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Abstract: Aim of the presented research was to develop an optical sensing system to investigate the 
demineralization process of the bones. Optical measurement techniques are widely used and in-
creasingly adapted in biological and biomedical applications due to their non-destructive nature 
and safety. Optical examination of the bone condition could facilitate clinical trials and improve the 
safety of patients. The authors used a set of complementary methods: polarization-sensitive optical 
coherence tomography (PS-OCT) and Raman spectroscopy. To stimulate the process of demineral-
ization and gradual removal of the hydroxyapatite, the test samples of chicken bones were placed 
into 10% acetic acid. Measurements were carried out in two series. The first one took two weeks 
with data acquired every day. In the second series, the measurements were made during one day at 
an hourly interval (after 1, 2, 3, 5, 7, 10, and 24 hours). Raman spectroscopy was used to evaluate the 
disappearance of the hydroxyapatite. The relation between the content of hydroxyapatite and im-
ages recorded using OCT was analyzed and discussed. Moreover, the polarization properties of the 
bones have been evaluated. Based on OCT images, the retardation angles of the bones have been 
calculated. This work presents a preliminary study on the mechanism of bone demineralization and 
confirms the potential of the applied optical methods. 
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1. Introduction 
Bones in human organisms play several important roles. They form a skeleton – a 

living structure, capable of growth, adaptation, and repair. The human skeleton through-
out its lifetime adjusts its size and internal structure to the constantly changing biome-
chanical conditions. Due to their mechanical strength, the bones play a protective role for 
the various organs (e.g., the skull protects the brain and ribs protect the heart and lungs). 
The second, at least equally important role of the bones, resulting from their mechanical 
tensile strength, compressive strength, and fracture toughness, is the supporting role (e.g., 
bones allow the body to control the shape and to move using muscles and joints). Apart 
from the “mechanical roles” of the bones, they are an important reservoir of Ca2+ ions. In 
the bone tissue the fixed processes of distribution and biochemical and structural compo-
nents renewing occur. Osteoblasts take a part in the formation process and bone regener-
ation. During ossification, they create trabecular forms making up the skeletal system. 
Osteoclasts are involved during the dissolution process and superstructure bone. The 
macro bone construction represents two forms: cancellous tissue and compact one. The 
last one creates an oriented structure composed of lamellae (collagen fibers) with a clear 
orientation. 

Bone is a complex and not easily classifiable composite of organic substances and 
mineral compounds entangled on a nanostructured level [1–3]. The basic unit of the or-
ganic component of the bone is the type I collagen molecule, which is a long (300 nm) and 
thin (1.5 nm in diameter) protein composed of a triple helix. Repeated segments of five 
collagen molecules arranged parallel to each other in one plane at equal intervals of 
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0.24 nm, with every subsequent molecule being lowered from the previous one by 67 nm, 
form a microfibril, which is presented in Figure 1 [2,4,5]. The C termini of the succeeding 
segments are separated from the N termini of the preceding ones by a distance (gap) of 
36 nm [4]. A bunch of alternatively arranged microfibrils forms a fibril, which in turn is 
an element of a tissue fiber [4,6]. Since the neighboring microfibrils are aligned, the gaps 
present in their structure create continuous channels [2,4]. The presence of both collagen 
and hydroxyapatite in bones in approximately 1 to 3 weight ratios makes the bones very 
strong and flexible at the same time. 

 
Figure 1. Arrangement of collagen in the microfibril. The diameters of the proteins and the 
0.24 nm spaces between the molecules are disproportionately large for the illustration. 

The inorganic template of the bone is composed of hydroxyapatite, which predomi-
nantly occurs as a non-stoichiometric mineral of a hexagonal crystal system [7,8]. Hydrox-
yapatite is known to nucleate and grow within the gap channels, creating platelets of var-
ying sizes and spatial orientations [3,4]. The crystals are uniaxially oriented along the long 
axis of the collagen molecules [2,3]. A significant amount of the mineral is also reported 
to exist in the extrafibrillar space [4]. The hydroxyapatite is a factor that introduces con-
siderable irregularity to the otherwise hierarchical and highly organized structure of the 
collagen fibrils. 

