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Abstract. Lower back pain (LBP) is one of the most common 
musculoskeletal complaints worldwide. Intervertebral disc 
degeneration (IDD) is considered to be a significant contributor 
to LBP; however, the mechanisms underlying IDD remain to 
be fully elucidated. One of the major features of IDD is the 
decreased content of type II collagen and proteoglycans in the 
nucleus pulposus (NP). The present study aimed to investigate 
the biochemical mechanisms of IDD at the microscopic level 
using Raman spectroscopy. Raman spectroscopy, based on 
inelastic scattering of light, is an emerging optical technique 
that may measure the chemical composition of complex 
biological samples, including biofluids, cells and tissues. In the 
present study, 30 NP tissue samples from 30 patients who were 
diagnosed with lumbar disc herniation and received spinal 
fusion surgery to relieve LBP were obtained and analyzed. 
Routine pre‑operative 3.0T, T2‑weighed MRI was used to 
classify the cases according to Pfirrmann grades and the T2 
signal intensity value of the NP was measured. Subsequently, 
all NP samples were scanned and analyzed using a Laser 
MicroRaman Spectrometer at room temperature. The Raman 
spectral results demonstrated that the relative content of 

proteoglycans, expressed as the relative intensity ratio of two 
peaks (I1064/I1004), was significantly inversely correlated with the 
Pfirrmann grade (ρ=‑0.6462; P<0.0001), whereas the content 
of collagen (amide I) was significantly positively correlated 
with the Pfirrmann grade (ρ=0.5141; P<0.01). In conclusion, 
the higher relative intensity of the ratio of two peaks (I1670/I1640; 
Amide I) represented a higher fractional content of disordered 
collagen, which suggested that the defective collagen structure 
may lead to NP abnormalities.

Introduction

Lower back pain (LBP) is one of the most common musculo-
skeletal complaints, with ~84% of the population encountering 
LBP at a certain period during their lifetime (1). Although 
there are numerous potential sources of pain in the lumbar 
spine, intervertebral disc degeneration (IDD) is considered to 
be a major contributor to LBP (2). It is reported that ~40% 
of LBP is of discogenic origin (3) and in the clinic, lumbar 
disc herniation (LDH) was observed to be a major contributor 
to LBP (4‑6). Herniation, which refers to the displacement of 
intervertebral disc material beyond the normal margins of 
the disc space, was initially described as disc ‘rupture’ (1). In 
China, LDH has an incidence rate of 4.26%, affecting 1.9‑7.6% 
of males and 2.2‑5.0% of females (7).

MRI, with its high sensitivity to the tissue water content, 
has become an accurate tool for assessing IDD (8). Although 
the five‑level Pfirrmann grading system is commonly used 
in clinical practice, there is a lack of information about 
biochemical changes that occur in the disc (9). At present, 
numerous quantitative MRI diagnostic methods have already 
been used to quantitatively explore the process of IDD, which 
include in vivo 23Na MRI, quantitative high‑resolution magic 
angle spinning nuclear MR spectroscopy, proton T2 imaging 
and T1rho imaging (10). However, these novel MRI techniques 
mainly monitor the concentration of proteoglycans and water 
in the discs and are not suited to evaluate the changes in 
collagen content and structure within the nucleus pulposus 
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(NP). Furthermore, the requirements for tissue processing, 
including fixation, dehydration and staining, are major disad-
vantages of routine pathological and histological diagnostic 
methods due to the possibility of introducing artifacts (11).

Raman spectroscopy, based on inelastic scattering of light, 
is an emerging optical technique (12). It is widely used in the 
fields of medicine and life sciences due to its advantages of 
being label‑free, non‑invasive and an objective diagnostic tool 
at the molecular level. The advantage of a label‑free technique 
is the ability to provide important information on the unmodi-
fied target molecules (13‑15). Raman spectroscopy is able to 
detect biological macromolecules, including proteins, lipids, 
and DNA in biological samples and it provides abundant 
molecular information at the microscopic level (16). In recent 
years, the significant developments in Raman spectroscopic 
technology have facilitated it becoming a research hotspot for 
the early stages of disease and intra‑operative diagnosis (17,18).

