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HEAD AND NECK CANCER– CLASSIFICATION, STAGING AND TREATMENT 

Head and neck cancer constitutes about 5% of all cancers in the western world. 
Belonging to the group of Head and Neck Cancers are malignancies from various sites 
within the head and neck region, including the oral cavity, the pharynx and larynx.  
Cancers of the oropharynx and the oral cavity represent more than half of all head and 
neck cancers.1 Histopathologically, squamous cell carcinomas are by far the most 
common cancer type in the head and neck (head and neck squamous cell carcinomas, 
HNSCC). Important risk factors associated with HNSCC are tobacco and alcohol abuse as 
well as viral infections including human papilloma virus.1 Ageing and genetic 
predisposition are also important factors for the development of HNSCC.2 
The mortality rates of HNSCC have shown little change over the last 30 years. Despite 
the improved application of multimodal therapy, patients still frequently suffer from 
locoregional and distant recurrences, and the survival rate of patients remain poor. This 
stresses the need for new tactics regarding early diagnosis and treatment alternatives.1, 3  
 
To describe the anatomic extent of a tumour in general, lymph node and distant 
metastasis, the TNM-classification is also used to stage HNSCC. Correspondingly for 
staging of HNSCC the TNM-classification is used.4 According to the sixth edition of the 
UICC (Union for International Cancer Control), HNSCC is then classified by – the tumour 
extent at the primary site (T1–3, T4a, T4b), regional lymph node metastases (N0–3), and 
distant metastases (M0/M1) resulting in 40 possible combinations (5x4x2). This offers a 
detailed description of the anatomic extent of the tumour which is essential for 
treatment planning. However, a further summarization is necessary to obtain a 
reasonable number of homogeneous and distinct categories with respect to survival. 
For that reason the TNM-classification can be transcribed into the IUC stages I, II, III, IVa, 
IVb, and IVc.5 Staging the disease facilitates clinical management varying from surgery, 
radiotherapy (RT), chemotherapy or a combination of the three.6  
 
In general, early stages are managed with single modality treatment, while advanced 
stage disease is managed with multimodality treatment.7  
Significant morbidity and poor control rates associated with primary RT to the oral 
cavity has led surgery to be the primary treatment modality for oral cavity carcinomas. 
In contrast, incremental improvement in the non-surgical management of 
oropharyngeal, laryngeal and hypopharyngeal cancer has led to primary RT, often 
combined with systemic therapy, being the preferred treatment for advanced-stage 
laryngeal, hypopharyngeal and oropharyngeal cancers.7 
In particular patients who have advanced stage disease of the oral cavity require 
adjuvant treatment after surgery. Pathological findings following surgical resection 
determine the necessity and intensity of adjuvant treatment. In the presence of 
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multiple positive nodes, perineural invasion, or angiolymphatic invasion, adjuvant RT is 
recommended.8 
In the presence of positive surgical margins or extracapsular spread in metastatic lymph 
nodes adjuvant concurrent chemo-radiation is recommended. This addition has been 
found to diminish loco-regional recurrence and improve survival.9 

RADIOTHERAPY IN HEAD AND NECK CANCER 

Most head and neck cancers are treated with external beam RT, most commonly high 
energy photons are used .10 
RT for head and neck cancer has beneficial effects on loco-regional recurrence and/or 
survival.8, 11-15 In addition to the beneficial effects of radiation, damage to surrounding 
healthy tissues may occur during and following RT. Acute side effects include, radiation 
dermatitis, hair loss, mucositis, taste loss, swallowing pain and salivary dysfunction. 
Acute side effects usually resolve over the course of several weeks following therapy, 
and can be managed in clinical practice by applying specific measures. However, the 
late side effects of radiation occur months to years after RT and are usually non-
reversible, hence their prevention is very important. Late effects after RT for HNSCC 
include xerostomia, dental caries, fibrosis, swallowing difficulties, vascular damage and 
osteoradionecrosis. Radiotherapeutic techniques have improved over the years with the 
development of intensity-modulated RT (IMRT), which has shown a reduction in late 
side effects including xerostomia and dysphagia.16-20  
Despite improvements, irradiation affects the surrounding healthy tissues, and can 
cause (late) complications.21-24 One of the most serious late complications of radiation 
for HNSCC is osteoradionecrosis (ORN), which can affect all bony structures in the 
irradiated field, and is in head and neck cancer most often seen in the mandible with a 
greatly varying frequency of 2-22%.25, 26 

OSTEORADIONECROSIS OF THE JAWS 

The diagnosis of ORN is based on clinical presentation; “ORN is defined as a condition in 
which irradiated bone becomes exposed through a wound in the overlying skin or 
mucosa and persists without healing for three months without the recurrence of 
cancer”.27   
Several factors have been identified that increase the risk of developing ORN. 
Treatment related factors are the radiation dose and volume.25, 27 Patient related 
factors are age, gender, general health, nutritional state, continued tobacco and alcohol 
usage as well as the dental status.25 ORN can be triggered by surgical intervention, 
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pressure sores caused by dentures or spontaneous occurrence. Recent studies reported 
decreased or even no ORN during follow-up after IMRT and a strict dental program.19, 28  
Marx differentiated ORN in early and late ORN (type I and II). Type I has a peak around 
one year after irradiation with both trauma induced ORN related to surgery, and 
spontaneous ORN related to irradiation induced tissue injury. Type II has a main peak 4-
6 years after irradiation, again with trauma as possible trigger of ORN.29 
 
The presentation of ORN is variable. It may remain unnoticed in the initial stage or may 
be diagnosed as a full blown case of ORN. The lesions progress, and patients can 
develop various symptoms, such as pain, dysesthesia, halitosis, dysgeusia, and food 
impaction in the area of exposed bone sequesters. In later stages, patients can present 
with fistulas from the oral mucosa or skin, extended bone necrosis, infections and 
pathological fractures.30 

CLASSIFICATIONS OF ORN  

The severity of the condition ranges from entirely asymptomatic to ORN causing severe 
pain, disfigurement, weight loss, and functional impairment of the jaws, seriously 
impairing a patient’s quality of life.31  
Over the years various classifications have been developed of which three gained more 
widespread implementation, defined by respectively Notani, Epstein and Marx. 32, 33, 34 
The Notani classification is mainly based on the anatomic boundaries of ORN and 
defines three categories: confined to dento-alveolar bone, limited to dento-alveolar 
bone or the mandible above the inferior alveolar canal, or both, and involving the 
mandible below the inferior alveolar canal, or pathological fracture, or skin fistula.32 
Marx’s classification is based on the response to hyperbaric oxygen (HBO) treatment: 
responsive to HBO, unresponsive to initial HBO but responsive after conservative 
surgery and unresponsive to combination of HBO and conservative surgical treatment.34  
Epstein’s classification again includes three categories based on progression: healed, 
chronic but non-progressive, and active progressive (Table 1).33  
 
Table 1. Classifications of ORN 

 Notani32 Marx34 Epstein33 

Grade I ORN limited to dento-alveolar bone ORN responsive to HBO treatment Healed ORN 

Grade II ORN limited to bone above inferior 
alveolar canal 

ORN non-responsive to initial HBO 
treatment, but responsive after 
conservative surgery 

Chronic ORN, non-
progressive ORN 

Grade III ORN involving bone below inferior 
alveolar canal, fracture or fistula 

ORN non-responsive to initial HBO 
treatment and conservative surgery 

Chronic progressive 
ORN 
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PATHOPHYSIOLOGY OF ORN 

Regaud in 1922 was the first to describe the pathophysiology of ORN. He observed that 
ORN occurred in both dentulous and edentulous patients, either spontaneously or after 
trauma.35 
Regaud observed clinically that: “ORN differed from typical osteomyelitis in that there 
was no line of demarcation between the dead and viable bone. When the unrelenting 
process had reached the boundary of the irradiated field, the sequence of involucrum 
formation, sequestration, and healing proceeded in the ordinary fashion”. He stated 
that the loss of reactivity of bone compromised by irradiation was due to the decreased 
vascular reserve from endothelial proliferation.35, 36  
In 1950, McCrorie postulated that the post-irradiation osteoporosis observed in 
radiological studies resulted from unopposed osteoclastic activity, since microscopically 
no surviving osteoblasts were seen. He stated that the lethal irradiation dose for 
osteoblasts was less than for osteoclasts, allowing for unopposed osteolysis in the 
unbalanced dynamics of bone metabolism.36, 37 
 
Marx et al. showed histologic findings of fibrosis of the mucosa, skin, and marrow 
spaces, hyalinization and thrombosis of vessels with loss of osteocytes and osteoblasts, 
and reduced vascularity of connective tissue. He described ORN as the result of a 
complex metabolic homeostatic deficiency of tissue that is created by radiation-induced 
cellular injury; “A sequence of irradiation, formation of hypoxic-, hypocellular-, and 
hypovascular tissue; and breakdown of tissue driven by persistent hypoxia that can 
cause a chronic non-healing wound”.29 He observed six histological processes: 
hyperemia, inflammation (endarteritis), thrombosis, cellular loss, hypovascularity and 
fibrosis. In general hyperemia and endarteritis began early in the radiation sequence 
and persisted for up to 6 months after radiation treatment. Over time histology showed 
progressive vascular damage, endarteritis, thrombosis and fibrosis.29, 34  
 
Delanian et al.38 stated that, radiation induced fibrosis (RIF) caused the damage in 
normal tissues after RT, due to the activation and dysregulation of fibroblastic activity 
that results in atrophic tissue. Direct and indirectly injured endothelial cells produce 
chemotactic cytokines that trigger acute inflammatory responses. The destruction of 
endothelial cells, coupled with vascular thrombosis, leads to necrosis of microvessels, 
local ischemia, and tissue loss. Loss of the natural endothelial cell barrier allows leakage 
of various cytokines that cause fibroblasts to become myofibroblast. The myofibroblasts 
are characterized by unusually high rates of proliferation, secretion of abnormal 
products of the extracellular matrix, and a reduced ability to degrade such 
components.38 The mandible is predisposed to the development of ORN. This is 
principally the result of fibrosis that causes obliteration of the inferior alveolar artery 
together with the failure of the facial artery to jointly form a supply. Ultimately, the 



GENERAL INTRODUCTION 

13 

myofibroblasts undergo apoptosis and, even many years after RT, the bone remains, 
poorly vascularized, and fibrotic.27, 30 
 
Store et al. performed a micro-radiographic and histomorphometric study in 
osteoradionecrotic mandibular cortical bone and found, contrasting the histological 
findings in the bone marrow, an increase in vascular channels in the cortical bone.39 This 
matched clinical findings on scintigraphy scans of radionecrotic cortical bone, which 
showed increased uptake of radionuclides at the osteoradionecrotic bone site.40 
The osteoclasts active in the cortical destruction originate from the local 
haematogenous bone marrow. Part of the cortical vascular increase originates from the 
facial artery supply. This occurs when the inferior alveolar artery is blocked, causing an 
increase in cortical blood flow to the bone marrow via the periosteal vascular plexus.41 
This is in contrast with the opinion of Delanian et al. who stated that there is no 
sufficient collateral vascular supply.27, 30 

DIAGNOSTICS 

In treatment planning and the follow-up of irradiated patients it would be of great value 
to be able to evaluate and monitor the bone quality after RT. This could aid treatment 
planning in irradiated patients related to dento-alveolar surgery, rehabilitation with 
dental implants or when suspicion of ORN arises. In recent studies two experimental 
methods for monitoring effects of irradiation on bone were provided. 

Laser Doppler flowmetry 

Verdonck et al. proved laser Doppler flowmetry (LDF) to be a reproducible method for 
assessing local blood flow in irradiated bone.42 Blood flow is progressively affected in 
the bone after irradiation as pointed out in the various pathophysiological theories.  
LDF uses laser light which is emitted into human tissues. Laser photons are scattered, 
and when light hits moving blood cells it shifts in wavelength (Doppler shift) while the 
wavelength of light returning from static structures remains unchanged. A fiber in the 
probe collects the scattered light. The magnitude of the signal and the frequency 
changes are directly related to the relative number and velocity of blood cells in a given 
volume.43 
 
LDF directly monitors local blood flow and therefore the process of vascular impairment 
in irradiated bone, however since this method is invasive the surgical trauma in itself 
can cause disturbances and lead to development of ORN. 
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Bone mineral density 

Verdonck et al. used bone mineral density measurements to assess the bone quality. To 
this end a CT scan of a bone phantom with a known mineral density was used. With the 
known density of the phantom a value related to the absolute bone mineral density was 
calculated. They observed a non-significant increase in bone mineral density after 
irradiation.44  
A specific experimental method to measure bone quality and ORN non-invasively is 
lacking. 

RADIOLOGICAL IMAGING 

In the radiological diagnosis of ORN, CT and MR-imaging are complementary. CT 
findings in ORN are cortical disruption, with disorganization and loss of trabeculation of 
the mandibular spongiosa. Cortical bone fragmentation is present in most cases.45 More 
severe cases often present with a pathologic fracture. The abnormalities are 
predominantly seen in the body of the mandible (premolar and molar region), in some 
cases they can extend into the angular region or retromolar triangle.45  
Generally MR-imaging of mandibular ORN reveals tissue reaction, edema, mimicking 
“inflammation” that diffusely affects the bone and bone marrow. Edema of the marrow 
is visualized on MR-imaging by reduced signal intensity on T1-weighted images and 
increased signal intensity on T2-weighted images. However only few studies describe 
imaging of ORN in the mandible and little is known about imaging of short and long-
term irradiation effects of the mandible so far.46 

TREATMENT OF ORN 

Conservative treatment 

Post-irradiation bone lesions may be managed with conservative and surgical 
modalities. Conservative therapies include multiple daily saline irrigations, antibiotics 
during infectious episodes, topically applied antiseptics, gentle sequestrectomy with 
removal of visibly loosened bone fragments.26 In the conservative management, local 
irritants such as alcohol, tobacco, smoking, and ill-fitting dentures must be avoided.26 

Surgical treatment 

If the treatment of ORN with conservative management, with or without surgical 
debridement fails, resections of various extents are indicated. Due to the compromised 
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local tissue condition, reconstruction with micro-surgical free-flap transfer is the 
standard treatment in extended necrotic destruction. Mandibular reconstruction with a 
micro-surgical free fibula flap is an elegant, but extensive and invasive solution to 
restore the anatomic arch, oral functions, and facial aesthetics. Dental prosthetic 
stabilization is complicated by the replaced thin cutaneous layer together with relative 
thick subcutaneous tissues below and the absence of a lingual and vestibular groove. 
However dental implants can improve restored prosthetic functionality.26, 47 
 
To point out the difficulties of treatment of ORN Notani et al. reported the outcome of 
conservative and surgical treatment of ORN in a small patient cohort. They found that 
patients suffering from grade I ORN treated conservatively fully recovered (2 of 2 cases). 
However, in grade II cases, only 69% recuperated after conservative treatment (18 of 26 
cases) and 88% needed sequestrectomy (7 of 8 cases). In patients suffering from grade 
III ORN, only 10% improved with conservative treatment (3 of 30 cases), no patient took 
advantage of sequestrectomy (0 of 6 cases) and 87% only healed after partial or 
complete mandibulectomy (13 of 15 cases). Of all 87 ORN patients, 15 (17%) had to 
undergo partial or complete mandibulectomy.32  

Medical treatment of ORN  

The medical treatment of ORN consists of a combination therapy of pentoxifilline, 
tocopherol and clodronate (PENTOCLO) developed by Delanian et al.38 The combination 
therapy works on radiation-induced ORN and targets radiation-induced bone fibrosis 
and stimulates osteogenesis via the antioxidant pathway.38 Pentoxifilline increases the 
level of oxygenation in the tissues and vitamin E has an antioxidant action. The 
Pentoxifilline-vitamin E combination was shown to significantly decreases radiation-
induced fibrosis via a synergistic action in a randomised clinical trial in humans.38,48 For 
the treatment of ORN in the mandible the addition of Clodronate inhibits osteoclastic 
bone destruction.49, 50 Unlike other bisfosfonates Clodronate also acts on osteoblasts by 
increasing formation of bone and reducing proliferation of fibroblasts.51  
Complete recovery of ORN in a median of 9 months is reported in a phase II trial 
conducted by Delanian et al.52 A recent retrospective study on PENTOCLO treatment of 
ORN reported healing of 16 out of 21 ORN patients in 6 months treatment.50 Long-term 
PENTOCLO treatment is effective, safe, and curative for refractory ORN and induces 
mucosal and bone healing with significant symptom improvement. However the 
majority of these patients were included with Marx grade I ORN and some had grade II. 
No patients had clinical grade III ORN. PENTOCLO has not been shown to improve 
severe cases of ORN and for these cases early intervention can be the better choice, as 
advocated by Jacobson et al.47  
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Treatment of ORN with HBO 

HBO therapy is a well-known treatment therapy for ORN since 1976, after it was first 
introduced by Hart et al.53 The rationale behind the use of HBO therapy lies in the fact 
that the delivery of oxygen is an essential process when considering bone tissue repair. 
Inadequate vascularity of bone reduces osteogenesis. Oxygen stimulates collagen 
synthesis, matrix deposition, angiogenesis, epithelialization, and the eradication of 
bacteria. The use of HBO therapy in improving wound healing is based on this principle. 
The long-term effects are neovascularisation, osteogenesis, and a stimulation of 
collagen production by fibroblast, all of which promote wound healing.54  
The current protocol for HBO therapy is 20–30 dives at 2–2.5 atmospheres for 90–
120 min at each session.  
There are various studies on HBO in the management of ORN, but recent studies have 
questioned its effectiveness.  
A classical study was done by Marx et al.55 , which advocates the use of HBO in the 
treatment of ORN. He has reported the successful treatment of 268 ORN cases, in a 
retrospective study, these cases were grade I and II from the Marx classification.56 A 
randomized placebo-controlled multicenter study found, however, no difference 
between conventional conservative treatment and HBO treatment for ORN. They also 
found no benefit from HBO in patients with overt mandibular ORN. This study excluded 
patients with pathological fractures and inferior mandibular border involvement at 
moment of inclusion, including only grade I and II cases from the Notani classification.56 
A Cochrane review has been done and concluded that there is some evidence that HBO 
improves outcome in late irradiation tissue injury that affects bone and soft tissues in 
the head and neck region.57  

CONCLUSION 

ORN is a serious condition that can develop at any time after irradiation in the head and 
neck region. Despite some outspoken theories on pathophysiology of irradiation effects 
on all tissues, but especially bone and the development of ORN, it is unclear why some 
patients develop ORN after radiotherapy to the head and neck and some do not. 
Experimental evidence on irradiation effects and ORN is multi-fold, however 
interpretation of these studies and its clinical implications remains difficult. As there are 
only few studies on imaging of post-irradiation effects and ORN, this thesis also aims at 
the description of image based characteristics of typical early morphological changes in 
the mandible in a large-animal experiment. 



GENERAL INTRODUCTION 

17 

OBJECTIVES OF THIS THESIS 

The aim of this thesis was to investigate the effects of irradiation on the mandible by 
1. reviewing animal experiments on irradiation in the head and neck  
2. assessment of mandibular vascularisation after irradiation compared to the frontal 
bone 
3. assessment of mandibular bone mineral density changes after irradiation with 
various doses  
4. identification of specific post-RT imaging patterns in MR- and CT-scans 
5. validation of the Dual Energy CT as a diagnostic tool for irradiation induced 
mandibular bone marrow edema 
6. identification of RT-induced histological effects to support the clinical and diagnostic 
findings  

OUTLINE OF THIS THESIS 

In chapter 2 a literature review is presented relevant for this study. The review focuses 
on animal-based study models on ORN. This information led to the development of a 
new animal model on irradiation side-effects in the head and neck region.  
We evaluated the effects of irradiation on healthy mandibular bone in our large animal 
model. In chapter 3 we measured the effect of irradiation on bone vascularity with laser 
doppler flowmetry in correlation to radiation dose.  
In chapter 4 we analysed bone mineral density changes in correlation to radiation dose.  
We studied imaging characteristics of radiation effects and of osteoradionecrosis with 
both MR-imaging and CT after irradiation with various doses in chapter 5. 
In chapter 6 Dual Energy Computer Tomography was tested as alternative modality to 
MR-imaging for detection of bone marrow edema in the mandible. 
In chapter 7 we looked at histological and histomorphometric changes after irradiation 
in our large animal model 
In chapter 8 the results and impact of the studies presented in this thesis were 
discussed. 
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ABSTRACT 

Introduction Radiotherapy is often used to treat head and neck malignancies, with 
inevitable effects on the surrounding healthy tissues. We have reviewed the literature 
concerning the experimental irradiation of facial bones in animals.  
 
Materials and methods A PubMed search was performed to retrieve animal experiments 
on the irradiation of facial bones that were published between January 1992 and 
January 2012. The search terms were “irradiation facial bone” and “irradiation 
osteoradionecrosis”. 
 
Results Thirty-six publications were included. The irradiation sources were Cobalt60, 
orthovoltage, 4-6 megavolt photons, and brachytherapy. The total dose varied between 
8-60 Gy in single or multiple fractions. The literature presents a broad range of animal 
studies that differ in terms of the in vivo model, irradiation, observation period, and 
evaluation of results. 
 
Discussion The different animal models used leave many questions unanswered. A 
detailed and standardized description of the methodology and results would facilitate 
the comparability of future studies. 
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INTRODUCTION  

For head and neck malignancies, current treatment regimes frequently include (chemo-) 
radiotherapy. Several clinical studies have shown the beneficial effects of radiotherapy 
as a primary, definitive treatment or when used in a postoperative setting after surgical 
resection, with respect to the time to recurrence or survival.1-4 However, despite 
improved radiotherapeutic techniques such as intensity-modulated radiation therapy 
(IMRT),5-9 irradiation effects on the surrounding healthy tissue continue to cause 
complications of different severities.10-13  
 
One complication is osteoradionecrosis (ORN), which can affect all bony structures in 
the head and neck region but is most commonly seen in the mandible, at a frequency of 
2-22%.14, 15 The diagnosis is generally based on clinical presentation. ORN is defined as 
“irradiated bone, which becomes devitalized and is exposed through the overlying skin 
or mucosa and does not heal within a period of three months, without tumor 
recurrence”.16 Several factors have been identified that increase the risk of developing 
ORN, including treatment-related factors such as the radiation dose and volume of 
irradiation.14, 16 ORN can be triggered by surgical intervention or pressure sores from 
dentures or can occur spontaneously. It can arise at any point after irradiation therapy, 
even several years later.17 
 
The treatment of ORN ranges from conservative management, with or without surgical 
debridement, to broad resection in severe cases. Due to the compromised local tissue 
condition, this treatment is often followed by reconstruction with free microsurgical 
flap surgery, which is a major surgical intervention.18-20 
 
The pathophysiology of ORN and the effect of irradiation on bones were extensively 
described by Marx as a complex metabolic homeostatic deficiency of tissue that is 
created by radiation-induced cellular injury. Marx hypothesizes that a sequence of 
irradiation, formation of hypoxic-hypocellular-hypovascular tissue, and breakdown of 
tissue driven by persistent hypoxia can cause a chronic non-healing wound.16, 17 
Histological evaluations show progressive vascular damage that causes endarteritis, 
thrombosis, and fibrosis.17, 21, 22 
 
In addition, Delanian et al. state that radiation-induced fibrosis accounts for the damage 
observed in normal tissues, including bone, after radiotherapy. The key event in this 
type of damage consists of the activation and deregulation of fibroblastic activity, which 
leads to the formation of atrophic tissue. The destruction of endothelial cells coupled 
with vascular thrombosis leads to the necrosis of microvessels, local ischemia, and 
tissue loss.16  
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The irradiated bone remain fragile and may be subject to surges of late reactivated 
inflammation after a physicochemical trauma, resulting in a tendency to develop ORN. 
The mandible is thought to be predisposed to the development of ORN principally as 
the result of the fibrosis, which causes the obliteration of the inferior alveolar artery 
and the inability of the facial artery to act as an alternative blood supply.16, 23 
 
The above-mentioned hypotheses on the pathogenesis of structural changes in bone 
after irradiation are mainly based on human studies. Definite answers to many 
questions, however, remain elusive such as the following: How much irradiation is 
tolerated before necrosis develops? Is there a maximum radiation dose and an 
optimum time frame to ensure a successful surgical intervention? What is the 
fractionation sensitivity (in other words, the alpha/beta ratio) of the bone? Are there 
some preventive measures that can be taken to prevent ORN? What is the clinical 
relevance of a radiologic diagnosis of ORN? Does teeth extraction before treatment 
increase or decrease the risk of ORN? In an effort to better understand the biological 
changes that occur in facial bones after irradiation, we have reviewed studies 
investigating the irradiation of facial bones in animal models.  
 