Diverse types of bones bear the closest resemblance to each other on the nanostruc-
tured level [9]. Making the optical properties of the samples dependent on the changes in 
their nanostructure enables partial reduction of the impact of differences between speci-
mens. 

On ossification, two major changes: osteoclastogenesis and osteoblastogenesis take 
place [10,11]. The balance that exists between these processes is responsible for the process 
of bone remodeling. During bone remodeling, the process of bone loss is closely coupled 
to the reconstruction process, which determines the proper functioning of the skeleton. 
Any imbalance between remodeling processes may cause serious disease. Lower bone 
mineralization may be due to age (not all bones are fully mineralized after birth), diseases 
(among which osteoporosis is best known), or injuries. Significant bone weakness leads 
to, for example, fractures or deformities. In some rare cases, excessive bone mineralization 
may occur, manifesting itself as a decrease in its elasticity. One of the main factors of the 
healthy state of bone tissues is the proper management of calcium as a form of hydroxy-
apatite. 

In the clinical diagnosis, the healthiness of the bone is mainly examined using com-
puted tomography (CT) with the Hounsfield method for tissue hardness evaluation. In 
bone regeneration, the monitoring of tissue growth is a key element, which determines 
the success of treatment. Because of the high negative influence of X-ray radiation on a 
human body, the measurements are usually carried out with respect to the principal rule 
of ALARA (As Low As Reasonably Achievable). However, due to the need to reduce test-
ing CT of the negative impact of ionizing radiation on living organisms (from 5 to 100 
times greater than conventional radiographs of the same area of the body) defers to the 
time of evaluation of bone tissue on average for the period of 6 months and up to 9 months, 
which significantly extends the time of implant treatment. 

The purpose of the study is to determine whether or not bone mineralization or de-
mineralization can be estimated by means of complementary optical methods. As the 
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bones are highly scattering media, the authors decided to use an optical coherent tomog-
raphy (OCT, pioneered by David Huang, James G. Fujimoto, and co-workers in 1991 [12]. 
It is an optical measurement technique used for the investigation of a wide range of scat-
tering materials. The OCT enables surface and subsurface examination of different types 
of materials to be performed in a non-contact and non-destructive way. With the aid of 
OCT, one can analyze the depth structure of investigated materials with a measurement 
resolution of a few micrometers, high sensitivity, and dynamic range. Nowadays, the ad-
vantages of OCT make it applied in medical treatments, especially in ophthalmology, der-
matology, stomatology, and endoscopy, and also in industry and science. The high appli-
cation potential of OCT makes it a valuable tool for researchers from many areas. The OCT 
measurements are based on the selective detection of the light backscattered from the par-
ticular scattering points located inside the investigated object, which is needed for 2D and 
3D tomography imaging. It means that using OCT the backscattered light can be gathered 
with high spatial resolution. To perform such measurements, the OCT uses low-coherence 
interferometry (LCI). The LCI, also known as white light interferometry (WLI), is an at-
tractive measurement method offering high measurement resolution, high sensitivity, and 
measurement speed. Since both hydroxyapatite and collagen fibers are birefringent, it has 
been decided to use polarization-sensitive optical coherent tomography (PS-OCT), which 
allows simultaneous measurements of the scattering properties of bone and its polariza-
tion properties. 

PS-OCT has so far been used in an investigation of hydroxyapatite-containing tissue 
specimens, namely teeth (tooth enamel is an anisotropic weakly scattering medium that 
changed the state of polarization of back-scattering optical radiation [9,13–16]) as well as 
collagen-containing tissues (e.g., skin [17,18], articular cartilage [19–22], meniscus [21], 
tendons [23], tumor [24,25], and atherosclerotic plaques [26] or coronary plaque [27] in 
blood vessels). 

