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I. INTRODUCTION 

Statement of the problem 

The technology of micro-computed tomography (J.!CT) can provide accurate 

information about bone architecture and properties. However, the use of this 

technique to monitor osseointegration of dental implants has been complicated 

because of frequent artifacts caused by the metal implant. In this study, different 

scanning protocols to identify sources of measurement errors are tested. 

Specifically, the effect of different scanning parameters, as well as spatial implant 

positions on bone mineral density (BMD) measurements around titanium implants 

using micro CT is evaluated. 
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II. REVIEW OF THE LITERATURE 

In the past 20 years, the number of dental implant procedures has increased steadily 

worldwide, reaching about one million dental implantations per year.' The clinical 

success of oral implants is related to their early osseointegration. Geometry and 

surface topography are also crucial for the short- and long-term success of dental 

implants?· 3 These parameters, in combination with precise surgical techniques and 

patient's oral hygiene, are prerequisites for a successful early clinical outcome.' 

After placement, titanium implants interact with biological fluids and tissues. Direct 

bone apposition onto the surface of the titanium is critical for the rapid loading of 

dental implants. There are two types of response after implantation. The first type 

involves the formation of a fibrous soft tissue capsule around the implant. This fibrous 

tissue capsule does not ensure proper biomechanical fixation and leads to clinical 

failure of the dental implant. The second type of bone response is related to direct 

bone-implant contact without an intervening connective tissue layer. This is what is 

known as osseointegration. This biological fixation is considered to be a prerequisite 

for implant-supported prostheses and their long-term success. 

The rate and quality of osseointegration in titanium implants are related to their 

surface properties. Surface composition, hydrophilicity and roughness are 

parameters that may play a role in implant-tissue interaction and osseointegration. 

The chemical composition and charges on the surface of titanium implants differ, 

depending on their bulk composition and surface treatments. The composition and 

charges are critical for protein adsorption and cell attachment. Dental implants are 
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usually made from commercially pure titanium or titanium alloys. Commercially pure 

titanium (cpTi) has various degrees of purity (graded from 1 to 4). This purity is 

characterized by oxygen, carbon and iron content. Most dental implants are made 

from grade 4 cpTi as it is stronger than other grades. Titanium alloys are mainly 

composed of TisAI.V (grade 5 titanium alloy) with greater yield strength and fatigue 

properties than pure titanium• 

The surface chemical composition of titanium implants also affects the hydrophilicity 

of the surface. Highly hydrophilic surfaces seem more desirable than hydrophobic 

ones in view of their interactions with biological fluids, cells and tissues . Contact 

angle measurements give values ranging from 0° (hydrophilic) to 140° (hydrophobic) 

for titanium implant surfaces. In a recent animal study, Buser et al. found that a 

hydrophilic Sandblasted and acid etched (SLA) surface gave higher bone-to-implant 

contact than regular SLA. 5 

There are numerous reports that demonstrate that the surface roughness of titanium 

implants affects the rate of osseointegration and biomechanical fixation. 6 Surface 

roughness can be divided into three levels depending on the scale of the features: 

macro-, micro- and nano-sized topology. 

The microtopographic profile of dental implants is defined for surface roughness as 

being in the range of 1-10 !Jm. This range of roughness maximizes the interlocking 

between mineralized bone and the surface of the implant.' Surface profiles in the 

nanometer range play an important role in the adsorption of proteins, adhesion of 

osteoblastic cells and thus the rate of osseointegration.' 

Most published studies have evaluated the histological and biomechanical aspects of 

oral implants in cultured cells or animals. However, few studies have examined the 
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biological factors involved in the bone healing and remodeling processes that take 

place around the implants, even though several biological factors involved in bone 

skeletal repair have been described. One of the best-known growth factors in skeletal 

tissues is transforming growth factor (TGF)-(3, the isoforms of which (TGF-(31, TGF

(32, and TGF-(33) exhibit multiple functions in bone metabolism, including the 

promotion of bone formation and fracture healing.' 

Other important bone biological factors include the bone morphogenetic proteins 

(BMPs), which are members of the TGF-(3 family and play essential roles in 

osteogenesis. More than 15 BMP genes have been identified in vertebrates, and they 

regulate osteoblast and chondrocyte differentiation during skeletal development.9 

BMPs have also been demonstrated to induce osteoblast differentiation in some 

cultured cells.10 lnterleukin (IL)-1, IL-6, IL-8, and IL-11, tumor necrosis factor {TN F)

a, and macrophage inflammatory protein-1 are proinflammatory cytokines that have 

been reported to contribute to osteoclast growth and development." 

Success of dental implants depends on its integration with the surrounding bone, a 

process called "osseointegration", leading to a support for dental prostheses. 12 

There are different methods in determining bone density surrounding endosseous 

implants placed in alveolar bone, some of which are microfocused computer 

tomography, insertion torque, histology & resonance frequency analyzer. 

A. Non-Radiographic Evaluation of Osseointegration 
··. 

Insertion Toque 

The wide range of torque values for the different inserted implants corresponds to 

the wide range of values obtained from the mean gray values of the bone around the 

implants and the Periotest values. This might be explained, as mentioned, by the 

different bone quality around the implants.13 When digital radiographs are taken, a 
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density histogram of the closest bone in contact with the implants is performed. A 

computer calculates and displays a histogram and the average of the gray values 

(optical density), in the selected areas of the image are the possible gray values that 

represent the density. Periotest is an electronic device that has been reported to 

measure the damping characteristics of the implant-tissue interface. This method 

seems to detect any subclinical mobility of this implant interface.14 

Among the factors affecting the torque force needed to screw an implant into place in 

bone are the bone density and the difference in diameter between the implant and 

the prepared site. In all implant systems, the implant site should be prepared slightly 

smaller than the implant diameter.13 

Histology 

Several methods have been proposed to evaluate the initial bone quality and 

osseointegration of dental implants, including histological studies. The histology 

method has the disadvantage of being invasive and therefore is not suitable for long

term clinical assessment. 