We found that the literature presents a broad variety of animal studies that differ in 
terms of the animal model, applied dose, radiation source, observation period, and 
evaluation of results. We made an effort to evaluate all these models and determine 
whether they answer any of the questions given above. Furthermore, we aim to make a 
recommendation on how to optimize future studies to increase translational value and 
comparability. 

MATERIALS AND METHODS 

A PubMed search was performed for animal studies that involved the irradiation of 
facial bones and were published between January 1992 and January 2012. The search 
terms used were “irradiation facial bone” and “irradiation osteoradionecrosis,” and the 
limit activation term was “animal”. 
The year of publication, experimental setup, irradiation source, irradiation dose, 
irradiation fractionation, kind and number of animals used, type of intervention, and 
radiological and histological examinations were recorded. Only studies for which the 
full-text publications were available were included. References of the articles found 
were checked regarding importance and obtained when useful.  
Research questions were: what animal model was used? what irradiation scheme was 
used? what intervention was studied? what was the method of evaluation? what were 
the results? and what is the clinical implication?  
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RESULTS 

The search resulted in 152 publications, which included reviews and case reports. Case 
reports were discarded. Based on the abstracts, we reviewed the full text of 48 
potentially relevant publications and included 36 publications for this review (Appendix 
1). The flow chart of the selection is given in figure 1.  
 

 

Figure 1. The flow diagram of all studies considered, excluded and included. 

 
The publications that were excluded lacked radiological and histological evaluations of 
the irradiation or involved only in vitro cell cultures. The irradiation details of the 
included studies are shown in table 1. 
 
 

9 of full-text articles
were large animal studies 
and also studied as a 
separate group

12 of full-text articles excluded: 
4 studied tibia, 3 vitro studies, 2 
studied temporomandibular joint, 
1 did not mention irradiation 
details, 1 studied hematopoietic 
radiation syndrome, and 1 
multiple publications

48 of full-text articles
assessed for eligibility

36 of full-text articles
included for analysis

136 records screened

no additional records 
identified through other 
sources

88 records excluded (reviews, 
case reports, vitro studies, 
multiple publications

Literature search
Database: PubMed
Limit activation: Animal
Period: January 1992-
January 2012
152 records identified

 
136 records after duplicates removed 
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Table 1. Irradiation details of the included studies 

Study Fraction 
Dose (Gray) 

Frequency Interval Total Dose 
(Gray) 

Equivalent 
Dose (Gray) 

Source Animal 

1 8 3 1w 24 64** Co60 Minipig 
2 5,9/7/8,89 5 1d 29,5/35/44.5 50/64/96** Ortho Rat 
3 5,9/7/8,89 5 1d 29,5/35/44.5 50/64/96** Ortho Rat 
4 30 1  30  Brachy Rat 
5 30 1  30 18MV Rabbit  
6 6,5-9 5 1w 32,5-45.4 60-108 18MV Rabbit 
7 3,6 10 1d 36  Ortho Rat 
8 8 1  8  Co60 Rat 
9 3,6 10  1d 36 Ortho Rat 
10 5,7 4 nm 22,8 50 Co60 Dog 
11 15 1  15 46 Co60 Rabbit 
12 15/25/35 1  15/25/35  Ortho Rabbit 
13 30 1  30  Ortho Rabbit 
14 4 & 5 10 & 15 1d* 40/50/60  6MV Dog 
15 4,3 10 1d 43  Co60 Dog 
16 5,6 4 2x/w 22,4 50 4MV Rabbit 
17 5,6 4 2x/w 22,4 50 4MV Rabbit 
18 5,6 4 2x/w 22,4 50 4MV Rabbit 
19 11.96 6 3x/w 71,4  Ortho Rabbit 
20 3 15 2-3d 45 50 6MV Sheep 
21 5,4 5 2d 27 50 6MV Rabbit 
22 5,5 5 1w 27,5  6MV Rabbit 
23 20 1  20 45 Brachy Rat 
24 20 1  20 45 Brachy Rat 
25 15 4 2w 60 6MV  Rat 
26 6 7 2-3d 42  Ortho Rat 
27 4,3 10 1d 43  Co60 Dog 
28 2,5 20 1d 50  Co60 Dog 
29 4,3 10 1d 43 60 Co60 Dog 
30 15 1  15  Co60 Rabbit 
31 2 16 4x/w 32  Ortho Rabbit 
32 4 10 3x/w 40  Co60 Dog 
33 2,5/3 18/15 nm 45  Co60 Rat 
34 2 27 1d 54 54 nm Dog 
35 20 1 20   Brachy Rat 
36 20 1 20   Ortho Rat 

(d = days, w = weeks, x/w = times per week, ortho = orthovolt, MV = Megavolt, Brachy = Brachytherapy, nm = 
not mentioned, * = one week daily, one month interval for two or three weeks, and ** = calculated from 75%, 
100%, 150% assuming 100% to be 64 Gray) 
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Animal species, age, and gender  

The animals that were used in the studies are summarized in table 2. The animals were 
exclusively adult in 21 studies (58%) and immature animals in nine studies. In the 
remaining six studies, age was not specified. Male animals were used in 11 studies, and 
female animals were used in four studies. The majority of the studies did not specify the 
gender of the animals. 
 
Table 2. Animal species used in the included studies 

Animal Number of studies Percentage  

Rat 13 36% 

Rabbit 13 36% 

Dog 8 (5 beagle) 22% 

Pig 1 3% 

Sheep 1 3% 

Irradiation source 

The irradiation sources were Cobalt (Co60) in 11 studies, orthovoltage in 10 studies, 4-6-
megavolt (MV) photons in eight studies (18 MV in two studies), and high-dose-rate 
(HDR) brachytherapy in four studies. One study did not mention the source of 
irradiation. No study used concomitant chemo-radiotherapy. 

Dose and fractionation 

Of the schemes mentioned, 11 studies (31%) had a single fraction scheme with a dose 
ranging from 8 to 35 Gray (Gy), of which four had a brachytherapeutic source. The 
frequency varied from 1 to 27 fractions, and the dose given varied from 2 to 35 Gy. In 
10 studies (28%), the fractions were given daily. Four studies had a one-week interval or 
more, and one study had 10 and 15 fractions given daily for a week with a one-month 
interval between irradiation periods.  
The total dose varied from 8 to 60 Gy. The equivalent dose, when mentioned, was 
between 45 and 108 Gy. 

Irradiation target 

The mandible was irradiated in 34 studies, and the maxilla was included in one study. In 
three studies, the zygomatico-orbital complex was irradiated (table 3). 
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Table 3. Irradiation target, side, and intervention.  

Study Control 
Group 

Total Dose 
(Gray) 

Source Animal Irradiation Target Irradiation Side(s) Intervention 

1 + 24 Co60 Minipig Mandible and Maxilla Bilateral Implantology 
2 - 29,5/35/44.5 Ortho Rat Mandible Left Mechanical test 
3 - 29,5/35/44.5 Ortho Rat Mandible Left Histology only 
4 + 30 Brachy Rat Mandible Left Extraction  
5 - 30 18MV Rabbit Mandible Bilateral Bone transplant 
6 - 32,5-45.4 18MV Rabbit Mandible Left DO unilateral 
7 + 36 Ortho Rat Mandible Left DO unilateral 
8 + 8 Co60 Rat Mandible Left Extraction 
9 + 36 Ortho Rat Mandible Left DO unilateral 
10 + 22,8 Co60 Dog Mandible Unilateral DO unilateral 
11 + 15 Co60 Rabbit Mandible Right Implantology 
12 + 15/25/35 Ortho Rabbit ZygomaticoOrbital 

complex 
Right Growth only 

13 + 30 Ortho Rabbit ZygomaticoOrbital 
complex 

Right Growth only 

14 + 40/50/60 6MV Dog Mandible Bilateral Implantology 
15 + 43 Co60 Dog Mandible Bilateral Implantology 
16 + 22,4 4MV Rabbit Mandible Bilateral DO unilateraal 
17 + 22,4 4MV Rabbit Mandible Bilateral DO unilateraal 
18 + 22,4 4MV Rabbit Mandible Bilateral DO unilateraal 
19 + 71,4 Ortho Rabbit ZygomaticoOrbital 

complex 
Right Growth only 

20 + 45 6MV Sheep Mandible Bilateraal DO unilateraal 
21 - 27 6MV Rabbit Mandible Unilateral DO bilateral 
22 + 27,5 6MV Rabbit Mandible Left DO unilateraal 
23 + 20 Brachy Rat Mandible Right Injection GF* 
24 + 20 Brachy Rat Mandible Right Histology only 
25 + 60 6MV Rat Mandible Left Histology only 
26 + 42 Ortho Rat Mandible nm Histology only 
27 + 43 Co60 Dog Mandible Bilateral Implantology 
28 - 50 Co60 Dog Mandible nm DO unilateraal 
29 + 43 Co60 Dog Mandible Bilateral Implantology 
30 - 15 Co60 Rabbit Mandible Left Implantology 
31 + 32 Ortho Rabbit Mandible Left Bone 

transplant^ 
32 + 40 Co60 Dog Mandible Uni- and Bilateral Bone 

transplant# 
33 + 45 Co60 Rat Mandible Bilateral Bone defect 
34 + 54 nm Dog Mandible nm Bone transplant 
35 - 20 Brachy Rat Mandible Left Extraction 
36 + 20 Ortho Rat Mandible Left Growth only 

DO = distraction osteogenesis, GF = Growth Factors being (BMP-2 and or bFGF), # = HA granules ^ = Biphasic 
Calcium Phosphate Granules, nm = not mentioned 
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Intervention 

The interventions studied were distraction osteogenesis in eleven studies. Distraction 
osteogenesis is creating new bone from callus. The callus is formed in an artificial bone 
gap that is gradually being widened using an implanted ‘distraction’ device. In eleven 
studies, no intervention was performed. In other studies, the extraction of teeth, 
placement of dental implants, or bone transplantation into a defect combined with 
irradiation was studied. The interventions studied are listed in tables 3 and 4. 
 
Table 4. Interventions performed in the included studies 

Intervention Number of studies Percentage 

Distraction osteogenesis 11 31% 

Extractions of teeth 3 8% 

Extractions and dental implant 
placement 

7 19% 

Bone transplantation 4 * 11% 

None 11 31% 

* = of these four studies two studies used artificial bone replacement materials 

Radiological evaluation 

In 11 studies, plain X-ray films and dental films were used for the radiological 
examinations of the irradiated bone. Four studies performed a growth analysis in non-
adult growing animals on a lateral scull radiograph, five studies used micro-computed 
tomography (micro-CT), three studies used conventional CT images, and five studies 
conducted X-ray examinations of the histological sections only. Three studies evaluated 
the bone density using CT data, and one study performed a dual-energy X-ray 
absorptiometry scan. No study used magnetic resonance (MR) imaging. The timing of 
the radiological evaluation is listed in table 5. 

Radiological findings 

Studies that evaluated growth in general found growth retardation after irradiation. 
Studies that evaluated new bone formation following a distraction procedure reported 
a delay in bone formation after irradiation. Several studies produced radiographic 
images of the histological slides of implants and bone, thereby providing a useful 
evaluation of the ingrowth of dental implants. No study mentioned radiographic signs of 
ORN, such as erosion of the cortex, bone sequesters, or pathological fractures.  
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Table 5. Irradiation target, intervention, evaluation and timing of evaluation.  

Study Total Dose  (Gray) 
Source 

Animal Intervention Evaluation Time after 
irradiation 

1 24 Co60 Minipig Implantology Radiology 3 months 
2 29,5/35/44.5 Ortho Rat Mechanical test - 56 days 
3 29,5/35/44.5 Ortho Rat Histology only Histology 56 days 
4 30 Brachy Rat Extraction Radiology and Histology 28 days 
5 30 18MV Rabbit Bone transplant Histology 10, 20, 30, 90 days 
6 32,5-45.4 18MV Rabbit DO unilateral Radiology and Histology 2,5 months 
7 36 Ortho Rat DO unilateral Histology 8 weeks 
8 8 Co60 Rat Extraction Histology 10, 12 days 
9 36 Ortho Rat DO unilateral Radiology 8 weeks 
10 22,8 Co60 Dog DO unilateral Radiology and Histology 5,5 month 
11 15 Co60 Rabbit Implantology Histology * 
12 15/25/35 Ortho Rabbit Growth only Radiology 14 weeks 
13 30 Ortho Rabbit Growth only Radiology 14 weeks 
14 40/50/60 6MV Dog Implantology Radiology and Histology 12 months 
15 43 Co60 Dog Implantology Radiology and Histology 5, 8 months 
16 22,4 4MV Rabbit DO unilateral Radiology and Histology 13 weeks 
17 22,4 4MV Rabbit DO unilateral Radiology 13 weeks 
18 22,4 4MV Rabbit DO unilateral Histology 13 weeks 
19 71,4 Ortho Rabbit Growth only Radiology 21 weeks 
20 45 6MV Sheep DO unilateral Radiology and Histology 60 days 

postoperative@ 
21 27 6MV Rabbit DO bilateral Radiology and Histology 5 months 
22 27,5 6MV Rabbit DO unilateral Radiology and Histology 7,5 month 
23 20 Brachy Rat Injection GF* Radiology and Histology 7 weeks 
24 20 Brachy Rat Histology only Histology 100 days 
25 60 6MV Rat Histology only Histology 6, 12 weeks 
26 42 Ortho Rat Histology only Histology 85, 141, 253 days 
27 43 Co60 Dog Implantology Radiology and Histology 5, 8 months 
28 50 Co60 Dog DO unilateral Radiology and Histology 9,5 months 
29 43 Co60 Dog Implantology Radiology and Histology 5 and 8 months 
30 15 Co60 Rabbit Implantology Radiology and Histology 62, 69, 83, 111 

days 
31 32 Ortho Rabbit Bone transplant^ Radiology and Histology 19 weeks 
32 40 Co60 Dog Bone transplant# Radiology and Histology 0, 1, 2, 3 months 
33 45 Co60 Rat Bone defect Histology 6, 8 weeks 
34 54 nm Dog Bone transplant Radiology and Histology 4 weeks 
35 20 Brachy Rat Extraction Radiology and Histology 28 days 
36 20 Ortho Rat Growth only Radiology and Histology 30, 60 days 

DO = distraction osteogenesis, GF = Growth Factors being (BMP-2 and or bFGF), # = HA granules ^ = Biphasic 
Calcium Phosphate Granules, nm = not mentioned, * = 7, 14, 30, 60, 90 days after implant placement which 
was after 3, 6 and 12 months after irradiation, @ = 21 days after surgery irradiation started for 35 days. 
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Histological evaluation 

The histological staining method of the bone was most frequently hematoxylin/eosin 
(17 studies) and toluidine blue (six studies) staining. Some studies used multiple staining 
procedures. Three studies used scanning electron microscopy, and three studies used 
immunohistochemical analyses. Ten studies used a fluorochrome analysis of bone 
turnover. Often, the bone was embedded in poly(methyl methacrylate) and processed 
because this treatment allows for a good analysis of bone architecture and integration 
of dental implants. The timing of the histological evaluation is listed in table 5. 

Histological findings 

Several studies used semi-quantitative methods of histological evaluation, including 
evaluation of lacunar nucleation (empty lacunae), osteoblast/osteoclast ratio, osteocyte 
count, fibrosis, the presence of lamellar or woven bone, and osteoid volume. After 
irradiation, most studies using smaller animals reported increased fibrosis, decreased 
numbers of osteocytes, less vascularization, and less mature bone in distraction studies. 
No study reported bone necrosis.  
 
Of the nine studies that used larger animals, including dogs and sheep, the histological 
findings were evaluated in detail (studies marked in gray in table 1, 3, and 5). 

Effects of 50 Gy (equivalent dose comparable to the irradiation protocol used in 
humans using 2 Gy fractions) 

Most studies used a 50 Gy equivalent dose. One study using Co60 irradiation and 
distraction osteogenesis found more immature bone in the distraction area after 
irradiation but found distraction osteogenesis to be feasible in the irradiated mandible 3 
and 6 months after irradiation.24, 25 
A study using 6 MV photon irradiation and distraction osteogenesis found significantly 
fewer osteoid surfaces in the regenerated bone, and there was less exuberant callus 
formation. However, the time of sacrifice was early, only 39 days after the beginning of 
irradiation treatment.26 

Effects of 60 Gy (equivalent dose comparable to irradiation protocol used in 
humans using 2 Gy fractions) 

Two studies that used Co60 irradiation with a reported equivalent dose of 60 Gy using 2 
Gy fractions and implant placement reported that only three (3%) of the 88 implants 
placed were mobile. There was no significant difference in the ingrowth of the implants 
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in the bone between the experimental group and the control group. There were no 
empty lacunae, but the marrow showed strong connective tissue replacement, and 
arteriolar thrombosis was observed 5-8 months after irradiation.27, 28  
In the study using 6 MV photon irradiation with a reported equivalent dose of 60 Gy, all 
implants were mobile and lost over a period of 12 months after irradiation.29 

DISCUSSION 

Animal choice 

The use of rat and rabbit models in most studies seems to be sufficient for an initial 
experimental evaluation, but their comparability to the biology of human bone remains 
a matter of discussion. Small animals are known to have more rapid skeletal 
regeneration and higher bone turnover rates. In rodents, the skeleton continuously 
grows and reshapes. Their growth plates remain open, and Haversian remodeling, as 
occurs in humans, does not occur. Haversian remodeling is a type of bone turnover with 
tunneling osteoclasts followed by osteoblasts forming new bone, continuously crossing 
the bone. Rabbits exhibit Haversian remodeling, but they have a very fatty marrow that 
is distinctly different from human bone marrow.30 In addition, the biology of sheep and 
human bone is different. Sheep bones consist mostly of a primary bone structure, unlike 
the largely secondary (remodeled) bones found in humans.31 Larger animals (for 
example, dogs and Göttingen minipigs) are more suitable than smaller animals for 
studies on bone biology because they are more comparable to human patients.31, 32 
According to Reinwald, minipig bone composition and remodeling resemble human 
bone biology better than those of the dog bone model.33 Additionally, the structural 
blood supply of the mandibles of Göttingen minipigs is comparable to that of humans. 
In both species, the inferior alveolar artery is the main feeding vessel of the body of the 
mandible and is located centrally in the bone. There are only a few anastomoses with 
the periosteal vessels and facial artery. This renders the bone of the mandible 
vulnerable to vascular damage following irradiation.32  
 
The age of the animals should be adjusted for the study purpose. In general, head and 
neck oncological patients are adults, and therefore, the age of the experimental animals 
should be comparable.  

Irradiation protocol 

Of the radiation sources that were used in the different studies, orthovoltage irradiation 
and, to a lesser extent, Co60 irradiation, have an inferior dose distribution quality 
compared with 4-6 MV irradiation; however, these sources are adequate for the 
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irradiation of smaller animals. In humans, the most common irradiation source is 
currently 4 to 6 MV photons.11  
For example, an irradiation schedule using conventional radiation therapy or IMRT 
involving 35 daily exposures of 2 Gy each gives a total dose of 70 Gy, which is a common 
treatment schedule for patients with head and neck cancer.2, 34, 35 However, in an 
animal experiment, it is nearly impossible to irradiate the animals according to this 
schedule because the animals would require daily general anesthesia for 
immobilization. Therefore, a compromise is usually made in reducing the number of 
fractions and increasing the fraction dose. The formula that is used to calculate this 
conversion is based on the linear quadratic model.35 For bone, the alpha/beta ratio is 
approximately three.27, 36, 37 Most studies mention the equivalent dose of the irradiation 
schedule compared with conventional human radiotherapy using 2 Gy fractions, but 
only two studies mention the calculation used.27, 37  
 
In addition, some studies used a brachytherapeutic source with a far higher maximum 
dose and a significant dose fall-off.  
An equivalent dose of approximately 50 Gy was typically used and was applied near the 
mandible. This is a relatively low dose, which explains the lack of radiological evidence 
of irradiation damage and the relatively mild histological changes observed in these 
studies.  
Despite the difficulties with irradiation schedules in animals, we believe that the most 
accurate way to simulate standard human irradiation is to apply not one but at least 
two fractions and to avoid acute cellular damage by using a very high irradiation dose. 
Of the facial bones studied, the mandible was emphasized for two reasons. First, this 
bone is most often present in the irradiation field in treatments of head and neck 
malignancies. Second, because of its dense bone tissue and specific vascular supply, the 
mandible is very susceptible to ORN. However, other facial bones receive irradiation too 
and can develop ORN,38, 39 and therefore, there is a need to study the effects of 
irradiation on these bones as well. In our search, we identified studies on the 
zygomatico-orbital complex that evaluated growth but did not evaluate histological 
changes. No study compared the changes in other facial bones before and after 
irradiation. A direct comparison would most clarify our understanding of the 
mechanism causing a higher incidence of ORN in the mandible compared with other 
facial bones.  
All studies used some type of control. Seven studies performed a unilateral irradiation 
with a non-irradiated control side but without a separate control group. We believe that 
there might be an effect on the non-irradiated side, which could be partially irradiated. 
It is more useful to have a separate control group, as was the case in the other 28 
studies. 
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Radiological evaluation 

In the distraction studies, the radiological evaluations generally revealed that the 
calcification of the distracted bone was delayed after irradiation. Studies that evaluated 
implant placement found more pronounced peri-implant bone loss after irradiation.  
All studies show only minimal tissue changes. This is possibly because the radiological 
evaluation is generally performed relatively shortly after irradiation, usually after four to 
eight weeks. In eight studies, the specimens were evaluated six months after irradiation. 
Another explanation for the lack of radiological changes is that, as in humans, only 2-
22% of the test animals develop ORN after irradiation.  
According to Verdonck,40 bone mineral density increases on radiological evaluation 
following irradiation. Conversely, O’Donovan et al. mentioned a decrease in the mineral 
density of bone.41 One would of course expect a decrease in mineral density considering 
the seized bone formation. However, these contradicting findings in the absence of a 
clear understanding of the biological changes after irradiation warrants further 
investigation. 
No study used MR imaging to identify the changes in bone marrow due to irradiation. 
MR imaging, however, is the investigation method of choice, as shown in human 
studies.42, 43 

Histological evaluation 

Histological evaluations were recorded in most studies. However, different variables 
and schemes were used for the semi-quantitative evaluations, making comparisons 
among studies impossible. The heterogeneous group of studies using different animal 
species, different irradiation sources, and different irradiation schedules makes direct 
comparisons highly problematic.  
Interestingly, the large-animal experiments clearly showed differences between 
irradiation sources: after applying a 60 Gy equivalent dose in MV-irradiated animals, all 
implants were lost,26 whereas in the experiment using cobalt,24, 25 only three of 88 
implants were lost in the Co60-irradiated bone. Despite the apparently clear difference, 
it must be taken into account that different dose calculation and setups can explain the 
relevant differences. There were several histological changes that were attributed to 
the irradiation treatment and were more pronounced in the MV experiments. However, 
no empty lacunae were observed in the large animal studies, most likely because the 
histological evaluations were performed too early or the irradiation dose was too low. 
Empty lacunae arise from hypoxia because of fibrosis of the bone marrow and 
thrombosis with endarteritis, which is a late effect of irradiation.  
Describing histological results is difficult, and the use of semi-quantitative methods 
helps to standardize the results. Despite the helpful scoring system of Heiple (modified 
by Zhang), inter- and intra-observer variability remains a problem when comparing the 
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results of different studies.44 The parameters used were empty lacunae or osteocyte 
counts and, to a lesser extent, marrow fibrosis. These parameters should be used in a 
standardized manner in future studies to facilitate comparability, as shown by Fenner et 
al..37 Despite the large number of studies evaluated, it is not possible to directly 
compare these studies in detail because they were descriptive in nature. 
The questions posed earlier remain mostly unanswered due to the different animal 
models, applied radiation dose, irradiation source, observation period, and evaluation 
of results. 
However, some clinical implications of the results from these studies can be found: 
implants placed in irradiated bone with an equivalent dose of 60 Gray have a poor 
success rate compared to 50 Gray, implants placed before irradiation have a higher 
success rate compared to implants placed after irradiation, distraction osteogenesis 
seems feasible after irradiation, Amifostine clearly preserves cell function after 
irradiation, and Hyperbaric Oxygen therapy is reported to have some beneficial effects. 
 
