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8 

1.1 Introduction 

The introduction of endosseous oral implants in the early eighties of the 
last century has brought about a revolution in dentistry, altering the ap-
proach of oral rehabilitation in both partially dentate and edentulous pa-
tients. Implants were, initially, particularly used to provide support for 
complete dentures. Later on, implants were also used for (single) tooth 
replacement. At present, implant dentistry has developed into a specialty, 
focusing on implant placement and the fabrication of suprastructures, 
such as overdentures, fixed or removable partial dentures, and single 
crowns. Implant-supported prostheses are a predictable treatment based 
on well-documented clinical research (Albrektson et al. 1981; Jemt et al. 
1989; Adell et al. 1990; Hutton et al. 1995; Lindquist et al. 1996; Carlsson 
et al. 2004; Albrektsson and Wennerberg, 2005). Developments in the 
field of implant dentistry did also involve the study of improved bone-to-
implant contact. (Lazarra et al. 1999). 
 Endosseous oral implants are nearly exclusively made of titanium, 
although prior designs used other materials, such as polycrystalline alu-
mina (Tübingen implants), hydroxyapatite, and bioactive glass (Denissen 
et al. 1989; Quayle et al. 1989; De Wijs et al. 1994; Brook and Hatton, 
1998). However, because of their brittleness and lack of strength, poly-
crystalline alumina, hydroxyapatite, and bioactive glass appeared to be 
less suitable to serve as prosthesis-bearing implants. New implants with 
some potential are zirconia implants, although they can currently not be 
recommended for routine clinical use (Wenz et al. 2008). Implants are 
supposed to integrate in the surrounding bone during approximately a 3-
months period. Titanium is a metal, but its surface is covered by a thin 
layer of titanium oxide, acting as a ceramic (Wataha, 1996; Schupbach et 
al. 2005). This property explains the good bony adaptation, widely known 
as “osseointegration”, a term coined by Brånemark (Brånemark et al. 
1969). The interaction between implant material and surrounding tissues 
is supposed to be fundamental in implant survival. The first Brånemark 
titanium implants had a machined surface, but soon roughened surfaces 
and coatings were introduced (Thomas et al. 1987; Carlsson et al. 1988; 
Buser et al. 1991, Pilliar, 1998). 
 Increased surface roughness enhances mechanical interlocking be-
tween the macromolecules of the implant surface and the alveolar bone, 
resulting in increased resistance to compression, tension and shear 
stress (Puleo and Nanci, 1999; Albrektsson and Wennerberg, 2004a). In 
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an animal study the better result of a roughened surface was demon-
strated in unloaded conditions, but not in loaded conditions (Vandamme 
et al. 2008). Implant coatings are deposited upon the implant surfaces 
under conditions precluding the incorporation of osteoinductive agents 
(LeGeros and Craig, 1993). Various roughening methods, implant coat-
ings, and combinations of roughening methods and implant coatings 
have been developed ever since, such as sandblasting, acid-etching, 
oxidation, hydroxyapatite plasma spray, magnetron sputtered calcium 
phosphate, radio frequency magnetron sputtered pyrophosphate, titanium 
plasma spray, titanium dioxide blasting, fluoride-modified titanium dioxide 
blasting, carbonate-containing apatite, collagen type I (with chondroitin 
sulphate), and desoxyribonucleic acid (DNA) (Bornstein et al. 2008; Caul-
ier, 1996; Van Dijk, 1997; Hulshoff, 1997; Vercaigne, 1999; Walboomers, 
2000; Sul et al. 2001; Ter Brugge, 2002; Albrektsson and Wennerberg, 
2004b; Bernhardt et al. 2005; Galli et al. 2005; Rasmusson et al. 2005; 
Schliephake et al. 2005; Hayakawa et al. 2006; Manders et al. 2006; 
Siebers, 2006, Yonggang, 2006; Berglundh et al. 2007; Van den 
Beucken, 2007; Glauser et al. 2007; Oates, 2007; Stadlinger et al. 2008). 
 More than 220 implant brands, produced by about 80 manufacturers, 
have been identified in 2003, without providing any clear directives to 
claims of alleged benefits of specific morphological characteristics (Jok-
stad et al. 2004). A comparison of different surfaces revealed no signifi-
cant differences between moderately rough surfaces, such as blasted 
and etched, and oxidized surfaces (Al-Nawas et al. 2008). In recent 
years, the implant coating-producing technique has changed profoundly. 
At present, a method is developed of depositing calcium phosphate coat-
ings under favourable conditions of temperature and pH and precipitating 
bioactive agents. Molecules are integrated in the inorganic latticework 
and are released gradually in vivo during layer degradation, enhancing 
the capacity of the coating to act as a carrier system of osteogenic 
agents, such as titanium dioxide and magnesium (De Bruijn et al. 1999; 
Ter Brugge, 2002; Knabe et al. 2004; Liu et al. 2004; Du et al. 2005; Sul 
et al. 2005; Sul et al. 2006a; Sul et al. 2006b). New potential bioactive 
coatings, such as chitosan and phosphatidylserine-based coatings, are 
currently studied (Merolli et al. 2006; Bumgardner et al. 2007). 
 The most favourable implant position should be dictated by the im-
plant-supported prosthesis to be fabricated and not by the local availabil-
ity of alveolar bone. When in the most favourable areas the alveolar bone 
volume is not satisfactory, bone augmentation should be contemplated in 
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order to achieve the best possible environment for implant insertion (Ca-
wood, 2007). The planning of implant insertion was greatly enhanced by 
the introduction of CT-based 3-dimensional computer planning. The 
technique uses the information provided by a CT scan for fabricating a 
surgical guide, produced by a rapid prototyping machine. First, a radio-
opaque “scan prosthesis” is produced, being a complete denture or acylic 
teeth simulating the position of the future denture. Next, a CT scan is 
made whilst the patient is wearing the “scan prosthesis”. The CT data are 
imported into a software programme, for instance the Simplant® planning 
system (Materialise, Leuven, Belgium). Using the software programme, 
virtual implants can be placed in the most favourable position, using all 
information provided by the CT data. Subsequently, the implant positions 
determined have to be transferred to the patient. For that reason, a com-
puter guided machine should fabricate an acrylic surgical guide indicating 
the determined implant positions. The method described improves im-
plant insertion accuracy and predictability. It also provides the clinician 
insight in local bone density and local bone volume available. 

1.2 Implants in head and neck tumour patients 

Resection of head and neck benign or malignant tumours often results in 
severe facial disfigurement, functional limitations and psychosocial disor-
ders. The facial defects are causing aesthetical problems mainly, whilst 
intra-oral defects may lead to considerable oral-function impairment. The 
rehabilitation efforts rely on the close collaboration between the surgeon 
resecting the tumour, the surgeon dealing with the reconstructive treat-
ment, the radiation oncologist and the maxillofacial prosthodontist. 
 In the past, prosthetic reconstructions provided for patients with intra-
oral defects hardly contributed to their well being, simply because of the 
very limited oral function. Adequate chewing, especially for edentulous 
patients, was hardly possible because of lack of denture retention. The 
dentures were often worn for aesthetic reasons only. Significant steps 
forward in micro-vascular surgery have allowed for predictable restoration 
of oro-facial bony and soft tissue structures. Combined with adequate 
prosthetic mandibular rehabilitation using oral implants, varying degrees 
of improvement in aesthetics, speech intelligibility and swallowing have 
been noted (Marunick and Roumanas, 1999; Roumanas et al. 2006; 
Gbara et al. 2007). Prosthetic rehabilitation in cases of large maxillary 
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defects can also be facilitated adequately, using oral implants placed in 
the remaining parts of the orofacial skeleton (Lorant et al. 1994). How-
ever, despite the progress made several studies have shown that after 
surgical and prosthetic rehabilitation the abilities of chewing, swallowing, 
and speech may still be slightly limited. Impaired or limited chewing ca-
pacity, swallowing as well as speaking have strong negative effects on 
quality of life (Schliephake and Jamil, 2002, Van Cann et al. 2005; Mark-
kanen-Leppanen et al. 2006). 
 Prosthetic rehabilitation of facial defects attempts to restore the facial 
disfigurements and may not only improve function, but also self-esteem 
and quality of life. In the past, facial defects were covered by facial pros-
theses glued by adhesives. Sometimes, a pair of glasses was used, hold-
ing the prosthesis in place and providing some additional stability. Neither 
of these treatments was satisfactory or comfortable to the patients. At 
present, implants are also widely used in craniofacial prosthodontics 
(Schoen et al. 2001; Roumanas et al. 2002; Chang et al. 2005; Honda et 
al. 2005; Hooper et al. 2005; Toljanic et al. 2005; Cawood et al. 2006;). 
Implant-retained facial prostheses offer significant quality of life en-
hancement, when compared with adhesive-retained prostheses. The 
survival rates of the implants are at an acceptable level (Schoen et al. 
2001; Roumanas et al. 2002; Chang et al. 2005; Honda et al. 2005).  

1.3 Radiotherapy and implant placement 

Patients suffering from malignant tumours in the head and neck region 
often have to undergo radiotherapy as an important part of their treat-
ment. Irradiation has a pronounced effect on both the soft tissues and the 
underlying bone. Detrimental side effects of bone irradiation are hypoxic-
ity, hypocellularity, and hypovascularity (Marx, 1983). The detrimental 
effects of irradiation on the regeneration of bone include decreased os-
teocyte numbers and suppressed osteoblast activity. (Dudziak et al. 
2000). Capillaries appear to be most vulnerable, particulary in alveolar 
bone (Xie et al. 1998). As a consequence, implants placed in irradiated 
bone may have less implant-bone contact, which may result in early im-
plant loss. The decreased implant-bone contact in irradiated bone has 
been shown in various histological studies (Grotz et al. 1999; Brogniez et 
al. 2000; Weinlaender et al. 2006). The decision whether to place im-
plants in irradiated bone is currently mainly based on the irradiation dose 
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received at the implant site. When the implant site has received more 
than 50 Gray (Gy), an increased risk of implant failure and other compli-
cations, such as osteoradionecrosis, are to be expected (Visch et al. 
2002). It is questionable, however, whether the irradiation dose is the 
only parameter determining success or failure. A systematic review of the 
literature published between 1990 and 2006 showed similar failure rate 
for implants placed pre- and post-radiotherapy. All implant failures ob-
served, occurred within 36 months post radiotherapy. Most failures oc-
curred between 1 and 12 months after placement (Colella et al. 2007). 
 When irradiated bone is traumatized or exposed, for instance in case 
of tooth extraction or implant placement, it is also at risk of developing 
osteoradionecrosis. Osteoradionecrosis may even develop spontane-
ously, without a preceding surgical intervention. Yet, trauma is likely to be 
an important initiating factor of osteoradionecrosis and infection plays 
only a secondary role (Limm et al. 1999). Consequently, every surgical 
intervention, such as implant placement, carries a considerable risk. 
Therefore, it was recommended to place implants before radiotherapy 
(Schoen et al. 2004; Schepers et al. 2006). Yet, implant placement during 
the ablative surgery is not always possible or the best choice. Some-
times, implant placement is preferred after the reconstructive surgical 
treatment for several reasons. First, implants placed during the ablative 
surgical treatment are not always situated at the most favourable posi-
tion, creating problems during the subsequent prosthetic treatment. 
These problems are predominantly due to the lack of proper orientation 
during the surgical treatment or due to the lack of communication with the 
prosthodontist during implant placement. When using composite grafts, 
also problems may appear with the implant surrounding skin and subcu-
taneous tissues. Second, especially during simultaneous bony recon-
structions, immediate implant placement may lead to unfavourable im-
plant positions because the orientation on the non-resected part of the 
jaw is often difficult. Orientation on the opposing jaw may even be more 
difficult (Teoh et al. 2005). When implants are placed in the time period 
between the ablative surgical treatment and the start of radiotherapy, it is 
recommended to allow a period of at least two weeks for initial implant 
integration. 
 Recent research projects have focussed on hyperbaric oxygen ther-
apy, not only treating osteoradionecrosis, but also diminishing a post 
surgical risk of osteoradionecrosis, such as implant placement (Coulthard 
et al. 2003; Kanatas et al. 2005; Schoen et al. 2007; Gerlach et al. 2008). 
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The results of these studies are not conclusive. Hyperbaric oxygen ther-
apy was even found to be of little or no benefit on post radiotherapy im-
plant placement (Schoen et al. 2007; Shaw et al. 2007). 

1.4 Identifying the problem and assessment methods available 

The deleterious effects of irradiation on bone have been recognized for 
almost a century and still continue to be a problem until today because of 
improved survival of patients treated with radiotherapy for oral and neck 
cancer (Cawood and Stoelinga, 2006; Weinlaender et al. 2006). Irradia-
tion causes a spectrum of changes from mild osteopenia, through disor-
dered wound healing with varying degrees of bone sclerosis to osteora-
dionecrosis (Zarem and Carr, 1983; Williams and Davies, 2005). Os-
seointegration of oral implants is dependent on many factors, for instance 
bone mineral density, bone vascularity, and initial implant stability (Devlin 
et al. 1998; Duyck and Naert, 1998; Amorim et al. 2006; Traini et al. 
2006). 
In irradiated patients, 4 methods would be of great significance in pre-
venting early implant loss and osteoradionecrosis: 
- a method assessing bone mineral density 
- a method assessing implant stability for determining the appropriate 

time of implant loading 
- a method assessing vascularity of intended implant recipient sites 
- a method decreasing the irradiation dose of surrounding critical or-

gans. 
 
According to the literature described in the subparagraphs 1.4.1 – 1.4.4, 
appropriate methods for these assessment purposes could be: 
- quantitative computed tomography (QCT) 
- resonance frequency analysis (RFA) 
- laser Doppler flowmetry (LDF) 
- intensity modulated radiotherapy (IMRT). 

1.4.1 Quantitative computed tomography 

Bone mineral density is defined as mineral mass per unit volume (Rauch 
and Schoenau, 2001). Quantitative computed tomography provides a 
site-related measure of bone mineral density and is useful as a non-
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invasive method for determining bone quality prior to implant placement 
(Lindh et al. 1996; Shahlaie et al. 2004; Turkyilmaz et al. 2007). Signifi-
cant correlations were found between bone density measurements pro-
vided by quantitative computed tomography and implant stability parame-
ters (Turkyilmaz et al. 2007). Bone mineral density is calculated by mea-
suring Hounsfield units and relating those values to a calibration bone 
phantom with a predetermined bone mineral density (Todisco and Trisi, 
2005). 

1.4.2 Resonance frequency analysis 

A certain degree of implant stability is a prerequisite for long-term implant 
survival. Stability is defined as the stiffness of an implant placed in bone 
(Meredith et al. 1996). It has been suggested that resonance frequency 
analysis is a sensitive method, which may be used to detect even minor 
changes in the level of bone-implant contact (Sennerby et al. 2005; Hu-
wiler et al. 2007). However, the method still has some uncertain issues 
(Atsumi et al. 2007). For instance, its suitability is questionable when 
applied on different implant systems (Rabel et al. 2007). 
 Resonance frequency analysis measures implant stability quantita-
tively and objectively by application of microscopic flexural stress. The 
response of a small transducer attached to an implant fixture or abutment 
is recorded (Meredith et al. 1997). Measured values are converted into an 
index known as implant stability quotient. Changes in the quotient are 
related to alterations of implant stiffness in the surrounding tissues. Re-
sonance frequency analysis is usually showing a decrease of implant 
stability in the first month after implant placement, followed by an in-
crease during the second and third month, suggesting an adaptive bone 
remodelling process around implants (Balshi et al. 2005). 

1.4.3 Laser Doppler flowmetry 

An appropriate method of assessing bone vascularity could be laser 
Doppler flowmetry. Modern laser Doppler flowmetry techniques are using 
a laser diode device producing a beam of near infrared laser light with an 
operating wavelength of 780 to 820 nm, beaming into human tissues by a 
fiber optic connector. This light, hitting moving blood cells, undergoes a 
change in wavelength (Doppler shift), while the wavelength of the light 
hitting static structures is unchanged. A returning fibre in the probe picks 
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up and carries the light back to a photo detector. The magnitude of the 
signal and the frequency changes are directly related to the relative num-
ber and velocity of blood cells in a recorded volume (Michelson et al. 
1996; Wong, 2000; Bollinger and Partsch, 2003). Wong introduced the 
concept of laser Doppler flowmetry as a diagnostic tool verifying bone 
graft vitality, following a maxillary sinus grafting procedure. Six months 
after the grafting procedure, detection of blood flow in all graft sites indi-
cated successful angiogenesis (Wong, 2000). In a previous study, laser 
Doppler flowmetry was used for recording microvascular blood flow in 
cancellous mandibular bone of young pigs (Hellem et al. 1983). Laser 
Doppler flowmetry has also been shown to be useful assessing bone 
vitality in osteomyelitis as well as in assessing pulp vitality and laser 
Doppler flowmetry can be helpful in many other applications (Swinot-
kowski et al. 1989; Duwelius and Schmidt, 1992; The, 2006; Von Arx et 
al. 2007). However, the method has not been demonstrated to be repro-
ducible and no data are available on blood flow values in maxillary and 
mandibular bone of non-irradiated patients. These values may not only 
vary from person to person, but may also be depending on the individual 
amount of local residual alveolar bone. 