Histomorphometry has been widely used as a quantitative method for establishing 

the percentage of bone contact. It has been shown that bone formation at the implant 

surface results in an increase in stability. Stability is then related also to the amount 

of bone in contact with the implant. Histological and histomorphometrical assessment 

is the most accurate method of observing morphological changes at the implant-bone 

interface.15 
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Resonance Frequency Analyzer (RFA) 

It is agreed that implant primary stability has a relevant role in the long-term success 

of dental implants. Primary stability occurs at the time of implant placement and is 

related to the level of primary bone contact. 16 

Clinicians need reliable and supporting objective guidelines to determine on an 

individual basis the prognosis of a given implant. A quantitative method is needed for 

the measurement of implant stability and osseointegration. RFA has been introduced 

in the past decade and has been reported to be evidence based and useful for 

determining implant stability. RFA gives a clinical measure of stability and presumed 

osseointegration of implants. RFA is related mainly to the height of the implant not 

surrounded by bone, and to the stability of the implant-bone interface. There is still 

little information available about the significance of RFA measurements. Moreover, 

several factors influence RFA: (1) stiffness of the implant-bone interface; (2) stiffness 

of the bone itself; and (3) stiffness of the implant components. 

Forces are produced through a piezo-electric effect and the oscillation response is 

amplified, analyzed, and graphically and numerically displayed in a unit called the 

implant stability quotient (ISO). In a study, 17 RFA measurements showed a mean 

value of 68 ISQ indicating that high primary stability was achieved. Subsequently, it 

was shown that the mean stability decreased to 60 ISQ in the first 2 months after 

implant insertion. This initial decrease is probably related to bone relaxation following 

compression, biologic changes associated with early bone healing, and start of the 

marginal crestal bone resorption. After a stabilization period, RFA started to increase 

again reaching at 12 months post-insertion a mean ISQ value comparable to the 

mean ISO values observed at implant placement. This increase in stability is most 

likely due to bone formation/remodelling and an increased stiffness of the bone. On 

the contrary, failing implants showed a decreased stability until eventual loss of the 
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implant. A cut off ISQ value for implant stability has been proposed at 47, meaning 

that an implant displaying an ISQ <!: 47 should be considered as a stable implant. ISQ 

values for successfully osseointegrated implants have been reported to vary from 57 

to 82 ISQ, with a mean of 69 ISQ after 1 year of loading. RFA is therefore believed to 

be a potential useful clinical tool for the prevention, diagnosis, and prediction of 

implant failure and is helpful in the maintenance of viable implants. Moreover, 

implants with a high primary stability might be loaded earlier than implants with a 

lower ISQ.'5 

Available data suggest that all implants reach a similar degree of stability with time, 

irrespective of the level of primary stability.'' Zix and colleagues found no 

differences in the values in non-loaded implants, in implants loaded for less than 12 

months, and in implants loaded for more than 12 months. 19 

Nkenke and colleagues reported that immediately loaded implants and implants 

loaded after a healing period of up to 5 months showed a higher implant stability than 

implants loaded after 1 to 3 months_2° Also, Rocci and colleagues found no 

correlation between any of the morphometric parameters and ISQ values. 21 

Huang and colleagues found that the highest RFA values were found in implants 

inserted into type I bone. The ISQ values showed a high level of repeatability, with an 

accuracy of ±1 %.22 

B. Radiographic evaluation of Bone To Implant Contact (BIC): 

It is essential to obtain appropriate information about the alveolar bone prior to 

implant placement. It is also necessary to obtain information about consolidation of 

implants and positioning following placement of implants in the jaws. 
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There are many imaging options currently available, including intra-ora/ radiography, 

conventional extra-oral radiography, tomography, computed tomography (CT), cone 

beam volumetric tomography (CBVT) and magnetic resonance imaging (MRI). The 

appropriateness of each of the imaging options will be discussed and information will 

also be provided on interpretation. CBVT units have been recently introduced, and as 

with any new technology, many claims have been made to convince prospective 

users of the benefits. The advantages and disadvantages of each radiographic 

method are discussed below as the technology currently stands. 

Intra-oral radiography 

Periapical and occlusal radiographs have been used to assess the jaws pre- and 

post-implant placement. Because of the inherent distortion of the resultant image, the 

bisecting angle technique should be avoided. In the bisecting angle technique, only a 

portion of the structures being imaged are dimensionally accurate. The long cone 

paralleling technique for taking periapical radiographs is the technique of choice for 

the following reasons: Decreased skin dose; less magnification; absence of 

superimposition of the zygoma over the maxillary molar region and a true relationship 

between the bone height and adjacent teeth is shown. It should be remembered that 

to get the most from the long cone paralleling technique it should be performed with a 

film-focal distance of approximately 30 em. 

