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Diagnostic imaging of trabecular bone microstructure for oral implants: a 

literature review. Dentomaxillofacial Radiology.2013; 42: 20120075. 
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1. Bone quality and implant success  

 

In the past two decades dental implants have become a popular and reliable option for 

oral rehabilitation. Implant stability at the time of surgery or primary implant stability is 

the key factor for the long term success of the implant.1, 2, 3 Primary stability increases 

the survival rate of an implant by improvement of its osseointegration. 1 Primary implant 

stability is influenced by many factors such as the shape and geometry of the implant, 

skills of the practitioner and bone quality and quantity of the potential implant site. 1, 4  

Therefore, pre-surgical assessment of the bone including volume as well as quality can 

help clinicians in making  the best possible treatment plan. Although a few studies show 

no substantial differences in dental implant success rate in patients with poor bone 

quality compared to those with minimal resorption,5-7  the majority of studies 

demonstrated the quality of alveolar bone as the single most important factor influencing 

primary implant stability.8-10   

Bone quality refers to the mechanical properties,  micro architecture, mineral density, 

chemistry and structure of the bone mineral crystals, as well as the remodeling 

properties of bone.11, 12  It is the combination of all bone characteristics that define the 

biological quality of bone.13 The effect of bone micro structure design on bone strength  

is comparable to the construction of a bridge : maximal strength should be derived from 

the minimum amount of material.11 Given the fact that bone quality is higher for the 

mandible than for  the maxilla (and higher in the anterior than the posterior region),14-16 

and also that the implant survival rate is higher in the mandible than the maxilla 

(particularly in the anterior region of the mandible)17 it is plausible that the bone quality 

is one of the important factors influencing implant treatment success.  This importance 

may be even more apparent as the highest implant failure rate occurs in the maxillary 

posterior region, which is associated with a limited volume and/or density of bone.18,19 

 

2. Bone quality classifications  

Several classifications have been introduced for bone quality. The most frequently used 

classification is the Lekholm and Zarb classification based on the amount of cortical 
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bone versus cancellous bone.20, 21 They classified bone into four types (Figure 1): 1-

almost the entire jaw comprising homogenous compact bone , 2- a thick layer of 

compact bone surrounding a core of dense trabecular bone, 3- a thin layer of cortical 

bone surrounding a core of dense trabecular bone, and 4- a thin layer of cortical bone 

surrounding a core of low-density trabecular bone.20 It was found that bone quality type 

2 and 3 occurs more often than type 1 and 4.22 Another classification is the Mish 

classification which is  based on tactile sensation by the practitioner during drilling prior 

to implant placement. According to this classification bone is classified from D1 to D4 if 

the observed hardness of the bone was similar to “oak or maple”, “spruce or white pine 

wood”, “balsa wood, and “ styrofoam”, respectively.21 

 

Figure 1. Lekholm and Zarb classification 

 

3. Bone mineral density measurement 

Bone mineral density is one of the most important factors of bone quality. Bone mineral 

density (BMD) which is the amount of mineralized material in a certain volume of 

bone,23 can be evaluated by different methods such as single photon absorptiometry , 

dual photon absorptiometry , dual energy X-ray absorptiometry (DXA or DEXA), 

quantitative computed tomography (QCT), quantitative ultrasound (QUS),  digital image 

analysis of microradiographs,  digital subtraction radiography and clinical observation.11, 

24, 25 A variety of methods which evaluate bone at the time of osteotomy or subsequent 

to implant placement have been introduced in order to assess bone quality,26, 27   but 

these methods evaluate the bone density  retrospectively and the results about the 

implant site become available not until the implant is being placed.28 Microradiographs 

can be taken only on bone specimens, so digital image analysis of microradiograph is 
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limited to bone samples obtained with biopsy and therefore not feasible under clinical 

conditions.29 

 

3.1. Quantitative ultrasound and Dual energy X-ray 

absorptiometry 

DEXA is a fast and non-invasive technique based on x-ray spectrophotometry which 

was developed in the 1970s.30, 31 DEXA is a worldwide accepted method for the 

diagnosis of osteoporosis and is normally applied to assess vertebrae, the femoral neck 

and forearms.30, 24 Osteoporosis is a skeletal disease characterized by low bone mass 

and poor bone micro-architecture causing increased bone fragility.33  

QUS, which is also employed for the assessment of the skeletal health and the 

diagnosis of osteoporosis, has the advantages of low cost, portability and  not using 

ionizing radiation. Based however on the moderate correlation between DEXA and 

ultrasound measurements, there is no strong agreement on its application for bone 

density measurements.31, 34  DEXA has the advantage of application at or close to the 

site of interest, but also the disadvantage of its inability to distinguish between cortical 

and trabecular bone.35 The application of this method in jaw BMD measurement was 

described for the first time in 1993,36 and it is shown in a few studies that BMD 

measured  by DEXA in the mandible is positively correlated with that of the lumbar 

spine, the femoral neck and the forearm.37-39 

 

3.2. Quantitative computed tomography  

Quantitative computed tomography (QCT) which was  performed on conventional 

Computed Tomography (CT) scanners, was commonly applied to 2D slices of the 

lumbar spine to measure BMD,40 but with the introduction of DEXA with lower ionizing 

radiation, the use of QCT diminished.41 However with the fast improvement of CT 

scanners and introduction of 3D volumetric QCT, clinical use of this method has 

witnessed a rapid increase in demand again.41 The advantages of volumetric QCT over 

DEXA are: measurements are independent of the patient size, separate BMD 

measurements of trabecular and cortical bone are possible, and there is the option of 
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assessment of geometric and structural parameters of bone.41 Norton and Gamble 

found a correlation  between density values derived from QCT and the Lekholm and 

Zarb classification at designated implant sites.15 

 

3.3. Conventional dental radiographs 

Conventional dental radiographs, especially panoramic images, have been used to 

predict patients with low BMD.42-45 When applying  panoramic radiographs to observe 

the signs of osteoporosis, different criteria were used, such as: mandibular cortical 

index (MCI) which is the appearance of the mandibular cortical porosity,44 mental index 