Raman spectroscopy was used as a complementary method to verify the PS-OCT 
measurements. The method is based on the illumination of the sample by a laser beam 
and spectral analysis of the inelastically scattered light. Interaction between the excitation 
light and oscillating molecular bonds results in the appearance of the spectral lines which 
correspond to the distribution of oscillatory levels, which is unique to a particular material 
(e.g., hydroxyapatite). Thus, Raman spectroscopy provides crucial information about the 
molecular composition of investigated materials. The intensity of the Raman line is pro-
portional to the concentration of oscillators (bonds) in an analyzed volume of the material, 
thus reducing the content of the substance (reduces the intensity of this line). Raman spec-
troscopy has been widely used for biomaterials investigation. For this purpose, IR laser 
excitation is commonly used as this wavelength range enables significant reduction of 
fluorescence signal which creates strong optical background which interferes with Raman 
signal acquisition and processing. A significant advantage of the Raman measurement is 
the use of signals in the VIS-NIR spectral range. It enables the use of fiber-optic probes 
which simplifies the coupling of the optical measurement system to the object of investi-
gation as well as improves the safety of the measurements [28–30]. 

Because the bones are highly scattering media, the use of PS-OCT or Raman spectros-
copy systems for their examination, for example, for estimation of their demineralization, 
could have been a much more difficult task. In this study, for ethical reasons, bones of 
animals having similar properties to humans, which was previously intended for human 
consumption, were only used. Conclusions from the conducted research, due to the simi-
larity of bone structure, may be extended to human bones. Therefore, the presented re-
search results can be used in the future in the development of diagnostic methods as-
sessing changes in the degree of bone mineralization caused by natural, disease, or injury 
factors during bone regeneration or fusion. These tests can also be the basis for the assess-
ment of bone formation processes, e.g., around implanted hip or elbow joints, etc. 
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2. Experimental procedure 

2.1. Sample preparation and investigation procedure 
Extracted chicken humeri have been used for the optical analysis of the deminerali-

zation process. Separate sets of the samples were prepared for measurements by PS-OCT 
and Raman spectroscopy. Diaphyses of the bones were thoroughly cleansed of muscle 
tissues while tendons and articular cartilage were removed from the epiphyses. To ensure 
repeatability of the scanned area, for every sample a thin transverse notch has been made 
in the middle of the diaphysis. The bones have always been measured from the notch 
toward the distal epiphysis. For PS-OCT examination the objects have been additionally 
leveled. The appearance of the prepared humerus with a marked scanning area is pre-
sented in Figure 2. 

 
Figure 2. Extracted chicken humerus prepared for the reference OCT measurement. The green 
rectangle indicates the scanned region. 

Reference measurements have been carried out with PS-OCT and Raman spectros-
copy after the bones were rinsed with saline solution and dried in the open air. Subse-
quently, the samples were placed in 10% acetic acid to gradually remove hydroxyapatite 
from their structure. Two series of measurements have been carried out, each on a sepa-
rate set of bones. The first group of the humeri was being examined during the first 24 
hours of the demineralization, namely after 1 h, 2 h, 3 h, 5 h, 7 h, 10 h, and finally 24 h. 
The second set of samples has been investigated every 24 h for 2 weeks using polarization-
sensitive optical coherence tomography and Raman spectroscopy. In this study the sam-
ples were labeled as B24h_OCT – the sample used in the 24-hours experiment for PS-OCT 
measurements, B24h_RS – the sample used in the 24-hours experiment for Raman spec-
troscopy, B14D_OCT – the sample used in 14-days experiment for PS-OCT measurements, 
B14D_RS – the sample used in 14-days experiment for Raman spectroscopy. The acetic 
acid greatly altered the mechanical properties of the samples. After 2 weeks of deminer-
alization, the bones became flexible and could easily be bent. 

2.2. PS-OCT and Raman spectroscopic measurement systems 
PS-OCT measurements were carried out with the use of a PS-SS-OCT system with 

commercial laser swept source HSL-2000 by Santec. During each PS-OCT measurement 
128 horizontal sections (B-scans) have been obtained for the single sample, with every 
image having been composed of 1024 axial scans (A-scans).  