Occlusal radiographs are used minimally in implant dentistry. Cross-sectional 

occlusal radiographs of the mandible give some infonmation about the buccolingual 

dimension of the mandible, but this information is only accurate in regard to the 

inferior aspect of the body, not the width of the alveolar ridge where the implant is to 
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be placed. Cross- sectional occlusal radiographs can be useful when evaluating the 

position of the implant within the jaw following placement; this applies to both the 

mandible and maxilla. 23 

Extra-oral radiography 

Lateral cephalometric radiographs provide accurate information about the available 

bone in the mid-sagittal region of the maxilla and mandible. The resultant image has 

minimal magnification because of the long film-focal distances used in cephalometric 

radiography. The cross-sectional dimensions and morphology of the ridge are shown 

accurately in the mid-sagittal plane of the anterior maxilla and mandible. Rotational 

panoramic radiography, also called orthopantomograph (OPG), is a popular form of 

radiography in dentistry. No other imaging modality gives as much information about 

the jaws with such a small radiation dose. Panoramic radiographs provide an 

excellent general overview of the dentition and the jaws. However, OPGs have their 

limitations when used for pre- and post-implant placement evaluations which include 

distortion in the horizontal plane, magnification in the vertical plane, the image is only 

two dimensional and true relations are not portrayed well. The accuracy of the image 

depends to a large extent on the operator and varies greatly with patient positioning. 

The inferior alveolar canal is not always well delineated on rotational panoramic 

radiographs and when shown, its relationship to the crest of the ridge can be 

distorted. For example, if the inferior alveolar canal lies near the lingual cortex, it will 

be projected higher on the film and thus appear higher in the arch than it really is. As 

a result of the mode of operation of OPG machines and the shape of the alveolar 

ridge, the ridge may appear to have adequate vertical dimension for an implant, but 

the reality might be very different. Also, since the image on an OPG is only two-

dimensional, it is difficult to assess the available bone width. Other problems with 
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OPGs include superimposition of airway shadows, soft tissue shadows and ghost 

images. All of these problems can interfere with interpretation of the radiograph. As a 

general rule if the inferior alveolar canal is not well visualized on a carefully made 

OPG, one may consider using other imaging modalities. By using the OPG, the 

inferior alveolar canal will be difficult to localize, but not impossible. 23 

Tomography 

A number of multifunctional imaging machines are available that are capable of 

performing rotational panoramic, cephalometric and tomographic examinations. 

Cross-sectional images obtained using specially designed panoramic radiographic 

units have been shown to be acceptable for dental implant planning.24 The 

tomography performed is usually linear, spiral or hypocycloidal. These devices are 

capable of producing thin (as small as 1 mm) cross-sectional slices of the jaws which 

are suitable for pre- and post-implant assessment. The images are produced at a 

constant known magnification and therefore measurements may be taken directly 

from the images using a special ruler provided with the appropriate scale or in the 

case of digital images using a measurement program after calibration. The 

multifunctional units are also capable of providing images similar to intra-oral 

radiographs. 

Limitations of these types of units are that the examination times can be very long 

(up to 20 minutes) and the patient is required to remain still for up to 20 seconds 

during tomographic acquisition of each site. Additionally, image detail may not be 

sharp as a result of slight patient movement or superimposition of adjacent 

structures. Tomography is not widely available and the examination can be 

uncomfortable for the patient as the result of the restraining devices and the length of 

the examination.25 Trans-tomographic examinations, when performed using a 

radiographic reference guide during implant surgery, have been shown to provide 
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accurate information for implant placement and also allow the surgeon to correct drill 

orientation if needed. Flapless surgical procedures can be used in a greater range of 

cases by trans-tomographic navigation protocols. 

Computed tomography (CT) 

For a long period of time CT has been the gold standard for pre-implant assessment 

of the jaws. Modern CT units have extremely fast gantry speeds and generate 

multiple fan-shaped x-ray beams. In summary, multislice CT units have very short 

examination times and isotropic images can be reformatted in any plane. With 

appropriate software packages, reformatted images are generated in the panoramic 

plane and cross-sectional images are generated at right angles to the panoramic 

plane with intervals of between 1 and 2 mm. The CT pre-implant imaging software is 

designed to produce life-size images that can be used to assess the available bone, 

the location of vital structures and to present the images in an easy-to-read format. 

The pre-implant imaging packages can be utilized to evaluate the bone in both jaws 

for implants, the available bone in the various bone donor sites prior to harvesting for 

ridge augmentation procedures and to assess the available bone in the malar bones 

prior to implant placement. 

The limitations of CT include a relatively high radiation dose compared to other 

imaging techniques, software availability issues at times, relatively high cost of 

examination and frequent lack of insurance reimbursement, the inferior alveolar canal 

is not always seen well and beam hardening artifact or scatter from metal 

restorations can mask the regions of interest. Low density structures such as osteoid 

are generally beyond the resolution of CT units. CT is also of value in assessing the 

quantity and subjective quality of bone prior to harvesting for a bone graft or ridge 

augmentation procedure. As implants are not only placed in the jaws, CT is of value 
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in assessing other implant sites such as the malar bones prior to surgery. The 

presence of a metal post in the tooth next to the region of interest or close by may 

result in too much "beam hardening" artifact or scatter resulting in a scan that is 

unusable. 

Computed tomography is not of value in assessing integration of implants as a 

radiolucent band is commonly present around the implant on CT images. However, 

the location of the implant can be evaluated in three dimensions using CT.26
•
27 

Cone beam volumetric tomography (CBVT) 

Cone beam volumetric tomography was pioneered at the Nihon University School of 

Dentistry during the 1990s, and the first machines became commercially available 

during 2000.27 Since then, numerous machines have been marketed and much 

research assessing the usefulness of the technology in dentistry has been 

performed. As with any emergent technology, it can be difficult at times to separate 

fact from fiction. Cone-beam technology development is progressing rapidly. 