(MI) which is the mandibular cortical width at the mental foramen region,46  and 

panoramic mandibular index (PMI) which is the ratio of mandibular cortex thickness to 

the distance between the inferior margin of the mental foramen and the inferior 

mandibular cortex (Figure 2).47 It has been shown that these indices are highly 

correlated with mandibular BMD.37-39   

 

 

 
Figure 2. MI: mandibular cortical width at the mental foramen region, PMI:  the ration of MI to the 

distance between inferior margin of mental foramen and inferior mandibular cortex, mandibular 

inferior cortex distal to mental foramen which is assessed on both sides for MCI 
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3.4. Computed tomography  

 

Computed tomography (CT) was initially introduced in the early seventies for head 

scanning,48 and a few years later it became available for the whole body.49 Since then it 

became an integral part of routine clinical practice.48  
 

3.4.1.  Development  

In comparison to early CT scanners, the current CT devices provide improved resolution 

and a shorter scan time by improvement of the tube technology and computer hardware 

and software.50 In the early generations CT scanners (conventional CT), the tube emits 

a narrow beam of X-rays which pass through the patient and then are received by a 

highly collimated single row of detectors on the other side.50 Owing to the physical 

coupling between the X-ray tube and power cables, continuous rotation of the tube and 

detectors was not possible, which meant  that subsequent to each rotation, the 

exposure had to be stopped in order to allow for a second rotation in opposite 

direction.50 Each slice had a typical thickness of one cm, and a scan time of 1 second 

and there was a set distance between the slices.50 The limitations of conventional CT 

were the slow scan time, the high possibility of motion artifacts, the poor ability to 

reformat in different planes, and the high possibility of missing  small lesions located in 

between the slices.50 In the late 1980s slip ring technology was introduced to CT 

scanner designs to overcome the rigid mechanical linkage of the tube and the power 

cord resulting to a new CT generation which was called spiral (helical) CT.50 While the x-

ray tube in spiral CT is rotating in one direction around the patient, the patient table 

advances in the gantry, so instead of a single slice, a contiguous volume of tissue is 

scanned.50 In this way not only the axial slices , but coronal and sagittal planes as well 

can be reconstructed on the workstation.50 The advantages of spiral CT over the 

conventional scanners are shorter scan time, better image quality, more closely spaced 

scans and reconstruction in different planes.50 The next generation of CT which is called 

multislice CT (MSCT), has more than one array of detectors to pick up the X-ray beam 

passing through the patient.50 This increased number of detector rows makes the scan 

time even shorter and allows for an increased coverage of tissue volume, while multiple 
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slices are created simultaneously.50 This change in CT design combined with improved 

software offers increased reconstruction and processing capabilities.50 

 

 

Figure 3. How x-ray tube and detectors rotate around the patient in different CT 

generations.
50 

 

3.4.2. Hounsfield units 

All MSCT scanners produce  3D data representing a digital volume, which is composed 

of subunits called voxels (Figure 4). Each voxel is assigned a gray shade (CT number) 

according to the attenuation coefficient of the represented material. MSCT scanners are 

calibrated to the attenuation coefficient of water and air, with CT numbers of 0 (water) 

and -1000 (air), respectively.41 The calibrated CT number is called Hounsfield Unit (HU), 

which is named after sir Godfrey Newbold Hounsfield,  who developed the first CT-

machine in 1972. It represents a quantitative scale for describing radiodensity.51, 52 

Material with a high atomic number (with high attenuation coefficient) absorbs more X-

rays, resulting in a high HU-value and appears white in the image. Using an appropriate 
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bone mineral phantom, placed in the CT scan field as a reference, the HU values can 

be transformed into real bone equivalents (mg/cm3).41 HU of cortical bone normally 

ranges from 1000 to 1600 while trabecular bone shows lower values.53 Occasionally a 

negative HU within the bone can be observed indicating that in the trabecular bone an 

area exists that mainly contains fat.53 CT is a reliable method to assess implant sites in 

terms of bone density, bone structure, dimension of the available bone and distance to 

adjacent anatomical structures such as the maxillary sinus and the inferior dental 

canal.28, 53 

 

Figure 4. A sample of a digital volume which contains  multiple slices, each slice composed of voxels. 

 

A CT scan for bone density measurement prior to implant insertion was first introduced 

and established by Schwartz et al. and has been used more frequently ever.54, 55 

Measuring bone density at the dental implant sites by CT has been applied in in-vivo 

studies and different ranges of HU were derived . The published values range from 77 

to 1421 (mean of 682),15 278 to 1227 ( mean of 751),56 and -240 to 1159 (mean 

unreported).12 These disparities may arise from the distribution of the evaluated sites 

and patient related factors such as race, gender and age. 28 Although several studies 

demonstrated the higher radiation exposure risk in comparison with other imaging 



17 

 

modalities,57-60 CT technology was considered as the method of choice for bone density 

measurement at potential implant sites for quite some time.12, 53, 61, 52         

 

3.5. Cone Beam Computed Tomography 

Cone beam computed tomography (CBCT)  is a modified CT technique which was 

introduced in the dental and maxillofacial field for the first time in the late 1990s 

independently by Arial et al. and Mozzo et al.62, 63 In 1998 CBCT was introduced on the 

European market for the first time and in 2001 into the U.S. by QR (Verona, Italy).64 

Since then faster and better dedicated CBCT scanners  have been made available 

thanks to the improvement of the detector technology and processing software.65 Other 

names were proposed for this technique in the literature such as cone beam volumetric 

scanning (CBVS), true volumetric computed tomography, dental CT, dental 3D-CT, 

Digital Volumetric Tomography (DVT) and cone beam volumetric imaging (CBVI).65 

 

3.5.1. CBCT Vs MSCT 

CBCT offers some advantages over MSCT, such as increased accessibility for oral 

health specialists, lower costs and higher comfort to the patients and a smaller footprint. 