1.4.4 Intensity modulated radiotherapy 

New radiotherapy techniques, such as 3-dimensional conformal irradia-
tion, intensity modulated radiotherapy, and proton therapy, are allowing 
better dose distribution with lower dose to the non-target organs (Jerec-
zek-Fossa et al. 2003). Intensity modulated radiotherapy (IMRT) uses 
modifications in the intensity of the photon-beam from a linear accelerator 
across the irradiated fields to enhance dose conformation in three dimen-
sions (DeLaney et al. 2005). IMRT can escalate the total dose and frac-
tional dosage to target volumes and decrease the irradiation dose of sur-
rounding critical organs. The radiation dose distribution to the mandible is 
rarely considered with IMRT and the potential risks of osteoradionecrosis 
or osseointegrated implant failure are not well defined (Parliament et al. 
2005). By IMRT the mandible may receive a high dose of radiation, which 
could be a contra-indication for implant placement. 
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1.5 Objectives 

In this thesis four studies are described, which were designed to investi-
gate the effects of irradiation on maxillary and mandibular alveolar bone 
in order to quantify these effects and to determine those bone conditions 
in which implants could be placed safely. The emphasis is on bone vas-
cularity and bone mineral density since methods and instruments seem 
available for measuring these parameters prior to implant placement. 
One study was designed to investigate the possible better dose distribu-
tion with lower dose to the non-target organs by intensity modulated ra-
diotherapy. 
 First objective of this study was to find a practical, reliable and repro-
ducible method enabling the clinician to place implants in patients irradi-
ated in the head and neck region, with a good implant survival rate and 
minimal risk of osteoradionecrosis. Second objective was to find a 
method avoiding a high radiation dose at the anterior interforaminal part 
of the mandible, using intensity modulated radiotherapy (IMRT). 

1.6 Hypotheses 

With regard to the objectives of this study five hypotheses were formulated. 
- Laser Doppler flowmetry is an adequate, reproducible and reliable me-

thod for assessing maxillary and mandibular alveolar bone vascularity. 
- Maxillary and mandibular alveolar bone vascularity is reduced in irra-

diated alveolar bone when compared to non-irradiated alveolar bone. 
- Bone mineral density is increased in irradiated maxillary and man-

dibular alveolar bone, when compared to non-irradiated maxillary and 
mandibular alveolar bone. 

- There are no differences in primary implant stability between implants 
in irradiated and non-irradiated alveolar bone. During osseointegration, 
implant stability is decreasing more pronounced in irradiated alveolar 
bone, when compared to non-irradiated alveolar bone, because of im-
paired alveolar bone vascularity in irradiated alveolar bone. 

- Using IMRT, it is feasible to designate the anterior interforaminal part 
of the mandible as a critical area to spare with the objective to reduce 
radiation dose at this site and thus, increasing the implant success 
rate and diminishing the risk of osteoradionecrosis. 
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2.1 Introduction 

Current data suggest that osseointegration is impaired in irradiated 
bone.1,2 Implant survival rates are known to be lower in irradiated bone 
than in nonirradiated bone, particularly if the irradiation dose exceeds 50 
Gy.3-6 Prospective studies have shown that irradiated bone becomes 
hypocellular and hypoxic and that the vascularity of irradiated bone de-
creases over time.7 As a result, the continuous bone remodeling capacity 
diminishes, which explains the lower implant survival rates. 
 In irradiated patients, a method for assessment of vascularity of in-
tended implant recipient sites would be of great significance in preventing 
early implant loss. Laser Doppler flowmetry (LDF) could be an appropri-
ate method. Modern LDF techniques use a laser diode device to produce 
a beam of near-infrared laser light with an operating wavelength of 780 to 
820 nm, which is beamed into human tissues by a fiber optic connector.8,9 
The photons are scattered, and light hitting moving blood cells undergoes 
a change in wavelength (Doppler shift), while the wavelength of the light 
hitting static structures is unchanged. A returning fiber in the probe picks 
up and carries the light back to a photo detector. The magnitude of the 
signal and the frequency changes is directly related to the relative num-
ber and velocity of blood cells in a recorded volume. 
 Wong introduced the concept of LDF as a diagnostic tool for verifica-
tion of bone graft vitality following a maxillary sinus grafting procedure. 
Six months after the grafting procedure, detection of blood flow in all graft 
sites indicated successful angiogenesis.10 In a previous study, LDF was 
used for recording microvascular blood flow in cancellous mandibular 
bone of young pigs.11 LDF has also been shown to be useful for the as-
sessment of bone vitality in osteomyelitis and in many other applica-
tions.12-14 
 The hypotheses of this study were that less vascularity would be 
found in irradiated maxillary and mandibular alveolar bone compared to 
nonirradiated bone and that LDF is a reproducible method for the as-
sessment of alveolar bone vascularity.  

2.2 Materials and methods 

Six 1-year-old adult Göttingen minipigs were used for this study. The 
experiments were conducted in accordance with German and European 
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Community guidelines on the protection of laboratory animals. Permis-
sion was obtained from the Animal Ethical Committee of the University of 
Aachen. 
 All maxillary and mandibular premolars and molars of the minipigs 
were extracted under general anesthesia induced by isoflurane 0.8% to 
1.1%. Interoperatively, and for 3 days postoperatively, clindamycin was 
administered as an antimicrobial agent. After a 3-month alveolar bone 
healing period, the maxillary and mandibular bone of 3 minipigs received 
bilaterally 3 irradiation (cobalt) exposures up to 8 Gy, with 7-day intervals 
between exposures, for a total dose of 24 Gy. Each radiation field (left 
and right) contained half the mandible as well as half the maxilla; thus, 
the irradiation was evenly distributed among the arches and jaws. At 3 
months after irradiation, computed tomographic (CT) scans were per-
formed under general anesthesia. The data from these scans were used 
for generating stereolithographic 3D models. Subsequently, the data 
were imported into a software program Simplant; Materialise, Leuven, 
Belgium) for preoperative planning of implant positions at the edentulous 
maxillary and mandibular sites in a virtual environment and for the design 
of accurate customized surgical templates, which were made by rapid 
prototyping for transfer of the planned implant positions to the minipigs. 
Surgical treatment of the maxillary and mandibular edentulous sites was 
begun with an incision on top of the alveolar crest and a release incision 
that sloped buccally and anteriorly. Subsequently, the periosteum was 
reflected gently, exposing the underlying alveolar bone. To avoid interfer-
ence with the local blood flow, no anesthetic agent was administered by 
local infiltration. Using a customized surgical template and a pilot drill of 
the implant system used (Biocomp, Vught, The Netherlands), 5 initial 
holes were drilled in the residual alveolar ridge of each edentulous site 
(20 holes in each minipig). LDF recordings were carried out, and the ini-
tial holes were further widened for implant insertion. Implant placement 
was carried out as part of an ongoing study on the effects of irradiation on 
implant stability and implant survival. A total of 120 nonsubmerged Bio-
comp implants, 3.4 mm in diameter and 10 mm in length, were placed in 
the 6 minipigs. In 1 irradiated and 1 nonirradiated minipig, an additional 
hole was drilled in the right edentulous maxillary site to be able to perform 
repeated LDF recordings for determining the recording error and for vali-
dating the standardization of recordings. 
 Local microvascular blood flow in the surrounding alveolar bone of all 
120 initial holes was recorded by LDF at a fixed depth of 6 mm, according 
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to the protocol used by Wong.10 The emitted laser light (780 nm) was 
transduced to the recording site by a special side-reading optical fiber 
probe with a diameter of 2.8 mm (Fig 1; PF 415-254; Periflux System, 
Perimed, Sweden). Before installation of the probe, the initial hole was 
rinsed with a saline solution to avoid contamination. The minipig was 
optimally stabilized during the recording to avoid disturbing movements. 
Disturbing movements of the pig, if any, were promptly apparent in the 
recording graphic. Within a few seconds after installation of the probe, the 
graphic stabilized and remained stable during the recording period. A 20-
second noise-free period appeared sufficient for a stable and reliable 
recording session. In every initial hole 4 recordings were carried out with 
the probe perpendicularly directed to the mesial, buccal, distal, and pala-
tal or lingual hole wall successively (Fig 2).To test the reproducibility of 
recordings, in the additional right maxillary hole in 1 irradiated and 1 non-
irradiated minipig, 10 similar recordings were carried out, providing 40 
recordings per hole. 
 
The LDF module was connected to a personal computer for calculating 
the recordings. The magnitude of the signal and frequency changes was 
directly related to the relative number and velocity of the blood cells in the 
recorded volume.15 The recordings in the 4 directions were averaged, 
revealing the average blood flow per hole, expressed in perfusion units 
(PU). Although PU is an arbitrary unit, a linear relationship between PU 
and blood flow expressed in mL/min/100 g has been demonstrated.15 
 Local microvascular blood flow recordings were tested for normality 
of distribution by the Kolmogorov-Smirnov test. 
 Data analysis was first performed on the 80 recordings of the addi-
tional maxillary hole in 1 irradiated and 1 nonirradiated minipig. The re-
cording error or reproducibility of local microvascular blood flow recordings 
was estimated by variance components analysis using multifactor re-
peated-measures analysis of variance (ANOVA).“Minipigs” (P) and “re-
cordings” (R) were considered random factors, with 2 (irradiated and non-
irradiated) and 10 categories (10 recordings in 1 direction), respectively. 
“Direction” (D) was the fixed factor with 4 categories. A mean-direction 
intraclass correlation coefficient (ICC) for 1 direction was calculated from 
the ratio of the total of the estimated variance components of P and of P x 
D divided by the sum of estimated coefficients of P, P x D, P x R, and P x 
R x D. Beforehand, it was decided that the ICC should be at least 0.90 for 
sufficiently reproducible microvascular blood flow recordings. 
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Figure 1. Side-reading LDF probe. 
 

 
Figure 2. LDF probe placed in an initial hole drilled in the maxilla. 
 
Separate similar analyses by repeated-measures ANOVA were per-
formed to estimate the reproducibility of recordings in each of the 4 re-
cording directions. 
 
Subsequently, data analysis was performed on the recordings in the 120 
initial implant holes, to determine the irradiation effect on bone vascular-
ity. Fixed between-factor in the analysis was irradiation with 2 categories 
(yes-no) and fixed within-factors were jaw (maxillary-mandibular), side 
(left-right) and within jaw implant position (1 to 5).If associations were 
statistically significant, an analysis was carried out using repeated-
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measures ANOVA or a Student t test on partial data. P = .05 was deter-
mined as the level of significance for all comparisons. Reproducibility 
data were analyzed by the GENOVA program of Crick & Brennan. Irra-
diation effect data were analyzed by SPSS version 12.0 (SPSS, Chicago, 
IL). 

2.3 Results 

The normality of the distribution of the recordings of microvascular blood 
flow was at an acceptable level (Kolmogorov-Smirnov test; P = .051). The 
data of the 80 recordings of the additional maxillary holes are presented 
in Table 1. 
 The 10 recordings in each direction were consistent, but there were 
distinct differences between the recordings for the 4 directions in each 
hole. In irradiated alveolar bone the recordings were consistently lower 
compared to the recordings in nonirradiated alveolar bone. 
 The overall ICC was 0.944. Separate analyses for the 4 different di-
rections revealed ICCs of 0.981(mesial), 0.978 (buccal), 0.894 (distal), 
and 0.878 (palatal). The overall F ratio for irradiation was 22.43 by 1 and 
4 df (P = .009).The association between jaw, side, and irradiation was 
statistically significant (F = 23.80 by 1 and 4 df; P = .008). Irradiation had 
a maximal effect in the left part of the mandible (t = 7.47; P = .002; overall 
mandible, t = 10.62; P < .001; overall maxilla, t = 2.52; P = .065). The 
rradiation effect was statistically significant at the maxillary left side (t = 
5.96, P = .004), but not at the maxillary right side (t = 1.85, P = .139). 
Table 2 lists means and standard deviations of alveolar bone vascularity 
of the 6 minipigs. 
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Table 1 Recordings (n = 80) in the additional Maxillary Holes in an Irradiated and a Nonirra-
diated Minipig 
 Irradiated Nonirradiated 
recording no. M B D P M B D P 
1 12.84 4.51 9.23 19.47 28.85 13.74 12.21 34.63 
2 11.38 4.43 8.30 18.01 30.44 14.44 9.01 34.83 
3 11.16 4.89 8.47 17.61 33.69 12.05 10.99 27.82 
4 13.67 4.55 8.89 22.29 33.94 15.39 11.34 28.78 
5 12.29 4.16 8.31 19.97 29.57 13.85 10.85 25.66 
6 13.48 4.26 7.85 18.17 28.09 15.01 11.09 25.23 
7 13.84 4.31 8.49 18.07 31.94 11.58 12.27 34.11 
8 11.23 4.23 9.28 17.77 28.24 15.47 12.50 32.29 
9 11.35 4.66 8.25 17.61 25.93 15.63 11.85 29.12 
10 11.87 3.99 8.42 17.46 28.61 14.39 12.86 26.64 
Mean recording 12.31 4.40 8.55 18.64 29.93 14.16 11.49 29.91 
The probe was perpendiculary directed to the mesial, buccal, distal and palatal walls of the
hole. M = mesial, B = buccal, D = distal, P = palatal 
 
 
Table 2 Means an SDs of Alveolar Bone Vascularity of the 6 Minipigs 
Jaw/side/irradiation Mean SD 
Maxilla   
Right   
 No 22.136 10.475 
 Yes  9.762  4.998 
Left   
 No 16.085  1.938 
 Yes  9.221  0.468 
Mandible   
Right   
 No 15.147  4.130 
 Yes  5.392  3.263 
Left   
 No 17.755  3.128 
 Yes  3.544  1.030 

2.4 Discussion 

The results presented in this study suggest that LDF can be used for the 
assessment of alveolar bone vascularity in pilot holes before implant 
placement. However, recordings varied by edentulous site as well as by 
minipig. In order to be useful in human beings, normal values of alveolar 
bone vascularity of the various alveolar sites of both the maxilla and 
mandible should be determined. These values may vary not only from 
person to person but also depending on the individual amount of local 
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residual alveolar bone. Therefore, further research validating the use of 
LDF in human beings, especially in those who have undergone radiation 
therapy for head and neck cancer, is necessary. Standardization of in-
strument and measuring method is required for comparing results be-
tween different laser Doppler users. Probes and equipment parameters 
must be consistent, and the instrument must be calibrated according to 
the manufacturer’s instructions. 
 The variations in recordings for the 4 different directions were pre-
sumably caused by the nonhomogeneous calcified and trabecular alveo-
lar bone structure around the holes. As a consequence, recordings in 
different directions are needed for determining the average alveolar bone 
vascularity around 1 hole. The 10 recordings in the additional right maxil-
lary holes provided consistent values. Consequently, in future research 
projects, using 1 recording in each of the 4 directions will be suitable. The 
overall ICC was 0.944; thus, the reproducibility of the recordings was 
sufficient. 
 In general, in irradiated patients at least a 6-month interval is recom-
mended between tooth extraction and implant placement to allow for 
bone healing.16 In this study, a similar interval was used: a 3-month inter-
val between extractions and radiation therapy and another 3-month inter-
val until implant placement. Three months after irradiation, the edentulous 
alveolar bone appeared less vascularized in irradiated than in nonirradi-
ated minipigs.Whether this observation can be transferred to human be-
ings needs to be demonstrated, but the results of this study are in accor-
dance with the results of previous studies.17,18 
 Three minipigs received 3 irradiation (cobalt) exposures up to 8 Gy 
with 7-day intervals, for a total dose of 24 Gy administered to the bone. 
Using an α/β ratio of 2.5, this dose is biologically equivalent to approxi-
mately 56 Gy given in 28 fractions of 2 Gy each. A better research design 
would have been the split-mouth design: unilateral irradiation in all 
minipigs. An advantage of this method would have been reduction of the 
variability between the minipigs. Furthermore, each minipig would have 
been serving as his own control. However, unilateral irradiation of the 
maxilla and the mandible without any exposure of the contralateral side is 
not practical technically. 
 A distinct difference in blood perfusion (LDF recordings) was seen not 
only between irradiated and nonirradiated bone but also between maxil-
lary and mandibular alveolar bone (Table 2). The effect of irradiation was 
more pronounced in the mandible than in the maxilla. This phenomenon 
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was in accordance with the authors’ expectations because the spongious 
maxillary bone is known to be better vascularized compared with the 
more dense mandibular bone. 
 Irradiation has a significant negative effect on bone vascularity, which 
has important clinical implications. Since reduced bone vascularity im-
pairs oral implant osseointegration in patients who have undergone head 
and/or neck radiotherapy, recording bone vascularity prior to implant 
placement could be of significance in the decision-making process while 
preparing a treatment plan for prosthetic reconstructive therapy. 
 In this animal study, LDF was demonstrated to be a reproducible 
method for the assessment of alveolar bone vascularity. Hence, it may be 
used clinically to increase the predictability of implant treatments and 
even decrease the risk of osteoradionecrosis by avoiding implant inser-
tion in poorly vascularized bone. Research is needed to determine 
whether LDF could be used to determine a minimum level of vascularity 
necessary to facilitate reliable implant placement. Another area for future 
research with LDF is the use of hyperbaric oxygen therapy in cases of 
osteoradionecrosis; the effectiveness of this therapy, which is based on 
increasing the bone vascularity, may also be demonstrated by LDF. The 
authors’ future research will focus on determining a human standard of 
bone vascularity in the nonirradiated maxilla and mandible using LDF. 