There are some fundamental differences between CBVT and multislice CT. With the 

majority of cone-beam machines, the patient is seated or standing rather than 

supine. Cone beam volumetric tomography utilizes a cone-shaped x-ray beam and 

either an image intensifier or flat panel detector for volumetric image acquisition. 

During a single rotation around the patient's head, multiple basis images are 

acquired at specific intervals. These are reconstructed by a personal computer 

running proprietary software supplied by the machine's manufacturer, and the data 

can be reformatted in any plane by the clinician. Standard axial, coronal and sagital 

views are available, as are panoramic reformatting, cross-sectional cuts of varying 
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thickness and 3D volume rendered images. Image reformatting is identical to that 

available w~h multislice CT. This enables the clinician to easily assess an implant 

site in all three planes and perform accurate measurements using built-in measuring 

tools. 

Image acquisition times vary and are specific to particular models, but typically range 

between 1 0 to 70 seconds. Acquisition time is also dependent on the selected field of 

view (FOV) and voxel size, which relates to image resolution. Smaller voxel sizes 

result in increased resolution. In contrast, faster scan times typically result in 

reduced resolution (larger voxel sizes) and increased noise, but with a lower radiation 

dose and decreased likelihood of motion artifact. 28
' 

29 This is achieved by decreasing 

the number of basis images acquired prior to volume reconstruction. Longer scan 

times utilizing an increased number of basis images permit increased resolution or a 

decrease in image noise but with a significantly higher radiation dose and an 

increased risk of patient movement. Currently, there are no clear guidelines for what 

scan parameters producing acceptable image quality with the lowest radiation dose 

to the patient.30 

Cone beam verses multi-slice CT 

The low exposure parameters of CBVT result in poor soft-tissue contrast compared 

with CT, 31 and the inability to alter the exposure parameters in most machines 

means that image quality degrades in larger patients. Furthermore, CBVT suffers 

from the same beam-hardening artifact that CT does, limiting the usefulness of the 

exam in patients with metallic restorations, posts or surgical plates. 32 It has recently 

been reported that dental implants produce a similar artifact on CBVT images. 
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While it is recognized that multislice CT is a higher dose examination than CBVT, 

reports indicate that low-dose CT protocols result in significantly Jess exposure than 

previously thought, without compromising image quality significantly. 33 A 

consequence of the decreased dose of the CBVT scan is reduced contrast and 

therefore image quality. Image noise is also significant, especially with larger patients 

or higher resolution scans. It is important to note that while the radiation dose from a 

CBVT scan may be Jess than from low-dose CT, the dose is still significantly higher 

than other forms of dental radiographic examination.29 

Magnetic resonance imaging (MRI) 

MRI has become accepted as a powerful imaging tool in medicine. Using the 

magnetic properties of the hydrogen atom, MRI units are capable of producing useful 

images of the human body, particularly soft tissues. By using various radiofrequency 

pulse sequences and relaxation times, images may be made to represent anatomy or 

pathology in the body. As MRI relies on the use of a strong magnetic field, MRI 

examinations are contraindicated in patients with any metal foreign bodies in the 

eyes, cardiac pacemakers, cochlear implants and patients in the first trimester of 

pregnancy. One of main concerns to the patient is the high cost of MRI. 

The presence of certain metals such as amalgam and non-precious alloys will cause 

considerable artifact on the images. Pure titanium implants show no artifact with MRI, 

but if there are any impurities or alloyed metals present in the titanium there will be 

artefact. Most studies using MRI for pre-implant imaging hav~'tocused on the ability 

of MRI units to locate the inferior dental canal. 34
• 

35 With MRI the inferior dental canal 

appears as a black void within the high-signal cancellous bone. If the inferior dental 

canal is surrounded by sclerotic bone, visualization of the canal is more difficult with 

MRI as the presence of sclerotic bone results in a low bone marrow signal. The 
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opposite holds true for CT, as the presence of sclerotic bone in the mandibular body 

makes the inferior dental canal more visible. Magnetic resonance imaging provides 

us with limited bone information. 

Radiographic interpretation 

The primary role of any pre-implant imaging system is to provide adequate 

information regarding bony morphology and the location of structures that should be 

avoided when placing implants in the jaws. To a lesser extent pre-implant imaging 

may also give some meaningful information on the quality of the bone. In addition to 

the above considerations is the need to keep exposure of the patient to ionizing 

radiation as low as possible in adherence with the ALARA principle (as low as 

reasonably achievable). 

Therefore, the dental implantologist has many options with respect to pre-implant 

radiographic evaluation of the jaws. Intraoral and extraoral radiographs are of low 

dose but the information provided is limited because the images are not three

dimensional. 

Tomography is three-dimensional, but the image quality varies greatly. Computed 

tomography (CT) has been the gold standard for many years as the information 

provided is three-dimensional and generally very accurate. However, CT 

examinations are expensive and deliver a relatively high radiation dose to the patient. 

The latest imaging modality is cone beam volumetric tomography (CBVT) and this 

technology is very promising with regard to pre-implant imaging. CBVT generally 

emits a lower dose to the patient than CT and provides reasonably sharp images with 

three-dimensional information. 
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Magnetic resonance imaging shows some promise, but the examinations are not 

readily available, are generally expensive and bone is not well imaged. Magnetic 

resonance imaging is excellent for demonstrating soft tissues and thus might be of 

great use in identifying the vascular & neural structures such as inferior alveolar 

canal, incisive canals of the mandible, genial foramina and canals, maxillary sinus 

and the incisive canal and foramen of the maxilla.23 

Cone Beam Micro-CT 

Micro-focus computed tomography (~CT) is a quickly emerging technique owing to 

its speed, full three dimensional information, and non-destructive properties. The 

micro-focus computed tomography (~CT) technique was first described by Feldkamp 

and colleagues.36 It is based on the same principles as those of medical computed 

tomography (CT), but its resolution is enhanced 1 00-fold. Micro-CT provides 

hierarchical biological imaging capabilities with isotropic resolutions ranging from a 

few millimeters (clinical CT) to a few tens of micrometers (~CT) down to 100 nm 

(synchrotron radiation nano-CT). 