Based on this review, we designed an experiment that started in 2012 to develop an 
animal model for osteoradionecrosis. The results of this experiment will be published in 
the near future. Since January 2012, several new studies have been published on the 
irradiation of facial bones. For now, these studies do not fundamentally change our 
view on this subject, but they will be discussed further in our future publications.  

Recommendations 

Based on these studies we can recommend the following: when designing a new animal 
experiment on the irradiation of facial bones, one should take several factors into 
account. Large animals, such as dogs and minipigs, should be used for translational 
research when comparing the results to those of human patients. The ideal irradiation 
source is 6 MV photons. There should be at least two fractions. Because irradiation 
effects on bone are late effects, at least three months should pass, preferably longer, 
before performing radiological and histological evaluations.  
In histological evaluations, quantitative and semi-quantitative measurements should 
include osteocyte counts and assessments of marrow fibrosis. 
In radiological evaluations, the plain X-ray and CT examinations should be performed 
after enough time has passed, at least three months, to be able to observe radiological 
changes of the bone caused by irradiation. It would furthermore be best to evaluate 
radiological changes of the bone marrow following irradiation with MR imaging, as this 
is considered to be the gold standard. 
Future research should aim to find radioprotectants minimizing radiation damage to the 
bone and prevent ORN. Experimental investigation of ORN treatment with pentoxiphilin 
and tocopherol protocol by Delenian can further help us to understand the 
pathophysiology and refine the treatment of ORN. 
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ABSTRACT  

Purpose The aim of this study was to investigate local blood flow changes in the 
mandibular bone compared to the os frontale after irradiation in various doses. 
 
Materials and Methods This study used an animal experiment with 16 female Göttingen 
minipigs. Three groups of four animals were irradiated with equivalent doses of 25, 50 
or 70 Gray on the mandible and os frontale and four animals served as control. Three 
months after irradiation laser doppler flowmetry (LDF) was used to record local blood 
flow on the left mandible and in the irradiated area on the os frontale. At 6 months 
measurements were repeated. Descriptive and univariate analyses were conducted and 
p-values lower than 0,05 were considered statistically significant. 
 
Results Local blood flow measurements in the mandible, were significantly higher 
compared to the os frontale. In the os frontale and mandible there was no significant 
change in the measurements with increasing irradiation dose.  
 
Conclusion We found a non-significant decrease in LDF values with an increase in 
radiation dose in the mandible and non-significant changes in the os frontale at 3 and 6 
months. We consider this to represent the process of ongoing fibrosis affecting the local 
blood flow in the mandible. 
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INTRODUCTION 

In general, for head and neck malignancies, treatment regimens often include 
radiotherapy because of its beneficial effects on recurrence and survival.1-3 However, 
irradiation effects on the surrounding healthy tissue continue to cause complications of 
varying severity.4-7  One complication is osteoradionecrosis (ORN). The diagnosis is 
generally based on clinical presentation. ORN is defined as “irradiated bone, which 
becomes devitalized, is exposed through the overlying skin or mucosa, and does not 
heal within a period of 3 months without tumor recurrence”.8 It can arise at any point 
after irradiation therapy.9 
ORN can affect all bony structures in the head and neck region but is most commonly 
seen in the mandible, at a frequency of 2% - 22%.10  
Pathophysiology of ORN is, according to Delanian et al, a state in which radiation-
induced fibrosis accounts for the damage observed in normal tissues, including bone, 
after radiotherapy. The destruction of endothelial cells coupled with vascular 
thrombosis leads to the necrosis of microvessels, local ischemia, and tissue loss. This 
leads to the key event in this type of damage - the activation and deregulation of 
fibroblastic activity.8  
The treatment of ORN ranges from conservative management, with or without surgical 
debridement, to broad resection in severe cases, a major surgical intervention.11-13  
 
In earlier experiments, laser doppler flowmetry (LDF) was used for recording 
microvascular blood flow in cancellous mandibular bone of young pigs.14 LDF has also 
been shown to be useful in the assessment of bone vitality in osteomyelitis and in other 
applications.15-17  
LDF technique uses a laser diode with an operating wavelength of 780 to 820 nm, which 
is emitted into human tissues. Photons are scattered, and light hitting moving blood 
cells undergoes a shift in wavelength (Doppler shift) while the wavelength of light 
hitting static structures remains unchanged. A returning fiber in the probe collects the 
scattered light. The magnitude of the signal and the frequency changes is directly 
related to the relative number and velocity of blood cells in a given volume.18 
 
To understand the effects of irradiation on blood flow in bone, we used an animal 
experiment already partially described in a previous publication.19 The irradiation and 
measurements were conducted on the os frontale and mandible. The os frontale and 
mandible have distinct anatomies and embryological origins.20 The os frontale is 
composed almost entirely of dense cortical bone. Its vasculature is like a web with many 
anastomoses. The mandible has a dense outer cortex with loose trabecular bone in the 
marrow space. The vascularization of the mandible relies mainly on the inferior alveolar 
artery and lacks sufficient collaterals. This makes the mandible more vulnerable to 
vascular damage after irradiation.8, 21 
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The aim of this study was to investigate changes in local blood flow of mandibular bone 
compared to os frontale after irradiation in various doses.  

MATERIALS AND METHODS 

The experiment was performed in accordance with the European Community 
Guidelines for the Protection of (laboratory) Animals as described in our earlier 
publication.19 Permission was obtained from the local Animal Ethical Committee (DEC 
2011-127). 

Study design 

The study design was an animal experiment using 16 healthy, adult 18-month-old 
female Göttingen minipigs.  

Study variables 

4 animals were randomly assigned to each of the 4 research groups receiving an 
equivalent radiation dose of 25, 50 or 70 Gray (Gy) and one control goup. The primary 
outcome variable was median LDF value. The primary predictor variables were radiation 
dose in different groups and measurement site. Other variables such as age and sex 
were constant for all animals.  

Data collection methods 

In preparing for the irradiation, for the three irradiated groups and the control group a 
planning CT-scan was made under general anesthesia. A thermoplastic immobilization 
mask was employed for optimal fixation of the animal’s head. A circular light metal wire 
was placed to mark the irradiation field on the os frontale. A Siemens Sensation Open™ 
CT-scan was used for radiological imaging (Siemens, Erlangen, Germany).  
The animals were irradiated under general anesthesia. The animals were positioned in 
individualized thermoplastics molds for reproducible and steady positioning.  
The irradiation was delivered using a 6 megavolt linear accelerator with two opposing 
lateral beams (Siemens, Erlangen, Germany). The entire body of the mandible was 
irradiated in two fractions with equivalent doses of 25, 50 or 70 Gy (two fractions of 6.5, 
9.7, and 11.8 Gy, respectively). The same treatment was administered to the central 
portion of the os frontale with an external electron beam. An alpha/beta ratio for late 
responding tissues was used to calculate the equivalent dose. We assumed the 
alpha/beta ratio to be 3. The second fraction was given 48 hours after the first fraction. 
In each group every animal received the same equivalent irradiation dose for the 
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mandible and for the frontal bone. None of the above was done in the control (0 Gy) 
group. 
13 weeks after irradiation, surgery was performed under general anesthesia. The 
surgical procedure on the mandible involved extraction of all premolars and molars on 
the left side. Using a pilot drill of the implant system (BioComp Industries BV, Vught, the 
Netherlands), 4 initial holes were drilled in the residual alveolar ridge. To assess bone 
vascularity, laser doppler flowmetry (Periflux System Perimed, Järfälla, Sweden) 
recordings were carried out at a depth of approximately 6 mm. After signal stabilization, 
a 20 second recording was carried out in every initial hole. Four recordings were made 
with the probe directed perpendicularly to the mesial, buccal, lingual and distal wall 
successively (figure 1 and 2). 4 submerged dental implants (diameter 4,0 mm and length 
12 mm) were placed in each pig. The measurements on the mandible took place on the 
side of the surgery in order to study both the effects of irradiation alone (in os frontale) 
and in combination with surgical intervention (in the mandible). 
 

 

Figure 1. Laser Doppler flowmetry measurements 
mandible 

 

 

Figure 2. Laser doppler flowmetry graph of the mandible. (y-axis: PU = perfusion unit, x-axis time in 
hour:minute:seconds)  

 
A small dose of methylene blue stain was injected into the periosteum of the frontal 
bone, marking the irradiated area. Then, an incision was made over the os frontale 
exposing the underlying bone. 4 holes were drilled in the irradiated bone using the pilot 
drill and drill guide. To assess bone vascularity, LDF recordings were made at a depth of 
approximately 3 mm in the irradiated area (figure 3 and 4). The recordings were also 
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conducted with the probe perpendicular to the wall of the initial hole in the above 
mentioned 4 directions. A median of all four values for each hole was later used for the 
statistical analysis. In that same area, 4 submerged dental implants (diameter 4,0 mm 
and length 4,0 mm) were placed in each pig. After rinsing the wound, it was closed in 
layers using resorbable sutures. The animals received intramuscular antibiotics 
(amoxicillin, AST beheer BV, Oudewater, the Netherlands) and intramuscular pain 
medication (buprenorphine, Reckitt Benckiser Healthcare, Hull, United Kingdom) for 
three days postoperatively. 
 

 

Figure 3. Doppler flowmetry measurements on the 
os frontale. 

 

 

Figure 4. Laser doppler flowmetry graph of the os frontale. (y-axis: PU = perfusion unit, x-axis time in 
hour:minute:seconds) 

 
At 26 weeks after irradiation a small incision was made in the irradiated area on the os 
frontale and on the mandible, distal to the canine tooth on each side. After one bur 
hole was made with the pilot drill in each location, LDF recordings were made.  

Data analyses 

The data were incrementally entered during the study period into an electronic sheet 
(Excel™, Microsoft Office 2010, Redmond, WA, USA), and then processed using SPSS 
20™ (Statistical Package for the Social Sciences, SPSS Inc., Chicago, IL, USA). 
Statistics for description of continuous variables and median values are given with the 
standard deviation and minimum and maximum. For statistical analysis, median LDF 
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values for each group and each location were used. The Independent-Samples Kruskal-
Wallis test, and Independent-Samples Mann-Whitney U test were used for comparison 
of the median LDF values. P-values ≤0.05 were considered significant. 

RESULTS 

The median LDF values of the irradiated minipig os frontales and mandibles are listed in 
table 1 and corresponding box plots are shown in figures 5a, 5b, 6a and 6b. These LDF 
values represent the magnitude and frequency changes of the signal; these attributes 
are directly related to the number and velocity of blood cells in a recorded volume in 
the irradiated bone.  
 
Table 1. Median Laser doppler flowmetry (LDF) values at 3 and 6 months after irradiation of both os frontale 
and mandible for the groups 0, 25, 50 and 70 Gray equivalent dose (Mann-Whitney U test). 

Os frontale 0 Gray  25 Gray  50 Gray  70 Gray  

months 3 6 3 6 3 6 3 6 

Median 6,7 18,5 5,2 6,0 6,6 13,2 7,7  8,2 

p-value 0,029*  0,886  0,057  0,686  

Min 2,8 13,4 5,0 1,7 4,2 7,6 3,3  7,2 

Max 10,4 25,8 8,5 28,8 8,8 59,7 9,1  11,2 

         

Mandible 0 Gray  25 Gray  50 Gray  70 Gray  

months 3 6 3 6 3 6 3 6 

Median 33,3 15,2 24,3 10,7 19,4 14,6 19,9  9,5 

p-value 0,029*  0,057  0,343  0,029*  

Min 30,1 12,7 15,0 9,1 16,4 6,4 16,3 8,5 

Max 36,7 20,0 39,5 18,9 45,2 21,2 27,6  10,6 

 
By comparing all median LDF values at 3 months between the mandible and the os 
frontale, significantly higher median LDF values for the mandible were noted.  
By comparing all median LDF values at 6 months between the mandible and the os 
frontale, no significant differences were noted.  
By comparing the median LDF values in the os frontale of all irradiated groups, only a 
non-significant decrease by increasing the radiation dose at 3 months (p=0,96) and at 6 
months (p=0,19) were noted. 
By comparing the median LDF values in the mandible of all irradiated groups, again only 
an non-significant decrease by increasing the radiation dose at 3 months (p=0,23) and 
at 6 months (p=0,22) were noted. 
By comparing the median LDF values at 3 and 6 months for the os frontale and 
separately for the mandible, only non-significant changes were noted. The only 
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exception was the significant decrease in the median LDF values in the os frontale for 
the 70 Gy group. 
By comparing the median LDF values at 3 months and at 6 months in the control (0 Gy) 
group, a statistically significant increase for the os frontale and a significant decrease for 
the mandible were noted. 
 

 

 

Figure 5a and b. Box plots of the median laser doppler flowmetry (LDF) values at 3 months after irradiation of 
the os frontale and mandible. (Kruskal-Wallis test os frontale p=0,962, mandible p=0,231)  
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Figure 6a and b. Box plots of the median laser doppler flowmetry (LDF) values at 6 months after irradiation of 
the os frontale and mandible. (Kruskal-Wallis test os frontale p=0,188, mandible p=0,220) 

DISCUSSION 

The purpose of the present study was to investigate changes in local blood flow of 
mandibular bone compared to os frontale after irradiation in various doses. The 
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hypothesis of this study was that local blood flow of both mandible and os frontale 
diminishes increasingly after irradiation with to increasing radiation dose. Due to the 
different characteristics of os frontale and mandible we expected a greater decrease in 
blood flow in the mandible compared to the os frontale.  
In our study we found that for median LDF values at 3 and at 6 months post irradiation 
there was no significant difference between dose groups in either location. Except for 
the significant decrease in the median LDF values in the os frontale in the 70 Gy group, 
there was a non-significant decrease in median LDF values. That is clearly visible in the 
boxplots of the mandible after both 3 and 6 months. We interpret this to be the 
pathophysiological process of gradual fibrosis, although it is not statistically proven in 
our study, making this a clinically relevant model for studying the development of 
osteoradionecrosis. In the boxplots of median LDF values of the os frontale there was 
no visible decrease at 3 and 6 months post irradiation.  
When comparing the values between 3 and 6 months a problem arises. In the 0 Gy 
group of the os frontale, there was a significant increase of the median LDF value 
between 3 and 6 months, whereas in the 0 Gray group for the mandible, there was a 
significant decrease of the median LDF values during the same period. Several factors 
can explain the significant changes in the control group. One factor was that minor 
changes in the measurement location, between 3 months and 6 months cause change 
in local blood flow measurements of the mandible. Because LDF measurements cause 
local tissue destruction, a limited number of measurements were taken in different 
locations to allow for future histological examination. The measurements on the 
mandible at 3 months were made on the left side only. At 6 months only one location of 
the os frontale and the mandible were measured. Clinically, the quality of mandibular 
bone surrounding the canine was more dense, corresponding with lower vascularity 
measurements. The measurements on the os frontale at 6 months were made centrally 
in the irradiated area. The midline of the frontal bone is slightly thicker due to the 
presence of the sagittal suture which is composed of lower density bone, corresponding 
with higher vascularity measurements. 
 
As noted by Verdonck et al, despite the reproducibility of the LDF measurements, there 
is variation with measurement direction, site and the individual animal.22 Because of 
this variation, it is important to measure LDF as a mean of measurements in 4 directions 
and compare similar localizations. Additionally, this variation means that minor changes 
of the measurement locations at 6 months cause significant changes in the control 
group, making comparisons between the LDF values at 3 and 6 months questionable. 
Another reason may be the small amount of animals in each group. If we had tested a 
larger number of animals, and if the measurements had been taken without further 
surgical interventions, we believe that the differences between groups would have been 
statistically significant. Finally there might have be minimal differences in the equivalent 
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dose for the different locations and the different dose groups, possibly causing 
differences between the measurements. 
Interesting observations were the relatively high LDF values in the 50 Gy group in the 
mandible and, to a lesser extent, in the os frontale. This might represent the relatively 
strong compensatory increase in vascularity for repair of damaged bone after 
irradiation in this group. The narrowing of the range of LDF measurements at 70 Gy of 
both os frontale and mandible were interesting as well. We interpret this to be a 
pathophysiological process of gradual fibrosis, making this a clinically relevant animal 
model for studying the development of osteoradionecrosis. 
A recent study by Xu et al. showed an initial increase of LDF value in blood flow in the 
pig mandible only a few days after irradiation. This was followed by a decrease of LDF 
value at 2 weeks post-operatively and a gradual recovery at 4 weeks after irradiation. 
These values remained significantly lower than normal. For this study, they used 
irradiation with one fraction of 25 Gy from a 6MV external beam source (equivalent 
dose of 130 Gy, calculated with linear quadratic model using an alpha/beta ratio of 3).23 
The study performed by Verdonck et al. using minipigs, measured LDF in mandibular 
bone 3 months after irradiation and found a significant decrease in LDF with cobalt60 
irradiation (3 weekly fractions of 8 Gy, equivalent dose of 53 Gy, calculated with linear 
quadratic model using an alpha/beta ratio of 3).22 The small changes in LDF recorded in 
our study might be as a result of the fact that the recordings were made directly after 
extraction of the left molars and premolars, causing vascular disturbances. 
Consequently, a wider range of LDF values needs a larger number of animals to detect 
significant changes between the irradiation dose groups. Another explanation for the 
smaller changes is the fractionation and equivalent doses. Xu et al. used a single fraction 
irradiation protocol while we used a 2 fraction protocol. In our study only 3 animals had 
clinical osteoradionecrosis, whereas in the study of Xu et al, all animals had clinical 
osteoradionecrosis.23  
In this study, the change in local blood flow in the bone after irradiation was too small 
to detect in these relatively small groups. Due to variations between localizations and 
individual methodologies, careful data interpretation is necessary for using this 
technique in humans. However, we believe, that measuring local blood flow using 
invasive LDF not a viable option, because of the risk on inducing ORN as a result of the 
surgical intervention.  
Future research on this animal model should be conducted to measure the effect on 
local blood flow after irradiation with medication that prevents fibrosis such as 
pentoxifillin, tocoferol and clodronate. Compared to the few large animal studies in LDF 
measurement that we found in the literature, we must state, that the irradiation 
protocol used in our experiment seems to be a realistic model for the understanding of 
the development of ORN in human beings. 
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CONCLUSION 

This study presents an animal model to simulate tissue reactions induced by various 
doses of radiation in the mandible and os frontale. We found a non-significant decrease 
in LDF values with increase in radiation dose most clearly in the mandible. We consider 
this to represent the process of ongoing fibrosis affecting local blood flow after 
irradiation, although our initial hypothesis could not be statistically approved. We 
conclude also, that the change in the measurement location at 3 and 6 months, the 
tooth extraction on the mandible at 3 months and the two-fraction irradiation protocol 
might also have affected the measurements and led to unexpected statistical findings. 
The small test groups might also have contributed to the compromised statistical 
analysis. New experiments with larger test groups and more precise experiment 
protocols need to be conducted to confirm our conclusions. 
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ABSTRACT 

Purpose: To date, studies have not agreed on the effects of irradiation on bone mineral 
density. The aim of our study was to investigate the changes in mandibular bone 
mineral density after irradiation at various doses with and without surgery. 
 
Materials and Methods: We implemented a descriptive animal experiment. The sample 
included 16 female Göttingen Minipigs, randomly assigned to 4 groups and irradiated 
with equivalent doses of 0, 25, 50, and 70 Gy to the mandibular region. At 3 months 
after irradiation, the mandibular left premolars and molars were removed, and dental 
implants were placed. Computed tomography scans were taken before and 6 months 
after irradiation. The measured bone density was related to a bone phantom to 
calculate the bone mineral density quotient (BMDQ). The outcome variable was the 
BMDQ. Other study variables were the radiation dose and surgery. Descriptive and 
univariate analyses were computed, and significance was set at P ≤0.05. 
 
Results: In the left hemi-mandible, compared with the control group, a significant 
decrease in BMDQ was observed: 0.01 at 0 Gy, -0.01 at 25 Gy, -0.06 at 50 Gy, and -0.11 
at 70 Gy (P = 0.023). The right hemi-mandible compared with the control group also 
showed a significant decrease in BMDQ: -0.02 at 0 Gy, -0.08 at 25 Gy, -0.09 at 50 Gy, 
and -0.11 at 70 Gy (P = 0.007). 
 
