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Abstract
Purpose: To assess the effect of radiation therapy on osteocyte apoptosis, osteocyte death, and bone marrow adipocytes in the human
mandible and its contribution to the pathophysiology of radiation damage to the mandibular bone.
Methods and Materials: Mandibular cancellous bone biopsies were taken from irradiated patients and nonirradiated controls.
Immunohistochemical detection of cleaved caspase-3 was performed to visualize apoptotic osteocytes. The number of apoptotic
osteocytes per bone area and per total amount of osteocytes, osteocytes per bone area, and empty lacunae per bone area were counted
manually. The percentage fibrotic tissue and adipose tissue per bone marrow area, the percentage bone marrow of total area, and the
mean adipocyte diameter (mm) was determined digitally from adjacent Goldner stained sections.
Results: Biopsies of 15 irradiated patients (12 men and 3 women) and 7 nonirradiated controls (5 men and 2 women) were assessed. In
the study group a significant increase was seen in the number of empty lacunae, the percentage of adipose tissue of bone marrow area,
and the adipocyte diameter. There was no significant difference in bone marrow fibrosis nor apoptotic osteocytes between the
irradiated group and the controls.
Conclusions: Irradiation alone does not seem to induce excessive bone marrow fibrosis. The damage to bone mesenchymal stem cells
leads to increased marrow adipogenesis and decreased osteoblastogenic potential. Early osteocyte death resulting in avital persisting
bone matrix with severely impaired regenerative potential may contribute to the vulnerability of irradiated bone to infection and
necrosis.
© 2022 The Author(s). Published by Elsevier Inc. on behalf of American Society for Radiation Oncology. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction
Osteoradionecrosis (ORN) of the jaw is a serious com-
plication of radiation therapy in patients with head and
neck cancer. To date, the events leading up to radiation-
induced bone damage and ORN have not been fully eluci-
dated.1 The primary findings of radiation damage to bone
is local tissue atrophy, loss of functional osteoblasts, mar-
row adiposity, and microvascular impairments.2 The
resulting effect of these independent findings on bone
homeostasis and regeneration capacity is not clear.

Many theories on the pathophysiology of ORN of the
jaw have been proposed. In 1983, Marx3 proposed the
well-known hypothesis that states that irradiation leads to
a sequence of hypoxic-hypocellular-hypovascular tissue,
tissue breakdown, and chronic nonhealing wound. Marx
found progressive loss of capillaries and fibrosis of mar-
row spaces in irradiated mandibular bone. His theory
formed the cornerstone for the hyperbaric oxygen treat-
ment, although its clinical efficacy is controversial.4,5

Delanian and Lefaix6 postulated another well-established
theory in 2011, stating that ORN occurs because of a radi-
ation-induced fibroatrophic mechanism, including free
radical formation, endothelial dysfunction, inflammation,
microvascular thrombosis, fibrosis and remodeling, and
finally bone and tissue necrosis. A possible role for osteo-
clast deficiency as crucial mechanism in the pathophysiol-
ogy of ORN has been proposed by several authors, arising
from the resemblance with medication-related osteonec-
rosis of the jaw that is typically caused by drugs that
inhibit osteoclast function.7,8

In the past decades, the view on the role of osteocytes
and bone marrow adipocytes have changed from silent
bystander to having their own important role in bone
metabolism. Osteocytes are formed during bone formation
when osteoblasts are encapsulated in the bone matrix and
play a critical role in regulating bone turnover.9 A canicu-
lar network in the bone matrix enables communication
between osteocytes and the cells on the bone surface, which
is essential for the regulation of osteoblasts and osteo-
clasts.10 The adaptation of bone in relation to mechanical
forces has been largely investigated and osteocytes are
thought to have a function as mechano-sensors.11 Osteo-
cytes produce receptor activator of nuclear factor-kB
ligand that stimulates differentiation of osteoclasts.10,12,13

Apoptotic death of osteocytes is thought to be a critical
event in the recruitment of osteoclasts to sites where bone
resorption is needed, such as areas of fatigue damage,
estrogen deficiency, skeletal unloading, and possibly other
states that necessitate bone to be removed.14

Marrow adipocytes originate from the mesenchymal
stem cells, like osteoblasts. Studies have shown that
increased bone marrow adiposity is associated with
diseases such as osteoporosis, obesity, and diabetes
and is often associated with a deterioration of bone
mass.15 An unbalanced shift to adipogenesis in the
bone marrow is thought to have detrimental effects on
bone through the release of different factors that can
promote apoptosis, osteoclastogenesis, alter osteoblas-
togenesis, and favor adipogenesis and release of satu-
rated fatty acids that impair osteoblast function and
survival.16 Irradiation is known to induce bone mar-
row adipogenesis in postcranial sites,17 but little is
known about this effect in the mandible.