Many developments in ~CT imaging and analysis have been developed for 

trabecular bone. Early implementations of ~CT focused on the methodological 

aspects of the systems and required equipment that was not widely available. Recent 

developments have emphasized the practical aspects of micro-tomographic imaging. 

This and other similar types of systems ar~ now commercially available and can be 

used routinely in basic research and clinical laboratories; in fact, ~CT has become 

the standard technique to assess the three-dimensional trabecular micro

architecture. Also known as desktop ~CT, these systems provide nominal resolutions 

ranging from roughly 5 to 100 nm. Specimens with diameters ranging from a few 

millimetres to 1 OOmm can be measured. Desktop ~CT is a precise and validated 
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technique, which has been used extensively for research projects involving bone 

micro-architecture and bone growth. 

The advantages of the iJCT technique as compared to other visualization techniques 

are its non-destructive character, two dimensional reconstruction in arbitrary planes, 

full three-dimensional information, and a wide field of applications on different 

materials. Its application in the medical37
.,

9 and dental40 
.. 

2 fields is now widespread. 

Because two-dimensional histological data provide only limited information on three

dimensional structures, the complex architecture of trabecular bone specimens was 

one of the first objects of interest to be visualized by iJCT. This makes !JCT attractive 

also for the investigation of bone response to oral implants. 

However, scanning a trabecular bone specimen including a titanium implant poses a 

challenge due to the differing attenuation characteristics of bone and titanium. Van 

Oosterwyck and colleagues were among the first to succeed in visualizing individual 

bone trabeculae around a titanium implant by means of !JCT; however, no 

quantitative analysis was performed.43 A few other studies had already focused on 

the comparison of bone parameters between histologic images and iJCT images.44 

Pepijn Gielkens et al reported a high rate of reliability of Micro-CT, similar to other 

techniques such as MRI measurements.•• They mentioned that although the 

calibration of micro-CT for bone remains difficult, the high agreement between 

histomorphometry and iJCT indicated that bone-no bone interface and bone-bone 

interface applied to the iJCT 30 data set are reliable when strict criteria are applied. 

Soft X-Ray Tomography (SXT) 

SXT is similar in concept to the well-established medical diagnostic technique, 

computed axial tomograohy (CAT), except that SXT is capable of imaging with a 

,. 
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spatial resolution of 50 nm or more. The cells that are visualized using this method 

are in close-to-native, fully functional state. 

SXT has three clear advantages over light and electron microscopes: 

1) The short wavelength allows cells to be imaged at significantly higher spatial 

resolution than is possible with light. 

2) Fully hydrated specimens up to 10 micrometers thick can be imaged without 

the need for sectioning. 

3) Image contrast is obtained directly from the absorption of X-rays by the 

specimen. Consequently, images produced by soft X-ray microscopes are 

quantitative, with each biochemical component having a signature X-ray 

linear absorption coefficient. This results in cell structures that have image 

contrast derived from differences in biochemical composition and density and 

which are visualised directly. 

SXT resembles light and electron microscopes in that it can only produce a 2-D 

representation of a 3-D specimen. Although such images are very informative, for 

most biological specimens, 2-D imaging results in structural features being 

superimposed and therefore meaningless. This problem can be overcome by 

recording the images at incremental angles around a rotation or "lilt"axis46 

C: Parameters of Radiologic Examination 

Rotation Step (in degrees) and Exposure (in milliseconds) can be adjusted 

separately for the two available image sizes. If the object occupies only a narrow 

central part of the image (in the horizontal direction), rotation step can be significantly 

increased. If the object contains many small details in the periphery, the rotation step 

should be decreased. 
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Exposure time refers to the interval of time during which x-rays are produced. 

Exposure time is measured in impulses because x-rays are created in a series of 

bursts or pulses rather than in a continuous stream. To compensate for the 

penetrating power of the x-ray beam, an adjustment in exposure time is necessary 

when the kV peak in increased. For example, suppose a film is exposed using 90 

kVp and 0.5 seconds. If the kilovoltage peak setting is decreased from 90 to 75, the 

exposure time must be increased from 0.5 to 1.0 second to maintain proper image 

density and contrast. 

Kilovoltage can be adjusted according to the individual diagnostic needs of patients. 

The use of lower kV produces less penetrating x-rays with less energy and longer 

wavelengths. A higher kilovoltage should be used when the area to be examined is 

dense or thick. KV is controlled by the kilovoltage peak.· Kilovoltage peak (kVp) can 

be defined as the maximum or peak voltage. Increased kVp causes an increase in 

density leading to the image.being darker and producing higher contrast.47 

If the tube rotation time is decreased, the radiation exposure decreases, and tube 

current may thus have to be increased to maintain contrast image quality and reduce 

radiation noise. 48 

Exposure time is an important CT parameter. Using a filter in front of the x-ray source 

will usually require an increase of the exposure time. 

