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Radiation therapy (RT) is a treatment option for head and neck cancer (HNC), but 2% of RT
patients may experience damage to the jawbone, resulting in osteoradionecrosis (ORN). The
ORN can manifest years after RT exposure. Changes in the local microchemical bone quality
prior to the clinical manifestation of ORN could play a key role in ORN pathogenesis. Chemical
bone quality can be analyzed using Fourier transform infrared spectroscopy (FTIR), that is
applied to examine the e®ects of cancer, chemotherapy, and RT on the quality of human man-
dibular bone. Cortical mandibular bone samples were harvested from dental implant beds of
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23 individuals, i.e., patients with surgically and radiotherapeutically treated HNC (RT-HNC,
n ¼ 7), surgically and radiochemotherapeutically treated HNC (CH-RT-HNC, n ¼ 3), only
surgically treated HNC (SRG-HNC, n ¼ 4), and healthy controls (n ¼ 9). Infrared spectra were
acquired from two representative regions of interest in cortical mandibular bone. Spectral
parameters, i.e., mineral-to-matrix ratio (MM), carbonate-to-matrix ratio (CM), carbonate-to-
phosphate ratio (CP), collagen maturity (cross-linking), crystallinity, acid phosphate substitu-
tion (APS), and advanced glycation end products (AGEs), were analyzed for each sample. Amide
I region of the CH-RT-HNC group di®ered from the control group in cluster analysis (p ¼ 0:02).
Apart from a minor variation trend in collagen maturity (p ¼ 0:07), there were no other signif-
icant di®erences between the groups. Thus, the e®ect of radiochemotherapy on mandibular bone
composition should be further investigated. In future trials, this study design is potential when
the e®ects of the cancer burden and di®erent HNC treatment modalities on jawbone composition
are studied, in order to reveal ORN pathogenesis.

Keywords: Mandibular bone; radiation therapy; Fourier transform infrared spectroscopy.

1. Introduction

In patients with head and neck cancer (HNC), the
jawbones are often secondarily a®ected by radiation
therapy (RT), which is used as an adjunctive cancer
treatment in conjunction with surgery and/or che-
motherapy. Radiation can cause irreversible dam-
age to bone tissue; in its extreme form, this is called
osteoradionecrosis (ORN). According to the re-
cently postulated ¯broatrophic theory, the bone
tissue goes through three phases after RT: a pre-
¯brotic phase, a constitutive organized phase, and a
late ¯broatrophic phase. The late stage can occur
even decades after the initial exposure and is also
referred to as radiation-induced ¯brosis (RIF).1

These irradiated areas remain fragile and in 2% of
the RT patients, they can develop into regions of
local ischemia and spontaneous ORN. The inci-
dence of ORN rises further to 7% in cases of a sur-
gical trauma.2 Irradiation also increases the risk
ratio of dental implant loss by approximately 2.7–6-
fold, depending on the implant site.3 However, the
molecular pathways leading to ORN and dental
implant loss processes are not clear. One central
factor in the development of RIF could be micro-
chemical changes occurring in bone quality. The
term bone quality refers to the capacity of bone
tissue to resist strain and fracture. The main qual-
ity-contributing factors are the bone's micro-
architecture, accumulated microscopic-level
damage, the quality of collagen, the mineral quality
and content, the size and perfection of mineral
crystals, and the rate of bone turnover.4

This microchemical bone quality can be investi-
gated using Fourier transform infrared spectroscopy