Raman spectroscopic system utilizes NIR excitation wavelength to reduce the influ-
ence of fluorescence and other optical background signals. The Raman system is based on 
axial transmissive spectrograph and fiber-optic probe from the pre-commercial Raman 
system Ramstas developed by the VTT — Technical Research Center of Finland [28,29]. 
The system also uses a diode laser coupled to an optical fiber. Power on the sample was 
limited to reduce the risk of its thermal damage. Collected scattered radiation is filtered 
to remove laser wavelength and transmitted to the spectrograph and TE-cooled CCD cam-
era Andor BV-401.  

Detailed features of the measurement systems used in this study are presented in 
Table 1. 
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Table 1. Features of the PS-OCT system and the Raman spectrometer. 

PS-OCT system Raman spectrometer 
Item Value Item Value 

Light source type Diode laser – 20 kHz 
swept source 

Light source type Diode laser – CW 
mode 

Average output power 10 mW Average output power 100 mW 
Central wavelength 1320 nm Central wavelength 830 nm 

Wavelength range 140 nm Raman spectral range 
Stokes band –  
200‒2000 cm−1 

Longitudinal resolution 12 µm Spectral resolution 8 cm−1 

Lateral resolution 15 µm Spectrograph 

Axial transmis-
sive setup with a 

holographic trans-
mission grating 

Frame rate > 4 fps Detector TE-cooled CCD 
array – 1024 col-

umns, ‒50°C 
Depth imaging range 7 mm 

Optical system 
Fiber optics 

probe – working 
distance of 5 cm 

Transverse imaging 
range 

10 mm 

 

3. Measurements and data processing 

3.1. Polarization-sensitive optical coherence tomography measurements (PS-OCT) 
All measurements of the evaluated samples of the chicken humerus were made with 

the aid of polarization-sensitive analysis (PS) applied to OCT. The PS analysis expands 
the OCT imaging by delivering information about the birefringence of the tested sample. 
These data are given in the form of a retardation angle, which can be understood as a 
phase shift between ordinary and extraordinary optical beams in the birefringent me-
dium. An example of PS-OCT measurements of the chicken humerus is shown in Figure 
3. 

 
Figure 3. An example of PS-OCT imaging of the chicken humerus after 1 day on harsh environ-
ment exposure (sample B14D_OCT). 

Standard OCT imaging usually expresses the changes of the backscattered light in-
tensity as a grayscale cross-sectional image. Here, the retardation angle has been added 
creating colorful multimodal OCT images. The intensity (value) of the image pixels corre-
sponds to the level of backscattered light at a logarithmic scale. Whereas, the value of 
retardation angle is coded by the color of the pixels (hue) according to the scale repre-
sented by the color bar. 
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The PS-OCT system, which was utilized in the experiment, estimates the retardation 
angle based on the Jones formalism, therefore, its value varies from 0 to π/2 (0 to 90 de-
grees). For the continuous increase of the retardation value with depth, the retardation 
angle becomes a periodic function, which can be seen as regular color stripes in Figure 3. 

Following the experimental procedure, described in section 2, 22 PS-OCT images 
were collected and processed for further analysis: 7 for sample B24h_OCT (taken in the 
first 24 hours) and 15 for sample B14D_OCT (taken in the first 14 days). A representative 
set of the measurement results, which express the observed trends and support the con-
clusions, have been shown in Figure 4. 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 4. PS-OCT images of the tested bone taken in the first 24 hours (sample B24h_OCT – figures (a)–(d) and 14 days 
(sample B14D_OCT – figures (e)–(f); (a) the image taken at the beginning of the experiment (the bone has not been put 
under the acetic acid influence), (b) after 1 hour; (c) after 3 hours; (d) after 24 hours, (e) after 7 days; (f) after 14 days. 