CT is a non-linear operation, and a consequence of this is that any noise in small 

signal areas can produce significant errors in reconstruction. To eliminate these 

errors, an averaging of initial data can be used. On the other hand, improvement of 

the signal to noise ratio in the shadow image may be made by optimizing the 

exposure time in order to obtain the most representative information. A more 
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effective way of noise reduction in the reconstruction process is the special selection 

of a correction or filter function for convolution before back projection. 

Averaging (in number of frames) allows improvement of image quality by averaging 

several images at every angular position. Increasing the number of frames improves 

quality, but makes acquisition take longer.49 

CT images are degraded by metal-induced artifacts like that present in implants. 

Because of their higher atomic number, metal objects attenuate X-rays more than 

bone and soft tissue. As a result, fewer photons reach the detectors, producing the 

effect of the so called "missing" or "hollow" projection. 

Metal artifacts typically are seen as starburst streaking. Metal artifacts can degrade 

CT accuracy in the assessment of local bone density and reconstruction of the 

geometric shape of the metal objects and bone structures.50 However, metal

induced artifacts depend on many factors, such as the attenuation coefficient of the 

metal object, cross section, beam collimation, table speed, and gantry position as 

well as tube current and voltage. so.s• 

All these parameters act on X-ray attenuation, which results in the missing projection 

problem. Implants made from materials with a lower attenuation coefficient, such as 

titanium alloy, could possibly reduce degradation, and make it feasible to use CT 

images of the bone implant structure to create 3D models. Titanium alloy implants 

generate artifacts which increase bone tissue density and correspond to bone 

mineral density (BMD) err\)r. 50 
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The purpose of the current study is to test the effect of different scanning parameters 

on density measurement error around endosseous implants using Micro-CT in an in

vitro study. Our hypothesis is that different scanning parameters, as well as different 

spatial implant positions can affect BMD measurements around titanium implants 

using ~JCT. Measuring the effects of different scanning protocols can identify sources 

of BMD measurement error, or resultant patterns, and thus may suggest ways to 

avoid or correct it. 



Ill. MATERIALS AND METHODS 

Description 
The study is comprised of micro CT scanning of laminated polyurethane foam of 

known density (Sawbone ®,Pacific Research Laboratories, Inc, Vashon, · 

Washington) with different scanning parameters using micro CT (Skyscan 1172; 

Skyscan, Aartlesaar, Belgium). Solid rigid polyurethane foam is primarily used as a 

substitute testing material for human bone. Although it does not replicate the 

structure of human bone, it provides consistent and uniform material properties in the 

range of human cancellous and cortical bone. 

One test block of sawbone measuring 25 x 15 x 16 mm was used. The block was 

drilled to the precise length of the implant and used for all of the study groups. Four 

sets of scans (study groups) were made, each consisted of five scans (table 1). The 

first group consisted of the controls (scans 1-5), where the block was drilled without 

implant insertion, aligned so that the hole was vertical (perpendicular to the x-ray 

beam axis) and scanned at the different parameters listed in table 2. 

In the second group (scans 6-1 0), the block was scanned again without implant 

insertion following the same parameter assignment as in group 1, but aligned so that 

the hole axis was 45 'to the x-ray beam axis. lnthe third group (scans 11-15), the 

implant was inserted into the drilled hole and the block was scanned in a vertical 

alignment according to the same parameter assignment. In the fourth group, the 

block was re-aligned so that the implant long axis was 45' to the x-ray beam axis. 

22 
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Table 1: Orientation of the block and implant in different study groups 
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Group 2 

3 Scan 11, 12, 13,14 & 

Scan , 18,19 & 20 
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The scans dataset was then transferred to software to be three-dimensionally 

reconstructed using the same reconstruction parameters for all groups (Skyscan 

Nrecon program company, Kontich, Belgium). Two hydroxyapatite phantoms of 

known density (0.25 and 0. 75 mg/cc) were scanned with a corresponding parameter 

for each group. For bone mineral density measurements, the reconstructed datasets 

(Figure 1) were loaded to the image analysis software (CTAn, Kontich, Belgium) after 

being calibrated with the phantoms. Eight volumes of interest were studied in each 

scan (Figure 2) (4 near, 1 mm from the implant surface or implant space and 4 away, 

6.5 mm from the implant or implant space). Each volume of interest was fixed to 

128mm. 
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Figure 1: Reconstructed Image 
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Figure 2: CT Analysis Image 
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Table 2: Scanning parameter distribution in scans within the four groups 
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Rotation Step Exposure Time Average Framing 

Parameter 1 (scan 0,5° 1800 5 

1,6,11 & 16) 

Parameter 2 (scan 10 1800 5 

2, 7,12 & 17) 

Parameter 3 (scan 0.5° 1300 5 

3,8,13 & 18) 

Parameter 4 (Scan 0.5° 2300 5 

4,9,14 & 19) 

Parameter 5 (Scan 0.5" 500 5 

5,10,15 &20) 
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Statistical Analysis 

To examine the effect of implant presence on bone mineral density (BMD) 

measurements made near the implant, paired !-tests were used to compare BMD 

measured with and without the implant separately for each implant position (vertical 

and 45° angle). 

In order to evaluate the effects of spatial orientation of the implant and different 

scanning parameters on BMD measurement, "BMD measurement error'' was 

calculated by subtracting the BMD measurement before insertion of the implant from 

the BMD measurement after insertion of the implant. 

To examine the effect of spatial orientation on BMD measurement error, a two

sample !-test was used to compare BMD error between the vertical and 45° angle 

positions separately for the near scans and the away scans. 

To examine the effect of distance on BMD measurement, "near" BMD measurement 

error was compared to."away• BMD measurement error using paired !-tests 

separately for each position (vertical and 45" angle) and for various combinations of 

rotation step and exposure time. 