To the best of our knowledge, the present study was the 
first to use Raman spectroscopy to identify compositional and 
structural changes in the NP from patients with LDH, in addi-
tion to exploring the biochemical mechanisms of IDD at the 
microscopic level.

Materials and methods

Patient samples. The study protocol was approved by the 
Ethics Review Board of Tianjin First Central Hospital (TFCH; 
Tianjin, China); the sample collection was approved by the 
Clinical Research Ethics Committee of TFCH and written 
informed consent was obtained from all patients. A total of 
30 NP samples were obtained from 30 patients  (19 males 
and 11 females; age, 26‑75 years; mean age, 51.7 years), who 
were diagnosed with LDH and received spinal fusion surgery 
to relieve LBP, between June 2016 and June 2018. Surgery is 
only appropriate in patients with nerve‑root compression that 
is confirmed by CT or MRI, who present with a corresponding 
sciatica syndrome and have no response to 6 weeks of conser-
vative therapy (1).

Preparation of NP samples. The patients' NP tissues were 
removed for treatment purposes during surgery and stored in a 
sterile plastic container with the patient's data. The NP samples 
were maintained on ice during transportation to the laboratory, 
which was completed within 30 min. NP samples were subse-
quently washed with physiological saline solution to remove 
the blood, sliced into 4‑mm2 thick sections and embedded in 
optimal cutting temperature medium (OCT) within a plastic 
mould, which was then frozen in liquid nitrogen. All frozen 
tissue blocks were cryosectioned to a thickness of 30 µm, 
mounted on glass coverslips and stored at ‑20˚C until required 
for further use. All procedures were performed in a sterile 
environment.

Pre‑operative MRI measurements and assessment. All 
patients underwent a routine lumbar MRI scan prior to 
surgery. MRI imaging of the lumbar spine (L1/L2 to L5/S1) was 
performed using T2‑weighted sequences with a Siemens 3.0 T 
scanner (Siemens Healthineers) at the MRI center of TFCH. 
A T2‑weighted imaging (T2WI) sequence was recorded using 
the following parameters: Axis T2WI repetition time (TR), 

4,600 msec; echo time (TE), 94 msec; field of view (FOV), 
210x210 mm; slice thickness, 4.0 mm; scanning slice number, 
3; Voxel size, 0.7x0.5x4.0 mm; sagittal T2WI:TR, 3,000 msec; 
TE, 48 msec; FOV, 280x280 mm; slice thickness, 3.0 mm; 
scanning slice number, 12; Voxel size, 1.2x0.9x3.0 mm.

The grade of IDD was evaluated using T2‑weighted images 
according to the Pfirrmann classification system (19). All MRI 
scans were reviewed independently and randomly by two 
experienced radiologists who were blinded to the clinical data 
and disagreements between the two observers were resolved 
by consensus following consultation with a third radiologist. 
After 3 months, the two observers evaluated all MRI images 
independently and randomly for a second time (the observers 
were not aware that they were evaluating the same images).

T2 signal intensity value measurement of NP. The T2 signal 
intensity value of the NP was measured using Siemens 
post‑processing software on sagittal T2‑weighted images. 
A single operator placed small, round regions of interest 
(20‑40 mm2) within the anterior, middle and posterior posi-
tions of the NP on the target intervertebral disc. The recorded 
values were then averaged over three successive measure-
ments at each selected location (8). The same method was 
used to measure the cerebrospinal fluid brightness value of the 
lumbar segment. The T2 signal intensity value of the NP was 
calculated using the following formula: Brightness value of 
NP/brightness value of cerebrospinal fluid (20).