The first attempt at the analysis was based on subjective evaluation of the PS-OCT 
cross-sectional images. Following, the two main trends are seen. Firstly, sample exposure 
to acetic acid reduces the optical scattering and absorption effects inside the tested bone. 
This has been observed for both B24h_OCT and B14D_OCT samples as a lower level of 
backscattered light from the bone inner structure in exposure time. To underline this con-
clusion one should compare the images in Figure 4. The PS-OCT image, labeled as (a), was 
taken at the beginning of the experiment for the bone, which has not been affected by the 
acid. Comparing this PS-OCT image with the (b), (c), and (d) the lower intensity of 
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backscattered light from the sample subsurface structure and higher penetration depth 
can be noticed. This phenomenon increase especially after a longer exposure time (longer 
than 1 or 2 days), which is expressed by analyzing PS-OCT images (e) and (f) in Figure 4. 
Some valuable conclusions can be derived from the polarization-sensitive measurements. 
The first PS-OCT image in the series of B24h_OCT measurements expresses a random 
change in the retardation angle (the sample has not been influenced by acid yet), which 
suggests the light depolarizing nature of the evaluated structure. After 24 hours of bone 
exposure to the acid, regular color stripes can be seen, which leads to the conclusion that 
the sample exhibited some birefringent effects. This and the scattering phenomena in 
bones have been proceeded to quantitative analysis, described in the next session. 

3.2. Analysis of the backscattered light intensity 
Among the others, the intensity of backscattered optical signal depends on the Fres-

nel reflections, and scattering and absorption coefficients of the evaluated tissue. The re-
lation between scattering features of the tissues and recorded OCT signals (A-scans) were 
studied in [31] and [32]. Analyzing PS-OCT images, which have been taken after long 
tissue exposure to acetic acid – see images (e) and (f) in Figure 4, a low level of backscat-
tered light intensity (dark areas) between surface and subsurface interfaces can be ob-
served. This phenomenon is a consequence of low tissue scattering and absorption in this 
particular case and leads us to expand the investigation by observing their changes in 
exposure time. Analyzing the scattering and absorption independently is difficult espe-
cially using OCT methods. Therefore, the quantitative evaluation was based on the extinc-
tion coefficient, which represents both effects. 

The OCT recorded signal covers information about back-reflected and backscattered 
light at the surface and inside the evaluated sample. The first component refers to the 
reflection at the boundary between the sample and surrounding medium (e.g., the air), 
and between the layers composing the device under tests, which is described by the Fres-
nel equations. The back-reflected signal occurs as rapid rise and fall of the value of the A-
scan (single line of depth-resolved OCT scan). Whereas, the slower changes at the A-scan 
are related to the backscattered effects of the scanning light beam. The rate of the A-scan 
slope may indicate the regions, at which the back-reflection or backscattering becomes a 
dominant effect. This has been expressed as an example presented in Figure 5. 

 
Figure 5. An example of OCT A-scan, at which the regions of Fresnel reflection and backscattering 
domination were indicated; Ix – the intensity of backscattered/back-reflected optical radiation, I0 
– reference intensity, usually the intensity of the incoming light beam. 
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Following the outcomes from [31], the OCT A-scan, as a function of depth, is de-
scribed as the compound of an optical source point spread function (PSF) and Beer's law. 
Due to the exponential character of backscattered light intensity, the extinction coefficient 
is calculated directly from the A-scan as a slope ratio of its natural logarithm. 

The raw data from the OCT system are in the form of A-scans in the logarithmic scale 
(dB). The data processing started from defining the region of interests (ROI) at OCT image, 
covering the B-scan from the marking notch toward the distal epiphysis, and limited at 
depth to the backscattered light intensity drop by 20 dB. Afterward, all A-scans were ad-
justed to the point of light reflection from the surface of the evaluated sample, which clears 
out the tilt of the OCT image. Following, all A-scans inside the selected ROI were recalcu-
lated to linear scale and averaged together. At last, the averaged plot was recalculated 
again to the scale with a natural logarithm as a base. The extinction coefficient was esti-
mated from the slope of the plot at the region, at which the light backscattering effects are 
dominant over the Fresnel reflection. The above procedure has been applied to the meas-
urement results obtained for samples B24h_OCT and B14D_OCT. The values of extinction 
coefficient as a function of time of exposure to the acetic acid were presented in Figure 6 
and 7. 

