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A B S T R A C T   

Malignant pleural mesothelioma (MPM), an aggressive cancer associated with exposure to fibrous minerals, can 
only be diagnosed in the advanced stage because its early symptoms are also connected with other respiratory 
diseases. Hence, understanding the molecular mechanism and the discrimination of MPM from other lung dis
eases at an early stage is important to apply effective treatment strategies and for the increase in survival rate. 
This study aims to develop a new approach for characterization and diagnosis of MPM among lung diseases from 
serum by Fourier transform infrared spectroscopy (FTIR) coupled with multivariate analysis. The detailed 
spectral characterization studies indicated the changes in lipid biosynthesis and nucleic acids levels in the ma
lignant serum samples. Furthermore, the results showed that healthy, benign exudative effusion, lung cancer, 
and MPM groups were successfully separated from each other by applying principal component analysis (PCA), 
support vector machine (SVM), and especially linear discriminant analysis (LDA) to infrared spectra.   

1. Introduction 

Malignant mesothelioma is an aggressive form of cancer which arises 
from mesothelial cells lining pleural, pericardial, and peritoneal surfaces 
[1]. The well-known association between asbestos exposure and ma
lignant mesothelioma was first defined in 1960 [2]. As the most common 
type of asbestos-related cancer, malignant pleural mesothelioma (MPM) 
accounts for approximately 80 % of all mesothelioma cases [3]. Usually, 
it is diagnosed later in life with a mean diagnostic age of 74 years and is 
four to eight times more common in males due to occupational asbestos 
exposure, but MPM prevalence is similar in both sexes due to environ
mental exposure to erionite, another naturally occurring fibrous min
erals [4]. The prognosis for pleural mesothelioma depends on the factors 
such as tumor size and staging, histological type, gender, and age; when 
it is diagnosed, it has relatively poor median survival time of about 9–12 

months [5]. The prevalence of MPM is reported to be 1.3/100,000 
person-year for males, and 0.2/100,000 person-year for females all 
around the world. The statistics published in 2017 by the Republic of 
Turkey Ministry of Health revealed the age-standardized incidence rate 
of mesothelioma as 0.9/100,000 and 0.5/100,000 for males and fe
males, respectively in Turkey [6]. 

The poor prognosis of MPM is related to the limited treatment op
tions as well as poor diagnosis in the early stages and rapid progression 
of the disease with high invasiveness [7]. Signs and symptoms associ
ated with MPM are nearly nonspecific and can be seen at almost any 
benign or malignant intrathoracic disease process. Therefore, the 
symptoms of this disease usually take decades to become noticeable. The 
latent period for the development of MPM after asbestos exposure might 
be up to 30–60 years [8]. So, the worst aspect of this disease is the 
timing. An early and accurate diagnosis of MPM is essential to decrease 
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the morbidity rate. The initial MPM diagnosis is usually based on im
aging studies, including chest X-ray, computed tomography (CT), mag
netic resonance imaging (MRI), and positron emission tomography 
(PET). Each imaging modality has its advantages and limitations, but 
their combined use is crucial in determining the individuals at high risk 
for MPM. However, the ultimate diagnosis of MPM depends on histo
logical evidence including pleural fluid cytology obtained by thor
acentesis and pleural tissue biopsy samples obtained during 
thoracoscopy or CT-guided fine-needle aspiration biopsy [9]. Pleural 
fluid may be analyzed by traditional biochemical methods. However, 
the most basic evaluation usually reveals a bloody effusion with 
increased lactate dehydrogenase (LDH) and protein levels according to 
Light's criteria, and even the cytology results are nonspecific and low in 
sensitivity, ranging from 0 % with a single sampling to 64 % with serial 
samplings [10]. Pleural tissue biopsy during thoracoscopy is an invasive 
process. CT-guided fine-needle aspiration is minimally invasive and 
limited by a small sample size, which reduces the sensitivity and in
creases the risk of pneumothorax (9.5 %) and needle tract seeding (21 
%) [11]. Therefore, it would be critical to find new diagnostic ap
proaches which are accurate, preferably non-invasive, rapid, low-cost, 
operator-independent and able to create reliable information. 

Infrared (IR) spectroscopy (mid and near) is a highly suitable and 
preferred technique that can directly reflect the structural and func
tional changes induced by pathological or environmental conditions in 
biological systems ranging from cells to tissues and entire organisms 
[12–16]. It is a promising tool for the development of a clinically useful 
biomarker and ultimately enables early identification of diseases, 
because it allows monitoring disease-induced changes in vibrations of 
functional groups belonging to biomolecules. Attenuated total 
reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy as a 
rapid, inexpensive, an easy-to-use, and operator-independent spectro
scopic tool that can analyze even small amounts of samples, has had an 
important role in the field of disease diagnostics in recent years [17–19]. 
IR spectroscopy is a very suitable tool in the analysis of various bio
logical materials, such as tissue sections, cytological and histological 
samples or biofluids [20]. In this context, biofluids like serum and 
plasma are ideal candidates for early detection of a wide range of dis
eases, since they are quite easily accessible and highly informative 
biofluids. Blood serum is a biological fluid that is commonly used in 
clinical practice and contains a lot of information about biomolecules 
such as protein, lipid, nucleic acid, etc. Besides, the low molecular 
weight fraction of the serum, peptidome, is thought to be a rich source of 
cancer-specific diagnostic information [21], making IR spectroscopic 
study of the serum ideal for detecting disease states as a triage tool. ATR- 
FTIR spectroscopy has been used in many studies as a promising 
analytical tool for cancer diagnosis from serum in a number of cancers 
[22–25]. Moreover, IR spectral measurements combined with multi
variate analysis methods that provide significant information from 
complex and large spectral data are successfully employed in disease 
discrimination. Its combined use with multivariate analysis techniques 
has been widely applied in many cancer types involving lung [26], 
cervix [27], breast [28], ovarian [29], bladder [30,31], prostate [32], 
skin [33], and colon cancer [34]. Since novel robust algorithms for 
automated data analysis of large data sets have been developed to 
provide data interpretation easily by non-spectroscopists, FTIR spec
troscopy can be progressed from “bench-to-bedside”. All these proper
ties mentioned above make serum-infrared spectroscopy an excellent 
candidate for clinical translation. 