Raman spectroscopy. Frozen sections of NP samples were 
thawed completely at room temperature and the OCT was 
then thoroughly washed with physiological saline solution and 
subsequently scanned using Raman spectroscopy. During the 
Raman measurement, NP samples were kept hydrated with 
physiological saline solution. Raman measurements were 
performed using a Laser Micro‑Raman Spectrometer (Thermo 
Scientific DXR Raman Microscope) at room temperature. 
Collection parameters were set as follows: Laser wavelength, 
532 nm (DXR 532 nm LASER); microscope objective, 50X; 
laser power, 10.0  mW; spot size, 1.1  µm; spectral range, 
800‑1,800 cm‑1; grating, 900  lines/mm; resolution, 5 cm‑1. 
The data were collected at 10 randomly chosen points on the 
surface of the NP samples (21‑23). The time of exposure to 
obtain individual Raman spectra was 16 sec, with five scans 
taken. In order to acquire high‑quality spectra, re‑focusing 
was necessary.

Data were pre‑processed with OMINIC 9.3.32 software 
(Thermo Fisher Scientific, Inc.). For baseline correction, a 
linear baseline was fit automatically to the whole spectral 
range and subtracted from each spectrum of the dataset. 
Gaussian/Lorentzian functions were used throughout the 
spectral fitting computation. Raman band data (intensity or 
area) were imported to Microsoft Excel 2010 and band inten-
sity ratios were calculated.

Statistical analysis. Statistical analysis was performed using 
SPSS 16.0 software (SPSS, Inc.) and data are expressed as the 
mean ± standard deviation. Statistically significant differences 
between groups were determined using one‑way analysis of 
variance, followed by Tukey's test for multiple comparisons. 
The inter‑observer agreements of the IDD were assessed with κ 
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statistics. The association between spectral data and Pfirrmann 
grades was evaluated using Spearman's correlation test. The 
association between the T2 signal intensity value and the rela-
tive content of proteoglycans was evaluated using bivariate 
correlations. The graphs were produced with GraphPad Prism 
5.0 Software (GraphPad Software, Inc.). P<0.05 was consid-
ered to indicate a statistically significant difference.

Results

Pfirrmann grading. Representative MRI images of different 
patients are provided in Fig.  1A. The κ value of the first 
measurement was 0.734, indicating a good interobserver 
agreement (P<0.001) and the κ value of the second measure-
ment was 0.774 (P<0.001). The grading results are listed in 
Table I: Grade III, n=10; grade IV, n=10; and grade V, n=10. 
None of the discs were graded as Pfirrmann grade I or II.

Analysis of the T2 signal intensity value. The T2 signal 
intensity value in patients with Pfirrmann grade IV and V was 
significantly lower compared with that in grade III (P<0.001); 
however, the T2 signal intensity value was not significantly 
different between grade IV and grade V (P>0.05). Spearman's 
rank correlation analysis demonstrated that the T2 signal 
intensity value was significantly inversely correlated with the 
Pfirrmann grade (r=‑0.7967, P<0.0001; Fig. 1B).

Characteristics of Raman spectra. The Raman spectra of the 
NP samples with different Pfirrmann grades are presented 
in Fig. 2 and a list of bands and corresponding assignments 
observed in the average spectra are listed in Table II. The proteo-
glycans peaked at 1,064‑1,065 cm‑1, which corresponded to the 
glycosaminoglycans, which were previously identified in the 
Raman spectra of chondroitin sulfate and proteoglycans (11). 
The peak of the phenylalanine ring breathing band was at 
1,004 cm‑1. This was used to calculate the relative content, as it 
is not sensitive to local chemical environment (24). Due to the 
irregularity of biological material surfaces influencing the band 
intensity, band intensity ratios and band area integrals were 
employed to display compositional and structural changes of 
proteoglycans and collagen in NP samples. These parameters 
provide information on the association between proteoglycans, 
collagen content and structure in NP samples. In the present 
study, the intensity ratio of the two peaks (I1064/I1004) provided 
information about the relative content of proteoglycans (13).

