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The level of degeneration (LOD) in the human intervertebral disc (IVD) could determine the choice of patient 
treatment strategy, thus there is a need for methods applicable at a point of care that enable quick medical decisions. 
In this paper, infrared light absorption, FT-Raman scattering and fluorescence spectroscopy were used to analyse 
the same specimens from different groups of IVD samples.

Samples from the  lumbar part of spine of 37 patients (mean age 48.2 years old) were included in the  study. 
The gender distribution was 27 women and 10 men. The distribution by LOD in the Pfirrmann scale was as follows: 
grade 3 (40.5%), grade 4 (48.6%) and grade 5 (10.8%) were evaluated in our samples. Spectroscopic signals were 
measured and analysed. Features such as medical condition (LOD), patient’s age and gender were taken into account. 
All three methods of spectroscopy revealed age-dependent spectroscopic features related to LOD. For the first time 
a promissing possibility was found to recognize the LOD by fluorescence spectra in human IVD material taking gen-
der and age into account. The findings create a background for the design of equipment and the design of experiment 
of more advanced clinical trials. FT-IR absorption and FT-Raman scattering spectra demonstrated the age depend-
ences of a few components. The Raman peak at 2707 cm–1 seems promising for recognition of lumbar IVD LOD, but 
a higher number of specimens is necessary.
Keywords: optical biopsy, tissue fluorescence, Raman spectroscopy, FT-IR absorption, biomedical diag-
nostics
PACS: 87.64.km, 87.64.kp, 87.64.kv

1. Introduction

The intervertebral disc (IVD) is a part of the hu-
man vertebral column in the spine. More specifi-
cally, it is the fibrocartilage that lies between each 
adjacent bone called spinal vertebra. IVD degen-
eration is a  universally prevalent aging-related 
pathologic process. If the  level of degeneration 
(LOD) increases, IVD changes in morphology 
and becomes more and more disorganized. Un-
fortunately, similar changes occur while the  age 
of a  person increases. At early stages of degen-
eration, nucleus pulposus (NP), an inner gel-like 

central part of IVD, loses the  ability to attract 
water. At later stages, collagen and elastin fibre 
remodelling takes place, proteoglycan and chon-
droitin sulfate amounts diminish, causing ana-
tomical changes in both NP and annulus fibrosus 
(AF), the  fibrous ring of IVD. Gross anatomical 
changes inside IVD and in adjacent vertebrae also 
occur. However, for some patients, the degenera-
tion of IVD causes low back pain (LBP). Older 
age of a patient is associated with an increased in-
cidence of degenerative changes. It is difficult to 
differentiate between the changes that occur solely 
due to aging from those that might be considered 
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‘pathological’  [1]. There are many causes of LBP, 
and it is believed that degenerative disc disease is 
one of the most prevalent causes of LBP. Degener-
ated IVD is a common finding in magnetic reso-
nance imaging (MRI) and X-ray (radiographs) 
scans. Different grading systems have been pro-
posed for research and clinical purposes.

There are several systems for degeneration 
grading that continue to be developed and used [2, 
3], but there is a  consensus that, among MRI 
grading systems, the  system described by Pfirr-
mann  et  al.  [4] should be considered as the  gold 
standard. It was found that the  signal loss of 
the  disc on T2 (spin-spin relaxation)-weighted 
MRIs correlates with the progressive degenerative 
changes of IVD, and a  grading system was pro-
posed for the  assessment of lumbar disc degen-
eration in the  form of a  simple algorithm using 
the contemporary MRI technique.

However, rather than quantifying disc degen-
eration, these measurements are often fused with 
subjective clinical symptoms to impose treatment 
decisions [2]. The major limitation of spinal imag-
ing is a weak correlation between imaging findings 
and clinical symptoms  [5, 6]. Instead of reveal-
ing an apparent source of pain, such as a painful 
degenerated disc or inflamed facet joint, imag-
ing results reveal common degenerative changes 
concordant to age [2, 7, 8]. Despite the limitations 
of MRI-based systems, they remain the predomi-
nant and most sensitive tools for the diagnostics 
of IVD degeneration [2, 3].

Imaging techniques can provide one with 
a  limited amount of information about IVD de-
generation on the  tissue level. Due to this draw-
back, an open surgical disc biopsy of disc samples 
is needed. The disc material could be then inves-
tigated histologically and immunohistochemi-
cally. Unfortunately, those methods take time, are 
invasive, expensive, and do not reveal the actual 
cause of pain. There remains a need for a straight, 
objective, minimally invasive diagnostic test for 
discogenic LBP.

Percutaneous laser disc decompression (PLDD) 
is one of the so-called ‘minimally invasive’ treat-
ment modalities for contained lumbar disc herni-
ation. The treatment is performed percutaneously, 
so morbidity is expected to be lower and the con-
valescence period is postulated to be shorter than 
for conventional surgery. Because of the minimal-

ly invasive nature and the fact that return to work 
is usually possible within a  few days after treat-
ment, PLDD appears to be an interesting alterna-
tive to conventional surgery; however, still there is 
considerable skepticism about PLDD. Opponents 
usually dismiss PLDD as being an experimental 
treatment with unproven efficacy, whereas those 
advocating the use of PLDD tend to present it as 
some miracle treatment [9].