While there is a great deal of literature on the applications of FTIR 
spectroscopy and microspectroscopy to lung cancer by using different 
types of biological samples [25,26,35–37], there are few articles on the 
applications of FTIR imaging and spectroscopy to mesothelioma in the 
literature. One of them is about the resolving of tumor subtypes in 
diffuse malignant mesothelioma by integrating FTIR imaging and laser 
capture microdissection. The authors proposed that FTIR imaging re
solves not only morphological alteration within tissue but also it resolves 

even alterations at the level of single proteins in tumor subtypes [38]. 
Another study by our group is about the diagnosis of MPM from the 
pleural fluid using FTIR spectroscopy coupled with chemometrics [39]. 
In that study, it is proposed that FTIR spectroscopy coupled with 
multivariate analysis can improve and accelerate the discrimination of 
MPM from lung cancer and benign pleural effusion using pleural fluids. 
Since pleural fluids can be provided only from diseased individuals, in 
our previous study [39], we could not give any evidence or any infor
mation about the molecular mechanism of the diseases because there 
were no healthy control groups for comparison. In addition, the pro
cedure of obtaining the pleural fluid has certain risks for major com
plications, including pneumothorax, chest wall hematoma, hemothorax, 
and tumor seeding to the chest wall in especially mesothelioma cases 
which do not occur during venous blood sampling to obtain serum [40]. 
Furthermore, only 15 % of cases with LC have pleural effusion in the 
beginning and 50 % develop pleural effusion during the entire course of 
the disease [41]. That is, pleural fluid occurs at the late stages of cancer. 
The advantage of using serum is that serum samples are readily available 
in each individual, regardless of pleural fluid status. Therefore, an early 
diagnosis from less invasive and easily collected blood serum is a very 
valuable approach. Adopting this method for serum samples avoids a 
dependency on having a pleural effusion and any risks of major com
plications associated with the thoracentesis procedure. Hence, serum 
studies are necessary to understand the molecular mechanism of the 
diseases. 

In the present study, ATR-FTIR spectroscopy coupled with multi
variate analysis methods was utilized to develop a new approach for the 
characterization and diagnosis of MPM and its differentiation from lung 
cancer (LC), benign exudative pleural effusions (BE), and healthy in
dividuals via serum samples. Moreover, FTIR spectroscopy was 
employed to measure structural and contextual changes in the serum 
biomolecules of these different lung diseases in comparison to those of 
obtained from serum of healthy individuals, to understand their mo
lecular mechanism. We also tested the hypothesis that IR spectroscopy 
could be used to identify biomarkers for MPM diagnosis and that it could 
provide new insights into the understanding of mechanisms underlying 
cancer and lung diseases. 

2. Material and methods 

2.1. Patients and sample collection 

All methods, experimental protocols and experiments were approved 
following the requirements of research ethics boards (registration 
number HK 12/131-36, Hacettepe University Ethics Committee). 
Furthermore, informed consent of participants was obtained following 
the requirements of the research ethics boards, and all associated 
methods were conducted in accordance with approved guidelines and 
regulations for human biological specimens. The blood samples were 
transferred to the laboratory within 5 min of collection, and then 
centrifuged at 3000 rpm for 15 min to separate the serum from the 
cellular component. Serum samples were then transferred into cryogenic 
tubes and stored at − 85 ◦C until the spectroscopy experiment [24]. 

The samples were collected from 25 malignant pleural mesothelioma 
(MPM) patients, 57 non-MPM individuals (26 individuals with non- 
malignant pleural effusions-benign exudative pleural effusion (BE)- 
and 31 individuals with lung cancer involving malignant pleural effu
sion), and from 30 healthy individuals (C). Healthy individuals were 
considered as control group. For the disease group, blood samples were 
collected prior to any invasive procedures. Demographic data of the 
studied groups and serum levels of LDH and Total Protein in patient 
groups are summarized in Table 1. The diagnosis of LC and MPM pa
tients was made based on clinical, radiological, bronchoscopic findings 
and histopathological evaluation of biopsy specimens. The diagnosis of 
MPM was pathologically confirmed according to recommendations of 
Husain et al. [42] on both the appropriate morphology and 
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immunohistochemical findings obtained from adequate biopsy speci
mens. The diagnosis of BE was confirmed with the analysis of lactate 
dehydrogenase (LDH) and protein levels from pleural fluid and serum 
according to Light's criteria and with cytological tests [43,44]. There 
were not any significant differences in LDH levels and total protein 
levels among patient groups (p > 0.05). 

2.2. Data collection and spectral analysis 

Frozen serum samples were thawed and mixed at room temperature 
prior to spectroscopic analysis. Afterwards they were directly put on the 
ATR crystal and scanned. ATR-FTIR spectra of all samples was collected 
by one-bounce ATR mode of a Perkin Elmer Spectrum100 spectrometer 
(Perkin Elmer Inc., Norwalk, CT, USA) equipped with a Universal ATR 
accessory. 1 μL of serum samples were placed on a Diamond/ZnSe 
crystal plate and dried with a mild nitrogen gas flux for 2 min to remove 
excess unbound water. IR spectra of the samples were scanned in the 
4000–650 cm− 1 wavenumber region and 100 scans were taken for each 
interferogram with 4 cm− 1 spectral resolution at room temperature. In 
order to eliminate the effects of water molecules in the air, the spectrum 
of air prior to sample spectra acquisition was recorded as a background 
under identical conditions as the samples and subtracted automatically 
from all the spectra. Perkin Elmer Spectrum software version 10.03.06 
was utilized for recording the spectra and data manipulations. Three 
different randomly taken aliquots (1 μL each) from each serum sample 
were prepared and then scanned to check the reproducibility of identical 
spectra. 

The average spectra of these replicates were used in further data 
analysis. These average spectra were baseline corrected and then 
normalized with respect to the amide I band for visual demonstration. 
The band positions were measured according to the center of mass [18]. 
For relative quantitative analysis, the integrated area ratios of some 
specific bands were evaluated in order to eliminate the artifacts that 
might arise from experimental conditions [45]. In order to calculate the 
integrated areas, first, interactive baseline correction of spectra was 
performed using the base points of the spectra. Then, the band area 
calculation relative to the obtained baseline was calculated for each 
group. The start and end abscissa values of the band and two base points 
were used to calculate the band areas. 

2.3. Multivariate analysis methods 

2.3.1. Unsupervised multivariate analysis methods 
In order to discriminate the diseased groups from each other and the 

control group based on spectral differences, principal component anal
ysis (PCA) was performed as an unsupervised multivariate analysis 
method. PCA is a data reduction technique that simplifies the evaluation 

of a large number of spectra. In practice, each spectrum consists of 
thousands of absorption values and can be considered as a point (or a 
vector) in a high dimensional space each coordinate of which corre
sponds to one of the variables (wavenumbers). PCA performs a linear 
transformation on this multidimensional space in such a way that most 
of the variations in the original space are preserved in the first few di
mensions of the transformed space. This allows easier visualization or 
determination of spectra clusters representing different classes of sam
ples. The coordinates of the transformed space are the principal com
ponents (PCs) and the plot obtained is called as scores plot [46]. PCs are 
ordered in such a way that the first PC, PC1, has the highest variation, 
the second PC, PC2, has the second highest variation, and so on. The 
transformation matrix consists of a set of orthogonal vectors called 
loadings. Loading scaled by the score value of the corresponding PC 
gives the contribution of that PC to the variation in the original 
spectrum. 

