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Introduction

Colorectal cancer is the third and the second most common 
cancer in men and women respectively, and accounts for 
around 10% of global cancer incidence [1]. It has the high-
est incidence at ages 40 to 50. The 5-year survival rate for 
colon cancer at stages I-IIB (TNM Classification of Malignant 
Tumours) is 74  −  58%, and drops to 46  −  5.7% at stages III 

and IV. Stage IIIA was an exception—it has a 5-year survival 
rate as high as 73% [2]. Early diagnosis is the most effective 
way of thwarting cancers. However, the symptoms of early-
stage cancers are rather unobvious and cannot be detected 
even with advanced equipment [3]. Some of the differences 
between normal cells and rudimentary cancerous cells are 
too slight to be detected by prevalently used morphological 
methods.
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Abstract
This paper attempts to investigate the feasibility of using Raman spectroscopy for the 
diagnosis of colon cancer. Serum taken from 75 healthy volunteers, 65 colon cancer patients 
and 60 post-operation colon cancer patients was measured in this experiment. In the Raman 
spectra of all three groups, the Raman peaks at 750, 1083, 1165, 1321, 1629 and 1779 cm−1 
assigned to nucleic acids, amino acids and chromophores were consistently observed. All of 
these six Raman peaks were observed to have statistically significant differences between 
groups. For quantitative analysis, the multivariate statistical techniques of principal component 
analysis (PCA) and k nearest neighbour analysis (KNN) were utilized to develop diagnostic 
algorithms for classification. In PCA, several peaks in the principal component (PC) loadings 
spectra were identified as the major contributors to the PC scores. Some of the peaks in the 
PC loadings spectra were also reported as characteristic peaks for colon tissues, which implies 
correlation between peaks in PC loadings spectra and those in the original Raman spectra. 
KNN was also performed on the obtained PCs, and a diagnostic accuracy of 91.0% and a 
specificity of 92.6% were achieved.

Keywords: Raman spectroscopy, serum, colon cancer, operation, diagnosis, 
principal component analysis, k nearest neighbour analysis
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Conventional methods for colon cancer detection include 
colonoscopy, fecal occult blood test (FOBT) and sigmoidos-
copy. Among those, colonoscopy is the gold standard for the 
assessment of colon cancer. But it is invasive, subjective and 
time-intensive [4, 5]. FOBT, which is recommended in many 
countries as the screening method [6], is much less sensitive than 
colonoscopy and may have a higher rate of false positives [7].

Serum contains a large amount of biomarkers. It is an 
informative testing object for cancer detection. Testing of 
serum is non-invasive and relatively economical compared to 
tissue imaging techniques and is thus a good candidate for 
cancer screening.

Contrary to conventional detection methods, optical spectr
oscopy on serum provides us a possibility to diagnose diseases 
non-invasively. Raman spectroscopy is based on inelastic vibra-
tional scattering. Because of this mechanism, it can detect the 
secondary construction of molecules and is called fingerprint 
spectroscopy. The Raman techniques can detect the differences 
in cells and tissues on a molecular level [8]. Raman spectr
oscopy has been recognized as a potential method for cancer 
diagnosis, and has achieved promising results [9, 10]. Since 
water only has broad bands at the higher wavenumber region 
of 2500–4000 cm−1[11], Raman is suitable for biofluid detec-
tion. In addition, several types of serum biomarkers for colon 
cancer have been verified, including tumor-associated antigens, 
cytokines, cell proliferation proteins and other DNA/RNA bio-
markers [6]. Therefore, the combination of Raman technique 
and serum detection has foreseeable clinical applications.