 
Figure 6. The average value of the extinction coefficient measured for the first 24 hours of the ex-
periment – sample B24h_OCT. 
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Figure 7. The average value of the extinction coefficient measured for a longer period – sample 
B14D_OCT. 

The presented quantitative data express the dynamic change in the light scattering of 
the bones during the demineralization process, which is stimulated by exposure to the 
acid. After few days of the test, the bone sample has become almost transparent for the 
NIR radiation used in the experiment. The highest drop of the extinction coefficient has 
been observed after the second hour of the acid influence on the bone. 

3.3. Polarization-sensitive analysis in the bones evaluation 
In the utilized PS-OCT system, the polarization-sensitive measurement data are de-

livered in the form of depth-resolved wrapped function of a retardation angle with a pe-
riodicity of π. The retardation angle exposes the phase shift between linear orthogonal 
components of polarized light guided through a birefringent medium. Due to the birefrin-
gent nature of collagen and hydroxyapatite, this effect has been expected in our observa-
tion. In this particular case, birefringence (Δn) defined as the difference between refractive 
indexes for both polarization orthogonal components (known as ordinary and extraordi-
nary rays) is the best approach to express the polarization effects in the bones. The Δn can 
be calculated easily from the derivative of the retardation angle function. This has been 
shown in Figure 8. 
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Figure 8. An example of a plot of retardation angle taken for a single A-scan. 

The birefringence Δn is also referred to the retardation provided by the tested sample 
at the specific geometrical path z, which is expressed as: 

∆n = Γ zൗ  (1)

or 

Δn = (γ⋅λ0)/(2π·z), (2)

where: γ is the retardation angle, Γ is the retardation (expressed in length units) as a delay 
between polarization orthogonal components at a specific geometrical path z, and λ0 is 
the central wavelength of the scanning beam (1320 nm for the utilized PS-OCT system). 

Depending on the plot of retardation angle, two different approaches were applied. 
If the two neighboring maxima or minima were recognized, the Δn has been calculated 
based on equation (1), where provided retardation was equal to half of the central wave-
length and z was the distance between these maxima. Otherwise, the birefringence esti-
mation has been done by analyzing the slope of the plot, which has been presented in 
Figure 8 as a dashed line. In this case, the Δn has been calculated as: 

Δn = (Δγ⋅λ0)/(2π·Δz) (3)

where Δγ is the retardation angle change over the path length Δz. 
The raw data were in the form of a two-dimensional map of retardation angle, which 

covers the cross-sectional OCT image inside the ROI selected for the “Analysis of the 
backscattered light intensity”, described in the previous subsection. The data processing 
starts from eliminating bright and dark spots (locally extremely high and low values) us-
ing a median filter. As previously, each line (A-scan) of the retardation map has been ad-
justed according to the surface of the tested bone. Afterward, all values were averaged in 
the lateral direction (towards the distal epiphysis) to obtain the smooth depth-resolved 
function of the retardation angle. At last, the birefringence as the Δn has been calculated 
based on the procedure described above. The change in birefringence as a function of time 
of exposure to acid is presented in Figure 9 and 10. 
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Figure 9. The average value of birefringence of the chicken humerus recorded for the first 24 hours 
of exposure to acid – sample B24h_OCT. 

 
Figure 10. The average value of birefringence of the chicken humerus recorded for 14 days of ex-
posure to acid – sample B14D_OCT. 

At a beginning of the experiment, both tested samples (B24h_OCT and B14D_OCT) 
present a high ability to depolarize the scanning light beam, which occurred as a random 
change of the value of retardation angle observed at PS-OCT B-scans (Figure 4a) and 
closed to 0 value of calculated birefringence Δn. After a short time of exposure to the acid 
(about 1 hour), the bones exhibited some birefringent-like behavior, which has been seen 
as a rising value of Δn. For the next hours, the Δn has been rising rapidly. This process has 
taken about two days from the beginning of the experiment. Afterward, the fall of bire-
fringence has been observed and after about eight days its value became stable. 