Collagen serves a major structural role in the intervertebral 
disc, which may be detected as Raman bands arising from the 
backbone amide groups of collagens. Amide I and III bands 
are uniquely useful for collagen conformational analysis. 
Bands generated in the 1,200‑1,300 and 1,600‑1,700 cm‑1 range 
were identified as amide III and I, respectively, and were previ-
ously identified in the Raman spectra of collagen (25‑27). The 
intensity ratio of two peaks (I1670/I1640; amide I) may provide 
information on the relative content of disordered coil (random 
coil) vs. ordered coil (α‑helix) (13,28,29).

Raman analysis of proteoglycan and collagen content in NP 
samples. The relative content of proteoglycans (I1064/I1004) in 
grade IV and V samples was significantly decreased compared 
with that in grade  III (P<0.01 and P<0.001, respectively). 

Spearman's rank correlation analysis results demonstrated 
that the relative content of proteoglycans was significantly 
inversely correlated with the Pfirrmann grade (ρ=‑0.6462; 
P<0.0001; Fig. 3A).

Collagen content was mainly determined through the area 
integral under the Raman spectral curve of the amide group 
bands. The content of amide III in grade IV was significantly 
increased compared with that in grade III and V (P<0.001 
and P<0.01, respectively). Spearman's rank correlation 
analysis demonstrated that the content of amide III was not 
significantly correlated with the Pfirrmann grade (ρ=0.2689; 
P>0.05; Fig. 3B). The content of amide I in grade IV was higher 
compared with that in grade III and V (Fig. 3C), suggesting it 
had reached its maximum at grade IV. Spearman's rank corre-
lation analysis demonstrated that the content of amide I was 
significantly positively correlated with the Pfirrmann grade 
(ρ=0.5141; P<0.01).

Raman analysis of collagen structural changes in NP samples. 
The intensity ratio of two peaks (I1670/I1640; amide I) in grade IV 
and V was significantly higher compared with that in grade III 
(P<0.05 and P<0.01, respectively). Spearman's rank correla-
tion analysis demonstrated that the intensity ratio of two peaks 
(I1670/I1640; amide I) was significantly positively correlated with 
the Pfirrmann grade (ρ=0.5330; P<0.01; Fig. 3D).

Discussion

To the best of our knowledge, the present study was among 
the first to use Raman spectroscopy to report compositional 
and structural variations of the NP from patients with LDH. 
In the present study, 30 NP tissue samples were obtained from 
30 patients who were diagnosed with LDH and received spinal 
fusion surgery to relieve LBP. The Pfirrmann grading system, 
a semi‑quantitative assessment, was used to evaluate the level 
of IDD according to the changes in the MRI signal intensity, 
the disc structure and the distinction between NP and annulus 
fibrosus (AF) and disc height. Although the Pfirrmann grade 
is widely applied in clinical practice worldwide, this classifica-
tion system is subjective and ambiguous due to the lack of a 
quantitative index (10). It was observed that the interobserver 
agreements of the IDD displayed κ1=0.734 and κ2=0.774, 
hence the result is apparently acceptable. At present, a series 
of quantitative MRI diagnostic methods and quantitative 
MR parameters, including apparent diffusion coefficient and 
diffusion‑weighted imaging, are used to quantitatively explore 
the process of IDD and to detect imperceptible biochemical 

Table I. Level of lumbar disc herniation in Pfirrmann grades.

	 Level of lumbar disc herniation
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Grade	 L1‑L2	 L3‑L4	 L4‑L5	 L5‑S1	 Total

III	 0	 1	   5	   4	 10
IV	 0	 1	   6	   3	 10
V	 0	 0	   7	   3	 10
Total	 0	 2	 18	 10	 30
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changes within the discs. However, the intrinsic association 
between these quantitative MRI parameters and the biological 
properties of the intervertebral disc has remained to be 
completely elucidated. In the present study, the association 
between the T2 signal intensity value and the relative content 

of proteoglycans was evaluated using bivariate correlations. 
The results provided P=0.509 and P<0.01; therefore, their 
correlation was significant to the 0.01 level (two‑tailed). This 
result indicated that the T2 signal intensity value obtained 
by MRI is identical to the relative content of proteoglycans 

Table II. Band position and assignments of selected Raman bands from ex vivo human nucleus pulposus tissue, using the interval 
800‑1,800 cm‑1.