Although the lower radiation dose to the main organs of the head and neck region has 

been cited as the most important advantage of CBCT over CT,51, 66, 67 it is well known 

that the dose from CBCT scans is highly dependent on the type of the machine and the 

scan settings.68   Moreover, the latest generations of MSCT can be applied using low 

dose dental mode settings, which can produce scans which have a quality and radiation 

dose to the patient comparable to large field of view CBCT scans.69 So it is not always 

true that CBCT delivers lower radiation to the patients in comparison to MSCT without 

considering the type of scanner and the applied scan protocols.70 

 

3.5.2. Technical basis of CBCT 

 CBCT is based on the rotation of a cone shaped x-ray beam around the patient head.65  

The x-ray source and 2D detector rotate around the object producing a series of 2D 

images (approximately 150 to 599).64, 65  By a modification  of the Feldkamp algorithm 

these 2D images (raw data) are reconstructed into a 3D data set (digital volume).65, 71 
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The x-ray detectors in CBCT devices are divided into two types based on their design. 

The earlier CBCT scanners employed receptors based on Image Intensifier Tube (IIT) 

and Charged Coupled Device  (CCD) technology, and the second generation of CBCT 

applies Flat Panel Detectors (FPD). In the  IIT/CCD technology a series of conversions ( 

from x-ray to visible light, from visible light to electrons, and from electrons into light) are 

performed to create the raw data from the received x-rays. This arrangement of several 

elements in IIT/CCD introduces artifacts and noise in the resulting scan.72 FDP, which is 

less complicated than IIT/CCD, consists of a cesium iodide (CsI) scintillator applied to a 

thin film transistor made of amorphous silicon.73   FDPs offer a higher dynamic range 

and less peripheral distortion than IIT/CCD and allow for a much larger field of view 

(FOV).74, 75 The other advantages of FPD over  IIT/CCD are the higher spatial resolution 

and the lower noise level resulting in an ameliorated signal to noise ratio (SNR).76 The 

slightly greater radiation dose, the limited performance related to the linearity of 

response to the radiation spectrum, and the unavoidable presence of a certain number 

of bad pixels have been mentioned as disadvantages of FDP in comparison with 

IIT/CCD.74 

The digital volume in CBCT is cylindrical in shape and is composed of voxels.64 Isotropic 

voxels of small size with a large range of gray values improve the image quality and  the 

accuracy and precision of dimensional measurements and subsequently the 

visualization of anatomical structures.64 

Different studies were performed on the application of CBCT in dento-alveolar and 

maxillofacial radiology, implantology, orthodontics,  endodontics, periodontics, and 

forensic dentistry.65 The statement of the American Association of Oral and Maxillofacial 

Radiology suggesting the use of cross-sectional views for dental implant planning,77 led 

to the wide and fast spread use of CBCT in dental implantology.65 Geometric accuracy 

was reported to be high for linear measurements, which means that bone height and  

width, and the proximity of relevant normal anatomic structures can be accurately 

measured.78-80 

Within any CBCT system however, image quality itself is inconsistent and is also largely 

dependent on the selected field of view and scan settings.81 The cylindrical digital 

volume acquired by the rotation of a cone-shaped x-ray beam around the patient head 
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volume is called field of view (FOV). The size (height and diameter) and available 

number of FOVs is variable for different manufacturers and models.64, 74  In some CBCT 

scanners, a stitching option makes it possible to combine adjacent volumes, to cover a 

larger FOV such that the necessary information for diagnosis and treatment planning is 

available. However, as patients vary in size, the proper FOV is a patient specific 

selection. The size of the selected FOV remains the most important scanning factor in 

limiting the radiation dose and improving the image quality.82  

The other scanning parameter which can be selected by the practitioner in some CBCT 

devices, is the number of ‘basis’ projections.  During the synchronized movement of x-

ray source and detector, the cone shaped x-ray beam is emitted continuously or 

pulsated resulting in multiple basis projection radiographs around the patient. This 

acquisition stage involves image collection and detector processing.74 Reducing the 

number of basis projections plays a significant role in reducing radiation dose and 

scanning time and subsequently motion related artefacts; However, reducing the 

number of projections increases the noise level and inconsistencies in the reconstructed 

images.83, 84  When selecting the scanning parameters, there should always be a 

balance between the diagnostic value and patient’s cost and risk.64 

 

3.5.3. CBCT density measurement 

Unlike CT, the voxels of CBCT images do not represent absolute gray values 

(Hounsfield unit or HU).78 Various efforts have been taken to assess the reliability of this 

imaging modality in bone density measurements. Large amounts of scattered X-rays 

and artifacts are mentioned as the reasons for the unreliability of CBCT in evaluating 

bone mineral density. 85   CBCT scanners are operated at a lower kVp and mA than 

MSCT, resulting in a reduced signal-to-noise ratio.86 The higher noise level will also 

cause more inconsistencies and a larger standard deviation of voxel gray values.87, 88 

Additionally, as the volume-ray beam in CBCT is proportionally larger than the highly 

collimated fan-beam in MSCT, the effect of these artifacts is larger.86, 89 However, other 

studies showed a high correlation between CT and CBCT gray values; therefore it is 

suggested that voxel values of CBCT within certain constraints can be used to estimate 

bone mineral density.81, 90-94 
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In a study on bone quality assessment, CBCT was reported a valid technique for fractal 

analysis and bone area measurements but not for density evaluation.85  Although in this 

study the usefulness of CBCT in density measurements was not assessed clinically, it 

was reported that voxel values of CBCT are inappropriate for evaluating bone mineral 

density due to artifact-causing factors such as a large amount of scattering, beam 

hardening, and the heel effect. As the amount of scattered radiation is higher in CBCT 

in comparison to MSCT as mentioned before, the noise in the reconstructed images 

increases and the voxels do not represent the gray values as accurately as in MSCT. 

