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Irradiation Induced Biochemical Changes in
Human Mandibular Bone: A Raman
Spectroscopic Study

Sridhar Reddy Padala', Dimple Saikia®T, Jopi J. W. Mikkonen'?, Emilia Uurasjarvi®,
Hannah Dekker?, Engelbert A. ). M. Schulten® ®, Nathalie Bravenboer®®, Arto Koistinen?,
Amrita Chauhan?, Surya P. Singh?® and Arja M. Kullaa'

Abstract

Understanding the biochemical changes in irradiated human mandible after radiotherapy of cancer patients is critical for oral
rehabilitation. The underlying mechanism for radiation-associated changes in the bone at the molecular level could lead to
implant failure and osteoradionecrosis. The study aimed to assess the chemical composition and bone quality in irradiated
human mandibular bone using Raman spectroscopy. A total of 33 bone biopsies from |16 control and |7 irradiated patients were
included to quantify different biochemical parameters from the Raman spectra. The differences in bone mineral and matrix band
intensities between control and irradiated groups were analyzed using unpaired Student’s t-test with statistical significance at
p < 0.05. Findings suggest that the intensity of the phosphate band is significantly decreased and the carbonate band is sig-
nificantly increased in the irradiated group. Further, the mineral crystallinity and carbonate to phosphate ratio are increased.
The mineral to matrix ratio is decreased in the irradiated group. Principal component analysis (PCA) based on the local radiation
dose and biopsy time interval of irradiated samples did not show any specific classification between irradiation sub-groups.
Irradiation disrupted the interaction and bonding between the organic matrix and hydroxyapatite minerals affecting the bone
biochemical properties. However, the normal clinical appearance of irradiated bone would have been accompanied by un-
derlying biochemical and microscopical changes which might result in radiation-induced delayed complications.
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Introduction

Radiotherapy (RT) is considered one of the treatment regimes
for the clinical management of head and neck malignancies
after surgery. RT involves exposure of the affected site with
high-energy ionizing radiation to control or kill the cancer
cells. It has contributed effectively to improving the treatment
rates in many types of cancer.' Though RT plays an important
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role in the treatment of head and neck malignancies, its as-
sociated effects with acute and late complications can have an
impact on the outcome of oral rehabilitation. Radiation ad-
ministration results in negative sequelae (xerostomia, mu-
cositis, etc.) in soft tissue and substantial damage to the bone
including pathologic fracture and osteoradionecrosis.” 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 23% of
patients.>* The severity of the bone alteration ranges from
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temporary bone loss, reduced growth, and poor healing to
fragility fractures that may not occur until several months or
years after the primary RT treatment.>® Irradiation can dis-
turb the bone cells and can directly injure the bone progenitor
cells which affects the nature of the bone matrix since bone
resorption and remodeling depends on these cells.” The loss
of trabecular bone and resultant changes in the structural
properties of the remaining bone fail to explain the biome-
chanical weakening of the bone indicating some intrinsic
material abnormality in the irradiated bone.? In our recent
study, a description of the cellular and vascular response to RT
has been drawn from canine irradiation models, showing
compatible osseointegrated implants.’

Various invasive and noninvasive techniques have been in-
troduced to assess the radiation-induced effects. Among all,
optical spectroscopy methods based on fluorescence, infrared,
and Raman spectroscopy have the potential to serve as an
alternate approach for bone analysis.'® Raman spectroscopy is a
nondestructive, rapid analysis technique that requires only
small sample volumes and is resistant to interference from
water.'" Itis a powerful tool for measuring bone compositional
information in form of mineral to matrix ratio (MMR), mineral
crystallinity, carbonate content, collagen cross-linking ratio, and
depolarization ratios of mineral and collagen fibril, which are
unavailable using established histological and imaging tech-
niques. Alterations in these parameters could help to elucidate
the radiation-induced changes in bone material behavior and
evaluate the efficacy of radioprotective therapies.'

