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Abstract

Quality and alterations in the biochemical composition of bones used for dental implantation after radiotherapy
in cancer patients is always a critical and debatable factor. Clinically the irradiated bone is similar to control bone.
The aim of this study was to verify any compositional alterations in human mandible bone after irradiation using
Raman microspectroscopy. A total of 36 bone biopsies (21-control, 4-cancer and 11-irradiated) were investigated.
Data acquisition points were determined under histopathological supervision. Both mineral and matrix constituents
were analyzed by computing area associated with of phosphate (958 cm™"), carbonate (1070 cm-') and matrix (amide
I) bands. Unpaired Student’s t-test was employed to measure level of significance. Absolute mineral contents
(phosphate and carbonate) were highest in cancerous specimens. Spectral profile and band-intensity calculations
suggest proximity of irradiated specimens with control specimens. Significant differences in both matrix and mineral
contents were observed when control/irradiated samples were compared against cancerous specimens. However,
no significant differences were observed between control and irradiated groups. Irradiated bone is similar to control

and cause of implant loss could be related to osteocytes of the surrounding tissue.
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Introduction

Lower disease free survival rates associated with oral cancers
have been primarily attributed to late detection and postoperative
complications [1]. Following successful diagnosis treatment of oral
cancer subjects often include surgery followed by chemo/radiotherapy
or combination of both [1,2]. Oral rehabilitation of cancer patients
is a meaningful procedure to increase the quality of life [2]. Implant
therapy is widely performed to improve masticatory function after
tumour surgery. In oral cancer patients, tumour resection is usually
combined with irradiation, which locally impairs bone quality and
weakens the bone density [2,3]. Radiotherapy of the planned implant
site is known to be an important factor in the etiology of implant loss
[2-4]. Bone tissue exhibits numerous changes because of radiation,
such as diminished vascularization, reduced remodeling capacity
and increased risk of osteoradionecrosis [5-7]. Other side effects of
radiation therapy of oral cavity area may include severe complications
such as xerostomia (drying of the mucsoa), mucositis, reduced mouth
opening etc. [5].

Even though radiotherapy plays an important role in the treatment
of head and neck malignancies, its concomitant effects may have a
major impact on the final outcome of oral rehabilitation. Placing
dental implants in essential irradiated tissue is a clinical challenge: peri-
implantitis and osteoradionecrosis (ORN) are frequently observed,
resulting in implant loss in up to 22% of patients [5-7]. Therefore it
is pertinent to explore possible prognostic factors which can predict
the occurrence of peri-implantitis or implant loss preferably in a non-
invasive manner.

Variety of invasive and non-invasive techniques can be utilized

to assess radiation induced effects. Histopathology is considered as
gold standard, but it is invasive and repetitive sampling for response
monitoring is a major concern. Micro-computed tomography
(micro-CT) is a non-invasive technique that can be used for bone
analysis. It can provide superficial information such as micro
architecture. However, minor compositional alterations such collagen
mineralisation is difficult to monitor. Optical spectroscopy methods
offer an alternate approach for bone analysis. Methods based on
fluorescence, infra-red and Raman spectroscopy are being widely
explored for non-invasive disease diagnosis [8-11]. Greatest benefit of
these techniques lies in their ability to provide objective and detailed
information about biochemical changes associated with disease onset
or therapeutic interventions in a non-invasive manner and within
short period of time. Among these, diagnosis based on Raman effect
is being considered as clinically implementable as it is not influenced
with water and requires no sample preparation [10,11]. Numbers of
studies have successfully demonstrated its efficacy in disease diagnosis
and therapeutic response monitoring [11]. In case of bone specimens
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it offers additional advantages over existing methods as a snapshot
of variations in different biochemical parameters such as mineral,
crystallinity, carbonate and collagen can be obtained in an objective
and non-invasive manner [12-14]. These parameters can serve as direct
or indirect representative of the progress of therapeutic interventions
and mechanical competence of the bone tissue. Raman spectroscopy
has been utilized to study different bone related abnormalities such
as osteoporosis, fracture risk, metastasis and drug induced reversal of
bone resorption [14,15].

