.44 ± 0.09 0.56 ± 0.07 3.11 0.008 0.97 0.013* 100 92 2.10

Phos 0.71 ± 0.04 0.88 ± 0.04 1.90 0.08 0.08 0.03 100 0 0.03

Glyc 0.45 ± 0.03 0.64 ± 0.04 −2.20 0.05 0.03 0.013* 100 0 0.001

Normal: Mean ± SEM METC: Mean ± SEM

NC 0.44 ± 0.09 0.67 ± 0.05 7.14 0.03 1.00 0.01* 100 100 0.19

Phos 0.71 ± 0.04 1.01 ± 0.03 5.04 0.001 0.00 0.01 100 0 0.00

Glyc 0.45 ± 0.03 0.78 ± 0.04 4.92 0.001 0.00 0.01 100 0 0.00

Normal: Mean ± SEM IDC: Mean ± SEM

NC 0.44 ± 0.09 0.71 ± 0.05 5.68 0.0001 0.98 0.03* 100 94 1.68

Phos 0.71 ± 0.04 1.03 ± 0.02 −5.05 0.0001 0.000 0.005 100 0 −0.34

Glyc 0.45 ± 0.03 0.83 ± 0.03 −4.85 0.0001 0.011 0.02 100 0 −0.58

DCIS: Mean ± SEM METC: Mean ± SEM

Pro 1.13 ± 0.01 1.13 ± 0.01 −0.26 0.80 0.45 0.71 54 50 1.12

NC 0.56 ± 0.07 0.67 ± 0.05 2.98 0.007 0.83 0.008* 85 80 1.53

Pho 0.88 ± 0.04 1.00 ± 0.03 −2.27 0.03 0.23 0.03 92 0 0.73

Gly 0.64 ± 0.04 0.78 ± 0.04 −2.62 0.02 0.22 0.02 92 0 0.49

DCIS: Mean ± SEM IDC: Mean ± SEM

Pro 1.13 ± 0.01 1.14 ± 0.02 −0.34 0.74 0.49 0.94 100 10 1.07:

NC 0.56 ± 0.07 0.71 ± 0.05 0.06 0.0001 0.86 0.0001* 100 49 1.31

Pho 0.88 ± 0.04 1.03 ± 0.02 −3.58 0.001 0.21 0.003 100 0 −0.28

Gly 0.64 ± 0.04 0.83 ± 0.02 −4.22 0.0001 0.18 0.001 92 5 0.49

METC: Mean ± SEM IDC: Mean ± SEM

Pro 1.13 ± 0.01 1.14 ± 0.02 0.18 0.86 0.49 0.93 65 50 1.11

NC 0.67 ± 0.05 0.71 ± 0.05 −0.90 0.38 0.32 0.09 71 20 1.24

Pho 1.00 ± 0.03 1.03 ± 0.02 0.48 0.63 0.52 0.88 68 20 0.95

Gly 0.78 ± 0.04 0.83 ± 0.02 0.97 0.34 0.64 0.19 80 40 0.75

Biomarkers: Gly, glycogen; NC, nucleocytoplasmic ratio; Pho, phosphate; Pro, protein. Breast lesions: DCIS, ductal carcinoma in situ; IDC, invasive ductal carcinoma; METC, meta-
plastic carcinoma. Statistical terms: AUC, area under the curve; SEM, standard error of the mean; *significant difference for high AUC. The nucleocytoplasmic ratio demonstrates 
exceptional diagnostic accuracy (AUC ≈ 0.97–1.00, 100% sensitivity, >90% specificity) in distinguishing normal cells from a wide array of pre-invasive and invasive carcinomas. 
While its efficacy diminishes in differentiating ductal carcinoma in situ from invasive ductal carcinoma (AUC ≈ 0.83–0.86, ∼80% sensitivity, ∼85% specificity), it performs poorly 
in discriminating METC from IDC (AUC = 0.32). Select biomarkers, including glycogen, offer some utility in differentiating IDC from METC (AUC = 0.6–0.7), albeit with suboptimal 
sensitivity and specificity as indicated in Figure S4.