(FTIR) which is a technique that detects molecular
vibrations of tissues, re°ecting their molecular
composition. Hence, the potential changes in the
quality of bone inorganic and organic components
after RT can be detected by FTIR.5 Bone is a
composite tissue consisting of both inorganic and
organic components and the mineral-to-matrix ratio
(MM) re°ects the ratio between these inorganic and
organic phases. The inorganic material consists
mainly of hydroxyapatite [(Ca10(PO4Þ6(OH)2Þ;
HA]6 within which the hydroxyl or phosphate
groups can be substituted, mostly with carbonate,
referring to type A or type B substitutions,
respectively.7 The total carbonate substitution,
encompassing typesA,B and labile carbonate, canbe
estimated from the carbonate-to-phosphate ratio
(CP).7 The carbonate content can be evaluated from
the carbonate-to-matrix ratio (CM). Generally,
the extent of carbonation increases with time in
synthetic HA, although in vivo, the results are more
controversial.8 In in-vivo studies, the carbonate
content has also been shown to be high in the early
stages of mineralization.9 Thus, an assessment of
carbonation is important because carbonate is
considered as a cumulative impurity that may in-
crease bone brittleness.10 Another factor contrib-
uting to mineral quality is mineral maturity, i.e.,
the size and perfection of the HA crystals, often
determined by the crystallinity parameter in
FTIR.10,11 Bone tissue is also being constantly
remodeled, and new bone formation can be assessed
by the amount of acid phosphate substitution
(APS) in FTIR.11,12 The organic bone matrix con-
sists mainly of type I collagen; in the FTIR
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spectrum, the amide I peak represents the collagen
content. FTIR can also assess the maturity of col-
lagen based on estimates of collagen enzymatic
cross-linking.13 In contrast, the presence of nonen-
zymatic cross-links can disturb the composition and
mechanical properties of the organic matrix.14 One
type of nonenzymatic cross-linking that can be
estimated from the FTIR spectrum is the accumu-
lation of so-called advanced glycation end products
(AGEs)15; these have been found to increase in bone
tissue due to irradiation.16,17

Previously, FTIR has been applied to examine
irradiation-induced changes in living bone only in
mouse tibias.18,19 The tibias were irradiated with
5 Gy (gray) and a decline in mineral content was
observed in the trabecular bone at 10 days. At eight
weeks, however, the extent of mineralization had
increased. In contrast, cortical tibial bone showed
no signi¯cant compositional changes during the
observation period.18 Another study has also ex-
amined mouse tibial reactions with attenuated total
re°ectance Fourier transform infrared spectroscopy
(ATR-FTIR). In that study, collagen maturity was
signi¯cantly lower 30 days after 30-Gy irradiation,
but the di®erence was no longer observable after 60
days. However, crystallinity increased 60 days after
RT.19 Nonetheless, it is evident that the reactions
are not directly comparable between tibial bone and
mandibular bone20 or between murine bone and
human bone.21 The follow-up times in the mouse
studies were only two months, which is not long
enough to provide information about the long-term
e®ects of RT. Clarifying the long-term changes in
mandibular bone would be extremely important, as
ORN can develop even several years after RT. Fur-
thermore, animal experiments have not considered
the possible e®ects of chemotherapy as well as pre-
existing cancer on bone quality.

In humans, no FTIR studies have been con-
ducted on irradiated jawbone. However, a few
investigators have applied other techniques to ex-
amine RIF in this tissue. Dekker et al.22 studied
vascular changes with microcomputed tomography;
they reported that irradiation decreased vascular
density, vascular area fraction, and small vessel
number with the changes being more signi¯cant
when the local dose exceeded 50 Gy. Two previous
publications described the application of Raman
spectroscopy in the evaluation of the e®ects of
RT.23,24 While the study by Singh et al.24 also
considered the e®ect of cancer, it did not assess the

impact of chemotherapy. In that study, the mineral
component in the bone of cancer patients was di-
minished (decreased MM, phosphate content, and
crystallinity) and there was evidence of an increased
accumulation of impurities (increased CP) in com-
parison to both irradiated patients and control but
between the two latter groups, no signi¯cant dif-
ferences could be detected.24 Lakshmi et al.23 de-
scribed a deterioration in the lipid content and
mineral composition of irradiated subjects. These
studies on human subjects, however, did not con-
sider the individual e®ects of cancer, chemotherapy,
and RT on the properties of the jawbone.