In the current study, PCA was performed on the Unscrambler X, 
Version 10.3, (CAMO Software Inc., Oslo, Norway). Since one of the 
aims of this work was to identify MPM samples in different possible 
cases, different analyses were made over different intervals, such as 
4000–650 cm− 1, 3050–2800 cm− 1, 1800–1500 cm− 1, 1800–900 cm− 1, 
1480–900 cm− 1, 1200–1000 cm− 1. The input for Unscrambler X was, 
baseline corrected, normalized spectra over these intervals or their first 
derivatives or second derivatives [47]. 

2.3.2. Supervised multivariate analysis methods 
The supervised methods require a number of well-characterized 

training and test samples to obtain class models. They comprise a two- 
step process as calibration and validation. In the calibration stage, 
each sample is identified as a member or not of a determined class, in 
accordance with the previous characterization of the samples. The aim is 
to calibrate a prediction/classification model which will be used to 
classify or predict new and non-characterized samples. In the validation 
stage, the calibrated model is tested and validated [48]. 

SVM is a supervised classification method. In principle, SVM de
termines the optimum hyperplane that separates two groups of points 
(vectors) which are separable in a multidimensional space. The sample 
points closest to this hyperplane are called support vectors. The support 
vectors have the property that they have the same distance to this plane. 
If the sample points cannot be separated by a hyperplane into two 
groups, the SVM algorithm determines the best possible hyperplane. If 
the groups are not separable by a hyperplane but by some other hy
persurface, a transformation can be used to obtain, effectively, a hy
perplane that separates the two groups. To classify more than two 
groups, the SVM algorithm can still be used by applying it to pairs of 
groups [49–51]. 

In this work the “Classification Learner App” of MATLAB, R2019a, 

Table 1 
Demographic data of healthy individuals and patients.   

Healthy individuals (C) Benign exudative effusion (BE) Lung cancer (LC) Malignant pleural mesothelioma (MPM) 

N 30 26 31* 25 
Gender [n (%)]     

Male 19 (63.3) 15 (57.7) 20 (64.5) 15 (60.0) 
Female 11 (36.7) 11 (42.3) 11 (35.5) 10 (40.0) 

Age [median (range)] 37 (21–59) 54 (20–86) 62 (44–79) 60 (40–77) 
Smoke status [n (%)]     

Current 4 (13.3) 13 (50.0) 12 (38.7) 5 (20.0) 
Ex 5 (16.7) 0 (0.0) 0 (0.0) 0 (0.0) 
Never 7 (23.3) 13 (50.0) 2 (6.4) 8 (32.0) 
Not available 14 (46.7) 0 (0.0) 17 (54.8) 12 (48.0) 

LDH (U/L)** [median (range)] N/A 226.5 (138.0–439.0) 203.0 (125.0–756.0) 194.0 (2.0–431.0) 
Total protein (g/dL)** [mean (SEM)] N/A 7.2 (0.1) 6.9 (0.1) 7.1 (0.1)  

* 25 Adenocarcinoma, 1 squamous cell ca, 3 non-small cell lung cancer of unspecified subtype, 1 adenosquamous carcinoma, 1 small cell ca. 
The non-small cell lung cancer cases were in the metastatic stage. 
The stage was extensive in the small cell lung cancer case. 

** Serum LDH and total protein levels were retrospectively obtained from concomitant biochemical tests in 26 BE, 27 LC, and 21 MPM patients. 
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was used to implement SVM. The input to SVM was the 10-dimensional 
scores vectors obtained from the PC analysis of serum sample spectro
grams using Unscrambler X. The app allows up to 50 folds of cross 
validation. Therefore, for sample sizes <50, full cross-validation was 
possible. For a higher number of sample sizes, the SVM algorithm was 
repeated several times to obtain the best possible classification. MAT
LAB classification app outputs a model which can be used to classify any 
new serum sample spectrogram. The required scores vector of the new 
sample can be calculated using the same transformations obtained 
during the PC analysis. To evaluate the performance of the SVM clas
sification and confusion tables of the true positive and false negative 
rates were used. 

LDA is another supervised method. The PCA data, offset baseline 
corrected and unit vector normalized over all column range (1–3351) 
were used as LDA model inputs over 1300–800 cm− 1 spectral range 
using The Unscrambler X 10.3 (CAMO Software AS, Norway) multi
variate analysis software. The category variable column was included in 
a data matrix, and, subsequently, all spectra of different sample cate
gories were used to build a training set. Quadratic classifiers method 
using projections of 14 PCA components were applied for prediction. 
Prior probabilities were calculated from the training set [52,53]. The 
results are presented as a discrimination plot as well as prediction and 
confusion matrices. 

2.4. Statistics 

Spectral results for all groups were expressed as mean ± standard 
error of the mean (SEM). The data were evaluated using a normality test 
to decide whether the parametric or nonparametric statistical test 
should be used. Serum LDH and Total Protein levels were compared 
among patient groups using the Kruskal-Wallis test and one-way ANOVA 
tests, accordingly. Since other data showed normal distribution, the 
patient groups versus the control group were analyzed using the one- 
way ANOVA and Dunnett's multiple comparison tests in GraphPad 
Prism 6 (GraphPad Software, Inc.). p < 0.05 was considered as statisti
cally significant. The degree of significance for the comparison of the 
diseased groups with respect to the control group was denoted as *p <
0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. 

3. Results 

The aim of the current study is to develop a new approach for the 
characterization and diagnosis of MPM and its differentiation from LC, 
BE patients and healthy individuals via serum samples. We performed 
ATR-FTIR spectroscopy to characterize and differentiate healthy in
dividuals, benign and malign exudative effusions by serum analysis. 
Fig. 1A–B displays the averaged FTIR spectra of the serum samples of 
controls and patients (BE, LC and MPM) in the 3000–2800 and 
1800–650 cm− 1 regions where the characteristic absorption bands 
arising from the functional groups of various biomolecules such as 
lipids, proteins, carbohydrates and nucleic acids (RNA/DNA) are 
assembled. The absorption bands, the contributions from the functional 
groups of biomolecules labeled in Fig. 1A–B and their assignments ac
cording to the related literature [20,54–56] are summarized in Table 2. 
In order to see the differences more clearly between the samples, dif
ference spectra were obtained, where the average spectrum of each 
disease group namely BE, LC and MPM was subtracted from the average 
spectrum of the control in the 3000–2800 and 1800–650 cm− 1 regions 
(subpanels in Fig. 1A–B). There are obvious spectral differences in the 
functional groups of the biomolecules of the serum samples obtained 
from LC and MPM patients compared to the controls and BE patients 
(Fig. 1). The amide modes of proteins located at 1635 cm− 1 and 1538 
cm− 1 indicate a slight difference in the proteins of the diseased groups' 
samples. The most prominent differences are observed in the 1300–800 
cm− 1 spectral range which is dominated by absorptions from amino 
acids of proteins, carbohydrates, DNA and RNA (Fig. 1). Hence, it is 

important to perform a detailed spectral analysis to determine specific 
disease-induced changes and to find out disease biomarkers. To get the 
quantitative differences in the spectral bands of the studied groups, 
spectral band areas and area ratios for specific bands were calculated 
from their absorbance spectra considering the literature 
[18,25,39,57,58] and are presented in Table 3. In accordance with Beer- 
Lambert law, signal intensity/area under the spectral bands is directly 
proportional to the concentration of the functional groups belonging to 
the relevant molecule. Moreover, the structural information about the 
relevant molecule can be obtained by the variations in their band po
sitions [14,18]. 

