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Abstract: Background: The recent development of attenuated total internal reflection- Fourier transform infrared 
(ATR-FTIR) spectroscopy has provided a new avenue for distinguishing cancerous tissue from normal one. The focus 
of this investigation is to develop a novel spectral discriminant method for thyroid malignant and benign samples, 
intraoperatively. Methods: A total of 112 cases of human thyroid tissues, were obtained and underwent ATR-FTIR 
spectroscopy scanning intra-operatively. The average ATR-FTIR spectra of nodular goiter and thyroid carcinoma was 
built. Standard normal variate (SNV) method was applied to cut down scatter effect, and support vector machine 
(SVM) discrimination model was used to discriminate spectra of benign thyroid diseases from malignant one. Leave-
one-out cross validation (LOOCV) was exploited to evaluate SVM discriminant effects. Results: 67 nodular goiter 
(benign) and 45 thyroid carcinoma (malignant) were pathologically diagnosed. The average ATR-FTIR spectra of 
nodular goiter was significantly different from thyroid carcinoma group. The sensitivity, specificity, and accuracy rate 
of the SVM algorithm’s discriminants were 84.4%, 88.0%, and 86.6%, respectively. Conclusion: A novel approach to 
distinguish nodular goiter from thyroid carcinoma intraoperatively by using the ATR-FTIR technique combined with 
mathematical procedures of SVM, was established and demonstrated.
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Introduction

Thyroid nodule is one of the most common 
physical signs indicating thyroid diseases, 
whether malignant or benign diseases, espe-
cially in the cases of women [1]. It is manifested 
that thyroid cancer shows up as a solitary thy-
roid nodule in 95% of cases [2]. Early and accu-
rate diagnosis of malignant and benign thyroid 
diseases, which is closely associated with cor-
responding treatment and prognosis, is obvi-
ously extremely important. While currently, the 
preoperative diagnostic methods mainly 
include ultrasonography, computed tomogra-
phy, and thyroid scanning. But the above meth-
ods have several disadvantages such as 
depending largely on pathologists’ judgments, 
complicated procedures and expensive instru-
ments. Hence it is very urgent to develop a 
simple and rapid method for diagnosing thyroid 
diseases at the early stage. Current widely 
practiced intraoperative methods for rapidly 
assessing thyroid tissues status include frozen-
section and touch imprint cytology [3]. However, 

these approaches have a number of disadvan-
tages including being labor intensive, time-con-
suming and having variable sensitivity. Frozen-
sectioning and analysis of the samples require 
a skilled histopathology technician and a dedi-
cated pathologist for each surgical procedure. 
Therefore, intensive attention should be played 
on seeking an alternative method that can 
improve the efficiency and accuracy to differen-
tiate between benign and malignant thyroid 
diseases.

An attenuated total internal reflection-Fourier 
transform infrared (ATR-FTIR) technique, with 
the absorption of electromagnetic radiation in 
the middle infrared range, is one of the latest 
and least expensive techniques used to study 
the structure and quantity of biochemical mate-
rials such as nuclear acids, proteins, carbohy-
drates, lipids [4]. In addition, cells undergo dra-
matic changes in biomolecules’ expression and 
structural abnormality, such as nuclear acids, 
proteins, during the onset and progression of 
cancer. As FTIR spectroscopy can reveal bio-
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Table 1. Clinical characteristics of 112 patients with thyroid diseases

Patients  
characteristics

Mean  
age ± SD

Sex 
DiagnosisMale 

(n)
Female 

(n)
Thyroid carcinoma 45.46±10.25 14 31 Papillary thyroid carcinoma
Nodular  goiter 51.49±14.20 11 56 Thyroid adenoma

chemical changes in diseased tissues and cells 
[5], it has been used to study gastric cancer [6], 
cervical cancer [7], esophageal cancer [8], gall-
bladder cancer [9] in recent years. It has also 
been applied to thyroid diseases research [10]. 
For example, FTIR spectroscopy coupled with 
Fisher’s discriminant analysis was used to dis-
tinguish normal healthy, benign and malignant 
thyroid nodules before surgery through the sub-
jects’ skin and the result shows that the meth-
od has achieved a high discriminant accuracy 
of 88.8% in our previous research work [11]. 
Therefore, FTIR spectroscopy can be used to 
detect all of above changes in tissues at the 
molecular level and then help the surgeons to 
obtain prompt and accurate diagnosis. 