The aim of this pilot study is to evaluate the
long-term compositional/chemical changes attrib-
utable to RIF in human mandibular bone tissue
that do not exhibit clinical signs of ORN. Further-
more, this study aims to distinguish whether the
possible chemical changes in bone are in°uenced by
RT, chemotherapy, or the primary tumor with no
clinical signs of bone invasion.

2. Materials and Methods

We evaluated 23 mandibular cortical bone samples
that were harvested from the lower canine dental
implant beds of 23 implant rehabilitation patients
in the Department of Oral and Maxillofacial Sur-
gery, Amsterdam University Medical Centers
(UMC), Vrije University Medical Center (VUmc),
The Netherlands. The biopsy material consisted of
excess waste tissue produced during standard im-
plant therapy that was indicated as a part of stan-
dard oral rehabilitation protocol after head and
neck cancer treatment in patients with a history of
HNC. The patients in the ¯rst study group [surgi-
cally and radiotherapeutically treated HNC (RT-
HNC)] had HNC that was treated with surgery and
radiotherapy (n ¼ 7; ¯ve males, two females, age
range: 51–74 years). The second group [surgically
and radiochemotherapeutically treated HNC (CH-
RT-HNC)] consisted of HNC patients treated with
surgery and radiochemotherapy (n ¼ 3; two males,
one female, age range: 54–69 years). In this group,
cisplatinum (100mg/m2 per day) was administered
in three cycles (on days 1, 22, and 43) concomitant
with RT. All subjects in the RT-HNC and CH-RT-
HNC groups had received hyperbaric oxygen
(HBO) treatment before the biopsy according to the
standard protocol in Amsterdam UMC, VUmc. The
third study group [surgically treated HNC (SRG-
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HNC); n ¼ 4; four males, age range: 57–79 years]
consisted of patients who received only surgical
treatment of their tumor. This group was investi-
gated to reveal the possible systemic metabolic
changes that the cancer itself could have in°icted on
bone tissue. The tumors in all three groups showed
no evidence of bone invasion. Finally, the fourth
group consisted of healthy control patients (n ¼ 9;
four males, ¯ve females, age range: 51–70 years),
that had standard dental implant therapy for
masticatory function improvement. The patients in
this study had no history of bone-a®ecting illnesses,
current or previous bone-a®ecting medications (e.g.,
a history of bisphosphonate use or systemic immu-
nosuppressive medication), underlying malignan-
cies, or impaired bone metabolism (e.g.,
hyperparathyroidism, osteomalacia). Cardiovascu-
lar comorbidities were acceptable in the RT-HNC
and CH-RT-HNC groups. The included patients
had normal blood levels of calcium, phosphate,
parathyroid hormone, and HbA1c three months
before sample harvesting. All patients had given
their consent to participate in the study and the
work was approved by the ethical committees in
compliance with the Helsinki Declaration (Medisch
Ethische Toetsingscommissie, Amsterdam UMC,
location VUmc, Amsterdam, The Netherlands,

2011/220; and the Research Ethics Committee of
Northern Savo Hospital District, 754/2018).

2.1. Sample harvesting and preparation

Bone biopsies were harvested from dental implant
beds in the mandibular canine region with a 3.5-
mm-diameter trephine drill (Straumannr Dental
Implant System; Straumann Holding AG, Basel,
Switzerland) to a depth of 10mm or 12mm. In the
control group, the surgical procedure was performed
under local anesthesia and in the RT-HNC, CH-RT-
HNC, and SRG-HNC groups under general anes-
thesia. Table 1 presents the timing from RT to bi-
opsy in the RT-HNC and CH-RT-HNC groups and
the timing from tumor surgery to biopsy in the
SRG-HNC group. Total RT doses targeted at the
patients in RT-HNC and CH-RT-HNC groups were
retrospectively evaluated from RT plans.

All specimens were ¯xed and dehydrated with
increasing concentrations of ethanol and embedded
in Poly-methyl methacrylate (PMMA; Merck
KGaA). A microtome (Polycut S; Reichert-Jung,
Wien, Austria) was used for cutting the 3-�m-thick
sections for FTIR and the 10-�m-thick sections for
bright ¯eld microscopy. The 3-�m-thin sections were
placed on BaF2 windows, whereas the 10-�m-thick

Table 1. Background variables and signi¯cant di®erences (�Þ of experimental groups compared to control group by Mann–
Whitney U-test and Fischer's exact test (signi¯cance level of p �0.05).