An IR spectrum of a biological sample mainly covers C–H stretching 
(3000–2800 cm− 1) and molecular fingerprint (1800–650 cm− 1) regions. 
The antisymmetric and symmetric stretching of methylene (–CH2) and 
methyl (–CH3) group vibrations in the C–H region are mainly lipid- 
associated spectral bands as given in Fig. 1. The bands at nearly 2928 
(CH2 antisymmetric stretching) and 2852 cm− 1 (CH2 symmetric 
stretching) belonging to aliphatic –CH2 functional groups stem from 
long hydrocarbon chains in lipids. The area ratio of CH2 sym to CH2 
antisym + CH2 sym corresponds to saturated lipid content and its in
crease indicates the higher lipid content [45]. In addition, the molecular 
fingerprint region also contains some considerable lipid-associated 
spectral bands such as CH2 bending mode and the C––O stretching 
mode of the acyl chains of lipids located at 1470 and 1739 cm− 1, 

Fig. 1. The average serum spectra of the studied groups in the A) 3000–2800 
and B) 1800–650 cm− 1 regions. The spectra were normalized with respect to 
the amide I band located at 1635 cm− 1. Difference IR spectra were obtained by 
the subtraction of the control spectrum from the disease groups' spectra in the 
subpanels for both regions. Healthy control (black), benign exudative effusion 
(blue), lung cancer (red) and malign pleural mesothelioma (green). 
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respectively. The area ratios of specific lipid functional groups to the 
total lipid content were calculated to analyze the disease-induced 
changes in the molecular composition and structure of lipids 
(Table 3). The methylene/methyl (CH2/CH3 antisym. stretch.) area ratio 
gives information about acyl chain length. Its higher value implies the 
presence of comparatively longer chained lipids, whereas its lower value 
means the presence of shorter chained and/or more branched ones 
[39,57,58]. The carbonyl/lipid ratio indicates the triglycerides and 
cholesterol ester content in the sample. The band area ratio values of the 
lipid related peaks are shown in Fig. 2A–C. The band area ratio of the 
CH2 sym. stretch. to total saturated lipids, the carbonyl/lipid ratio and 
methylene/methyl ratio were found to be significantly higher in the 
serum of LC and MPM groups compared to the BE and control groups. 
The changes in these lipid functional groups demonstrated the higher 
lipid content, the presence of qualitatively longer hydrocarbon acyl 
chained lipids, and the higher triglyceride and cholesterol ester amount 
in the serum of both LC and MPM groups relative to the control and BE 

groups, respectively (Fig. 2A–C). Furthermore, the wavenumber of the 
CH2 antisymmetric bands shifted significantly towards lower values in 
the malignant serum samples in comparison to the serum samples of 
control and BE (Table 4). This shift towards lower values implies an 
increase in lipid order e.g. the less flexible lipid acyl chains for LC and 
MPM patients [45]. 

The band located around 1635 cm− 1 (amide I) is a well-known 
protein band [59]. The location of amide I band (1635 cm− 1) in
dicates that serum proteins are mainly in beta sheet structure as also 
reported in other serum studies [53]. The band located around 1540 
cm− 1 (amide II) is also well-known protein band [53]. The disease- 
induced changes in the protein amount are calculated from the area 
ratios of amide I to amide I + amide II bands (Table 3). No significant 
changes were observed in this ratio. However, a decrease in the area of 
all amide modes, the functional groups of the proteins, were observed. 
Furthermore, as seen in Fig. 2D, the lipid/protein ratio increased 
significantly in the serum samples of the malignant groups (LC and 
MPM) (p < 0.001) compared to the control group. The amide I/amide II 
area ratio and the position of these absorption peaks are sensitive to 
protein structural and conformational changes. This is because, amide I 
and amide II bands originate from different functional groups of proteins 
(Fig. 1). A highly significant decrease in the wavenumber of the amide I 
band, indicating alterations mainly in C––O stretching vibration of 
amide groups in proteins (Table 4). Furthermore, the amide I/amide II 
area ratio was evaluated and no remarkable structural changes were 
observed between the groups. 

The vibrations from PO2
− functional groups originate mainly in the 

phosphodiester groups of nucleic acids (Fig. 1) and the increased ab
sorption in these bands suggests an increase in nucleic acids in malig
nant tissues [60]. PO2

− groups of phospholipids have little contribution 
to these bands. Integrated area in the phosphates of nucleic acids 
measured by integrating the symmetric and antisymmetric vibrations of 
PO2

− functional groups at around 1080 and 1240 cm− 1 and their band 
positions were evaluated. Significant shifts to lower values of the PO2

−

antisymmetric stretching band position were found for BE, LC and MPM 
groups with respect to the control group, indicating the conformational 
changes in the nucleic acids (Table 4). An increase in the phosphate level 
of nucleic acids for malignant serum samples (LC, MPM) was obtained. 
Moreover, nucleic acid/protein ratios in the serum of control, BE, LC and 
MPM groups are shown in Fig. 2E and the observed increase (p <
0.0001) in this ratio of the diseased groups suggests an increased nucleic 
acid content in comparison to proteins of the patients. RNA/DNA area 
ratio was calculated as given in Table 3 and shown in Fig. 2F. This ratio 
for BE group remained almost the same as in control serum samples, 
while it tended to increase in malignant serum samples and it was found 
significantly higher in the serum samples of MPM patients. As seen in 
Fig. 2G, DNA concentration was calculated as explained in Table 3 and 
this ratio was found significantly low in the malignant groups. Since the 
band area ratio related to DNA concentration decreased in the malignant 
groups, the increase in the band area ratio values of RNA to DNA may be 
due to this decrease in DNA content (Fig. 2F,G). Although there was an 
almost similar decrease in DNA concentration in malignant groups, the 
RNA/DNA ratio increased more in MPM indicating an increased amount 
of RNA in MPM. 

Quantitative analysis of glucose has frequently been achieved using 
the spectral band at 1030 cm− 1 which is related to C–O stretching of 
carbohydrates especially for glucose [39,61–63]. Fig. 2H demonstrates 
the carbohydrate level with respect to the protein amount. This area 
ratio increased for all groups as compared to the control (Fig. 2H). 