Several types of Raman techniques have been used for 
the screening of colon cancers. Many studies on tissue detec-
tion using Raman have been conducted. Auto-fluorescence 
generated by endogenous porphyrins has been found to have 
significant differences between normal and colon adenocarci-
noma samples [12]. Also, fourier transform infrared micros-
copy (FTIR-MSP) performed on colonic tissues can be used 
to detect the relapse of crypts [13]. However, these tissue 
detection methods are invasive and unsuitable for large-scale 
screening. Human serum has been measured using surface-
enhanced Raman spectroscopy (SERS) for the diagnosis of 
colorectal cancer, and has achieved a sensitivity of 97% and 
specificity of 100% [14]. Although SERS can achieve a high 
sensitivity, the preparation of Raman enhancement substrates 
is hard to control and sometimes very complicated [15]. In this 
paper, we attempted to apply resonance Raman spectroscopy 
on human serum to observe Raman resonance peaks which 
were hard to detect with standard Raman [16].

Because only subtle variations exist in the Raman spec-
tra of serum between different groups, it is essential to apply 
certain chemometric methods. Principal component analysis 
(PCA) and k nearest neighbours (KNN) were selected for 
the analysis of the obtained Raman spectra. Both of these 
two methods have been used successfully for the analysis of 
spectroscopy data [17–20]. PCA is a commonly used multi-
variate method for the dimension reduction of spectroscopy 
data. It can do this very effectively by projecting the original 
spectra into lower-dimension principal component subspaces 
while simultaneously retaining the key spectral information. 
KNN is a classical pattern recognition algorithm in machine 

learning. It classifies a point depending on the classification of 
the k nearest neighbouring points. KNN was used in this study 
to calculate the classification accuracy of principal comp
onents (PCs) obtained from the PCA model.

The study examines serum taken from pre-operative colon 
cancer patients (65 samples) and post-operative colon cancer 
patients (60 samples, a subset of pre-operative colon cancer 
patients) using Raman spectroscopy, and compares them with 
the controls (75 samples). Raman peaks in each group were 
assigned and compared; biomedical explanations of the peaks 
were discussed. The data reduction method of PCA and subse-
quent classification method of KNN were used consecutively 
on the Raman spectra to see the prediction accuracies.

Materials and methods

Sampling

A total of 65 pre-operative colon cancer patients, 60 post-
operative colon cancer patients (a subset of pre-operative 
colon cancer patients) and 75 healthy volunteers participated 
in our experiment. All serum samples were obtained from 
the Tumor Hospital of Liaoning Province. For colon can-
cer patients, serum was collected both before and after the 
operation. Blood was phlebotomized before breakfast in the 
morning to avoid the interference of food. Then, the obtained 
venous blood was centrifuged at a speed of 3000 rot/min for 
10 min. Afterwards, the serum layer was collected and stored 
in capped tubes at  −4 °C. Samples were measured by Raman 
spectroscopy within three weeks.

Raman equipment

Figure 1 shows the main pieces of our Raman system: an Ar-ion 
laser (A240, former Nanjing State 772 Factory (presently 
Nanjing Sanle Electronic Information Industry Group Co., 
Ltd.)), a double spectrometer (HRD-1, Jobin Yvon Co., Ltd.), 
a PMT (R928, Hamamatsu Photonics Co., Ltd.) and a lock-in 
amplifier (SR830, Stanford Research Systems, Inc.). The sam-
ple chip (glass optical length: 0.735 mm) was excited directly by 
the laser beam (diameter: 2 mm), and then the Raman radiation 
of the sample was collected into the spectrometer. The focus 
length for the concave lens was  −1000 mm and was 300 mm 
for the convex lens. Then, the scattering light was collected 
with a double spectrometer equipped with a PMT. Afterwards, 
the Raman signals were amplified with a lock-in amplifier. A 
personal computer was used to control the entire system, and 
to collect the output Raman spectra. The spectral range was  
600–3000 cm−1. The frequency of the chopper was set to 700 
Hz for optimal signal-to-noise ratio, and the Ar-ion laser was 
operated at a wavelength of 514.5 nm at 100 mW.

Data preprocessing

All spectra data analysis including both the pre-processing 
and statistical analyses were done in the statistical environ
ment R version 3.0.3 (www.R-project.org).