Control (n ¼ 9) SRG-HNC (n ¼ 4) RT-HNC (n ¼ 7) CH-RT-HNC (n ¼ 3)

Age in years, median (IQR) 65 (58–67) 68 (60–77) 63 (62–64) 60 (57–65)
reference p ¼ 0:60 p ¼ 0:68 p ¼ 0:73

Females, number of patients (%) 5 (55.6%) 0 (0%) 2 (28.6%) 1 (33.3%)
reference p ¼ 0:11 p ¼ 0:36 p ¼ 1

Comorbidities,a number of
patients (%)

0 (0%) 0 (0%) 6 (85.7%) 2 (66.7%)
reference p ¼ 1 p ¼ 0:001� p ¼ 0:05�

Smoking at the time of biopsy,
number of patients (%)

0 (0%) 2 (50%) 3 (42.9%) 1 (33.3%)
reference p ¼ 0:08 p ¼ 0:06 p ¼ 0:25

Alcohol use at the time of biopsy,
number of patients (%)

3 (33.3%) 3 (75%) 5 (71.4%) 0 (0%)
reference p ¼ 0:27 p ¼ 0:32 p ¼ 0:51

Time interval between RT and
biopsy, median (IQR)

1 year and 1 month
(11.5 months–1
year and 2.5

months)b

16 years and 6
months (8 years
and 1 month–16
years and 10.5
months) reference

7 years and 1 month
(7 years–8 years
and 8.5 months)

p ¼ 0:38

RT total dose in Gy, median
(IQR)

62.5 (62.3–68) 70 (55–70)
reference p ¼ 0:83

Notes: aCardiovascular comorbidities. bTiming from tumor surgery to biopsy.
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sections were stained with Masson–Goldner tri-
chrome (MG) and ¯xed on glass microscope slides.

2.2. FTIR spectroscopic imaging

The MG-stained sections were imaged with a bright
¯eld microscope (Zeiss AxioImager M2; Carl Zeiss
GmbH, Jena, Germany) for sample overview and
region of interest (ROI) selection for FTIR spectro-
scopic imaging. A schematic image of sample over-
view is presented in Fig. 1. Two 200�m� 200�m
ROIs distant from each other and of representative
dense cortical bone were selected from each specimen
and imaged with FTIR imaging microscopes (Perkin
Elmer Spotlight 300 or Agilent Cary 620/670).
Depending on the device, the imaging was performed
in the transmission mode with a wavenumber range
of 2000–800 cm�1 or 3800–800 cm�1 using a pixel size
of 6.25�m or 5.50�m, respectively. The spectral
resolution for each sample was 4 cm�1 with eight re-
peated scans. A reference spectrum from pure
PMMA was also collected from each sample. A
background scan was performed on a clean BaF2

window with the same imaging parameters but with
an average of 75 scans.

2.3. Data analysis

All spectra were trimmed to the wavenumber range
of 2000–800 cm�1. For each measurement region,
spectra that were not collected from bone (e.g., hole
at the section with only window and close-to-zero
absorbance) or showed any full absorbance (i.e.,
saturation of the phosphate peak) were excluded.