The results of Fig. 2 indicate that spectral parameters such as the 
higher saturated lipid content, the presence of qualitatively longer hy
drocarbon acyl chained lipids, the higher triglyceride-cholesterol ester 
amount and increased lipid/protein ratio in the serum of both LC and 
MPM groups relative to the control and BE groups can be used as bio
markers in cancer diagnosis. Despite this, RNA/DNA ratio was signifi
cantly higher only for MPM group, therefore, this ratio can be used as a 

Table 2 
The band assignment of an IR spectrum for serum sample.  

Wavenumber 
(cm− 1) 

Band Assignment 

3284 Amide A band due to N–H stretching: protein 
3062 Amide B band due to overtone of Amide I: protein 
2958 CH3 antisymmetric stretching: protein, lipid 
2928 CH2 antisymmetric stretching: mainly lipid 
2872 CH3 symmetric stretching: mainly protein 
2853 CH2 symmetric stretching: mainly lipid 
1739 Ester C––O stretching: triglyceride, cholesterol esters 
1635 Amide I band mainly due to C––O stretching vibration of amide 

groups: protein 
1538 Amide II band due to N–H bending strongly coupled to C–N 

stretching vibration of amide groups: protein 
1470 CH2 bending: lipid 
1454 CH3 antisymmetric bending: protein 
1396 COO− symmetric stretching: fatty acids and aminoacids 
1307 Amide III: C–N stretching and N–H bending 
1241 PO2

− antisymmetric stretching: mainly nucleic acid with a little 
contribution of phospholipids 

1170 C-OH antisymmetric stretching: serine, threonine and tyrosine 
aminoacids of proteins 

1127 C–O stretching: ribose 
1107 P–O–C symmetric stretching: DNA 
1080 PO2

− symmetric stretching: nucleic acids and phospholipids 
1030 C–O stretching: carbohydrates (glycogen, glucose) 
932 Z-form DNA 
835 A-form and B-form helix conformation of DNA  

Table 3 
The area ratio between the areas of the selected band and their indications.  

Area ratio Biomolecular origin* Indication 

A2928/A2958 CH2 as υ/CH3 as υ Aliphatic chain length 
A2853/ 

A2928+2853 

CH2 s υ/(CH2 as υ + CH2 s υ) Saturated lipids content 

A1739/ 
A2928+2853 

Ester C––O υ/(CH2 as υ + CH2 s 
υ) 

Triglyceride-cholesterol ester 
amount 

A1635/A1538 Amide I/amide II Protein structural and 
conformational changes 

A1635/ 
A1635+1538 

Amide I/(amide I + amide II) Protein concentration 

A2928+2853/ 
A1635+1538 

(CH2 as υ + CH2 s υ)/(amide I 
+ amide II) 

Lipid/protein content 

A1240+1080/ 
A1635+1538 

(PO2
− s υ + PO2

− as υ)/(amide I 
+ amide II) 

Nucleic acid/protein content 

A1127/A835 C–O υ/C2′ endo/anti- 
conformation 

RNA/DNA content 

A835/A1240+1080 C2′ endo/anti conformation/ 
(PO2

− s υ + PO2
− as υ) 

DNA concentration 

A1030/ 
A1635+1538 

C–O υ/(amide I + amide II) Glucose/protein content  

* Abbreviation: as = antisymmetric, s = symmetric, υ = stretching. 
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specific biomarker in the MPM diagnosis. 
In addition to the spectral characterization studies, meaningful 

diagnostic information can be obtained by the multivariate analysis 
methods applied to IR spectra. First, principal component analysis (PCA) 
as an unsupervised method was applied. The mean-centered PCA was 
conducted over the whole region, 3100–2800, 1800–650, 1200–800, 
1100–900 and 1350–1100 cm− 1spectral regions. When the PCA is per
formed on all of the samples of four groups it was not possible to observe 
discrimination of different groups by considering only 2 or 3 dimen
sional scores plots due to a great deal of overlap of different groups. 
Therefore, we adapted a multistage classification strategy by elimi
nating possible classes step by step considering PCA of 4-group, 3-group 

and 2-group combinations. For example, as seen from the scores plot of 
the PCA of all 4 groups shown in Fig. 3A, control samples are easily 
discriminated from the other 3 disease groups, BE, LC and MPM. 
Therefore, the next step will be a search in 3-group combination for a 
malign sample. Some examples for the discrimination of different group 
combinations are presented in Figs. S1 and S2 of the Supplementary 
Material. Fig. S1 shows the scores plots for the group combinations C-LC- 
MPM and LC-MPM. PCA scores plots for BE-LC-MPM, BE-MPM and BE- 
LC group combinations are given in Fig. S2. The PCA scores plots shown 
in Fig. S1A demonstrated that the clusters of LC and MPM serum samples 
were clearly separated from the control samples. From Fig. S1B, it is 
observed that malign groups, LC and MPM, can be differentiated from 

Fig. 2. Bar graphs of A) saturated lipid amount, B) ester carbonyl/total lipid, C) methylene/methyl, D) lipid/protein, E) nucleic acid/protein, F) RNA/DNA, G) DNA 
concentration and H) glucose/protein area ratios of control, BE, LC and MPM groups (The degree of significance for the comparison of the diseased groups with 
respect to the control group was denoted as *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). 
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each other. Moreover, the discrimination of LC and MPM groups from 
benign exudative effusions (BE) was analyzed and a clear separation 
between BE and malign groups as two clusters was obtained in the 
3050–2800 cm− 1 spectral region (Fig. S2A). The differentiation of MPM 
and LC groups from BE group was also examined separately (Fig. S2B, 
C). 

Furthermore, in order to investigate the diagnostic significance of 
classification of MPM from the IR spectrums of serum samples, two su
pervised multivariate analysis methods, support vector machine (SVM) 
and linear discriminant analysis (LDA), were performed. SVM was 
applied to the 10-dimensional scores vectors obtained from the PCA of 
samples as described in the method section above. Classification was 
done for the following possible cases: 1. {C, BE, LC, MPM}, 2. {BE, LC, 
MPM}, 3. {BE, MPM}, 4. {LC, MPM}. The first case assumes no prior 
knowledge of the presence of any of the 4 possible groups. The second 
case assumes that one of the 3 diseases is possible. In the third and fourth 
cases it is assumed that one of the two diseases is possible. For each case, 
for different regions of the spectrum, classification performance was 
obtained for normalized spectra, first and second derivative spectra. Best 
results were obtained for the 1480–900 cm− 1 region of the spectrum 
which includes RNA-DNA bands. For PCA, this region of the spectrum 
was first baseline offset corrected, then peak normalized with respect to 
the peak at 1240 cm− 1. In addition to the normalized spectrum, 1st and 
2nd derivatives of the normalized spectra were obtained using Savitzky- 
Golay method with 9-point smoothing. In the following, PCAs were 
performed with full cross-validation. 