Beam hardening artifacts, due to the increase of the mean energy of the X-ray beam 

when passing through the object, which will also alter the gray values, were mentioned 

as another factor. These factors are more severe in CBCT due to the use of a lower 

energy x-ray beam. The other artifact-causing factor reported in this study was the heel 

effect which is the angular non-uniformity of x-ray energy in the beam. Due to the larger 

width of the x-ray beam in CBCT this effect is worse than in multi detector CT.85  

Among the investigations about the reliability of CBCT for BMD measurements, one 

study was done on real patient scans. The derived CT values of the multi-slice scans 

were transformed into the real bone density using the BMD chart (which was used to 

convert HU values to BMD), and then their correlation with voxel values of CBCT (Asahi 

Roentgen Ind., Kyoto, Japan) was analyzed. A high correlation was observed (r=0.965). 

Using a regression line, an equation ( y=0.812x-142.583) was derived to transform 

voxel values obtained with CBCT into BMD in mg/cm3. In order to select the ROI, cross-

sectional images of both CBCT and MSCT scans of the patients were made and circular 

regions were selected. The sections and the locations of the circular ROIs were set by 

observers attempting to make them as identical as possible; because of this manual 

selection process the compared regions might be derived  not exactly from the same 

area. The mean period between the CBCT and MSCT scans ranged from 6.7 to 48.1 

month (mean 21, SD 12), so physiological or pathological changes in the density of the 

ROIs were possible.91, 92 

Using phantoms which contained different reference materials with known densities, 

three studies on the accuracy of CBCT for density measurements were run. 81,93, 94  One 

of the limitations all of these studies had in common was that they were scanning  
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homogenous objects which do not represent the trabecular and cortical bone content. In 

the real clinical situations beam hardening artifacts also play a role. Beam hardening 

can arise from hard tissue (especially the cortical bone) affecting  the voxel gray values.  

One of these studies was aiming at the density conversion factor with the NewTom QR-

DVT 9000 (NewTom, QR-DVT 9000; QR, Verona, Italy).94 Six cylindrical models from 

six different materials with known densities were scanned. A linear regression was 

performed between BMD in g/cm3 and the gray value and a regression equation 

(y=0.002x-0.381, y as BMD and x as gray value) was derived with an R2 value of 0.986. 

AMIRA (AMIRA, ZIB, Mercury Computer systems, Berlin) and Merge eFilm (Merge 

eFilm Inc., Milwaukee, WI) the two commonly used software packages in radiological 

research were also compared with regard to HU measurements. Statistical  analysis 

showed no significant differences between these two packages. It was suggested by the 

author that bone mineral density can be derived by the calculated equation obtained 

from scans made by the NewTom QR-DVT 900.94   

Eleven different CBCT and two medical CT-machines have been used in a 

comprehensive in vitro study assessing the possibility of deriving HU values using the 

gray values from CBCT. For this purpose the attenuation coefficient of each material 

used in a phantom was taken into account. The results showed a linear relationship 

between the gray values from CBCT and the attenuation coefficient (µ) at a specific 

energy level. The energy for which the highest correlation was found between the gray 

value and µ, was considered as the effective energy. It was concluded that by using the 

linear attenuation coefficient as an intermediate step, HU values can be derived from 

CBCT gray levels. It should be noticed that in this study the attenuation coefficients 

which were applied were related to monochromatic x-ray energies while the x-ray beam 

in CBCT is polychromatic.81  

A phantom with sample tubes containing iodine solution with different concentrations 

was scanned by CBCT (3D Accuitomo, Morita Corp., Kyoto, Japan) and MSCT in a 

study aiming to assess the reliability of gray values from CBCT.93 The results of this 

study showed an excellent correlation between the voxel values from CBCT and the 

Hounsfield units derived from MSCT. Regression analysis showed that a non-linear 

regression was more appropriate than linear regression. Based on the Hounsfield units 
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of a hydroxyapatite reference phantom the formula converting the gray values from 

CBCT to the equivalent bone mineral density was determined as: y= -0.03669x2 + 

3.602x – 350.3 (x= gray value from CBCT, y= bone mineral density in mg/cm³ HA).93  

In only one study cadavers were used to evaluate the bone density assessment by 

CBCT (NewTom, QR-DVT 9000; QR, Verona, Italy).90 The gray values from CBCT were 

correlated with an objective (HU from MSCT) and a subjective (Lekholm and Zarb 

classification) bone density assessment method. A high correlation was found between 

the gray values from CBCT and MSCT. Although an overall relation was observed 

between CBCT gray values and the Lekholm and Zarb classification, the precision of 

this subjective measurement could not be found. There was a wide range of CBCT gray 

values in each of the four bone quality types of Lekholm and Zarb, especially in type 2 

and 3. The selection of the ROI was done on 2D images, and was standardized by 

inserted aluminum rods. As a 3D registration between the scans of both modalities was 

not done, possible that two non-identical ROIs were compared. Although human jaws 

were used in this study, they were cut in small bone blocks (each block providing 1-4 

implant sites) and  normal anatomical structures surrounding the ROI were excluded 

from the CBCT scans.90 

Depending on the number and location of the potential implants to be placed, the size of 

the chosen FOV will differ. Object location within the CBCT field of view (FOV) has been 

assessed for the possible effect on gray values; the possible effect remains 

controversial .89, 95 Gray values from CBCT scans are also influenced by the type of 

scanner and scan parameters, so these factors should be considered as well when 

assessing bone density from CBCT gray values.89 In CBCT scans, gray value 

measurements can be affected by two other effects. The first one is the total amount of 

the mass in the scan volume, which can decrease the CT numbers uniformly. The 

second effect is the mass outside of the FOV, dubbed the ‘exo-mass or partial object ’ 

effect which is caused by structures (masses) outside the FOV. This effect leads to an 

increase of the CT numbers at the border adjacent to the exo-mass and a decrease of 

CT numbers at the edge furthest from the exo-mass.96 This effect is the main reason for 

the unreliability of density measurements in small FOV CBCT scans.97 
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Based on the lack of uniformity among the design specifications of different systems,65 

each study result might be valid only for the applied CBCT scanner.  

