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Abstract

Radiotherapy is an essential component of curative treatment for head and neck cancer, either as a neoadjuvant or adjuvant treat-

ment to surgery or as a definitive treatment with or without chemotherapy, depending on the stage of the disease and general health.

However, aggressive RT or chemoradiotherapy can result in radiation-induced severe late toxicities, including the severely debilitat-

ing osteoradionecrosis of the jaws (ORN]), which may affect a relatively small but significant proportion of this patient population.

ORN] is characterized by necrosis of bone tissue and failure to heal for at least three months. In the majority of cases, ORN] progresses

gradually, worsening and becoming more painful, which results in infection and pathological fracture. In the absence of a proven

curative treatment other than aggressive surgeries, the prevalence of ORN]J could theoretically be decreased by implementing a well-

organized multidisciplinary oral care program and reducing the ORN]-related risk factors. These risk factors include the patient, the

tumor, pre-radiotherapy mandibular surgery, tooth extractions, implant placement, radiation modality, and radiation dosimetry-

related factors. Therefore, the present paper provides a literature review and update on the established and frequently disputed risk

factors underlying ORN]J and their radiobiological bases.
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Introduction

Radiation therapy (RT) is an essential component of the on-
cological treatment of head and neck cancers (HNC). In cases of
early-stage squamous cell carcinoma and locally advanced tumors,
such as adenoid cystic or mucoepidermoid carcinomas of the sali-
vary glands, where effective chemotherapy options are not avail-
able, it may be used as the sole treatment option. When combined
with concurrent chemotherapy, RT may serve as the mainstay of
treatment for locally advanced HNC (LA-HNC). Additionally, RT
may be used as a primary palliative measure in cases of recurrent
or metastatic disease or as a neoadjuvant or adjuvant treatment
option in relation to surgery. HNCs are notable for being the sixth
most common type of cancer worldwide and having a high rate of
therapeutic failures that lead to a 5-year survival rate of 50-60%
[1]. Except for laryngeal cancers, most HNCs manifest as LA-HNC,
in which definitive concurrent chemoradiotherapy (CCRT), either
alone or in combination with induction chemotherapy, represents
the gold standard of care in terms of organ-sparing approach in

such patients [2]. However, successful but aggressive RT or CCRT

can result in radiation-induced severe late toxicities like submuco-
sal fibrosis, dysphagia, xerostomia, tooth loss, trismus, and osteo-
radionecrosis of the jaws (ORNJ) in a considerable percentage of
patients [3,4].

ORN] is a severe late toxicity of RT and CCRT (Figure 1), with
a prevalence rate ranging from 0.4 to 56% [5]. This wide range in
prevalence can be attributed to a variety of factors, including the
presence or absence of concurrent chemotherapy use, mandibular
resection, pre- or post-treatment tooth extractions, implant place-
ment, periodontitis, chronic infections, RT modality and technique,
total and per fraction RT doses, use of dose constraints for the jaw,
mean or Vx (volume receiving a specified dose or more) dose of
the jaw, and likely many more. Newer, more sophisticated RT tech-
niques, such as three-dimensional conformal RT (3D-CRT), intensi-
ty-modulated RT (IMRT), and intensity-modulated proton therapy
(IMPT), have reduced the risk of ORN]J due to their improved tis-
sue sparing properties, thanks to advancements in computer-aided

technology. However, depending on the tumor and involved nodal
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localization, as well as unavoidable mandibular exposure to higher
radiation doses due to the tumor’s proximity to the mandible, ORN]
may still occur in a significant proportion of HNC patients [6]. This
claim was recently supported by Singh., et al. [7]. who reported that
the incidence of ORN] was 10.6% in a total of 122 patients with oral
cavity- (OCC) and oropharyngeal cancer (OPC) treated with IMPT, a
highly advanced RT technique.

Figure 1: Cone-beam computed tomography images demonstrate
extensive bone resorption and sequestration of osteoradionecro-
sis in the left mandibular molar region (white arrows). A) Sagittal
view; B): Three-dimensionally reconstructed image showing the

area of osteoradionecrosis.

Essential bodily functions like swallowing, speaking, and mas-
tication are adversely impacted by ORN] by causing pain, halitosis,
deformity, limited mouth opening, mucosal fistulas, and pathologi-
cal fractures -[8-10]. Delivery of oncologic therapy may be more
difficult in affected patients due to anemia, infections, leukocytosis,
hyperproteinemia, and hypercoagulation [11]. In the event that
these patients live long enough, the development of trismus and
numbness after ORN] may worsen all aspects of their quality of
life (QoL) measures [12]. Additional factors that can significantly
lower QoL include dietary restrictions, eating in public, speech
comprehension, poor communication skills, social isolation, and
even major depression [13-15]. Uncontrolled and continuously ad-
vancing ORN] may also jeopardize the lives of such patients, either
through septicemia or difficulties in intubation during emergency

circumstances caused by ORN]J-related trismus [16].

Although numerouslocal and systemic risk factors for the de-
velopment of ORNJ have been discussed in the literature, there are
still only a few well-established factors, with the remaining major-
ity being largely controversial [17]. For example, while prescribed
tumor dose is invariably proposed as one of the strongest predic-
tors of ORNJ, dosimetric variables such as median and Vx of the
mandible are frequently underrated. Contrarily, a high tumor dose
may not always correspond to a high mandibular dose, especially
in the era of IMRT or IMPT, where the mandibular doses can be
reduced to markedly lower levels compared to conventional RT

methods. Thus, the main objective of this chapter is to provide a
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concise overview of the established as well as frequently disputed

risk factors for ORN]J and their radiobiological bases.

Risk factors linked to ORN]

The severe late toxicity of RT and CCRT, namely ORN], can nega-
tively affect a patient’s QoL in many ways. Familiarity with the
ORN] risk factors may help improve the prognosis of the condition
and reduce the risk of developing it through the early adoption of
preventative measures and the prompt commencement of effective
treatments. A higher risk of ORN]J development has been linked to
several patient-, tumor-, mandibular surgery-, dental procedure-,

and treatment-related risk factors [18].