The aim of this investigation is to develop a 
novel and accurate diagnostic approach-ATR-
FTIR technique to differentiate malignancy 
from benign thyroid tissues. Specific emphasis 
will be placed on discriminating spectra 
between malignant and benign samples, by 
applying support vector machine (SVM) classifi-
cation. The results of the SVM classification 
were compared with those of frozen-section 
examination and the final pathological diag- 
nosis.

Materials and methods

Samples

A total of 112 cases with thyroid nodules under-
went surgery in Peking University Third Hospital 

scopic scanning apparatus in the shortest pos-
sible time. Then samples were processed as 
paraffin embedded blocks for pathologic diag-
nosis. 67 patients were diagnosed as nodular 
goiter and the others as thyroid carcinoma 
pathologically. This study was approved by 
Peking University Bio-medical Ethics Committee 
and Institutional Review Board of Peking 
University Third Hospital (IRB00001052-
11034) and written informed consent was 
obtained from each participant.

Instrumentation

Samples were measured using attenuated total 
reflection (ATR) equipped with a liquid-nitrogen-
cooled mercury cadmium telluride detector 
(Fourier transform infrared spectrometer, WQF-
660, Beijing Rayleign Analytical Instrument Co., 
Ltd, Beijing, China). Mid-infrared radiation was 
passed to and from the ATR accessory. Spectra 
were measured at a resolution of 8 cm-1, and 
32 scans were combined to achieve an accept-
able signal-to-noise ratio, with wave number 
ranging from 1900 to 1050 cm-1. Background 
signal was averaged over 32 scans prior to 
each measurement and was subtracted from 
sample spectrum automatically to eliminate 
atmospheric effects. Collection of each spec-
trum usually took around 2 min.

Data analysis

A total of 112 spectra were obtained. The peak 
position and intensity of each band were mea-

Figure 1. The fundamental mechanism of the discriminant analysis SVM algo-
rithm.

during February, 2013 to 
March, 2015. The average 
age of these patients was 
48 ± 12 year old (Table 1). 
Their preliminary diagno-
ses were made mostly 
based on detailed history 
taking, thorough physical 
examination of thyroid, 
and various correspond- 
ing examinations includ- 
ing serology, biomedical 
tests, and especially the 
findings of ultrasonogra-
phy. Samples were ob- 
tained from the center of 
the thyroid lesions during 
operation, and were cut 
into cubes (1.0 cm × 1.0 
cm × 0.5 cm) and placed 
on ATR detection plate 
attached to FTIR spectro-
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sured using SpaPro version 2.2 software 
(College of Chemistry and Molecular Engi- 
neering, Peking University, Beijing, China). FTIR 
parameters of nodular goiter (benign) and thy-
roid carcinoma (malignant) were compared. 
Tests of normal distribution and variance of 
homogeneity were performed for all parame-
ters. Normally distributed data were analyzed 
with Student’s t test. The ROC analysis has also 
been conducted to get the sensitivity, specifici-
ty, AUC. SPSS version 20 software (IBM, 
Armonk, New York, USA) was used for these 
statistical analyses. The pre-processing steps, 
which included analysis and model construc-
tion, and support vector machine (SVM) classi-
fication were taken in MATLAB R2013a 
(MathWorks, Inc., Natick, Mass., USA). With the 
purpose of weaking the effect to the accuracy 
of modeling from the differences of sample 
shape, size, density and nonspecific scatter at 
the surface of the samples, standard normal 
variate (SNV) method was adopted in the analy-
sis [12]. Each spectra was preprocessed by 
SNV, the spectroscopic data of sample i at 
wavenumber k could be standard normalized 
as (1): 
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Then the discriminant analysis SVM algorithm, 
which employs a non-linear mapping to trans-
form the original training data into higher 
dimensional data and searches for the linear 
optimal separating hyperplane within this new 

By projecting the data using a mapping Ø(x), 
nonlinear decision boundaries in the input data 
space can be obtained. The separating hyper-
plane is found by maximizing distances to its 
closest data points, embedding it in a large 
margin which is defined by support vectors, as 
is shown in Figure 1. Finding the hyperplane 
while maximizing the margin is formulated as 
the following optimization problem:  
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where C is the cost parameter constant, ip  is 
parameter for handling non-separable data, 
and the index i labels the N training cases. Note 
that 1,1y -! " , is the class labels, and xiis the 
independent variables.