The changes in composition, mechanical properties and the
remodelling rate of the bone are critical factors for dental implantation
after radiotherapy in cancer patients. An exact understanding of the
features of bone quality and bone formation is important in clinical
practice for an optimal surgical technique. Irradiated bone presents
a challenging environment for implant placement. Implant loss or
osteoradionecrosis are common post-treatment complications in
oral cancer patients. The reason behind this debatable and can be
attributed to either radiation induced changes in the bone or changes
in surrounding tissues. The present study aims at determining minor
alterations in the irradiated bone using Raman microspectroscopy.

Materials and Methods

Bone specimens

A total of 36 bone samples obtained during the dental implant
surgery were used. Biopsies of the alveolar bone of the mandible
approximately 10 x 3.5 mm were obtained with trephine drills from 4
patients with non-radiated oral cancer (OSCC), from 11 patients after
radiotherapy and from 21 healthy controls. Bone specimens were fixed
in 70% ethanol.

All patients gave their consent to participate in the study, and
this work was approved by the ethical committee (Medisch Ethische
Toetsingscommissie, VU University medical center, Amsterdam, The
Netherlands; 2011/220).

Preparation of specimens

The undecalcified bone specimens were dehydrated in increasing
concentrations of ethanol and embedded into Poly (methyl
methacrylate) (PMMA). Thereafter, thin sections were cut using a
microtome (Polycut S; Reichert-Jung, Wien, Austria). Fresh surface
of bone revealed from PMMA block were used for acquiring Raman
spectra. For histological examination 10 pm sections were stained
using standard protocols with Masson-Goldner trichrome. An optical
microscope (Axiolmager M2; Carl Zeiss GmbH, Jena, Germany) was
used for histological study.

Raman microspectroscopy

Remaining bone blocks were used for acquiring spectra with a
dispersive Raman microscope (Senterra 200LX, Bruker Optics GmbH,
Ettlingen, Germany). The wavelength of 785 nm at 100 mW power
(source) was used for excitation. A 20X objective (NA-0.5) was chosen
to minimize polarization effects. Three point measurements with an
exposure time of 60 s and 5 co-additions were performed. All the data
acquisition points were selected in correlation with histopathology
and under pathological supervision. The spectra were acquired for
4000-127 cm™ range. On z-axis the beam was focused ~10 pm below
the surface to ensure spectral acquisition only from bone sections.
A background spectrum of the embedding medium i.e., PMMA was
also obtained under similar conditions. Both background and bone
spectra were interpolated to the finger-print range (1800-800 cm™)

and cosmic peaks were removed. This was followed by normalization
of bone spectra using PMMA spectrum. Subsequently to minimize the
influence of the background the embedding medium spectrum was
mathematically subtracted from the bone spectra [16-18]. Baseline
corrections to remove the fluorescence background were performed by
fitting a 5" order polynomial function.

Data analysis

All the data pre-processing and analysis were performed using
MATLAB (MATLAB 7.5.0, The Mathworks, Inc., Natick, MA) using
locally written scripts. Mean spectrum for control, irradiated and
cancerous specimens was calculated by averaging the variations at
X axis keeping the Y axis constant. Curve fitting was performed to
compute area associated with Raman bands using a custom MATLAB
based in-house program. In this method, first locations of sub-peaks
were identified by minima in a second derivative spectrum. The sum
of the squared differences between observed and computed spectra
are minimized to obtain the best fit. These peaks were modelled using
Gaussian function and areas of selected bands were measured for
band intensity. Different parameters shown in Table 1 were computed
using this algorithm. Briefly, mineral components were computed
by intensity of Phosphate (958 cm™) and Carbonate bands (1070 cm-
') [14,19]. Mineral crystallinity, inversely proportional to full width
at half maximum (FWHM) of the phosphate band was computed
[14,19]. Mineral to matrix ratio was calculated by dividing intensity
of phosphate band by amide I band (1660 cm™) [14,19]. Carbonate
substitution rate was determined by generating carbonate to phosphate
ratio [14,19]. The data are expressed as the mean + standard deviation
(SD), and statistical comparisons were performed with unpaired
Student's t-test (Graph Pad Prism, version 6.1). p<0.05 was considered
significant, p<0.01 as highly significant, and p<0.001 as very highly
significant.