Laser Phys. 26 (2016) 035702
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Spectroscopy data is inclined to be contaminated by fac-
tors such as fluorescence background, laser power fluctuation 
and sample concentration variances. Therefore, preprocess-
ing was necessary to eliminate the interference. Smoothing, 
baseline correction and normalization were performed 
sequentially on the raw Raman spectra. This preprocessing 
can to a certain degree eliminate noise in the raw Raman 
spectra which may interfere with the following multi-variant 
analysis.

Smoothing was carried out using the smooth.Pspline func-
tion in the pspline package. This function will fit a polynomial 
smoothing spline of the original Raman spectra. An order of 9 
was set as the order of the spline, where the order means the 
order of the derivative that is penalized. Baseline correction 
was completed by spc.fit.poly.below in the hyperSpec pack-
age. This function finds the least-square-fits of a polynomial 
with automatic support point determination. The polynomial 
number was set as 9. At this stage, the fluorescence was con-
sidered as the background radiation and was subtracted. Area 
normalization was performed through the sweep function in 
the hyperSpec package.

Statistical analysis

PCA is a non-parametric method that can compress large raw 
spectral data into several PCs. These PCs will contain most 
of the variance of the original spectra. In brief, PCA gener-
ates PCs through orthogonal transformation in the direction 
containing the most variation, and tries to rebuild the original 
Raman spectroscopy by PCs. The mathematical expression of 
such transposition can be written as

( ) ( ) ( ) ( ) ∑λ λ λ λ= + + + =
=

u p u p u p u pX ... n
i

A

i n1 1 2 2 A
1

where X( )λ  is the original data (Raman spectroscopy), 
p p p, , ..., n1 2( ) ( ) ( )λ λ λ  are the new orthogonal vectors con-
taining the most variations (loadings spectroscopy), and 
u u u, , ..., A1 2  are the values (latent variables or scores, also 
known as principal components) on the new orthogonal space 
(created by axes p p p, , ..., n1 2( ) ( ) ( )λ λ λ ). Thus, X( )λ  can be 
represented by one point in the new space with the coordinates 
u u u, , ..., A1 2( ). This dimension reduction method is beneficial 

as variable selection is particularly difficult for spectroscopy 
data. However, one shortcoming of this data reduction method 
is its lack of physical meaning of the original data.

Several classification methods have been applied on spectr
oscopy, such as artificial neural network (ANN), decision tree 
(DT), support vector machine (SVM), linear discriminant 
analysis (LDA) and k-nearest neighbour (KNN). As the scat-
ter dots drawn by PC1 and PC2 in this research has shown 
clear separated groups, classification methods based on dis-
tances is preferred. Since the interfaces between groups in 
the scatter plot may not be linear, non-linear methods such as 
SVM and KNN were better for our data.

KNN can separate groups via the irregular line and iso-
lated cloud methods, and the closest k samples are used for the 
group estimation of a new sample [21]. It weighs the neigh-
bours according to distances using certain kernel functions. 
The Minkowski distance function is used in this paper.

PCA was performed using the PCA related functions in the 
ChemSpec package, and the KNN was carried out using the 
kknn function in the kknn package.

Figure 1.  Experimental setup of the Raman spectroscopy system.

Laser Phys. 26 (2016) 035702
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Results

Raman spectroscopy

Raman spectroscopy of serum taken from 65 pre-operative colon 
cancer patients, 60 post-operative colon cancer patients and 
75 healthy volunteers was measured. For each serum sample, 
three measurements were performed and the averaged Raman 
spectra were recorded. The Raman spectra were preprocessed 
by smoothing, baseline correction and area normalization. 
Figure 2 shows the mean  ±  standard deviation (SD) spectra of 
the three groups. Six notable Raman peaks existed and can be 
consistently observed in all three groups. Peak intensity changes 
are evident at certain wavenumber regions as can be seen in the 
difference spectra in figure 2 (three lines at the bottom).