 

4. Trabecular bone microstructure assessment 

Although cortical bone helps to provide the primary implant stability, trabecular bone 

also plays an important role due to its higher turnover rate and direct contact with the 

implant body.98, 99 

Evaluating  bone micro structure , which can lead to a better implant planning,100  has 

been done by various 2D and 3D radiographic methods. The 2D techniques applied 

include periapical (PA) and panoramic radiographs. PA radiographs can provide high 

resolution images of trabecular structures,101, 102 which make them potentially suitable 

for subjective bone quality classifications, such as Lekholm and Zarb, Trisi and Rao, 

and Misch showed.103-106 In contrast, panoramic radiographs offer lower resolution due 

to its imaging technique and inherent artifacts.107 Based on the characteristic of the 

various imaging techniques described in the first part of this chapter, the following 

conclusion can be derived with regard to the feasibility of each technique for the 

assessment of bone micro structures. 

In Magnetic Resonance Imaging (MRI) ,which is a non-ionizing system, fat and water in 

bone marrow tissues are depicted as negative images and bone trabeculae can be 

indirectly visualized.108,109 The image quality of this technique is dependent on technical 

imaging factors such as pulse sequence, echo time and field strength, as well as 

analysis factors such as image processing algorithms, selected threshold values and 

complex analysis.110-112  

MSCT, which is the modality of choice for bone density measurements, has limitations 

with regard to measurements of the number of trabeculae (Tb.N), the average thickness 

of the trabeculae (Tb.Th) and the distance between trabeculae (Tb.Sp) due to the 

resolution ( 150-300 µm within the plane and  300-500 µm in between planes) beyond 

the trabecular dimensions (50-200 µm).113 

High-resolution peripheral quantitative CT (HR-pQCT) is a type of CT designed for 

scanning peripheral skeletal regions such as the wrist and the tibia. Although this 
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modality has a spatial resolution of 82 µm, it is not suitable for scanning mandibles and 

it exposes patients to a high radiation dose.110, 113  

In 2004 Micro-CT was recommended as the gold standard for bone micro structure 

measurements for ex-vivo bone studies at implant sites, based on its high-resolution 

(approaching 10 µm) and non-destructive approach.51, 114 It is obvious that this modality 

cannot be applied for implant planning at clinical settings.  

Two studies have shown promising results for assessing bone microstructure using 

CBCT.115, 116 The voxel size and spatial resolution of CBCT, which determine the 

visibility of the micro structure of bone, have been improved over the past few years.86 

These specifications vary for different scanners, the selected FOV and other scanning 

parameters.86, 117 Therefore more studies on the accuracy of recent CBCTs in 

measuring trabecular bone micro structure are required. 

 

 

5. Aims 

 

The main aim of this thesis is evaluating the usefulness  of CBCT for the assessment of 

bone quality for pre-operative implant planning. For this purpose several objectives are 

pursued, summarized here: 

 

1 What is the reliability of voxel gray values in cone beam computed tomography for 

the assessment of bone density in pre-operative implant planning? 

 

2 What is the accuracy of trabecular bone microstructural measurements at planned 

dental implant sites using cone-beam CT datasets? 

 

3 What is the correlation between the bone volume fraction and calibrated 

radiographic bone density, derived from CBCT, micro-CT and MSCT? 
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4 What is the influence of cone beam CT scanning parameters on gray value 

measurements at implant sites? 

 

5 What is the effect of object location in Cone Beam Computed Tomography on gray 

values measurements at implant sites? 

 

6 What is the effectiveness of the metal artifact reduction (MAR) tool in a new CBCT 

scanner (instrumentarium, Orthopantomograph ® OP300) on the diagnostic image 

quality? 

 

The answers to these questions should give a better insight into the feasibility and 

reliability of CBCT for the assessment of bone density for the purpose of implant 

planning. 
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Reliability of voxel gray values in cone beam computed     

tomography for preoperative implant planning  

assessment 
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Abstract: 

 

Objectives: The aim of this ex-vivo study is to assess the reliability of NewTom 5G 

cone beam computed tomography (CBCT) voxel gray values measurements using 

Hounsfield units (HU) derived from multi-slice computed tomography (MSCT) as a 

clinical reference (gold) standard. 

Methods: Ten partially edentulous human mandibular cadavers were scanned by two 

types of CT modalities: multi-slice CT (Philips, Best, the Netherlands) and cone beam 

CT (NewTom 5G, QR Verona, Verona, Italy). The analysis of the data was performed 

using 3Diagnosys software (v3.1, 3diemme, Italy). On MSCT scans, eight regions of 

interest (ROI) designating the site for pre-operative implant placement were selected in 

each mandible. The datasets from both CT systems were matched using a 3D 

registration algorithm. The mean voxel gray values of the region around the implant 

sites were compared between MSCT and CBCT. 

Results: Significant differences between the mean gray values obtained by CBCT and 

HU by MSCT were found. In all the selected ROIs, CBCT showed higher mean values 

than MSCT. A strong correlation (R=0.968) between mean voxel gray values of CBCT 

and mean HU of MSCT was determined. 

Conclusion: Voxel gray values from CBCT (NewTom 5G) deviate from actual HU units. 

However, a strong linear correlation exists, which may permit deriving actual HU units 

from CBCT using linear regression models.  
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Introduction: 

 

Bone density is one of the most important characteristics of bone quality. Assessing 

bone density prior to implant placement aids the practitioner in choosing a suitable 

implant site.1 Several imaging modalities have been used to assess bone density 

including Dual Energy X-ray Absorptiometry (DEXA),2 digital image analysis of 

microradiographs,3 quantitative ultrasound (QUS) and Computed Tomography (CT).4, 5 

Of these imaging techniques, CT gained popularity in assessing bone density at the 

prospective implant bed. The concept was first introduced by (Schwartz et al. 1987) and 

has been in use more frequently ever since.5, 6 In Multi-Slice CT (MSCT) calibrated 

Hounsfield Units (HU) are obtained, which can be directly converted to bone density 

measurement. In the jaws, bone density measurements derived from HU are highly 

reliable.7, 8 However, numerous studies demonstrated higher radiation exposure risk for 