The included spectra were averaged per sample to
obtain a spectrum with high signal-to-noise ratio.
The PMMA reference spectrum (section-speci¯c)
was mathematically subtracted from each averaged
bone spectrum.25 In short, the bone spectrum was
normalized to the PMMA spectrum using the in-
tensity at a wavenumber of 1730 cm�1. Subse-
quently, the PMMA spectrum was subtracted from
the normalized bone spectrum and the bone spec-
trum was scaled back to the original using the in-
verse of the scaling factor from the initial
normalization. Figure 2 shows an example of bone
infrared absorption spectrum after PMMA sub-
traction. After PMMA subtraction, integrated
areas of absorbance peaks at 1200–900 cm�1 for
phosphate, 890–850 cm�1 for carbonate, and 1720–
1585 cm�1 for amide I were calculated from each
bone absorbance spectrum. Prior to integration,
each peak was linearly baseline-corrected using the
same above-mentioned basepoints. From these
peaks, the following typical compositional para-
meters of bone were derived, i.e., MM, CP, and CM
ratios.11 In addition, from the bone spectra intensity
ratios, collagen maturity (1660 cm�1/1690 cm�1,
which is related to collagen cross-linking),13 crys-
tallinity (1030 cm�1/1020 cm�1Þ,11 and acid phos-
phate substitution (1127 cm�1/1096 cm�1)11,12

were determined. For these parameters, intensity
ratios have been routinely used by di®erent study
groups in the comparison of the compositional
properties of bone.11,26 Peak ¯tting of the mean
spectrum of each ROI was performed to estimate
the ratio of 1678 cm�1/1692 cm�1 that is descriptive
for AGEs. Peak ¯tting was done in similarly as in
the previous publication, i.e., the amide I band was

Fig. 2. Infrared absorption spectrum of bone tissue after
baseline correction and PMMA subtraction.Fig. 1. Schematic image of the FTIR measurement points.

Long-term changes in mandibular bone microchemical quality after HNC, RT and chemotherapy
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¯tted with seven Gaussian subbands (1702, 1694,
1678, 1661, 1645, 1630, and 1610 cm�1Þ.15 All
spectral analyses were performed with custom-made
MATLAB scripts (R2016b; The MathWorks, Inc.,
MA).

2.4. Statistical analyses

Statistical analyses were performed between the
study groups (RT-HNC, n ¼ 7; CH-RT-HNC,
n ¼ 3; SRG-HNC, n ¼ 4; and control, n ¼ 9). Me-
dian values and inter-quartile ranges (IQRs) of each
group were calculated due to their skewed distri-
bution, with 95% con¯dence intervals. Values were
normalized to the control group (dividing by con-
trol) in each category. All statistical tests between
groups were carried out using Mann–Whitney
U-test or Kruskal–Wallis test for continuous vari-
ables and Fischer's exact test for categorical back-
ground variables (IBM SPSS Statistics 26). The
p-values of p � 0:05 were considered statistically
signi¯cant. Additionally, a Fuzzy C-means (FCM)
cluster analysis was used to compare the spectral
pro¯les of the samples.27 Two reference average
spectra, that were least correlated with each other,
were calculated from the full dataset. Then, the
average spectrum of each sample was compared
with these reference spectra and categorized into
two clusters (red or green) based on the best match
with the reference spectra. Brightness of the cluster
color (between 0 and 1) in Fig. 4 represents a higher
probability of belonging to certain cluster. The
FCM cluster analysis was run for four di®erent
regions of the IR spectrum: amide (A, 1710–
1350 cm�1, consisting of amide I and II regions),
amide I (AI, 1710–1610 cm�1Þ, carbonate (C, 910–
840 cm�1Þ, and phosphate (P, 1180–975 cm�1Þ.
Before clustering, the spectra were normalized to
the maximum of the spectra in each region in order
to base the clustering on the spectral shape rather
than intensity variations (which can be a®ected by
biological variation as well as section thickness).
After clustering, statistical tests between groups
were carried out using Fischer's exact test. Fur-
thermore, a principal component analysis (PCA)
was performed on the mean spectra at the ¯nger-
print region of 1800–800 cm�1 after vector normal-
ization (MATLAB). The scores of the two ¯rst
principal components were investigated to deter-
mine whether the studied sample groups formed

separate clusters or whether there are potential
outliers in study groups.