In PLDD, this mechanism is exploited by ap-
plication of laser energy to evaporate water in 
the NP. A laser fibre delivers laser energy through 
a  hollow needle placed into the  NP. Apart from 
evaporation of water, the increase in temperature 
also causes protein denaturation and subsequent 
renaturation. This causes a  structural change of 
the NP, limiting its capability to attract water and 
therefore leading to a permanent reduction of in-
tradiscal pressure by ≤57% [9].

‘Optical biopsy’ is a  somewhat novel method 
that uses spectroscopy at selected wavelengths to 
diagnose the  disease, and the  focus has been on 
diseases such as cancer and atherosclerosis with-
out removing tissue from the  body  [10]. These 
measurements provide a  possibility to analyse 
a contribution of the main native molecules in tis-
sues and to reveal differences between malignant 
and normal tissues due to morphological and 
molecular changes in various tissues. The prima-
ry optical methods for recognition of molecules 
are infrared (IR) absorption, Raman scattering, 
luminescence and backscattering reflectance (in-
cluding time-resolved) spectroscopies, as well as 
imaging. Different approaches are used to select 
types of devices for clinical trials, from the point 
of monitoring [11] to hyperspectral imaging [12].

‘Optical biopsy’ may be a suitable class of meth-
ods to either determine the LOD of IVD or other 
medical condition. The procedure of either patho-
logical or even painful IVD examination could be 
performed through an optical fibre and a hollow 
needle that is used for PLDD without removing 
any tissue from the body either before the PLDD 
procedure or during open surgery in the point of 
care. Several different spectroscopic methods of 
tissue analysis are under development. The auto-
fluorescence phenomenon allows differentiating 
between traumatized and degenerated disc tissue 
intraoperatively, and in some cases, it also allows 
differentiating between the  bone and collagen 
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endplate in cervical disc surgery [13], the fluores-
cence spectroscopy demonstrated a possibility to 
analyse the LOD [14]. It is well known that Raman 
scattering and IR absorption spectra allow track-
ing biochemical changes in the tissue.

Raman spectroscopy provides spectral infor-
mation based on the  vibrational and rotational 
modes of molecular species in the  tissue. It lev-
erages the inelastic scattering of incident near-in-
frared laser light to enable the noninvasive in vivo 
analysis of tissue and allows not only the  iden-
tification of different molecular species but also 
the  determination of their relative concentra-
tion [15].

The primary purpose of this paper is to analyse 
the  possibilities of fluorescence, Fourier-trans-
form infrared (FT-IR) absorption and Fourier 
transform Raman (FT-Raman) scattering spec-
troscopies for IVD pathology detection. Also, for 
the first time a promissing possibility was found 
to recognize the LOD by fluorescence spectra in 
human IVD material. The findings create a back-
ground for the design of equipment and the design 
of experiment of more advanced clinical trials.

2. Methods

The investigation was performed in accordance 
with the requirements of biomedical ethics.

2.1. Specimens

MRI scans of preoperative patients were ob-
tained and used to evaluate the LOD according to 
the Pfirrmann et al.  [4] disc degeneration classi-
fication system. Personal information of patients 
such as age and gender was obtained as well. Na-
tive disc specimens were removed during an open 
lumbar disc surgery procedure, frozen to –20°C 
and cut into 20-μm-thick slices using a cryo-mi-
crotome. Medically the localization of specimens 
is denoted as L2-3 through to L5-S1 in the  lum-
bar section. Slices of specimens were placed on 
the  calcium fluoride (CaF2) substrate for FT-IR, 
FT-Raman scattering, and fluorescence spectros-
copies. The measurements were performed within 
48 h after removal.

A total of 37 patients were included in the study: 
27 (73.0%) women and 10 (27.0%) men. The mean 
age of the  patients was 48.2 years. The  distribu-

tion of samples by LOD was as follows: 15 samples 
(40.5%) of Pfirrmann grade 3, 18 samples (48.6%) 
of grade 4 and 4 samples (10.8%) of grade 5 were 
evaluated in our study.

2.2. Spectroscopic signal acquisition and data 
analysis

Raman scattering spectra of IVD tissue sam-
ples were excited with the  1064  nm radiation 
of a  Nd:YAG (neodymium-doped yttrium alu-
minum garnet; Nd:Y3Al5O12) laser and recorded 
with a  modern FT-Raman spectrometer Multi-
RAM (Bruker Optik GmbH, Ettlingen, Germany). 
The spectra were recorded in the 400–3600 cm–1 
spectral range.

Infrared (IR) absorption was registered by an IR 
microscope Hyperion 3000 combined with a FT-
IR spectrometer Vertex 70 (Bruker Optik GmbH, 
Ettlingen, Germany) in the 400–3600 cm–1 spec-
tral range. For both FT-IR and Raman scattering 
measurements the  2–5  cm–1 spectral resolution 
was used, and the spectra were registered from at 
least three areas per each sample.