Radiation therapy affects all cells in the targeted area
and, therefore, ORN is a multifactorial disease. As the
exact pathophysiology of ORN remains unclear, studies
targeting on the effect of irradiation on mandibular bone
homeostasis and bone marrow composition could provide
better insight in the process leading up to ORN. We
hypothesize that irradiation alters bone marrow composi-
tion and disrupts bone homeostasis on different levels,
making the bone vulnerable and potentially susceptible
for ORN. The present study sought to evaluate 2 aspects
in the field of bone metabolism that are underrepresented
in current literature on mandibular bone radiation dam-
age: osteocyte death and bone marrow adiposity.
Methods and Materials
Patients

Fifteen patients with a history of radiation therapy for
head and neck malignancy were compared with 7 edentu-
lous patients with no history of oral cancer or radiation
therapy. All irradiated patients were edentulous with an
indication for oral rehabilitation with mandibular dental
implants and were treated between August 1, 2012, and
April 1, 2016. Patients without radiation dose on the man-
dible and patients who had undergone mandibular recon-
struction with bone grafts were excluded from this study.
Patients in the control group were treated with dental
implants in the mandible between August 1, 2012, and
December 31, 2014. Exclusion criteria were a history of
bisphosphonate medication, impaired bone metabolism
(eg, hyperparathyroidism, osteomalacia), or systemic
immunosuppressive medication up to 3 months before
dental implant surgery. All participants had blood cal-
cium, phosphate, parathyroid hormone, and HbA1c levels
within the normal range.

All patients were fully informed and signed a written
consent form for study participation. Before the study,
approval for the research was provided by the Medical
Ethical Committee of the Amsterdam University Medical
Centers, location VUmc (registration No. 2011/220). All
methods were performed in accordance with the relevant
guidelines and regulations.
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Hyperbaric oxygen therapy

In accordance with the department�s protocol, hyper-
baric oxygen (HBO) therapy is administered to patients
who undergo surgical procedures in the area of the max-
illa or mandible that have been irradiated with 50 Gy or
more. Edentulous patients typically are treated with 2 or 4
dental implants in the interforaminal region of the ante-
rior mandible to accommodate retention of an overden-
ture. Therefore, for all irradiated patients the
radiotherapist was preoperatively consulted to estimate
the maximum radiation dose in the anterior mandible.
Patients who had received an estimated dose of 50 Gy or
more on the anterior mandible were treated with 20 ses-
sions of HBO therapy preoperatively and 10 sessions
postoperatively according to the “Marx-protocol.”3 Thirty
HBO sessions were administered on consecutive days
excluding the weekends, that is, for a total duration of
6weeks. Sessions consisted of administration of a total of
80minutes of 100 per cent oxygen at 243 to 253 kPa.
Dental implant surgery and bone biopsy
retrieval

Dental rehabilitation of all patients from the irradiated
group was performed in the Amsterdam University Medi-
cal Centers, location VUmc, by a single oral and maxillo-
facial surgeon. Patients in the control group were treated
in Alrijne Hospital, Leiderdorp, by a single oral and max-
illofacial surgeon. Dental implants were placed in the
interforaminal region of the anterior mandible.

The dental implant surgical procedure was the same in
both groups. Implant preparations were made under copi-
ous irrigation with a 3.5 mm trephine burr (2.5 mm inner
diameter; Straumann Dental Implant System, Straumann
Holding AG, Basel, Switzerland) to a depth of 10 or
12 mm. An ejector pin was used to carefully remove the
bone cylinder from the trephine drill. One bone cylinder
(biopsy specimen) per patient was selected and prepared
for further analysis.
Determination of radiation dose

All 15 patients were treated with intensity modulated
radiation therapy. To determine the maximum radiation
dose (Dmax) at the site of the dental implant, the radiation
therapy treatment planning computed tomography (CT)
image was merged with a postoperative cone beam CT
image. In this way the dose administered at the site of the
implant (corresponding with the site of the biopsy) was
estimated.