For the first case of 4 different groups, Fig. 3A shows the scores plot 
for the first 2 PCs of the 2nd derivative spectrum. As seen from the scores 
plot most of the Control samples are clustered together while MPM 
samples are highly scattered among other groups. The confusion table of 
the classifier model obtained from a linear SVM classifier is shown in 
Fig. 3B. Only 46 % of the MPM samples were correctly classified. It 
should be mentioned here that if the BE, LC, and MPM samples were 
combined into a single disease class D, a two class SVM classifier, to 

discriminate D from C, yields a classification model which has a 99 % 
true positive rate for class D. In other words, SVM separates the disease 
samples from control samples almost perfectly. 

In LDA classification, the best performance was obtained for 
1300–800 cm− 1 spectral region. However, comparable predictions were 
also obtained for 1480–900 cm− 1 as well as 4000–650 cm− 1 regions. 

For the first case of 4 different groups, LDA prediction was obtained 
with 87.5 % accuracy as shown in the discrimination plot (Fig. 4A). As 
can be seen from the prediction (Table S1) and confusion (Fig. 4B) 
matrices, the great majority of actual individuals were correctly pre
dicted/classified in their corresponding classes: 30 out of 30 for C, 18 
out of 26 for BE, 31 out of 31 for LC and 19 out of 25 for MPM. 

For the 2nd case of 3 disease groups, {BE, LC, MPM}, the best clas
sification was obtained from a PCA over the interval 1480–900 cm− 1 

using the 2nd derivative of peak normalized spectra described above. 
Scores plot, in PC1–PC2 plane, obtained from PCA is given in Fig. S3. 
The classifier model obtained by using a linear SVM classifier has the 
true positive rates of 44 %, 68 % and 50 % for BE, LC, and MPM groups 
respectively. 

LDA results for the 2nd case of 3 disease groups (BE, LC and MPM) 
are shown in Fig. 5. The accuracy of the discrimination in the developed 
model was 82.93 % (Fig. 5A). The 18 actual BE patients out of 26, 31 LC 
patients out of 31, and 19 MPM patients out of 25 were correctly pre
dicted in their corresponding classes (Table S2). As it is seen from 
Fig. 5B, 8 samples out of 26 of BE group were false positively diagnosed. 
These false positives in the benign group were patients with more pro
nounced inflammatory conditions including systemic lupus erythema
tosus, ankylosing spondylitis, tuberculous pleurisy, and parapneumonic 
infection. 

For the 3rd case of BE and MPM groups only, i.e. assuming that LC is 
known to be not existing, the best SVM classifier is obtained by using a 
linear SVM on the scores vectors obtained from a PCA using 2nd de
rivative spectra over the spectral range 1480–900 cm− 1. Fig. 6A, B (left 
panel) shows the PCA scores plot and the confusion table for the 

Table 4 
Changes in the wavenumbers of lipid, protein, carbohydrate and nucleic acids related functional groups.  

Band assignment Wavenumber (cm− 1) 

Control BE LC MPM 

Mean SEM Mean SEM Mean SEM Mean SEM 

CH2 antisym. stretch.  2929.19  0.22  2929.04  0.23   2928.44  0.16 ↓*  2928.48  0.17 ↓* 
Ester C––O stretch.  1740.01  0.23  1739.64  0.33   1739.49  0.34   1739.60  0.32  
Amide I  1638.92  0.33  1637.43  0.43 ↓*  1636.84  0.29 ↓***  1637.71  0.35 ↓* 
Amide II  1536.81  0.28  1535.95  0.30   1536.81  0.19   1536.95  0.33  
PO2

− antisym. stretch.  1240.64  0.28  1236.05  0.75 ↓****  1236.94  0.60 ↓****  1237.87  0.56 ↓** 
C-OH antisym. stretch.  1171.72  0.02  1171.65  0.03   1171.66  0.02   1171.67  0.02  
C–O stretch. (RNA)  1127.83  0.03  1127.35  0.07 ↓****  1127.66  0.06 ↓*  1127.70  0.06 ↓* 
C–O stretch. (glucose)  1029.94  0.06  1029.77  0.09   1030.04  0.05   1030.15  0.10  

The degree of significance for the comparison of the diseased groups with respect to the control group was denoted as * p < 0.05, ** p < 0.01, *** p < 0.001, **** p <
0.0001. 

Fig. 3. A) Scores plot in PC1–PC2 plane for the spectral region 1480–900 cm− 1, for all samples, C, BE, LC and MPM. B) Confusion table for the classification model 
obtained from SVM. 
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classifier model obtained. 
For the last case of LC and MPM groups only, i.e. assuming that BE is 

known to be not existing, the best SVM classifier is obtained by using an 
SVM classifier having a cubic kernel on the scores vectors obtained from 
a PCA using 1st derivative spectra over the spectral range 1480–900 
cm− 1. Fig. 6C, D (right panel) shows the PCA scores plot and the 
confusion table for the classifier model obtained. 

In the 3rd case of BE and MPM groups, the discrimination accuracy of 

the LDA model was 94.12 % (Fig. 7A). As shown in prediction and 
confusion matrices, 24 out of 26 and 24 out of 25 actual patients were 
correctly predicted as BE and MPM class members, respectively. How
ever, 2 BE patients were predicted as MPM patients and 1 MPM patient 
was classified as BE patient (Table S3, Fig. 7B). The LDA model was 
developed with 91.07 % accuracy for the last case of LC and MPM groups 
(Fig. 8A). All 31 actual LC patients were correctly predicted as LC pa
tients, however, the number of correctly predicted MPM patients were 

Fig. 4. The discrimination of the serums obtained from healthy control (C), benign exudative effusion (BE), lung cancer (LC), and malign pleural mesothelioma 
(MPM) individuals by supervised LDA. (A) The discrimination plot obtained in 1300–800 cm− 1 spectral region for the aforenamed groups. (B) Confusion matrix of the 
model classes. 

Fig. 5. The discrimination of the serums obtained from benign exudative effusion (BE), lung cancer (LC), and malign pleural mesothelioma (MPM) individuals by 
supervised LDA. (A) The discrimination plot obtained in 1300–800 cm− 1 spectral region for the aforenamed groups. (B) Confusion matrix of the model classes. 
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20 out of 25 (5 actual MPM patients were predicted as LC) (Table S4, 
Fig. 8B). 

4. Discussion 

In the present study, we used human blood-serum to perform char
acterization and discrimination analysis of benign and malign exudative 
pleural effusions and healthy controls by using ATR-FTIR spectroscopy 
coupled with chemometrics. The importance of serum studies in MPM 
was reported in a recent article [64]. In this review article, it was re
ported that most frequently (65 %) assessed matrix is serum due to its 
certain advantages [64]. First, these studies can include healthy controls 
together with patients groups. Second, venous blood sampling is devoid 
of major complications which can occur during or after thoracentesis 
[65]. Third, repetitive testing with blood samples for confirmation or 
during the patient follow-up is easier, moreover it does not contain a risk 
for procedure tract metastasis, which may occur due to seeding of tumor 
cells during the sample obtaining [66]. It is not clinically recommended 

when the potential complication of the procedure outweigh the benefits, 
therefore, effective blood tests can be preferable in the differential 
diagnosis of pleural effusions. Thus, routine, inexpensive, less invasive, 
and safer acquisition of biological materials like blood/serum with 
reliable results can be advantageous for diagnostic and management 
purposes. 