Luminescence spectra were registered through 
a  fibre-based optical system. The  pulsed 355  nm 
ultraviolet radiation (3rd harmonic of Nd:YAG la-
ser, pulse duration 0.5 ns, repetition rate 10 kHz) 
of a  microlaser STA-01-TH (Standa Ltd., Vil-
nius, Lithuania) was used to excite fluorescence. 
A  USB2000 spectrometer (Ocean Optics Ltd., 
Dunedin, FL 34698, USA) registered the signal in 
the range from 340 to 1000 nm. Autofluorescence 
spectra were registered from up to 10 points per 
one specimen.

Computer programs OPUS  6.5 (Bruker Op-
tik GmbH, Ettlingen, Germany), OriginPro  8 
(OriginLabs Corporation, Northampton, USA) 
and R (R Foundation for Statistical Computing, 
Vien na, Austria)  [16] were used to process and 
analyse the data.

2.3. FT-IR and FT-Raman data analysis

A  curve fitting procedure with several Gaussian 
curves (multi-Gaussian fit model) was applied to 
describe bands in FT-Raman scattering and FT-IR 
absorption spectra formally. Three parameters can 
fully describe each Gaussian curve: the  position 
of curve center xc, the full width at half maximum 
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(FWHM) w and the area under the Gaussian curve 
A. Positions of the components were analysed to 
identify possible materials and chemical bonds 
that contributed to the  spectra of the  signals. 
The  analysis of the  ratios of areas under several 
Gaussian components (area ratio analysis) was 
performed to investigate if there were relations 
between shapes of spectra and various patient and 
medical condition-related features.

2.4. Autofluorescence data analysis

The fluorescence spectra were preprocessed in 
several steps. First, the  relative intensities of each 
registered spectrum were corrected by the  spec-
trum of optical system sensitivity. This spectrum 
was obtained by a calibrated Bentham light source 
with a  current stabilized power supply Bentham 
607 (Bentham Instruments Ltd., Berkshire, United 
Kingdom). Second, the  mean value of spectra at 
750~800 nm was calculated as an offset of the y axis, 
and this offset was removed. Third, the spectra were 
smoothed by a combination of two filters: a Savitz-
ky–Golay filter (the  order of the  polynomial is 9, 
and the length of the filter is 35 points) and a medi-
an filter (the length of the filter is 9 points) as well as 
binning and averaging every 10 points on the wave-
length axis. Fourth, as the comparison of absolute 
intensities was impossible due to the transforms of 
samples during the drying procedure, the  spectra 
were normalized to the intensity at a chosen wave-
length. A specific operation was performed to find 
the  optimal normalization wavelength. All pos-
sible normalization wavelengths were tried, and 
the  highest values of a  classification performance 
measure called balanced accuracy (BA) were cal-
culated in four spectral ranges (370–400, 400–
500, 500–600, 600–700  nm). The  dependence of 
the maximum BA value in each range on a specific 
normalization wavelength is plotted in Fig. 2. Nor-
malization points at 386 and 548 nm were chosen 
as the  most appropriate ones. Fifth, the  spectral 
range between 370 and 700  nm was selected for 
further analysis: the range below 370 nm was dis-
torted by an optical laser-cut filter and the  range 
above 700 nm had a low intensity which is almost 
equal to zero. Lastly, in addition to fluorescence 
intensity spectra, a  dataset of the  first-order gap-
segment derivatives [17] for each spectrum (dΙ/dλ) 
was obtained and used in the analysis.

The pre-processed autofluorescence signals were 
compared to medical and patient-related informa-
tion at each wavelength separately (EWS). The  re-
ceiver operating characteristic (ROC) analysis was 
used to compare the data groups at EWS. The mean 
of discrimination sensitivity and specificity (also 
known as balanced accuracy, BA) was used as a clas-
sification performance measure [18, 19].

Fig. 1. The  approximation of a  spectroscopic signal 
with a model of four Gaussian components in a few 
samples representing different levels of degeneration 
(LOD). The parameters of the Gaussian components 
and the  characteristics of the  samples are given in 
Table 1.

Fig. 2. The dependence of classification performance 
on the wavelength of spectra normalization: an ex-
ample. The dependence of the highest balanced ac-
curacy (BA) values in four specific wavelength ranges 
on the  wavelengths of normalization is illustrated 
with the  comparison of 3rd vs 4th levels of degen-
eration in the  subset of women that are older than 
40 years.
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Several grouping features (LOD, gender and 
age groups) were used. At first, only the LOD was 
used. Next, the dataset was split into four subsets 
according to age and gender groups. The analysis 
was repeated in each subset at EWS.

All presented results in the tables were statisti-
cally significant, the p-value for all data was less 
than 0.05.

3. Results

During the period of investigation, 37 specimens 
were obtained. A dataset based on these samples 
contained medical information (such as patient’s 
age, gender and LOD) as well as spectroscopic in-
formation (FT-IR absorption, FT-Raman scatter-
ing and autofluorescence spectra).

3.1. FT-IR spectra

Various types of spectra and a set of spectroscopic 
features are demonstrated in Fig. 3.