Nonlinear classification using the Gaussian ker-
nel as following equation (4) was investigated:
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where v  is the kernel width, which controls the 
amount of the local influence of support vec-
tors on the decision boundary.  

For the sake of testing the efficiency of SVM 
algorithm, five parameters, including sensitivi-
ty, specificity, accuracy, positive predictive 
value and negative predictive value, were cal-
culated for ATR-FTIR data. Leave-one-out cross 
Validation (LOOCV), which attempts to predict 
the data of the unknown sample with the data 
of training sample set, was employed to evalu-
ate the discriminating power of SVM method. 
The results of pathological diagnosis served as 

Table 2. Preliminary assignments of characteristic 
bands of FTIR spectra of thyroid samples

Peak position (cm-1) Vibrations of the 
groups

Reference  
substances

1640 Amide I band Protein
1550 Amide II band Protein
1460 δC-H Lipid
1400 δC-H, δC-O-H Lipid
1250 νas PO2

- Nucleic acid
1160 νC-O, δC-O-H, δC-O-C Carbohydrate
1080 νs PO2

- Nucleic acid
νas, asymmetric stretching vibration; Vs, symmetric stretching vibra-
tion δ, bending vibration.

dimension, as is shown in Figure 1, was 
carried out to distinguish benign thyroid 
tissue from thyroid cancer [13]. The princi-
ple is explained as follows [14].

For labeled training data of the form 
i i, 1, ,x y i nf!^ h " ,, where xi is an n-di- 

mensional. 

Feature vector and 1,1y -! " , the labels, 
a decision function is found representing a 
separating hyperplane defined as (2):

f(x)=(<ω,Ø(xi)>+b)                                     (2)

where ω is the weight vector, b is the bias 
value, and Ø(x) is the kernel function. 
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standard, and were compared with findings of 
frozen-section examination and the classifica-
tion from the SVM. In all instances P<0.050 
was considered statistically significant.

Results

Pathological findings

Thyroid samples were fixed and sent to patholo-
gists for diagnosis immediately after ATR-FTIR 
spectroscopy scanning. 67 nodular goiter 
(benign) and 45 thyroid carcinoma (malignant) 
were pathologically diagnosed, as summarized 
in Table 1. The accuracy of intraoperative fro-
zen- section diagnosis was 100 percent.

ATR- FTIR spectra features of samples

Seven peaks were identified and given a pre-
liminary assignment as nucleic acid, protein, 
lipid or carbohydrate in Table 2. Significant dif-
ferences between nodular goiter and thyroid 
carcinoma tissues are shown Table 3. The para- 

FTIR spectra of nodular goiter (benign) and thy-
roid carcinoma (malignant). 

Discriminant analysis

Discriminant model was developed to discrimi-
nate nodular goiter (benign) from thyroid carci-
noma (malignant) and LOOCV was utilized to 
evaluate the efficiency of SVM model. Contrast 
between FTIR spectroscopy technique and the 
standard pathologic diagnosis is presented in 
Table 4. ROC analysis indicates that the sensi-
tivity, specificity, positive predictive value, neg-
ative predictive value and accuracy of SVM 
method are 84.4%, 88.0%, 82.6%, 89.3% and 
86.6%, respectively. The ROC curve is present-
ed in Figure 3. The original FTIR spectra of thy-
roid carcinoma (malignant) and nodular goiter 
(benign) samples and the same spectra after 
preprocessing of standard normal variate (SNV) 
are shown in Figure 4, in which the differences 
between FTIR spectra of benign and malignant 
tissues become pronounced, and the boundary 
of two clusters is clearer.