The effect of rotation step (0.5 vs. 1.0) on BMD measurement was examined by 

comparing the BMD measurement errors between the steps using a paired !-test. A 

within-subject repeated measures analysis with Greenhouse-Geisser adjustment was 

used to compare the effect of exposure time (500 sec vs. 1300 sec vs. 2300 sec) on 

BMD measurement error. 
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A Bonferroni adjustment was used to control the family-wise error rate at 0.05 any 

time two groups were compared separately at each level of another factor. For 

example, when "near'' BMD measurement error was compared to "away" BMD 

measurement error separately for each position (vertical and 45" angle), a 

Bonferroni-adjusted significance level of 0.05/2 = 0.025 was used for the paired !-test 

at each position. All statistical tests were performed using SAS 9.2 (SAS Institute, 

Inc., Cary, NC, 2009). 



IV. Results 

Spatial Parameter Comparisons 

Table 3 contains a summary of the results for each test involving a spatial parameter 

comparison. When comparing the BMD before and after insertion of the implant, 

statistical significance was found at the 0.025 Bonferroni adjusted level when the 

implant was inserted vertically and when it was inserted at a 45" angle. Furthermore, 

the two implant positions (vertical and 45° angle) differed significantly at the 0.025 

adjusted level in terms of BMD measurement error when scanning near the implant 

and away from the implant. However, BMD measurement error differed significantly 

between near and away scans only when the implant was placed at a 45" angle. 

Scanning Parameter Comparisons 

Table 4 contains a summary of the results for the near vs. away comparison for each 

combination of scanning parameters. The BMD measurement error did not differ 

significantly between near and away scans for any combination of scanning 

parameters. 

Table 5 contains a summary of the results for the rotation step and exposure time 

comparisons. The BMD measurement error did not differ significantly between 

rotation steps or between exposure times. 
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Table 3. Summary of Results for Spatial Parameter Comparisons 
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Outcome Spatial Parameter Comparison N Mean (SD) Mean 
Groups Difference (SD) 

Bone Mineral Density Vertical Implant Implant 5 0.379 (0.032) 0.035 (0.022) 
(BMD) 

No Implant 5 0.345 (0.014) 

45"1mplant Implant 5 0.438 (0.036) 0.114 (0.049) 

No Implant 5 0.324 (0.053) 

BMD Near Vertical 5 0.035 (0.022) -0.079 (0.038) 
Measurement 
Error 45" 5 0.114 (0.049) 

Away Vertical 5 0.023 (0.023) 0.087 (0.028) 

45" 5 -0.063 (0.058) 

BMD Vertical Implant Near 5 O.D35 (0.022) 0.012 (0.036) 
Measurement 
Error Away 5 0.023 (0.023) 

45° Implant Near 5 0.114 (0.049) 0.177 (0.080) 

Away 5 -0.063 (0.058) 

• Indicates a statistically significant difference using a Bonferroni-adjusted significance level of 
0.025 for each comparison. 

p. 
value 

.0249* 

.0064* 

.0181* 

.0248* 

.5113 

.0076* 



Table 4. Summary of Results for Comparisons of Near and Away BMD 
Measurement Error for Various Parameter Settings 
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Scanning Parameter ' Comparison N Mean (SO) Mean P-value 
Settings Groups Difference (SO) 

Rotation 0.5 Near 2 0.056 (0.062) 0.043 (0.116) 0.6912 
Exposure 1800 
Frame 5 Away 2 0.013 (0.054) 

Rotation 1 Near 2 0.108 (0.109) 0.131 (0.135) 0.3993 
Exposure 1800 
Frame 5 Away 2 -0.023 (0.025) 

Rotation 0.5 Near 2 0.080 (0.084) 0.145 (0.196) 0.4861 
Exposure 1300 
Frame 5 Away 2 -0.065 (0.112) 

Rotation 0.5 Near 2 0.068 (0.002) 0.111 (0.080) 0.2997 
Exposure 2300 
Frame 5 Away 2 -0.043 (0.082) 

Rotation 0.5 Near 2 0.060 (0.026) 0.041 (0.059) 0.5028 
Exposure 500 
Frame 5 Away 2 0.019 (0.033) 
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Table 5. Summary of Results for Scanning Parameter Comparisons of BMD 
Measurement Error 
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Scanning Parameter Comparison N Mean (SD) Mean P-value 
Comparison Groups Difference (SD) 

Rotation Step Rotation 0.5 4 0.034 (0.054) 0.009 (0.060) 0.7916 
Exposure 1800 

Rotation 1 4 0. 043 (0.1 00) 
Exposure 1800 

Exposure Time Rotation 0.5 4 0.005 (0.113) .5146 
Exposure 1300 

Rotation 0.5 4 0.012 (0.080) 
Exposure 2300 

Rotation 0.5 4 0.039 (0.034) 
Exposure 500 



V. Discussion 

In this study, the same polyurethane foam block was scanned before and after 

implant insertion to detect the BMD measurement error resulting from implant

induced artifact. As expected, artifacts caused by titanium implants were seen in the 

scans of the implants, and were associated with the increase in BMD measurements 

compared to the pre-implant scans. This BMD error was highest closer to the implant 

surface. Additionally, the increase in BMD was higher when the implant was tilted 

45' to the long axis of the x-ray beam. 