In the  FT-IR absorption spectra, the  well-
known spectral lines  [20, 21] such as amide I 
(1655 cm–1 corresponding to the C=O stretching 
vibration), amide II (1550 cm–1, C–N stretch, N–H 
band combination) and amide III (1240 cm–1, C–N 

stretch, N–H bend, C–C stretch), which are pre-
sent in collagen and elastin, could be seen clearly. 
The amide III band at 1205 cm–1 represents colla-
gen, and elastin contributes to the 1340–1450 cm–1 
band with a band at 1400 cm–1. Chondroitin sul-
fate might contribute to the  1240  cm–1 band. As 
the degeneration and aging of discs are associated 
with the  O–H related bonds (3200–3640  cm–1), 
the  analysis of 3080–3640  cm–1 range showed it 
was composed of amide A (N–H stretching vi-
bration at 3225 and 3280 cm–1 and C–H stretch-
ing vibration at 2780–2984 cm–1). The spectra of 
IVD samples did not show any spectral shape de-
pendence on the  LOD. As the  process of degen-
eration is known to be related to the loss of water 
(and O–H related components) in the discs [22], 
the analysis of the 3080–3640 cm–1 spectral range 
was performed in more detail. All spectra were 
decomposed into four Gaussian components with 
the  central values at approximately 3083 (C–H 
stretch), 3182, 3293 and 3456 cm–1. The bands at 
3182 and 3293  cm–1 involve the  contribution of 
amide A, and the band at 3456 cm–1 is related to 
O–H bonds.

The area ratio analysis revealed the  scatter-
ing of the  values that are illustrated in Fig.  4(a), 
and it introduced a necessity to analyse how these 

Table 1. The parameters of the multi-Gaussian fit model: xci, position of ith Gaussian component centre (in cm–1); 
wi, full width at half maximum (FWHM) of the ith component; Ai, area under the Gaussian curve of the ith 
component; Chi2/DoF, chi square statistic divided by degrees of freedom; R2, coefficient of determination.

Sample No. 29 8 26 28
LOD 3 4 5 5

Chi2/DoF 3·10–5 2·10–5 8·10–5 8·10–5

R2 0.9994 0.9996 0.998 0.998
xc1 3276.9±0.2 3293.0±0.0 3303.0±0.1 3299.8±0.1
w1 125.9±0.5 117.4±1.2 120.0±0.0 120.0±0.0
A1 94.2±0.8 84.3±2.4 102.0±0.1 96.8±0.1
xc2 3428.2±0.3 3432.2±1.3 3447.5±0.1 3449.1±0.1
w2 236.5±0.4 226.7±1.7 200.0±0.0 200.0±0.0
A2 231.7±0.6 220.4±2.5 167.8±0.1 211.7±0.1
xc3 3083.2±0.3 3073.5±0.9 3063.5±0.1 3067.7±0.1
w3 129.1±1.6 98.6±3.2 84.2±0.2 75.6±0.2
A3 62.9±0.8 42.7±1.7 35.6±0.1 35.6±0.1
xc4 3184.9±0.3 3187.3±1.3 3182.0±0.0 3182.0±0.0
w4 72.4±0.7 96.9±1.6 120.0±0.0 120.0±0.0
A4 17.4±0.6 45.2±1.3 71.3±0.1 94.1±0.1
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Fig. 3. The FT-IR absorption spectra of the  samples 
with different levels of degeneration (LOD): 3rd lev-
el (a), 4th level (b), and 5th level (c). Several spectra 
were registered from one sample. The main peak val-
ues are indicated above the peaks.
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Fig. 4. The plots that demonstrate how the ratios of 
areas (A) under the Gaussian components depend on: 
(a)  the  levels of degeneration (LOD), (b) the  age of 
patients who are diagnosed with the 3rd level of de-
generation, (c) the LOD in the samples from the pa-
tients of similar age (age 39–47 years old). The ratios 
are plotted on the  y axis. The  values of component 
centres are given in the legends.
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ratios depend on age. It confirmed that aging is an 
important factor [2, 7, 8] (Fig. 4(b)) and that both 
the age and the increase in LOD decreased the con-
tribution of O–H related components. If the  age 
component was taken into account (Fig.  4(c)), 
the decline in O–H related bonds would be found 
in samples with higher LOD.

Figure 1 and Table 1 demonstrate the similarity 
of the Gaussian components measurement in a few 
samples. It was found that in other samples the area 
ratios of O–H related and other components dif-
fered up to 50%. It means that O–H related bonds 
depend not only on age and LOD but also on other 
processes in the spine.

3.2. FT-Raman spectra

Various types of spectra and a set of spectroscopic 
features are shown in Fig. 5. In this work, the authors 
used two spectra normalization meth ods. Spectra 
normalized at 1662 cm–1 to reveal the changes cor-
responded to amide I, and to scattering by the sub-
strate CaF2 to compare the absolute scattering in-
tensity values. The spectra of samples in each group 
were somewhat different, and the  intensities of 
various bands were scattered without any evident 
relation to the LOD.