https://doi.org/10.14218/ERHM.2025.00014


DOI: 10.14218/ERHM.2025.00014  |  Volume 00 Issue 00, Month Year10

Adeleke S.T. et al: Biomarkers of metaplastic and ductal carcinomasExplor Res Hypothesis Med

1,535, 1,528, 1,543, and 1,632 cm−1, all indicative of amide pro-
tein origins,19,35,44,46 underscores their inherent similarities and 
highlights underlying chemical associations potentially relevant 
to metaplastic carcinogenesis.31,33 Differential gene expression 
resulting in specific protein conformations likely contributes to 
the discriminatory power of these protein-related spectral fea-
tures.34,35,46

Figure 3a–f delineate spectral clusters, pinpointing vibrational 
modes and enabling chemical assignments via spatial relationships. 
Phosphodiester vibrational peaks demonstrate a strong correlation, 
whereas Amide A and lipid peaks show marked divergence from 
other clusters. Spectral peak clustering analysis reveals disease-
associated shifts in biochemical composition. Despite variability 
in peak patterns across matched breast carcinoma cases, the fun-
damental chemical identities and spectral signatures consistently 
differentiate breast carcinoma subtypes. Notably, initially dissimi-
lar peaks converged within shared clusters upon refined discrimi-
nation. Moreover, protein peaks exhibit autonomous vibrational 
characteristics, making them robust markers for investigating 
protein conformational changes,25,32,36,45,47 especially during the 
progression from DCIS to metaplastic carcinoma, and from DCIS 
to IDC.

ROC curve analysis revealed similar chemical properties across 
spectral peaks, suggesting their potential to differentiate normal, in 
situ, and invasive breast tissues. However, some peaks exhibited 
preferential elevation in specific carcinoma subtypes, indicating 
possible utility in subtyping. Despite achieving 100% sensitivity 
on average, low specificity and AUC values below 0.5 indicate 
limited diagnostic accuracy for most peaks in this study. Contrary 
to prior reports highlighting carbohydrates, their diagnostic rel-
evance was diminished in our findings. Nucleic acid/phosphate 
peaks showed inconsistent diagnostic potential, likely reflecting 
tumor heterogeneity. Amide II peaks associated with β-sheet pro-
teins and Amide I peaks demonstrated considerable diagnostic 
promise (AUC ≈ 0.7, sensitivity ≈ 100%).14–17,35–38 The significant 
elevation of β-sheet proteins in normal tissue compared to meta-
plastic samples suggests their potential as diagnostic markers, al-
though prior conflicting observations highlight complex metabolic 
influences. The peak ratio corresponding to the nucleocytoplasmic 
ratio (AUC = 1.0, 100% sensitivity and 100% specificity) com-
pares well with ratios used in previous investigations, differentiat-
ing normal breast from tumorous phenotypes.14,21,29,57

Furthermore, peak 3,280 stood out for its high discriminatory 
power (AUC = 0.93), challenging assumptions about its limited 
value due to water interference,29,35,56,57 and displaying the abil-
ity to distinguish normal from histological types and monitor 
treatment responses.13,14,29,53,58 The increased levels of Amide 
A alongside other amide bands suggest a possible connection to 
oncogene-driven dysregulation, warranting further investiga-
tion.24,33,39 Ongoing exploration of these spectral features is crucial 
for improving carcinoma diagnostics, with a focus on enhancing 
specificity while maintaining high sensitivity. Discrepancies with 
previous studies reporting exceptional diagnostic performance for 
certain peaks may stem from lipid peroxidation.42,54 In contrast, 
peak 1,744’s limited diagnostic power (AUC = 0.133) may have 
resulted from lipid loss during tissue processing.26,42,48,53