Peaks at the wavenumbers of 750, 1083, 1165, 1321, 1629 
and 1779 cm−1 were assigned to nucleic acids, amino acids 

and choromophores such as β-carotene and porphyrin in 
accordance to previous research (table 2). To evaluate whether 
the peak intensity variations between groups have statistical 
significance, one-way ANOVA was performed on the Raman 
intensities of the six peaks. The ANOVA results show that all 
six peaks are statistically different among the three groups. For 
all six peaks, the peak intensities of the post-operative group 
tend to be closer to the ones of the healthy group compared 
to those of the pre-operative group. These variations indicate 
corresponding changes in serum substance between groups.

Principal component analysis (PCA)

PCA was utilized on the original spectra to extract the key 
information in the spectra. The input variables were the pre-
treated Raman spectra. After the PCA analysis, scree plots of 

Figure 2.  Mean (colored line)  ±  SD (gray shadow) spectra of the control group and the pre- and post-operative colon cancer group.

Table 1.  Demographics of study population.

Groups Controls (n  =  75)
Colon cancer before 
operation (n  =  65)

Colon cancer after 
operation (n  =  60)

Age (years, s.d.) 67 (14) 59 (9) 59 (9)
Gender (% F) 51% 49% 45%

TNM Stages

I NA 4 4
II NA 21 21
III NA 26 26
IV NA 14 9

Table 2.  Peak assignments and p value.

Wavenumber (cm−1) Vibrational modes Molecules Trends for cancer Chromophore?

750 CH2 rocking, symmetric breathing Tryptophan [22] Decrease (P  <  0.001) Yes
1083 CC or PO2 stretching Phospholipids in nucleic acids [23, 24] Increase (P  <  0.001) No
1165 CC stretching β-carotene [25] Decrease (P  <  0.001) Yes
1321 Ring breathing Nucleic acids adenine base [26] Decrease (P  <  0.001) No

CH2CH3 twisting Collagen, tryptophan [27]
1629 CC asymmetric stretching Porphyrin moiety of hemoglobin [28] Increase (P  <  0.001) Yes
1779 — — Decrease (P  =  0.003) NA

Laser Phys. 26 (2016) 035702
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the cumulative percent of variance of the first 10 PCs were 
reviewed to see the contribution of the PCs to the total varia-
tion (figure 3). From the figure we can see the total variation 
of the first three PCs accounted for 94% of the total variation 
(PC1: 53%; PC2: 35%; PC3: 6%). Because the number of PCs 
retained should guarantee that the PCs describe no less than 
90% of the total variance [29], the first three PCs were main-
tained for further KNN analysis.

The distribution of the three PCs was visualized by plotting 
them in a principal component space using two components as 
Cartesian axes for each plot. The majority of the spots (figure 4)  
were inside the 95% confidence ellipses. The scatter plot using 
PC1 and PC2 has the best discrimination performance: the 
confidence ellipses only have a small proportion of overlap 
(figure 4(a)). This demonstrated that samples can be discrimi-
nated well by PC1 and PC2. For the PC2-PC3 plot (figure 4(b)), 
the ellipses of the post-operative group (brown) and the nor-
mal group (gray) intersect in the middle but have little overlap 
with the blue ellipse that represents the pre-operative group. 
The three confidence eclipses in the third plot (figure 4(c))  
have the largest overlap. This suggests that the sole use of PC1 
and PC3 is not enough for discrimination.

Loading profiles of the first three PCs are displayed in 
figure 5. Peaks with differences between groups in the original 
spectra can also be found in the loadings spectra [30]. For the 
loadings plot of PC1 (which accounts for 53% of the total vari-
ance), peaks at the wavenumbers of 1178, 1305 and 1629 cm−1  
have the highest intensity. For PC2 (35%), the peaks existed 
at 1211 and 1492 cm−1. And for PC3, peaks at 1083, 1321 and 
1779 cm−1 have the highest intensity. These results indicate 
that the peak positions at the wavenumbers of 1083, 1178, 
1211, 1305, 1321, 1492, 1629 and 1779 cm−1 have the highest 
weights for the PCA discrimination of different groups.