The FT-Raman scattering spectra (Fig. 5) dem-
onstrated a few well-expressed bands. The bands at 
2700–3300 cm–1 are related to C–H stretch respons-
es [23], and the prominent C–H stretching bands 
in the range of 2870–2975 cm–1, most likely origi-
nating from the –CH3, >CH2, and C–H functional 
groups in amino acid side chains of proteins, lipids 
and carbohydrates, and the  components strongly 
overlap. The  band at 2707  cm–1 could be related 
to the  C–H stretched bonds in biomembrane li-
pids [20, 24, 25], and as it did not overlap with oth-
er bands, the behaviour of its intensity in different 
degeneration samples was analysed and presented 
in Fig. 6. In the 1200–1800 cm–1 region, the amide I 
and amide III bands of proteins give rise to a weak 
band around 1662  cm–1, and the  dependence of 
this band on the  sample tissue LOD is presented 
in Fig. 6. Bands in the 1050–1150 cm–1 region with 
the  main bands at 1056, 1091 and 1118  cm–1, on 
the one hand, could be attributed to the biological 
membranes of IVD cells. Biological membranes 
are heterogeneous assemblies composed of various 
phospholipids differing in their chemical structure. 

Fig. 5. Raman scattering spectra of the samples with 
different levels of degeneration: 3rd level (a), 4th lev-
el (b) and 5th level (c). The spectra are normalized at 
1662 cm–1. The main peak values are indicated above 
the peaks.
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According to this fact, phosphatidylethanolamine 
(PE) contains fatty acids with more unsaturated 
carbon chains than phosphatidylcholine (PC). At 
the lower wavenumber range of PC and PE spectra, 
the C–C stretching mode appears as the broadband 
centred at approximately 1090  cm–1  [26]. In agree-
ment with the literature, in the spectrum of PC, this 
band is composed of two counterparts at 1062 and 
1090 cm–1 and the shoulder at 1125 cm–1 [27]. In our 
samples, the wavenumber values of these bands in dif-
ferent spectra are scattered within a range of 5 cm–1.

The results of analysis of the band intensity de-
pendence on the  patient age and the  tissue LOD 
were not satisfactory except two cases. A well-ex-
pressed band was found at 2707 cm–1, and the in-
tensity of this band tended to depend on the LOD 
(Fig.  6(a,  b)) together with the  behaviour of 
the amide I (1662 cm–1) band. The dependence of 
intensity of both bands on the  patient age is pre-
sented in Fig. 7. In this case, the scattering inten-
sities were compared. Therefore the  spectra were 
normalized to the intensity of the CaF2 band.

Fig. 6. The  dependences of Raman scattering intensity on the  levels of degeneration (LOD) in a  subset of 
women (a) and in a subset of men (b). The spectra are normalized to the peaks of CaF2 band at 1662 cm–1 and 
2707 cm–1. The details of the curves are given in the legends.

Fig. 7. The dependence of Raman scattering intensity on the age of patients in the subsets of women (a) and 
men (b). The spectra are normalized to the peak of CaF2 band at 1662 cm–1 and to the peak of amide I band at 
2707 cm–1. The details are given in the legends.
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3.3. Fluorescence spectra

The analysis of the fluorescence spectra (Fig. 8) was 
performed by dividing the spectra into groups cor-

responding to the LOD. Differences in the spectra 
belonging to samples of different LOD were not 
explicitly expressed as spectra characterized by 
a  high variance, which maybe resulted from ad-
ditional factors such as gender and age. Based on 
this assumption, the spectra were divided into age/
gender groups and analysed again. The averages of 
spectra intensity at EWS within various groups of 
age and gender are presented in Fig. 9.

Fig. 8. The fluorescence spectra of the samples with 
different levels of degeneration (LOD): 3rd level (a), 
4th level  (b) and 5th level  (c). Several spectra were 
registered from each sample. The spectra are normal-
ized at 548 nm.
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Fig. 9. The  fluorescence spectra of IVD samples. 
(a)  The  averages and standard deviations of spectra 
by the LOD groups (the details given in the  insets). 
(b)  The  averages of spectra in the  subsets defined 
by an age group (above/below 40 years old), gender 
(man/woman) and LOD (3, 4, 5). The spectra are nor-
malized at 548 nm.

It was possible to find out that the  main dif-
ferences between the  groups of spectra were 
in the  380–450  nm range that corresponds to 
the  elastin and collagen fluorescence region, but 



J. Vaitkus et al. / Lith. J. Phys. 58, 204–219 (2018)213

Table 2. The best balanced accuracy (BA) values comparing each pair of groups that combine various features: 
age groups (e.g. ‘>40’ means above 40 years old), gender (man/woman) and the level of IVD degeneration, 
LOD (‘3’ stands for 3rd LOD, ‘4’ is 4th LOD, ‘4_5’ is 4th and 5th levels treated as one group). The ‘@’ symbol 
and the following number point out the wavelength at which the indicated BA value is received. The last col-
umn indicates the number of the samples used in the study. The spectra are normalized at 386 nm. The com-
pared spectroscopic feature is the intensities of pre-processed spectra.