Two patients were treated with radiation therapy in
clinics outside the Amsterdam University Medical
Centers. The total radiation dose was known for these
patients. However, despite efforts to contact these clinics
to gather the intensity modulated radiation therapy treat-
ment plans, this information could not be retrieved.
Therefore, in these 2 patients, the Dmax at the biopsy site
could not be determined. These 2 patients were only
included in comparisons between irradiated and nonirra-
diated groups but not in the dosimetry statistics.
Processing and measurements of the bone
biopsies

Bone cylinders were immediately fixed by immersion
in 4% phosphate-buffered formaldehyde, dehydrated in
ascending series of ethanols, and embedded in 83%
methyl methacrylate (BDH Chemicals) supplemented
with 17% dibutyl phthalate (Merck), 8 g/L lucidol CH-
50L (Akzo Nobel), and 22 mL/10 mL N,N-dimethyl-p-
toluidine (Merck). Undecalcified biopsies were cut into
sections of 5 mm with a microtome (Polycut 2500 S,
Reichert-Jung). Immunohistochemical detection of
cleaved caspase-3 was performed to visualize apoptotic
osteocytes on 2 sections per biopsy, spaced by 50 mm. Sec-
tions were transferred to poly-L-lysine−coated slides and
stained according to the following method:

The sections were deplastificated, rehydrated, and
decalcified in 1% acidic acid for 10 minutes. Sections were
incubated with Saponin (0.05%) in phosphate-buffered
saline incubation for 30 minutes and 10 minutes with
DNAse (3.5 mg/mL DNAse II (Sigma) in 25 mM
Tris + 10 mM MgSO4) for antigen retrieval. Endogenous
peroxidase was blocked with 3% H2O2 in methanol for 15
minutes. Primary antibody incubation was performed for
3 hours with 1/300 rabbit anticleaved caspase-3 antibody
(Cell Signaling Technology, Beverly, MA) in phosphate-
buffered saline + 0.05% Tween. Sections were incubated
with EnVision-rabbit (Agilent Dako products, Santa Clara,
CA) for 1 hour. Staining was performed for 10 minutes
with the Nova Red kit (Vector Labs, Burlingame, CA). The
sections were counterstained with 10% Toluidine blue in
ethanol 60%. Sections were then dehydrated and sealed in
DEPEXmountingmedium (BDHChemicals). An adjacent
(undecalcified) section was selected for each section, with a
maximum distance of 3 sections, and Goldner trichrome
staining was performed.18
Histomorphometrical analysis

Bone samples were analyzed blinded. Bone volume, the
number of adipocytes, the total adipose area, the total
fibrotic marrow area, the total bone marrow area, and the
total area of the section was measured in the Goldner sec-
tion. A Nikon eclipse E800 microscope with
40 £ magnification and NIS-Elements AR 4.10.01 (Nikon



Figure 1 Histologic sections (£ 200 magnification) of irradiated mandibular bone from an irradiated patient (Dmax = 34
Gy). (A) Goldner trichrome stain. Osteocyte nuclei are stained dark purple. Arrowheads point toward empty lacunae, indi-
cating osteocyte death. (B) Cleaved caspase-3 stain. Arrowheads point toward cleaved caspase-3 positive osteocytes, indi-
cating osteocyte apoptosis.
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GmbH) was used to photograph and analyze the sections.
From these measurements, the percentage fibrotic tissue
of bone marrow area, the percentage adipose tissue of
bone marrow area, the percentage bone marrow of total
area of the section, and the mean adipocyte diameter
(mm) were calculated. A magnification of £ 200 was used
to count the total number of osteocytes per bone area, the
total number of empty lacunae per bone area in the Gold-
ner sections, and the number of cleaved caspase-3 positive
osteocytes per bone area, and to observe the percentage of
positive osteocytes per total amount of osteocytes in the
cleaved caspase-3 sections (Fig. 1).
Statistical analysis