MSCT in comparison with other imaging modalities.9-12 

Cone beam computed tomography (CBCT), which emits a cone shaped x-ray beam, 

was introduced in the last decade in clinical dentistry. In comparison, CBCT has several 

advantages over MSCT in terms of increased accessibility to oral health specialists, 

more compact equipment, small footprint for the clinic and relatively reduced scan 

costs. Additionally, lower radiation dose levels to the main organs of the head and neck 

region has been previously cited as one of the most important advantages of CBCT 

over MSCT.13-15 However, it has become recently well known that the effective dose 

from any CBCT device largely depends on the type of the machine and scan settings 

including field of view (FOV), number of basis projections and scan modes among other 

factors.16 Moreover, latest generations MSCT offer low-dose ‘dental scans’ modes, 

which can provide image quality and radiation dose levels comparable to large FOV 

CBCT scanners.17 Within any CBCT system, image quality and voxel gray values 

depend largely also on FOV and scan settings selection.18 It is therefore inappropriate 

to automatically state that CBCT delivers much lower radiation doses than MSCT 

irrespective of the machine or scan protocol used.19 

Nevertheless, the aforementioned advantages of CBCT over MSCT remain hitherto 

substantial and for dental implant, CBCT is the modality of choice for pre-operative 
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assessment and post-operative diagnostic evaluation. Geometric accuracy was 

reported to be high for linear measurement, so that bone height, width, and the 

proximity to relevant normal anatomic structure can be accurately measured.20-22 

Furthermore, bone quality evaluated by CBCT was correlated to the primary implant 

stability.23, 24 

However, unlike single and multi-slice CT, CBCT does not represent the actual gray 

value expressed in Hounsfield unit (HU).25 Previous attempts to assess the reliability of 

this imaging modality in bone density measurements are noted in the literature. Large 

amount of scattered X-rays and artifacts have been mentioned as the reasons for 

unreliability of CBCT in evaluating bone mineral density.25-29 However, other studies 

showed high correlation between MSCT and CBCT gray values suggesting that voxel 

values of CBCT can be used to estimate bone mineral density.30-34 Using micro 

computed tomography (micro-CT) as gold standard also established CBCT as a reliable 

tool to objectively determine bone density.35 The aim of this study is to assess the 

reliability of cone beam computed tomography (NewTom 5G) voxel gray values 

measurements using Hounsfield Units (HU) derived from multi-slice CT as a clinical 

reference (gold) standard. 

 

Material and methods: 

 

Samples preparation and radiographic evaluation:  

Ten partially edentulous human mandibular cadavers not identified by age, sex or ethnic 

group were obtained from the functional anatomy department. The cadavers were 

sectioned at the mid-ramus level and fixed in formaldehyde (formaldehyde 74.79%, 

Glycerol 16.7%, Alcohol8.3 %, and Fenol 0.21%) and stored. A declaration was 

obtained from the Functional Anatomy department to use this human remains material 

for research purposes. The mandibles were scanned by two types of CT modalities: 

Multi-slice CT (Philips, 120 kVp, 222 mA, 1.128 S, 0.67mm3 isotropic voxel, Best, the 

Netherlands), and cone beam CT (NewTom 5G, 110 kVp, 0.57 mA, 5.4 S, 12×8cm 

FOV, 0.150mm3 isotropic voxel, QR Verona, Verona, Italy). In both CTs, the occlusal 

plane of each mandible was set perpendicular to the floor with zero gantry tilt.  
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CT values evaluation:  

The scans were converted to DICOM 3 format. The analysis of the data was performed 

using 3Diagnosys software (ver.3.1, 3diemme, Italy). On MSCT scans, eight regions of 

interest (ROI) designating the site for pre-operative implant placement were selected in 

each mandible. The selected ROIs were totally within the bone. Subsequently, four 

virtual implants in each left and right pre (molar) region were manually placed (figure 1).  

 

 

 

  

 

 

Figure 1: Three-dimensional reconstruction of the mandible with the planning of implants 

 

 

The datasets from both MSCT and CBCT were then matched using a volume-based 3D 

registration algorithm to standardize the selection of ROI to ensure that the voxel values 

measurements between the two modalities are exactly from the same site (Figure 2).  
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Figure 2: An example of the 

matching between MSCT and 

CBCT 

 

 

 

 

 

On the matched datasets, an area with 1 mm thickness was selected around the 

implant sites (Figure 3). 
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The voxel gray values of each hollow cylinder region around the implant sites were 

exported separately for MSCT and CBCT. 

Data analysis:  

The mean and standard deviation of exported gray values of each implant site were 

calculated using SPSS statistical software (v18.0, SPSS Inc., Chicago, Illinois). Linear 

regression analysis was used to relate the mean density measurements from both 

modalities. 

 

Results: 

 

The mean voxel gray values of the selected regions around the implant sites ranged 

from 109.76 to 1901.84, with a mean of 773.28 (SD 362.82) in CBCT, and the mean HU 

of the same regions ranged from -61.52 to 1236.10, with a mean of 348.25 (SD 252.04) 

in MSCT. Statistical analysis revealed significant differences between the mean gray 

values obtained by CBCT and the mean Hounsfield units by MSCT (p=0.01). In all 

selected implant sites, CBCT showed higher mean values than MSCT. Linear 

regression analysis between mean voxel gray values of CBCT and mean HU of MSCT 

revealed strong correlation (R = 0.968), and the obtained regression equation was HU= 

0.67 × Voxel gray value from CBCT -171.80 (Figure 4).  

 

                                                                                  

                                                                        

Figure 4: Correlation between 

 HU (MSCT) and mean gray  

values (CBCT).  Linear regression  

analysis was performed and  

regression line was superimposed. 