Compared groups
The wavelength (λ) range of fluorescence spectra

Number of samples370–400 nm 400–500 nm 500–600 nm
The best BA @λ, nm

Man.3 vs Man.4 0.71 @394 0.80 @459 0.77 @502 5 and 4
>40.Woman.3 vs >40.Woman.4 0.89 @383 0.80 @401 0.70 @573 4 and 11

>40.Man.3 vs >40.Man.4 0.77 @394 0.91 @459 0.91 @502 4 and 2
Man.3 vs Man.4_5 0.70 @394 0.78 @488 0.77 @502 5 and 5

>40.Woman.3 vs >40.Woman.4_5 0.89 @383 0.79 @401 0.69 @573 4 and 14
>40.Man.3 vs >40.Man.4_5 0.78 @394 0.91 @488 0.91 @502 4 and 3

a quantitative measurement of their contribution 
was impossible due to the plausible contribution 
of additional fluorophores. Therefore, the analysis 
of different LODs identification based on spec-
troscopic signals was performed, and the age fac-
tor was also taken into account. It was found that 
the  BA values for all groups mentioned above 
were higher than 0.75 (minimum requirement for 
medical application). In Fig.  10 the  dependence 
of the BA values on the wavelength by comparing 
fluorescence intensities normalized at 548  nm is 
presented and the derivatives of those intensities 
are analysed.

The  classification performance comparing 
the 3rd and the higher LOD by fluorescence emis-

Fig. 10. The dependence of the balanced accuracy (BA) value on the wavelength of the fluorescence signal. 
The intensities were normalized at 548 nm (a) and the derivatives of those intensities (b) were analysed.

sion intensity in the group of women younger than 
40 years at 372 nm was BA = 0.82. The compari-
son of derivatives at 408 nm of the  same groups 
resulted in BA  =  0.79. BA  =  0.77 was achieved 
comparing derivatives at 394 nm for women older 
than 40 years. Comparing the same LOD groups 
in men older than 40 years by spectra intensity 
in the  372–394  nm range the  classification per-
formance was BA = 0.87–0.88, and comparing by 
the derivatives at 423 nm the result was BA = 0.84.

The best classification results based on 
the  spectra normalized at 386  nm are given in 
Tables  2 and 3. High enough values of BA were 
achieved for women older than 40 years, but not 
for the younger ones.

λ (nm) λ (nm)

(a) (b)

BA
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Table 3. The best BA values comparing each pair of groups that combine various features: age groups (e.g. 
‘>40’ means above 40 years old), gender (man/woman) and the level of intervertebral disc degeneration, LOD 
(‘3’ stands for 3rd LOD, ‘4’ is 4th LOD, ‘4_5’ is 4th and 5th levels treated as one group). The ‘@’ symbol and 
the following number point out the wavelength at which the indicated BA value is received. The last column in-
dicates the number of the samples used in the study. The derivative spectra are normalized at 386 nm. The com-
pared spectroscopic feature is the derivatives of pre-processed spectra intensities.

Compared groups
The wavelength (λ) range of spectra derivatives

370–400 nm 400–500 nm 500–600 nm
The best BA @λ, nm Number of samples

Man.3 vs Man.4 0.70 @397 0.79 @484 0.79 @541 5 and 4
>40.Woman.3 vs >40.Woman.4 0.84 @386 0.70 @401 0.80 @587 4 and 11

>40.Man.3 vs >40.Man.4 0.76 @397 0.94 @423 0.91 @502 4 and 2
Man.3 vs Man.4_5 0.65 @386 0.76 @499 0.79 @573 5 and 5

>40.Woman.3 vs >40.Woman.4_5 0.84 @386 0.69 @405 0.79 @587 4 and 14
>40.Man.3 vs >40.Man.4_5 0.73 @386 0.88 @499 0.92 @531 4 and 3

4. Discussion

It was found that PLDD may provide a  noticeable 
relief in appropriately selected patients with IVD 
herniations. Therefore methods for recognizing 
the changes in the IVD are essential for the optimi-
zation of treatment. Photodiagnostic investigation 
of the disc material performed directly before treat-
ment could give additional information on the status 
of IVD degeneration, and influence decision para-
meters related to a minimally invasive treatment.

The  light absorption in the  IR region dem-
onstrated a  broad absorption band in the  3200–
3500  cm–1 range. This spectral region overlaps 
with the  Erbium:YAG laser emission wavelength 
of 2940  nm (or 3401.36  cm–1). It could indicate 
the possibility to use this type of laser for the PLDD 
treatment. This theory is in agreement with the re-
sults of Choy, a PLDD developer who claimed that 
the  most efficient laser regarding energy absorp-
tion by water is the Erbium:YAG laser [28]. Moreo-
ver, the analysis of the structure of this band also 
indicated the decrease of the contribution of O–H 
related components with the increase in the age of 
the patient and the LOD.