All statistical analyses were performed using SPSS Sta-
tistics (version 25; IBM). P < .05 was considered
statistically significant. Mann-Whitney nonparametric
tests were used to compare the median of the parameters
against the hypothetical value 1.0 (no difference in param-
eter between the 2 groups; irradiated and nonirradiated,
<50 Gy and ≥50 Gy). Correlations between histomorpho-
metrical parameters and clinical data were analyzed with
correlation coefficients and nonparametric tests. The
Spearman correlation coefficient was used to analyze rela-
tions between the bone turnover and microarchitectural
parameters with radiation dose and time interval between
last radiation dose and biopsy.
Results
The characteristics of the irradiated patients are sum-
marized in Table 1. The irradiated group consisted of 12



Table 1 Patient and treatment characteristics of the irradiated group (n = 15)

Age/sex Tumor site Total RT dose (Gy) RT Dmax (Gy) Interval RT biopsy (mo)

69/Male Submandibular gland 56 63 10

68/Male Oropharynx 60 3 13

58/Male Supraglottic larynx 70 13 28

56/Male Hypopharynx 70 18 17

62/Male Oropharynx 62.5 50 197

68/Female Oropharynx 70 31 24

63/Male Lower lip 54 53 11

63/Male Supraglottic larynx 70 NA* 171

76/Male Tongue base 70 39 31

71/Male Oropharynx 70 25 30

74/Male Tonsil 70 41 70

58/Male Tonsil 70 34 23

61/Female Lateral tongue 70 NA* 88

70/Male Floor of mouth 66 51 17

67/Female Retromolar trigone 66 57 10

Abbreviations: Dmax = maximum radiation dose at biopsy site; NA = not available; RT = radiation therapy.
* Radiation therapy treatment plans could not be retrieved from 2 patients.
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men and 3 women with a mean age of 66 years (range, 56-
76 years). The mean total radiation dose was 66 Gy
(range, 54-70 Gy) and the median Dmax at the biopsy site
was 39 Gy (range, 3-63 Gy). The median interval between
radiation therapy and biopsy was 24 months (range, 10-
197 months). The control group consisted of 5 men and 2
women, with a mean age of 64 years (range, 34-73 years).
Smoking and drinking habits of the irradiated and control
groups are summarized in Table 2.

The histologic measurements of the irradiated bone
versus nonirradiated (control) bone are summarized in
Table 3. There was no significant difference in number or
percentage of cleaved caspase-3 positive osteocytes
between the irradiated group and the controls. The empty
lacunae are expressed as number per mm2 bone area. In
percentages, this corresponds with a median of 13.13%
(range, 7.16) of lacunae in the control group and 25.81%
(range, 48.3) in the irradiated group, which is a significant
difference (P = .007). The percentage of adipose tissue in
bone marrow area and the adipocyte diameter were signif-
icantly higher in the irradiated group (P = .007 and
P = .005, respectively; Fig. 2). There was no significant dif-
ference in bone marrow fibrosis between irradiated and
nonirradiated specimens, although the visual aspect of
fibrosis as well as the adipose content in the irradiated
samples have a distinct appearance (Fig. 3). No correla-
tions between the histologic measurements and Dmax,
total radiation dose or time interval between radiation
therapy and biopsy were observed.

In follow-up, 6 of the irradiated patients died. Of the 9
patients who survived, 1 was lost to follow-up. The
remaining 8 are still in follow-up (years in follow-up
mean, 5.8; range, 4.2-6.7 years). None of the irradiated
patients included in this study developed ORN.
Discussion
This study shows an increase in empty lacunae in irra-
diated mandibles, which is likely a result of osteocyte
death. However, no significant increase in apoptotic
osteocytes in the irradiated group was observed. Few stud-
ies have investigated irradiation-induced osteocyte apo-
ptosis, and the available literature is based on in vitro
experiments. Osteocytes irradiated in vitro are relatively
sensitive to radiation-induced apoptosis, which is time-
and dose-dependent, and detected as early as 48 hours
after radiation.19,20 Although the results of these in vitro
studies must be interpreted with caution, it is conceivable
that osteocyte apoptosis is an early sequence of irradiation
and is therefore not increased in our irradiated samples, as
in the present study the time interval between the last
radiation therapy and biopsy ranged from 10 to 197
months.