2.5 Conclusion 

The hypothesis that less vascularity would be observed in irradiated max-
illary and mandibular alveolar bone compared to nonirradiated bone was 
confirmed. Furthermore, it was confirmed that LDF is a reproducible me-
thod for the assessment of bone vascularity. 
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3.1 Introduction 

Threaded and cylindrical endosseous titanium implants are commonly 
used in craniofacial and oral surgery (Lindquist et al.1996; Carlsson et al. 
2004; Albrektsson & Wennerberg 2005). Implants are placed in both non-
irradiated and irradiated bone (Granström 2005). Achievement and main-
tenance of implant stability are prerequisites for long-term positive re-
sults. Stability is defined as the stiffness of an implant placed in bone 
(Meredith et al.1996). Primary implant stability, at insertion, is a mechani-
cal phenomenon, which is related to local bone density. After insertion of 
an implant, implant stability is subject to changes due to bone remodel-
ing. If primary implant stability is poor, the final result will be more de-
pendent on osseointegration, which is subsequently related to bone vital-
ity (Meredith 1998). After osseointegration, mechanically stable implants 
may be loaded. In general, a 3–6-month undisturbed implant healing 
phase is accepted as a prerequisite for achieving bone apposition without 
interposition of fibrous scar tissue (Brånemark et al. 1977). However, 
based on experimental research, there is a current tendency towards 
early or even immediate functional loading of implants (Szmukler-Moncler 
et al. 1998; Attard et al. 2005). 
 An inflammatory reaction on plaque accumulation induces bone loss 
around implants and reduced implant stability. Occlusal overload in-
creases the risk for microfractures at the implant–bone interface, resulting 
in significant marginal bone loss, reduced implant stability, and even im-
plant failure (Van Steenberghe et al.1999). In patients who have been 
treated for cancer in the head and neck region and who have undergone 
radiotherapy, implant stability is often impaired because irradiation re-
duces bone vitality (Grotz et al.1999). In order to improve tissue oxygena-
tion and bone vascularity following radiotherapy, hyperbaric oxygen 
(HbO) therapy may be used (Chavez & Adkinson 2001). 
 Until recently, reliable and reproducible standardized methods meas-
uring implant stability were not available in the scientific literature. Com-
monly used methods, such as percussion and Periotest, are not reliable 
(Faulkner et al. 2001). Radiographs are of certain significance, but a 
standardized technique ensuring reproducibility is needed. A reliable and 
validated method is resonance frequency analysis (RFA). The method 
quantitatively and objectively measures stability by application of micro-
scopic flexural stress. RFA values are converted into an index known as 
an implant stability quotient (ISQ). Using RFA, the response of a small 
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transducer attached to an implant fixture or abutment is recorded (Mere-
dith et al. 1997). Differences in implant stability can be recorded in vivo at 
insertion of an implant and during the course of osseointegration. 
Changes in ISQ are related to alterations of implant stiffness in the sur-
rounding tissues (Meredith et al. 1997). ISQ values can be used for de-
termining different healing phases and the stability of the implants (Er-
sanli et al. 2005). Theoretically, ISQ values may range from 0 to 100. 
Successfully integrated implants have ISQ values above 40 (Balleri et al. 
2002; Olsson et al. 2003; Farzad et al. 2004; Gallucci et al. 2004; Becker 
et al. 2005; Ostman et al. 2005; Vanden Bogaerde et al. 2005; Zix et al. 
2005). The method may be used as a deciding factor determining the 
appropriate time of implant loading individually, because during osseoin-
tegration the maximum stability can be assessed. RFA usually shows a 
decrease of implant stability in the first month after implant placement, 
followed by an increase during the second and third months, suggesting 
an adaptive bone remodeling process around the implant (Balshi et al. 
2005). RFA on implants inserted into the maxillae of minipigs showed that 
implant stability decreased after 1–3 months of healing. The implant sta-
bility increased after a healing period of 4 months (Nkenke et al. 2005). It 
has been suggested that RFA is sensitive and may be used for detecting 
even minor changes in the level of bone-implant contact (Sennerby et al. 
2005). 
 The current randomized-controlled trial was designed to monitor and 
test implant stability immediately after implant placement and during os-
seointegration in irradiated and non-irradiated minipig alveolar bone. The 
hypothesis was that there are no differences in primary implant stability 
between irradiated and non-irradiated minipigs, but that during osseoin-
tegration implant stability is decreasing in a more pronounced manner in 
the irradiated minipigs, when compared with the non-irradiated minipigs 
because of impaired alveolar bone vascularity in the irradiated minipigs. 

3.2 Material and methods 

Six adult, 1-year-old Göttingen minipigs were used for this study. The 
experiments were conducted in accordance with German and European 
Community guidelines on the protection of (laboratory) animals. Permis-
sion was obtained from the Animal Ethical Committee of the University of 
Aachen. 
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All maxillary and mandibular premolars and molars of the six minipigs 
were extracted under general anesthesia, induced by Isoflorane 0.8–
1.1%. Inter- and postoperatively for 3 days, clindamycine prophylaxis was 
administered as an antimicrobial agent. After a 3-month alveolar bone-
healing period, the maxilla and mandible of three minipigs received three 
irradiation (Cobalt) exposures up to 8 Gray (Gy) with 7-day intervals at a 
total dose of 24Gy. At 3 months after irradiation, computed tomography 
(CT) scans were performed under general anesthesia. The data from 
these scans were used for generating stereolithographic 3D models. 
Subsequently, the data were also imported into a software program 
(Simplant, Materialise N.V., Leuven, Belgium) for planning implant posi-
tions preoperatively at the edentulous maxillary and mandibular sites in a 
virtual environment and for designing accurate customized surgical tem-
plates, made by rapid prototyping for transferring the planned implant 
positions to the minipigs. 
 Surgical treatment of the maxillary and mandibular edentulous sites 
was begun by an incision on top of the alveolar crest and a release inci-
sion, anteriorly sloping into the buccal vestibule. Subsequently, the perio-
steum was reflected gently, exposing the underlying alveolar bone. In 
order not to interfere with the local blood flow, no anesthetic agent was 
administered by local infiltration. Using the customized surgical template 
and a pilot drill of the implant system used (Biocomp, Vught, the Nether-
lands), five initial holes were drilled in the residual alveolar ridge of each 
edentulous site, in total, 20 holes in each minipig. In order to assess bone 
vascularity, laser Doppler flowmetry (LDF) recordings were carried out in 
the initial holes that, subsequently, were further widened for implant in-
sertion (Verdonck et al. 2007). A total of 120 non-submerged Biocomp 
implants, diameter 3.4mm and length 10mm, were placed in the six mini-
pigs. Subsequently, primary implant stability was recorded by RFA using 
the Osstell instrument (Integration Diagnostics AB, Gothenburg, Swe-
den). Implant stability recordings were repeated at 8, 16, and 24 weeks 
after implant placement. 
 According to a power analysis for irradiated as well as non-irradiated 
minipigs, three animals were needed in each group to ascertain a statisti-
cally significant irradiation effect during the 24-week follow-up. Seventy 
percent reduction of implant stability was expected as an irradiation ef-
fect, using a power of 80% and a type I error of 0.05. 
 Immediate postoperative implant stability recordings were tested for 
normality of distribution using the Kolmogorov– Smirnov test (K–S test). 
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Because three of the 120 planned implant stability recordings were miss-
ing, an imputation rule was applied substituting ISQ values either by the 
average value of neighbouring implant sites, or – if the missing value 
happened to be located at the end of a row of five initial holes in an eden-
tulous maxillary or mandibular site – by the ISQ value of the correspond-
ing initial hole at the adjacent maxillary or mandibular edentulous site. 
The imputation rule was also applied for three missing values in baseline 
bone vascularity recordings. All missing ISQ values of lost implants dur-
ing the 24-week follow-up were substituted by the empirically assumed 
lowest possible value (i.e. 30). 
 Firstly, primary implant stability at all 20 edentulous sites in irradiated 
as well as non-irradiated minipigs was analyzed with irradiation as a fac-
tor, using the Student t-test and the Mann–Whitney test. Subsequently, 
the ISQ values at the four recording times were compared by repeated 
measures ANOVA, using orthogonal polynomial contrasts for the ‘time’ 
within-factor and ‘irradiation’ as a between-factor. 
 Adjusting deviations from sphericity within the variance–covariance 
matrix of repeated measurements, Mauchly’s test was used and degrees 
of freedom were corrected by Greenhouse–Geisser epsilons ascertaining 
a more conservative testing. Finally, the ISQ values of the four recording 
times were compared by repeated measures ANCOVA, using primary 
implant stability and bone vascularity as possible confounding covariates. 
The results of ANCOVA were converted into a dummy regression model 
quantifying the (corrected) effect of irradiation on the linear decrease of 
implant stability. If possible, interactions between ‘time’, experimental 
factor, and covariates were tested for statistical significance. 
 A P-value of 0.05 was set as the level of significance for all compari-
sons. All data were analyzed by SPSS-pc, version 12.0. 

3.3 Results 

During the first 8 weeks, 22 implants in mandibular edentulous sites of 
irradiated minipigs were lost and nine implants in mandibular edentulous 
sites of non-irradiated minipigs. In the edentulous maxillary sites, 14 im-
plants were lost in irradiated and 6 in non-irradiated minipigs. At 16 
weeks after implant placement, one more implant was lost. 
 The normality of distribution of primary implant stability recordings 
was statistically significant, because two very low outlier ISQ values were 
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present in one irradiated minipig (K–S test; P< 0.001). Upon removal of 
the outlier ISQ values, the K–S P-value was 0.16. Table 1 shows the 
mean ISQ values, standard deviations, medians, and ranges at all 20 
edentulous implant sites of irradiated as well as nonirradiated minipigs of 
the recordings immediately after implant placement and at 8, 16, and 24 
weeks after implant placement. 
 
Table 1. Mean implant stability quotient (ISQ) values, standard deviations, medians, and 
ranges at all 20 edentulous implant sites of irradiated as well as non-irradiated minipigs of 
the recordings immediately after implant placement (primary) and at 8, 16, and 24 weeks
after implant placement 
Minipigs Primary 8 weeks 16 weeks 24 weeks 
Non-irradiated     
Mean 74.5 56.2 53.3 54.7 
Standard deviation 2.5 2.2 1.7 1.7 
Median 73.4 57.3 54.2 54.6 
Range 72.9-77.3 53.7-57.8 51.4-54.4 53.1-56.4 
Irradiated     
Mean 73.5 41.6 41 41.3 
Standard deviation 4.5 7.9 7.3 7.9 
Median 72.3 45.5 44.3 45 
Range 69.7-78.4 32.5-46.8 32.7-46.2 32.3-46.6 

 
ISQ values of the recordings immediately after implant placement 
showed no statistically significant differences between irradiated and non-
irradiated minipigs, analyzed either by the Student t-test (P = 0.74) or by 
the Mann–Whitney test (P = 0.70). Repeated measures ANOVA of the 
ISQ values at the 4 recording times showed a statistically significant de-
crease of ISQ values in all minipigs (F = 53.1 by 1 and 4.1 df; P = 0.002). 
However, the decrease was not statistically significant in the separate 
groups of irradiated and non-irradiated minipigs (F = 3.08 by 1 and 4.1 df; 
P = 0.153). Both P-values were corrected by Greenhouse–Geisser epsi-
lons. P-values of the linear component in the orthogonal polynomial con-
trasts were 0.002 for the overall irradiation effect and 0.174 for the differ-
ential group effect. The Mann–Whitney test on the difference between 
ISQ values immediately after implant placement and at 24 weeks after 
implant placement also revealed a nonsignificant difference between 
irradiated and non-irradiated minipigs (P = 0.10). However, if repeated 
measures ANCOVA was applied using primary implant stability as a co-
variate confounder to possible differences in ISQ values during follow-up, 
a statistically significant effect of the experimental irradiation factor was 
found. The overall ‘time-by-group’ effect showed F =18.72 by 3 and 9 df, 
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P < 0.001 (correction by Greenhouse–Geisser epsilons is unnecessary) 
and the linear effect yielded F =16.26 by 1 and 3 df, P = 0.027. Irradiated 
minipigs tended to have slightly lower ISQ values immediately after im-
plant placement and lower primary values tended to have a relatively less 
steep linear decrease in implant stability during follow-up. Therefore, the 
original ANOVA effect by irradiation had to be corrected or compensated 
for this tendency. On doing so, the corrected linear irradiation effect in 
ANCOVA would eventually be much steeper and become statistically 
significant. Conversion of the results to a dummyregression analysis 
showed that the original steepness effect (or linear decrease), expressed 
as a β parameter, changed from β = - 0.64 (P = 0.174) to β = - 0.76 (P = 
0.027). Introducing another primary covariate into the model, i.e. primary 
bone vascularity, studying the conduct of the irradiation effect, was put-
ting too much strain on the power of the corrected irradiation effect. 
 Analyzing the mean ISQ values, standard deviations, medians, and 
ranges at all 20 edentulous implant sites of the recordings immediately 
after implant placement and at 8, 16, and 24 weeks after implant place-
ment separately for the maxilla and the mandible, the effect of irradiation 
on the decrease of ISQ values in the maxilla –corrected for primary maxil-
lary implant stability – was not statistically significant (F = 1.39 by 1 and 3 
df, P = 0.323). However, the effect of the mandible as one within factor 
was significant (F = 16.52 by 1 and 3 df, P = 0.027) (Table 2). 
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Table 2. Implant stability quotient (ISQ) values, standard deviations, medians, and ranges
at all 20 edentulous implant sites of the recordings immediatly after implant placement 
(primary) and at 8, 16, and 24 weeks after implant placement separately for the maxilla and
the mandible 
Maxilla Primary 8 weeks  16 weeks 24 weeks 
Non-irradiated     
Mean 73.9 59.1 54.3 56 
Standard deviation 3.8 6.1 6.8 8.1 
Median 72 55.7 52.3 55.5 
Range 71.3-78.3 55.4-66.1 48.7-61.8 48.1-64.3 
Irradiated     
Mean 75.5 45.6 44.2 44.7 
Standard deviation 2.1 11.1 9.9 11.2 
Median 76.2 50.8 49.7 50.7 
Range 73.1-77.1 32.9-53.2 32.7-50.1 31.8-51.5 
Mandible Primary 8 weeks 16 weeks 24 weeks 
Non-irradiated     
Mean 75.2 53.4 52.3 53.4 
Standard deviation 1.4 6.1 6.6 6.7 
Median 75.5 51.6 50.5 50.7 
Range 73.7-76.4 48.4-60.1 46.9-59.6 48.5-61.1 
Irradiated     
Mean 71.4 37.5 37.9 37.9 
Standard deviation 8.3 5.3 5 4.9 
Median 71.5 37.8 38.4 38.5 
Range 63.1-79.7 32.1-42.7 32.7-42.6 32.7-42.4 

 