Conclusions: The present study used a large animal model to simulate the tissue 
reactions induced by various radiation doses in the mandible. We found a significant 
decrease in the BMDQ after irradiation, but no significant correlation could be found 
between the irradiation dose and a decrease in the BMDQ. 
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INTRODUCTION 

Radiotherapy (RT) is one of the treatment options for malignancies of the head and 
neck region. However, RT results in side effects on healthy tissue. The most serious 
complication in the head and neck region is the development of osteoradionecrosis 
(ORN).1 The definition most widely used for ORN has been ‘‘irradiated bone, which 
becomes devitalized and is exposed through the overlying skin or mucosa and does not 
heal within a period of three months, without tumor recurrence’’.2 Patient factors that 
will increase the risk of the development of ORN include age, gender, health, nutritional 
status, and the use of tobacco and alcohol.3-5 The treatment of ORN is challenging, 
because it often involves major surgery and causes high morbidity. 
RT-induced ORN of the mandible was described as early as 1930.4 However, when 
modern photon therapy with megavolt energy levels is applied in RT, the high-energy 
doses are absorbed differently by the bone compared with the kilovolt energy doses 
used previously. Before modern technology, the incidence of ORN in the mandible was 
reported as high as 22%. Current data have reported an incidence of mandibular ORN 
after RT of approximately 5%, most likely because of more precise and refined irradiation 
protocols. 1,3 Various hypotheses have been proposed about the pathophysiology of 
ORN. According to Marx and Marx and Johnson, ORN is caused by a combination of 
vascular and cellular changes in the mandibular bone.6, 7 Histologic evaluation has shown 
acellularity and avascularity of the bone marrow and a nonviable periosteum. This 
condition develops in irradiated areas, leading to tissue hypoxia. Hypoxic conditions 
cause direct damage to the bone cells, the osteoclasts and osteoblasts.6,7 The cell 
damage is initiated by 2 different pathways: the direct effect of radiation on the bone 
and tissue cells and the effect of free radicals damaging the healthy cells. Tissue repair 
due to iatrogenic or non-iatrogenic trauma will no longer be possible. Tissue breakdown, 
however, can also be seen spontaneously, without any trauma.2 According to Delanian et 
al. and Delanian and Lefaix, 3 phases can be discerned in the tissue reaction to 
irradiation.5, 8 This reaction has been termed ‘‘radiation-induced fibroatrophy’’ (RIF). The 
initial prefibrotic phase includes damage to the endothelial cells. The loss of the 
endothelial cells results in exposure of the connective tissue cells to normally foreign 
stimuli, which could trigger fibroblastic activation. After the initial phase, RIF induces 
tissue growth composed of active fibroblasts (myofibroblasts), senescent fibroblasts 
(fibrocytes), and extracellular matrix. The combined damage to the endothelial cells and 
the connective tissue cells, amplified by the action of cytokines, leads to a permanent 
state of RIF. Finally, remodeling of the extracellular matrix progressively increases the 
tissue density, leaving friable tissue with poor vascularization and cellularized 
fibroatrophy. These areas are prone to developing ORN.5, 8 
How these pathophysiologic processes affect bone quality and density is not clear. To date, 
studies have not agreed on the changes in bone mineral density (BMD) after RT.9-12 It is still 
unclear whether BMD measurements will aid in assessing the severity of bone damage. 
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The purpose of the present study was twofold. First, we intended to introduce a large 
animal model to investigate the BMD changes in the mandibles of Göttingen 
Minipigs irradiated with various radiation doses. Second, we wished to investigate a 
possible correlation between BMD changes and the radiation dose, with and without 
surgical intervention. Our hypothesis was, according to the pathophysiology and 
findings of Verdonck et al, that we would expect a small increase in the BMD quotient 
(BMDQ) after irradiation.9 The specific aim of our study was to develop a tool to 
measure the quality of the irradiated bone. We tried to more closely emulate the 
clinical human patient in the animal model by using a split mouth model to be able to 
compare both sides of the mandible, performing surgery on the left side only. The 
surgical intervention consisted of extractions and implant placement to simulate clinical 
reality. The bone density was measured adjacent to the implants to prove the clinical 
concept of implant-based prostheses in the animal model. Quantitative computed 
tomography (CT) was used to evaluate the BMD changes.9,13 

MATERIALS AND METHODS 

The experiment was performed in accordance with the European Community 
Guidelines for the Protection of (Laboratory) Animals. The local animal ethical 
committee approved the study. 

Study design 

The study design was an animal experiment. For the present study, 16 healthy adult 18-
month-old female Göttingen Minipigs were used. There were no additional inclusion or 
exclusion criteria. 

Study variables 

The predictor variable in the present study was the irradiation dose group. Four pigs 
were randomly assigned to each of the 4 research groups stratified by the radiation 
dose received (0, 25, 50, and 70 Gy,respectively). The primary outcome variable was the 
BMDQ. The other study variables were radiation dose and surgery (yes or no). The 
primary predictor variables were radiation dose and surgery. Other variables, such as 
age and gender, were the same for all the pigs. No other variables were related to the 
outcome. 
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Data collection methods 

For RT planning purposes, a preparatory planning CT scan was taken with the pigs under 
general anesthesia with endotracheal intubation. A thermoplastic immobilization mask 
was used for optimal fixation of the minipig’s head. A Siemens Sensation Open CT 
scanner was used for radiologic documentation (Siemens, Erlangen, Germany). Axial 
slices of 1 mm were taken. The CT scans were performed with a calibrated bone 
phantom placed in the mouth of the minipig to calculate the relative BMDQ and 
absolute bone density.9,13 At 26 weeks after irradiation, another non-enhanced CT 
scan was taken. The procedure was the same as that before irradiation. 
The minipigs underwent irradiation under general anesthesia with endotracheal 
intubation. They were positioned in an individualized thermoplastics mold for 
reproducible and steady positioning. Irradiation was delivered with a 6-megavolt linear 
accelerator with 2 opposing lateral beams (Siemens). The entire body of the mandible 
was irradiated in 2 fractions with an equivalent dose of 0, 25, 50, or 70 Gy (2 fractions of 
0, 6.5, 9.7, and 11.8 Gy). To calculate the equivalent dose, an a/b ratio for late-
responding tissues was used. We assumed that the a/b ratio was 3. The second fraction 
was given 48 hours after the first fraction. At 13 weeks after irradiation, surgery was 
performed with the minipigs under general anesthesia with endotracheal intubation 
and mechanical ventilation. Established protocols for animal care were used to 
guarantee maximum safety. 
To simulate a translational clinical situation, the surgical procedure on the mandible 
involved extraction of all premolars and molars on the left side. Next, 4 submerged 
BioComp dental implants (diameter 4.0 mm and length 12 mm) were placed in each pig 
(BioComp Industries BV, Vught, The Netherlands). The pigs received intramuscular 
antibiotics (amoxicillin) and intramuscular pain medication (buprenorphine), which 
were continued for 3 days postoperatively. 
Using SimPlant 15 (Materialize, Leuven, Belgium), the data from the 2 CT scans were 
analyzed. To measure the BMD, we used a region of interest (ROI) of 5 to 10 mm2. The 
ROI tool for measuring bone density was placed on 5 different predetermined locations 
of the mandibular cortex on both sides of the mandible (Fig 1). Cortical bone was 
deliberately chosen to eliminate measurement errors caused by dental or implant 
material. Because the cortical bone contains less collagenous tissue than bone marrow, 
its measurements of BMD have been considered to be more accurate. Two of us (L.P., 
G.B.) performed the measurements independently from one another. The calibrated 
bone phantom had a predetermined density given in g/mL. The BMDQ was calculated 
by dividing the measurement by the average BMD of the phantom (Fig 2). The BMDQ in 
the present study was used to quantitatively compare the changes in the BMD. The 
BMD values represented the degree of mineralization of bone. The BDM is known to be 
relatively low in immature newly formed bone compared with the mature bone matrix. 
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Figure 1. Location of the circular region of interest. A, Preirradiation right mandible, B, left mandible, C, 
postirradiation right mandible, and D, implanted left mandible (SimPlant 15, Materialise, Leuven, Belgium). 
Std. Dev = standard deviation. 

 

Statistical analysis 

The data were incrementally entered during the study period into an electronic sheet 
(Excel, Microsoft Office 2010, Microsoft, Redmond, WA) and then processed using IBM 
SPSS Statistics, version 20 (IBM, Armonk, NY). First, to test the reproducibility of the 
measurements of the 2 independent investigators, we calculated the agreement 
between the measurements using the Bland-Altman procedure.14 The statistical 
significance of the changes in BMD in relation to the radiation dose was determined 
using the Kruskal-Wallis test. The statistical significance of the changes in bone density 
per location was determined using the Wilcoxon signed rank test. The Kruskal-Wallis 
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test for independent samples was chosen to evaluate the relationship between the 
radiation dose and the BMDQ in different locations. We also compared the BMDQ of all 
the locations before and after RT using the Wilcoxon signed rank test. Because of the 
small sample and corresponding small power, we used only univariate analyses and 
nonparametric tests, because the data could not be assumed to be normally 
distributed, and significance was set at P ≤.05. 
 

 

Figure 2. Photograph of the bone 
phantom used in this experiment 

RESULTS 

The BMDQ values of the non-irradiated and irradiated mandibles of the minipigs are 
listed in Table 1. These values represent the difference in the BMD of the mandible 
compared with a calibrated bone phantom. The absolute values should not be 
extrapolated to those of other BMD data from human patients. In our experiment, a 
significant decrease was found in the BMDQ after RT in the left (surgically altered) 
mandible, with a significant decrease in the right (non-surgically altered) mandibular 
side. Between the left and right side of the mandible, no significant differences (P = .023 
for the left mandible, P = .007 for the right mandible, and P = .564 for the difference 
between the left and right mandibles) were found. In the non-irradiated mandible, no 
significant change was seen in the BMDQ between the first and second CT scan. 
Although no significant correlation was found between the radiation dose and the 
decrease in BMDQ on both sides (left side, P = .134; right side, P = .599), a progressive 
decrease in the BMDQ was visible on both sides. In Figure 3, the Bland-Altman graph is 
shown and demonstrated the agreement of the measurements of the 2 independent 
investigators. Nearly all the measurements lay within the calculated standard deviation 
(SD-2 ranges; ie, the so-called limits of agreement). 
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Table 1. Bone mineral density quotient before and after irradiation 

 BMDQ before irradiation  BMDQ after irradiation 

 Mandible left Mandible right Mandible left δ Mandible right δ 

 (intervention)  (intervention) (%)  (%) 

No irradiation       

Median 1,72 1,71 1,73 0,01 1,69 -0,02 

(min-max) (1,63-1,74) (1,64-1,79) (1,61-1,77)  (0,6%) (1,55-1,74) (-1,2%) 

25 Gy       

Median 1,64 1,71 1,63 -0,01 1,63 -0,08 

(min-max) (1,44-1,77) (1,63-1,78) (1,52-1,64) (-0,6%) (1,52-1,74) (-4,7%) 

50 Gy       

Median 1,63 1,73 1,57 -0,06 1,64 -0,09 

(min-max) (1,62-1,78) (1,45-1,79) (1,48-1,63) (-3.7%) (1,34-1,72)  (-5,2%) 

70 Gy       

Median 1,67 1,73 1,56 -0,11 1,62 -0,11 

(min-max) (1,57-1,72) (1,63-1,79) (1,54-1,66) (-6,6%) (1,40-1,64) (-6,4%) 

P = .134 and P = .599 for comparisons among the irradiation groups after irradiation for the left mandible and 
right mandible, respectively; P = .023 and P = .007 for comparisons between before and after irradiation for 
the left mandible and right mandible, respectively; differences were statistically significant at P < .05. 
Abbreviations: BMDQ, bone mineral density quotient (calculated using the average of a known bone phantom 
(measured Hounsfield unit value of the area divided by the known value of the phantom); d, difference 
between the BMDQ value before and after irradiation. 

 
Thus, an adequate agreement was present between the measurements of the 2 
investigators. Two pigs developed clinical ORN: 1 in the 50-Gy and 1 in the 70-Gy group. 
Both pigs developed bone sequestration on the surgically altered mandibular side. 
Despite this clinical finding, the BMDQ of these individual pigs did not differ significantly 
from the remaining pigs in their groups.  
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Figure 3. Bland-Altman limits of agreement plot showing the agreement between the measurements of the 2 
investigators. The standard deviation +2 and -2 was calculated, and the differences between both 
measurements were plotted.  

DISCUSSION 

The purpose of the present study was to introduce a large animal model to investigate 
BMD changes in the mandibles of Göttingen Minipigs irradiated with various doses. 
Furthermore, our purpose was to investigate a possible correlation between the BMD 
changes and radiation dose, with and without surgical intervention. Our hypothesis was 
that we expected a small increase in the BMDQ after irradiation. The specific aim of the 
present study was to develop a tool to measure the quality of the irradiated bone. We 
succeeded in defining a large animal model to simulate the tissue reactions induced by 
various radiation doses in the mandible. At 6 months after irradiation, a significant 
decrease had occurred in the BMDQ compared with that in the non-irradiated animals, 
independent of surgical intervention. However, the BMDQ changes did not correlate 
with the individual radiation doses applied, making a translational correlation from the 
results of this experiment difficult. To the best of our knowledge, we report the first 
experimental animal study regarding the effects of various radiation doses on BMD. Our 
hypothesis stated that an increase in the BMD would occur because of the effects of 
irradiation on bone.9 However, in our experiment, an evident decrease was found, and 
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we did not find a significant correlation between the radiation dose and the BMDQ. On 
both the surgically altered left side and the non-surgically altered right side of the 
mandible, the bone had a significant decrease in the BMDQ. Because no surgical 
intervention had occurred in the right mandibular side, these results prove a general loss 
of bone density after irradiation of the mandible, regardless of any additional surgical 
intervention. In contrast to our findings, Verdonck et al. found an insignificant increase in 
the BMDQ after irradiation.9 In their study of Göttingen Minipigs, all the molars and 
premolars were removed. The pigs were allowed to heal for 3 months before irradiation 
(Cobalt60, 3 weekly fractions of 8 Gy). CT scans were performed 3 months after irradiation. 
We believe that in that study’s duration, reparatory mechanisms could have caused the 
BMDQ to increase slightly. Their results can be interpreted as a mechanism seen, for 
instance, in fractures of the femoral head in which, in adjacent bone, the density will have 
increased 3 months after a fracture has been treated. After a certain period, the BMD will 
then return to normal.15 One must also accept that despite surgical intervention, animals 
never rest their mandibles. Reparation and wound healing always occur under physiologic 
load. This phenomenon could be another explanation for the findings of Verdonck et al.9 It 
is possible that the post-trauma remodelling was partially arrested by irradiation, causing 
the relatively mild increase in BMD. In accordance with our experimental results, Chen et 
al. found no changes in BMD in a clinical setting.16 Several years after therapeutic pelvic 
irradiation, they compared the BMD in irradiated L5 vertebrae with the non-irradiated L2 
vertebrae of the same individuals using dual-energy x-ray absorptiometry.16 Several 
explanations are possible for the mechanism of this seemingly paradoxical maintenance 
or even increase in BMD after irradiation. Some investigators believe that a greater 
attenuation occurs in the bone resorbing osteoclasts compared with the osteoblasts, 
causing a net increase of bone apposition, which is interpreted as hypermineralization.17 
Other investigators have described an inflammatory response to irradiation, causing a 
sclerotic effect on bone density despite the pathophysiologic proof of hypocellularity 
induced by RT.9,18 In their experiment on irradiation and distraction osteogenesis, Fregene 
et al. found a significant increase in low-mineralized, immature bone and a significant 
decrease in highly mineralized, mature bone in the irradiated bony callus.11 Overall, the 
densitometric values were unchanged. The irradiation induced a diminution in cell 
function, impairing optimal bone regeneration and resulting in growth of dens of unripe 
bone. Because of these mineralization pattern variations, it was difficult to detect 
impaired bone regeneration capacity using only BMD measurements using large bone 
volume test methods.11 The decrease in BMD found in our experiment compared with the 
insignificant increase found in the same animal species under similar experimental 
conditions used by Verdonck et al. requires an explanation.9 We believe that the 
differences in BMD measurements could have resulted from measuring different locations 
in the mandible and, possibly, the presence of some low mineralized immature bone as a 
reaction to the irradiation. Additionally, the variable timing of tooth extractions and 
implant placement can help to explain this difference. Finally, the different irradiation 
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pattern of applying cobalt60 in 3 weekly fractions of 8 Gy might help to explain the 
difference. We believe that our irradiation schedule, based on a realistic high-dose photon 
irradiation protocol, resembled the clinical reality better than the scheme used by 
Verdonck et al..9 The clinical reaction to irradiation of the test animals was close to the 
acute and chronic tissue reactions observed in irradiated patients with head and neck 
cancer. The formation of radiation-induced bone sequestration in 2 pigs supports our 
hypothesis that the experimental setting presented can be used as a large animal model 
for the evaluation of RT-induced tissue changes. The definition of RT-related risks for the 
development of ORN is impossible from the data we have presented, because a direct 
correlation between the radiation doses applied and the changes in BMD could not be 
proved. The number of pigs per group was relatively small, but the decrease in the BMDQ 
in general was still significant. The radiation doses given were clinically relevant, because 2 
pigs developed ORN at dose levels known to cause ORN.1-3 
Evaluating the measurements, we found a wide dispersion of the points. We 
interpreted this finding as inevitable variation, because it was impossible for the 2 
independent investigators to measure exactly in the same location on the CT scans. In 
addition, the size of the measured area varied from 5 to 10 mm. Despite these 
challenges, it is absolutely possible to perform reproducible measurements in this 
manner. The methods used in our experiment were reproducible and precise enough to 
detect significant changes in the BMDQ after irradiation. We did not observe scattering 
from the titanium implants. Because the gantry was oriented coronally instead of axially 
(such as it is for humans), the problem of scattering was greatly reduced (Fig 1). The 
major drawback was that we could not prove significant BMDQ changes in relation to 
the radiation dose applied. A possible significant relation between the radiation dose 
and BMDQ might be achieved with larger groups. 
The changes in the BMD measured using the BMDQ mirrors the effect of the 
pathophysiologic reactions of the bone tissue to irradiation on the bone matrix mineral 
content. Because some studies have found an increase in BMD after irradiation and 
others have found a decrease in BMD, we are still not sure which part of these 
pathophysiologic reactions is responsible for BMD changes nor of the clinical 
consequences.  
In conclusion, we have succeeded in defining a large animal model to simulate the 
tissue reactions induced by various radiation doses in the mandible. At 6 months after 
irradiation, a significant decrease in the BMDQ compared with the non-irradiated pigs 
was found, independent of surgical intervention. However, the BMDQ changes did not 
correlate with the individual radiation doses applied, making a translational correlation 
from the results of this experiment difficult. Future research should aim to investigate 
the pathophysiologic reactions of bone tissue after irradiation and imaging or 
measuring these reactions of the bone tissue, for instance, with magnetic resonance 
imaging of the bone marrow. 
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ABSTRACT 

Background Radiotherapy in the head and neck can induce several radiologically 
detectable changes in bone, osteoradionecrosis (ORN) among them. However, until 
now only a few studies on typical radiological changes exist. 
 
Methods Sixteen Göttingen minipigs were irradiated with equivalent doses of 0, 25, 50 
and 70 Gy. Three months after irradiation, left mandibular teeth were removed and 
dental implants were placed. CT-scans and MR-imaging were made before irradiation 
and six months after. Alterations in the bony structures were recorded on CT-scan and 
MR-imaging.  
 
Results Higher radiation dose were associated with increased signal changes on MR-
imaging. On CT-scans cortical destruction was found in three animals. Based on imaging, 
three animals were diagnosed with ORN. 
 
Conclusion Whereas clinically only exposed bone can be appreciated in ORN, CT and 
MR-imaging facilitates visualisation of skelettal changes, thus adding to the accuracy 
and early detection of beginning or latent ORN. 
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INTRODUCTION 

Treatment of head and neck malignancies frequently includes radiotherapy (RT) which 
has been proven to have beneficial effects on locoregional recurrence and survival.1, 2 
However, despite improved radiotherapeutical techniques, inevitable irradiation effects 
on the surrounding healthy tissue are still a concern in terms of complications.3, 4  
Osteoradionecrosis (ORN) occurs especially in the mandible and is considered a serious 
complication of RT. ORN can be triggered by surgery or occur spontaneously. It can arise 
at any moment after RT, even after several years. If conservative treatment of ORN fails, 
radical resection and micro-vascular reconstruction is indicated, requiring a major 
surgical intervention.5, 6  
 
The most commonly used definition of ORN is based on clinical presentation and 
observation; “irradiated bone becomes devitalized and is no longer covered by skin or 
mucosa without healing for 3 months, without recurrence of tumor”.7 The reported 
incidence of ORN in literature ranges between 2 and 22% for the mandible.8 Several 
factors that can increase the risk of developing ORN have been identified, and include 
for instance age, sex, general health, smoking, dose and volume of irrradiation.7, 8 Marx 
and Johnson discovered a double peak in occurrence at 1 year and approximately 4 
years after irradiation.9 Several classifications for ORN exist, the most practical being the 
Notani classification: Class I ORN is confined to dentoalveolar bone, class II ORN is 
limited to dentoalveolar bone or mandible above the inferior dental canal, or both and 
class III ORN is characterized by affection of either the mandible below the inferior 
dental canal, or pathological fracture, or skin fistula.10  
 
The susceptibility of the mandible to develop ORN is mainly the result of RT induced 
fibrosis of the bone marrow that causes obliteration of the inferior alveolar artery. As 
the facial artery is incapable to supply sufficient collateral blood supply, ORN occurs.11  

Imaging findings  

To the best of our knowledge there are only few studies on MR-imaging changes in the 
mandible after irradiation yet.12-14 Known MR-imaging changes of bone marrow in 
vertebrae and the femur head after irradiation consist of decreased signal intensity on 
T1-weighted (T1), and T2-weighted (T2) images may show mixed signal intensity 
corresponding to areas of bone marrow edema pattern (BMEP) and fibrosis after 6 
weeks and onwards . With chronicity, focal areas of fat may be deposited, which on T1 
images will appear as areas of increased signal intensity. Fibrosis and areas of sclerosis 
are characterized by hypointense signal on both T1 and T2 images.15, 16 
Bachman et al. described MR-imaging findings of the mandible after RT. They state that 
tooth extraction in or resection of irradiated mandibular bone causes localized edema 
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of the alveoli or resection margins. However, periodontal disease in irradiated bone 
causes only minimal BMEP or no signal abnormalities at all on MR-imaging.12 Further, 
they conclude that MR-imaging allows for detection of pathologic changes of 
mandibular bone marrow in ORN. The inflammatory process is diffusely disseminated in 
the mandible, often not respecting the cortical boundaries and invading paraossal 
tissue. Signal characteristics of BMEP on MR-imaging consist of reduced signal intensity 
on T1 images and increased signal intensity on T2 images.12 Store et al. found that 
several years after RT, no difference in signal intensity between irradiated and non-
irradiated, normal mandibular bone was visible anymore.13 
 
Typical CT-scan findings of ORN in literature consist of cortical disruption with 
disorganization and loss of trabeculation of the spongiosa of the mandible.17 Cortical 
bone fragmentation is present in most cases.17 In more severe cases, pathologic 
fracture can occur.18 Cortical thickening may be present.16 
These abnormalities are predominantly seen in the body of the mandible (premolar and 
molar region). In some cases even extension into the mandibular angle or retromolar 
triangle can be found.19 
 
Purpose of this study: Since there is only limited literature available on RT induced 
structural changes in the mandible, the aim of our study was to describe imaging 
findings in mandibular bone after various doses of irradiation with and without surgery 
in order to identify typical imaging characteristics of post-irradiation changes and ORN. 

MATERIALS AND METHODS 

Research design 

In this animal study 16 healthy adult 18 month-old female Göttingen minipigs were 
used (weight 35-45 kilogram). The study was performed in accordance with the Dutch 
and European Community guidelines for the protection of (laboratory) animals and 
partly described in our earlier publication.20 Permission was obtained from the local 
Animal Ethical Committee (DEC 2011-127).  