Raman shifts or bands corresponding to specific compo-
nents of the bone can provide valuable insight into the
pathophysiological events in an irradiated bone.'? Previous
biochemical analytic studies indicated that irradiated bone is
characterized by altered material properties and abnormali-
ties in the chemical composition and structure of the bone
matrix.'"*'® In irradiated hindlimb mouse models, bone
mineral and matrix compositions were studied using Raman
spectroscopy. These animal studies demonstrated changes in
the bone quality and its mechanical competence contributing
toward fragility fractures.'”™'? A Raman study by Barth etal.*°
revealed a large increase in the amide | peak height after ir-
radiation implying damage to the collagen associated with
increased crosslinking. The chemical composition and ultra-
structure of the irradiated mandible and tibia showed dif-
ferences in the physiology and biochemical properties.® '

For oral rehabilitation after RT in head and neck cancer
patients, understanding intrinsic biochemical changes includ-
ing both chemical composition and degree of molecular
orientation in the irradiated bone is essential. Due to mul-
tifactorial radiation-induced changes in the bone, and limited
literature, there is still a need to study irradiated human
jawbone. This study aims to investigate the biochemical and
compositional alterations in human mandibular bone after
irradiation using Raman spectroscopy. We also intend to
increase the current understanding by assessing the dose-
related biochemical changes in irradiated bone.

Applied Spectroscopy 76(10)

Materials and Methods
Subjects

A total of 33 bone biopsy samples were harvested during the
dental implant surgery from the mandible of the control (C)
and irradiated group (IR) patients. The irradiated group
consisted of |7 patients (|3 males, four females; range 51-79
years, the mean age of 64.1 years), with a history of RT for
head and neck malignancy, and underwent oral rehabilitation
with dental implants in the mandible. The control group
consisted of 16 fully edentulous and clinically healthy patients,
without a history of cancer and RT. Of these |16 patients, six
were males and 10 were females with the age range of 33-74
years (mean age 60.9 years). The female subjects selected in
this study were of post-menopausal age (over 50 years), to
improve the sample homogeneity. Exclusion criteria included
impaired bone metabolism (e.g., hyperparathyroidism, oste-
omalacia), bisphosphonate medication, or systemic immu-
nosuppressive medication up to three months before sample
harvesting. All patients had normal blood calcium, phosphate,
parathyroid hormone, and HbAlc levels.

To evaluate the differential radiation dose-induced effects
in the mandible, the irradiated patients were subdivided based
on local dose into Groups | and 2. Group | was consisting of
subjects exposed to radiation dose <50 Gy and Group 2 with
patients 250 Gy. All patients who had received an estimated
dose of 50 Gy or higher on the anterior mandible were
treated with 20 sessions of hyperbaric oxygen therapy pre-
operatively and 10 sessions postoperatively (Marx protocol)
as a standard procedure. Also, we divided the irradiated
patients based on the radiation-biopsy time interval into
Group A: <60 months and Group B: >60 months to assess the
early and delayed mandibular bone changes. The demographic
data, radiation dose details, and timing from the radiation to
biopsy are mentioned in Table I.

Before the study, the Medical Ethical Committee of the
Amsterdam University Medical Centers (location VU Medical
Center, Amsterdam, the Netherland (Registration number
2011/220) and the Research Ethics Committee of the
Northern Savo Hospital District (754/2018) provided ap-
proval for the present research. Written informed consent
was obtained from all individual participants included in the
study.

Bone Sample Harvesting and Specimen Preparation

The patients in the control group were given a single dose of
antibiotic prophylaxis (amoxicillin, 3 gm orally) before the
dental surgical procedure. The surgery was performed under
local anesthesia by a single oral and maxillofacial surgeon in the
Alrijne Hospital in Leiderdorp, The Netherlands. The irra-
diated group was treated in the Department of Oral and
Maxillofacial Surgery, Amsterdam University Medical Centers
(Amsterdam UMC), location Vrije Universiteit Medical
Center (VUmc), in Amsterdam, The Netherlands. The
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Table I. Demographic data of study groups.
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Patients  Male/ Age range Total dose
n=33 female (mean) (mean) Local dose® (mean) Radiation biopsy interval (mean)
Irradiated 17 I3M/4F 5179 yrs 54-70 Gy 15-70 Gy (43.9) 11-199 months (63.1)
group (64.1) (66.5) Group | <50 Group 2 250 Group A < 60 Group B > 60
Gy Gy months months
6 patients 6 patients 10 patients 7 patients
Control group 16 6M/I0F  33-74 yrs — — —
(60.9)

Data is not available for five cases because the radiation biopsy interval was more than 10 years

operation was done under general anesthesia and patients
were given antibiotic prophylaxis following ORN protocol
(amoxicillin/clavulanic acid 500/125 mg three times daily) 24 h
before dental surgery and continuing 10 days post-surgery.