Patient-related Risk Factors for ORN]

Research to date strongly suggests that some patient-related
traits are linked to an elevated risk of ORN]J, even when all other
confounding factors are well-matched. One of these is having a ge-
netic predisposition. In order to help with the creation of custom-
ized RT protocols, Brooker and colleagues recently set out to find a
panel of common genetic variations that could potentially predict
ORNJ [19]. DNA samples from patients who underwent prior HNC
RT and at least two years of follow-ups were subjected to single
nucleotide polymorphism (SNP) array analysis. A control group
that had participated in an earlier clinical trial was compared to
a cohort of ORN] patients. A representative model of 18 SNPs with
92% accuracy was developed. Four SNPs; rs34798038 (A/G) (P =
0.006), rs6011731 (C/T) (P = 0.018), rs530752 (A/G) (P = 0.046),
and rs2348569 (G/G) (P = 0.005) were found to be substantially
linked with the lack of ORN] in multivariate regression analysis.
These findings imply the existence of a group of patients who are
genetically protected from ORN], even though they do not provide
a specific gene or gene set that may be associated with higher ORN]

risk.

Because the impact of individual radiosensitivity has been pro-
posed as an explanation for the elevated prevalence of ORNJ in
some patients, Danielsson., et al. undertook a study to compare a
cohort of patients with stage 11/1I1 ORN] to matched controls [20].
To examine the body’s capacity to combat radiation-induced oxida-
tive stress, blood was collected and exposed to radiation in a lab
setting. Additionally, genotypes were determined for eight SNPs
linked to genes that regulate oxidative stress responses. A differ-
ence in 8-oxo-7,8-dihydro-2’-deoxyguanosine (8-oxo-dG) levels
was found between the patient cohorts (P = 0.01). The SNP rs1695
in glutathione S-transferase p1 (GSTP1) was also found to be more
frequent in the patients with ORN (P = 0.02). Multivariate analysis
of the clinical and biological factors revealed concomitant brachy-
therapy plus the two biomarkers to be significant factors that influ-
ence the risk of ORNJ in HNC patients.

Habits, such as the most commonly reported alcohol use and

cigarette smoking may also influence the risk of ORN]J. Owosho., et
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al. reviewed the data of 1023 patients treated with IMRT for OCC
and OPC at Memorial Sloan Kettering Cancer Center between 2004
and 2013 [21]. A case-control study was carried out to assess the
relationship between ORN]J and risk variables. One to two ORNJ-
free patients were chosen to match each ORN] patient in terms
of gender, tumor site, and size. During a median follow-up period
of 52.5 months, 44 patients (4.3%) experienced ORN]. Poor peri-
odontal health (P = 0.03), a history of alcohol use (P = 0.002), and
radiation dose (P = 0.009) were all significant risk factors in the
matched case-control analysis, while alcohol use (P = 0.004) and
radiation dose (P = 0.026) were meaningful risk factors on multi-
variate analysis. As shown by Kluth., et al. more than 30 years ago,
cigarette smoking is another behavioral factor that enhances the
risk of ORN]J [22]. The onset of ORN] may be accelerated by smok-
ing or chewing tobacco according to Acharya.,, et al. [23]. The au-
thors of this retrospective study, which included 231 HNC patients,
reported that of the 13 ORN]J cases (5.62%), 10 (76.9%) had a his-
tory of tobacco use, and 8 (61.5%) had a time interval of less than
a year between RT and the occurrence of ORN]J. Even though the
exact pathophysiologic mechanism is unexplored, this effect could
be linked to the various effects of cigarette smoke on tissues, in-
cluding the jaw bones [24]. Cigarette smoke can cause cell death
in a concentration-dependent manner, as has already been shown:
lower concentrations cause apoptosis-like cell death without the
need for caspase, whereas higher concentrations disrupt apoptotic
signaling and cause necrosis [25]. The fibrogenic process may dif-
fer slightly in different tissues, but the key steps are almost always
the same. The steps of the fibrogenesis process have been identi-
fied as damage to the epithelial/endothelial barriers, the release
of transforming growth factor-betal (TGF-B1), recruitment of in-
flammatory cells, the production of reactive oxygen species (ROS),
the activation of collagen-producing cells, and the activation of
myofibroblasts [26]. By activating connective tissue growth fac-
tor (CTGF), another important cytokine associated with fibrogen-
esis, and stimulating fibroblast functions through TGF-$1, nicotine
causes fibrosis [27]. Takeuchi et al., for instance, recently demon-
strated that nicotine increased the levels of CTGF in human gingi-
val cells and the production of collagen in the periodontal ligament
[28]. This fundamental background is supported by a recent study
by Moring., et al. who found that smokers experience ORN]J symp-

toms much earlier than non-smokers do (9.3 vs. 21.4 months) [29].

Other risk factors that have been related to an elevated risk of
ORN]J can be outlined as follows: Although confirmatory data is lim-
ited, Reuther, et al. found that men had a 3-fold higher incidence
than women [30]. However, given that men are more likely than
women to smoke and consume alcohol, it is difficult to suggest a
genetic foundation for this data. Another risk factor that has been
put forth but is difficult to verify is obesity. In this context, Gold-
waser, et al. discovered that a high body mass index is a predic-
tor of ORN]J after HNC irradiation [31]. Although this finding could

be attributable to the unfavorable hormonal influences of obesity,
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more in-depth basic research is needed to prove that obesity is a
substantial risk factor for ORN] development. Most ORN] sufferers
have poor nutritional status, which is usually limited to liquid or
semi-liquid diets, poor nutritional status may also be a risk factor
for higher ORN] rates in HNC patients treated with RT or CCRT.
Confirming this affirmation, recently, Huang., et al. demonstrated
that almost all ORN]J patients (95.3%) had at least one laboratory
marker that was below the normal physiological range [32]. A to-
tal of 40 (37.5%) patients were classified as undernourished, with
lower serum albumin (mean difference: 1.8 0.8 g/L; P = 0.02), pre-
albumin (mean difference: 26.8 10.8 mg/L; P = 0.02), and body
mass index (3.8 0.4 kg/m? P = 0.0001).0ther factors that are usu-
ally linked to higher prevalence of ORN]J include poor oral hygiene
and dental health status [33,34]. These variables may cause dental
decay, chronic infections with resistance, non-healing soft tissue
wounds, and tooth decay, all of which can cause ORN]J indirectly
through the need for tooth extractions or directly owing to non-

healing, infected soft tissue ulcers.