Oosterwyck and colleagues placed implants with 4 mm diameter & 12 mm length in 

the femoral condyles of sheep. They compared the results using micro-CT and from 

observing tissue specimens. They found that trabecular bone structures in both 

methods were very similar. They reported that the data could be used in a finite 

element method. In addition, they stated there were no significant artifacts in regions 

up to 3 mm around implants, but artifacts occurred at the apex of the threads of the 

implants. They stated that even in regions very close to the bone-implant interface, 

the titanium implant does not seem to produce significant artifacts. 53 

The results of this study were not in accordance with that of Oosterwych et al. In this 

study, the increase in BMD measurements were found to be of statistically significant 

difference in both the near and away selected regions of interest after implant 

placement. 

41 
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Butz and colleagues placed titanium implants in rat femurs and morphologically 

compared the micro-CT images and tissue specimens. As a result of the effects of 

the metal artifacts, there was a significant difference between the two methods from 

the implant surface to 24 Jlm away from it54 

Stopple and colleagues also performed a similar study using titanium implants in the 

femurs of sheep. They reported that there were effects of metal artifacts in an area 

60 Jlm surrounding the implants44 

In a previous study, the pre- and post-titanium screw placement micro CT scans 

were used to obtain relevant BMD values in specific locations around titanium 

implants. 55 The authors found a statistically significant difference in BMD 

measurements between the pre and post- screw scans. The results of Butz et al are 

in agreement with this study in that the effects of metal artifacts caused increases in 

BMD measurements in cortical bone around implants and that BMD measurements 

were higher in near than away regions of interest. 

Schouten et al suggest that since the J1CT is still relatively new, the procedures 

utilized to assess and analyze bone structure quantitatively are not yet fully 

standardized. They measured the BIC around titanium implants by J1CT and found 

that bone in close contact with the implant can not be detected accurately, due to a 

thin layer of noise present around the whole implant. They explained this noise as 

effects of implant geometry & scattering by titanium. Schouten et al also showed 

overestimated bone volume immediately adjacent to the titanium implants.56 This 

result was the same found by Stopple et al, in which there was a blurred border 

around titanium screws.44 Bernhardt et al found that the bone volume is 

overestimated specifically at BIC (20%) and also in areas as near as 600 J1.57 Results 

of the Schouten, Stopple and Bernhardt studies are in agreement with the results of 
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this study in regards to the BMD error around implants. In this study the BMD error 

(overestimated bone) immediately around implants were of statistical significance in 

the post-implant placement scans compared to the pre-implant placement scans. 

Results of this experiment emphasize the importance of implant position in reducing 

the scanning artifacts by CT scan. The post implant CT scans should be made at 

right angles to the implants in order to minimize the BMD error. Changing the relative 

position of the implant in the CT scanner was previously recommended to reduce 

metal artifacts around implants.52 In addition some CT studies described the 

importance of orientation of titanium implants on BMD measurements.""· 59 The above 

implant position studies were made using medical CT (not the iJCT). Our results 

support these recommendations. This is especially relevant whenever a longitudinal 

comparison is made over multiple time points or when different implant types or 

techniques are compared. 

Some studies reported that boundary blurring was present around titanium implant 

surfaces."4
• 

60 This finding was consistent with our findings that bone contact could 

not be reliably measured around metallic implants using micro CT scans. 

In this study, an aluminium filter was used between the detector and specimen in 

iJCT to reduce the metal artifacts from titanium. This technique has previously been 

recommended to reduce artifacts from this metal.44 Although this reduced the 

secondary radiation and formation of streak artifacts, it could not completely eliminate 

them. This study was in agreement with Zannoni et al 's study50 that confirmed 

increased BMD of cortical bone around titanium implants leading to BMD error. 
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The two implant positions (vertical and 45° angle) differed significantly at the 0.025 

adjusted level in terms of BMD measurement error when scanning near the implant 

and away from the implant. The BMD measurement error was greater in near than in 

away. However, BMD measurement error differed significantly between near and 

away scans only when the implant was placed at a 45• angle. Furthermore; the 

distance was important because as one approached the implant, the BMD 

measurement error increased. 

Sabo et al found that elevated BMD measurements decrease exponentially with 

distance from the screw. The majority of the artifacts were found within the first 3 

mm, but at 9 mm from the screws, the BMD was still 23% higher than the pre-screw 

values. 55 The results of this study is in agreement with Sabo et al's results. The 

elevated BMD measurements decrease as the distance from the metal surface 

increases. 

There seems to be no effect of increasing exposure time from 500 up to 2300 msec. 

or changing the rotation step on BMD measurement error. This finding was 

consistent with previous reports51 that stated that changes in exposure time and tube 

current generally did not cause significant changes in the length of the metal artifacts. 

One limitation of the present study was in manual selection of volumes of interest 

(VOl) for the near and away scans. This is a limitation because human visual 

measurements are more prone to error than mechanical measurements. The 

volumes of interest were not pre-selected to be identical between all scans, but were 

measured to have the same volume and be of a certain distance from the implant 
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surface. However, the probability of error was reduced by having only a single 

researcher select the landmarks. In addition, the exact VOl was fixed at 128 mm. 

The near volumes of interest were chosen immediately next to the implant and the 

next volumes were chosen at a 90 degree angle to the previous ones resulting in four 

VOl in the near slice. 

Another limitation was that only titanium implants were examined in this study, which 

at this time is the most commonly used dental implant material. Further studies are 

required to test other implant materials, such as polyethylene with ultrathin titanium 

coating44 or ceramic. 



VI. Conclusions 

After implant placement, BMD error was observed in !JCT scans and was highest 

adjacent to the implant surface. The error was random and unpredictable and 

increased as the implant angle changed from 90' to 45' but was not affected by 

rotation step or exposure time. 
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