3. Results

The background variables of the groups are pre-
sented in Table 1. In the RT-HNC and CH-RT-
HNC groups, there were signi¯cantly more comor-
bidities than in the other groups. Six patients in the
RT-HNC group and two patients in the CH-RT-
HNC group were su®ering from cardiovascular dis-
eases. With respect to all other parameters, how-
ever, the groups were statistically homogeneous.
Median timing from surgery to biopsy in the SRG-
HNC group (one year and one month) was not
compared to time intervals of RT to biopsy because
the comparison would have been inappropriate.

The SRG-HNC group was investigated to reveal
the probable e®ects that HNC alone could have
in°icted on bone quality. However, the SRG-HNC
group did not show any statistically signi¯cant
di®erences and sample-to-sample variation was
considerable (Fig. 3). Also, the cluster analysis did
not reveal di®erences between the SRG-HNC group
compared to other study groups (Fig. 4). In PCA
the control group appeared most uniform, whereas
other study groups showed more variation (Fig. 5).
The SRG-HNC group had one potential outlier, but
other subjects in the SRG-HNC group were not
separable from other study groups.

In the RT-HNC group, none of the patients
presented with clinical ORN. The chemical com-
position across all FTIR parameters in the RT-HNC
group was not statistically di®erent compared to
other study groups. Group median values and IQRs
are presented in Fig. 3. The deviation of the spectral
features in the RT-HNC was slightly more scattered
than in the spectra from the control group, but the
spectra were relatively uniform as there was major
overlap observed in PCA (Fig. 5). Neither did
cluster analysis separate the RT-HNC group from
other groups.

The CH-RT-HNC group was used to assess the
e®ects of both RT and adjuvant chemotherapy. In
the CH-RT-HNC group none of the patients pre-
sented with clinical ORN. In cluster analysis, the
amide I region was signi¯cantly di®erent between
the CH-RT-HNC and the control group (p ¼ 0:02)
(Fig. 4). Similar trend (p ¼ 0:07) was also seen in
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collagen maturity, that was highest in the CH-RT-
HNC group (Fig. 3). On the other hand, there was
overlap in con¯dence intervals of collagen maturity
across all groups and the CH-RT-HNC group also
overlapped with other groups in PCA analysis
(Fig. 5).

4. Discussion

The aim of this study was to investigate the changes
in bone chemical quality due to the systemic HNC
cancer burden, chemotherapy, and RT. The results
suggest that combined radiochemotherapy may

(a) (b)

Fig. 4. (a) Samples categorized into clusters based on amide (A), amide I (AI), carbonate (C), and phosphate (P) regions of the (b)
averaged and normalized IR spectra clusters. For each spectral region, primary (left column) and secondary (right column) clusters
and the probability of each sample belonging to each cluster [0 1] are plotted using color maps. Signi¯cant di®erences (�Þ between
study groups by Fischer's exact test (signi¯cance level of p � 0:05).

Fig. 3. FTIR parameters (medians and IQRs normalized to control level, absolute values above bars). There were no signi¯cant
di®erences between study groups by Kruskal–Wallis test (signi¯cance level of p � 0:05).
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have an e®ect on bone organic component, as
revealed from the altered amide I region of the CH-
RT-HNC group in the cluster analysis and a trend
of increased collagen cross-linking. Biologically, the
changes in collagen secondary structure (i.e., dena-
turation, hydrogen bonding, and cross-linking) af-
fect the amide regions in FTIR spectra.28,29 From a
technical point of view the altered amide I region in
cluster analysis may re°ect the variation of its
subbands 1660 cm�1 and 1690 cm�1 that are used to
analyze collagen maturation (cross-links).30 How-
ever, it is important to note that the small number
of samples in this study may have reduced the sta-
tistical power or, in turn, increased the risk of bias.
Larger sample sizes are required in future trials
before solid conclusions can be made.