Tumor-related Risk Factors for ORN]J

HNC may increase the risk of ORN] in a variety of ways. First,
the type of tumor and its location relative to the mandible may in-
fluence this risk. That, OCC, OPC, and unresectable salivary gland
tumors appear to be associated with an increased ORN] risk due
to their proximity to the mandible [35,36]. However, this finding is
most likely due to the higher RT doses received by a significant por-
tion of the mandible in such tumors and not to an ORNJ-increasing
specific genotype or phenotype, as no such evidence has been
reported to date [37]. Higher ORN] risk has been associated with
larger tumor sizes, likely as a result of the requirement for larger
planning target volumes (PTV) during high-dose RT, which may un-
avoidably enclose a sizeable volume of the mandible [38]. Invasion
of the mandible either by the tumor or the metastatic neck nodes
may increase the risk of ORN]J by mandating a mandibular resec-
tion and direct involvement of this region in the high-dose PTV
[36]. Additionally, presence of metastatic intra-parotid, levels 1A,
IB, and IIA neck nodes may serve as an independent risk factor by
mandating higher PTV doses, and unavoidable higher mandibular
exposure even if they do not invade it [48]. Recurrent or second/
secondary HNCs may also increase the risk of ORN], especially if
patients are not candidates for salvage surgery and/or require de-

finitive, intra-operative, or postoperative re-irradiation [40].

ORN] risk factors associated with prior mandibular surgery
Mandibular resection is often required during the surgical man-
agement of OCCs adjacent to or invading the mandible. Mandibular
surgery causes injury to the relatively poorly vascularized mandi-
ble, which is more drastic than tooth extraction or implant place-
ment procedures. The presence of mandibular invasion implies the
presence of a T4 stage OCC, in which adjuvant CCRT is indicated to
boost the likelihood of local and systemic control by eradicating

any potential residual tumor cells and microscopic distant metas-
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tases. However, because the healing process is hindered or stopped
completely following RT, surgically treated mandibles may become
more prone to ORN]J. As a result, pre-RT mandibular surgery is usu-

ally regarded as another treatment-related risk factor for ORN]J.

In a study by Kubota., et al,, pre-RT mandibular resection was
a risk factor for the development of ORN]J in univariate analysis (P
= 0.0055), even though its impact was negligible in multivariate
analysis [41]. In contrast Monnier,, et al. [36] and Sathasivam., et al.
[42] both found that pre-RT mandibular surgery was a significant
predictor of increased ORN] rates. Tucker,, et al. also observed that
3 (42.9%) of the seven ORN] cases had pre-RT mandibular surgery

for salivary gland tumors infiltrating the mandible [43].

When evaluating the risk of ORN]J, other factors to take into ac-
count include the extent of the surgery and the mandibular resec-
tion technique. Chen., et al. published a large retrospective research
that included 1692 OCC patients [44]. ORN] was diagnosed in 105
patients, resulting in a 6.2% prevalence rate. ORN] was related with
independent characteristics such as primary site, which included
the mouth floor, buccal mucosa, retromolar trigone, or gum, seg-
mental mandibulectomy, and total radiation dosage to the primary
site of 2 75 Gy. Another notable result of this research was that
patients who underwent segmental mandibulectomy had a higher
ORN] rate than those who did not and those who received marginal
or hemi mandibulectomy. Although more research is needed to
confirm these findings, they indicate a clear and significant asso-
ciation between the type of surgery and the prevalence of ORN],
namely that the more invasive the surgery, the higher the likelihood
of ORN]J.

ORN] risk factors associated with dental procedures

Several dental procedures, which can be broadly classified as
dental extraction- and implant placement-related risk factors, may
be linked to increased rates of ORN] in HNC patients undergoing
RT. These patients may experience many tooth or gum problems
before, during or after the RT or CCRT, posing a significant con-
tributor to teeth losses. In addition to damaging the microvascular
system in the irradiated teeth, RT also results in the loss of osteo-
blast and cement oblast, as will be covered in more detail later in
this chapter. These changes in tooth structure, along with changes
in oral flora and decreased salivary gland activity, may collectively
predispose people to dental caries, root, and periodontal diseases,
which may necessitate tooth extractions, a well-established risk
factor for ORN]J [45-47]. Tooth extractions may be required at any
point-before, during, or after the oncological treatment-with a par-
ticular risk for ORN]J. Tooth extractions are rarely practiced during
the RT or CCRT course thanks to the current pretreatment oral care
programs for these patients. Therefore, the primary risk factors for
ORN]J in HNC patients are tooth extractions prior to and following
RT, or both.