The procedure for dental implant operation was the same
in both the control and irradiated group. A crestal incision was
made in the interforaminal region of the mandible with a mid-
line buccal release incision. A full-thickness mucoperiosteal
flap was raised to expose the alveolar ridge and leveled by
vertical alveolotomy if required. Implant preparation was
made with a 3.5 mm diameter trephine drill (2.5 mm inner
diameter) (Straumann Dental Implant System; Straumann
Holding AG, Switzerland) to a depth of 10 mm at both canine
regions, under continuous irrigation with sterile saline. An
ejector pin was used to remove the bone cylinder from the
trephine drill. The obtained bone specimen per patient was
selected and prepared for further analysis.

The bone specimens (sized approximately 3.5 x 10 mm)
obtained from the alveolar bone of the mandible were fixed
and dehydrated with increasing concentrations of ethanol and
embedded in poly(methyl methacrylate) (PMMA; Merck
KGaA). The fresh surface of bone revealed from the PMMA
block was used for acquiring Raman spectra. For light mi-
croscopy (LM), thin sections (10 pm) were prepared and
stained with Masson—Goldner trichrome. The slides were
observed and photographed with a Zeiss Axiolmager M2 (Carl
Zeiss Microscopy GmbH, Germany).

Raman Spectroscopy

Raman spectra were measured from the surfaces of the
PMMA bone blocks with a dispersive Raman micro-
spectroscope (Thermo DXR2xi, Thermo Fisher Scientific,
U.S.A.). The wavelength of 785 nm at 20 mWV laser power
(source) was used for excitation. The system was equipped
with 400 lines/mm grating. The spectral resolution was 5 cm ™'
and spectra were acquired over the 3300-50 cm ™' range. The
mapping of the bone specimens was performed using the 10%
objective (0.25 NA). Spectra from three different areas of
30 um % 30 um were acquired with the following parameters:
0.0l s exposure time, 50 um confocal pinhole aperture,
2.0 um image pixel size, and 30 scans. Representative spectral

Figure |. Representative optical micrograph of the cortical bone
specimen marked with sites of spectral acquisition.

acquisition areas are shown in Fig. |. All the spectral acqui-
sition areas were selected under pathological supervision. A
background spectrum of the embedding medium (PMMA) was
also obtained under similar conditions.

Data Analysis

Spectral preprocessing and analyses were performed using
Matlab (MathWorks, v.R2017b). Spectra were interpolated to
the 1800820 cm ™' range. The cosmic background was re-
moved by filtering. The fluorescence background was re-
moved by fitting a fourth-order polynomial function. To
minimize the influence of the background, the PMMA spec-
trum was mathematically subtracted from the bone spectra.
The mean spectrum for each group was calculated by aver-
aging the variations at x-axis. Normalized spectra were used as
input for multivariate principal component analysis (PCA).
Further, to accurately identify the changes associated with
irradiation, intensity of Raman bands corresponding to
phosphate, carbonate, and organic contents were calculated
by curve fitting using Origin 2021b software. (OriginlLab,
USA). Briefly, the process includes localization of sub-peaks by
intensity minima in a second derivative spectrum. The sum of
the squared differences between observed and computed
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Table Il. Comparison of biochemical parameters defined from Raman data between control and irradiated samples. The area of the peak

values is represented as mean * standard deviation.

Bone biochemical parameter Control (n = 16) Irradiated (n = 17) p-value
Phosphate content 0.435 + 0.039 0.367 + 0.048 <0.0001
VPO, ~960 cm ™

Carbonate content 0.062 + 0.010 0.072 + 0.002 <0.001
viCO3* ~1070 cm™!