42 

 

Discussion: 

 

The present ex-vivo study showed a strong correlation between voxel gray values in 

cone beam CT (NewTom 5G) with Hounsfield units in Multi-slice CT. however, voxel 

gray values from CBCT deviate from actual HU units. This deviation arises from 

increased noise level, scattering and artifacts specific to the scan technology. CBCT 

scanners operate at a lower kVp and mA in comparison with MSCT resulting in a 

reduced signal-to-noise ratio.27 Higher noise level also causes more inconsistencies and 

introduces larger standard deviations in voxel gray values.28, 36,37 Additionally, as the 

acquired volume in CBCT is proportionally larger than the highly collimated fan-beam 

MSCT, the influence these artifacts can produce is excessively exacerbated.27 , 29 

The performed regression analysis and superimposed regression line revealed the 

conversion formula from the voxel gray value of CBCT to the equivalent Hounsfield 

units, which are representatives of bone mineral density. The negative HU values from 

MSCT may indicate the fat in trabecular spaces. In this study a fully automated and 

observer independent 3D matching algorithm was employed to ensure that both MSCT 

and CBCT measurements are exactly from the same site up to voxel accuracy. The 

matching algorithm works on the iterative closest point (ICP) principle, which minimizes 

the distance between the two surfaces (CBCT and MSCT) by calibrating six-degrees 

transformation parameters (three rotation and three translation).38 Previous studies 

relied on observers to manually select the site of measurements to assess voxel gray 

values between MSCT and CBCT.30-34 This approach, however, is less accurate and 

inevitably leads to discrepancies between the two modalities at the measurements’ 

sites.  

 It has been previously stated that CBCT does not represent the actual HU values in the 

reconstructed volume.25, 26 CBCT image artifacts including scattering, beam hardening 

and heel effect have been cited as the most important contributing factors.25, 27 The 

amount of scattered radiation is higher in CBCT compared to MSCT, thus leading to 

increased noise levels and more inconsistencies in the voxels gray values.27 In just one 

study cadavers have been used to evaluate the bone density by CBCT where the gray 

values from CBCT were correlated with objective (HU from MSCT) and subjective 
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(Lekholm and Zarb classification) bone density measures. A high correlation was found 

in the objective measurements.30 And while they observed an overall correlation 

between CBCT gray values and Lekholm and Zarb classification, the precision of this 

subjective correlation could not be established.   

The study was limited that only one CBCT system with specific settings was used. The 

scan settings for other flat panel CBCT systems may widely vary. The exposure settings 

used (110 kVp, 0.57 mA, 5.4 S, 12×8cm FOV) were typical for pre-operative implant 

assessment of the patient with bilateral edentulous mandible. The values obtained for 

the cadaver may deviate from the clinical situation. Due to time and labor constraints it 

was not possible to include a larger sample size. Finally the study was also limited that 

surrounding anatomical structures including the tongue and vertebra were absent since 

standardizing the location of these structures in both modalities was rather 

cumbersome. As a result, artifacts resulting from structures placed outside the scan 

field were not simulated. It has been previously noted that artifacts resulting from partial 

sampling of objects outside the scan field could result in a deviation in the voxel gray 

values with CBCT.28, 39 

 

Conclusions:  

 

With the limited sample used in this study, voxel gray values obtained from the NewTom 

5G CBCT revealed a strong correlation with Hounsfield units obtained from MSCT. 

However, due to image artifacts resulting from scattering, beam hardening and heel 

effects, the voxel gray values from CBCT scans demonstrated a higher mean value and 

standard deviations as compared to Hounsfield values from MSCT. More research is 

required using different CBCT scanners to evaluate the potential for deriving actual HU 

units from CBCT through linear regression models.  
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Abstract 

 

Objective: Cone-beam CT (CBCT) images are infrequently utilized for trabecular 

bone microstructural measurement due to the system's limited resolution. The aim of 

this study was to determine the accuracy of CBCT for measuring trabecular bone 

microstructure in comparison with micro CT (µCT). 

 Methods: Twenty-four human mandibular cadavers were scanned using a CBCT 

system (80 µm) and a µCT system (35 µm). Three bone microstructural parameters 

trabecular number (Tb.N), thickness (Tb.Th) and separation (Tb.Sp) were assessed 

using CTAn imaging software.  

Results: Intraclass correlation coefficients (ICC) showed a high intra-observer reliability 

(≥ 0.996) in all parameters for both systems. The Pearson correlation coefficients 

between the measurements of the two systems were for Tb.Th 0.82, for Tb.Sp 0.94 and 

for Tb.N 0.85 (all P's<0.001). The Bland and Altman plots showed strongest agreement 

in Tb.N (-0.37 µm-1) followed by Tb.Th (1.6µm) and Tb.Sp (8.8µm).  

Conclusion: Cone-beam CT datasets can be used to evaluate trabecular bone 

microstructure at dental implant sites. The accuracy for measuring Tb.N was the best 

followed by Tb.Th and Tb.Sp. 
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Introduction: 

 

The influence of bone quality on implant success is well acknowledged. Information of 

bone quality is best gained by combining bone mineral density (BMD) and trabecular 

structure assessments.1 Trabecular bone is the source of osteoblasts and osteoclasts 

which are largely responsible for the physiological changes which take place 

subsequent to implant placement.2 The role of trabecular microstructure in dental 

implants is significant since the implant is surrounded by trabecular bone which directly 

contributes to implant stability.3, 4  

Radiographic information of the trabecular microstructure can be achieved by using high 

resolution imaging modalities that approach the trabecular dimensions (50-300µm). 

However, most of the utilized modalities have limitations in clinical practice. High 

resolution radiographic systems’ limitations rest on excessive radiation exposure to the 

patient (MDCT, HR-pQCT), complex image analysis (hr-MRI), restricted accessibility 

(MDCT, hr MRI) and limited scanning sites (HR-pQCT, µCT).5, 6  

Since 2001, cone-beam CT (CBCT) has been used to provide three-dimensional 

images for diagnosis and treatment planning in dentistry.7 It provides comparable 

images at reduced scan costs and dose. Additionally, CBCT systems are largely 

accessible to dental professionals and the scan time is relatively short.8 Numerous 

CBCT studies were conducted using CBCT for dental implants. However, up to date the 

focus has mainly been on bone quantity (alveolar bone width and height) measurement 

accuracy, bone density, visibility of anatomical landmarks and virtual guided surgery.9, 10 