The processes of bone responses initially attrib-
utable to the cancer burden and thereafter to che-
motherapy and the irradiation damage are very
complex but may be better understood clinically if
the events are placed on a timeline, as this study
presented. First, the systemic burden of cancer did
not seem to alter bone composition. None of the
patients in the SRG-HNC group had received che-
motherapy and had no general medications or
comorbidities, which reduces the risk of bias. In
contrast to this study, a previous study with Raman
spectroscopy reported systemic changes in bone
composition as a result of a cancer that had not
caused clinical evidence of a®ecting the bone.24 Curi
et al.31 also used cancer patients as a control group
in their histomorphometric study of actual ORN,

but they did not compare between healthy subjects
and the patients with cancer. The hypothetical
disturbance in bone composition could stem from
increased metabolic and/or in°ammatory activity
in the tumor site, which could be mediated through
several growth and in°ammatory factors secreted
by cancer cells.32 However, it is not known whether
the possible e®ects on bone would be a®ected by
individual variation, changes in the tumor micro-
environment, the function of the immune system,
the presence of in°ammation, or due to a putative
pre-metastatic niche, where the tumor prepares
potential organs for metastases.33 Nevertheless,
when FTIR has examined actual clinical bone me-
tastases, there have been clear signs of suppression
of all mineral parameters,34 hence the bone samples
in this study cannot be de¯ned as metastatic. Fur-
thermore, all the biopsies in this study were taken at
approximately one year after tumor surgery, sug-
gesting that the probable e®ects of cancer on bone
microstructure may not be long-lasting. The tumor
staging a®ects the selected treatment protocol and
it would be of interest to examine whether higher
stages would correlate with greater chemical dis-
turbances in mandibular bone. Unfortunately,
stage-dependency could not be investigated in this
study due to insu±cient patient data. Most reliable
data could be acquired if biopsies were taken from
patients both pre- and post-operatively as this
would make it possible to demonstrate changes in
bone quality within the same individual. However,
this would result in additional harm and tissue loss
to the patients.

The long-term e®ects of surgical removal of the
tumor and subsequent adjuvant RT were prelim-
inarily evaluated in this pilot study. There were no
statistically signi¯cant changes due to RT com-
pared to control or surgically treated patients, but
the e®ect of small sample size on statistical power
should be considered. The median observation pe-
riod of 16 years and 6 months was considerably
long, which may give the tissue time to replace the
probable damage. However, it remains as a ques-
tion how the ORN could manifest decades after RT
exposure, if bone repair processes would be func-
tional. It has been proposed that as a result of RT,
the function of osteoblasts is diminished and this
could lead to impaired collagen metabolism and
bone turnover.35,36 In a previous Raman spectros-
copy study conducted in mice, it was also proposed
that elevated amounts of pathological collagen

Fig. 5. Principal component analysis of IR spectra between
the groups. Lines represent CI of 95%.
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cross-links would slow down the remodeling pro-
cess.37 This kind of slowing down of metabolic ac-
tivity was discussed also in a Raman study
performed in human subjects by Lakshmi et al.23

They observed a deterioration in the lipid content
(cellular and bone marrow) and mineral composi-
tion of irradiated subjects. Evidence of organic
matrix defects was also detected in mouse experi-
ments reported by Gong et al.37 and Limirio et al.19

Accordingly, RT could lead to formation of a de-
ranged collagen sca®old, that subsequently would
alter mineral and other tissue properties.37 There
seems to be a discrepancy between mouse and
human studies, as most mouse studies generally
have shown a deterioration in several bone quality
parameters.18,19,37 This study, however, detected no
signi¯cant di®erences in collagen maturity between
the RT group and the control group. This discrep-
ancy could stem from the shorter observation period
utilized in animal studies. One noteworthy aspect
here is also that animal studies have applied RT on
healthy bone, whereas human studies deliver RT as
cancer treatment, where the presence of cancer and
chemotherapy are confounding factors. On the
other hand, in the mouse study conducted by Green
et al.,18 there were no signi¯cant changes in tibial
cortical bone. Our study also focused on cortical
bone, which can explain the lack of changes in the
RT group. The e®ect of the radiation dose is also an
issue worth considering, as doses over 50 Gy are
thought to be critical for the increased ORN risk.38

In both the RT-HNC and CH-RT-HNC groups, the
total doses were higher than 50 Gy, suggesting that
the results of this study may be applicable only
when evaluating high-dose e®ects. However, the
local dose at the biopsy site may di®er from the
total dose. Unfortunately, local dose was unavail-
able for too many subjects in this study for reliable
analysis.