Procedures 

After initial baseline imaging, consisting of CT- scan and MR-imaging, RT as described 
below took place. 3 months later, surgery was performed. At 6 months after RT, 
imaging was repeated, using MR-imaging protocols identical with the baseline scans.  
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Imaging  

For irradiation planning purposes a CT-scan (Siemens Sensation Open, 120kV, 270mAs, 
CDTI/vol 29,32 mGy, 0,6mm slices, FOV 500mm, Matrix 512x512, Siemens, Erlangen, 
Germany) was performed under general anesthesia using an individualised 
thermoplastic immobilisation mask for optimal fixation of the animal, made 
immediately before scanning. The CT-scan was directly followed by a 1,5T MR-scan (1,5 
Tesla Intera, Phillips Healthcare, Best, the Netherlands), still under anesthesia but 
without the immobilisation mask. Six months after irradiation, imaging with CT (Siemens 
Somatom Definition Flash, Dual Scource, Dual Energy tube A Sn140kV, 225mAs, tube B 
80kV – 450 mAs, CDTI vol 38,15 mGy , 0,6mm slices, FOV 300mm, Matrix 512x512, 
Siemens Erlangen, Germany) and MR-scans were repeated again under general 
anesthesia. Immediately after imaging the animals were sacrificed. The MR-imaging 
protocol consisted of coronal T1, T2 and T2-SPIR, transverse STIR images and coronal 
post-gadolinium T1 images of the mandible using a head-coil. (T1 sequence, 
TR/TE=530/11ms, T2 sequence, TR/TE=3600/80ms, T2-SPIR, TR/TE=3700/80ms, STIR, 
TR/TE=3900/15ms, T1 sequence after gadolinium (Gadobutrol 1,0mmol/ml; 7,5ml i.v., 
0,2mmol/kg), TR/TE 470/15ms, FOV 220-240mm and slice thickness 3.0mm).  

Irradiation 

Four animals each were assigned to one of the four groups receiving an equivalent dose 
(EQD) of 0, 25, 50 or 70 Gray (Gy) respectively. Irradiation took place under general 
anesthesia, one week after imaging. For optimal positioning, the animals were 
immobilized using an individualized thermoplastic mask for the treatment planning CT-
scan as well as the radiation fractions. For irradiation, a 6 megavolt linear accelerator 
(Linac Siemens, Erlangen, Germany) with two opposing lateral beams was used. The 
entire body of the mandible was irradiated in two fractions with an equivalent dose of 
0, 25, 50 or 70Gy (two fractions of 0, 6.5, 9.7, and 11.8 Gy). In order to calculate the 
equivalent dose, an alpha/beta ratio of 3 was used for late responding tissues using the 
linear quadratic formula.21 The second fraction was given 48 hours after the first 
fraction. 

Surgical intervention 

Thirteen weeks after irradiation, surgery was performed under general anesthesia.  
The surgical intervention on the mandible involved extraction of all premolars and 
molars on the left side only. In the same session four submerged dental implants, 
diameter 4,0 mm and length 12 mm, were placed in the left mandible (BioComp 
Industries BV, Vught, The Netherlands). The animals received antibiotics (Amoxicillin, 
AST beheer BV Oudewater, the Netherlands) and pain medication (Temgesic, Reckitt 
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Benckiser Healthcare Hull, United Kingdom), all intramuscularly, which was continued 
for three days after surgery. 

Data analyses 

At the end of the experiment central and cortical destruction and location and presence 
of implants were described on CT-scan. MR-imaging signal intensities on all sequences 
were scored, as well as enhancement and cortical destruction (see table 1). Based on 
this data, presence of ORN was diagnosed or ruled out, respectively. All images were 
scored by two experienced head-neck radiologists (AP, AS) independently and in 
consensus, blinded for applied irradiation dose and clinical symptoms. 
The gold standard for the diagnosis of ORN was clinical examination revealing persistent 
intra-oral exposed bone at the time of sacrifice.7  
The data were transferred to an electronic sheet (Excel™, Microsoft Office 2010, 
Redmond, WA, USA), and then processed using SPSS 20™ (Statistical Package for the 
Social Sciences, SPSS Inc., Chicago, IL, USA).  
 
Table 1. Scoring system to define MR-imaging signal intensities. 

Score definition 

 4 mixed signal intensity changes 
 3 major increase in signal intensity 
 2 moderate increase in signal intensity 
 1 minor increase in signal intensity 
 0 no abnormalities 
-1 minor decrease in signal intensity 
-2 moderate decrease in signal intensity 
-3 major decrease in signal intensity 

RESULTS 

Clinical outcome 

Two animals had clinical signs of ORN at 6 months after irradiation; one animal in the 50 
Gy EQD and one in the 70 Gy EQD group, both left-sided, corresponding to the side of 
surgical intervention. The area of exposed bone in the animal treated with 70 Gy 
measured approximately 5 cm, elevated from the surrounding mucosa and adjacent to 
two dental implants which were loose, Notani class I (figure 1).  
The animal treated with 50 Gy showed exposed bone which was not elevated and was 
approximately 2 cm long. Also, there was presence of a submandibular fistula on the 
left side, Notani class III. 
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Figure 1. Clinical sign of osteoradionecrosis: exposed bone sequester and mobile dental implants (animal 
number 15,  dose group of 70 Gray) 

MRI and radiation dose. 

At higher radiation doses, signal intensities changed at the operated (left) and non-
operated (right) side (table 2). With increased radiation dose, T1 images depicted a 
decrease in signal intensity, whereas the signal on STIR and T2-SPIR sequences became 
hyperintense. On the T1 sequence post gadolinium (CE-T1), the enhancement was more 
prominent in the animals receiving higher radiation doses . In general, in our study the 
signal changes were more pronounced with increase of the administered radiation 
dose, even though there was some overlap.  
The animals with clinical ORN demonstrated mixed signal intensities on T2-SPIR on both 
the left and the right side. The T2 sequences at the right, not operated side 
demonstrated an iso-intense aspect of the bone marrow at lower radiation doses, 
changing to mixed signal intensities after irradiation with high radiation doses.  
On the operated left side, the signal intensities on T2 images after irradiation were iso-
intense, slightly hyper- or hypointense, at lower radiation doses, with a mixed aspect of 
signal at higher radiation dose. 
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a. 

 
b. 

 
c. 

Table 2a, b, and c. MR-imaging scores of the left (blue dots) and right (red dots) 
mandible, six months post-irradiation in T1-, T2-SPIR-, and T1-weighted 
sequences after gadolinium. Number of dots given corresponds with number of 
animals. Scores given in Table 1. 
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Cortical destruction 

On the CT-scans performed 6 months after irradiation, cortical bone defects with 
destruction were seen in three animals. The same three animals were found to have 
cortical interruption on MR-images after radiotherapy as well. Thus, there was no 
discrepancy between the two imaging modalities concerning cortical destruction was 
found. Rather subtle superficial cortical erosion was seen on CT in two other animals, 
not visible on MR-imaging. Viseversa, there were no cortical changes on MR-imaging 
which could not be found on CT. Two animals had a slight cortical thickening on CT due 
to dental infections. One animal in the 50 Gy group demonstrated a cortical defect, 
which was already present on the baseline images due to pre-existent abscess and 
sequestration. 

Imaging findings in clinical ORN 

In the two animals with clinical signs of ORN, the baseline CT-scans were normal.  
On the scans at 6 months after irradiation, the EQD 50Gy ORN animal showed a minor 
bone sequester on the left side and bilateral cortical destruction with substantial 
thickening of the mandibular cortex after irradiation.  
In the EQD 70Gy ORN animal, a large bone sequester and cortical destruction on the left 
mandible were seen (figure 2). 
On the initial MR-images, the EQD 50Gy ORN animal was found to have moderately 
decreased bone marrow signal intensity on T1 images and moderate to major increased 
signal intensity on STIR and T2-SPIR. There was enhancement on the CE-T1. The follow-
up imaging after irradiation and surgery showed no change in signal intensity on STIR 
and CE-T1 sequences. On T2 and T2-SPIR, however, the signal intensity of the bone 
marrow changed to mixed intensity bilaterally. A left-sided submandibular skin fistula 
also was present (figure 2). 
In the EQD 70Gy ORN animal, on the baseline MR-imaging normal signal intensity of 
bone marrow was present bilaterally on al sequences. After irradiation and surgery, 
there was a significant decrease of signal on the T1 images, an increase on STIR with 
enhancement on CE-T1. As in the other case, signal intensity on T2 and T2-SPIR had 
changed into mixed intensity bilaterally (figure 2).  

Radiological versus clinical ORN  

Based on imaging, the radiologists diagnosed ORN in three different cases. In two cases, 
radiological findings paralleled the clinical diagnosis of ORN. In the third case, the 
radiological findings were consistent with ORN, whereas clinically no exposed bone was 
seen (figure 2). Histological evaluation, however, showed extensive radiation induced 
damage in this case as well.  
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Figure 2. Overview of CT-scan and MR-imaging of the animals number 04, 09, 16, 14, and 15. First column are 
CT-scan images of the animals, note the cortical destruction and sequester of animals 09 and 15(arrows). 
Second until sixth column are MR-images with the SPIR, T2-STIR, T2, T1, and CE-T1 sequences. The first row 
shows animal number 04, without irradiation; all marrow signal intensities are normal.  
The second row shows animal number 09 with decreased signal intensity of the marrow on T1 sequence and 
sequester on the left side and increase signal in SPIR sequence, mixed signal intensity on T2 and T2-STIR 
sequences and enhancement on CE-T1 sequence. A fistula (arrow) is clearly visible (Notani grade III). 
The third row shows MR-images of animal number 16 without clinical or radiological ORN. Note the minor 
decrease in signal intensity of the marrow on T1 sequence, minor enhancement after gadolinium, mixed 
signal intensities on T2 sequence and mixed, moderate to major increased signal intensities on STIR at the 
mandible right, T2-SPIR and STIR mandible left respectively. 
The fourth row shows MR-images of animal number 14, radiological ORN without clinical signs. Note the 
decrease of signal intensity of the marrow on T1 sequence and increase signal in SPIR and T2 STIR sequences, 
with mixed signal intensity on T2-weighted sequence and enhancement on CE-T1 sequence. 
The fifth row shows MR-images of ORN, animal number 15. Note the decrease in signal intensity of the 
marrow on T1 sequence and increase signal on SPIR sequence, mixed signal intensity on T2 and T2-STIR 
sequences and enhancement on CE-T1 sequence. The sequester is marked with an arrow (Notani grade I). 
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DISCUSSION  

To our knowledge, this was the first large animal experiment simulating radiotherapy 
induced changes of bone in head and neck based on the current treatment regime of 
patients with head and neck malignancies.  
Through the course of the experiment, two animals, i.e. 2 of 12 animals irradiated gives 
an incidence of 17%, developed clinical ORN. As this is a serious complication of 
radiotherapy, we consider our study as a relevant animal model for RT induced changes 
in the head and neck region. 
 
The CT-scan findings in ORN with cortical destruction, disorganization and loss of 
trabeculation of the mandibular spongiosa were the same in our animal model as in a 
human patient population.17 Whereas patients with ORN frequently present with a 
pathologic fracture of the mandible, we did not encounter fractures in our cohort, 
probably due to the relative short follow-up period.19 In one of the two animals 
presenting with clinical and radiological ORN next to a substantial reactive subperiostal 
bone apposition on CT there was presence of a skin fistula detected on MR-imaging.  
In humans, evident periosteal reactions and soft tissue pathologies are distinctly 
uncommon in the uncomplicated case of ORN but may occur when complicated by 
infection or fracture.16 Since there was no fracture present in our animal study, we 
suppose this reactive subperiosteal bone apposition to be due to concomitant infection 
of damaged irradiated bone with reparative periosteal bone formation.  
 
Interestingly there was no discrepancy between CT-scan and MR-imaging findings on 
cortical bone destruction. If no metal artefacts caused by dental fillings, prosthetic work 
or dental implants are present, MR-imaging has thus the potential of detection of 
cortical destruction without additional CT-scan. Unfortunately, these metal components 
are quite frequent in human population. Furthermore, erosions and trabecular 
destruction are depicted on CT in greater detail and maybe at an earlier state, whereas 
MR-imaging is superior in detecting even early bone marrow changes such as fibrosis 
and edema.  
 
One animal in the EQD 70Gy and one in the EQD 50 Gy group were diagnosed clinically 
as well as radiologically with ORN. One more animal in the EQD 70Gy group met the 
radiological criteria for ORN but did not have exposed bone resulting in a discrepancy 
between the clinical and radiological findings. Histology, however, showed indeed 
extensive bone damage. As the bone might only get exposed at a later stage of ORN and 
consequently will be clinically diagnosed later, as such an underreporting of ORN might 
be the result.12 The late recognition of ORN may result in spontaneous or post-surgical 
complications. This emphasizes the need for early visualization of RT induced damage to 
the bone.  
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This is supported by Bachman et al. who promotes the use of MR-imaging for early 
detection of bone marrow changes to enable the diagnosis of mandibular ORN before 
clinical symptoms occur.12 Store et al. described MR-imaging findings in patients with 
ORN with and without bone exposure.13 In their collective, the patients without bone 
exposure at the time of examination did have exposed bone earlier on, which healed 
with conservative treatment. They concluded that MR-imaging revealed the still active 
pathological process whilst the overlying tissues had already healed. So healing of the 
intraoral defect is not a sign of complete restitution. 
Reconsidering the radiological and clinical data in our study, we have to conclude that 
there were indeed three animals with ORN, albeit in different stadia. 
 
The animal in the EQD 50 Gy group diagnosed with ORN had bone marrow intensity 
changes on the pre-irradiation images possibly related to dental problems. This could 
have predisposed to the development of ORN. On the other hand another animal in the 
50 Gy group had a dental abscess with cortical destruction pre-irradiation and did not 
develop ORN. 
 
T2-SPIR sequences with mixed signal intensities after irradiation were exclusively found 
in the two cases of ORN with matching clinical and radiological diagnosis; however, the 
signal changes were seen bilaterally whereas clinical ORN was confined to the left 
operated-on side.  
  
Inflammation is the initial reaction upon RT and causes edema of the irradiated bone, 
edema being hyperintense on T2-SPIR. As RT can also induces fibrous tissue formation, 
which is hypointense on T2-SPIR, in a later stage, the mixed signal intensity could 
represent the presence of already fibrotic areas within areas of edema.22 Interestingly, 
the animal with radiological, but no clinical signs of ORN did not show mixed signal 
intensities on T2-SPIR. ORN still in the initial phase - with edema diffusely throughout 
the bone marrow and almost no fibrous tissue yet - could be a possible explanation.  
As matching radiological and clinical findings of ORN were only seen on the left 
mandibular side, a relation between surgical intervention and the development of ORN 
seems to be likely.7, 22 However, on MR-images the same changed signal intensities 
were seen in the right, non-operated on side of the mandible.  
Also, the other irradiated animals, showed with increase in irradiation dose a 
progressive decrease in bone marrow signal intensities on the T1 images, and signal 
increase on the T2 images, as well as enhancement on CE-T1 images. Signal increase on 
T2 images indicates edema. This edema might be caused by the prolonged process of 
regenerative repair of irradiated bone and surrounding tissues. A visible increase in 
edema was related to an increased irradiation dose. According to the literature this 
process will stabilize over time after completion of RT. Finally, one can expect the bone 
marrow signal will return to normal.13 The cortical destruction with or without 
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sequestration seen in ORN might be the result of unrestrained or overactive resorption 
by osteoclasts in the regenerative phase after RT as described by Store et al.13 Possibly 
this osteoclastic „overactivity“ is the underlying pathophysiological process in 
development of ORN. However, the reasons for insufficient regenerative repair 
escalating into ORN remain unclear, just as the question why not all the animals treated 
with higher doses developed radiological or clinical ORN.  
 
This study suffers from several limitations. Firstly, due to ethical considerations, the 
number of animals was limited. Secondly, irradiation was administered in only two 
fractions for ethical and logistical reasons. In humans, fractionated irradiation is applied, 
according to evidence-based treatment protocols, in high fractionation or even hyper-
fractionation.1, 2, 4 However based on the linear quadratic formula we have attempted to 
administer doses similar to the fractionated schedules used in humans. Thirdly, the 
observation period after radiotherapy was only 6 months. It is known, however, that 
ORN can develop even years after RT.7, 22 The restricted possibility of thorough clinical 
exploration and inspection is another limitation; due to anesthesia and the risks of 
sedation, a detailed clinical examination was facilitated only after the sacrifice of the 
animals. An exact evaluation of duration of clinical ORN was therefore not possible. 
 
Establishing more precise methods to evaluate bony alterations, using MR- and CT-
imaging, following RT for early detection of ORN as well as possibly to identify patients 
prone to develop ORN even prior to radiotherapy are subject to future research. 

CONCLUSION 

Six months after RT, MR-imaging of irradiated mandibulae showed increasing abnormal 
signal changes of bone marrow with increasing radiation dose. This phenomenon could 
be detected as well on the non-operated as the operated side of the mandible. These 
signal changes can be interpreted as signs of a prolonged regenerative repair following 
bone damage induced by RT.  
Mixed signal intensities on T2-SPIR after RT were exclusively found in the clinical ORN 
cases and visualize the pathophysiological process closely related to development of 
ORN. Therefore, T2-SPIR sequence should be included in any MR-imaging protocol for 
ORN. Whereas the clinical diagnose of ORN can only be made on grounds of 
macroscopic evidence of failed osseous regeneration after RT, CT-scans and MR-
imaging allow an early detection of pathologic changes consistent with ORN. Therefore, 
in our opinion an early application of both CT and MR-imaging will be beneficial in 
diagnosing even subtle signs of early ORN. 
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ABSTRACT 

Objective To investigate the accuracy of Dual Energy CT (DE-CT) compared to MR 
imaging for the detection of edema of the mandible after irradiation and surgery in an 
osteoradionecrosis animal model . 
 
Materials and methods 15 adult Göttingen minipigs received irradiation to the mandible 
with an equivalent dose of 0, 25, 50 or 70 Gy. At 3 months, tooth extraction and the 
placement of 4 implants was performed in the left mandible. 6 months after irradiation, 
all animals underwent DE-CT and MR imaging of the mandible. MR STIR was used for 
the grading of the bone marrow edema (0-3). Simultaneous imaging with DE-CT at 80 
kVp and 140 kVp was performed, and virtual non-calcium (VNCa) images were 
calculated. The HU values were measured in 15 pigs by 2 observers and compared to 
the MR imaging. 
 
Results Increased signal intensity at STIR was found in the higher radiation groups. An 
increase of signal intensity in STIR imaging was accompanied by a significant increase in 
the HU value of the VNCa images of the bone marrow (STIR 0,1,2,3; mean HU -103, -90, 
-76, -34, respectively; p<0.05 for 0-3,1-2 and 2-3). R2=0.388. 
 
Conclusion The VNCa images derived from DE-CT are able to demonstrate bone marrow 
edema in radiation-induced bone changes in the mandible. In addition to the ability of 
CT to depict cortical destruction and trabecular bone resorption, the DE-CT VNCa 
images can provide additional information on the presence of bone marrow edema. 
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INTRODUCTION 

Osteoradionecrosis (ORN) of the mandible is a late complication of radiotherapy after 
the treatment of head and neck cancer, with an incidence of 5% and can occur 
spontaneously or after surgical intervention.1 ORN is diagnosed clinically as the 
presence of persistent intra-oral exposed bone.2 The radiological diagnosis of ORN 
requires complementary CT and MR imaging. CT depicts the effects on mineralized 
bone tissues by demonstrating cortical disruption and the loss of trabeculation of the 
spongiosa.3 Generally, the MR imaging findings of ORN of the mandible reflect the 
process of “inflammation” within the bone as a bone marrow edema pattern, 
demonstrated by an increased signal intensity in T2-weighted images.4  
 
Dual Energy Computer Tomography (DE-CT) allows for the analysis of material 
composition, by using two image datasets of the same anatomic location with two 
different x-ray spectra.5-7 The differences in the mass-attenuation coefficients underlay 
the ability to characterize and separate tissues using DE-CT. The applications of DE-CT 
are still increasing and include material characterization as in bone removal and iodine 
detection and quantification; they are used eg. in CT-angiography and renal masses.8 
Mono-energetic applications can be used for increased conspicuity of iodine by 
increasing CNR at lower kV or higher SNR at high kV.9 More recently virtual non-Calcium 
imaging (VNCa) was introduced for the detection of (posttraumatic) bone marrow 
edema in large bones as are the vertebrae, femur and tibia.10-13 
The application of this VNCa decomposition algorithm with DE-CT is until now not used 
in head and neck radiology. 
We investigated in an existing animal model for ORN whether DE-CT derived VNCa were 
able to detect BME pattern in the operated and/or irradiated mandible.  

Objective 

To investigate the accuracy of DE-CT-derived VNCa images compared to MR imaging for 
the detection of edema of the mandible after irradiation and surgery in an ORN animal 
model. 

MATERIALS AND METHODS 

This study was part of a larger experimental animal study investigating irradiation 
effects on the mandible and the development of ORN.14 The study was performed in 
accordance with the Dutch and European Community guidelines for the protection of 
(laboratory) animals. Permission was obtained from local Animal Ethical Committee 
(DEC 2011-127).  
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As ORN can occur spontaneously after radiotherapy or after radiotherapy by surgical 
intervention, we chose the following setup: 
- A split mouth design was used to study the effect of irradiation with and without 
surgical intervention.  
- The surgical intervention chosen was a typical oral surgical intervention, tooth 
extraction and implant placement, used for oral rehabilitation after treatment for head 
and neck cancer. The animals were irradiated with increasing irradiation doses to detect 
gradations in irradiation damage that could eventually lead to the development of ORN. 
Imaging was done at baseline with conventional CT- and MR-imaging followed by 
irradiation (described in 14). 3 months later surgery was performed. At 6 months after 
radiation DE-CT and MR-imaging were performed. All steps were performed under 
general anesthesia. 
 
For this study, 15 healthy, adult, 18-month-old female Göttingen minipigs were used 
(weight 35-45 kilogram). 4 animals each were assigned to 1 of the 3 groups receiving an 
equivalent dose (EQD) of 0, 25, 50 Gy, and 3 animals received 70 Gy (irradiation was 
given in 2 fractions of 0, 6.5, 9.7, and 11.8 Gy). Irradiation was performed with a 6 
megavolt linear accelerator (Linac Siemens, Erlangen, Germany). The linear quadratic 
model was used to calculate the equivalent dose, and an alpha/beta ratio of 3 was used 
for late responding tissues.15  
  
3 months after irradiation, surgery of the mandible involved extraction of all premolars 
and molars on the left side only. In the same session, 4 submerged dental implants were 
placed in the left mandible.  

Imaging acquisition 

Post-irradiation imaging was performed using dual-source CT (Siemens Somatom 
Definition Flash, Siemens Erlangen, Germany. Parameters: tube A Sn140kVp, 225 mAs; 
tube B 80kVp – 450 mAs, CDTIvol 38.15 mGy, slice thickness 0.6 mm, FOV 300 mm, and 
Matrix 512x512). The STIR sequence was used for the detection of bone marrow edema 
of the mandible using a head-coil (1.5 Tesla Intera, Phillips Healthcare, Best, the 
Netherlands; STIR sequence: TR/TE=3900/15 ms, FOV 240 mm and slice thickness 3.0 
mm). 

Data analyses 

A 3-material decomposition algorithm (Syngo multimodality workspace, version VE40A, 
Siemens Erlangen, Germany) was used to calculate the VNCa images by preselecting the 
Liver virtual non-contrast setting with the r set at 1.71 as described by Guggenberger et 
al.12 The images then were sent to the PACS system.  
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Two observers (AP, LP) placed 4 ROI’s in the VNCa images at the marrow space and 4 
ROI’s on the buccal cortex on both sides to measure the HU values. 
The agreement of the HU measurements of both observers was investigated. For the 
designated areas, the mean value was calculated from the individual values of both 
observers per side and of both the marrow and cortex.  
 
The STIR images were scored by two observers (AP, AS) for bone marrow edema on a 
scale of 0 to 3 (Table 1). The scores were compared to the mean VNCa HU value 
measurements. The MR images and the VNCa images of the left and right sides were 
analyzed together and also separately to investigate the effect of the intervention on 
the left side.  
 