The response related to chemical bonds (Raman 
scattering) demonstrated that only the component 
at 2707 cm–1 was related to the LOD, other compo-
nents were not directly related to the LOD. The evi-
dent variability of the spectral components ampli-
tude could also be related to other pathologies that 
exist in the lumbar discs, e.g. Modic changes [29], 
as well as to the  overlap of spectral components 

discussed above. The  later origin of data variabil-
ity could probably be avoided if a higher spectral 
resolution would be used, but the  application of 
such devices for diagnosis application would be 
problematic. The  analysis of the  IR absorption 
confirmed a  well-known effect of drying as discs 
with an increased age of the patient and increased 
LOD lose O–H related compounds. The  analy-
sis of Raman scattering data revealed the  exist-
ence of a particular threshold of female age when 
the  amplitudes of the  same components change 
depending on age. The dependence of the compo-
nent at 1662 and 2707 cm–1 on age was analysed. 
The  component at 1662  cm–1 could be related to 
amide  I and represent the C=O stretching and to 
a  small amount of out-of-phase C–N stretching 
and the component at 2707 cm–1 is proposed to be 
related to lipids [23, 30]. The threshold in the range 
of women at 40–50 years is observed (Fig. 7a), and 
it is probably related to hormonal change. This re-
sult confirms the earlier data that the transforms of 
amide I include an amyloid formation that causes 
the  amide  I band structure to change  [31], and 
more amyloid was observed in the patient over 50 
years  [32]. The  component at 2707  cm–1 showed 
a  better relation to the  LOD, as the  dependences 
on LOD were similar to both genders. The differ-
ences of the  1662  cm–1 band are probably related 
to the overlap of a few components. An example of 
the structure of the 1662 cm–1 band in our sample 
is presented in Fig. 11.

In different samples, the  fluorescence spectra 
were also different, and the recognition of LOD with 
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Fig. 12. The average of fluorescence spectra (normal-
ized at 548 nm) of the intervertebral disc (IVD) samples 
in the 3rd (grey curve) vs 4th and 5th (as one group) 
LOD (black curve) of the patients above 40 years old, 
and the  cut-off values (a pointed curve) obtained by 
ROC analysis at every wavelength separately. The verti-
cal lines indicate the highest balanced accuracy values.

satisfactory BA was achieved. The data variability not 
related to the pathology may occur as the  lumines-
cence spectrum of tissue is composed of highly over-
lapping contributions of at least several fluorophores. 
The main fluorophores such as elastin and collagens 
emit fluorescence when they are excited by 355 nm 
light [14, 33]. A fluorescence spectrum would change 
if any changes in the collagen structure or type hap-
pened. The  maximum of fluorescence intensity is 
found at 370 nm in collagen IV, at 395 nm in colla-
gen I and V, at 411 nm in collagen II, at 430 nm in 
collagen VII, and at 426 nm in elastin. Collagen IV 
has an emission band at 420 nm as well, and colla-
gen I emits a  few more bands at 370, 425, 603 and 
660  nm  [33]. Other fluorophores that fluoresce in 
the same spectral range are also known, e.g. free and 
bound NADH (bands at 440 and 460 nm), and flavins 
(band at 525 nm) [13, 33, 34]. The change in the con-
tribution of a few fluorophores could cause a modi-
fication in the shape of the whole fluorescence spec-
trum of tissue. The input of the fluorophores depends 
on the tissue composition. It is worth mentioning that 
the derivative (dΙ/dλ) provides one with the informa-
tion about wavelength-wise change in the intensity of 
fluorescence thus the  derivative of the  fluorescence 
spectrum contains information about a  change in 
the contribution of neighbouring fluorophores.

The  results of the  fluorescence signal analysis 
permitted recommending this method for LOD di-
agnostics. The  wavelength, at which the  optimum 
classification performance was achieved, can be re-
lated either to the  contribution of the  fluorophore 
if the  fluorescence intensity was analysed, or to 
the  change in the  input of adjacent components if 
the  derivatives of the  spectrum were compared. It 

was impossible to quantify the change in the emis-
sion of each tissue fluorophore due to the overlap of 
contributions of different fluorophores, but it was 
possible to give qualitative proposals.

As observed, the  classification performance to 
identify LOD depends differently on the age of men 
and women. Therefore the  evaluation of the  LOD 
has to follow the groups presented in Tables 2 and 
3. The presented values of BA show the spectral re-
gions where differences between pathologies exist, 
and the diagnostic decision can be made by compar-
ing either the pre-processed fluorescence intensity or 
derivatives of that intensity following the recommen-
dation in Tables2 and 3. The decision on the LOD of 
the sample corresponds to this value of the intensity 
(or derivative). In the ROC analysis, the cut-off value 
for the group discrimination and the average values 
of the fluorescence intensity in each pathology group 
were calculated. If the calculated value for a new pa-
tient gets on the side (determined by the cut-off) that 
is closer to the  average value of the  chosen group, 
the patient is assigned to this group with the declared 
BA value. The differences in the values that exceeded 
the typical (5%) experimental data error were high-
lighted in bold in Tables  2 and 3. An example of 
the comparison of these values is presented in Fig. 12. 
The average of the preprocessed intensity values and 
the ‘cut-off’ values for all letters pointed out in bold 
in Tables 2and 3 are presented in Tables 4 and 5.

Fig. 11. An example of the amide I band structure in 
the FT-IR absorption spectra. The Gaussian compo-
nent parameters are given in the inset.
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Table 5. The average values of derivative ratios and ‘cut-offs’ that are indicated as bold letters in Table 3 and 
Fig. 9(b).