71

Pre-RT dental extraction-related factors

Even though pre-RT tooth extractions were linked to ORN]J in
several studies, this is not a common observation. In a retrospec-
tive cohort of 1023 OCC and OPC patients, Owosho., et al. found
that only 18% of ORN] cases underwent tooth extractions prior to
RT, indicating that pre-RT tooth extractions were not associated
with an increased likelihood of ORN] [21]. Even though this out-
come might be considered evidence of the safety of pre-RT tooth
extractions, the results of the available studies typically do not
support it. In a large cohort study involving 23,527 patients with
HNC, Wang,, et al. discovered that the overall incidence of ORN] was
3.93 per 100 person-years, with buccal cancer carrying the high-
est ORN]J risk [45]. In univariate analysis, pre-RT tooth extractions
were found to be significant; however, this was lost in multivariate
analysis. On the other hand, a lack of pre-RT dental extractions was
found to be a reliable indicator of severe ORN] in the study by Cho-
pra, et al. and colleagues [46]. In the study by Chang., et al.,, ORN]
rates in 413 OPC were <1%, 9%, and 15% in edentulous, teeth in-
field without pre-RT extractions, and teeth in-field with pre-RT ex-
tractions, respectively [47]. The incidence of ORN] was higher in
patients with poor in-field teeth and pre-RT extractions at 5 years
(16% vs. 6%). The 5-year ORN] incidence was also higher (15% vs.
2%) for individuals with in-field teeth in good condition and pre-
RT extractions than for individuals without extractions. Beaumont
and colleagues recently reported that the ORN] rates of patients
with pre-RT tooth extractions (5.5%) and without them (5.3%)
were similar in a meta-analysis of 21 studies involving 36,294
patients [48]. In the most recently published meta-analysis of 22
studies, patients undergoing pre-RT tooth extractions were found
to have a 55% increased risk of experiencing ORN]J [49]. In a meta-
analysis of seven publications with 875 patients, Balermpas., et al.
searched for evidence of ORN] following dental extractions before
or after IMRT for HNC patients (50). ORNJ was found in 28 (3.2%)
of the patients. ORN] was linked to extractions in 15 (53.6%) of the
patients, with 8 and 7 cases being related to pre-IMRT and post-
IMRT extractions, respectively. The risk (RR =0.18; P =0.031) and
odds (OR =0.16; P = 0.049) for ORN] favored pre-IMRT extractions.
All of these results point to an increased risk of ORN] following pre-

RT tooth extractions.

When teeth have suffered irreparable damage, such as caries,
the loss of periodontal tissues, a dubious pulpal condition, residual
roots, or partially erupted teeth that have come into contact with
the oral cavity, extraction is unavoidable. Although the recovery pe-
riod before the start of RT or CCRT appears to be the component of
utmost importance for ORN] development, obstacles to achieving
this goal include tumor recurrence after surgery and tumor up-
staging during the prolonged wait for definitive CCRT. This is be-

cause it takes at least three months for the impacted bone to fully
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recover [51], which is unacceptable given the problems with tumor
progression and recurrence mentioned above. As a result, the time
between the tooth extraction and RT should be as short as possi-
ble without compromising any oncologic treatment or ORN] risk,
which is typically advised to be in the range of 10-14 days [52]. Ad-
ditionally, wound healing must be adapted to the number of extrac-
tions to prevent ORN]J, as multiple extractions should necessitate a

longer healing time [53].

Post-RT dental extraction-related factors

A considerable percentage of patients who have received ra-
diation therapy may need to have teeth extracted due to the RT’s
detrimental effects on the tooth and/or its supporting soft tissues,
and bad habits like continued alcohol or smoking use, or inad-
equate oral hygiene, For instance, Yilmaz., et al. recently reported
that 79.4% of the study population required tooth extractions
after CCRT, with 54.8% of patients needing 5 or more teeth to be
removed [54]. It is frequently stated that post-RT extractions are
riskier than pre-RT extractions, despite the fact that the stronger
association of ORN]J with these procedure is not a consistent. Ac-
cording to Girardi., et al., there is a tendency for the risk of ORN]
to increase [odds ratio (OR): 3.04; P = 0.08], especially when tooth
extraction follows RT [55]. Some authors claim that post-RT tooth
extractions are significantly associated with higher rates of ORN]
than pre-RT extractions [45,56,57].

The results of Nabil and Samman’s systematic review showed
that the incidence rate of ORN] following tooth extraction in pa-
tients who had received RT was 7% [58]. Pre-RT extraction did not
carry any additional risk, according to the nationwide study con-
ducted by Wang,, et al., but post-RT extraction was connected to a
gradual increase in ORN] risk over time that peaked at 4 to 5 years
[45]. Another risk factor for ORN] is the timing of the post-RT tooth
extraction. Khoo., et al. [59]. discovered that tooth extractions car-
ried out more than five years after RT were linked to a lower risk of
ORN]J (OR = 0.06; P < 0.001). This finding, however, contradicts re-
search findings indicating that the greater the interval between RT
and dental extraction, the greater the ORN] risk. Wang,, et al. found
that the ORN]J rate increased steadily after the first year of RT, with
a peak at 4 years [45]. Nabil and Samman reported an incidence
rate of 7.5% within the first year after RT, 22.6% between 2 and
5 years, and 17% after 5 years of RT, confirming Wang’s findings
[58]. Marx and Johnson discovered a bimodal peak in the incidence
of ORN] [60]. with the first and second peaks manifesting in the
first three months and about five years after RT, respectively. Based
on these findings and the radiobiological mechanisms of tissue hy-
poxia, hypovascularity, apoptotic cell death, and hyper fibrosis in
ORN]J, it is recommended that post-RT tooth extractions be done
within the first six months after RT to lower the risk of ORN [34].
Provided the longer RT-to-tooth extraction intervals, there appears
to be no safer time for tooth extractions, as ORNJ can occur even 30
years after RT [59].

72

Although research on the topic is ongoing, results from the
available literature indicate that post-RT tooth extractions are as-
sociated with a higher risk of ORN]J than pre-RT extractions. For
pre-RT tooth extractions, a healing period of at least 10 to 14 days
is advised before the start of RT; however, this period should be
determined on a patient-by-patient basis when there are multiple
extractions. If indicated, post-RT tooth extractions should be car-
ried out within the first six months of RT to lessen the possibility of
ORN] before the hypo vascular and hyper fibrotic tissue regenera-

tion processes are complete.