3.4 Discussion 

It can be concluded that immediately after implant placement, ISQ values 
were not statistically significant different in irradiated and non-irradiated 
alveolar bone. However, at 8 weeks after implant placement, a statisti-
cally significant difference in ISQ values was found between irradiated 
and non-irradiated alveolar bone. The reduction in ISQ values was more 
pronounced in irradiated than in non-irradiated alveolar bone. ISQ values 
of 16 and 24 weeks after implant placement showed a stabilization or 
even a slight increase, when compared with the values of 8 weeks after 
implant placement. The differences between irradiated and non-irradiated 
alveolar bone were still statistically significant. Significantly reduced bone 
regenerative capability and reduced implant osseointegration in irradiated 
dog and human alveolar bone have also been reported in previous stud-
ies (Granström et al. 1994, 1999; Nishimura et al. 1998; Granström, 
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2005; Brasseur et al. 2006; Yerit et al. 2006). Bone loss and Periotest 
scores of early loaded implants were significantly higher in irradiated 
patients when compared with non-irradiated patients (Landes & Kovács 
2006). However, in contradiction with these findings, comparable satis-
factory implant osseointegration was achieved in non-irradiated and irra-
diated dog alveolar bone (Brogniez et al. 2000; Brogniez et al. 2002). 
Furthermore, noncomparative studies showed (fairly) good implant sur-
vival results in irradiated alveolar human bone, whether or not in conjunc-
tion with hyperbaric oxygen therapy (Arcuri et al. 1997; Keller et al. 1997; 
Visch et al. 2002). Thus, the results of the studies are inconclusive. Many 
factors influencing implant osseointegration, such as irradiation dose, 
irradiation administration schedule, timing from radiotherapy to implanta-
tion, bone quality, bone volume, composition of implants, mandibular or 
maxillary location of implants, and usage of hyperbaric oxygen, make it 
difficult to compare studies. 
 The lack of difference in primary implant stability between irradiated 
and non-irradiated alveolar bone, as registered immediately after implant 
placement, was expected because primary implant stability is not related 
to bone vascularity, but only to bone density. 
 The more pronounced reduction of implant stability at 8 weeks after 
implant placement in irradiated alveolar bone suggests impaired integra-
tion in irradiated alveolar bone. This phenomenon was expected as well, 
because bone remodeling as a part of osseointegration is dependent on 
bone vascularity. Radiation has a significant decreasing effect on vascu-
larity, as demonstrated by LDF (Verdonck et al. 2007). 
 The results of a recent study suggested reliable non-submerged im-
plantation and early loading of implants in irradiated as well as non-
irradiated oral cancer patients, in order to accelerate masticatory function 
improvement and quality of life (Landes & Kovács 2006). However, in the 
current animal study 25% of implants lost in non-irradiated alveolar bone 
and even 60% of implants lost in irradiated alveolar bone failed during the 
first 8 weeks after implantation. Because relevant data of human studies 
on implant loss in irradiated patients are lacking, at least one should be 
very restraint with early loading of implants in these patients. Further-
more, implants placed in these patients require careful monitoring of im-
plant stability and implant hygiene procedures during the first 2 months 
postplacement. 
 The Osstell instrument was used in several previous animal and hu-
man clinical implant stability studies (Balleri et al. 2002; Bischof et al. 
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2004; Cornelini et al. 2004; Da Cunha et al. 2004; Farzad et al. 2004; 
Nedir et al. 2004; De Smet et al. 2005; Lachmann et al. 2006a, 2006b). 
The instrument was demonstrated to be reliable, useful, and precise in 
the long-term follow-up of oral implant osseointegration. Also in the cur-
rent study, the instrument and RFA proved to be feasible for determining 
the stability of non-submerged implants during osseointegration. The 
measurements were consistent and the instrument as well as RFA dem-
onstrated satisfactory clinical practice. 
 The minipigs received three irradiation (Cobalt) exposures up to 8 Gy 
at 7-day intervals, a total of 24 Gy. Using an α / β ratio of 2.5, this dose is 
biologically equivalent to approximately 56 Gy, 28 exposures of 2Gy each 
(Table 3). 
 The hypothesis of this study that during osseointegration implant 
stability is decreasing in a more pronounced manner in the irradiated 
minipigs when compared with the non-irradiated minipigs, has to be con-
firmed. The clinical significance and the origin of this phenomenon need 
to be elucidated in future studies. As shown previously, LDF is an ade-
quate, reproducible, and reliable method for assessing alveolar bone 
vascularity (Verdonck et al. 2007). Whether research by LDF will provide 
a minimum level of vascularity allowing implant placement needs to be 
demonstrated. 
 
Table 3. Calculation of the biological dose equivalent based on an alpha/beta ratio of 2.5 
and a dose fraction of 2 Gy, in the total effect (TE) equation: TEnfd = (α/β + fd) td 
TE3x8 = (2.5 + 8) 24 = 252 
TEnx2 = (2.5 + 2) 2n = 252 
n = 28 
TE = total effect, α/β = alpha/beta ratio, fd = fraction dose, td = total dose, n = number of
doses. 
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4.1 Introduction 

Osseointegration of oral implants depends on many factors, such as 
bone mineral density (BMD), bone volume, bone vascularity, implant 
design, implant surface, and residual alveolar ridge shape (Devlin et al. 
1998; Duyck & Naert 1998; Steigenga et al. 2003; Brånemark 2005; 
Amorim et al. 2006; Butz et al. 2006; Le Guehennec et al. 2007; Shalabi 
et al. 2006; Traini et al. 2006). The deleterious effects of irradiation on 
bone have been recognized for almost a century and still continue to be a 
problem even today because of improved survival of patients treated with 
radiotherapy for oral and neck cancer. Irradiation causes a spectrum of 
changes from mild osteopaenia, through disordered wound healing with 
varying degrees of bone sclerosis, to osteoradionecrosis, which ultimately 
may lead to bone fracture following minimal trauma (Zarem & Carr 1983; 
Williams & Davies 2006). Bone sclerosis manifests as increased BMD, 
which is defined as mineral mass per unit volume (Rauch & Schoenau 
2001). Osteoradionecrosis is a complex of cellular deaths and cellular 
functional impairments from radiation energy transfers. Therefore, the 
pathogenesis of osteoradionecrosis is far more multifaceted than origi-
nally believed (Marx & Johnson 1987; Teng & Futran 2005). Restoration 
of blood supply or transplantation of vascularized tissue to the affected 
area is of primary significance in the resolution of osteoradionecrosis 
(Teng & Futran 2005). 
 Quantitative computed tomography (QCT) provides a site-related 
measure of BMD and is useful as a non-invasive method for determining 
a parameter reflecting bone quality before implant placement (Lindh et al. 
1996; Shahlaie et al. 2003). BMD is calculated by measuring Hounsfield 
units (HU) and relating those values to a calibration bone phantom with a 
pre-determined BMD (Todisco & Trisi 2005). HU can be measured by the 
Simplant™ implant planning software. Using QCT, an objective scale of 
BMD based on the Hounsfield scale can be established (Norton & Gam-
ble 2001). 
 In a previous research project, it was demonstrated that 3 months 
after irradiation, alveolar bone appeared less vascularized in irradiated 
than in non-irradiated minipigs (Verdonck et al. 2007). Furthermore, 8, 
12, and 24 weeks after implant placement, in 3-month previously irradi-
ated minipigs, a more pronounced decrease in implant stability was ob-
served than in non-irradiated minipigs (Verdonck et al. 2008). Subse-
quently, the question arises as to whether irradiation affects BMD due to 
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bone sclerosis. In order to address this question, the hypothesis of this 
study was that BMD is increased in irradiated maxillary and mandibular 
minipig alveolar bone, when compared with non-irradiated maxillary and 
mandibular minipig alveolar bone. 

4.2 Material and methods 

Six adult 1-year-old Göttingen minipigs were used for this study. The 
experiments were conducted in accordance with German and European 
community guidelines on the protection of (laboratory) animals. Permis-
sion was obtained from the Animal Ethical Committee of the University of 
Aachen. 
 All maxillary and mandibular pre-molars and molars of the minipigs 
were extracted under general anaesthesia, induced by Isoflorane™ 0.8–
1.1%. Inter– and postoperatively during 3 days, clindamycine was admin-
istered as the antimicrobial agent, prophylactically. After a 3-month alveo-
lar bone healing period, the maxillary and mandibular bones of three 
minipigs received bilaterally three irradiation (Cobalt) exposures up to 8 
Gray (Gy) with 7-day intervals at a total dose of 24 Gy. The right- as well 
as the left-sided irradiation field contained half of the maxilla as well as 
the mandible completely, obtaining an even irradiation distribution of 
arches and jaws. 
 At 3 months after irradiation, QCT scans of all minipigs were per-
formed under general anaesthesia. The scanner used was the SOMA-
TOM Sensation™ (Siemens Nederland N.V., The Hague, The Nether-
lands), which produces a reconstructed slice distance of 1 mm. During 
scanning, a calibration bone phantom with a pre-determined BMD (Image 
Analysis, Inc, Columbia, KY, USA) was attached to the head of the mini-
pigs. QCT images are a pixel map of the linear X-ray attenuation coeffi-
cient of tissue. The pixel values are scaled so that the linear X-ray at-
tenuation coefficient of air equals −1024 and of water equals 0. This 
scale is called the Hounsfield scale. Using this scale, fat tissue is around 
−110, muscle tissue is around 40, trabecular bone is in the range of 100–
300, and cortical bone extends above trabecular bone to about 2000 
(Hounsfield 1980).The QCT data were imported into a software program 
(Simplant™, Materialise N.V., Leuven, Belgium), compressing the original 
12-bit images to eight-bit images. Simplant™ displays the QCT images 
using up to 256 grey levels. The default grey scale used by Simplant™ 
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allows one to see the full range of tissue from air in the maxillary sinus to 
the densest cortical bone. Also using QCT and Simplant™ software, vir-
tually precise implant positions were determined in the alveolar bone and 
an additional implant in the calibration bone phantom. Using a custom-
ized surgical template (Materialise N.V.) and a pilot drill, five initial os-
teotomy sites were drilled in the residual alveolar ridge of each edentu-
lous site, in total 20 osteotomy sites in each minipig. Implant placement 
was carried out as part of an ongoing study on the effects of irradiation on 
implant stability and implant survival (Verdonck et al. 2007, 2008). 
 The peri-implant BMD, both of the alveolar bone and of the calibration 
bone phantom, was calculated using the examiner-independent Sim-
plant™ software. The alveolar BMD around all 20 virtual osteotomy sites 
in each minipig was calculated in the software program automatically. 
BMD calculation was carried out at each osteotomy site because during 
the procedure of implant placement, bone vascularity and implant stability 
would be measured at each osteotomy site as well (Verdonck et al. 2007, 
2008). In order to compare the BMD values of individual minipigs, it was 
necessary to calculate an absolute value of BMD. The so-called bone 
mineral density quotient (BMDQ) was created, dividing the peri-implant 
BMD value of the alveolar bone by the peri-implant BMD value of the 
calibration bone phantom (Todisco & Trisi 2005). 
 The Kolmogorov–Smirnov test on the normality of the distribution of 
BMDQ was carried out separately on maxillary, mandibular, and overall 
peri-implant BMDQ. For each minipig, mean maxillary, mandibular, and 
overall peri-implant BMDQ values together with the standard deviations 
of the 20 implants were calculated. Because the intra-minipig peri-implant 
BMDQ values are correlated intrinsically, it was obvious to consider the 
10 maxillary, the 10 mandibular, and the 20 overall peri-implant BMDQ 
values per minipig as 1 mean peri-implant BMDQ value, respectively. In 
other words, each minipig alone was an independently recorded unit for 
the data analysis. Independent groups Student t-tests and Mann–Whitney 
tests for determining the irradiation effect were also carried out on three 
separate BMDQ parameters. Paired t-test and Wilcoxon signed-rank test 
were performed on the differences between mandibular and maxillary 
BMDQ values. A P-value of 0.05 was considered to be statistically signifi-
cant. Data analysis was performed by SPSS-pc version 12. 
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4.3 Results 

Although the calibration bone phantom had a pre-determined BMD, dif-
ferent individual peri-implant BMD values were measured per minipig, 
using the Simplant™ software, varying from 160 to 250 (Table 1). Table 2 
presents the means and standard deviations of the maxillary, the man-
dibular, and the overall peri-implant BMDQ separately for the three non-
irradiated and the three irradiated minipigs. The Kolmogorov–Smirnov 
test showed no deviations from the normality of statistical distribution for 
mean maxillary peri-implant BMDQ (P=0.79), mean mandibular peri-
implant BMDQ (P=0.76), and mean overall peri-implant BMDQ (P=0.95) 
of the six minipigs. Both the maxillary and mandibular as well as the 
overall peri-implant BMDQ showed higher mean values in irradiated mi-
nipigs, when compared with non-irradiated minipigs, but the differences 
were not statistically significant. The P-values of the Student t-test, de-
termining the irradiation effect, were 0.11 for the maxillary, 0.14 for the 
mandibular, and 0.07 for the overall peri-implant BMDQ. P-values of the 
non-parametric Mann–Whitney test were all 0.05. In irradiated and non-
irradiated minipigs, the mean mandibular peri-implant BMDQ values were 
higher when compared with the mean maxillary peri-implant BMDQ val-
ues (paired t-test, P=0.003; Wilcoxon, P=0.028). 
 
Table 1. Peri-implant BMD values of the six calibration bone phantoms, measured in
Hounsfield units 
Calibration bone phantom BMD 
1 250 
2 184 
3 173 
4 189 
5 160 
6 202 

BMD, bone mineral density 
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Table 2. Means and standard deviations (SD) of maxillary, mandibular, and overall peri-implant 
BMDQ of the three non-irradiated (one to three) and the three irradiated (four to six) minipigs 
Minipigs Maxillary BMDQ Mandibular BMDQ Overall BMDQ 
Non-irradiated    
1 3.53 4.53 4.03 
2 3.08 3.74 3.41 
3 2.89 4.4 3.65 
Mean ± SD 3.17 ± 0.33 4.22 ± 0.42 3.69 ± 0.31 
    
Irradiated    
4 3.55 4.55 4.05 
5 4.41 4.67 4.54 
6 3.6 4.86 4.23 
Mean ± SD 3.85 ± 0.48 4.69 ± 0.15 4.27 ± 0.25 
    
Non-irradiated + Irradiated    
Mean ± SD 3.51 ± 0.53 4.46 ± 0.38 3.98 ± 0.41 

BMDQ, bone mineral density quotient. 

4.4 Discussion 

The data presented in Table 1 show a wide range of peri-implant BMD 
values in the six calibration bone phantoms. Consequently, it was shown 
that calculating absolute BMD values based on computed tomography 
(CT) scans and using the Simplant™ software is not possible, unless 
calibration bone phantoms with a pre-determined BMD value are co-
scanned. The number of minipigs participating in this study was deter-
mined by statistical power calculation, based on implant stability and 
bone vascularity. As a consequence, the statistical power for BMD could 
be low. An alternative would have been to increase the number of mini-
pigs, but this alternative was rejected from an ethical point of view. Nev-
ertheless, statistical analysis showed a nearly significant difference be-
tween peri-implant BMDQ in the irradiated and the non-irradiated mini-
pigs. Presumably, a statistically significant correlation would have been 
reached if more minipigs would have been used for this study. 
 The minipigs received three irradiation (Cobalt) exposures up to 8 Gy 
with 7-day intervals, at a total dose of 24 Gy. Using an α/β ratio of 2.5, 
this dose is biologically equivalent to approximately 56 Gy, 28 exposures 
of 2 Gy each (Table 3). The higher peri-implant BMDQ values in irradi-
ated minipigs, when compared with non-irradiated minipigs, suggest a 
sclerotic effect of irradiation on BMD. Although likely, it is not certain that 
a similar irradiation effect will be observed in humans. 



 

 
55 

Table 3. Calculation of the biological dose equivalent based on an alpha/beta ratio of 2.5
and a dose fraction of 2 Gy, in the total effect (TE) equation: TEnfd = (α/β + fd) td 
TE3x8 = (2.5 + 8) 24 = 252 
TEnx2 = (2.5 + 2) 2n = 252 
n = 28 
TE = total effect, α/β = alpha/beta ratio, fd = fraction dose, td = total dose, n = number of
doses. 