Osteocyte apoptosis is known to increase
osteoclastogenesis.14,19 In animal and in vitro studies, it
has been revealed that irradiation causes an initial
increase of osteoclast recruitment and activity.20-25 How-
ever, in murine models, this early, transient increase in
osteoclasts is followed by long-term osteoclast
depletion.2,25,26 In human irradiated mandibles, a signifi-
cant reduction as well as an absence of osteoclasts is



Table 2 Smoking and drinking characteristics of control group (n = 7) and irradiated group (n = 15)

Current smoker Pack years Alcohol units per week

Control 1 No 0 4

Control 2 No 12 21

Control 3 Yes 10 10

Control 4 No 36 14

Control 5 No 35 18

Control 6 No 0 0

Control 7 No 0 3

Irradiated 1 Yes 25 0

Irradiated 2 No 40 0

Irradiated 3 No 5 0

Irradiated 4 No 26 35

Irradiated 5 Yes 23 28

Irradiated 6 No 30 30

Irradiated 7 No 0 5

Irradiated 8 No 30 0

Irradiated 9 Yes 80 0

Irradiated 10 Yes 70 20

Irradiated 11 No 0 14

Irradiated 12 Yes 41 12

Irradiated 13 Yes 50 30

Irradiated 14 No 28 40

Irradiated 15 No 0 21
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observed.27-29 The bone samples in human studies were
derived from resections of osteoradionecrotic lesions28,29

and from trephine biopsies taken during implant surgery
in irradiated bone,27 which represents bone harvested
months to years after radiation therapy and captures the
Table 3 Measurements of nonirradiated versus irradiated man

Parameter Control group (n = 7), median (IQR

N.Ot/B.Ar (n/mm2) 134.95 (60.94)

N.e.Lc/B.Ar (n/mm2) 13.13 (5.06)

N.Pos.Ot/B.Ar (n/mm2) 2.09 (5.64)

N.Pos.Ot/N.Tt.Ot (%) 0.981 (6.42)

Fb.T.Ar/Ma.Ar (%) 9.1 (17.25)

Ad.T.Ar/Ma.Ar (%) 35.34 (28.93)

Ma.Ar/Tt.Ar (%) 45.77 (16.20)

Adipocyte diameter (mm) 58.14 (13.69)

Abbreviations: Ad.T.Ar/Ma.Ar = percentage of adipose tissue per bone marro
area ; IQR = interquartile range; Ma.Ar/Tt.Ar = percetage of bone marrow pe
Ot/B.Ar = number of osteocytes per bone area; N.Pos.Ot/B.Ar = number of a
ptotic osteocytes per total number of osteocytes
* Significant at P < .05 level (Mann-Whitney U test P value).
“late stage” radiation injury. As osteocyte apoptosis is
thought to recruit osteoclasts to areas in need of bone
resorption, perhaps the early radiation-induced apoptotic
osteocyte death induces an initial increased osteoclast
recruitment. Possibly this effect extinguishes in later
dibular cancellous bone biopsies

) Irradiated group (n = 15), median (IQR) P value

127.47 (59.15) .837

25.81 (24.93) .007*

4.84 (8.36) .267

4.08 (8,21) .237

13.7 (9.63) .630

64.38 (27.55) .007*

50.98 (21.34) .447

70.88 (9.51) .005*

w area; Fb.T.Ar/Ma.Ar = percentage of fibrotic tissue per bone marrow
r total area; N.e.Lc/B.Ar = number of empty lacunae per bone area; N.
poptotic osteocytes per bone area; N.Pos.Ot/N.Tt.Ot = number of apo-



Figure 2 (A) Number of empty lacunae per bone area (N.e.Lc/B.Ar) in the control and irradiated groups (Mann-Whitney
U test; P = .007). (B) Percentage of adipose tissue of bone marrow area (Ad.T.Ar/Ma.Ar) in the control and irradiated
groups (Mann-Whitney U test; P = .007). (C) Adipocyte diameter in the control and irradiated groups (Mann-Whitney U
test; P = .005).
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stages of radiation damage when osteocyte apoptosis is no
longer increased. Furthermore, as irradiation is known to
deplete bone marrow osteoclast precursors, the combina-
tion of a lack of osteoclastogenic stimuli and local marrow
suppression may cause the absence of osteoclasts in the
irradiated human mandible.