FTIR spectroscopy can directly reflect the structural and functional 
changes induced by pathological or environmental conditions in bio
logical systems. There are spectral differences in the serum samples 
obtained from LC and MPM patients compared to the controls and BE 
patients. The observed results such as the higher lipid content, the 
presence of qualitatively longer hydrocarbon acyl chained lipids and the 
higher triglyceride and cholesterol ester amount in the serum of both LC 
and MPM groups relative to the control and BE groups might be due to 
the higher lipid biosynthesis. It has been accepted that lipid metabolism 
is involved in many aspects of cancer cell biology as a major metabolic 
pathway. The principles underlying the production of lipids, as well as 
nucleic acids and protein biosynthesis can provide important insights 

Fig. 6. A) PCA scores plot for {BE, MPM} samples using 2nd derivative spectra over the spectral range 1480–900 cm− 1. B) Confusion table and C) PCA scores plot for 
{LC, MPM} samples using 1st derivative spectra over the spectral range 1480–900 cm− 1. D) Confusion table. 

Fig. 7. The discrimination of the serums obtained from benign exudative effusion (BE) and malign pleural mesothelioma (MPM) individuals by supervised LDA. (A) 
The discrimination plot obtained in 1300–800 cm− 1 spectral region for the aforenamed groups. (B) Confusion matrix of the model classes. 
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into the understanding of cell growth and proliferation. Lipids also play 
an active role in the signaling processes which is involved in cell 
transformation and tumor development [67]. Abnormal levels of lipids 
are closely linked to carcinogenesis and metastasis of many cancer types. 
High expression of fatty acid synthase, an important enzyme that cata
lyzes the synthesis of endogenous long chain fatty acid has been 
observed in cancer cells [68]. Fatty acid synthase overexpression in 
mesothelioma tissues was reported by Gabrielson et al. [69], confirming 
the higher lipid synthesis and thus our results. Increased triglyceride 
amount in serum of LC and MPM patients that we have found was also 
consistent with those demonstrated in recent studies as elevated plasma, 
serum and pleural fluid triglyceride levels in lung, breast cancer and 
mesothelioma patients [39,70–72]. The lipids in the body fluids of 
mesothelioma and gastric cancer patients were also reported as rela
tively longer acyl chained than the lipids in healthy individuals, veri
fying our result indicating the presence of qualitatively longer 
hydrocarbon acyl chained lipids in the serum of both LC and MPM 
groups (Fig. 2A–C) [39,58]. 

The slight decrease observed in all the amide modes indicates a 
decrease in protein content. The increase in the lipid/protein ratio is 
mostly attributed to a higher lipid content, indicating an alteration in 
the lipid metabolism in the malignant groups. It may also result from a 
lower protein content. Since the abundance of the human serum albu
min protein is higher compared to other proteins in the blood serum, this 
decrease cannot be attributed to other proteins [73]. Therefore, this 
decrease can be connected with the decrease in serum albumin levels. 
Serum albumin provides a simple method for determining visceral 
protein function. Decreasing in inflammatory conditions, albumin is a 
well-known negative acute phase protein [74]. In cancer, both inflam
mation and malnutrition may suppress albumin synthesis, and hence, it 
is used to evaluate the patient nutritional status, cancer severity, pro
gression, and prognosis [73,75,76]. Several studies have reported that 
there is no hypoalbuminemia in the early stages of cancer, but as the 
disease progresses albumin levels fall significantly [75–77]. 

The observed increase in the phosphate level of nucleic acids for 
malignant serum samples (LC, MPM) and the increase in nucleic acid/ 
protein ratios of the diseased groups' serum samples (Fig. 2E) suggest an 

increased nucleic acid content in comparison to proteins in the patients. 
Supporting our study, an increase in the integrated area in the phos
phates of nucleic acids for cervical cancer tissue samples was reported by 
FTIR microspectroscopy [78]. It was proposed that this deviation could 
be due to changes in the levels of either RNA or DNA, and they calcu
lated RNA/DNA intensity ratios based on I(1121)/I(1020), as reported 
earlier by Argov et al. [79,80] for colon cancer. This ratio was found as 
higher in malignant samples than those in healthy tissues. In our study, 
since the serum samples do not show the band at 1020 cm− 1 related to 
DNA, the other DNA band at 835 cm− 1 was used to find out RNA/DNA 
area ratios (Table 3, Fig. 2F). RNA/DNA ratio for BE group remained 
almost the same as in control serum samples, while it tended to increase 
in malignant serum samples and it was found significantly higher in the 
serum samples of MPM patients, consistent with various cancer studies 
published by other groups [79,80]. The observed decrease in DNA 
concentration also showed that this increase in RNA/DNA ratio is due to 
the increase in RNA amount. The observed significant change in the 
RNA/DNA area ratio, especially in MPM, was an important spectral 
output of the present study. Circulating cell-free RNAs obtained from 
plasma and serum, in the form of either messenger RNA or microRNA, 
are promising biomarkers in the diagnosis of the malignancies including 
MPM [81,82]. We consider that our results related to RNA amount in the 
serum samples of MPM patients are in agreement with those findings. 
The gold standard for RNA quantification is real-time reverse tran
scription PCR, but in this type quantification, the isolation of circulating 
cell-free RNAs is needed. So, their clinical use as a cancer biomarker 
should be validated by multi-center research studies for standardized 
methodologies, particularly sampling and isolation techniques [81]. 
However, by IR spectroscopy, we can obtain the change in RNA amount 
directly without doing any preprocessing to the sample, and this change 
contributes to the identification of individuals who may have MPM 
disease, with the machine learning techniques used. 

In cancer, there is a disturbed glucose metabolism favoring increased 
uptake and use of glucose by tumor cells, known as the Warburg effect. 
Those disturbances may include gluconeogenesis along with glycolysis 
and mitochondrial metabolism [83]. Louis et al. measured metabolic 
changes in plasma of lung cancer patients and demonstrated 

Fig. 8. The discrimination of the serums obtained from lung cancer (LC) and malign pleural mesothelioma (MPM) individuals by supervised LDA. (A) The 
discrimination plot obtained in 1300–800 cm− 1 spectral region for the aforenamed groups. (B) Confusion matrix of the model classes. 
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significantly higher levels of glucose suggesting a possible activation of 
gluconeogenesis [84]. In our study, the result related to the carbohy
drate level is in agreement with those of reported in the literature 
[83,84] (Fig. 2H). However, a review summarizing recent studies 
regarding novel metabolites for early lung tumor detection and evalu
ation of disease progression proposed significantly lower glucose levels 
in both lung tumor tissue and biofluid samples of lung cancer patients 
[85]. All these results reveal that further studies are required in this 
regard, including both disease and patient related factors such as his
tological subtype, disease stage, nutritional status, and comorbidities. 