 
When importing original 12-bit images in Simplant™, the images are 
compressed to eight-bit ones. The lower part of the Hounsfield scale is 
cut off, in the sense that pixels between 0 and 200 are mapped on 0. The 
compression of images has limited influence because the 0–200 range 
does not contain CT-critical data, but mainly air scattering. Afterwards, 
Simplant™ maps optimally the 12-bit range (4096 HU values) to eight-bit 
(256 grey values) ones. Hence, the range from 201 to the maximal HU 
value (4095) in the CT images is divided in 255 intervals. In the worst 
case, the 255 intervals have a width of approximately 16 HU 

−⎛ ⎞≈ =⎜ ⎟
⎝ ⎠

4095 201 15.27
255

, introducing an error of 16 HU maximally. Moreover, 

the maximum error of 16 HU, resulting from the image reduction from 12-
bit to eight-bit, is in general much smaller than the differences between 
the measured peri-implant BMD values, indicating that the differences 
result from differences in material properties. Consequently, this proce-
dure has limited or no influence on CT image quality, but reduces the 
data set to simplify the statistical analyses substantially (Chen et al. 
2004). Very recently, several manufacturers announced new display sys-
tems with higher bit depth and increased the available number of gray 
scales to 1.024 (Kimpe & Tuytschaever 2007). 
 Based on the results of this study, it could be concluded that, 3 
months after irradiation, the peri-implant BMD of irradiated alveolar mini-
pig bone was increased, when compared with non-irradiated alveolar 
minipig bone, suggesting an increase of BMD by irradiation. However, the 
increase was not statistically significant. Moreover, as measured with 
laser Doppler flowmetry, at 3 months after irradiation, edentulous alveolar 
bone appeared less vascularized in irradiated than in non-irradiated mini-
pigs (Verdonck et al. 2007). Furthermore, it was demonstrated that during 
osseointegration, implant stability decreased at a more pronounced rate 
in irradiated minipigs, when compared with non-irradiated minipigs 
(Verdonck et al. 2008). The results of these three studies are in agree-
ment with previous studies, indicating bone sclerosis following irradiation 
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and highlighting BMD as well as bone vascularity as parameters of bone 
quality (Zarem & Carr 1983; Williams & Davies 2006). High BMD values 
are in accordance with reduced bone vascularity. Sclerosis and reduced 
vascularity are biological changes in irradiated bone, which are responsi-
ble for reduced implant stability during and after osseointegration and 
high implant loss figures. 
 The important question of this minipig study and the two previous 
minipig studies (Verdonck et al. 2007, 2008) is whether the results will be 
similar in humans. If so, the clinical implications could be that, in order to 
reduce implant loss and the risk of osteoradionecrosis in patients irradi-
ated in the head and neck region before implant placement, bone vascu-
larity and/or BMD should be measured. Perhaps, below a specific to de-
termine level of bone vascularity and/or above a specific to determine 
level of BMD implant placement should be abandoned. Bone vascularity 
and BMD with regard to implant placement should be subject to further 
investigation with a proper study design and sufficient animal or patient 
numbers. 
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5.1 Introduction 

According to the literature, it is generally accepted that oral implant inte-
gration in irradiated bone is impaired (Cawood & Stoelinga 2006; Wein-
laender et al. 2006). Oral implant survival percentages in irradiated bone 
are lower than in non-irradiated bone, particularly if the irradiation dose 
exceeds 50 Gray (Granström et al. 1999; Visch et al. 2002; Granström 
2005; Yerit et al. 2006). Prospective studies have shown that irradiated 
bone becomes hypocellular and hypoxic and that the vascularity of irradi-
ated bone is decreasing over time (Marx 1983). In irradiated patients, a 
method of measuring vascularity of intended implant recipient bone would 
be of clinical significance in preventing early implant loss and in reducing 
the risk of osteoradionecrosis due to surgical interventions, such as oral 
implant insertion. Eventually, it could be possible to establish a threshold 
bone vascularity value beyond which oral implants should not be in-
serted. 
 For assessment of tissue vascularity, non-invasive laser Doppler 
flowmetry (LDF) has been applied in skin, colonic, muscular, gingival, 
pulpal, and oral mucosal tissues (Donos et al. 2005; Kocabalkan & Tur-
gut, 2005; Mavropoulos et al. 2007; Retzepi et al. 2007; Seike et al. 2007; 
von Arx et al. 2007; Emshoff et al. 2008; Rajan et al. 2008, Røe et al. 
2008; Singh et al. 2008). Several animal and a few clinical human studies 
assessing bone vascularity by LDF have also been carried out (Beaulé et 
al. 2006; Murnaghan et al. 2006; Beaulé et al. 2007). At present, assess-
ing jaw bone vascularity clinically, using LDF, seems to be realistic. A 
recent animal study, using LDF, showed a significant decrease of jaw 
bone vascularity after irradiation (Verdonck et al. 2007). Hence, it was 
suggested to use the method clinically, increasing the predictability of oral 
implant treatments. However, to prove the method to be useful in human 
beings, normal values of human jaw bone vascularity measured by LDF 
should be known. Assessment of bone vascularity in the anterior mandi-
ble is important particularly, because the effect of radiation therapy is 
more pronounced in the mandible compared to the maxilla (Verdonck et 
al. 2007). Modern LDF techniques are using a laser diode device produc-
ing a beam of near-infrared laser light with an operating wavelength of 
780 to 820 nm, beaming into human tissues by a fiber optic connector 
(probe) (Bollinger & Partsch 2003; Michelson et al. 1996). The photons 
are scattered and light, hitting moving blood cells, undergoes a change in 
wavelength (Doppler shift), while the wavelength of the light hitting static 
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structures is unchanged. A returning fiber in the probe picks up the light 
and carries it back to a photo detector. The magnitude of the signal and 
the frequency changes are directly related to the relative number and 
velocity of blood cells in a recorded volume (Ahn et al. 1987). 
 The hypotheses of this study were that bone vascularity in the human 
anterior mandible can be assessed during implant insertion by LDF and 
that the recorded LDF values are providing standard data for bone vascu-
larity in the human anterior mandible. 

5.2 Material and methods 

Twenty-three randomly selected non-irradiated edentulous patients sche-
duled for treatment with oral implants in the anterior mandible were as-
signed; 12 men and 11 women aged 42 to 78 years, mean age 63.6 
years and median age 64.6 years. The patient’s history of edentulous-
ness ranged from 3 months to 40 years, median 2 years. According to the 
classification of Cawood and Howell (1988) the resorption of the residual 
alveolar ridges was determined class III in 6 patients, class IV in 7 pa-
tients, class V in 5 patients, and class VI in 5 patients. 
 The surgical implant treatment included an incision over the top of the 
anterior mandibular alveolar crest and lateral release incisions sloping 
into the buccal vestibule and a gently reflection of the periosteum, expos-
ing the underlying alveolar bone. If and where necessary the alveolar 
process was trimmed for inserting implants with a diameter of 4.3 mm. 
Subsequently, pilot osteotomy sites were drilled for recording bone vas-
cularity, using a drill with a diameter of 3.0 mm. The LDF module, cali-
brated according to the manufacturer’s instructions, emitted laser light of 
780 nm, which was transduced to the pilot osteotomy site by a special 
side reading optical fiber probe with a diameter of 2.8 mm (PF 415-254, 
Periflux System®, Perimed, Sweden) (Fig. 1). Penetration of the light into 
bone tissue was found to be 3 mm from the bone surface approximately 
(Nőtzli et al. 1989). Because of the merely 0.1 mm gap between probe 
and bone in the pilot osteotomy site, reflection of the light was precluded 
practically. No repeated recordings at various moments were carried out, 
preventing the requirement of producing a fixation device. The probe was 
inserted in the pilot osteotomy site at a standard depth of 8 mm. Before 
inserting the probe, the pilot osteotomy site was rinsed with a saline solu-
tion avoiding contamination. 
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Figure 1. Side reading LDF probe. 
 
While recording the blood flow, the patient sitting in a semi-reclined posi-
tion in a dental chair, was requested to avoid disturbing movements. Dis-
turbing movements of the patient, if any, became promptly apparent in 
the recording graphic. Within a few seconds after installing the probe, 
however, the graphic stabilized and remained stable during the recording 
period. A 20 seconds noise free period appeared sufficient for a reliable 
recording session. Because of the non-homogenous calcified and trabe-
cular bone, as demonstrated in a previous animal study (Verdonck et al. 
2007), in each pilot osteotomy site 4 LDF recordings were carried out 
with the probe perpendicularly directed to the mesial, buccal, distal, and 
lingual pilot osteotomy site wall successively. In the same animal study 
was concluded that because of the sufficient intraclass correlation coeffi-
cient one recording session per pilot osteotomy site was adequate. The 
LDF module was connected to a personal computer for calculating the 
recordings. The recordings in the 4 directions were averaged, revealing 
the blood flow per pilot osteotomy site, expressed in perfusion units (PU). 
Although PU is an arbitrary unit, a linear relationship between PU and 
blood flow expressed in ml/min/100 g has been demonstrated (Wein-
laender et al. 2006). If more than one implant was scheduled, the re-
cording value of each pilot osteotomy site was considered a separate 
value. LDF recordings were carried out at 1 pilot site in 7 patients, at 2 
sites in 15 patients, and at 4 sites in 1 patient. At a total of 41 pilot os-
teotomy sites LDF values were thus recorded, 19 in the 12 men and 22 in 
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the 11 women. After the LDF recordings, the pilot osteotomy sites were 
widened for inserting the implants.  
 The statistical distribution and characteristics of the main outcome 
parameter of the study (LDF value) were explored, separately for men 
and women. Due to the limited number of recordings not only the mean 
values and the standard deviations were provided, but also the medians 
and ranges. The Kolmogorov-Smirnov test on the normality of the distri-
bution of LDF was carried out. Student t-test, Mann-Whitney test, and 
Levene test for determining the gender effect on LDF values were carried 
out. The relationship between patient’s LDF values at one hand and pa-
tient’s age and history of edentulousness at the other hand was deter-
mined by Spearman’s rank correlation coefficient (R). All data were ana-
lyzed by SPSS-pc, version 12.0 and 15.0. P-value 0.05 was determined 
as level of significance for all comparisons. 

5.3 Results 

Mean LDF value of the 41 pilot osteotomy sites was 25.80 PU, median 
20.82, range 7.97-61.95, and standard deviation 12.58 (Table 1-2). 
 The Kolmogorov-Smirnov test showed no deviations from normality of 
statistical distribution for mean LDF value (P= 0.15). However, a strong 
tendency of positive skewness with a tail to the right was obvious (skew-
ness: 1.14; standard error: 0.37) (Fig. 2). 
 Mean LDF value of the 19 pilot osteotomy sites of the 12 men was 
29.74 PU, median 28.92, range 10.24-61.95, and standard deviation 
15.28. Mean LDF value of the 22 pilot osteotomy sites of the 11 women 
was 22.39 PU, median 19.82, range 7.97-41.84, and standard deviation 
8.64 PU (Table 1 and 2). The P-values of Student t-test and Mann-
Whitney test, determining the gender effect, were 0.074 and 0.182 re-
spectively. Levene test showed statistical significance for gender differ-
ence in standard deviations (F= 6.57, P= 0.014). Spearman’s rank corre-
lation test of mean LDF values of the 23 patients did not show a relation-
ship with patients’ age (R= –0.10, P=0.65) or history of edentulousness 
(R= 0.11, P=0.61). The number of patients in the 4 different resorption 
classes were too small for statistical analysis. The LDF recordings in the 
4 classes were not very divergent mutually. 
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Table 1. LDF values at the 41 pilot sites of 23 patients. 
Patient Site 1 Site 2 Site 3 Site 4  
1 30.62     
2 11.44     
3 18.61 32.45    
4 10.24 16.87    
5 41.84 31.17    
6 21.39     
7 14.05 20.82    
8 17.12 17.52    
9 35.96 46.67    
10 16.79     
11 26.04 30.03    
12 61.95     
13 41.24 59.80    
14 16.48 28.92    
15  7.97 17.20    
16 19.29     
17 38.30 22.05    
18 18.37 39.40    
19 29.73     
20 17.62 26.68 19.49 10.84  
21 15.87 20.66    
22 16.00 20.15    
23 32.11 37.86    
 
 
Table 2. Means, medians, ranges, and standard deviations of LDF values (PU), separately
for men and women.  
Gender Number of 

Patients 
 Number of 

implant sites 
 Mean PU Median Range Standard 

deviation 
       
Men 12 19 29.74 28.92 10.24-61.95 15.28 
Women 11 22 22.39 19.82  7.97-41.84  8.64 
       
Total 23 41 25.80 20.82  7.97-61.95 12.58 
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Figure 2. Graph of the distribution of LDF values (PU) of the 41 pilot sites 

5.4 Discussion 

Standardization of the laser diode device and the recording method is 
required for comparing results of various device users. The probes and 
the LDF equipment should be equal and the device should be calibrated 
according to the manufacturer’s instructions. Applying the procedure 
used in this study, values recorded by various device users may provide 
a standard for human mandibular and maxillary bone vascularity. 
 This study is the first showing results of bone vascularity using LDF in 
humans. For statistical analysis, all implant sites in the patients were 
included. According to scientific statistical standards the method chosen 
may seem not permitted, because the rule of independence of measure-
ments could be violated by including multiple recordings. Nevertheless, 
the statistical method was used because of several deliberate reasons. 
Important deliberations were the explorative and descriptive characteris-
tics of this first human study into vascularity using LDF, and the site de-
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pendancy of vascularity. At multiple implant sites in one patient, LDF 
recordings may yield different LDF values. Consequently, there is no 
harmonious LDF value per jaw or per patient. However, the most impor-
tant deliberation was that bone vascularity at an implant site was the ex-
pected factor influencing implant osseointegration and that an average 
LDF value does not represent the actual value at a certain implant site. 
 Student t-test and Mann-Whitney test did not show a gender effect on 
the LDF values recorded. In contrast with this result, Levene test re-
vealed a statistical significance for gender difference in standard devia-
tions. No explanation could be suggested for this apparent controversy. 
Possibly, future studies may elucidate this problem. 
 Because the LDF values of the 41 pilot osteotomy sites did not show 
linear relationship with patient’s age or patient’s history of edentulous-
ness, at least in edentulous patients bone vascularity seems not to in-
crease or decrease substantially due to the course of time. 
 LDF values distribution had a strong tendency to be positively 
skewed with a tail to the right and very few low values were present (Fig. 
2). Therefore, interference with low LDF values, as likely will be recorded 
in irradiated patients, is not expected because of the rather sharp cut off 
at the lower border of the graphical curve (Fig. 2).  
 The results of a previous animal study demonstrated that comparison 
of LDF values between individual animals was possible, suggesting that 
also comparison of LDF values between humans is possible (Verdonck et 
al. 2007). A clinical trial with a group of irradiated and a group of non-
irradiated patients needs to be performed in order to confirm the decreas-
ing effect of irradiation on human bone vascularity. 
 Radiotherapy in head-and-neck cancer patients has been evolved 
from bilateral opposing radiation fields into intensity-modulated radiother-
apy (IMRT) (Yao et al. 2005; Bortfeld, 2006). The multi-beam IMRT tech-
nique is used to ensure adequate radiation doses to target volumes and 
safe radiation doses to healthy tissues. IMRT used in the treatment of 
head and neck tumours may result in irradiation of the anterior mandibu-
lar bone, likely compromising bone vascularity, even if the tumour is not 
located in the anterior mouth area. Consequently, implant insertion at the 
anterior mandible will be at risk. In order to reduce the risk of osteora-
dionecrosis due to surgical intervention and to raise implant success 
rates in irradiated head-and-neck cancer patients, it would be very bene-
ficial to define a minimal bone vascularity threshold allowing implant in-
sertion safely. LDF may be helpful in this connection and may also dem-
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onstrate or confirm the effectiveness of hyperbaric oxygen therapy used 
for increasing bone vascularity. In addition, LDF may be also used in 
other conditions of (compromised) bone, for instance in vascularized and 
non-vascularized bone grafts. 
 One of the aims of the present study was providing standard data for 
bone vascularity in the human anterior mandible. Since these data are 
available as from now on, future studies should focus on bone quality 
more specifically, for instance on the influence of bone density on bone 
vascularity. 
 The study hypotheses that bone vascularity in the human anterior 
mandible can be assessed during implant insertion by LDF and that the 
recorded LDF values are providing standard data for bone vascularity in 
the human anterior mandible, were confirmed. However, studies in irradi-
ated patients are needed for defining a vascularity threshold beyond 
which oral implants should not be inserted.  

Acknowledgement 

The authors are grateful to Biocomp Industries (Vught, The Netherlands) 
for generously putting their instruments and implants at disposal. 



 

 
68 

References 

Ahn, H., Johansson, K., Lundgren, O. & Nilsson, G.E. (1987) In vivo evaluation of signal 
processors for laser Doppler tissue flowmeters. Medical and Biological Engineering and 
Computing 25: 207-211. 

von Arx, T., Chappuis, V., Winzap-Kälin, C. & Bornstein, M.M. (2007) Laser Doppler flow-
metry for assessment of anterior mandibular teeth in conjunction with bone harvesting in 
the symphysis: a clinical pilot study. The International Journal of Oral & Maxillofacial 
Implants 22: 383-389. 

Beaulé, P.E., Campbell, P.A., Hoke, R. & Dorey, F. (2006) Notching of the femoral neck 
during resurfacing arthroplasty of the hip: a vascular study. The Journal of Bone & Joint 
Surgery (Br) 88: 35-39. 

Beaulé, P.E., Campbell, P. & Shim, P. (2007) Femoral head blood flow during hip resurfac-
ing. Clinical Orthopaedics and Related Research 456: 148-152. 

Bollinger, A. & Partsch, H. (2003) Christian Doppler is 200 years young. VASA 32: 225-233. 
Bortfeld, T. (2006) IMRT: a review and preview. Physics in Medicine and Biology 51: R363-

R379. 
Cawood, J.I. & Stoelinga, P.J.W. (2006) International academy for oral and facial rehabilita-

tion - Consensus Report. International Journal of Oral and Maxillofacial Surgery 35: 
195-198. 

Cawood, J.I. & Howell, R.A. (1988) A classification of the edentulous jaws. International 
Journal of Oral and Maxillofacial Surgery 17: 232-236. 

Donos, N., D’Aiuto, F., Retzepi, M. & Tonetti, M. (2005) Evaluation of gingival blood flow by 
the use of laser Doppler flowmetry following periodontal surgery. A pilot study. Journal 
of Periodontal Research 40: 129-137. 

Emshoff, R., Kranewitter, R., Brunold, S., Laimer, K. & Norer, B. (2008) Characteristics of 
pulpal blood flow levels associated with non-segmented and segmented Le Fort I os-
teotomy. Oral Surgery, Oral Medicine, Oral Pathology, Oral Radiology, and Endodontol-
ogy 105: 379-384. 