Implant placement-related Risk for ORN]

To improve their ability to chew, swallow, and bite; meet their
daily nutritional needs; and improve their aesthetic, social, psycho-
logical, and economic quality of life, HNC patients may need dental
rehabilitation either before or after receiving oncologic treatment
as a result of tooth loss [61]. Because of the threat of abutment
failure, traditional fixed prosthodontic replacement is not recom-
mended in individuals with a high caries risk. A conventional re-
movable prosthesis may not fit comfortably following oncological
treatments, including the RT, due to anatomical changes in the oro-
facial region and jaws, such as atrophied and erythematous mu-
cosa and/or resected jaw bones [62,63]. Thus, dental implants are
widely utilized in this patient population, as they may enable more
successful oral rehabilitation in terms of chewing, facial aesthetics,

and speech function [64].

Endosteal implants are alloplastic materials surgically inserted
into a residual bony ridge to serve as a prosthodontic foundation.
They are the most preferred implant compared to their counter-
parts, such as transosteal and periosteal implants). Although many
factors can influence the healing process, typically, the formation of
a fibrin clot that restricts blood flow and provides initial support to
the osteoprogenitor cells follows the placement of a dental implant.
The success of the osseointegration process, which determines the
direct and stable connection between bone and implant, is deter-
mined by the adequacy of clot formation [65]. However, therapeu-
tic RT may have an impact on the success of the osseointegration
process and, as a result, the implant’s survival. Kudo., et al. demon-
strated in an animal model that irradiating the implant placement
site shortly after implantation prevents direct contact between the
hydroxyapatite implant and the surrounding bone [66]. If delivered
before complete osseointegration, post-implantation irradiation is
associated with unavoidable delays or failures in bone remodeling,

which may lead to the development of ORN]J.

The use of implants in patients with irradiated HNC is resisted
by many clinicians who believe they are contraindicated [67]. Their
primary trepidations are altered anatomy and impaired wound
healing, which make implant placement challenging and increase
the odds of issues like failed osseointegration, soft tissue hyper-

plasia, and ORN]. Schiegnitz., et al. compared implant survival in
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irradiated and non-irradiated bone in a meta-analysis, which re-
vealed a significantly higher rate of implant failure in irradiated
bone compared to non-irradiated bone (OR 1.97; P < .00001),
with a mean overall implant survival of 87.8% [68]. Unfortunately,
ORN] incidence rates were not addressed in this meta-analysis. The
systematic review reported by Koudougou., et al. focused on the
outcomes of implants placed during ablative surgery in patients
with HNC who had postoperative RT [69]. A total of 755 native
mandible primary implants were analyzed in four comparative
investigations. The implant survival rate with post-implant place-
ment RT was 89.6% compared to 98.6% in individuals who did not
receive RT. The success rate of implant placement was 67.4% in
patients with RT delivered shortly after implant placement versus
93.1% in patients with implant surgery performed one year after
RT completion. There were only 5 (0.7%) reported cases of ORN].
Toneatti., et al. have conducted a meta-analysis to analyze dental
implant survival, quantify the incidence rate of ORN]J, and evaluate
risk variables in patients with irradiated HNC [67]. Of the 660 pa-
tients involved, RT was administered to a total of 425. In total, 2602
dental implants were placed, 1637 of which were in patients who
had received RT. After respective average follow-ups of 37.7 and
39.8 months, implant survival was 97% in non-irradiated patients
and 91.9% in irradiated patients. With an incidence of 3%, ORN]J
occurred in 11 cases. While the authors were unable to pinpoint
any factors influencing ORNJ occurrence, the main factors affecting

implant survival were RT and grafting status. All of these findings
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imply that implant placements, whether before or after RT, are re-
lated with a slight but clinically significant increase in ORN] rates.
Hence, despite its remarkable restorative power, implant place-
ment should be carefully discussed in a multidisciplinary setting,
and the risks should be explained to the patient as the procedure
is not ORN]J-free.

RT dose and technique as risk factors for ORN]J

High RT doses hinder bone turnover and increase the risk of
infections, tissue atrophy, pathological fractures, and ORN] [70]. It
is well-known that some bones, like the mandible, may suffer these
disastrous effects more severely due to their high susceptibility to
RT effects [71]. ORN] is recognized as a severe consequence of RT
or CCRT for locally or locoregionally advanced HNC patients, which
is a source of frustration for both patients and clinicians. ORN]J is
identified in 2-22% of all HNC patients, despite the use of state-of-
the-art RT techniques [18]. Compared to the other facial bones, the
mandible shows a noticeably higher prevalence of ORN]J [48,71]. A
logical explanation for this discovery is provided by the fact that
the mandible’s vascular supply is only one-sixth that of the maxilla
[73-75]. The fact that the jaw is more frequently enclosed in the
radiation portal and receives higher RT doses than the maxilla may
also be arisk factor for higher ORN]J rates [76]. However, in order to
comprehend the ORNJ, one must be familiar with the pathophysi-
ologic mechanisms of radiation-induced bone injury in addition to

these anatomical and clinical justifications (Figure 2).

HYPOTHETICAL STEPS OF OSTEORADIOBECROSIS OF
THE JAW PATHOGENESIS
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Figure 2: Hypothetical complex pathophysiologic mechanisms of the osteoradionecrosisoof the jaw

(ROS: Reactive oxygen species; DNA: Deoxyribonucleic acid).

Influence of RT on bone anatomy and physiology

The bones, including the jawbone, undergo significant remodel-
ing throughout a person’s lifetime. A close balance must be struck
between bone formation by osteoblasts (OBs) and bone resorption
by osteoclasts (OCs) to maintain a healthy bone microenvironment
and a functional skeletal system [77]. Furthermore, normal levels
of various hormones and cytokines are required for properly regu-

lated bone metabolism, while any dysregulation in this complex

system can result in osteoporotic or osteopetrotic diseases de-
pending on the dominant remodeling process, which is unrelated

to the bone in question.