Based on all the compositional differences between the biomolecules 
of the MPM, LC, BE and control groups mentioned above, we can 
conclude that these differences contribute significantly to the differen
tiation of the groups from each other. We reported, for the first time, the 
spectral parameters such as the higher saturated lipid content, the 
presence of qualitatively longer hydrocarbon acyl chained lipids, the 
higher triglyceride-cholesterol ester amount and increased lipid/protein 
ratio in the serum of both LC and MPM groups relative to the healthy 
control and BE groups can be used as biomarkers in cancer diagnosis. 
The higher RNA/DNA ratio was found to be significant only for MPM 
group which can be used as a specific biomarker in the diagnosis of 
MPM. Such findings prove the diagnostic potential of serum IR spec
troscopy in MPM diagnosis. 

It is not easy to discriminate malignant pleural lesions from benign 
pleural lesions, and currently the reported sensitivity of MPM cytolog
ical diagnosis ranges from 30 % to 75 % [86]. Imaging techniques are 
non-specific in differentiating MPM and benign pleural pathologies. 
Although some blood tests such as soluble mesothelin-related proteins 
(SMPRs), megakaryocyte potentiating factor (MPF), circulating tumor 
cells (CTC), and circulating tumor DNA (ct-DNA) can be used as ad
juncts, none have sufficient sensitivity to be utilized alone. The latter 
two provide high specificity, but poor sensitivity (e.g. 28 % sensitivity, 
95 % specificity) for CTC and accuracy improves when cancer progresses 
to more advanced stages [87,88]. In the absence of reliable noninvasive 
diagnostic tests, currently, pleural biopsy remains the only standard 
diagnostic method for MPM. So, there is a critical need for a sensitive, 
specific, non-invasive, easily accessible and also cost-effective screening 
method to diagnose MPM patients at early stages in the high-risk areas, 
asbestos-exposed populations, and families with BAP1 germline muta
tions. Even if the key elements of an effective screening test are both 
sensitivity and specificity, sensitivity has a higher priority to ensure the 
lowest false-negative rate. In our test, when all groups were evaluated 
together using the SVM technique, lower sensitivity values were ob
tained for MPM prediction compared to other groups (Fig. 3), but this 
value is still higher than the aforementioned blood tests [87,88]. How
ever, when MPM-BE or MPM-LC were evaluated separately, better 
sensitivity values were observed in comparison to the above-mentioned 
blood techniques (Fig. 6). Furthermore, the LDA technique, which is 
applied for the first time in this study for MPM diagnosis and its 
discrimination from lung cancer, benign exudates and healthy controls, 
presented noteworthy prediction/classification performance. For 4 
different groups, LDA prediction was obtained with 87.5 % accuracy and 
for 3 different groups (BE, LC and MPM), the accuracy of the discrimi
nation in the developed model was 82.93 %. The discrimination accu
racy of LDA model was 94.12 % and 91.07 % for a two-group case (BE 
and MPM groups, LC and MPM groups, respectively). So, higher accu
racy for the identification of MPM was acquired. LDA analysis per
formed in the spectral region (1300–800 cm− 1), where the nucleic acids 
associated bands are located, clearly showed that the changes in these 
bands contribute to identifying the group members with quite high 
accuracy. 

Such findings also prove FTIR's promising potential for diagnosis 
with a higher accuracy. A rapid diagnostic serum test such as infrared 
spectroscopy would be beneficial by reducing current diagnosis times 
and increasing the chance of successful treatment. It was also previously 
reported that FTIR is a rapid, inexpensive, an easy-to-use, and operator- 

independent spectroscopic tool that can analyze even small amounts of 
samples with great potential as a screening and diagnostic tool for a 
range of diseases in the clinical setting [31,89,90]. 

Since FTIR spectroscopy detects very small molecular changes in the 
blood serum, it may give information about the changes related to tumor 
long before they become visible to the pathologists. Moreover, while the 
knowledge and experience of the pathologist in biopsy play an impor
tant role in diagnosis, in our method, the results are not dependent on 
the subjective observation of an operator, but rather on computational 
analyses of the spectra. Thus, all these inferences show the importance 
of our technique in early diagnosis. 

Despite these promising results, our study has some limitations. 
Almost all of the lung cancers in the sample group are in the advanced 
stage (metastatic stage) and with the adenocarcinoma subtype. More
over, data unavailability in terms of survival and smoking status 
(missing information of almost half of the patients) are another limita
tions of this study. So, we could not evaluate the correlation between 
markers identified and stages of malignancy or survival. However, our 
study can be a guide for future studies. Large-scale studies may be car
ried out using techniques combining FTIR and pattern recognition 
methods to investigate the parameters of a predictive model which 
comprehensively reflect the markers dependence on stages of malig
nancy or survival. 

5. Conclusion 

The results of the current study demonstrated the biomolecular 
composition and structural differences between the serum samples of 
the disease (BE, LC and MPM) and the control groups. These biomole
cular changes have diagnostic significance and enable the discrimina
tion of malignant samples from controls and benign ones. The 
alterations in lipid metabolism include the variation in length and 
saturation of the acyl chains, and the amount of carbonyl group in the 
fatty acid esters that were observed in the malignant serum samples. 
These variations contributed to the separation of the malign groups from 
benign ones. Furthermore, it has been shown that the lipid/protein ratio 
increased in the serum of both LC and MPM groups relative to the 
control and BE groups and that the serum of MPM patients has a higher 
RNA/DNA area ratio. These results are of clinical importance. The 
observed significant change in the RNA/DNA area ratio for the MPM 
group was an important spectral output of the present study. While all 
the lipid-related ratios can be used as biomarkers in malignant group 
diagnosis, the RNA/DNA ratio can be used as a biomarker for the 
diagnosis of MPM. A very successful separation of LC and MPM groups 
from the control group was obtained by PCA. Moreover, the MPM group 
was successfully differentiated from LC and BE serum samples. In this 
study, the generated classification models by SVM and, especially, by 
LDA identified the group members quite well not only for controls but 
also for LC and MPM compared to the methods using traditional blood 
tests. The value of our present study comes from the examination of 
blood serum samples that are readily available in each individual, 
regardless of pleural fluid status. Since pleural fluid occurs at the late 
stages of cancer, an early diagnosis from easily collected blood serum is 
a very valuable approach. All the results of the present study point out a 
potential value of serum-based FTIR spectroscopy technique for serving 
as a screening tool targeting those having a history of asbestos exposure. 
The structural studies as in the current study with easily accessible 
biofluids such as serum will have significant contributions to better 
understand the diseases, their progression, and the effect of 
chemotherapeutics. 
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