Granström, G., Tjellström, A. & Brånemark, P-I. (1999) Osseointegrated implants in irradi-
ated bone: a case-controlled study using adjunctive hyperbaric oxygen therapy. Journal 
of Oral and Maxillofacial Surgery 57: 493-499. 

Granström, G. (2005) Osseointegration in irradiated cancer patients: an analysis with re-
spect to implant failures. Journal of Oral and Maxillofacial Surgery 63: 579-585. 

Kocabalkan, E. & Turgut, M. (2005) Variation in blood flow of supporting tissue during use of 
mandibular complete dentures with hard acrylic resin base and soft relining: A prelimi-
nary study. The International Journal of Prosthodontics 18: 210-213. 

Marx, R.E. (1983) Osteoradionecrosis - A new concept of its pathophysiology. Journal of 
Oral and Maxillofacial Surgery 41: 351. 

Mavropoulos, A., Brodin, P., Rösing, C.K., Aass, A.M. & Aars, H. ( 2007) Gingival blood flow 
in periodontitis patients before and after periodontal surgery assessed in smokers and 
non- smokers. Journal of Periodontology 78: 1774-1782. 

Michelson, G., Schmauss, B., Langhans, M.J., Harazny, J. & Groh, M.J. (1996) Principle, 
validity, and reliability of scanning laser Doppler flowmetry. Journal of Glaucoma 5: 99-
105. 

Murnaghan, M., Li, G. & Marsh, D.R. (2006) Nonsteroidal anti-inflammatory drug-induced 
fracture nonumion: an inhibition of angiogenesis? The Journal of Bone & Joint Surgery 
(Am) 88 (suppl. 3): 140-147. 



 

 
69 

Nötzli, H.P., Swiontkowski, M.F., Thaxter, S.T., Carpenter, G.K. 3rd. & Wyatt, R. (1989) 
Laser Doppler flowmetry for bone blood flow measurements: helium-neon laser light at-
tenuation and depth of perfusion assessment. Journal of Orthopaedic Research 7: 413-
424. 

Rajan, V., Varghese, B., van Leeuwen, T.G. & Steenbergen, W. (2008) Review of methodo-
logical developments in laser Doppler flowmetry. Lasers in Medical Science 24: Epub 
ahead of print 

Retzepi, M., Tonetti M. & Donos,N. (2007) Comparison of gingival blood flow during healing 
of simplified papilla preservation and modified Widman flap surgery: a clinical trial using 
laser Doppler flowmetry. Journal of Clinical Periodontology 34: 903-911. 

Røe, C., Damsgård, E. & Knardahl, S. (2008) Reliability of bloodflux measurements from 
the upper trapezius muscle during muscle contractions. European Journal of Applied 
Physiology 102: 497-503. 

Seike, K., Koda, K., Saito, N., Oda, K., Kosugi, C., Shimizu, K. & Miyasaki, M. (2007) Laser 
Doppler assessment of the influence of division at the root of the inferior mesenteric ar-
tery on anstomotic blood flow in rectosigmoid cancer surgery. International Journal of 
Colorectal Disease 22: 689-697. 

Singh, D.B., Stansby, G. & Harrison, D.K. (2008) Assessment of oxygenation and perfusion 
in the tongue and oral mucosa by visible spectrophotometry and laser Doppler flow-
metry in healthy subjects. Advances in Experimental Medicine and Biology 614: 227-
233. 

Verdonck, H.W.D., Meijer, G.J., Laurin, T., Nieman, F.H.M., Stoll, C., Riediger, D., Stoel-
inga, P.J.W. & de Baat, C. (2007) Assessment of vascularity in irradiated and non-
irradiated maxillary and mandibular alveolar minipig bone using laser Doppler flow-
metry. International Journal of Oral and Maxillofacial Implants 22: 774-778. 

Visch, L.L., Van Waas, M.A.J., Schmitz, P.I.M. & Levendag, P.C. (2002) A clinical evalua-
tion of implants in irradiated oral cancer patients. Journal of Dental Research 81: 856-
859. 

Weinlaender, M., Beumer, J. 3rd., Kenney, E.B., Lekovic, V., Holmes, R., Moy, P.K. & Plenk, 
H. Jr. Histomorphometric and fluorescence microscopic evaluation of interfacial bone 
healing around 3 different dental implants before and after radiation therapy. Interna-
tional Journal of Oral and Maxillofacial Implants 21: 212-224. 

Yao, M., Dornfeld, K.J., Buatti, J.M., Skwarchuk, M., Tan, H., Nguyen, T., Wacha, J., Bay-
outh, J.E., Funk, G.F., Smith, R.B., Graham, S.M., Chang, K. & Hoffman, H.T. (2005) In-
tensity-modulated radiation treatment for head-and-neck squamous cell carcinoma - the 
University of Iowa experience. International Journal of Radiation Oncol-
ogy*Biology*Physics 63: 410-421. 

Yerit, K.G., Posch, M., Seemann, M., Hainich, S., Dortbudak, O., Turhani, D., Ozyuvaci, H, 
Watzinger, F. & Ewers, R. (2006) Implant survival in mandibles of irradiated oral cancer 
patients. Clinical Oral Implants Research2 17: 337-344. 

 



 



 

 
71 

CHAPTER 6 
 
 
 
 

Intensity-modulated radiation therapy for 
oropharyngeal cancer: Radiation dosage 
constraint at the anterior mandible 
 
 

Accepted for publication in Oral Oncology 
 
 
H.W.D. Verdonck 
J. de Jong 
M. Granzier 
F.H. Nieman 
C. de Baat 
P.J.W Stoelinga 
 
 
 



 

 
72 

6.1 Introduction 

New radiotherapy techniques, such as 3-dimensional conformal radio-
therapy, intensity-modulated radiotherapy, and proton radiotherapy are 
allowing lower dosage and better dose distribution at non-target tissues 
and organs.1-5 Intensity-modulated radiotherapy (IMRT) uses modifica-
tions in the intensity of the photon-beam from a linear accelerator across 
the irradiated fields to enhance dose conformation in 3 dimensions.6 It 
can escalate the total dosage and fractional dose to target volumes and 
decrease the irradiation dosage of surrounding tissues and organs. The 
accurate target volume delineation of IMRT treating oropharyngeal can-
cer is essential for reducing recurrences and marginal failures and for 
improving local control.7 
 A large portion of patients with oropharyngeal cancer are suffering 
from disturbed anatomy and functional limitations due to tumour resection 
and primary or adjuvant radiotherapy. These patients can functionally and 
aesthetically benefit greatly from implant-supported prostheses. Oral 
implant treatment may increase their quality of life.8 
 Current data suggest that osseointegration is impaired in irradiated 
bone.9,10 Implant survival percentages in irradiated bone are known to be 
lower than in non-irradiated bone, particularly if the radiation dosage ex-
ceeds 50 Gray.11-14 Prospective studies have shown that irradiated bone 
becomes hypocellular and hypoxic and that the vascularity of irradiated 
bone is decreasing over time.15 As a result, the continuous bone remodel-
ling capacity will diminish, which explains the lower implant survival per-
centages. 
 Oropharyngeal cancers are currently often primarily treated by IMRT, 
irradiating the anterior mandible as well. Irradiation of the anterior mandi-
ble is inducing a risk of osteoradionecrosis or implant failure in this re-
gion. The irradiation dose distribution at the mandible is rarely considered 
and the risks are not always appreciated.16 Yet, IMRT has the potential to 
limit the irradiation dosage at the anterior mandible, because it allows 
detailed dose distribution, tailored at target tissues as well as at surround-
ing non-target tissues.17 This is important, since the anterior mandible is 
the location of preference when planning implants. Consequently, the risk 
of osteoradionecrosis can be reduced and the integration of oral implants 
can be improved.18 
 The aim of this study was to investigate the radiation dosage distribu-
tion at the anterior mandible and to study the feasibility of radiation dos-
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age constraint at the anterior mandible in oropharyngeal cancer patients 
primarily treated using IMRT. The study hypothesis was that adequate 
IMRT planning in oropharyngeal cancer patients is allowing for sufficiently 
low anterior mandibular bone radiation dosages to safely insert endosse-
ous implants. 

6.2 Material and methods 

Ten randomly selected oropharyngeal cancer patients planned for pri-
mary radiotherapy using IMRT, were included. Tumour sites of the 10 
patients were posterior pharyngeal wall (3), vallecula (2), base of the 
tongue (2), uvula (1), supraglottic area (1), and tonsillar region (1). 
 The dose distribution of the arranged fractionated radiation schedules 
at the anterior mandible of the 10 patients was analyzed. In each patient, 
planning positron emission tomography CT (Biograph True Point PET-
CT, Siemens Medical Solutions, Hoffman Estates, Illinois, USA) was per-
formed with 3 mm slice thickness throughout the whole sequentially ac-
quired region concerned, including the target and non-target regions. 
Patients were immobilized by a thermoplastic mask covering the head 
and shoulder region. Contouring and radiation planning were optimized 
using the CMS XiO treatment planning system, version 4.22 (CMS, Inc., 
St Louis, Missouri, USA).19 Radiation planning aimed at a tumour target 
dosage of 70 Gy in 35 fractions of 2 Gy, considering a tolerance limit of 
dose for the parotid and submandibular salivary glands, the organs at risk 
of dysfunction after irradiation. Irradiation was delivered by 6-MeV photon 
beams on a ONCOR Avant-Garde linear accelerator with the step and 
shoot multileaf collimator technique (Siemens Medical Solutions USA, 
Hoffman Estates, Illinois, USA). This technical solution resulted in 7-field 
arrangements (’class solution’) in the patients.20 
 First, at 5 determined positions distributed over the anterior mandible, 
the appropriate radiation dosages were calculated according to the origi-
nally arranged fractionated radiation schedule. The determined mandibu-
lar positions were: (1) symphysis (midline), (2 and 3) 1.5 cm distal at 
each side of the midline, (4 and 5) at each mental foramen (Fig. 1). Sec-
ond, for each patient an adjusted fractionated radiation schedule was 
established, taking into account that the anterior mandible needs protec-
tion against radiation-induced osteoradionecrosis. Considerations for the  
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adjusted fractionated radiation schedule were similar as those of the orig-
inal fractionated radiation schedule, including a desired tumour target 
dosage of 70 Gy and the maximum mean local dosages for organs at 
risk. The aim was to maximally reduce the radiation dosage at the ante-
rior mandible, preferably not exceeding 30 Gy in 35 fractions. According 
to the adjusted fractionated radiation schedule, appropriate radiation do-
sages at the 5 determined mandibular positions were calculated. All ab-
solute radiation dosages were recalculated into dose equivalents in 2 Gy 
fractions using an α/β ratio of 3 to compensate effects of fraction size in 
normal tissue. 
 Means, medians, standard deviations, and ranges of radiation dos-
ages (Gy) at the 5 determined mandibular positions were registered, both 
of the original and of the adjusted fractionated radiation schedules of the 
10 patients. Differences between original and adjusted fractionated radia-
tion schedules at each determined mandibular position were tested by 
Wilcoxon matched-pairs signed-ranks test as well as Wilcoxon exact test. 

 
Fig. 1. Measuring points in the anterior mandible 
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Next, the average radiation dosages of the original and the adjusted frac-
tionated radiation schedules over the 5 determined mandibular positions 
were calculated. Differences between average dosages were also tested 
by Wilcoxon matched-pairs signed-ranks test and Wilcoxon exact test. 
Radiation dosages at each of the 5 determined mandibular positions of 
the original and the adjusted fractionated radiation schedules were di-
chotomized: dosages lower than 30 Gy and equal or higher than 30 Gy. 
For each determined mandibular position 2-by-2 cross tabulations of the 
dichotomized radiation dosages of the original and the adjusted fraction-
ated radiation schedule were arranged. Finally, a 2-way within-factor 
repeated-measures ANOVA was performed for radiation dosages of the 
original and the adjusted fractionated radiation schedules at one hand 
and of the 5 determined mandibular positions at the other. If required, 
overall F-ratios degrees of freedom were corrected for deviations from 
sphericity within the variance-covariance matrix of repeated measure-
ments by the more conservative Greenhouse-Geisser tests using epsi-
lons. As the criterion for this correction statistical significance in Mauch-
ly’s W test is used. A P-value of 0.05 was considered to be statistically 
significant. Data analysis was performed by SPSS-pc version 15.0.  

6.3 Results 

Table 1 shows means, medians, standard deviations, and ranges of radia-
tion dosages at the 5 determined mandibular positions, both of the original 
and the adjusted fractionated radiation schedule of the 10 patients. 
 Wilcoxon matched-pairs signed–ranks test and Wilcoxon exact test 
showed statistically significant differences between the mean radiation dos-
ages of the original and the adjusted fractionated radiation schedules at each 
of the 5 determined mandibular positions (Table 2). Mean radiation dosages 
at the 5 determined mandibular positions of the original and the adjusted 
fractionated radiation schedule were 35.6 ± 15.1 (range 14.9 - 60.0) and 26.7 
± 8.8 (range 14.9 - 41.5), respectively. The difference between these mean 
radiation dosages was statistically significant (Wilcoxon matched-pairs 
signed–ranks test: P = 0.012; Wilcoxon exact test: P = 0.008). 
 The 2-by-2 cross tabulations of the dichotomized radiation dosages 
(< 30 Gy; ≥ 30 Gy) of the original and the adjusted fractionated radiation 
schedule at the 5 determined mandibular positions revealed a more pro-
nounced radiation dosage constraint of the adjusted fractionated radiation 
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schedule of dosages equal or higher than 30 Gy, when compared with 
the original fractionated radiation schedule. The radiation dosage con-
straint between original and adjusted fractionated radiation schedule was 
60% at position 1, 50% at positions 2 and 4, 33.3% at position 3, and no 
constraint at position 5 (Table 3). 
 The 2-way within-factor repeated-measures ANOVA for radiation 
dosages of the original and the adjusted fractionated radiation schedules 
and of the 5 determined mandibular positions demonstrated a statistically 
significant difference between radiation dosages of the original and the 
adjusted fractionated radiation schedules over all positions (F = 8.15, 1 & 
9 df., P = 0.019) and between the 5 determined mandibular positions 
over both schedules (F = 5.28, 4 & 36 df., Greenhouse-Geisser corrected 
P = 0.030). 
 
Table 1. Means, medians, standard deviations, and ranges of radiation dosages at the 5 
determined mandibular positions, both of the original and the adjusted fractionated radiation
schedule of the 10 patients. 
Mandibular 
position 

Radation schedule Mean Median Standard 
deviation 

Range 

1 Original 31.5 30.9 14.9 11.7 - 57.7 
1 Adjusted 23.0 21.8 8.3 11.7 – 39.4 
2 Original 33.1 28.7 15.1 13.1 - 60.9 
2 Adjusted 24.9 24.7 7.9 13.1 – 38.9 
3 Original 37.4 41.0 16.1 15.4 - 59.1 
3 Adjusted 27.6 26.1 10.2 15.4 – 44.8 
4 Original 35.9 32.5 16.0 13.7 - 62.0 
4 Adjusted 28.1 27.8 9.5 13.7 – 44.8 
5 Original 39.8 41.4 17.0 19.1 - 59.6 
5 Adjusted 31.3 33.7 11.2 18.7 – 48.5 

 
 
Table 2. P-values of Wilcoxon matched-pairs signed–ranks test and Wilcoxon exact test for 
differences in mean radation dosages (Gy) of the original and adjusted fractionated radia-
tion schedules at each determined mandibular position of the 10 patients. 
Mandibular position Wilcoxon matched-paires 

signed-ranks 
Wilcoxon exact test 

1 0.012 0.008 
2 0.021 0.023 
3 0.018 0.016 
4 0.036 0.039 
5 0.012 0.008 
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Table 3. Cross tables of the original and adjusted fractionated radiation schedules at man-
dibular position 1-5. 
Original Adjusted Total 
    Position 1 < 30 Gy ≥ 30Gy  
< 30 Gy 5 (100%) 0 (0%) 5 (100%) 
≥ 30Gy 3 (60%) 2 (40%) 5 (100%) 
Total 8 2 10 
    
Position 2.    
< 30 Gy 6 (100%) 0 (0%) 6 (100%) 
≥ 30Gy 2 (50%) 2 (50%) 4 (100%) 
Total 8 2 10 
    
Position 3. < 30 Gy ≥ 30Gy  
< 30 Gy 4 (100%) 0 (0%) 4 (100%) 
≥ 30Gy 2 (33.3%) 4 (66.7%) 6 (100%) 
Total 6 4 10 
    
Position 4. < 30 Gy ≥ 30Gy  
< 30 Gy 3 (75%) 1 (25%) 4 (100%) 
≥ 30Gy 3 (50%) 3 (50%) 6 (100%) 
Total 6 4 10 
    
Position 5. < 30 Gy ≥ 30Gy  
< 30 Gy 4 (100) 0 (0%) 4 (100%) 
≥ 30Gy 0 (0%) 6 (100%) 6 (100%) 
Total 4 6 10 