Due to its high calcium content and ability to absorb almost
40% more radiation than surrounding tissues, bone is a frequent
site for radiation-induced injury [78]. Acute inflammation, charac-

terized by increased vascular permeability with localized edema,
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endothelial cell death, and vascular thrombosis, is brought on by
the radiation-induced release of excessive amounts of cytokines
and chemokines as an injury response [78,79]. In the later phases,
RT also promotes fibroatrophic processes, which force tissue to be
poorly vascularized and hamper appropriate healing. This unfa-
vorable situation causes tissue to become more fragile and causes
inflammation to flare up or reoccur after local injuries, such as
tooth extraction or dental implant placement procedures [78,79].
RT, like osteoporotic pathologies, reduces trabecular bone volume
and skeletal stem cell populations while increasing bone marrow
adiposity and serum CTX/TRAPS5 levels, resulting in more lagging
and less efficacious fracture healing [80,81]. Also, skeletal stem
cells in irradiated bones seem to favor adipogenesis over osteogen-
esis, leading to RT-induced bone loss, which is thought to be related
to the immediate increase in osteoclast activity after RT and the
subsequent latent decrease in osteoblast activity in the weeks that
followed [81,82]. High-dose RT may alter the differentiation char-
acteristics of skeletal stem cells in favor of decreased differentia-
tion capacity but increased radiation-induced cellular senescence,
as evidenced by a strong senescence-associated (3-galactosidase

labeling signal that overlaps with the cell death pattern [80,83].

A rapid rise in osteoclast activity can be observed shortly after
bone irradiation, as demonstrated by an increase in osteocalcin
and TRAPS levels in the blood [84]. By 12 weeks after irradiation,
there is a considerable drop in trabecular bone volume, most likely
owing to dramatically decreased osteoblastogenesis, whereas os-
teoclastogenesis rebounds to nearly normal levels [84]. This ob-
servation demonstrates a decreased bone formation-to-resorption

ratio, which degrades bone quality.

ORN] is distinguished by persistent and increasing inflamma-
tion, as well as the development of hypovascular, hypocellular,
and hypoxic bone and soft tissues. These changes brought on by
RT increase cell death and collagen breakdown beyond the nor-
mal homeostasis of cell repair and collagen synthesis, resulting
in a fibroatrophic and necrotic bone [60,78]. An innovative study
compared radiation-treated samples from 40 patients treated for
ORN]J who received 50.4 to 70.4 Gy to radiation-free samples from
HNC patients [78]. The early effects of irradiation that persisted for
up to 6 months after exposure were hyperemia and endarteritis,
according to a histopathology analysis of the bone and soft tissue
samples [78]. The irradiated bone samples showed greater cell loss
than the soft tissue samples, and signs of increased hypocellular-
ity appeared quickly after irradiation exposure [78,85]. Years after
irradiation exposure, densely fibrous material was observed that
provided evidence of thrombosis [78,85]. End-stage markers of
radiation-induced injury were identified as a reduction in vascular
content and an increase in tissue fibrosis, both of which increased

with time after irradiation [78,85].
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Hypoxia and inflammation and related cytokines appear to be
key players in the genesis of ORN] according to the basic research
results, which formed a background for the Marx and colleagues’
3H (hypovascular, hypocellular, and hypoxic) and Delanian’s radia-
tion-induced fibroatrophic ORN] theories [60,79]. Reactive oxygen
species and TGF-B1 have important roles in the early inflamma-
tion, fibrosis, and remodeling that lead to terminal tissue necrosis
in Delanian’s fibroatrophic theory [79]. Lyons., et al. [86], as well as
Bras., et al. [87], have also published similar hypotheses about how
fibrosis results in vascular abnormalities in the pathophysiology of
ORN]J. As shown in a minipig model, edema of endothelial cells lin-
ing vascular structures was seen just 1 day after radiation followed
by the obliteration of small luminal vessels [88]. Although there
was a transient increase in blood flow at two weeks after radia-
tion, this was followed by a gradual decline. This finding shows that
microvascular damage occurs much earlier than bony destruction.
It also establishes the fundamental roles of vascular obliteration
and related chronic hypoxia as the key players in the development
of ORNJ, which may create a vicious cycle with ongoing inflamma-
tion and increased fibrosis. The existence of a radiation-induced
microvascular injury in irradiated human mandibles was recently
confirmed by Dekker, et al. [89]. The 20 edentulous, irradiated pa-
tients who received mandibular dental implants were evaluated by
the authors, and the radiation-free implant patients served as the
control group. At doses = 50 Gy, bone biopsies revealed reduced
vascular density in the irradiated group and preferential oblitera-
tion of microvascular structures. Because ORN can occur up to 6
times more frequently in the mandible than in the better-vascular-
ized maxilla, clinical evidence also points to a vascular origin for
the condition [74-76].

Despite the presence of substantial evidence indicating a strong
link between ORN] development and processes such as tissue
hypoxia, increased apoptosis, chronic inflammation, and hyperfi-
brosis, no clinical study has been reported that evaluates related
biomarkers for their potential utility in the accurate prediction of
HNC patients treated with RT or CCRT. Previously, our research
established that inflammation-related indicators were effective in
predicting the need for tooth extractions and trismus (another hy-
perfinflammatory and hyperfibrotic late complication of RT) rates
following RT or CCRT in nasopharyngeal and parotid gland malig-
nancies [54,90]. If comparable results can be achieved for ORN]J in
HNC patients, we believe a new window will open for elucidating
the exact pathogenesis of ORN]J, and determining the best-fit pre-

ventive and therapeutic measures for this debilitating ailment.