Table 1. The STIR scores of bone marrow signal intensity in the mandible. 

0 = no abnormal increase in marrow signal intensity 

1 = minor increase in marrow signal intensity  

2 = moderate increase in marrow signal intensity  

3 = major increase in marrow signal intensity 

 
The data were transferred to an electronic sheet (Excel™, Microsoft Office 2010, 
Redmond, WA, USA) and then calculated using SPSS 20™ (Statistical Package for the 
Social Sciences, SPSS Inc., Chicago, IL, USA). 
To evaluate the agreement of HU measurements between the two observers, the intra-
class correlation coefficient was calculated. The Independent Student’s T test was used 
to compare the HU values of the marrow and the cortex on the left and the right sides. 
For comparison of HU values to the STIR scores, ANOVA was used and checked with the 
Hochberg test for significance. This was done for the left and right side together and 
separately. For the left and right side together, an R2 linear coefficient was calculated. 
The P-value was considered significant for p<0.05. 

RESULTS 

The MR-based marrow edema scores of the dose groups are shown in figure 1. The STIR 
images showed increased signal intensity in the higher radiation groups (figure 2). 
 
The HU value measurements of both observers had an intra-class correlation coefficient 
of 0.896 for marrow measurements of the left and 0.903 for the right mandibles. The 
HU value measurements of the cortex of both observers showed an intra-class 
correlation coefficient of 0.367 for the left and 0.419 for the right mandibles (Table 2). 
 



CHAPTER 6 

90 

 

Figure 1. MR imaging STIR-weighted sequences scores of the left and right mandibles 6 months after 
irradiation plotted against equivalent dose group (EQD). The number of dots given corresponds to the number 
of animals. 

 

  
a. b. 

Figure 2 a and b. Axial-orientated STIR images parallel to the corpus of the mandible. a: bilateral view 
of a normal mandible with a centrally located normal inferior alveolar nerve bundle, EQD 0Gy, no 
increased signal intensity is present. b: bilateral view of the mandible irradiated with EQD 70 Gy, 
demonstrating a major increase in signal intensity of the bone marrow, consistent with a bone 
marrow edema pattern. 
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Table 2. The Intra-class Correlation Coefficient of the HU value measurements between the two observers 

 Single measures Significance Average measures 

Cortex left 0.225 0.038 0.367 

Marrow left 0.812 0.000 0.896 

Cortex right 0.265 0.020 0.419 

Marrow right 0.824 0.000 0.903 

 
The mean HU values per STIR score for the left and right mandibles were calculated and 
shown in table 3. 
 
Table 3. The mean HU values measured in the cortex and marrow on the left and the right sides. The mean HU 
values per STIR score and total are given (marrow: total left - right; p> 0.05, cortex: total left - right; p>0.05). 

 Cortex Left  Marrow left 

STIR N Mean HU value Standard Deviation N Mean HU value Standard Deviation 

0 1 64.51  1 -96.49  

1 2 55.10 11.16 2 -74.78 62.64 

2 8 60.35 2.95 8 -82.56         * 16.76 

3 4 52.39 21.82 4 -23.05  29.05 

Total 15 57.80 11.47 15 -66.58 36.91 

 Cortex Right  Marrow Right 

STIR N Mean HU value Standard Deviation N Mean HU value Standard Deviation 

0 3 66.73 1.85 3 -105.24 27.80 

1 4 64.03 1.68 4 -98.16 20.50 

2 3 63.19 0.67 3 -58.56 32.65 

3 5 61.65 8.95 5 -44.00 43.40 

Total 15 63.61 5.25 15 -73.60 40.49 

* = significant p=0.015 

 
The total mean HU value of the VNCa images was higher on the left (operated and 
irradiated) than the right (irradiated) side, however this difference was not significant 
(marrow: L -66.6; R -73.6; p> 0.05) (cortex: L 63.6; R 57.8; p>0.05). An increase of signal 
intensity at STIR imaging was accompanied by an increase in the mean HU value of the 
VNCa images of the bone marrow (Table 3). 
Comparing the bone marrow edema scores based on STIR to the mean HU values of the 
left and right sides, we found a significant difference between the groups (ANOVA 
p=0.002). The Hochberg test was significant between 0 and 3 (p=0.005), between 1 and 
3 (p=0.01), and between 2 and 3 (p=0.031).(Table 4). The R2 linear coefficient was 0.388 
(Figure 3). 
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On the right side, the STIR scores were compared with the mean HU values and were 
not significant between the groups (ANOVA p=0.072). This was confirmed by the 
Hochberg test which also demonstrated non-significant values (Table 3). 
 
Table 4. Mean HU values measured in the mandibular bone marrow. Mean HU values per STIR-score and total 
are given. 

 Mean HU values marrow left and right 

STIR N Mean HU value Standard Deviation 

0 4 -103.06  23.12 

1 6 -90.37  34.39 

2 11 -76.01            *    *     * 23.14 

3 9 -34.69  37.15 

Total 30 -70.09 38.23 

*=significant 
2-3 p=0.031 
1-3 p=0.01  
0-3 p=0.005 

 

 

Figure 3. Scatterplot comparing the MR imaging STIR scores to the mean HU values of both sides of the 
mandibular bone marrow. R2=0.388 

 
On the intervention side, the STIR scores were compared with the mean HU values and 
this demonstrated a significant difference between the groups (ANOVA p=0.015). The 
Hochberg test was significant between 2 and 3 (p=0.015) and non-significant between 1 
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and 2 and between 1 and 3. For the score 0, only one mean was available, so this was 
not possible to test (Table 3). 

DISCUSSION 

CT and MR-imaging findings in ORN are complimentary. CT is better for cortical 
disruption and trabecular changes, whereas MR is superior in detection of increased 
water content as is bone marrow edema.3, 4, 16 
If CT is able to detect bone marrow edema next to cortical destruction it could, in 
theory, allow for a one stop shop for the detection of irradiation effects and ORN.  
We found in our ORN animal model that DE-CT was able to detect edema of the 
mandible as compared to MR imaging. The mean HU values on the VNCa images were 
significantly correlated with the STIR-scores, which were used as the standard for the 
degree of bone marrow edema. The density measurements of the two investigators 
matched at that of the marrow of the mandible. However, at the cortex the 
measurements of the two investigators did not match. This could be due to the smaller 
ROI, the slightly different positioning of the ROI tool, or the dense architecture of the 
cortex with only a small non-mineralized tissue content. As to be expected by the dense 
architecture and the low signal intensity at the cortex on MR, we were not able to 
demonstrate edema in the mandibular cortex. 
 
An interesting finding is that although the surgical procedure was performed on the left 
side, we did not find a significant difference between the overall mean HU values of 
both sides. This was confirmed by the STIR scores, which did not differ much between 
both sides either. It is likely that the edema was caused by the surgery itself had 
resolved in most animals. Pathophysiologically, we think that the edema found was 
caused only by a reaction of the bone to the irradiation, and that the reaction was 
prolonged bone regeneration.16  
Our results are in line with the small amount of studies that investigated bone marrow 
edema patterns using VNCa images. Pache et al. compared VNCa HU values with MR 
imaging and found that DE-CT could assess bone marrow involvement in posttraumatic 
bone bruises of the knee.11 They advocate the application of color-coded images for 
easier interpretation of the attenuation changes in the bone marrow.11 We did not use 
color-coded images for this study because we choose to evaluate the quantified density 
as are HU values, but their use could in theory increase the accuracy of visual 
interpretation and easily interpretation in clinical practice (Figure 4). Good correlations 
between the HU values from the VNCa and the MR imaging concerning post-traumatic 
bone marrow edema in the ankle12 and vertebra10 were published. All of these studies 
used adapted Liver VNC post-processing with an adjusted r. Different values of r were 
mentioned in the literature. We choose an r of 1.71 in line with Guggenberger because 
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the ankle was the closest in scanned volume to the mandible.12 A specific choice of r can 
influence the exact measurements of the HU values, but the optimal r value has not yet 
been identified. 
 

 

Figure 4. DE-CT images: mixed image (comparable with conventional 120kVp CT image), fusion image, and 
VNCa image. 

 
Other authors10, 12, 17 used T1-weighted and T2-weighted sequences for the detection of 
bone marrow edema on MR, whereas we choose STIR because it is ideally used for the 
detection of bone marrow edema.18  
 
The studies mentioned above were based upon relatively homogenously composed 
bony structures originating from the epiphysis and the diaphysis. The mandible has a 
distinct, different embryological origin from vertebra, knee and ankle, and there is a 
clear difference between cortex and marrow. Despite this, we were still able to confirm 
the relationship between the HU value and the bone marrow edema. 
 
In our ORN animal model, surgery with tooth extraction and implementation of 
implants was carried out as this is often the case in head and neck cancer patient 
groups. 
The implants used can cause some scattering on CT imaging due to their almost pure 
titanium composition. because of the prone position of the animal in the gantry, the 
images of the mandible had a coronal orientation, the scattering only occurred locally at 
the mandible. We believe these artifacts did not influence the measurements, and the 
observers made sure not to measure anywhere near the implants or in the scatter 
artifacts. The signal intensities on STIR were not significantly influenced by the titanium 
content of the implants.  
In case of metallic implants in the area of investigation, DE-CT can allow for metallic 
artifact reduction via mono-energetic reconstructions.5, 19, 20 At this time, the VNCa 
scoring would still be hindered by the presence of metal-induced streak artifacts, 
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perhaps further improvements in the decomposition algorithms could decrease this 
interference. 
 
The limitation of the study was the small number of animals. Despite the number being 
limited due to ethical considerations, we were able to demonstrate a correlation between 
the HU values of the VNCa images compared to the edema found with MR imaging. 
 
Our results raise the possibility of single-modality imaging with DE-CT for the 
simultaneous detection of structural bone changes, as there are cortical disruptions and 
trabecular changes together with bone marrow edema. Before clinical implementation, 
this should be verified in a human population. Future research should aim at the clinical 
validation and implementation of DE-CT as a single modality in the detection and 
diagnosis of radiation induced changes and ORN. 
 
In conclusion next to the ability of CT to depict cortical destruction and trabecular bone 
resorption, VNCa images derived from DE-CT are able to demonstrate bone marrow 
edema in radiation-induced bone changes in the mini-pigs’ mandible. This opens up the 
possibility of one-stop-shop imaging of radiation induced changes and ORN of the 
mandible 
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ABSTRACT 

Background and purpose Approximately 5% of irradiated head and neck cancer patients 
develop osteoradionecrosis of the mandible. The current non-surgical treatment 
options for osteoradionecrosis have limited effects and are based on a small number of 
studies. Therefore, we aimed to enhance the understanding of the pathophysiology of 
osteoradionecrosis by investigating changes induced by external irradiation in mini-pigs.  
 
Materials and methods Sixteen Göttingen minipigs were divided into 4 groups for the 
application of equivalent radiation dosages of 0 Gy, 25 Gy, 50 Gy and 70 Gy. Thirteen 
weeks after irradiation, the left lateral teeth the mandible were removed and implants 
were placed. The pigs were sacrificed 26 weeks after irradiation, and the bone samples 
were stained with Masson’s trichrome. 
 
Results The amount of fibrosis, resorption lacunae, necrosis, and the ratio of 
woven/lamellar bone were increased after higher radiation dosages and surgery. The 
inferior alveolar artery’s diameter was reduced depending on the irradiation dosages. In 
general, the rate of bone remodeling decreased after irradiation. 
 
Conclusion Both surgery and increasing irradiation dosages cause architectural bone 
changes and damage the vascularization. This might result in a chronic hypoxic state of 
the mandibular bone. In general, the bone formation rate was markedly decreased after 
radiotherapy. 
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INTRODUCTION 

Osteoradionecrosis (ORN) of the mandible is a severe complication after radiotherapy 
(RT) and develops in approximately 2.6%-15% of head and neck cancer patients.1 The 
most accepted definition for ORN is: ‘irradiated bone becomes devitalized and is 
exposed through the overlying skin or mucosa, without tumor recurrence, and does not 
heal within 3 months’.2 The current non-surgical treatment options for ORN, like 
hyperbaric oxygen therapy and medical treatment, are based on controversial theories 
and on a limited number of studies.3, 4 
The most accepted theory on the pathophysiology is the development of a combination 
of hypo-cellularity and hypo-vascularity in a hypoxic environment.5 Radiation obviously 
damages the vascular system, which causes a decreased oxygen supply to the irradiated 
tissues, in this case, the head and neck region. Time and local conditions seem to play 
an important role in the development and risk assessment of ORN.5, 6 
Recently, Delanian et al. proposed another theory based on RT-induced fibro-atrophic 
tissue changes. They concluded that osteoclastic giant cells are damaged more by 
irradiation than the vascular system. This process is associated with increased levels of 
myofibroblasts and low levels of proliferative fibroblasts. The deregulation and 
activation of the fibro-osseous activity will result in a constant fibrotic reorganization of 
the tissues. The final path resembles the theory described by Marx et al., resulting in a 
hypoxic environment with the risk of complete tissue breakdown.7  
Some models for the development of ORN on cellular level found that ORN hypoxia 
induces profound deregulation of angiogenic, chemokine, and inflammatory factors.8 
The limited number of histological studies shows discrepancies with regard to the 
results and justifies the development of a large-animal model to translationally 
demonstrate the clinical and histomorphological effects of RT in varying doses in the 
head and neck on the development of ORN. 
The goal of this study was to establish an appropriate and efficient mini-pig model to 
study ORN in the head and neck. We hypothesized that an increasing irradiation dose 
will result in a progressive decrease in bone remodeling activity and vascularization and 
increasing levels of fibrosis, leading to clinical and morphological signs of ORN.  

METHODS 

The experiment was conducted in accordance with the European Community 
Guidelines for the Protection of (Laboratory) Animals. This study was part of a larger 
experimental animal study investigating irradiation effects on the mandible.9 The local 
animal ethical committee approved the study (DEC 2011-127).  
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Study design 

Sixteen healthy adult female Göttingen minipigs were used, aged 18 months at start of 
experiment and with a mean weight of 40 kg. 

Study Variables 

Four pigs were randomly divided into one of the 4 research groups stratified by the 
respective radiation dose received, comprising the control, 25 Gy, 50 Gy or 70 Gy 
irradiated groups. The primary outcomes were the bone vitality, bone formation rate 
and vascularization. The two study variables were radiation dose and surgery. No other 
variables were related to the outcome of this study. 

Procedures 

A 6-megavolt linear accelerator (Linac Siemens, Erlangen, Germany) with two opposing 
lateral beams was used to irradiate the entire mandible. Two fractions with dosages of 
6.5 Gy, 9.7 Gy and 11.8 Gy, equivalent to 25 Gy, 50 Gy or 70 Gy, were used with a time 
interval of 48 hours. This biological effective dose was calculated with a linear quadratic 
model with the assumption of α/β ratio of 3.10  
Thirteen weeks after irradiation, teeth were extracted and dental implants were placed 
under general anesthesia to simulate a typical surgical trauma in the jaws. All molars 
and premolars on the left side of the mandible were extracted, and subsequently four 
Biocomp dental implants (diameter 4 mm and length 12 mm) were placed in each pig 
(Bio-Comp Industries BV, Vught, The Netherlands). Postoperatively, intramuscular pain 
medication (buprenorphine, Reckitt Benckiser Healthcare Hull, United Kingdom) and 
intramuscular antibiotics (amoxicillin, AST beheer BV Oudewater, the Netherlands) were 
administered for three days. The fluorochrome markers calcein green, xylenol orange 
and calcein blue were subcutaneously administered 2, 14 and 24 weeks after 
radiotherapy, respectively (Fluka, Sigma-Aldrich, Seelze, Germany). 
After sacrifice, at 26 weeks after irradiation, the bone samples were fixated in 4% 
formaldehyde and subsequently embedded in polymethyl methacrylate (PMMA; 
Technovit 9100, Heraeus Kulzer, Hanau, Germany) and sectioned at a thickness of 78 
µm with a saw microtome (Leica SP1600, Wetzlar, Germany). This was done to 
specifically analyze both implant and the surrounding bone. The samples were stained 
with Masson’s trichrome using a Masson-Goldners trichrome staining kit (Carl Roth, 
Karlsruhe, Germany). Four samples per side were taken and were subsequently 
analyzed under a light microscope (Carl Zeiss AG 1600, Oberkochen, Germany) and 
pictures were made on five different locations of the cross-sections with magnifications 
of 25x and 50x. These five locations were evenly distributed over the entire 
circumference of the mandibular bone. 
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The specimens were analyzed for bone vitality and vascularization. The bone vitality was 
measured by evaluating the amount/size of resorption lacunae, the ratio of 
woven/lamellar bone and the levels of necrosis and fibrosis. This was assessed with a 
semi-quantitative scoring method and expressed as not present (-), mild (+), moderate 
(++) and severe (+++). The samples were analyzed by four independent observers (LP, 
HL, NL, and RB), blinded for individual treatment given with 1-50x magnification. Based 
on these results, the final scores were determined by two observers. This scoring 
method was based on the scoring method of Fenner et al and Aitasalo et al.11, 12  
The inferior alveolar artery (IAA) provides the main blood supply for the mandibular 
body. The IAA was measured according to the following parameters: thickness of the 
tunica intima, intima-media thickness and the diameter of the vascular lumen at a 
magnification of 50x. The above-mentioned parameters were measured with Image J 
software (Image processing and analysis in Java, NIH, Bethesda, Maryland, USA).  
The bone formation rate was determined by measuring the distance between 
fluorochrome tracings in the exocortical bone of the lateral mandibular cortex. At five 
different locations, the images were analyzed under a fluorescence microscope with a 
magnification of 100x (Leica Microsystems, Leitz DMRB, Wetzlar, Germany). For every 
location, three images were taken at the exact same location with different excitation 
wavelengths. Photoshop (Adobe Photoshop CS6, Adobe Systems Software, San Jose, CA, 
USA) was used to process these images, and the distances between the fluorochrome 
tracings were measured with the Image J program. Period 1 was defined as the distance 
between calcein green and xylenol (marking week 2 and 14 after irradiation), and 
period 2 was defined as the distance between xylenol orange and calcein blue (marking 
week 14 and 24 after irradiation). 

Statistical analysis 

The data were incrementally entered into electronic sheets (Excel, Microsoft Office 
2010, Microsoft, Redmond, WA, USA) during the study period and processed with IBM 
SPSS version 22 (IBM, Somers, New York, USA). The differences between the groups 
were measured with the Mann-Whitney U test. Because of the small study population 
and corresponding small power, we used non-parametric tests, as a normal distribution 
could not be assumed. 

RESULTS 

Two animals were diagnosed with clinical ORN with exposed bone centrally in the 
irradiated area, one pig from the 50 Gy group and one from the 70 Gy group. The ORN 
animals displaying clinical ORN were histologically compared to the other animals of 
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their groups. No differences could be found regarding the diameter of the vascular 
lumen, media intima thickness, and bone formation rate during period 1.  
However, significant differences were found with regard to the tunica intima thickness 
and bone formation rate during period 2. The tunica intima thickness was increased in 
the clinical ORN pigs, and the bone formation rate during period 2 was decreased.  
In general, the diameter of the vascular lumen decreased after irradiation in a dose-
dependent manner on both sides of the mandible, the operated and non-operated side. 
There were no significant differences (see Figure 1A). Figure 1 A-C depicts the results of 
varying radiation doses on the vascular structure of the IAA. The operated and non-
operated sides of the mandible are compared with each other. 
The bone vitality was assessed using a semi-quantitative method of measurement, and 
the values are listed in Table 1. In our study, the level of fibrosis, the number and size of 
resorption lacunae and the ratio of woven/lamellar bone increased in a manner 
dependent on radiation dosages and surgery. On the surgical side, there was an 
increased level of woven bone present and signs of necrosis. Table 1 describes the 
results in detail. Supplementary images depicts images of IAA, mandibular bone 
architecture and lamellar to woven bone increase. 
Bone remodeling was markedly decreased after irradiation during both periods on the 
operated and non-operated sides (see Figure 2). During period 1, there were no 
significant differences in bone remodeling rates in between the varying irradiation 
groups. During period 2, however, the bone remodeling rates were significantly 
decreased with increasing radiation doses on the non-operated side. The bone 
remodeling rates of all groups were significantly increased during period 2 compared to 
period 1. Figure 3 depicts composed fluorochrome images. 
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b. 

 
c. 

Figure 1. Vascular changes of the in IAA depending on radiation doses and surgical trauma. Figure 1A: Effects 
on the diameter of the vascular lumen. Figure 1B: Effects on the thickness of the tunica intima Figure 1C: 
Effects on the intima-media thickness. Significant differences are marked with an asterisk *. 
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Table 1. Results of semi-quantitative histological scoring. The amount of fibrosis, necrosis, lacunae forming 
and the ratio woven/lamellar bone dependent on radiation dose. “0”= not present, “+” =mildly present, “++” 
= moderately present and “+++” = highly present. 

 Fibrosis Necrosis Lacunae Woven bone Lamellar bone 

Control group      
Non-surgical side 0 0 + + +++ 
Surgical side 0 0 + ++ +++ 
25Gy group      
Non-surgical side 0 0 + + +++ 
Surgical side + + + ++ ++ 
50Gy group      
Non-surgical side + 0 ++ + +++ 
Surgical side + + ++ ++ ++ 
70Gy group      
Non-surgical side + 0 ++ ++ +++ 
Surgical side ++ + +++ ++ ++ 
 

 

 

Figure 2. The bone formation rates over time during period 1 and period 2 dependent on radiation doses. 
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a. 

 
b. 