Mineral crystallinity 0.055 £ 0.002 0.061 + 0.002 <0.0001
[/FWHM, 1/~960 cm™"'

Carbonate to phosphate ratio 0.142 + 0.020 0.197 £ 0.039 <0.0001
~1070 cm~'/~960 cm ™"

Mineral (phosphate~960 cm~')/Matrix (CH, stretch~1446 cm™') 43.358 + 18.621 38.780 * 19.525 >0.05 (NS)
Mineral (phosphate~960 cm™')/Matrix (phenylalanine~1003 cm™"') 92.249 + 42.861 41.949 + 24.489 <0.0001

n: Number of samples used in each group; NS: Non-significant.
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c 2
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Figure 2. Normalized average Raman spectra from control (16) and
irradiated samples (G| + G2 = |7). Spectra are vertically offset for
better visibility.

spectra was minimized to acquire the best fit.'>2' An optimal
Gaussian function was used for fitting and spectra band areas
were calculated. Different biochemical parameters obtained
from the curve-fitting analysis are shown in Table Il. Mineral
components were computed through the intensity of the
phosphate, v,PO,>~ (~960 cm™') and carbonate bands,
v;CO3%™ (~1070 cm ™). Mineral crystallinity was obtained by
computing the inverse of the full width at half-maximum
(FWHM) of the phosphate band. The carbonate to phos-
phate ratio (CPR) was obtained to find out the carbonate
substitution (B-type) rate. Matrix components were com-
puted by using the intensity of phenylalanine (~1003 cm™")
and CH, stretch (~1446 cm™') bands. The MMR was cal-
culated by dividing the intensity of the phosphate band by the
Phenylalanine band and the intensity of the phosphate band by
the CH, stretch band. The data were expressed as the mean *
standard deviation (SD), and comparisons were performed
with unpaired Student’s t-test coupled with welch correction

using GraphPad Prism 6.1 software. p-value < 0.05 was
considered as * statistically significant; p < 0.01 as ** very
significant; p < 0.001 and less as *** extremely significant.

Results

A total of 16 control bone samples (46 spectra) and 17 ir-
radiated bone samples (50 spectra) were analyzed after
eliminating the spectra having detector spikes and high
fluorescence background. The spectral data from both gen-
ders were pooled as no spectral differences were observed in
the preliminary analysis. The average spectra from irradiated
and control samples are shown in Fig. 2. Spectral variations in
the spectral bands associated with mineral and matrix com-
ponents were observed. These differences were further
utilized for exploring the feasibility of classification using PCA.
A scatter plot using scores of factors | and 3 is shown in Fig.
3a. As shown, two exclusive clusters belonging to control and
irradiated groups were obtained. The division of the irradiated
group as per the radiation dose is also visible. Loading plots of
the factors used for classification shown in Fig. 3b are sug-
gestive of differences in both mineral and matrix components
of the bone. Major spectral features responsible for classifi-
cation seem to be originating from phosphate and phenylal-
anine. The minor relative intensity associated with spectral
variations among control and irradiated groups was further
analyzed by curve-fitting analysis. Different spectral parame-
ters indicating the overall bone quality and changes due to
irradiation are shown in Table II.

The intensity of phosphate bands was found to be relatively
less in the irradiated specimens compared to the controls. The
overall intensity of the carbonate band was more in the ir-
radiated samples. These differences were found to be sta-
tistically significant. A decrease in FWHM of the phosphate
band was observed in the irradiated samples compared to
controls, suggesting a significant increase in the mineral
crystallinity. The irradiated samples showed a significant in-
crease in CPR with respect to the control samples suggesting
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Figure 3. Principal component analysis between control and irradiated specimens. Group | (local dose < 50 Gy) and Group 2 (local dose >
50 Gy) specimens. (a) Scatter plot and (b) loading plot of the factors used for classification.

an increase in the B-type carbonate substitution (p < 0.0001).
MMR-related parameters calculated by phosphate/
phenylalanine band ratios (significant, p < 0.0001), and the
phosphate/CH, stretch band ratios (non-significant,
p = 0.2512) were reduced in the irradiated samples with
respect to the controls. Further, as per the available local
radiation dose data, the irradiated Group | (n = 6; <50 Gy)
and irradiated Group 2 (n = 6; 250 Gy) showed no differences
but in comparison with the controls significant differences
were observed (Fig. 4). PCA plotting based on the radiation-
biopsy time interval of irradiated samples, Group A and
Group B did not show any specific correlation and differences
in the bone mineral and matrix contents. The details of the
histological sections of the control and irradiated bone
specimens as observed under LM are presented in Fig. 5.