Empty lacunae as an indication of earlier osteocyte
death have been more commonly investigated in studies
on the effects of irradiation on bone. In the present study,
a significant increase of empty lacunae was seen in the
irradiated group. No correlation between radiation dose
and histologic findings was observed. Rodent models have
been widely used to investigate dose- and time-dependent
effects of irradiation on mandibular bone. Irradiation
causes an increase in empty lacunae that seem to be dose
and time dependent, with most osteocyte death occurring
in the first weeks after irradiation and dependent on the
administered dose.30-32

The literature on osteocyte viability in irradiated
human mandibles is scarce. The available studies on
human material have been performed on bone specimens
from ORN lesions, with empty lacunae mentioned as a
qualitative rather than a quantitative outcome.28,29 The
persistent presence of empty lacunae in irradiated bone,
even many years after irradiation, could in part be due to
the absence of osteoclasts, which leads to the preservation
of mineralized matrix that should have been resorbed.27

All patients with a Dmax of more than 50 Gy at the
dental implant site are treated with HBO therapy in
accordance with the department’s protocol. All patients
receive 20 sessions before and 10 sessions after dental
implant placement. In the present study the patients did
not start HBO until the implant surgery was indicated.
No dental implant surgery is undertaken in the first 9
months after radiation therapy according to protocol.
Because no control group of irradiated patients without
HBO treatment was investigated in the present study, it is
not possible to interpret the effect that HBO therapy
could have in the examined specimens.

Spiegelberg et al22 found in a study in mice that HBO
therapy reduced the number of empty lacunae in irradi-
ated specimens 24 weeks after treatment. No effect was
observed on bone marrow adiposity.22 The mice did,
however, start with HBO treatment 1 day after radiation



Figure 3 Histologic sections with Goldner trichrome stain of mandibular bone from an unirradiated control patient
(A: £ 40 magnification, B: £ 100 magnification) and from an irradiated patient, Dmax = 53 Gy (C: £ 40 magnification,
D: £ 100 magnification). In both specimens, fibrotic areas as well as adipose tissue is present. The nonirradiated bone
marrow has more abundant nuclei and the fibrosis is more localized. The irradiated bone marrow is hypocellular with
smaller fibrotic patches scattered throughout the marrow space.
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therapy. No conclusive evidence from double-blind ran-
domized controlled trials on the efficacy of HBO on pre-
venting ORN is available to date.4,5,30-34 Because
osteocyte death seems to be an early sequence of radiation
therapy rather than a late one, the HBO therapy adminis-
tered to patients in the present study cannot influence the
osteocytes that have already perished.

It should be mentioned that the irradiated group con-
tained more patients with heavier smoking and drinking
habits. The amount and duration of smoking and drink-
ing habits as well as the number of years of cessation vary
greatly, which makes it extremely difficult to determine
and interpret the potential confounding effect. It is known
that heavy smoking and drinking is associated with
decreased bone volume.35,36 The specific effect on the
mandible is not well known. In a previous study,
mandibular bone samples from irradiated patients and
healthy edentulous patients were compared, and no sig-
nificant difference in bone volume and bone mineral den-
sity was observed between the groups.27

Unexpectedly, no significant increase in bone marrow
fibrosis is seen in irradiated specimens compared with
control biopsies. In edentulous mandibles, fibrosis in the
bone marrow is a physiological finding as a result of alve-
olar healing.37 The control biopsies show fibrotic areas in
the bone marrow as well, although the visual aspect is dif-
ferent. Bone marrow fibrosis is considered a key event in
the theories of Marx3 as well of Delanian and Lefaix6 for
the pathogenesis of ORN. Marx described progressive
fibrosis over time after irradiation in a qualitative assess-
ment of biopsies taken from patients irradiated for oral
malignancies. However, the specific sites, technique, and
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circumstances under which the biopsies were taken is not
further specified. In the study by Fenner et al38 describing
histologic changes in an 4 £ 15 Gy fractionated irradiated
rat model, progressive fibrosis in the bone marrow cavity
in the irradiated site was seen at both 6 and 12 weeks after
radiation, and the overlying skin and mucosa were intact.
The scarce histomorphometric studies that describe bone
marrow fibrosis on human irradiated mandibles are per-
formed on specimens from segmental resections that
were performed because of osteoradionecrosis or tumor
resection. Bras et al39 compared histologic findings in
mandibles with manifest osteoradionecrosis, nonosteora-
dionecrotic irradiated mandibles, and nonirradiated man-
dibles (the latter 2 from tumor resections). The
nonosteoradionecrotic irradiated mandibles exhibited
fibrosis of the periosteum and adjacent submucosa but no
fibrosis of the bone marrow. The bone marrow adjacent
to ORN lesions was replaced by a dense fibrous, less-vas-
cularized tissue with a gradual decrease of fibrosis toward
the periphery. Multiple other histologic studies have
reported bone marrow fibrosis in human mandibular
osteoradionecrosis lesions.28,40 To the authors’ knowl-
edge, no previous studies quantitatively assessing the
extent of fibrosis in irradiated human mandibular bone
without other pathology, such as recurrent tumor or
ORN, are available. The present study shows that even in
areas of the mandible that received a high dose of irradia-
tion, abundant marrow fibrosis is not a characteristic
finding.