RT technique and dose

The RT technique is one of the most effective predictors of the
doses to the “organ at risk” (OAR) when administering a prescribed
RT dose at any primary tumor site, including the HNC. The main

objective of advanced RT is to increase the dose in the target vol-
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ume while keeping the OAR doses as low as possible without sac-
rificing tumor coverage. OAR doses can only be reduced by using
computer-aided sophisticated treatment plans and their delivery
with modern treatment machines, in contrast to the primary tumor
and lymphatic regions, which can receive doses that are almost
comparable with any 2-dimensional (2D-RT), 3-dimensional con-
formal (3D-RT), IMRT, or heavy ion therapy, such as proton therapy

and carbon ion therapy.

Mandibular doses must be kept as low as possible in addition
to the other OARs to reduce the risk of ORN] in HNC patients. In
this regard, IMRT, image-guided RT (IGRT), or hadron therapy may
reduce the excessive doses received by the mandible and, conse-
quently, lower the risks of ORN].The efficiency of IMRT and IGRT in
lowering the risk of ORN]J in locally advanced HNCs was evaluated
by Nguyen., et al. [91]. This evaluation included 83 patients receiv-
ing definitive CCRT, post-operative RT or CCRT, or RT alone with
IMRT or IGRT. The mandibular mean dose for the IMRT and IGRT
techniques was 43.6 Gy and 43.8 Gy, respectively. Only 1 (1.2%) of
the patients had ORN] at a median follow-up of 28 months, which
is less than the commonly cited incidence range of 2-22%. This
finding supports the effectiveness of advanced RT techniques in
lowering the risk of ORNJ. The findings of the meta-analysis by
Balermpas., et al. provided clinical support for this dosimetric data
by demonstrating that patients who underwent pre-IMRT tooth
extractions experienced an ORN] incidence of only less than 5%
as a result of the IMRT technique [50]. Besides, more advanced in-
tensity-modulated protontherapy (IMPT), with its benefit of Bragg
peak dose distribution, may further lower ORN] rates. Zhang., et
al. compared mandibular doses and ORN] after IMRT or IMPT in
patients with OPC [92]. Mandibular doses were lower in IMPT pa-
tients (minimum 0.8 vs. 7.3 Gy; mean 25.6 vs. 41.2 Gy; P < 0.001),
as were ORN]J rates: 2% IMPT and 7.7% IMRT.

Although the RT technique appears to be a reliable predictor of
ORN]J, the true ORN] risk is actually determined by the dose deliv-
ered to the mandible, and modern RT techniques lessen this risk by
lowering mandibular doses: equal total doses with identical tissue
dose distribution characteristics will produce similar radiobiologi-
cal effects regardless of delivery technique. Numerous studies have
examined various mandibular dosimetric parameters to assess
the risk of ORN]J in this patient population (Table 1). Despite sig-
nificant methodological variations, almost all studies consistently
suggested a strong correlation between mandibular dose measure-
ments and the risk of ORNJ, namely, the higher the dose, the more
likely it is that ORN]J will occur. To assess jaw-related dose-volume
histogram (DVH) parameters related to ORN], Kubota., et al. ret-
rospectively reviewed the medical records of 616 patients with
HNC treated with curative intent or postoperative RT [41]. After
a median follow-up duration of 40 months (range 3-145 months)
and a median time to ORN]J of 27 months (range 2-127 months),
46 (7.5%) patients experienced ORNJ.A DVH analysis showed
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Treatment OYer?ll ORNJ Dosimetric
Reference . incidence
Modality factor
(%)
Nguyen.,, et al. [91] IMRT 1.2 Dmean 43.6 Gy
IGRT Dmean 43.8 Gy,
Balermpas., et al. [58] IMRT 5.0 -
Zhang., et al. [92] IMRT 7.7 -
IMPT 2.0 -
Kubota., et al. [50] 3D-CRT 7.5 V60 > 14%
IMRT
Aarup-Kristensen., et| 3D-CRT 4.6 Dmean con-
al. [93] tinuously
IMRT
The MD Anderson IMRT Comparison | V44Gy = 42%
Head and Neck Can- study (with vs.,
cer Symptom Work- without ORN])| V58Gy 2 25%
ing Group [94]
De Felice., et al. [95] |3D-CRT IMRT 5.5 Mean >57.6 Gy
van Dijk,, et al. [96] IMRT 13.7 D30% = 35 Gy
Tsai., etal. [97]  |3D-CRT IMRT 7.5% V50 Gy
V60 Gy
Caparroti., et al. [98] IMRT 1-year: 3.0% V50 Gy
3-year: 5.0% V60 Gy
5-year: 7.0%
Lang., et al. [99] PORT Comparison |Dmean> 45 Gy

study (with vs,
without ORN])| Dmax> 60 Gy

>40% of PTV
intersecting

the mandible

Table 1: Major studies reporting the Incidence of
osteoradionecrosis of the jaw and related dosimetric factors.
Abbreviations: ORNJ: Osteonecrosis of the Jaw; Gy: Gray; Dmean:
Mean Dose; Vx: Volume Receiving X Gray or Higher; Dx%; Dose
Received by X% of the Specified Target; IMRT: Intensity-Modu-
lated Radiotherapy; IGRT: Image-Guided Radiotherapy; 3D-CRT:
3-Dimensional Conformal Radiotherapy; PORT: Postoperative
Radiotherapy

that patients with ORN]J had significantly higher V30-V70 values
than those without. Primary tumor site, pre-RT mandibular sur-
gery, post-RT tooth extraction, and V60 > 14% were all noted as
significant factors in univariate analyses, while the tumor site (P =
0.0059) and V60 > 14% (P = 0.0065) remained significant in multi-
variate analyses. The 3-year cumulative ORN] incidence rates were
9.3% and 1.4% in patients with OPC or OCC and other cancers (P <
0.0001), and 2.5% and 8.6% in patients with V60 < 14% and > 14%
(P <0.0001), respectively.
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Aarup-Kristensen and colleagues aimed to investigate the in-
cidence of ORN]J after a total dose of 66-68 Gy RT and connected
mandibular dose-volume effects in a large cohort of 1224 HNC
patients [93]. With a median time to occurrence of 10.9 months
(range 1.8-89.7) following RT, ORN] was recorded in 56 (4.6%) cas-
es, 90% of which occurred within 37.4 months. Considering DVH
doses between 30 Gy and 60 Gy, significant dose-volume differ-
ences unflavored the ORN]J population compared to the non-ORN]J.
Smoking (HR = 1.69), pre-RT surgery/tooth extraction (HR = 2.76;
1.48-5.14), and D mean (HR = 1.05) were all found to be signifi-
cantly correlated with ORN]J in univariate analysis. In multivariate
analysis, Dmean (HR = 1.04) and surgery/tooth extraction (HR =
2.09) remained significant predictors of ORN].