Discussion

The overall findings of the present study highlighted the
biochemical and compositional changes due to irradiation in
the human jawbone. The histological, microstructural, and
vascular alterations in irradiated human mandibular bone have
been previously described.”>*® However, very few Raman
spectroscopic studies”'® focusing on changes in the irradiated
human mandibular bone are reported. Some studies have
been performed on radiated animal bone tissues®'*'>'® but
these data are difficult to compare with human bone as the
dosage, type of radiation, and nature of bone tissue are dif-
ferent and the time interval of biopsy from irradiation is
usually less.

A similar study by our co-author showed no significant
differences between control and irradiated bone samples'?
despite the literature showing irradiation changes in bone. In
the present study, different additional samples of the irradi-
ated mandible were studied with a new Raman instrument
having an electron multiplier charge-coupled device detector
to get a higher signal with less exposure time. The spectra
were collected from three areas of bone representing larger

bone specimens instead of point analysis from the previous
study and therefore the present results showed significant
differences.

The primary inorganic component of bone, hydroxyapatite
(HA), provides strength and rigidity to the bone. Within HA,
the degree of crystallinity and ion substitution governs the
stiffness and the organic component, collagen, cross-link
governs the toughness.' The major mineral constituents of
bone observed around 960 and 1070 cm™' in Raman bands
contribute to primary vibrational modes of phosphate
(viPO4*") and carbonate (v,CO;%"). Irradiated tissue, mainly
bone, presents a different degree of sensitivity. It is stated that
high calcium content in bone absorbs 30—40% more irradi-
ation than the surrounding tissues, making it a common site
for radiation-induced damage.>* A decrease in the intensity of
phosphate band and increase in carbonate bands were ob-
served in irradiated samples compared to controls. We
suggest that RT has affected the bone minerals in our study
samples.

The radiation-induced impaired mineralization and bone
turnover are reflected when carbonate content (CPR) is al-
tered.® This carbonate substitution rate has been correlated
with bone maturity and aging.> Also, CPR and mineral
crystallinity are spectroscopic measures of mineral crystallite
size and perfection,'® a result that the histopathological
studies may not show. These parameters also provide in-
formation on bone growth, healing, or fragility fractures.'”*
The increase in the mineral crystallinity in our irradiated group
suggests mineralization with an abnormally crystalline mineral,
similar to many earlier studies.®>'""'* We assume that the
mineral crystal size in our irradiated samples could not align
well with the organic matrix and thereby making the bone
weaker with respect to controls. The abnormal physiological
load or unidentified underlying pathologies in the weakened
irradiated mandibular bone can substantially increase the risk
of fracture. Implant placement in an irradiated mandible with
decreased bone mineral quality and mechanical strength can
limit its success and incline to failure in the long term. The
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significant).

crystallinity and carbonate substitution is increased due to the
long mean radiation biopsy interval time of 63 months since it
is known to increase with age.

The bone mineralization process depends on the highly
regulated form of the organic matrix. It is another main
compositional property related to bone mechanical strength.
Both increased and decreased mineral content would degrade
bone mechanical properties.””*® The amount of mineralization
estimated as MMR in our irradiated samples indicates that the
loss of relative mineral content in bones is higher as compared
to the controls. This further causes fragility in the bone.