Band position (cm‑1)	 Assignments	 Chemical compounds	 (Refs.)

1,004	 Phenylalanine	 Protein	 (24)
1,064	 OSO3

‑ stretching; glycoaminoglycan	 Proteoglycan	 (11)
1,200‑1,300	 Amide III, major collagen band	 Protein	 (25‑27)
1,640	 Amide I, ordered coil, α‑helix	 Protein	 (13,28,29)
1,670	 Amide I, disordered coil, random coil	 Protein	 (13,28,29)
1,600‑1,700	 Amide I, major collagen band	 Protein	 (25‑27)

Figure 2. Raman spectra of the nucleus pulposus samples with Pfirrmann grades. Cps, counts per second.

Figure 1. (A) Representative MRI scans of IDD in different Pfirrmann grades. Sagittal T2‑weighted images of lumbar spines with different Pfirrmann 
grades. The white arrows indicate the location of impaired intervertebral discs. (B) Comparison of the T2 signal intensity value in different Pfirrmann 
grades. Spearman's rank correlation analysis demonstrated that the T2 signal intensity value was significantly inversely correlated with the Pfirrmann grade. 
***P<0.001. NS, no significance; IDD, intervertebral disc degeneration.
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(I1064/I1004) determined using a Raman spectrometer. On the 
other hand, Yang et al and Benneker et al (30,31) reported 
that the decreased content of proteoglycans in the NP was 
responsible for the decrease in the osmotic pressure of the disc 
matrices and loss of hydration. These results lead to the loss of 
signal intensity on T2‑weighted MRI images. Unfortunately, at 
present, lumbar MRI is unable to display changes in collagen 
content and structure.

Raman spectroscopy is able to not only measure the chem-
ical composition of complex biological samples, including 
biofluids, cells and tissues, but it also provides quantitative 
information about its chemical makeup. Subtle vibrational 
changes in biological macromolecule content and structure 
may be detected by Raman spectroscopy (12). Type II collagen 
and proteoglycans are the predominant components of the NP 
and decreased content of these two components is the major 
characteristic of IDD (19). In the present study, the relative 
content of proteoglycans (I1064/I1004) demonstrated a significant 
negative correlation with the Pfirrmann grade. Thus, the rela-
tive content of proteoglycans decreased whilst the Pfirrmann 
grade increased, which may be responsible for the loss of 

hydration and the T2 signal intensity value of the NP, as the 
changes in signal intensity caused by the variations in tissue 
moisture content have been indicated to be most sensitive on 
T2WI (32,33).

In the intervertebral disc, collagen serves a major struc-
tural role, particularly at the NP where type IX collagen fibers 
are cross‑linked to collagen type II fibers to provide optimal 
stability  (34). Collagen may be detected as Raman bands 
arising from the backbone amide groups in collagen. In the 
present study, Raman spectral analysis demonstrated that the 
content of amide III and I in grade IV was significantly higher 
compared with that in grade III and V; however, it reached its 
maximum at grade IV, instead of continuing to increase with 
the Pfirrmann grade. Furthermore, Spearman's rank correla-
tion analysis demonstrated that the content of amide I was 
significantly positively correlated with the Pfirrmann grade. 
This transition into a more fibrotic type of tissue may produce a 
stiffer NP and the 'shock‑absorbing' properties of the disc may 
be severely limited, eventually contributing to IDD. Decreased 
content of type II collagen and proteoglycans are the major 
features of IDD; however, the present study observed that 