Discussion

In order to monitor and characterize the spec-
tral properties of benign and malignant tumor 
cells, various spectroscopy techniques are 
applied, including X-ray photoelectron spec-
troscopy [15], micro-spectroscopy [16], Raman 
spectroscopy [17] and Fourier transmission 
infrared spectroscopy [18]. FTIR spectroscopy, 
which is dependent on infrared radiation pass-
ing through a thin sample with photons of spe-
cific wavelengths being absorbed by specific 
functional groups, is a well-established tech-
nique to examine and visualize multi-compo-
nents in the field of view [19]. When equipped 

Table 3. FTIR spectra comparisons between nodular goiter and 
thyroid carcinoma

Peak Intensities
Thyroid carcinoma Nodular goiter Statistical 

t-tests P
N Mean ± SD N Mean ± SD

I1640 45 0.43±0.06 67 0.42±0.04 0.928 0.355
I1550 45 0.23±0.05 67 0.22±0.05 0.847 0.399
I1460 45 0.14±0.04 67 0.13±0.03 2.784 0.007*
I1400 45 0.15±0.04 67 0.13±0.03 2.621 0.011*
I1250 45 0.14±0.04 67 0.12±0.03 2.602 0.011*
I1160 45 0.13±0.04 67 0.10±0.02 3.392 0.001*
I1080 45 0.15±0.01 67 0.12±0.03 2.543 0.013*
I: the peak intensity; *indicates that P<0.05.

Figure 2. Average FTIR spectra of nodular goiter (be-
nign) and thyroid carcinoma (malignant) with wave-
number ranging from 1050 to 1900 cm-1.

meters with a significant dif-
ference between the two 
groups were: peak positions’ 
intensity I1460 and I1400 
(related to lipid), I1240 and 
I1080 (related to nucleic 
acid), and I1160 (related to 
carbohydrate). However, no 
single parameter change 
could sufficiently distinguish 
the two groups by itself. 
Therefore, a single parameter 
could not be used as a mark-
er to detect malignancy. Fi- 
gure 2 shows the average 
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Table 4. Discrimination diagnosis between 
spectroscopy with SVM method and pathol-
ogy
Diagnosis of FTIR 
spectroscopy with 
SVM method

Pathological diagnosis
Thyroid 
cancer

Nodular 
goiter Sum

Thyroid cancer 38 8 46
Nodular goiter 7 59 66
Sum 45 67 112

with an attenuated total internal reflection ele-
ment, a series of FTIR-related problems, espe-
cially sample thickness, could be resolved, per-
fectly. ATR-FTIR spectroscopy is increasingly 
popular because of the facts that sample prep-
aration is barely required, the inherent surface 
sensitivity allows highly absorbing samples to 
be studied and, above all, the optical path 
length is typically independent of sample thick-
ness [20, 21].

As is known, human biological tissues’ main 
constituents of substances are DNA/RNA, pro-
teins, carbohydrates and lipids; while previous 
researches indicate that these bio-substances 
could be characterized by distinct vibrational 
absorption features in the ATR-FTIR spectral 
region, as is shown in Table 2 [22]. When 
affected by pathogenic factors, such as radio-
active and arsenic substance, serious patho-
logical changes may occur in tissues, which 
firstly show up as variations at the molecular 
level and could affect the biochemical sub-
stances’ compositions of biological entities, 
afterwards [23]. While FTIR spectroscopy could 
differentiate cells or tissues based on their 
characteristic spectral properties, which reflect 

the biochemical substances’ composition and 
structure in cells, and peak intensity level can 
be measure the relative content of a bio- mole-
cule, roughly. As we can know in Table 3 and 
Figure 2, the peak intensity that presents the 
nucleic acid I1250 is significantly higher in thy-
roid carcinoma than nodular goiter, indicative 
of enhanced cell proliferation in the malignant 
tissue, with more nucleic acid produced and 
also released during cell necrosis or apoptosis. 
Similarly, the peak intensity I1640, I1550, 
I1460, I1400, I1160 and I1080 are distinctly 
were increased in thyroid carcinoma tissues, 
meaning that more protein, lipid and carbohy-
drate was contained in the malignant tissue, 
which is likely to result from a faster cell 
metabolism. 