Phenylalanine, a short non-helical telopeptide, has been shown
to catalyze the fibril formation process by aligning itself in the
gap region of the type | collagen fibril and their interaction
confers rigidity and stability.””> CH, band arises from organic
components such as proteins, lipids, and sugars.30 Phenylala-
nine (1003 cm™'), a band-specific to collagen, and CH, side-
chains of collagen (1446 cm™') have shown differences with
the mineral in our irradiated samples compared to control.
Overall, our MMR results were decreased because radiation
affected the mineral composition of bone and on the other side
it also negatively affected the protein content altering the
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Figure 5. Photomicrographs showing changes in the osteocytes present in the alveolar bone of (a) the controls and (b) irradiated samples.
Under light microscopy, the Masson—Goldner trichrome-stained section of controls shows Haversian canals and osteocytes within
lacunae whereas the irradiated samples show fewer Haversian, and osteocytes compared to controls. Few of the osteocytic lacunae

appeared empty (arrows) (Bar = 100 um).

collagen matrix of bone. Radiation-induced structural changes
in bone affecting collagen can cause disturbances in parallel
packing, a reduction in their diameter breaks in collagen
molecules, and abrupt intermolecular cross-links, hence re-
sulting in premature mechanical failure of bone.?*?' The
structural biochemical changes are not repaired, and the bone
remodeling continues with the damaged collagen scaffold. This
results in bone architectural destruction and increases the
incidence of the development of ORN.”'2

In some animal studies reduction in MMR in the irradiated
bone was due to reduced bone formation, increased osteo-
clastic resorption, and compositional changes.'”*? Even at the
cellular level through LM the changes were evident in the
irradiated samples. Osteocytes have shown a decrease in
density, though they are relatively radioresistant and remain
viable for several days following radiation with compromised
function.**** The long-term depletion of osteoclasts and delay
in the recruitment and differentiation of new osteoblast fol-
lowing radiation has been shown previously.32 Irradiation
produces an increase in the free radicals and alters collagen
synthesis, resulting in an imbalance in the bone hemostasis
where the bone loses its normal cellularity and undergoes
fibrosis-atrophy with impairment of its repair and remodeling
capaci'cy.35 Under such conditions, even minimal dentoal-
veolar trauma can cause delayed healing and ulceration, fa-
cilitating contamination and infection, thus favoring bone
necrosis. We believe that the compositional change observed
in irradiated samples is augmented by the imbalanced interplay
of the bone cells thereby complicating the post-radiation
mineral/matrix assembly through the obstruction of the
mineral deposition process. The decrease in cellularity of the
irradiated bone could alter the bone remodeling process. The
resultant damage combined with compromised vascularity
might result in ORN as the long-term effect of radiation. Oral
surgery after RT is a strong risk factor for the development of
ORN and around 7% of ORN cases are trauma-induced.*® In
our study, the radiation effects were not evident clinically at
the time of biopsy despite the presence of significant

biochemical changes. The hyperbaric oxygen therapy would
have improved the vascularity in the irradiated mandible
which raised the possibility of implant placement in our ir-
radiated patients.

A micro-CT and histomorphometry study on irradiated
mandibular bone dramatically impaired bone turnover with
deterioration of trabecular microarchitecture. The 50 Gy
value was a critical threshold where the radiation effects were
more detrimental.”® The effect of radiation-induced damage
on biochemical parameters based on the dose of radiation was
not significant in our irradiated subgroups. However, signif-
icant differences were observed when compared to controls.
Prior administration of hyperbaric oxygen therapy for patients
receiving more than 50 Gy dose could also be a factor for the
non-significant subgroup differences.

We believe that ours is the third Raman spectroscopic
study on the human mandibular bone to elucidate the
radiation-induced damage. Our study included human irra-
diated bone samples with some limitations. First, the Raman
mapping was done in the majority of the osteonal areas but a
few interstitial areas of the cortical bone were also involved
which might have resulted in a lack of differences for some
Raman parameters between the study groups. Second, the
radiation in the animal studies included the healthy bone,
whereas in human studies the radiation was delivered as a
cancer treatment modality, where the presence of cancer is
another added factor in compromising bone health.

Conclusion

Radiation exposure leads to biochemical changes in both the
mineral and matrix parts of the bone, with reduced miner-
alization and altered collagen. The result obtained through
Raman spectroscopy showed compositional changes affecting
the quality and mechanical competence of the irradiated
mandibular bone which might increase the risk of implant
failure or fracture as a delayed complication. Further spec-
troscopic studies correlating with advanced histopathological
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methods are required to understand the radiation-associated
risks and ORN pathophysiology and to improve the clinical
outcome in these irradiated patients.
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