Figure 3. Raman spectroscopic analysis of proteoglycans and collagen content in NP samples. (A) Comparison of the relative content of proteoglycans 
(I1064/I1004) among different Pfirrmann grades. Spearman's rank correlation analysis demonstrated that the relative content of proteoglycans (I1064/
I1004) was significantly inversely correlated with the Pfirrmann grade. (B) Comparison of the content of collagen (Amide III) in different Pfirrmann 
grades. Spearman's rank correlation analysis demonstrated that the content of Amide III was not significantly correlated with the Pfirrmann grade. 
(C) Comparison of the content of collagen (Amide I) among different Pfirrmann grades. Spearman's rank correlation analysis demonstrated that the 
content of Amide I was significantly positively correlated with the Pfirrmann grade. (D) Comparison of the intensity ratio of two peaks (I1670/I1640; 
Amide I) among different Pfirrmann grades. Spearman's rank correlation analysis results demonstrated that the intensity ratio of the two peaks (I1670/
I1640; Amide I) was significantly positively correlated with the Pfirrmann grade. *P<0.05, **P<0.01, ***P<0.001. I, relative intensity; NS, no significance; 
NP, nucleus pulposus.
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the content of collagen increased with the Pfirrmann grade, 
which may contribute to metabolic disorders of the extracel-
lular matrix. It has been reported that if the boundary between 
the outer AF and inner NP is disrupted, this may impair the 
mechanical function of the intervertebral disc (35).

Raman spectroscopy is not only able to identify composi-
tional changes in collagen, but it is also sensitive to different 
protein amide linkages in the secondary structures, including 
α‑helices, β‑sheets and random coils (22,36). Amide III and I 
bands are uniquely useful for collagen conformational anal-
ysis. The relative content of disordered coil vs. ordered coil 
helps define the degree of disorder in the collagen secondary 
structure. Kumar et al (13) reported that the intensity ratio of 
two peaks (I1245/I1270) provided information about the relative 
content of random vs. ordered coil in the protein structure 
and the progression of the cartilage disorder. However, in 
the present study, it was discovered that the intensity ratio 
of two peaks (I1670/I1640; amide I) was significantly positively 
correlated with the Pfirrmann grade. The higher relative inten-
sity ratio of I1670/I1640 indicates a higher fractional content of 
disordered collagen, which is in turn evidence for the defective 
collagen structure leading to abnormalities of the NP. These 
results may contribute to the further study of the microcosmic 
mechanisms of IDD and not only suggested an increase in 
the content of defective collagen with the Pfirrmann grade, 
but they also illustrated the ability of Raman spectroscopy to 
detect minute modifications in the NP at the microscopic level.

There are certain limitations to the present study. Although 
the content of proteoglycans and collagen was measured 
though band intensity and band area ratios, the relatively high 
background in the Raman spectra was unavoidable. Due to the 
irregularity of the biological material surfaces being able to 
significantly influence the band intensity and background (23), 
the same problem exists in other Raman spectroscopy experi-
ments; for instance, in human knee cartilage, mesenchymal 
stromal cells and human brain tumors (21‑23). In addition, 10 
randomly selected points on the surface of each NP sample 
were analyzed by Raman spectrometry. It appears to be diffi-
cult to cover the entire NP. However, Tsao et al (21) reported 
that Raman spectra were obtained from at least 10 locations 
selected from the surface of cell samples for each sample 
preparation, Takahashi et al (22) reported that Raman spectral 
intensity at 10 different locations was randomly recorded 
within each of the total 6 areas labeled on each sample and 
Buchwald et al (23) reported that 7 Raman maps were measured 
in each defined central site of the femur head. Therefore, future 
studies should increase the scanning numbers and points for 
generating spectra with high quality.

In conclusion, the results of the present study provided a 
step towards the potential use of ex vivo Raman spectroscopy 
for the investigation of biomarkers in IDD. A higher relative 
intensity of the ratio of two peaks (I1670/I1640; amide I) indi-
cated a higher fractional content of disordered collagen, which 
provides evidence of the defective collagen structure leading to 
abnormalities of the NP. In the near future, it is hypothesized 
that ex vivo Raman spectroscopy or in vivo studies of the NP 
will not only aid in investigating the biochemical mechanisms 
of IDD at the microscopic level, but they will also be combined 
with other MRI parameters and fiber‑optic probes to aid in the 
early diagnosis of IDD.
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