For the evaluation of the diagnostic ability of the PCA 
model, an orthogonal distance plot for all the samples was 
drawn and marked with the horizontal critical boundary  
(figure 6). The orthogonal distance is the distance in the 
orthogonal direction of the PCA space and can be seen as a 
lack of fit [21]. By using the first three PCs which accounted 
for more than 90% of the total variance, only 7 spots (2 gray, 
3 brown and 2 blue) were found above the horizontal dotted 
line and were marked as outliers.

K nearest neighbour analysis (KNN)

KNN was used on the PCs obtained from PCA for classifica-
tion. In the construction of KNN model, 1/3 of the samples 
were randomly selected as the training set, and the remaining 
2/3 were used as the test set. For the selection of the k value, 
leave-one-out cross validation of all k values under 25 were 
tested, and the k values having the best prediction ability was 
retained. Based on the results, the k value was set as 1. And 
the kernel function was set as rectangular for its best perfor-
mance. The test set was then used for the verification of the 
constructed KNN model.

Figure 7 shows the classification results of KNN. Three 
PCs were set as the parameters in the pairs plot. The correctly 
classified samples were printed in dark green, and the incor-
rect ones in red. The diagnostic results can be found in table 3: 
the accuracy was 91.0%, the specificity was 92.6%, the sensi-
tivity was 87.0% for pre-operative colon cancer samples and 
was 94.1% for post-operative samples.

Accuracy   
number of correctly identified cases

total cases
100%= ×

Figure 3.  Scree plot of cumulative and individual percentages of the first 10 PCA scores (factors).

Laser Phys. 26 (2016) 035702
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Figure 5.  Loadings plot of PC1, PC2 and PC3. Peaks with higher intensity are the principal differences between groups.

Figure 4.  Scatter plot of three pairs of PCs: (a) PC1 versus PC2; (b) PC2 versus PC3; (c) PC1 versus PC3.

Laser Phys. 26 (2016) 035702
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Figure 6.  Diagnostic plots using orthogonal distance (OD). The spots above the dotted line are outliers (grey: controls; brown:  
pre-operative; blue: post-operative).

Figure 7.  KNN classification results for three groups of samples. The correctly classified samples are shown in dark green and incorrectly 
classified samples are in red.

Laser Phys. 26 (2016) 035702
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Sensitivity 

number of correctly identified cases as colon cancer cancer

total cases of colon cancer cancer
100% 

=

×

Specificity   
number of correctly identified cases as healthy

total cases of healthy

100%

=

×

Discussion

Raman spectroscopy techniques have been used for the detec-
tion of many diseases [31, 32] and various parts of colorectal 
tissues. The applications of Raman techniques on the colon 
include but are not limited to the detection of colonic polyps 
lesion [5], colon cancer relapse [13] and colon cancer screen-
ing [33]. However, few studies have applied Raman spectr
oscopy on the analysis of serum. Using serum spectroscopy 
for cancer screening is more convenient than tissue imaging 
techniques and fecal tests. Through the analysis of certain 
Raman peaks, content changes of bio-macromolecules and 
biomarkers for diagnosing colon cancer can be detected.

In our experiment, six Raman peaks were found to have 
statistically significant changes between groups (P  <  0.05). 
The decrease of tryptophan represented by peaks at 750 cm−1 
may be the result of degradation of tryptophan caused by the 
enzyme indoleamin (2,3)-dioxygenase stimulated by Th1 
immune response (IDO) in colorectal cancer patients [34]. The 
increased intensity of nucleic acids at 1083 cm−1 are due to 
higher nucleic acids bases in serum caused by the abnormal 
metabolism of DNA and RNA in cancer patients [24]. Higher 
levels of anti-oxidant β-carotene in serum were associated with 
a higher survival rate for colon cancer [35], this indicate that 
cancer may cause the consumption and subsequent decrease of 
β-carotene in serum represented by 1165 cm−1. The peaks at 
1321 cm−1, contributed to by nucleic acids, collagen and tryp-
tophan also decreased and reflected lower concentrations of 
corresponding substances in serum. This peak is also apparent 
in SERS of blood serum for colorectal cancer detection [14], 
but the differences in our experiment were more apparent. The 
Raman peaks at 1629 cm−1 were caused by the porphyrin moi-
ety of hemoglobin. Hemoglobin is modulated by haptoglobin 
in response to inflammation and injury [36]. The increase of 
peak 1629 cm−1 may be caused by the response of human body 
to cancerous cells. Peaks at 1779 cm−1 have not been found 
in literature. It is possibly caused by the blue-shift of some of 
the resonance Raman peaks caused by laser power fluctuation. 
Since SERS may cause Raman peaks to shift and blood is the 