Results and Discussion

Radiation-induced effects on structural and biochemical
composition in human mandibular bone was explored with
histopathology and Raman spectroscopy. In the following sub-sections
a summary of important findings of the study is provided.

Histological features of control, irradiated and unradiated
cancerous bones

Representative histological sections of control, irradiated and
cancerous bone specimens is shown in Figure 1. In control bone,
osteoblasts and newly formed bone are recognizable (Figure 1A)
indicating the capacity of bone remodeling. Previous studies have
shown that bone irradiation is characterized by loss of osteocytes
and lamellar structure [20]. As can be seen from Figure 1B, irradiated
specimens exhibit significant amount of empty lacunae as a sign of
S No Raman Parameter

Control (40) Cancer (19) Irradiated (26)

1 Phosphate content 425+0.09 4.32%0.10 4.27 £0.04
2 Carbonate content 1.00£0.17 1.16x0.15 1.02+0.17
3 Carbonate substitution 0.23+0.04 0.27 +0.03 0.24 + 0.04
4 Mineral Crystallinity 0.039 + 0.001 0.038 + 0.0008  0.039 + 0.001

Mineral to matrix
5 ratio-Phosphate 249£038

Mineral to matrix
6 ratio-Carbonate 0.59£0.15

2.27+0.30 2.46 +0.31

0.62 +£0.11 0.59+0.10
Table 1: Summary of different biochemical parameters analyzed with Raman
spectroscopy. Data is presented as mean + standard deviation. Numbers in
bracket are number of spectra used in each case.
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formation in the bone.

Figure 1: Representative photomicrographs showing histological changes of the alveolar bone of the mandible.
A) Control: Arrow heads represent osteocytes in their lacunae. The detection of Haversian canals (arrow) within the newly formed bone indicates a regular bone

B) Irradiated: Empty osteocytic lacunae are discernible (arrowheads). The diameter of Haversian canals (arrow) smaller than in controls.
C) Cancer: Arrow heads represent osteocytes, but also empty lacunae are discernible.

osteocyte deaths. The bone of cancer patients without radiotherapy shows
newly formed bone, but the density of osteocytes has decreased (Figure
1C). Corroborating earlier observations, reduction in vascularization and
apoptosis of bone cells were also observed in irradiated specimens [21-24].

Raman spectral features of control, irradiated and unradiated
cancerous bones

Bone is a biological tissue with complex molecular structure. It
can be divided into three parts. First is the organic component which
mainly consists of collagen and provides bone with its shape and
form. The hydroxyapatite (HA) comprises most of the second part
which provides bone its strength and rigidity. Third part is comprised
of small blood vessels, cells and water etc. Raman spectroscopy can
provide detailed information about biochemical composition in a
non-destructive manner under a very short span of time. It has been
utilized in orthopaedic research for studying changes associated with
disease, fracture and aging [12-15]. Mean Raman spectra of control,
cancerous and irradiated specimens in 1800-800 cm™ range are shown
in Figure 2. Major spectral features can be assigned to bone mineral
and matrix components. The major inorganic constituent of bone
are present in form of hydroxyapatite (Ca, [PO,] [OH],) crystals
between the collagen fibers. They also contain carbonate and hydrogen
phosphate groups (~5-8%). Raman bands around 958 and 1070 cm™
correspond to primary vibrational modes of phosphate (v,PO,*) and
carbonate (CO,”), respectively, the major mineral constituent of bone
[25]. The origin of phosphate band at 958 cm™ has been assigned to
symmetrical stretching of vl band of PO,*. This band is influenced
to a minor extent by environmental factors hence it is considered as
the most appropriate band to evaluate phosphate level among the
four vibrational modes of PO,>" [25,26]. Intensity of both carbonate
and phosphate bands were highest in cancerous specimens, suggesting
higher level of mineralization with respect to control or irradiated
specimens. In addition to this, blue-shift was also observed in PO,*
band of the cancer spectrum with respect to control and irradiated
spectrum. Earlier studies have shown that positioning of the phosphate
band is influenced by concentrations of carbonate and monohydrogen
phosphate (HPO,*) [27]. In the present study there is a possibility that
in cancerous specimens, due to large number of dividing cells, might
cause increase in HPO,* content by newly deposited mineral which
in turn can influence the position of phosphate band. The organic