6.4 Discussion 

The results of this study revealed a clinically relevant potential radiation 
dosage constraint at the anterior mandible when using IMRT. Yet, by the 
adjusted as well as by the original fractionated radiation schedule the 
target dosages of 70 Gy could be achieved. The results of this study also 
showed that by an adjusted fractionated radiation schedule, using IMRT, 
oropharyngeal cancers can be effectively irradiated. A concomitant ad-
vantage is that the anterior mandible is much less exposed to the risk of 
osteoradionecrosis or failure of dental implants. Thus, the hypothesis that 
adequate IMRT planning in oropharyngeal cancer patients is allowing 
sufficiently low anterior mandibular bone radiation dosages to safely in-
sert implants is corroborated by our data. An important implication of this 
finding is, that a vast majority of oropharyngeal cancer patients, who have 
to undergo radiotherapy and who will need a prosthesis supported by oral 
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implants inserted in the anterior mandible, may expect a successful pros-
thetic treatment. 
 The patients included all had an oropharyngeal tumour. Since IMRT 
is also commonly used for tumours in other locations the same principle 
may be applicable for patients with tumours of the tongue and floor of the 
mouth. Much, however, will depend on the seize of these tumours and 
their proximity to the mandible. Further research would be necessary to 
study its usefulness for these patients as well.  
 An additional advantage of IMRT is the possibility to also reduce the 
irradiation dosage to the salivary glands and even the pharyngeal con-
strictor muscles in selected patients. This in turn improves the quality of 
life of these patients, because hyposalivation and swallowing disorders 
can be prevented this way.21,22 
 The fractionated radiation schedules at different mandibular positions 
can also be used to determine the most favourable implant positions. 
Determining the most favourable implant positions is balancing the pros-
thetically preferred positions and the least irradiated positions. Conse-
quently, it would be beneficial if the fractionated radiation schedules at 
different mandibular positions could be systematically integrated in soft-
ware programmes of implant planning systems. 
 Several authors have pointed out the risks of osteoradionecrosis or 
implant failure due to high radiation dosage at the mandible.17,16,18 The 
feasibility of avoiding this unwanted side effect at intended implant recipi-
ent sites of the anterior mandible has, however, not been addressed as 
such. The outcome of this study is strongly encouraging to consider using 
IMRT because of the feasibility of dosage constraint at the anterior man-
dible when treating oropharyngeal cancer patients by irradiation. 
 As shown in a previous study, using laser Doppler flowmetry (LDF), 
bone vascularity is reduced in irradiated alveolar bone as compared to 
non-irradiated mandibular alveolar bone.23 LDF may ultimately be used to 
define the minimum vascularity needed to safely insert implants. A study 
in irradiated animals and human beings has already shown its potential 
for clinical use.24 The combination of IMRT and LDF may, in the foresee-
able future, be the decisive tool to define whether implant insertion is 
warranted in a certain location and situation. For this to become clinically 
applicable, however, LDF data needs to be collected in patients treated 
with IRMT. 
 In conclusion, IMRT is a step forward in the treatment of oropharyn-
geal cancer, while at the same time the irradiation dosage at the anterior 
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mandible can be constraint. The treatment of oropharyngeal cancer pa-
tients requires, however, close collaboration between radiation oncologist 
and prosthodontist, which implies the involvement of both disciplines from 
the beginning of the treatment. This will avoid frustrating experiences with 
loss of implants or even osteoradionecrosis at the anterior mandible, 
whilst it has the potential to improve the quality of life (QOL) of the pa-
tients concerned. 
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Summary and address to the aims 

Chapter 1 sets out to introduce the concept of using dental implants to 
support or retain dental prostheses. This treatment has evolved since the 
early seventies and has achieved a high degree of sophistication. The 
current implants are made of titanium and are supposed to firmly inte-
grate into the jaw bones. The placement of implants in the most favour-
able position has really been enhanced by using CT scans and implant 
planning programs. This method has improved the accuracy and predict-
ability with regard to implant position. 
 Implant supported prostheses have also improved the means of re-
habilitation for patients with head and neck tumours. Facial and oral pros-
theses can nowadays be fixed to implants placed in strategic positions. 
These implant retained oral and facial prostheses have resulted in a sig-
nificant enhancement of quality of life when compared with the old adhe-
sive-retained prostheses. 
 Patients with head and neck tumours, however, often undergo radio-
therapy either as an adjunct after ablative surgery or as a single mode of 
treatment. Irradiation, however, causes hypoxity, hypocellularity and hy-
povascularity of the jaw bones, which in turn causes implant loss or may 
even cause osteoradionecrosis. 
 In order to reduce the risk of implant failure it would be advisable for 
clinicians to know to what degree the jaw bones are affected by the irra-
diation treatment. In principle there are four means of assessing the bone 
quality, including: assessment of bone mineral density ( BMD), assess-
ment of implant stability and assessment of bone vascularity of intended 
implant recipient sites. It is also possible in certain circumstances, par-
ticularly when treating oro-pharyngeal tumours, to decrease the irradia-
tion dose to a recipient site of implants. For this reason this study was set 
up to quantify the above mentioned parameters using quantative com-
puted tomography ( QCT) to measure bone mineral density , resonance 
frequency analysis (RFA) for measuring implant stability and laser Dop-
pler flowmetry (LDF) to measure bone vascularity. 
 Radiation oncologists currently use intensity modulated radiotherapy 
(IMRT) to treat oro-pharyngeal tumours. This method potentially puts the 
anterior mandible at risk if no measures are taken to reduce the irradia-
tion dose in this part of the mandible. For this reason a study was carried 
out to measure the irradiation dose at the anterior mandible of patients 
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with oro-pharyngeal cancer and to investigate the possible dose con-
straint at the anterior mandible.  

Aims: 

1. To measure vascularity in irradiated maxillary and mandibular alveolar 
bone compared to non-irradiated bone using LDF 
 
2. To demonstrate that LDF is a reproducible method for the assessment 
of alveolar bone vascularity. 
 
Chapter 2 reports on an experimental animal study evaluating a method 
of measuring bone vascularity. The purpose of this animal study was to 
confirm that laser Doppler flowmetry (LDF) is a reproducible method for 
the assessment of maxillary and mandibular alveolar bone vascularity 
and that there is less vascularity in irradiated mandibular and maxillary 
bone compared to non-irradiated bone. All maxillary and mandibular 
premolars and molars of 6 Göttingen minipigs were extracted. After a 3-
month healing period, 3 minipigs received irradiation at a total dose of 24 
Gy. Three months after irradiation, 5 holes were drilled in the residual 
alveolar ridge of each edentulous site in each minipig. Local microvascu-
lar blood flow around all 120 holes was recorded by LDF prior to implant 
placement. In one irradiated and one non-irradiated minipig, an additional 
hole was drilled in a right maxillary site to enable repeated LDF re-
cordings. The alveolar bone appeared less vascularized in irradiated than 
in nonirradiated minipigs. The effect of radiation appeared more pro-
nounced in the mandible than in the maxilla. LDF was demonstrated to 
be a reproducible method for assessing alveolar bone vascularity. The 
hypotheses regarding LDF and vascularity were supported.  

Aim: 

To measure stability of implants placed in irradiated and non-irradiated 
bone, at placement and during osseointegration. 
 
In chapter 3 the same minipigs were used as in chapter 2 to measure 
stability of implants placed in both irradiated and non-irradiated bone. 
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The study was designed to monitor and test implant stability immediately 
after implant placement and during osseointegration in minipig alveolar 
bone. 
 After assessment of bone vascularity by laser Doppler flowmetry re-
cordings, carried out in the initial holes, a total of 120 implants were 
placed in the six minipigs. Subsequently, and at 8, 16, and 24 weeks after 
implant placement, implant stability was recorded by resonance fre-
quency analysis (RFA). RFA values were expressed as an implant stabil-
ity quotient (ISQ). 
 ISQ values recorded immediately after implant placement showed no 
differences between irradiated and non-irradiated minipigs. Repeated 
measurements at the four recording moments showed a decrease of ISQ 
values in all minipigs, being more pronounced in irradiated bone, when 
compared with non-irradiated bone. The results at the third and fourth 
recording moments showed a stabilization or even a slight increase of 
ISQ values. 
 The results document the negative effect of irradiation on bone vas-
cularity and hence on the stability of the implants. 

Aim: 

To measure bone mineral density (BMD) in irradiated and non-irradiated 
bone by quantative computer tomography (QCT) 
 
The same animals as used in chapter 2 and 3 were used in chapter 4 to 
measure bone mineral density using quantitative computer tomography. 
The objective of this part of the study was to analyse the effect of irradia-
tion on bone mineral density (BMD). 
 At 3 months after irradiation, quantitative computed tomography 
(QCT) was performed. As a reference, a calibration bone phantom with 
pre-determined BMD was attached to the head of the minipigs. The QCT 
data were imported into a software program to calculate the BMD of the 
alveolar bone and the calibration bone phantom. In order to compare 
BMD values of individual minipigs, the so called bone mineral density 
quotient (BMDQ) was created, dividing the BMD value of the alveolar 
bone by the BMD value of the calibration bone phantom. 
 Mean BMDQ values appeared to be higher in irradiated than in non-
irradiated minipigs. However, the difference was not significant. In both 
irradiated and non-irradiated minipigs, the average mandibular BMDQ 
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values were statistically significantly higher than the average maxillary 
BMDQ values. It could be concluded that, 3 months after irradiation, the 
BMD of irradiated alveolar minipig bone was increased, when compared 
with non-irradiated alveolar minipig bone. This increase, however was not 
statistically significant. 

Aim: 

To measure vascularity in the human anterior mandible by LDF, to define 
a human standard for vascularity in this part of the mandible 
 
In irradiated bone, a method of measuring vascularity of the intended 
implant site would be of importance as to assess the quality of the recipi-
ent bone. This could potentially be helpful in defining a threshold beyond 
which implants cannot be used anymore. At present, assessing bone 
vascularity, using laser Doppler flowmetry (LDF), is possible. Chapter 5 
describes the clinical study in which twenty-three randomly selected non-
irradiated edentulous patients scheduled for treatment with oral implants 
in the anterior mandible were incorporated. The hypotheses of this study 
were that bone vascularity in the human anterior mandible can be as-
sessed during implant insertion by LDF and that the recorded LDF values 
are providing standard data for bone vascularity in the human anterior 
mandible. There were 12 men and 11 women. The duration of edentu-
lousness and the resorption pattern of the residual alveolar ridges were 
registered. In the pilot holes of the planned implant insertion the bone 
vascularity was measured, using LDF and expressed in perfusion units 
(PU). The statistical distribution and characteristics of the LDF values 
were defined separately for men and women. 
 A total of 41 pilot sites were recorded with a mean LDF value of 25.80 
PU. No obvious gender differences were found and LDF values did not 
show a relationship with patient’s age or duration of edentulousness.The 
hypotheses that bone vascularity in the human anterior mandible can be 
assessed during implant insertion by LDF and that the recorded LDF 
values are providing standard data for bone vascularity in the human 
anterior mandible, were confirmed. 
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Aim: 

To study irradiation dose distribution and possible dose constraint at the 
anterior mandible 
 
New techniques in radiotherapy such as intensity-modulated radiotherapy 
(IMRT) are allowing lower dosage and better dose distribution at non-
target tissues and organs. This may have great implications when plan-
ning for implant insertion after irradiation treatment. This is particularly the 
case when primarily treating oro-pharyngeal tumours. Implant survival 
percentages in irradiated bone are known to be lower than in non-
irradiated bone, particularly if the irradiation dose exceeds 50 Gray. 
Chapter 6 describes the study in which the possibility of dose constraint 
at the anterior mandible is investigated. The hypothesis of this study is 
that adequate planning of IMRT allows for sufficient dose reduction at the 
anterior mandible, the most used implant site, allowing for save implant 
insertion after irradiation treatment. Ten randomly selected patients with 
oro-pharyngeal cancer treated by IMRT were included in this study. First, 
at five positions divided over the anterior mandible, the applied radiation 
doses were calculated in the original treatment plan of the ten patients. 
Second, for each patient a new treatment plan was made, taking into 
account that the anterior mandible was designated as a critical area to 
protect. The criteria for the new treatment plan were the same as for the 
first plan, implying that the tumour target dose of 70 Gy and the maximum 
mean doses of the organs at risk had to be respected. The data reveal a 
considerable, statistical significant, irradiation dose reduction in the ante-
rior mandible. As a result of the outcome of this study it is strongly ad-
vised to consider possible dose constraint in the anterior mandible when 
planning irradiation on oro-pharyngeal cancer patients using IMRT. 

Conclusions and future perspectives 

Patients who have undergone radiation therapy in the head and neck 
area are seriously at risk when implants have to be placed in the jaws to 
support a prosthesis. This is particularly true when the irradiation dose 
has exceeded 50 Gy. This risk implies implant loss because of failure to 
integrate in the bone and may even lead to osteo-radionecrosis. Implants 
are usually necessary to provide these patients with reasonably stable 
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prostheses, that contribute to their well being, as is borne out in various 
studies that measure their quality of life after this treatment. For the max-
illofacial prosthodontist this presents a dilemma, because he or she is 
generally not aware whether the dose received has caused an impair-
ment of the vascularisation of the bone that precludes the successful 
insertion and/or survival of implants.This is especially true for the area 
where implants are usually wanted i.c. the anterior mandible. Till present, 
no means was available to assess the quality of the receiving bone other 
than the information about the dose received. This information, however, 
does not always relate to the chance of success or failure of the implants. 
The only knowledge currently available points towards an increased risk 
when implants are placed in irradiated jaws with a dose of more that 40-
50 Gy. 
 Based on the results of this study it may be concluded that the best 
and clinically most suitable instrument to measure the influence of irradia-
tion on bone vascularity is LDF. The measurement of bone mineral den-
sity and implant stability did support the notion that irradiation has a det-
rimental effect on the integration of implants in the bone, but these pa-
rameters are less capable to assess beforehand whether the bone is 
suitable to receive implants, without running the risk of implant loss. LDF 
certainly does have this capacity and might turn out to be the only pa-
rameter to assess the vascularity of the potential recipient bone. When 
using LDF to measure bone vascularity, however, standardization of in-
strument and measuring method is required in order to be able to com-
pare results between different laser Doppler measurements. Probes and 
equipment parameters must be consistent, and the instrument must be 
calibrated according to the manufacturer’s instructions. 
 This study paved the way for further research in this field, which will 
mainly have to consist of building up a data base of LDF measurements 
on irradiated patients and non-irradiated patients in different areas of the 
jaws. This way a link can be made between objectively determined vas-
cularity, irradiation dose at the planned implant site and implant survival. 
Ultimately, when enough data are collected, it should be possible to de-
termine whether implants can be inserted in patients that have undergone 
irradiation therapy.This would imply a major step forwards in the planning 
of prosthetic rehabilitation of occlusion and articulation of these severely 
handicapped patients. 
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The results of this study give rise to the following considerations. In order 
to place implants in irradiated bone it is desirable to estimate the chances 
of implant survival. This is of paramount importance, since successful 
implant support for prosthetic devices, for a large part, defines the quality 
of life of these patients. It also avoids frustrating experiences for both the 
patient and the maxillofacial prosthodontist. 
 These chances may be improved by two measures that have a differ-
ent background. 
 First, when planning on primary irradiation of oro-pharyngeal cancer it 
would be recommendable to involve the maxillofacial prosthodontist in 
the planning of the post- radiation treatment to restore oral function. 
When implant placement is foreseen for this treatment, the radiotherapist 
should be made aware of the preferred implant sites as to try to constrain 
the irradiation dose in these areas, when using IMRT. This would require 
close cooperation between these two specialists, because the irradiation 
planning data should also be used for the planning of the implant posi-
tions. 
 Second, when implants are planned to be inserted in patients who 
underwent irradiation therapy, LDF measurements are to be recom-
mended via probe holes created at the preferred implant sites. This policy 
serves two purposes. Firstly, it gives the clinician an objective impression 
on the vascularity status of the recipient bone, that he can correlate to the 
failure or success of the implant. This is particularly important since as 
yet not enough historical data are available to define the critical threshold 
value for successful implant insertion in certain areas of the jaws. Sec-
ondly, by accumulating these LDF data, expertise will be build up to 
eventually be able to define the thresholds in every area of the jaws. 
 In the near future, when enough data are collected, clinicians will be 
able to exactly define the acceptable vascularity threshold in all areas of 
the jaws to assure safe implant insertion. That will change the protocols 
from trial and error into evidence based practice. 
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CHAPTER 8 
 

Samenvatting en evaluatie van de doelstellingen 
Conclusies en toekomstperspectief 
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Samenvatting en evaluatie van de doelstellingen 