excretion of tissues, we can conclude that the two peaks at 1629 
and 1779 cm−1 were produced by the same substances that 
caused 1655 cm−1 in the SERS experiment [14]. The decrease 
of those two peaks indicates that bond breakups have occurred 
and bio-functions were lost in the occurrence of colon cancer.

In the scatter plot drawn by PCs, most spots belonging to 
different groups have little overlap in the PC1-PC2 plot which 
indicates a good separation between groups. The orthogonal 
distance plot showed that a good diagnostic accuracy has been 
obtained by this PCA model. Also, the loadings spectra of PCs 
enabled us to identify the positions with the highest weights for 
discriminating groups, and several bonds were found to con-
tribute a large degree to the PC scores. The PC loading peaks 
at 1492 cm−1 were reported as the characteristic peak for colon 
tissues [26]. This implies that PC loadings peaks have certain 
correlations with their original Raman peaks. However, as the 
PC scores are only the orthogonal transformation of the origi-
nal data, they cannot be interpreted physically or chemically. 
KNN then was used on the obtained PCs for discriminant 
analysis. The sensitivities obtained were 87.0% and 94.1% 
for the pre- and post-operative groups respectively, and the 
specificity was 92.6%. These results are commensurate to that 
of colonoscopy (sensitivity: 83–95%; specificity: 83–99%) 
and higher than fecal occult blood test (FOBT) (sensitivity: 
11–89%; specificity: 91–98%), flexible sigmoidoscopy (sen-
sitivity: 60–70%; specificity: 60–70%) and CT colonography 
(sensitivity: 53–95%; specificity: 18–99%) [37, 38]. However, 
as a classification method, KNN has both merits and demerits. 
As a technique focusing on distances between objects, it does 
not rely on any assumption [39]. It is correlated strongly with 
the selection of the value of k, which may induce overfitting 
or underfitting. It is also time-consuming when manipulating 
large datasets. Thus, KNN is often used as a reference method 
[21]. All the above stated points complicate the application of 
KNN as a grouping method for clinical use.

Conclusion

In this study, serum taken from colon cancer patients both before 
and after operation was tested using Raman spectroscopy and 
was compared with serum from the controls. Six Raman peaks 
at the positions of 750, 1083, 1165, 1321, 1629 and 1779 cm−1 
were assigned to nucleic acids, tryptophan and chromophores, 
and were found to have significant differences between the 
three groups. The concentration changes of chemical comp
onents in serum is a major factor for the spectral changes, thus 
the results indicate corresponding component changes that 
have taken place along with the development of colon cancer. 
The multivariate statistical techniques of PCA and KNN were 

Table 3.  Diagnostic results for PCA-KNN.

Prediction

Accuracy (%) Sensitivity (%) Specificity (%)Group Control Pre-operative Post-operative

Control 25 0 2 91.0 NULL 92.6
Pre-operative 2 20 1 87.0
Post-operative 0 1 16 94.1

Laser Phys. 26 (2016) 035702
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utilized to develop diagnostic algorithms for the classification. 
The scatter plot of PCs revealed dispersed spot distribution in 
the PC space between groups. The following KNN analysis fur-
ther confirmed the diagnostic ability of those PCs, achieving a 
diagnostic accuracy of 91.0% and a specificity of 92.6%. This 
paper is an exploratory study for using Raman spectroscopy of 
serum for the diagnosis of colon cancer, and hopefully will be 
perfected in future research for clinical applications.
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