Patients that had received radiochemotherapy
(CH-RT-HNC group) presented slightly higher
collagen maturity and signi¯cantly di®erent amide I
region compared to the control group. As previously
discussed, this might be due to changes in collagen
secondary structure. However, the interpretation
must be conducted with caution, because of the
small sample size in the CH-RT-HNC group. Pre-
viously in dogs, chemotherapy has temporarily
suppressed bone metabolic functions.39 However,
the focus of this study was on long-term changes,
while bone tissue had potentially recovered from

medical suppression. Of course, as this study sug-
gests, the combination of both RT and chemother-
apy on bone can be unexpectable and short-term
e®ects of radiochemotherapy should be assessed in
the future. Again, it is interesting to place the
processes on a timeline as the comparison between
cancer burden, chemotherapy, and RT exposures
was the focus of this study. In humans, it is chal-
lenging to recognize the e®ect of each exposure
separately, and such a study design would not be
ethical to conduct on humans.

In this study, some of the compositional para-
meters are calculated as intensity ratios from the
spectra. These ratios may be susceptible to changes
in the peak shifting and signal-to-noise ratio, which
can be considered as a limitation in this study. A
more sophisticated method used in the determina-
tion of these compositional parameters is peak-¯t-
ting, which can also be considered as a golden
standard of the analysis.11,13,26,40,41 However, there
are considerable limitations also in the peak-¯tting
approach. It is a very sensible method that can lead
to many mistakes from a mathematical point of
view. Since the direct intensity ratios have been
used routinely in the FTIR bone research,12,42–45

despite its limitations, it was used also in this study.
To reduce the error posed by these factors, we cal-
culated an average spectrum for each measurement
area to increase the signal-to-noise ratio of the an-
alyzed spectrum, and to decrease the possible errors
due to shifts in the peak positions. When looking at
the transmission spectra of the samples, the phos-
phate peak region had close to zero values, typical
for even thin bone sections, which could be indica-
tion a moderate risk of saturation in some wave-
lengths. However, for each sample a slope in the
phosphate peak close to minimum transmission was
observed deducting the doubts related to the pos-
sible saturation and increasing the reliability of the
data.

In this study, the RT-HNC and CH-RT-HNC
groups had signi¯cantly more cardiovascular
comorbidities than the other study groups. The
cardiovascular comorbidities in the RT-HNC group,
however, are not primarily bone-a®ecting diseases,
hence their e®ect on bone could be considered as
minimal. Other challenges in this study were also
related to sample variability and the small sample
size. HNCs are predominant in males, which caused
some imbalance in the groups' gender frequencies.
The di®erence in mandibular cortical bone quality

Long-term changes in mandibular bone microchemical quality after HNC, RT and chemotherapy
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between males and females has not been studied by
FTIR, but within our healthy control group, the
di®erences in bone quality parameters between
males and females were not statistically signi¯cant
even though it is known that in women, menopause
a®ects bone quality.46 Therefore, all the female
subjects in this study were selected as being of post-
menopausal age (over 50 years), which improves
sample homogeneity. On the other hand, the results
may not apply to younger patients, as FTIR spec-
troscopic compositional parameters in bones do
change as a function of age.47,48

5. Conclusions

This pilot study examined the probable micro-
chemical changes in mandibular bone tissue after
exposure ¯rst to the burden of cancer and thereafter
to the curative interventions of chemotherapy and
radiotherapy. There were no signi¯cant di®erences
in bone composition in the long term. However, the
baseline e®ects caused by the primary tumor and
chemotherapy should be considered when assessing
RT-induced changes in future trials in both short
and long terms. With larger sample sizes the current
study design has the potential to reveal the more
exact e®ects of these individual factors. Further
studies with larger sample sizes will be needed to
explore the role of bone chemical quality in the
pathogenesis of RIF and ORN.
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