constituent of the bone mainly consists of collagen in a dense fibrous
structural arrangement. Major bands related to the matrix components
include 1003 cm™ (ring vibrational modes of amino acid phenylalanine),
bands in amide III (collagen and protein structural changes), 1447 cm™
(stretching modes of CH groups of lipids and proteins) and 1660 cm™
(amide I, collagen and protein content) [28]. Variations in term of
relative intensity were observed in all these bands. These differences
were further explored by computing band intensity and ratios using
curve-fitting methods and the findings are discussed below.

Curve fitting analysis of Raman spectra

Variation among different parameters is shown in Figure 3A-3F
and Table 2. Phosphate and carbonate contents in all three conditions
i.e., control irradiated and cancers were measured by computing
intensity associated with 958 and 1070 cm™ band, respectively.
Highest phosphate content was observed in cancerous specimens
followed by irradiated and control samples (Table 1). This can be due
to high proliferation and deposition of new minerals by cancerous
cells. Unpaired Student’s t-test was used to evaluate significance of
difference between the groups. As shown in Figure 3A and Table 2,
differences between control and cancerous specimens and cancerous
and irradiated specimens were significant (p=0.0084 and p=0.0225).
However, no significant difference was observed between control and
irradiated specimens. Similar trend was observed for carbonate bands
(Figure 3B). Intensity of this band was highest in cancerous specimens
and it was significantly different from control (p=0.0009) and irradiated
(p=0.0064) samples, Table 2. No significant difference was observed
between control and irradiated specimens, Table 2.

In case of bone specimens, absolute intensities of individual
bands are influenced by variation in cross-section and losses due to
elastic scattering therefore it is advised to study the band ratios [29].
As mentioned earlier, minerals in bone are present in hydroxyapatite
crystal form. It has been shown that with time these crystals can undergo
carbonate substitutions either by hydroxide (type A) or phosphate (type
B) site. This substitution rate has been correlated with bone maturity
and aging. Carbonate substitution rates can be computed by peak area
ratio of carbonate and phosphate bands [14,19]. Therefore, in the next
step phosphate to carbonate ratios were generated. As can be seen from
Table 2, the carbonate to phosphate ratio was highest in cancerous
specimens. Significant differences were observed when cancerous
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Figure 2: Mean baseline corrected spectra from control (40), cancerous (19) and irradiated (26) specimens in fingerprint region.
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p-value

S No |Raman bands (Unpaired Student’s t-test)

1 Phosphate content Control and Cancer p=0.0084 (VS)
2 Phosphate content Control and Irradiated ~ p=0.2749 (NS)
3 Phosphate content Cancer and Irradiated ~ p=0.0225 (S)

4 Carbonate content Control and Cancer p=0.0009 (VS)
5 Carbonate content Control and Irradiated | p=0.6588 (NS)
6 Carbonate content Cancer and Irradiated ~ p=0.0064 (VS)
7 Carbonate substitution Control and Cancer |p=0.0006 (VS)

Carbonate substitution Control and _

8 Irradiated p=0.3247 (NS)
9 Carbonate substitution Cancer and p=0.0163 (S)

Irradiated
10 Mineral crystallinity Control and Cancer p=0.0003 (VS)
p=1.00 (NS)

p=0.0008 (VS)

11 Mineral crystallinity Control and Irradiated
12 Mineral crystallinity Cancer and Irradiated
Mineral to matrix ratio-phosphate Control