FTIR spectroscopy offers a powerful diagnostic alternative 
for breast tissue analysis, showing comparable efficacy to dif-
fuse optical spectroscopy, intrinsic fluorescence spectroscopy, and 
diffuse reflectance spectroscopy. While diffuse optical spectros-
copy, intrinsic fluorescence spectroscopy, and diffuse reflectance 
spectroscopy effectively quantify key biochemical markers—

oxyhemoglobin, β-carotene, methemoglobin, tissue hemoglobin, 
collagen, lipids, and redox state —with exceptional diagnostic ac-
curacy,49,50,54,55 FTIR, particularly through analysis of the Amide 
A band, achieves similarly high levels of sensitivity and specificity 
in differentiating breast tissue types.29,56,57 This confirms exist-
ing research and solidifies FTIR as a valuable tool in breast tissue 
characterization.10,19,22,29,39,40,46,53,57,58

Despite the value in investigating the unique characteristics 
of rare carcinomas, this study acknowledges its limitations. The 
small sample size, dictated by the carcinoma’s infrequent occur-
rence during the study period, limits the broad applicability of the 
conclusions. Furthermore, the absence of comprehensive patient 
biodata, details regarding presentation patterns (days/year), and 
follow-up protocols prevented potentially valuable survival analy-
sis. Future research should prioritize the inclusion of such data. 
Finally, the exclusion of other breast lesion subtypes beyond ductal 
carcinomas and normal tissue hinders a complete understanding of 
the specific biochemical and molecular differences defining meta-
plastic carcinoma within the spectrum of breast malignancies.

Future directions
Future research should focus on expanding cohort sizes in studies 
of this rare carcinoma, incorporating a broader spectrum of breast 
tissue types, particularly fresh specimens to retain vital spectral 
data such as lipid profiles. Integrating complementary analytical 
techniques, such as nuclear magnetic resonance spectroscopy and 
Raman spectroscopy, alongside FTIR spectroscopy into standard 
carcinoma diagnostics is crucial for elucidating the biochemical al-
terations driving the transformation of normal breast tissue into in-
vasive and rare subtypes, such as metaplastic carcinoma. Further-
more, implementing artificial intelligence and machine learning 
algorithms in clinical oncology workflows is essential for deriv-
ing predictive insights and identifying meaningful patterns within 
large spectroscopic datasets, ultimately facilitating biomarker dis-
covery for improved diagnosis, prognosis, and treatment response.

Conclusions
FTIR spectroscopy holds diagnostic promise, particularly for dis-
tinguishing metaplastic breast carcinoma from ductal carcinoma 
in situ and normal tissue. While statistically significant biomark-
ers are crucial for diagnostic integration, this study demonstrates 
that statistical significance does not guarantee diagnostic rele-
vance. Protein peaks, particularly Amide A (3,280 cm−1), Amide 
I (1,632 cm−1), and β-sheet Amide II (1,543 and 1,535 cm−1), 
exhibit strong diagnostic potential based on ROC analysis. No-
tably, the 1,080/1,632 ratio, reflecting the nucleocytoplasmic ra-
tio, demonstrates an accurate diagnostic model. Cluster analysis 
reveals synergistic peak interactions that highlight chemical rela-
tionships among protein (1,453 and 1,386 cm−1), lipid (1,446 and 
1,394 cm−1), and amide peaks (1,632 and 3,280 cm−1). Cutoff point 
analysis quantitatively supports these findings, indicating similar 
biochemical signatures within clusters. The exceptional AUC of 
1.0 for the nucleocytoplasmic ratio (A1080/A1632) underscores 
its clinical utility, aligning with conventional nucleocytoplasmic 
characterization in carcinoma diagnosis. These insights, while 
preliminary, advance understanding of the biochemical origins of 
metaplastic breast carcinoma and pave the way for refined diag-
nostic protocols and biomarker development. Further research is 
essential to validate and translate these findings into broader carci-
noma research and clinical applications.
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