In our study, the results obtained from applying 
ATR-FTIR spectroscopy combined with support 
vector machine method to analyze the real-
time infrared spectral data of thyroid tissues 
intra-operatively, show that, the sensitivity, 
specificity, and accuracy were all high, indicating 
that this technique has the potential to distin-
guish nodular goiter from thyroid carcinoma. 
The accuracy of intraoperative frozen-section 
diagnosis in the present cohort was 100 per-
cent. However, the results vary greatly in the 
literature, with sensitivity ranging from 66 to 
68.8 percent, specificity from 99 to 100 per-
cent [24, 25]. Although frozen section examina-
tion is a vital tool to the surgeons for determin-
ing whether to undertake the further radical 
surgery operation, it has several limitations. 
Above all, the consequence of intraoperative 
frozen section diagnosis is usually unstable 
and errors like the delayed diagnosis or misdi-
agnosis often occur due to the rush time, the 
finite capacity of pathologists, which even leads 
directly to a major controversy that whether 
should determine the reasonable resection 
range according to intraoperative frozen sec-
tion [26-28]. Moreover, even fast frozen section 
examination generally takes about 30 minutes, 
which is relatively longer than the time that a 
total thyroidectomy actually need and may fur-
ther prolong the time of surgery and anesthe-
sia. Last, but far from least, pathological diag-
nosis is an invasive examination, which would 
destroy the samples permanently and irrever- 
sibly. 

In contrast, the ATR-FTIR spectroscopy owns 
the nature of efficiency, only with the samples 
mounted on detecting device immediately with-

Figure 3. ROC analysisresult of SVM method: the val-
ue of AUC is 0.866, 95% CI [0.768, 0.953], P<0.000.
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out no special pretreatment and this procedure 
taking about 2 min. Meanwhile, another advan-
tage of ATR-FTIR spectroscopy is that it can 
save human from the complicated clinical work, 
because of that ATR-FTIR spectroscopy is sim-
ply based on spectral parameters related to the 
biochemical structural changes at the molecu-
lar level and calculated by a computer automat-
ically. Besides, ATR-FTIR spectroscopy com-
bined with SVM method is an objective rather 
than subjective procedure, which could exclude 
mistakes made by human. Since SVM is one of 
the machine learning algorithms based on sta-
tistic theory, it has unique advantages in solv-
ing small sample, non-linear and high dimen-
sion mode pattern discrimination. And it could 
build a set of hyperplanes in a high dimensional 
space by the pre-selected nonlinear mapping, 
which can be used for classification and regres-
sion [29]. With appropriate non-linear mapping 
to a sufficiently high dimension, a decision 
boundary can separate data into two clusters. 
It has been said that SVM could compensate 
the influence of uncertainty and nonlinearity in 
spectral quantitative analysis due to its high 
accuracy and good generalization ability [30]. 
Therefore, ATR-FTIR spectroscopy combined 
with SVM discrimination system may have the 
potential to offer a new, safe and effective 
alternative in the diagnosis of classifying nodu-
lar goiter from thyroid carcinoma and helping 
physicians to avoid unnecessary mistakes. 
With the development of further ATR-FTIR tech-

nology and deeper improvement of tumor 
understanding, we believe that this technique 
will soon turn out to be a routine screening tool 
to stage and grade the tumors in clinic setting 
and help surgeons solving their most stressing 
problems like how to make rapid diagnosis, 
decide the extent of surgical dissection and 
avoid unnecessary tissue resection in surgery. 

Conclusions

A novel approach to distinguish nodular goiter 
from thyroid carcinoma by using the ATR-FTIR 
technique combined with mathematical proce-
dures of SVM, was established and demon-
strated. The results of this study show that its 
accuracy rate can reach up to 86.6 percent. It 
is anticipated that the ATR-FTIR combined with 
SVM approach turns out to be a useful diagnos-
tic tool in clinic.
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