In the present study, a marked increase in adipocyte
area in the bone marrow as well as adipocyte diameter in
the irradiated group was found. No relation with dose or
interval between radiation and biopsy was demonstrated.
Bone marrow mesenchymal stem cells can differentiate
into either osteoblasts or bone marrow adipocytes. Irradi-
ation inhibits proliferation and differentiation of surviv-
ing mesenchymal stem cells and osteoprecursor cells into
osteoblast cell lineages.41 Osteogenic differentiation
potential of human mesenchymal stem cells is less resis-
tant to irradiation than adipogenic potential.42 Osteoblas-
tic activity is significantly decreased in irradiated human
mandibles.27

It is well established that irradiation causes myelosup-
pression, damage to bone marrow populations, and
increased marrow fat cellularity.17,43 This phenomenon is
studied extensively in postcranial sites rather than in
mandibular bone. Multiple studies in mice have demon-
strated that bone marrow adiposity, or fatty substitution,
triggers bone loss and other skeletal alterations.44,45 In
humans, bone marrow adiposity has been demonstrated
in patients after radiation therapy in postcranial sites.46-48

However, the mandibular bone has distinct features that
differ from other skeletal sites, including developmental
origin, osteoclastic activity, osteogenic potential of mesen-
chymal stem cells, the rate of bone turnover, and collagen
properties.49-57 Therefore, experimental data on bone
from postcranial sites may not translate entirely to the
mandibular bone.

Few animal studies have investigated the effect of radi-
ation on bone marrow adipocytes in mandibular bone.
Spiegelberg et al found a significant increase in adipocyte
density in bone marrow of irradiated mice mandibles 10
and 24 weeks after irradiation with 15 Gy.22 Hyperbaric
oxygen therapy that was also included in this study had
no effect on adipocyte density. Marx et al58 did observe
increased mandibular marrow adiposity and fibrosis in
rabbits 6 months after irradiation and in rabbits treated
with HBO, but to a qualitatively lesser extent.

No quantitative data on marrow adipocytes in irradi-
ated human mandibles have been previously reported.
Few studies on irradiated human mandibles report data
on marrow adiposity. Marx et al28 described histologic
findings in 45 ORN specimens in a qualitative report and
found an absence of fat cells in the bone marrow. Instead,
the bone marrow in these specimens was replaced with
acellular collagen.28 Conversely, Curi et al40 investigated
40 bone specimens from mandibular ORN and found an
increase in marrow fat besides fibrosis. A significant rela-
tion was found between the increased amount of marrow
fat and increased time after radiation.40
Conclusion
The increased adipocytes (shown in this study) and the
reduced presence of osteoblastic activity (demonstrated in
a previous study27) that is observed in irradiated human
mandibles together with absent osteocytes (shown in this
study) and osteoclasts (demonstrated in a previous
study27) lead to the hypothesis that irradiation disrupts
bone homeostasis at different levels. Radiation causes
early death of osteocytes, persistent suppression of osteo-
clastogenesis by lack of signaling from osteocytes and
osteoblasts, as well as deprivation of osteoclast precursors,
leading to persistence of fragile bone matrix void of osteo-
cytes. The damage to bone mesenchymal stem cells leads
to increased adipogenesis in the bone marrow and
decreased osteoblastogenic potential. The nonvital persist-
ing bone matrix with severely impaired regenerative and
remodeling potential may contribute to the vulnerability
of the bone to infection and necrosis, particularly when a
“porte d’entr�ee” is introduced by disruption to the overly-
ing soft tissue barrier, and could as such be a key event in
the pathogenesis of ORN.
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