3.4. Raman Spectroscopy 
Raman spectra were processed with the use of OriginLab OriginPro software. Se-

lected Raman spectra recorded during the experiment taking 24 hours (sample B24h_RS) 
and 14 days (sample B14D_RS) are shown in Figure 11. The main Raman band at 967 cm–
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1 has been already reported in the literature [33,34]. It is assigned to (PO3) symmetric 
stretching of hydroxyapatite. As the strongest band assigned to hydroxyapatite, it was 
used as a marker for quantitative estimation of demineralization of the bone which is the 
result of its interaction with the acetic acid. 

 
Figure 11. The average value of the extinction coefficient measured for the first 24 hours of the 
experiment – sample B24h_OCT. 

Before the analysis, an optical offset was removed from the Raman spectra by poly-
nomial approximation and subtraction. For quantitative analysis, the integral intensity 
(area) of the band was calculated with the use of the Lorenz function. The result of the 
integral intensity calculation was divided by the intensity value for a different Raman shift 
value that should have remained constant during the experiment (760 cm–1 was selected 
as an example) to overcome the small defocusing effect caused by the complex surface of 
the sample. Then results were normalized in relation to the values determined for initial 
measurements in order to quantify the disappearance of hydroxyapatite in the investi-
gated area of the bone. Results are shown in Figure 12. 

The time courses of normalized intensity changes of the Raman bands at 967 cm–1 are 
in good agreement with the results of the OCT investigation. As a result of the integration 
of the bone with the acid the intensity of the line assigned to hydroxyapatite quickly de-
creases. This indicates the demineralization of the sample, caused by decomposition 
and/or flushing out the hydroxyapatite. Despite the small differences in the speed of this 
process between two samples (the sample evaluated during the 24 hours and the second 
one measured for 14 days), caused by individual variation, one can observe that it was the 
most intense during the first day (decrease to about 20-40% of initial values), especially 
during the first three hours. After about 5-7 days the Raman signal assigned to the hy-
droxyapatite cannot be noticed. The character of changes is best approximated by the ex-
ponential function. 
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(a) (b) 

Figure 12. The time courses of normalized intensity changes of the Raman band at 967 cm–1 during: (a) sample B24h_RS – 
24-hour experiment, (b) sample B14D_RS – 14-days experiment. 

4. Discussion 
All PS-OCT and Raman observations were performed with reference to the sample 

evaluated at the beginning of the experiment (Figure 4a). For this sample, the measure-
ments were taken before it had been influenced by the acetic acid. In this case, the obtained 
PS-OCT result expresses a typical tomographic image for highly-scattering, isotropic me-
dium: i) lower penetration of the scanning beam in-depth comparing to the other PS-OCT 
measurement results, ii) high backscattered signal from subsurface layers, iii) retardation 
angle changing randomly. In comparison with the reference data, the other PS-OCT im-
ages exhibit some birefringent features of the sample with the reduced volume of hydrox-
yapatite. Moreover, the sample becomes more transparent in the NIR radiation range, 
which has been shown by observing the distinctly lower intensity of backscattered light. 

These conclusions are confirmed by the analysis of the change in birefringence (Fig-
ure 9 and 10) and the extinction coefficient (Figure 8 and 9) of the evaluated sample in the 
first 24 hours and for the longer period of 14 days. For the evaluation of sample scattering 
abilities, the extinction coefficient μe becomes a key factor. Referring to the experiment, 
the highest μe has been noticed for the first measurements at the beginning, where the 
evaluated sample highly scattered the scanning beam. Afterward, the μe has been drop-
ping, which might be explained by the optical clearance of the sample by acetic acid infil-
tration. Due to its optical high-scattering features [35], the healthy bone exhibits high val-
ues of extinction coefficient. A noticeable decrease in the μe caused by lower scattering 
was observed, which correlates with OCT images and Raman spectroscopic measure-
ments. The rapid fall of the μe values occurred in the first hour. After 3 hours the process 
was stabilized and its dynamics became much lower than in the first 3 hours. After seven 
days the bones became almost completely transparent for the scanning optical beam. 