The MD Anderson Head and Neck Cancer Symptom Working
Group studied the dosimetric parameters associated with ORN]
in OPC patients receiving IMRT by matching 68 ORN]J cases with
131 controls [94]. There was no statistically significant difference
in the maximum doses, but the mandibular mean dose for the ORN
cohort was significantly higher (48.1 vs. 43.6 Gy, P < 0.0001). All
DVH bins in the ORN cohort from V35 to V73 were noticeably high-
er than controls (P = 0.0006). To correlate ORN] rates, two DVH
parameters=V44 > 42% and V58 = 25%=were found, and patients
who had both of them accounted for 81% of all ORN]J cases. The
mandibular Dmean of the affected bone was 57.6 Gy, and 44% had
aD2% = 65Gy, according to De Felice,, et al. in a small retrospective
study involving 36 patients with ORN]J (95). vanDijk and colleagues
aimed to create a multivariable clinical/dose-based Normal Tissue
Complication Probability (NTCP) model for predicting ORN],  and
ORN, after RT or CCRT in patients with HNC [96]. Of 1259 includ-
ed patients with HNC, 13.7% developed ORN]  and 5% ORN]J,,. All
dose and volume parameters of the mandible were significantly
associated with the development of ORN]J in univariable models.
Multivariable analyses identified D30% and pre-RT dental extrac-
tion as independent predictors for both ORN , and ORN,. For an
ORNI-IV risk of< 5%, this model suggested that 30% of the man-
dible receive a dose of 235 Gy.

Tsai and colleagues examined the records of 402 T1-2 OPC
patients who received definitive RT to ascertain the relationship
between radiation doses administered to the mandible and the
prevalence of ORNJ [97]. ORN]J developed in 30 individuals (7.5%),
with 6 patients requiring major surgery due to grade 4 ORN]. In
the matched case-control study, the mandibular volumes of the two
groups receiving 50 Gy (V50) and 60 Gy (V60) were statistically
significantly different. After adjusting for matching factors and
dental status (dentate or with extraction), the highest significant
difference was seen at V50 (P = 0.02).

From prospectively collected data of 1196 OPC patients treated
with IMRT, with or without chemotherapy, Caparroti., et al. report-
ed the incidence of ORN] [98]. Patients with ORN] were compared
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clinically and dosimetrically to a matched control cohort without
ORN]J. The mandible’s actuarial ORN] rate was 3% after one year,
5% after three years, and 7% after five years. Multivariable analy-
sis of the matched cohort patients revealed that the mandibular
V50 and V60 were related to ORN].

Lang., et al. sought to gain more understanding of the factors
relating to the patient and the course of treatment that contribute
to the emergence of ORN]J in OCC patients receiving postoperative
RT [99]. The researchers compared 45 patients without ORN] (the
control group) to 44 individuals with ORN]J (the event group). Den-
tal status before RT (HR 4.5; 1.8-11.5) and dosimetric parameters
including Dmean> 45 Gy (HR 2.4; 1.0-5.7), Dmax> 60 Gy (HR 1.3;
1.1-2.8), and PTV proportion > 40% intersection with the lower
jaw (HR 1.1; 1.0-1.1) were significantly associated with ORN]J.

Available literature suggests that mean mandibular doses >40-
50 Gy and V50-60 represent the most significant dosimetric pre-
dictors of ORN]J in HNC patients. These variations between dosi-
metric predictors may be associated with RT techniques and dose
prescription differences, including total and per-fraction doses.
Regardless of the cause, their common recommendation is to keep
mandibular dose metrics as low as is practical to reduce the risk of

ORN]J without compromising tumor control rates.

Concluding Remarks

Both RT and CCRT, which are essential components of the most
recent organ-sparing treatment modalities for HNC patients, can
cause ORN]J, a severely crippling late complication. Many patient,
tumor, mandibular interventions, concurrently used medications,
and RT- related factors, including the prescribed dose and delivery
technique may all effect the risk of ORN] in this patient population.
Numerous patient, tumor, and mandibular interventions, as well as
concurrent drugs and RT-related factors, such as the prescription
dose and delivery technique, may all influence the risk of ORN] in
this patient population. Among them, poor oral hygiene, cigarette
smoking, alcohol consumption, pre- or post-RT tooth extractions
and implant placements, aggressive mandibular surgery before RT,
non-sophisticated RT technique use, and higher mandibular doses
appear to be the most robust correlates of high ORN]J prevalence
rates. Although highly advanced RT techniques and oral care pro-
grams appeared to lower ORN] rates to 0-5%, we will likely en-
counter numerically more cases of ORN] as the success of effective
anticancer therapies makes it possible for this severely disabling
complication to manifest in more patients due to noticeably lon-
ger survival rates. Because treatment and rehabilitation of ORN]
is both difficult and pricey, it is imperative to conduct further in-
sightful large-scale studies on the pathophysiologic mechanisms
and preventive measures of this challenging RT complication. Un-
til the results of such research and preventive measures become
available, we recommend the evaluation of ORN] risk individually

in multidisciplinary tumor boards involving, but not restricted to,
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radiation oncologists, medical oncologists, dental oncologists, oral
and maxillofacial surgeons and radiologists, head and neck sur-

geons, and rehabilitative disciplines.
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