16 and Cancer p=0.0309 (S)
Mineral to matrix ratio-phosphate Control _

7 and Irradiated p=0.7379 (NS)
Mineral to matrix ratio-phosphate Cancer _

18 and Irradiated p=0.0457 (S)

19 Mineral to matrix ratio-Carbonate Control p=0.4464 (NS)

and Cancer

Mineral to matrix ratio-Carbonate Control _
20 and Irradiated p=0.9829 (NS)

Mineral to matrix ratio-Carbonate Cancer _
21 and Irradiated p=0.3666 (NS)

Table 2: Statistical analysis (Unpaired Student’s t-test) of different biochemical
parameters identified by Raman spectroscopy (VS: Very significant; S: Significant;
NS: Not significant).

specimens were analyzed against control (p=0.0006) and irradiated
(p=0.0163) samples. Similar to earlier observations no significant
differences were observed between control and irradiated cases. These
findings are in accordance with an earlier study on metastatic bone
cancerous specimens [19]. In the cited study, authors have suggested
that the increased carbonate content or substitution rates in tumor-
bearing bones can be attributed to acid-base imbalance in the bone
microenvironment in the extracellular fluid [19].

Mineral crystallinity reflects the mineral crystal size and associated
with stoichiometric perfection of apatite crystal [14]. Optimal
distribution of crystals can serve as an additional parameter to assess
the bone strength. Previous studies have shown a negative correlation
between carbonate level and mineral crystal size and distribution
[19,29]. With increase in the carbonate content there is replacement
of stoichiometric phosphate locations in apatite crystal. It leads to
imperfection and decrease in crystallinity. Corroborating earlier
observations in the present study the lowest level of crystallinity was
observed for cancerous specimens, Table 1 [19]. Very highly significant
differences were observed between control-cancerous (p=0.0003)
and cancer-irradiated samples (p=0.0008), Table 2. Similar to earlier
observations no significant differences were observed between control
and irradiated specimens, Table 2.

Mineral to matrix ratio, or level of collagen mineralization, is
another major compositional property which is related to bone
mechanical strength. It is measured by computing the amount of
phosphate and carbonate with respect to collagen [19]. The changes
in collagen secondary structure is manifested by deformations in
the amide I band (1660 cm™’). Both Raman and IR spectroscopy
methods have been used to study collagen cross-linking [14]. These

methods work on the principle of measuring two major enzymatic
cross links, namely non-reducible pyridinoline (PYD), and reducible
dehydrodihydroxynorleucine (deH-DHLNL). As shown in Table 1,
collagen mineralization with respect to phosphate content was highest
in control specimens followed by irradiated and cancerous samples.
This can be attributed to multiple alterations such as loss of lamellar
structure or deformation in collagen structure due to cancer and
irradiation. The differences between control-cancerous (p=0.0309) and
irradiated-cancerous (p=0.0457) specimens was found to be statistically
significant, Table 2. No significant difference was observed between
control and irradiated specimens. Mineralization level with respect
to carbonate content was also computed, however no significant
differences were observed. Minor differences between control and
irradiated bones are suggestive of reversal of cancer associated changes
in the bone composition. These results need to be validated on larger
sample size and other gold standard methods. Other aspects such as
radiation doses and time lag and their influence on bone quality should
also be analyzed.

Conclusions

Overall findings of the study further support applicability of
Raman spectroscopic approaches for non-invasive disease diagnosis
and treatment response monitoring. Minor differences between
organic and inorganic component of control, cancerous and irradiated
mandible bones can be identified. Major differences in both mineral
and matrix components were observed between control-cancerous
or cancerous-irradiated cases. Phosphate and carbonate content was
highest in cancerous specimens. Control and irradiated specimens
show no differences in the mineral and organic matrix composition,
suggesting cause of implant loss could be primarily associated with
minor changes in the vasculature, osteocytes and surrounding tissues.
Extrinsic factors such as timing of implant surgery after irradiation
could also have influence. Future application of these techniques for
routine clinical practice will help in online monitoring of bone quality
and could help in reducing post-operative complications.
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