The composition of hydroxyapatite and collagen fibrils makes the bone very durable, 
as well as highly scattering and depolarizing. However, both components have birefrin-
gent features, therefore, monitoring of the birefringence (Δn) has been carried out. At the 
beginning (the zero time) the value of Δn was low. It meant that the sample did not exhibit 
birefringence features or is highly scattering, which depolarized the scanning beam. After 
putting the sample under the acetic acid influence the significant growth of the birefrin-
gence has been observed. Referring to Figure 9 and 10, the phenomenon was observed for 
the first 3 hours of the hydroxyapatite reduction process and has been continued for the 
next days. After the second day of the experiment, the birefringence reached its maximum 
and became slowly falling to reach its stable value after the 8th day of the experiment. 
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The birefringence (Δn) and the extinction coefficient (µe) are sensitive to the changes 
in bone structure and its biochemical composition. With a gradual removal of the inor-
ganic matrix (hydroxyapatite), monitored with the aid of Raman spectroscopy, the µe has 
decreased, while, Δn has designated significant growth. 

The comparison of the results recorded with the OCT method and Raman spectros-
copy, which are characterized by good timing, indicates the possibility of explaining 
changes in the optical parameters of the bones through changes in its internal structure – 
removal of the hydroxyapatite. The process during the first days was very intense espe-
cially in the layer of the near-surface bone. Removal of the hydroxyapatite skeleton, which 
due to its orientation (see Figure 1) disturbs bone birefringence, causes the material to 
become more birefringent due to the parallel orientation of collagen fibers. This process is 
accompanied by an increase in the penetration depth of the measurement signals and bi-
refringence changes observed by the PS-OCT method and some Raman signal fluctua-
tions, which results from the fact that the measurement signals began to contain a compo-
sition of deeper layers, in which there was still residual hydroxyapatite. 

After about two weeks, the sample became soft, which additionally confirms the hy-
pothesis about the demineralization processes taking place, and at the same time shows 
that after this time they covered the entire volume of the examined bone. 

This confirms the possibility of using bimodal PS-OCT and Raman measurements for 
early determination of changes associated with bone demineralization or comparative 
study of their mineralization level. 

5. Conclusions 
This study expresses the possibilities to assess the degree of hard tissue deminerali-

zation. The use of the dedicated PS-OCT and Raman system equipped with IR sources for 
the investigation of bones enables the acquisition of sufficient intensity signals and re-
duced impact of optical interferences. According to obtained results, the strong correla-
tion between the level of the hydroxyapatite reduction in the bones monitored with the 
aid of Raman spectroscopy and the polarization-sensitive optical coherence tomography 
imaging can be observed. Likewise, the dynamic of the bone demineralization process can 
be measured successfully by both PS-OCT and Raman spectroscopy. This PS-OCT method 
may have application potential in the monitoring of resorption and regeneration process 
of the bones as well as early detection of pathological changes. It can be used during bone 
recuperation after, e.g., bone injury, surgery, or implant application. This report presents 
the preliminary results, which discover the capabilities of the PS-OCT for bone diagnosis. 
More research work is needed for quantitative data recovery from PS-OCT imaging to 
make this technique useful in clinical practice. Moreover, the problem of the bones imag-
ing through skin and muscles using PS-OCT has not been solved. All measurements pre-
sented in this report were performed ex vivo. For now, direct access to the surface of the 
bone is required, which becomes a key problem to be overcome. Obviously, this method 
can be used during surgery, where easy access to the bone is maintained. Also, there are 
some studies, in which the admittance to the evaluated hard tissue is provided by the 
optical interface through the implant [36]. However, further studies on optical interfaces 
to the bones, as well as better optical signal acquisition and recovery are needed. Moreo-
ver, for the wide application of the optical method in the investigation of tissues and other 
biological materials, it is necessary to compare and optimize the performance of different 
PS-OCT and Raman measurement systems [3740]. 
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