Figure 3. Fluorescence microscopy images composed of an overlay image 
the fluorescence signaling in cortical bone, markers shown are calcein 
green, xylenol orange, calcein blue respectively. A 0Gy and B 70Gy animal. 
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DISCUSSION 

The IAA was studied intensively in this experiment because it is the main artery of the 
mandible.13 The diameter of the lumen was decreased after irradiation on the operated 
and non-operated sides. A decreased diameter could indicate a decreased blood flow to 
the tissue, and the nutrient supply could therefore be reduced. This decline in blood 
supply could be the main cause for the reduction of the healing capacity in the 
mandible. On the other side, the risk of vulnerability of irradiated tissues might be 
enhanced.14 In a study on the effects of RT on the aorta, Gillette et al. found that the 
diameter of the lumen was not decreased after irradiation.15 The difference in 
outcomes was probably caused by histological variations and the differences in the 
location and size in arteries studied. Larger arteries, such as the aorta, suffer less from 
the effects of irradiation compared to smaller arteries.16  
The vascular changes of the artery were measured by the thickness of the tunica intima 
and the media-intima thickness. We found a dramatically thickened tunica intima after 
mandibular irradiation, with a wide spread in the effects of irradiation on the vascular 
changes. The individual variety of radiation effects could help to explain the 
unpredictability of the risk of ORN in humans. This variation in incidence was also found 
in our study, where one pig in the 50 Gy group and one in the 70 Gy group developed 
clinical ORN. Both of these pigs had an outspoken thickened tunica intima. 
These findings are in line with the findings of Bras et al., where even in the larger 
arteries, such as the aorta, a thickening of the tunica intima was found.13, 17 The 
thickening of the tunica intima is associated with increased fibrotic tissue formation, 
lipid deposition, and a subclinical change, which predicts the risk for vascular events.18 
Surgical trauma did not have any significant influence on vascular changes. Only in the 
25 Gy group did the tunica intima of the operated animals show an obvious increase in 
thickness compared to the control group. 
Under normal conditions, the IAA is the main artery to the entire mandible. If the artery 
is blocked, angiogenesis or arteriogenesis can only partially restore the vascularization 
of the mandible. The angiogenesis is induced by hypoxia and inflammation.19 The facial 
artery and other collateral vessels will substitute the perfusion of the periosteum, 
mainly in the lateral aspects of the mandible and the symphyseal region.20, 21 However, 
whether this revascularization of the mandibular body can restore the vascularization 
completely is unknown. The irradiation of the mandible causes vascular compromise, 
which might lead to ORN this also applies to the minipigs.22 
To the best of our knowledge, this is the first study to investigate the effects of different 
irradiation dosages on bone vitality in a large animal model. Twenty-six weeks after 
radiotherapy, we found an increasing amount of fibrosis, resorption lacunae and an 
increased ratio of woven/lamellar bone that was dependent on irradiation dosages and 
surgery. The levels of necrosis were only increased after surgery in combination with 
irradiation. We only found microscopic changes indicating necrosis in irradiated and 
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operated mandibular sides. In our study, we found that RT has effects on all tissues in 
the irradiated field. 
Fibrotic changes were also seen in the surrounding tissues, such as the bone marrow, 
and in the operated region. Similar results were found in other studies, which found 
increasing levels of TGF-β after irradiation and an association of TGF-β with the 
development of fibrotic tissue.23, 24 In normal wound healing, the fibrotic phenotype is a 
temporary phenotype and disappears after wound healing. However, after 
radiotherapy, the myofibroblasts remain excessively persistent in the irradiated area, 
resulting in a chronic fibrotic state of the tissue according to Delanian et al.7 
The ratio of woven/lamellar bone was shifted towards a more woven bone-like 
phenotype after irradiation. Increased levels of woven bone indicate compromised 
bone, as woven bone is mechanically weaker.25 The levels of necrosis were increased 
after radiotherapy in combination with surgery. Necrosis normally predominates in the 
later stages of tissue after radiotherapy.7  
The bone remodeling rates of the exocortical bone were remarkably decreased after 
irradiation. In the literature, contradicting results were found about the influence of 
radiotherapy on the bone remodeling rate.26, 27 Three major cell types are involved in 
this process: osteoclasts, osteoblasts and osteocytes. The coupling between those cells 
is essential for balanced bone remodeling.28 This coupling is disturbed after 
radiotherapy, as described by Alwood et al. and others.27 They hypothesize that TNF-α 
has a central role in osteoclastogenesis. In response to RT, there is an increase in the 
levels of TNF-α, thereby triggering the inflammatory response and stimulating the 
further release of several cytokines. The levels of RANK-L and M-SCF are increased by 
TNF-α, and they are both essential for the differentiation, activation and survival of 
osteoclasts.8, 27 In the physiological situation, the effects of RANK-L are partially blocked 
by OPG, but after radiotherapy, this balance is disturbed by increased levels of RANK-
L.27 This results in increased numbers and increased activation of osteoclasts, which will 
result in lower bone formation rates and increased bone resorption rates.27 This was 
also found in our study. The bone formation rate of ORN pigs was also reduced, 
indicating that ORN reduces the bone formation rate. 
Based on the results of fluorochrome staining, we found that the bone formation rates 
decreased after irradiation. The results of other animal studies in literature contradict 
these findings.8, 26 The differences found might be based on the type of experimental 
animal used. We are convinced that the results related to bone regeneration provided 
by large-animal experiments with Göttingen mini-pigs will deliver more representative 
results, as the bone biology of the Göttingen mini-pig resembles that of humans much 
better than that of small-animal research models.8, 26 The bone formation rates in our 
study were increased only immediately after surgery and decreased again in the later 
stages. Similar results were found by Berglundh et al. and Brasseur et al., who found 
that minor surgery can increase bone formation.29, 30 
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As in all animal-based studies, we had to accept some shortcomings in our study. In our 
model, the irradiation was given in two large fractions only, whereas in humans, RT is 
normally given in daily small fractions or is even hyper-fractionated. However, we found 
pathophysiological reactions similar to those in humans. Therefore, our model seems to 
be appropriate for the examination of side effects of irradiation in the head and neck. 
The histological sections used in this study for histomorphometric analysis were 
relatively thick. Therefore, it was not possible to examine the specimens at a larger 
magnification, which made it impossible to evaluate cellular processes and changes. 
Nevertheless, the parameters measured were of high quality.  
Because cytokines and their receptors seem to play an essential role in the 
pathophysiological processes leading to ORN, future studies should evaluate RT-induced 
effects on the cellular level. Despite the limited observation time, two animals were 
observed to have clinical ORN, albeit early ORN.  
In summary, we found typical RT-related tissue changes in all irradiated animals. In 
terms of surgical interventions, trauma to the irradiated mandible resulted in a higher 
risk of developing ORN. We found changes of the arterial wall of the IAA in all animals. 
The degree of vascular change was dose-dependent. A radiation dose-dependent 
imbalance between bone repair and osteoclastic activity was also seen.  
After irradiation of the mandible in Göttingen mini-pigs, we found vascular damage, an 
increase in fibrotic tissue and high osteoclastic activity without a clear dose-dependent 
threshold. We believe that the vascular changes induced by RT are key to development 
of ORN.  
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d. e. 
 

  
f. g. 

Supplementary images. Mandibular bone. Figures A,B show differences in histological architecture of the 
mandible. A non-irradiated, B and C irradiated with 70Gy. Lacunae forming and destruction is visible. Figure D 
(70Gy) show increased amounts of resorption lacunae, with decreased lamellar bone and increased woven 
bone compared to the control group (Figure E). Original magnification 25x; staining: Masson trichrome. Figure 
G (70Gy) show a decreased lumen of the IAA with a fibrotic tunica intima compared to the control group 
(Figure F). 
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GENERAL DISCUSSION 

Treatment of head and neck cancer often requires external radiation therapy (RT). 
Perhaps the most vexing and exigent problem confronting head and neck cancer 
patients is overcoming the impediments of collateral damage imposed by RT. In fact, 
radiation affects all the surrounding normal tissues, with different degrees of sensitivity, 
and may produce severe wound healing complications, such as mandibular 
osteoradionecrosis (ORN).1 ORN can have a severe impact on the quality of life of 
patients. Intraosseous vascularization is known to be decreased after irradiation, but its 
impact on total bone biology is still controversial.2-4 
The variability of onset after RT, clinical presentation, extent and variability in 
progression make ORN difficult to study. In addition to the difficulties in diagnosing ORN 
the choice of an appropriate treatment regimen is difficult to define and may range 
from non-invasive measures to multiple flap micro-surgical reconstructions.5-10  
 
The incidence of mandibular ORN in head and neck cancer patients managed with 
primary or adjuvant RT, varies widely in the literature from 2% to 22%.1 The 
interpretation of data derived from particular retrospective clinical series are difficult 
due to biases in patient selection, the different scoring methods and classification 
systems used for the evaluation of post-radiation bone damage. Although ORN occurs 
typically in the first three years after RT, patients probably remain at risk indefinitely. 5, 7, 11 
 
The consequences of RT on bone vasculature, long known to be affected by radiation, 
have been poorly understood.2, 4, 12 Therefore an appropriate animal model is needed to 
study both pathophysiological processes and diagnostic tools. In general, 
pathophysiology of ORN is caused by ongoing fibrosis, vascular compromise, and 
unopposed osteoclastic activity. Still it is unclear why only certain patients and not all 
patients develop ORN. 
 
We performed a literature review in chapter 2 on irradiation effects on facial bones in 
animal experiments. The results and details in the selected studies were informative, 
but due to the variability of the test animals, test setup, irradiation technique and dose, 
and possible surgical interventions it was impossible to draw general conclusions on 
irradiation side effects. Recommendations on future animal research on irradiation 
were included in our animal model. Specific information on a semi-quantitative radio-
histological scoring was found, which was used for histological evaluation, described in 
chapter 7. 
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Animal model 

ORN can occur either spontaneously or in relation with a surgical trauma. An animal 
model should ideally encompass both mechanisms. The animal model we developed 
was based on a split mouth design in which the left mandibular side was operated on in 
a typical oral surgical intervention, whereas the right side was left intact, and both sides 
were irradiated. Patients suffering from cancer in the head and neck frequently have to 
undergo surgical tooth sanitation or other oral surgical interventions, often followed by 
placements of implants. Therefore the combination of extraction and implant 
placement was chosen as typical intervention in our animal model. The impact of 
different radiation doses was studied. 
The Göttingen Minipig was chosen purposely for two major reasons. First the bone 
regeneration rate resembles the bone regeneration of humans better than those of 
small test animals often used in animal experiments, such as rats or mice. The bone 
regeneration rate in the Göttingen Minipig is about 1.5 times higher than in humans 
and therefore judged as comparable.13 Secondly, the size of the minipig’s mandible is 
ideal for experiments based on teeth extractions in combination with implant 
placement.14  
ORN is a complication of the bone, being a late responding tissue.15 The time needed 
for the total remodelling cycle of the bone for minipigs is about three months.16, 17 
Therefore a six month time interval for evaluation of RT effects on the bone and a three 
months’ time interval for surgery was chosen. 
The applied doses were in only two fractions due to practical limitations, and the linear 
quadratic model was used to calculate the equivalent dose, using an alpha beta ratio of 
three.15 Despite the fact that for low fractionation the exact dose effects were unsure, 
no animal died after irradiation and the animals reacted to irradiation as expected: two 
animals in the groups receiving higher irradiation doses developed typical clinical signs 
of ORN. We can conclude that the chosen test animal, the radiation doses applied and 
the RT fractionation were suitable for an animal experiment on ORN. 

Laser doppler flowmetry 

As described in chapter 3 our animal model enabled us to directly monitor local blood 
flow in irradiated and non-irradiated bone. By irradiating not only the mandible, but 
also the frontal bone we intended to study the blood flow in two distinctly different 
anatomical regions of different embryological origin. 
In general there was a trend towards reduction of local tissue blood flow indirectly 
proportional with the increase in irradiation dose. This decrease in perfusion was more 
pronounced in the mandible compared to the frontal bone. The blood supply of the 
mandible mainly relies on the inferior alveolar artery, whereas the vasculature of the 
frontal bone consists of an intricate vascular web of anastomoses.18 The vascular 
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architecture can partially explain the distinct vulnerability of the mandible to develop 
ORN, compared to the frontal bone. These findings were supported by detecting 
progressive fibrosis of the tunica intima of the inferior alveolar artery and a decrease in 
its diameter at histopathological evaluation. The relative small changes in laser doppler 
flowmetry measurements might be a result of the fact that the recordings were made 
directly after extractions causing vascular disturbances. This is in contrast with the 
literature, especially the results of Verdonck et al.19, 20 
Careful evaluation of laser doppler flowmetry measurements in the animals with clinical 
ORN, however, did not reveal significant differences compared to the non-ORN animals. 
The predictive value of flowmetry on the risk of development or even presence of ORN 
is limited and makes laser doppler flowmetry not suitable for detection of ORN or 
detection of early stages of ORN.  

Bone mineral density 

The bone mineral density is indirectly affected by reparative processes. Changes in bone 
mineral density could be an excellent non-invasive parameter for monitoring structural 
changes of bone after irradiation or other physico-chemical stimuli. However, the 
effects of irradiation on bone mineral density are not fully understood and various 
observations exist. Verdonck et al. found a non-significant increase in bone mineral 
density after irradiation of mandibular bone.21 This was confirmed by Margulies et al. 
and described as hypermineralisation after irradiation.22 In contrast, Fregene et al. 
found a decrease in bone mineral density.23 In chapter 4 we studied bone mineral 
density in irradiated minipig mandibles, aiming to discover a dose dependent tissue 
reaction. We found that bone mineral density was equally reduced in all irradiated 
animals and not decreased in the non-irradiated animals. The changes in bone mineral 
density we observed were not dose dependent. Verdonck et al found an insignificant 
increase in the bone mineral density after irradiation in their study of Göttingen 
Minipigs. All teeth were removed and the bone was allowed to heal for three months 
before irradiation. CT scans were performed three months after irradiation.21 
Reparatory mechanisms could have caused the bone mineral density to increase 
slightly. Their results can be interpreted as a mechanism known from fracture healing in 
the long bones, especially the femoral head. There the bone density in the surrounding 
bony tissues increases during fracture healing. After a certain period, the bone mineral 
density will then return to normal.24 This final reduction of bone mineral density might 
have been stopped by irradiation, causing the increase compared to the non-irradiated 
animals.  
In our study histopathological evaluation of the mandible revealed that in cortical bone 
there was an increase in the woven bone to lamellar bone ratio in all irradiated animals 
on both sides. The newly formed bone consisted of immature bone with a relatively low 
mineralisation grade. The observation that bone mineral density was equally decreasing 
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in all irradiated animals without significant differences for those animals which revealed 
clinical ORN incapacitates bone mineral density measurements as a tool for quantitative 
analysis of bone quality after irradiation.  

Imaging 

The chances of radiological diagnosis of ORN by early detection of the impact of 
radiation on bone and vasculature received little attention in literature. In daily practice 
the diagnosis of ORN is based on CT and MR-imaging. CT is used for the visualisation of 
bony changes whereas MR-imaging can depict active bone marrow involvement in 
absence of tumour recurrence.25-27 Radiology, however, may enable us to study the 
pathophysiological process of the development of ORN in humans in vivo.25, 28  
In chapter 5 we based the radiological diagnosis in our animal experiment on the same 
non-invasive radiological methods as in humans to render translational results. Both, 
MR- and CT- imaging, were applied to evaluate the effects of irradiation on bone.  
The two animals which met the criteria of clinical ORN, were diagnosed as ORN with 
MR- and CT- imaging. In addition a third animal with subclinical or healed ORN was 
detected by radiological imaging and confirmed by histopathologic evaluation. Because 
of the relative short observation time this was more probably ORN in progress than 
healing although no clinical observations were done during the 3 months after surgery. 
The ORN animals showed cortical destruction of the mandible visible on CT and bone 
marrow involvement with an increase in water signal at all sequences at MR-imaging 
resembling bone marrow edema patterns. The T2-SPIR sequence however 
demonstrated a mixed pattern in the clinical ORN cases. This advocates for inclusion of 
this sequence in the routine clinical diagnostic work-up for ORN. The mixed bone 
marrow edema pattern reflects the active pathophysiological process of ORN, with both 
fields of inflammation and fibrosis. Since this process is responsible for the development 
of clinical ORN, definition and detection of pre-ORN marrow conditions could aid early 
medical intervention, possibly preventing ORN or reducing the severity of ORN. At 
higher irradiation dose, an increase in water content was noted on T1, T2, STIR and post 
Gadolineum sequences. Histopathological evaluation showed increased presence of 
fibrosis and cortical resorption lacunae in higher irradiation doses parallel to findings of 
altered signal intensities on MR-imaging.  
 
Dual energy CT (DE-CT) allows for filtering calcium containing tissues enabling the study 
of the soft tissues of the bone. DE-CT derived virtual non-calcium images were studied 
as an alternative method to detect bone marrow edema in vertebrae, the ankle and 
knee,29-31 but it has not yet been tested in a more complex anatomical structure such as 
the mandible. In chapter 6 we used this diagnostic tool to explore the degree of bone 
marrow edema, as we believe that the cause of the development of ORN is based on a 
preceding edema and demineralisation process. Edema of the bone marrow is found 
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after irradiation 25, 26 and might be caused by a prolonged regeneration process after 
irradiation. The virtual non-calcium images compared to the edema found on MR-
imaging demonstrated a good correlation between HU-values and STIR signal intensity, 
indicating edema at higher values and hyperintensity at STIR-imaging. Virtual non-
Calcium images offer the opportunity to be used for the detection of bone marrow 
edema of the mandible and more preferably for early detection of ORN and pre-ORN 
conditions. 

Histopathological evaluation 

In chapter 7 we studied histological and histomorphometric alterations in healthy bone 
in our large animal experiment on Göttingen minipigs. Irradiation causes a 
compromised vascularisation, due to fibrosis of the vascular walls, especially the tunica 
intima of the arteries. This pathophysiological process leads to hypoperfusion and 
demineralisation. The regenerative capacity of irradiated tissues resulted in insufficient 
bone regeneration with an increased amount of newly formed disorganised bone at a 
reduced remodelling speed. The woven bone/lamellar bone ratio increased depending 
on the irradiation dose. The mandibular bone specimens of all irradiated animals 
showed these changes in a varying degree. Three animals developed ORN 
histopathologically, revealing bone sequesters in two and extensive destruction of 
cortex in all three. The deterioration of bone quality and a compromised vascularisation 
on itself does not necessarily lead to the clinical diagnosis of ORN. We think the key to 
develop ORN lies in the unopposed osteoclastic activation also found by Störe et al.4 
possibly triggered by local hypoxia.4, 32 We did find increase in osteoclastic activity with 
increased irradiation dose seen as an increase in resorption lacunae, especially in 
association with surgical interventions. In humans there is a specific genetic allotype for 
TGF-β1 receptor resulting in an increased risk for ORN found by Lyons et al.33 This 
receptor change causes further increase in fibrosis and possibly explains why not all 
patients and not all animals develop ORN.  
 
The limitation of this experimental model is the fact that an animal model had to be 
chosen to describe side effects of irradiation in the head and neck field. However close 
the animal’s bone biology resembles the situation in humans it will always be somewhat 
different. We were able to analyse histology, radiology and experimental methods to 
evaluate the effects of various irradiation doses on healthy bone with controlled 
variables, increasing the strength of the thesis. As described by Marx et al.2 ORN has an 
early and late form. Since the observation time was limited due to logistic reasons the 
irradiation effects observed must be regarded as early or acute effects of irradiation. 
The animal model as defined in this study seems to be ideal for further research on 
ORN. 
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Conclusion 

The results of this experimental research added to the knowledge on the 
pathophysiology and development of ORN in the head and neck, as well as to the 
diagnostic necessities to detect ORN in preclinical stages. 
MR-, conventional CT- and DE-CT-imaging are useful for the diagnosis and early 
detection of ORN. Cortical destruction was noted on CT- and on MR-imaging, specifically 
T2-SPIR displayed a specific signal intensity pattern in the clinical ORN cases. In general 
increased signal intensity changes at T2-weighted sequences were seen with increased 
irradiation doses, resembling bone marrow edema. Mixed signal intensities on T2-SPIR 
after RT were exclusively found in the clinical ORN cases and visualize the 
pathophysiological process related to the development of ORN. DE-CT derived virtual 
non-Calcium images correlated to MR-imaging edema patterns and therefore DE-CT can 
be regarded as a feasible imaging tool to replace MR-imaging in the future. The 
diagnostic tools mentioned above offer an opportunity to create a new gradation 
system for the amount of radiation damage and loss of bone quality.  
The development of ORN requires three premises: firstly vascular fibrosis leading to 
decreased blood flow, secondly decreased bone remodelling and disorganised bone 
repair and thirdly increased osteoclastic activity. On the cellular level unopposed 
osteoclastic activity possibly triggered by hypoxia may be the fundamental biological 
process.  
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FUTURE PERSPECTIVES 

RT is without doubt beneficial in the treatment of head and neck cancer patients. In 
view of the possible side effects careful patient selection and protection from these 
undesirable effects remain an absolute necessity. Tailor made treatment planning in 
head and neck cancer includes refinement of RT equipment, protocols and treatment 
planning. Apart from this, further research is needed to identify patient specific genetic 
risk factors for developing ORN.33 Intensified follow-up of RT-side effects on bone 
quality, should prevent ORN and warrant patients’ quality of life after treatment of head 
and neck malignancies for the rest of their lives. 
 
Further research regarding drug treatment of ORN is necessary. Since the animal model 
used in our study proved highly comparable to the human situation, this study model 
offers ideal opportunities to examine the effects of drugs on ORN. Based on the 
possible mechanism of unopposed osteoclastic activity special interest should be 
directed to investigate the benefits of Clodronate, since it inhibits osteoclasts and also 
stimulates osteoblast activity. 
 
Future clinical studies should aim at further improvement and clinical validation of Dual 
Energy CT derived virtual non-calcium images for the early detection of bone marrow 
edema in preclinical ORN, as an integral tool in the regular follow-up program of 
irradiated head and neck cancer patients. Dual energy CT could replace the combination 
of conventional CT- and MR-imaging for the diagnosis of ORN and help to avoid 
development of clinical ORN. Mixed images from dual energy CT could lead to patient 
specific evaluation of bone quality, thus improving personalized treatment in this high-
risk patient group.  
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INTRODUCTION  

In the western world, head and neck cancer constitutes approximately 5% of all cancers. 
In the Netherlands, head and neck cancers account for 2500 new cancer cases annually.  
For head and neck malignancies, current treatment regimens can include radiotherapy 
(RT). RT has known beneficial effects both as a primary and as a secondary treatment, 
i.e., postoperative RT after surgical resection. However, despite improving and refining 
radio-therapeutic techniques, such as intensity-modulated radiation therapy (IMRT), 
irradiation effects on the surrounding healthy tissue continue to cause complications.  
One of the known complications of RT is osteoradionecrosis (ORN), which can affect all 
bony structures in the field of irradiation, but is most commonly seen in the mandible at 
a frequency of 2-22%. The diagnosis is generally based on a clinical presentation. ORN is 
defined as “irradiated bone, which becomes devitalised and is exposed through the 
overlying skin or mucosa and does not heal within a period of three months, without 
tumour recurrence”. Several factors have been identified that increase the risk of 
developing ORN including treatment-related factors, such as the radiation dose and the 
volume of irradiation. ORN can be triggered by surgical intervention or pressure sores 
from dentures and can occur spontaneously. It can arise at any point after irradiation 
therapy even several years later.  
Treatment of ORN ranges from conservative management with or without surgical 
debridement to wide resections in severe cases. Due to the compromised local tissue 
condition, reconstruction with micro-surgical free-flap transfer is the standard 
treatment. This is a major surgical intervention in patients with severe comorbidities. 
Functional and aesthetic limitations are inevitable and dramatically reduce the quality 
of life of the affected patients.  
Between 2007 and 2013, our head and neck team at the MUMC+ treated approximately 
1200 new oncologic cases of which an estimated 300 cases received partial irradiation 
of the mandible. We recorded 15 cases of ORN, which gives an estimated frequency of 
5%. This figure is comparable to the incidences mentioned in the literature.  
Due to the variability in onset and presentation as well as the variable progression of 
mandibular ORN, clinical studies are difficult to perform. The exact pathophysiological 
mechanisms leading to the development of ORN are not yet fully understood, and 
therefore, a targeted treatment strategy is lacking.  
To study the pathophysiological conditions leading to ORN, we developed a large animal 
model. With regard to bone physiology, the Göttingen minipig has anatomical and 
biological characteristics highly comparable to human beings. This enabled us to study 
the pathophysiological processes that are similar to the human situation under 
controlled conditions. Increasing irradiation doses were applied with and without 
surgical interventions. Moreover, imaging to assess mandibular ORN has received little 
attention in the literature. The added value of the visualisation of the 
pathophysiological processes, however, is evident.  
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RESULTS  

The animal model and experiments described in this thesis are realistic, because three 
of the twelve irradiated animals developed ORN using a radiation pattern with two 
fractions. Another research group irradiated minipigs with only one fraction, and all 
animals developed ORN. However, in our study, only one in four animals developed 
ORN. Therefore, the radiation pattern based on only two fractions resulted in clinically 
comparable outcomes with respect to ORN.  
Using laser Doppler flowmetry, we found a non-significant progressive decrease in the 
local blood flow. This was confirmed histologically, where a decreased vascular 
diameter due to intima fibrosis could be demonstrated. Using conventional CT imaging, 
we found a non-progressive decrease in bone mineral density after irradiation, which 
was likely caused by prolonged and insufficient remodelling after irradiation.  
All animals underwent both MR- and CT-imaging. In the ORN animals, cortical 
destruction and marrow involvement were present. With an increase in the irradiation 
dose, MR-imaging revealed progressive bone marrow oedema due to the irradiation on 
both the surgical and non-surgical side. Furthermore, there was a considerable variance 
between the animals from the same irradiation groups. One animal had no clinical signs 
of ORN, but had radiological ORN and histological changes; these variable results 
emphasise the need for imaging.  
Additional imaging was performed using dual energy CT (DE-CT). With this technique 
the evaluation of the bone marrow is made possible using CT. We compared the density 
of the bone marrow on virtual non-calcium images to the signal intensity of the bone 
marrow from the STIR images. We found that the DE-CT images were comparable to the 
MR-imaging for the detection of the marrow oedema pattern. This is potentially a new 
application for the detection of ORN in patients after clinical validation.  
Histological evaluation revealed progressive fibrosis in general and especially in the 
vascular wall of the inferior alveolar artery. Necrosis and bone destruction were clearly 
visible in the ORN cases. The bone remodelling was markedly decreased with an 
increase in the irradiation dose.  
Based on the findings of our animal model, we can conclude that the pathophysiological 
process leading to ORN is a variable process; therefore not all animals developed ORN.  
ORN appears to be caused by vascular compromise combined with reduced and 
insufficient bone regeneration.  