Parameter Man: 
3(1) vs 4(2)

>40.Man: 
3(1) vs >4_5(2)

>40.Man: 
3(1) vs 4(2)

>40.Woman: 
3(1) vs >4(2)

>40.Woman: 
3(1) vs 4_5(2)

Intensity normalized @ 386 386 548 386 386

BA @ wavelength 0.79 @484 0.84 @386 (0.92 
@531) 0.95 @423 0.84 @386 0.84 @386

Cut-off –0.029 0.052 (–0.008) –0.126 0.063 0.063

Average (1) –0.035 0.061 (–0.012) 0.290 0.078 0.078

Average (2) –0.019 0.046 (–0.006) –0.335 0.043 0.044

Table 4. The average values of intensity ratios and ‘cut-offs’ that are indicated as bold letters in Tables 2 and 3.

Parameter Man 3 vs 4 (1) 
vs (2)

Man: 3 vs 
4_5 (1) vs (2)

>40 Man: 
3 vs 4 (1) vs (2)

>40.Man: 
3 vs 4_5 (1) vs (2)

>40.Man: 3 vs 
4_5 (1) vs (2)

Intensity 
normalized @ 386 386 386 548 386 386 548

BA @ wave-
length

0.80 @459 
(0.77 @502)

0.78 @488 
(0.77 @502)

0.91 @459 
(0.91 @502) 0.87 @390 0.79 @401 0.91 @488 0.89 @383 

(084 @401)

Cut-off 0.565 (0.2) 0.278 (0.202) 0.565 (0.193) 14.150 1.020 0.278 12.755

Average (1) 0.730 (0.229) 0.324 (0.228) 0.906 (0.283) 9.906 1.111 0.396 9.411

Average (2) 0.409 (0.133) 0.195 (0.137) 0.485 (0.148) 16.874 0.965 0.208 17.439

The  age and the  LOD dependent changes are 
mainly related to the structure of collagen. How-
ever, collagen and elastin (the main fluorophores 
in the  disc) emit fluorescence bands that highly 
overlap. Therefore it was not possible to follow 
the changes in the disc by the fluorescence spec-
tra, but it was possible to recognize the disc LOD 
that is essential for medical practice.

5. Conclusions

The results based on fluorescence spectra reveal 
subtle LOD-dependent biochemical changes tak-
ing place in human IVD material. These changes 
cannot be tracked by current diagnostic modali-
ties (MRI) and can be revealed only if gender and 
age of patients are taken into account. The  find-
ings create a background for the design of equip-
ment and the  design of experiment of more ad-
vanced clinical trials.

FT-IR absorption and Raman scattering spec-
tra demonstrated the  age dependences of a  few 
components. The Raman peak at 2707 cm–1 seems 

promising for recognition of lumbar IVD LOD, 
but a higher number of specimens is necessary.

Optical diagnostics shows the capability to dis-
criminate aging versus degeneration processes in 
both genders.
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Santrauka
Stuburo tarpslankstelinio disko degeneracijos laips-

nis gali turėti įtakos parenkant gydymo strategiją, todėl 
ieškomi metodai, leisiantys tai atlikti chirurgo darbo 
vietoje. Šiame darbe atlikta infraraudonosios šviesos 
sugerties, Ramano sklaidos ir fluorescencijos spektrų 
analizė, atliekant skirtingų spektrinių požymių grupių 
mėginių palyginimą statistiniais metodais.

Tyrime dalyvavo 37 pacientai (27 moterys ir 10 vyrų; 
vidutinis tiriamųjų amžius 48,2 metai). Mėginiai buvo pa-
imti iš juosmeninės stuburo srities. Nustatyta 3-as (40,5 %), 
4-tas (48,6 %) ir 5-tas (10,8 %) degeneracijos lygmuo pagal 
Pfirrmanno degeneracijos vertinimo metodiką.

Visais trimis tyrimo metodais atrasti požymiai pri-
klauso nuo pacientų amžiaus, lyties ir disko degenera-
cijos laipsnio.

Nustatyta, kad duomenų sklaida skirtinguose mė-
giniuose juos tiriant infraraudonosios šviesos sugerties 

ir Ramano sklaidos metodais yra per didelė. Gauti re-
zultatai nėra pakankamai patikimi, kad siūlomą meto-
dą galėtume rekomenduoti ar taikyti nustatant tarps-
lankstelinio disko degeneraciją. Su tarpslankstelinio 
disko degeneracija galimai susijusį Ramano sklaidos 
spektrų komponentą, išskirtą ties 2707 cm–1, tikslinga 
tirti pasitelkiant didesnį kiekį mėginių.

Fluoroforų, esančių audiniuose, fluorescencijos 
spektrai persikloja, tačiau atrastos spektro sritys, ku-
riose rasti požymiai pakankamai patikimai leidžia įver-
tinti disko degeneracijos laipsnį ir aptikti su tuo susi-
jusius tarpslankstelinio disko biocheminius pokyčius. 
Šios išvados galėtų lemti pažangesnių eksperimentinių 
klinikinių tyrimų projektus ateityje.

Optinė diagnostika teikia galimybę atskirti senėji-
mo ir degeneracijos procesus abiems lytims.