In hoofdstuk 1 wordt in het kort de evolutie van het gebruik van orale 
implantaten beschreven. Deze implantaten zijn gemaakt van titanium en 
hun oppervlak is tegenwoordig voorzien van een coating waardoor ze 
gemakkelijk integreren in bot. Het gebruik van implantaten heeft een wa-
re revolutie teweeggebracht in de tandheelkunde en vooral in de wijze 
waarop tegenwoordig gebitsprothesen op de implantaten kunnen worden 
bevestigd. Het bepalen van de beste positie van implantaten in het kaak-
bot wordt mogelijk gemaakt door gebruik te maken van een CT-scan, 
waarvan de data worden gebruikt in een software-programma voor im-
plantaatplanning. Deze methode heeft de nauwkeurigheid van het plaat-
sen van implantaten sterk vergroot en daarmee ook de voorspelbaarheid 
van het resultaat. 
 Implantaatgedragen prothetische constructies hebben ook de moge-
lijkheden vergroot om patiënten te rehabiliteren bij wie een resectie van 
een deel van de kaak of van het aangezicht is uitgevoerd in verband met 
een maligne tumor. Aangezichts- en gebitsprothesen kunnen tegenwoor-
dig verankerd worden op implantaten die zijn geïntegreerd in het bot. Dit 
heeft geleid tot een bewezen, aanzienlijke verbetering van de levenskwa-
liteit van deze uitermate gemutileerde en in orale functie beperkte men-
sen. Patiënten met maligne tumoren in de mond, de kaak of het aange-
zicht krijgen vaak aanvullend radiotherapie of krijgen zelfs primair radio-
therapie. Door de radiotherapie wordt de kwaliteit van het bot ernstig 
aangetast omdat er een verminderde vascularisatie ontstaat en het aan-
tal vitale cellen vermindert. Dit kan leiden tot osteoradionecrose waarbij 
delen van het bot spontaan worden afgestoten. Een gering trauma, 
waaronder het plaatsen van een implantaat, kan deze osteoradionecrose 
initiëren. In het algemeen integreren implantaten slecht in bot dat be-
straald is met een dosis boven 40-50 Gray. 
 Ten einde het risico van het verlies van implantaten te verkleinen, 
zou het nuttig zijn om te kunnen bepalen hoe groot de mate van de door 
radiotherapie veroorzaakte schade is. In principe zijn er 3 methoden om 
de botkwaliteit te bepalen: het meten van de botdichtheid, het meten van 
de stabiliteit van een implantaat en het meten van de vascularisatie van 
het bot. Daarom was het de opzet van dit onderzoek deze parameters te 
kwantificeren met behulp van achtereenvolgens kwantitatieve computer-
tomografie (‘quantitative computer tomography’; QCT), resonantiefre-
quentieanalyse (RFA) en laser Doppler flowmetrie (LDF). 
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 Om orofarynxtumoren te behandelen, gebruiken radiotherapeuten 
steeds vaker ‘intensity modulated radiotherapy’ (IMRT). Dit brengt met 
zich mee dat het voorste deel van de onderkaak vaak een grote dosis 
straling krijgt, tenzij er beschermende maatregelen genomen kunnen 
worden. Om deze reden werd ook een onderzoek uitgevoerd bij een aan-
tal patiënten met een maligne orofarynxtumor. Hierbij werd de bestra-
lingsdosis in dit gebied gemeten met het doel te onderzoeken of dosisre-
ductie mogelijk zou zijn. 

Doelen: 

1 Het meten van de vascularisatie in zowel bestraald als niet-bestraald 
bot van de boven- en de onderkaak met behulp van LDF. 
 
2 Aantonen dat LDF een reproduceerbare methode is om de vascularisa-
tie van kaakbot te meten. 
 
In hoofdstuk 2 wordt een experimenteel onderzoek beschreven ter eva-
luatie van een methode om de vascularisatie van kaakbot te meten. Het 
doel was te bevestigen dat LDF een reproduceerbare meetmethode is en 
vast te stellen of de vascularisatie in bestraald bot minder is dan in niet-
bestraald bot. 
 Bij 6 Göttinger minivarkens werden zowel in de boven- als in de on-
derkaak alle kiezen verwijderd. Na een genezingsperiode van 3 maanden 
werden de boven- en de onderkaken van 3 minivarkens bestraald met 
een totale dosis van 24 Gy. Drie maanden na de bestraling werden per 
tandeloze kaakhelft bij ieder varken 5 voorlopige implantaatschachten 
geprepareerd met behulp van een boor van het Biocomp implantaatsys-
teem. In elk van deze in totaal 120 voorlopige implantaatschachten werd 
met LDF de vascularisatie van het omringende bot gemeten. In 1 be-
straald en 1 niet-bestraald minivarken werd in de rechterbovenkaak een 
extra schacht geprepareerd om hierin herhaalde metingen te kunnen 
verrichten. De vascularisatie van het bestraalde bot bleek significant min-
der te zijn dan die van het niet-bestraalde bot. Dit verschil bleek groter in 
de onderkaak dan in de bovenkaak. Aangetoond werd dat LDF een re-
produceerbare methode is om de vascularisatie van kaakbot te meten. 
De hypothesen met betrekking tot vascularisatie van kaakbot en LDF 
werden bevestigd. 
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Doel: 

Het meten van de stabiliteit van implantaten in bestraald en niet-bestraald 
bot, zowel ten tijde van het plaatsen van de implantaten als gedurende 
de periode van osseoïntegratie. 
 
In hoofdstuk 3 werden dezelfde minivarkens gebruikt als beschreven in 
hoofdstuk 2, nu om de stabiliteit van implantaten te meten in bestraald en 
niet-bestraald bot bij plaatsing van de implantaten en gedurende de 
daaropvolgende maanden na de initiële integratie in het kaakbot. 
 Na het meten van de vascularisatie (hoofdstuk 2) werden bij de 6 
minivarkens in de voorlopige implantaatschachten in totaal 120 implanta-
ten geplaatst en direct aansluitend werd de primaire stabiliteit gemeten 
met RFA. Deze metingen werden 8, 16 en 24 weken daarna herhaald. 
De stabiliteit van de implantaten werd uitgedrukt in het implantaatstabili-
teitquotiënt (‘implant stability quotient’; ISQ). De ISQ-waarden op het 
moment van plaatsing van de implantaten verschilden niet tussen be-
straalde en niet-bestraalde minivarkens. De herhaalde metingen toonden 
echter bij de implantaten van alle minivarkens een vermindering van de 
stabiliteit aan. Deze vermindering was bij de bestraalde minivarkens sig-
nificant groter dan bij de niet-bestraalde minivarkens. De resultaten van 
de derde en vierde meting lieten een stabilisatie of zelfs geringe stijging 
van de ISQ-waarden zien. De resultaten bevestigden het negatieve effect 
van radiotherapie op de vascularisatie van kaakbot met als gevolg verlies 
van stabiliteit van implantaten. 

Doel: 

Het meten van de botdichtheid (´bone mineral density´; BMD) in be-
straald en niet-bestraald bot met behulp van QCT. 
 
In hoofdstuk 4 werd gebruik gemaakt van dezelfde minivarkens als in de 
hoofdstukken 2 en 3, maar nu om de BMD te meten met QCT. 
 Drie maanden na de bestraling werd van alle minivarkens een CT-
scan gemaakt waarbij als referentie een fantoom met bekende BMD, dat 
was bevestigd aan de kop van de minivarkens, werd meegescand. De 
QCT-data werden in een softwareprogramma ingevoerd om de BMD van 
het kaakbot en het fantoom te berekenen. Om de BMD-waarden van de 
individuele minivarkens te kunnen vergelijken, werd het botdichtheids-
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quotiënt (‘bone mineral density quotient’, BMDQ) berekend door de BMD-
waarde van het bot te delen door de BMD-waarde van het fantoom. De 
gemidelde BMDQ-waarden bleken hoger te zijn in bestraald dan in niet-
bestraald bot. Het verschil was echter niet significant. Wel waren zowel in 
bestraald als in niet-bestraald bot de gemiddelde BMDQ-waarden in de 
onderkaak significant groter dan in de bovenkaak. 
 De conclusie was dat 3 maanden na bestraling de botdichtheid van 
het kaakbot van bestraalde minivarkens groter was dan van niet-
bestraalde minivarkens. Dit verschil was echter statistisch niet significant. 

Doel: 

Met behulp van LDF de vascularisatie meten in het voorste deel van de 
onderkaak van tandeloze patiënten om te komen tot een standaard voor 
de vascularisatie van dit deel van de onderkaak. 
 
Een methode om in bestraald bot de vascularisatie ter plaatse van ge-
plande implantaatposities te kunnen meten, zou van belang kunnen zijn 
om de kwaliteit van dit bot vast te stellen. Hiermee zou mogelijk een 
drempelwaarde vastgelegd kunnen waaronder implanteren als te risico-
vol moet worden beschouwd. 
 
In hoofdstuk 5 wordt een klinisch onderzoek beschreven onder 23 niet-
bestraalde tandeloze patiënten die een indicatie voor implantatie in het 
voorste deel van de onderkaak hadden. De hypothesen van dit onder-
zoek waren dat het mogelijk is om de vascularisatie van humaan kaakbot 
te meten met LDF en dat de gemeten gemiddelde waarde een standaard 
vormt voor de vascularisatie van het voorste deel van de onderkaak. Het 
betrof 12 mannen en 11 vrouwen. De duur van hun tandeloosheid en het 
resorptiepatroon van hun kaak werden vastgelegd. In de met een boor 
geprepareerde voorlopige implantaatschachten werd de vascularisatie 
van het omringende bot gemeten met behulp van LDF. De meetwaarden 
werden uitgedrukt in perfusie-eenheden (‘perfusion units’; PU). In totaal 
werden op 41 implantaatposities metingen verricht met als resultaat een 
gemiddelde waarde van 25,80 PU. Er werden geen geslachtsverschillen 
gezien en er bleek ook geen verband te bestaan met de leeftijd van de 
patiënten, de duur van de tandeloosheid en het resorptiepatroon van de 
kaak. 
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De hypothesen dat de vascularisatie van het voorste deel van de onder-
kaak met LDF gemeten kan worden en dat de gemeten gemiddelde 
waarde een standaard vormt voor de vascularisatie van dit deel van de 
onderkaak, werden bevestigd. 

Doel: 

Het meten van de dosisverdeling en mogelijke dosisreductie in het voor-
ste deel van de onderkaak. 
 
Nieuwe bestralingstechnieken, zoals IMRT, maken een kleinere dosis en 
betere dosisverdeling buiten het doelgebied mogelijk. Dit kan grote ge-
volgen hebben voor het plaatsen van implantaten na radiotherapie, in het 
bijzonder bij de primaire radiotherapie van orofarynxtumoren. Het is im-
mers bekend dat het overlevingspercentage van implantaten in bestraald 
bot lager is dan in niet-bestraald bot. 
 
In hoofdstuk 6 worden de resultaten weergegeven van een onderzoek 
waarbij de haalbaarheid van dosisreductie bij radiotherapie in het voorste 
deel van de onderkaak werd onderzocht. De hypothese was dat IMRT 
een dosisreductie in het voorste deel van de onderkaak, het gebied waar-
in de meeste implantaten geplaatst worden, mogelijk maakt. 
 Bij 10 patiënten, die met IMRT voor een orofarynxtumor waren be-
handeld, werden op 5 vastgestelde punten in het voorste deel van de 
onderkaak de gegeven doses berekend. Vervolgens werd voor iedere 
patiënt een nieuw bestralingsplan gemaakt waarbij nu ook het voorste 
deel van de onderkaak werd ontzien met betrekking tot de te ontvangen 
bestralingsdosis. De doelstelling van het nieuwe plan was hetzelfde als 
van het originele plan, dat wil zeggen een adequate bestralingsdosis voor 
het gebied van de tumor, maar maximale reductie voor het voorste deel 
van de onderkaak. De gegevens met IMRT laten een significante dosis-
reductie zien in het voorste deel van de onderkaak ten opzichte van het 
eerste plan. Dit resultaat leidt tot het advies om, indien mogelijk, met 
IMRT een dosisreductie te bewerkstelligen bij patiënten die na radiothe-
rapie in aanmerking komen voor het plaatsen van implantaten in het 
voorste deel van de onderkaak. 
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Conclusies en toekomstperspectief 

Het plaatsen van implantaten in bestraald bot bij patiënten met maligne 
tumoren in het hoofd-halsgebied houdt een zeker risico in. Het gaat 
daarbij om verlies van implantaten ten gevolge van het falen van de os-
seoïntegratie en om het ontstaan van osteoradionecrose. Verankering 
van gebitsprothesen op implantaten is bij deze patiënten vaak noodzake-
lijk voor een goed herstel van de functie. Bovendien, zoals uit meerdere 
onderzoeken gebleken is, leidt deze verankering tot een verbetering van 
de levenskwaliteit.Voor een tandarts-maxillofaciaalprothetist bestaat ech-
ter een dilemma omdat niet duidelijk is in hoeverre de vascularisatie van 
het kaakbot door de bestraling verminderd is. Een verminderde vascula-
risatie kan de osseoïntegratie van de implantaten verhinderen, met als 
gevolg verlies van implantaten of zelfs osteoradionecrose veroorzaken. 
Dit geldt vooral voor het voorste deel van de onderkaak omdat in dit ge-
bied de implantaten meestal geplaatst worden. Tot nu toe was er geen 
middel voorhanden om een inschatting te maken van de botkwaliteit, 
behalve de informatie over de toegepaste hoeveelheid straling. Deze 
informatie is op zich onvoldoende om het succes of falen van de implan-
taten te bepalen. Het is alleen bekend dat hoe groter de dosis is, hoe 
groter het risico op verlies van de implantaten is. Dit speelt vooral een rol 
als de dosis boven 40-50 Gy komt. 
 Op basis van de resultaten van dit onderzoek mag geconcludeerd 
worden dat LDF een goed en ook klinisch geschikt instrument is om de 
invloed van radiotherapie op de vascularisatie van bot te meten. De me-
tingen van de BMD en het ISQ ondersteunen de bevinding dat radiothe-
rapie een negatief effect heeft op de osseoïntegratie van implantaten, 
maar deze parameters zijn minder geschikt om op voorhand te bepalen 
of het plaatsen van implantaten verantwoord is. LDF is hiervoor wel ge-
schikt en is mogelijk het enige middel om de vascularisatie van kaakbot 
te meten. Hiervoor is het echter nodig om een standaardisering van in-
strument en meetmethode te gebruiken. De sondes van de LDF-
meetinstrumenten moeten gelijk zijn en een LDF-meetinstrument moet 
volgens de aanwijzingen van de leverancier gekalibreerd zijn. 
 Dit onderzoek heeft de weg geëffend voor verder onderzoek op dit 
gebied. Hierbij zal het vooral gaan om het aanleggen van een “database” 
van LDF-metingen bij bestraalde en niet-bestraalde patiënten in verschil-
lende gebieden van de onder- en de bovenkaak. Op deze manier kan 
een verband gelegd worden tussen objectief gemeten botvascularisatie, 
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bestralingsdosis in het implantaatgebied en de kans op succesvol implan-
teren. Als genoeg data verzameld zijn, moet het uiteindelijk mogelijk zijn 
vast te stellen of het plaatsen van implantaten bij een bestraalde patiënt 
mogelijk en verantwoord is. Dit zou een grote stap vooruit zijn in het 
plannen van de prothetische behandeling van deze ernstig gecompromit-
teerde patiënten. 
 De resultaten van dit onderzoek geven aanleiding tot twee overwe-
gingen. 
 Ten eerste is het aan te bevelen als radiotherapie gepland wordt, 
rekening te houden met de planning van de prothetische behandeling na 
de radiotherapie. Als het behandelplan voorziet in het plaatsen van im-
plantaten dan dient de radiotherapeut geïnformeerd te worden over de 
lokatie van de toekomstige implantaten teneinde de bestralingsdoses in 
deze gebieden zoveel mogelijk te beperken. De huidige IMRT-techniek 
maakt een dergelijke dosisreductie in de meeste gevallen mogelijk. Een 
nauwe samenwerking tussen radiotherapeut en tandarts-maxillofaciaal-
prothetist is daarom een vereiste, mede ook om na de radiotherapie de 
bestralingsdata te kunnen betrekken bij het bepalen van de meest ge-
schikte implantaatposities. 
 In de tweede plaats zou voorafgaand aan de plaatsing van de implan-
taten met behulp van LDF de mate van vascularisatie gemeten kunnen 
worden. Dat geeft niet alleen inzicht in de vascularisatie ter plaatse, maar 
levert uiteindelijk de informatie om de drempelwaarden te kunnen bepa-
len waaronder het plaatsen van implantaten moet worden afgeraden. Dit 
zal uiteindelijk kunnen leiden tot wetenschappelijk gefundeerde beslissin-
gen met betrekking tot de rehabilitatie van patiënten met maligne tumo-
ren in het hoofd-halsgebied.  
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terest is the oral and facial rehabilitation of patients who were treated 
because of head and neck cancer. His research topics are advanced 
digital technology in head and neck oncology and implant dentistry in 
irradiated patients. He was many times an invited speaker at several 
national and international conferences and symposia. His main lecture 
topics are the application of computer-assisted planning and computer-
assisted treatments in oral and maxillofacial prosthodontics and implant-
supported prostheses in the maxillofacial region, particularly in irradiated 
patients. 
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