CLINICAL IMPLICATIONS  

The specific groups that will benefit from this study are head and neck cancer patients 
receiving RT and the multidisciplinary team involved in the treatment of head and neck 
cancer. With renewed attention to the problematic complication of ORN and the need 
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for careful planning of the RT, early diagnosis and treatment and intensified follow-up 
after RT are necessary. We expect that such an approach can improve the patient 
quality of life after radiotherapy for head and neck cancer. Hopefully early detection of 
preclinical ORN using CT- and MR-imaging can prevent the progression of the disease 
using medical treatment, such as treatment with pentoxyphilin, tocopherol and 
clodronate.  

SHARING KNOWLEDGE  

The knowledge gained by this study will be shared both by means of scientific 
publications in peer-reviewed journals and in presentations at national and 
international congresses. Furthermore, the intensified collaboration with the 
departments of radiology and radiotherapy will increase the multidisciplinary awareness 
of ORN. The results will be shared to the entire multidisciplinary head and neck 
oncology team; therefore, patients will benefit from these findings.  

FUTURE PERSPECTIVES  

To prevent the development of ORN, investigations should focus on further 
improvements and refinements in radiotherapy for head and neck cancer. Second, to 
detect preclinical ORN and to initiate immediate medical treatment, regular and 
intensified follow-up of irradiated patients is necessary. This preclinical detection would 
prevent the worsening of ORN and the deterioration of the patient’s quality of life after 
radiotherapy.  
In addition to improvements in clinical detection, future studies should aim for clinical 
validation and implementation of the dual energy CT technique for detecting ORN in 
human subjects. The use of this technology would make the diagnostic work-up for the 
early detection of ORN easier and faster.  
Dual energy CT might also be a promising tool for assessing bone quality after 
irradiation prior to surgical procedures in the mandible or during follow-up. 
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Chapter 1 introduction, describes the application of radiotherapy (RT) for head and neck 
malignancies and its beneficial effects on the time to recurrence and survival. However, 
a serious and late complication of RT is osteoradionecrosis (ORN), most commonly seen 
in the mandible. ORN can range from a mild to severe entity, the latter needs a micro-
surgical reconstruction. Pathophysiology of ORN involves vascular compromise, and 
dysregulated fibroblastic activity. However, the exact pathophysiological mechanism for 
the development of ORN remains unclear. Radiological diagnosis of ORN constitutes of 
MR- and CT-imaging, which until now it received little attention in literature. Bone 
changes and vascular effects after irradiation have been described but general 
consensus on these effects is lacking. 
The aim of this thesis was to study the pathophysiological conditions leading to ORN in a 
large animal model. 
 
In Chapter 2 a literature search on the experimental irradiation of facial bones in 
animals was conducted. The search was performed on publications between January 
1992 and January 2012, with the search terms: “irradiation facial bone” and “irradiation 
osteoradionecrosis”. A total of 36 publications were included. The irradiation sources 
were Cobalt 60, orthovoltage, 4 - 6 Megavolt photons, and brachytherapy. The total 
dose varied between 8 - 60 Gy in single or multiple fractions. The included studies 
presented a broad range of animal studies that differed in terms of the in vivo model, 
irradiation, observation period, and evaluation of results. This diversity in methods and 
end-points hampers the interpretation of results. This led to the conclusion that 
development and implementation of a detailed and standardized description of the 
methodology and results would facilitate the comparability of future studies. 
 
In Chapter 3 the effects of various doses of irradiation on blood flow in the mandibular 
bone were compared to the os frontale. In 16 female Göttingen minipigs the mandibles 
and os frontale were irradiated with equivalent doses of 0, 25, 50 and 70 Gray. 3 
months after irradiation, mandibular left premolars and molars were removed and 
dental implants were placed. 3 months after irradiation laser doppler flowmetry (LDF) 
was used to record local blood flow on the left mandible and in the irradiated area of 
the os frontale. At 6 months after irradiation, LDF measurements were repeated. Local 
blood flow measurements in the left hemi-mandible, were significantly higher 
compared to the os frontale. At 3 and 6 months, values of both os frontale and 
mandible showed no significant differences in the different dose groups. However a 
non-significant decrease in LDF values with an increase in irradiation dose in the 
mandible after both 3 and 6 months was visible. 
 
In Chapter 4 changes in mandibular bone mineral density after irradiation in various 
doses with and without surgery were investigated. CT-scans were made before and 6 
months after irradiation. The measured bone density was related to a bone phantom to 
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calculate the bone mineral density quotient (BMDQ). We found a significant decrease 
on both sides in the irradiated animals, but no significant correlation could be found 
between the irradiation dose and a decrease in BMDQ. 
 
Chapter 5 describes radiological changes in mandibular bone after irradiation with 
various doses with and without surgery in order to determine imaging characteristics of 
radiotherapy induced changes and ORN in our animal model. 16 Göttingen minipigs had 
CT- and MR-imaging made before irradiation and 6 months after irradiation. The MR-
imaging protocol consisted of T1, T2-TSE and T2-SPIR, STIR-images and post-gadolinium 
T1-weighted images. Alterations in the bony structures were recorded on CT- and MR-
imaging and scored by 2 head-neck radiologists.  
2 animals developed ORN clinically. Radiologically mixed signal intensities on T2-SPIR 
were seen. On CT-scans cortical destruction was found in 3 animals. Based on imaging, 
3 animals were diagnosed with ORN. Additionally, we found that higher radiation dose 
at the mandible was associated with an increased signal intensity at T2-weighted and 
STIR images, consistent with bone marrow edema pattern. 
Imaging with CT- and MR-imaging showed signal and structural changes that can be 
interpreted as prolonged and insufficient repair of radiation induced bone damage. 
Whereas clinically only exposed bone can be appreciated in ORN, CT- and MR-imaging 
facilitates visualisation of submucosal changes, thus adding to the accuracy and early 
detection of beginning or latent ORN.  
 
In Chapter 6 the accuracy of Dual Energy CT (DE-CT) for detection of edema of the 
mandible after irradiation and surgery was compared to MR-imaging. In the same 
experimental setup, 15 of the animals underwent DE-CT and MR-imaging of the 
mandible 6 months after radiation. MR STIR was used for grading of bone marrow 
edema, on a scale of 0 to 3. DE-CT with simultaneous imaging at 80 kVp and 140 kVp 
was performed and virtual non-calcium (VNCa) images were calculated. HU-values were 
measured by 2 observers and compared to MR-imaging. STIR demonstrated increased 
signal intensity in the higher radiation groups. An increase of signal intensity at STIR 
imaging was accompanied by a significant increase in HU-value at VNCa images in the 
bone marrow. 
Thus, VNCa images derived from DE-CT were able to demonstrate bone marrow edema 
in radiation induced bone changes in the mandible. So in addition to the ability of CT to 
depict cortical destruction and trabecular bone resorption, DE-CT VNCa images can 
provide additional information on the presence of bone marrow edema in one stop. 
 
Chapter 7 reports on the histological and histomorphometric changes induced by 
external irradiation in our animal experiment. In this experiment, to study bone 
apposition, fluorochrome markers were subcutaneously administered at 2, 14, and 24 
weeks after irradiation. The pigs were sacrificed at 26 weeks after irradiation, and the 
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mandibular bone samples were stained with Masson’s trichrome and semi-
quantitatively analyzed.  
The amount of fibrosis, necrosis, resorption lacunae and the ratio woven/lamellar bone 
were increased after higher radiation dosages and surgery. The inferior alveolar artery 
was affected by radiotherapy. The vascular diameter was reduced, the tunica intima, 
and the tunica media-intima thickness were increased depending on the irradiation 
dosages. In general, the bone remodeling rate was decreased after irradiation. Surgical 
trauma could increase bone remodeling rates in all groups locally. Both surgery and 
increasing irradiation dosages cause architectural bone changes and damage the 
vascularization. This might result in a chronic hypoxic state of the mandibular bone. This 
state could be prerequisite to the development on ORN 
 
In Chapter 8 above findings were discussed. A decrease of vascularity and bone mineral 
density with increased irradiation dose, were noted at histopathological evaluation. This 
was however not appreciated with the experimental diagnostic tools as were bone 
mineral density and laser doppler flowmetry measurements. In conclusion bone mineral 
density measurements and laser Doppler flowmetry were not found to be valuable 
diagnostic tools for the detection of bone quality changes after irradiation and ORN. 
 
Imaging plays an important role in the diagnostics of ORN. Cortical disruption is best 
noted with CT, while bone marrow changes can best be appreciated with MR-imaging. 
CT- and MR-imaging were able to detect the clinical ORN cases, as well as a preclinical 
case of ORN, as was confirmed histologically. The mixed signal intensity at T2-SPIR 
imaging was solely appreciated in clinical ORN cases, making this sequence a 
prerequisite in the diagnostic MR armentarium. 
At higher radiation dose an increase in bone marrow edema pattern was noted at MR-
imaging. This increase in bone marrow edema pattern could be visualized with DE-CT 
derived virtual non-calcium images and compared to MR-imaging. This offers the 
propensity for one stop shop imaging of ORN and radiotherapy induced changes of the 
mandible with DE-CT.  
 
The pathophysiology of irradiation damage of the mandible leading to ORN consists of 
three components: firstly, vascular fibrosis leading to decreased blood flow, secondly 
decreased bone remodelling and disorganized architecture and thirdly unopposed 
osteoclastic activity. We believe that when the fragile balance of these processes is lost, 
the critical threshold of hypoxia is passed and ORN can develop. 
 
Valorisation 
Due to the variability in onset and presentation, as well as the variable progression of 
mandibular ORN, the clinical study of ORN in the human population is challenging. The 



SUMMARY 

135 

ambiguous predictability of treatment outcome and the difficulties studying the effect 
of treatment of ORN is complicated by the variability of ORN.  
 
In order to study the pathophysiological conditions leading to ORN we developed a 
large animal model to study pathophysiological processed comparable to the human 
situation under controlled conditions with increasing irradiation doses. The application 
of various diagnostic modalities, make the findings of our study of major interest and 
gives a clear translation of our findings to the human situation. 
 
Future studies should aim at identifying patient specific risk factors for development of 
ORN and possible drug treatment of ORN. Furthermore, the use of modern imaging 
techniques like DE-CT should aim at refinement of the protocols and clinical validation 
in patients at risk for ORN. 
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Hoofdstuk 1, de inleiding, beschrijft de toepassing van radiotherapie (RT) voor de 
behandeling van hoofd- en hals tumoren en de gunstige effecten op de recidief kans en 
overleving. Echter een ernstige en late complicatie van de RT is osteoradionecrose 
(ORN), dit treft meestal de mandibula. De ernst van ORN varieert van een milde tot een 
complexe vorm, deze laatste wordt behandeld met resectie en micro-chirurgische 
reconstructie.  
De hypothese van de pathophysiologie van ORN omvat een verminderde doorbloeding 
en ontregeling van de fibroblasten activiteit, maar de precieze oorzaak van het 
ontwikkelen van ORN blijft onduidelijk.  
De radiologische diagnose van ORN wordt gesteld middels MR- en CT scans, maar kreeg 
maar weinig aandacht in de recente literatuur. Ook pathophysiologische veranderingen 
van botweefsel en vasculaire structuren door bestraling zijn beschreven maar er mist 
een algemene consensus over deze effecten. 
Het doel van dit proefschrift is om de pathophysiologische processen welke leiden tot 
het ontstaan van ORN te bestuderen in een groot dier model.   
 
In hoofdstuk 2 werd een literatuuronderzoek gedaan naar experimenten van bestraling 
van aangezichtsbeenderen in dieren. De periode januari 1992 tot en met januari 2012 
werd doorzocht met de zoektermen: “irradiation facial bone” en “irradiation 
osteoradionecrosis”. In totaal werden 36 publicaties geïncludeerd. De bestralings-
bronnen waren Cobalt 60, orthovoltage, 4 - 6 megavolt fotonen, en brachytherapie. De 
totale dosis varieerde van 8 - 60 Gy in enkele of meerdere fracties. De geïncludeerde 
studies presenteerden een breed scala aan dierstudies die verschilden in model, 
bestraling, observatieperiode en evaluatie van de uitkomsten. De verschillende 
gepubliceerde diermodellen lieten veel vragen onbeantwoord en waren lastig 
vergelijkbaar. Een gedetailleerde en gestandaardiseerde manier van uitvoeren en 
beschrijven van methoden en resultaten in toekomstige studies zal in theorie het 
vergelijken van dergelijke studies vergemakkelijken. 
 
In hoofdstuk 3 werden de effecten van oplopende bestralingsdoses op de lokale 
doorbloeding in de mandibula vergeleken met het os frontale. Van 16 vrouwelijke 
Göttingen minivarkens werden de mandibula en het os frontale bestraald, met de 
equivalent doses van 0, 25, 50 en 70 Gy. 3 maanden na de bestraling werden de linker 
premolaren en molaren van de mandibula verwijderd en werden dentale implantaten 
geplaatst. Drie maanden na de bestraling werd ook met laser doppler flowmetry (LDF) 
de lokale doorbloeding gemeten in de mandibula en het os frontale. Zes maanden na de 
bestraling werden de LDF metingen herhaald. De doorbloedingsmetingen in de linker 
mandibula waren significant hoger dan inhet os frontale. Zowel bij 3 als bij 6 maanden 
waren er zowel van de mandibula als het os frontale geen significante verschillen tussen 
de verschillende dosis groepen. Er was echter wel een niet significante daling in de LDF-
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waarden bij een toename van de bestralingsdosis van de mandibula, zowel 3 als 6 
maanden na de bestraling.  
 
In hoofdstuk 4 werden de veranderingen in de botdichtheid van de mandibula na 
bestraling met verschillende doses en met en zonder chirurgische interventie 
onderzocht. Er werden CT scans gemaakt vóór en 6 maanden na de bestraling. De 
meting van de botdichtheid werd gedeeld door de meting van de dichtheid van een bot 
fantoom, welke de botdichtheidsquotiënt (BMDQ) gaf. Er was een significante daling 
van BMDQ aan beide zijden van de mandibula in de bestraalde dieren, er was echter 
geen significante correlatie tussen deze daling en de bestralingsdosis. 
 
Hoofdstuk 5 beschrijft radiologische veranderingen van het bot van de mandibula na 
bestraling met verschillende doses met en zonder chirurgische interventie. Dit om 
karakteristieke veranderingen na bestraling en ORN vast te stellen in ons diermodel. 
Dezelfde 16 Göttingen minivarkens als boven beschreven kregen een MR- en CT scan 
voor de bestraling en 6 maanden na de bestraling. Het MRI protocol bestond uit de 
volgende sequenties: T1-gewogen, T2-TSE en T2-SPIR, STIR en T1 post-gadolinium. 
Veranderingen in de benige structuren werden vastgelegd en gescoord door 2 hoofd-
hals radiologen.  
2 dieren ontwikkelde klinisch ORN. Radiologisch was bij deze dieren gemengde 
signaalintensiteit te zien op de T2-SPIR beelden. Op de CT beelden was er in 3 dieren 
botdestructie zichtbaar. Gebaseerd op de beeldvorming werd bij 3 dieren de diagnose 
ORN vastgesteld. In het algemeen zagen we bij de dieren uit de hogere bestralingsdoses 
groepen geassocieerde sterke beenmerg signaal afwijkingen. 
Beeldvorming met MR- en CT-scans liet zowel signaal als ook structurele afwijkingen 
zien welke geïnterpreteerd kunnen worden als vertraagd en onvolledig herstel van de 
door de bestraling veroorzaakte botdestructie. Waar klinisch alleen de diagnose gesteld 
kan worden op bloot liggend bot, kunnen CT- en MR-scans de submucosale 
veranderingen in beeld brengen. Dit helpt bij het accuraat en vroegtijdig detecteren van 
beginnende en latente ORN.  
 
In hoofdstuk 6 wordt de bruikbaarheid van Dual Energy CT (DE-CT) voor de detectie van 
oedeem van de mandibula na bestraling en chirurgische interventie bepaald door te 
vergelijken met MR-beelden. In dezelfde experimentele setup als boven beschreven 
werd 6 maanden na bestraling bij 15 dieren naast de MR-scan ook een DE-CT-scan 
verricht van de mandibula. Van de MR-scan werd de STIR sequentie gebruikt voor 
gradering van het oedeem van het beenmerg van de mandibula op een schaal van 0 tot 
3.  
Met postprocessing werden virtuele non-Calcium (VNCa) beelden berekend uit de DE-
CT data. De HU-waardes in het beenmerg en de cortex, werden vergeleken met de 
scores van de MR-scans. De STIR-sequentie toonde een verhoogde signaal intensiteit in 
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de hogere bestralingsgroepen. De toename in signaal intensiteitsscore op MR-scan ging 
gepaard met een significante verhoging van de HU-waarde gemeten op de VNCa 
beelden ter plaatse van het beenmerg. Hierop werd geconcludeerd dat de VNCa 
beelden afgeleid van DE-CT-scan beenmerg oedeem kunnen aantonen na bestraling van 
de mandibula. Naast het afbeelden van benige afwijkingen als corticale destructie en 
resorptie van het trabeculair bot, kunnen DE-CT afgeleide VNCa beelden ook informatie 
geven over de aanwezigheid van oedeem in één enkele scan sessie. 
 
Hoofdstuk 7 beschrijft de histologische en histomorfometrische veranderingen na 
bestraling in ons diermodel. De bot appositie werd gemarkeerd met fluorochroom 
markers welke subcutaan werden toegediend 2, 14 en 24 weken na de bestraling. Na 
het opofferen van de dieren 26 weken na de bestraling, werden de bot coupes gekleurd 
met Masson’s trichroom en semi-kwantitatief geanalyseerd.  
De hoeveelheid van fibrose, necrose, resorptie lacunae en de ratio “woven/lamellar” 
bot waren toegenomen bij de hogere bestralingsdoses en aan de zijde met de 
chirurgische interventie. Ook de wand van de arteria alveolaris inferior was veranderd 
door de bestraling. De diameter van de arteria alveolaris inferior was afgenomen, en de 
tunica intima en de tunica media-intima dikte waren toegenomen afhankelijk van de 
bestralingsdosis. De botombouwsnelheid nam af bij toenemende bestralingsdosis. 
Chirurgische interventie verhoogde de lokale botombouwsnelheid. Geconcludeerd kan 
worden dat zowel de bestraling alsook de chirurgische interventie veranderingen van de 
botstructuur en vaatwand geven. Dit kan leiden tot een chronische hypoxie in het 
mandibulair bot en daarmee bijdragen aan het ontstaan van ORN.  
 
In Hoofdstuk 8 worden de bevindingen van deze studies nader bediscussieerd. Een 
afname van doorbloeding en botmineraaldichtheid bij een toenemende bestralingsdosis 
werden zowel histologisch als met experimentele methoden vastgesteld. Echter is de 
botmineraaldichtheidsmetingen en de doorbloedingsmetingen met LDF niet geschikt als 
diagnosticum voor bot veranderingen na bestraling of voor ORN. 
 
Beeldvorming speelt een belangrijke rol in het stellen van de diagnose ORN. Corticale 
veranderingen en destructie zijn het best zichtbaar met CT-scan, veranderingen van het 
beenmerg daarentegen zijn het beste zichtbaar met MR-scan. CT- en MR-scans 
diagnosticeerden zowel de klinische ORN dieren alsook een preklinische ORN welke 
histologisch bevestigd werd. De sequentie T2-SPIR gaf alleen gemengde 
signaalintensiteit bij de klinische ORN gevallen, dit benadrukt het nut van het gebruik 
van deze sequentie bij de diagnostiek van ORN. 
Bij toenemende bestralingsdoses was er een toenemende mate van beenmerg oedeem 
zichtbaar met MR-scan. Deze toename van beenmerg oedeem kon ook met DE-CT 
afgeleide VNCa beelden worden zichtbaar gemaakt. Dit biedt de mogelijkheid om met 
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één radiologische modaliteit beeldvorming voor de diagnostiek van ORN en 
bestralingsveranderingen van de mandibula te verrichten.  
 
De pathofysiologie van botschade na bestraling van mandibula welke leidt tot ORN 
bestaat uit drie componenten: allereerst vasculaire fibrosering welke leidt tot een 
verminderde doorbloeding, ten tweede een afname van de botombouwsnelheid en 
verstoorde botarchitectuur en ten derde een ontregelde osteoclasten activiteit. Wij 
denken dat als de fragiele balans van deze processen verloren gaat en hypoxie daarbij 
onder een bepaalde grens zakt, ORN zal ontstaan. 
 
De term osteoradionecrose zou derhalve in bestralingsgeïnduceerde osteomyelitis 
moeten worden gewijzigd, omdat dit beter het onderliggende pathophysiologische 
proces beschrijft.  

VALORISATIE 

Door de variabiliteit in het ontstaan en presentatie alsook de variabiliteit in het 
spontane beloop van ORN van de mandibula, is het bestuderen van klinische ORN zeer 
moeizaam. Het bestuderen van de effectiviteit van de behandeling van ORN wordt ook 
gehinderd door de wisselende uitkomsten van de behandeling van ORN, gecombineerd 
met de variabiliteit van ORN.  
 
Om de pathophysiologische omstandigheden, welke leiden tot het ontstaan van ORN te 
bestuderen, hebben we een groot diermodel ontwikkeld. In dit model konden we onder 
gecontroleerde omstandigheden met toenemende bestralingsdoses de patho-
physiologische processen vergelijkbaar met de klinische situatie bestuderen. Door de 
toepassing van verschillende radiologische modaliteiten maakt de bevindingen in ons 
diermodel van grote waarde en maakt ook de vertaling van de resultaten naar de 
klinische situatie mogelijk. 
 
Toekomstige studies zouden patiënt specifieke risicofactoren op het ontwikkelen van 
ORN moeten bestuderen en de mogelijkheden van de medicamenteuze therapie van 
ORN moeten exploreren. Ook het verbeteren en klinisch valideren van de toepassing 
van DE-CT afgeleide beelden voor de detectie van beenmerg oedeem bij vroege of 
preklinische ORN is een onderwerp voor toekomstige studies. 
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