Recently, CBCT has been suggested as a modality for analysing trabecular 

microstructure at implant sites.11, 12 To the best of our knowledge, there has been no 

report validating the ability of this system in measuring trabecular bone microstructural 

parameters. Therefore, the aim of this study was to determine the accuracy of CBCT in 

trabecular bone microstructure measurement in comparison with µCT, after first 

assessing the intraobserver reliability. 
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Materials and methods: 

 

Image acquisition: 

Twenty-four human mandibular cadavers were obtained from the Department of 

Functional Anatomy. Approval was obtained from the department to use this material for 

research purposes. All cadavers were scanned using a CBCT system (3D Accuitomo 

170, J.Morita, Kyoto, Japan). In order to get the highest spatial resolution possible of an 

isotropic 80µm, the smallest field of view (FOV), i.e. 4×4cm with the high-fidelity scan 

mode and 360º arm rotation, were the selected scan settings. Images were acquired at 

90kv and 5.0mA. The cadavers were then scanned using a µCT system (SkyScan 

1173, Kontich, Belgium). This system allows scanning of large size specimens (140mm 

in diameter, 200mm in height). Hence the mandibles were not sectioned into smaller 

sizes. To reduce any possible movements of the samples during scanning, the samples 

were fixed in a cylindrical shape of Styrofoam, fit and mounted into the holder before 

scanning. The resultant images were again checked for motion artifacts. The settings 

were set by the manufacturer operating at 130kVp, 61mA with nominal isotropic 

resolution of 35µm.  

 

Image processing: 

The datasets from both systems were exported as DICOM 3 files and imported into 

image analysis software (Amira v4.1, Visage Imaging Inc., Carlsbad, CA). To select the 

exact region of interest (ROI) from both systems, the datasets were processed as 

follows. The three-dimensional (3D) isosurfaces datasets from both µCT and CBCT 

were created and saved as STL files. Subsequently, the mandibles were cropped 

(confined) to the edentulous posterior region (Figure 1). The z-axis of the CBCT images 

was flipped to match that of µCT since the scan orientation differs between the two 

systems. The isosurfaces were used to provide coordinates for matching the original 

volumes (voxel data) of both systems. The bone blocks were then manually 

superimposed on each other to provide maximum alignment (Figure 2).  
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isotropic voxel size (35µm3) is approximately half of that for CBCT (80µm3), a double 

amount of slices was selected to ensure that the measurements are from the same 

region. The selected slices were exported as BMP images and imported into trabecular 

bone analysis software CTAn (v 1.11, SkyScan, Kontich, Belgium). Through histogram 

analysis, the images were thresholded and binarized (Figure 3).  

 

 

Figure 3: Binarized images of CBCT (A) and µCT (B). 

 

 

Twenty-four ROI were carefully matched and compared prior to the measurement 

process (Figure 4). The regions disturbed by metal artifacts or cut off during the µCT 

scanning process were excluded. All measurements were performed by one trained 

observer twice for both systems independently with at least one week interval between 

the first and the second measurement to assess the observer’s bias.  
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Figure 4: Trabecular bone microstructure parameters were measured and compared using CBCT (A) and 

µCT (B) datasets. 

 

 

 

Statistical analysis: 

The bone microstructural parameters that were considered for evaluations were the 

trabecular number (Tb.N), thickness (Tb.Th) and separation (Tb.Sp). The intraclass 

correlation coefficient (ICC) was used to determine the intraobserver reliability in 

measuring trabecular microstructure using CBCT and µCT. Paired t-tests were used to 

assess the difference in means between the two systems and the linear relation 

between both systems was assessed using the Pearson correlation coefficient (r). 

Finally a Bland-Altman plot was used to assess the accuracy of CBCT in measuring the 

microstructural parameters by plotting the difference between the measurements of 

CBCT and µCT against the means of those measurements (Figure 5).  
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Figure 5: Bland-Altman plot of three bone microstructural parameters trabecular number (Tb.N), 

thickness (Tb.Th) and separation (Tb.Sp). Tb.Th (a), Tb.Sp (b) and Tb.N (a) measurements between 

CBCT and µCT 

 

 

Results: 

 

The ICC’s revealed excellent intraobserver reliability for all parameters and both 

systems separately (Table 1).  

 

 

Table 1: Intraobserver reliability for CBCT and µCT using the intraclass correlation coefficient (ICC). 
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Therefore the first measurement was used for the following analyses. Paired t-tests 

showed significant differences between the CBCT and µCT for all parameters. Tb.Th 

and Tb.Sp were higher on CBCT images than on µCT images, but Tb.N was lower by 

CBCT (Table 2).  

 

 

Table 2: Structural parameters, paired t-test, and correlation between measurements obtained by CBCT 

and µCT. 

 

 

The Pearson correlation coefficients for the relation between CBCT and µCT were all 

significant at p< 0.001 (Table 2). Bland-Altman analysis showed the smallest bias of 

measurements in Tb.N (-0.37 µm-1) followed by Tb.Th (1.6µm) and Tb.Sp (8.8µm). The 

confidence interval for the measurement differences between the two systems was 

smallest for Tb.N (-0.79 to +0.06), followed by Tb.Th (-2.1 to +5.3) and Tb.Sp (-21.4 to 

+43.1).  

 

Discussion: 

 

Bone quality evaluations using CBCT are usually concentrated on bone density.11-14 

However, in order to understand its influence on implant-bone integration, bone quality 

should also be assessed from the microstructural aspect of trabecular bone.1-3, 13 Apart 

from its role in bone healing (the source of osteoblasts and osteoclasts), bone 

microarchitecture also contributes to bone strength. Amongst the recommended 
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microstructural parameters to estimate bone strength are trabecular thickness (Tb.Th), 

number (Tb.N), and space between each other (Tb.Sp). A low bone quality that 

measured using trabecular bone score (TBS) showed a low bone mineral density 

(BMD), low Tb.N and high Tb.Sp. In osteoporotic bone the trabecular bone changes are 

observed as reduced in Tb.N and Tb.Th but increased in Tb.Sp.15  

µCT is a gold standard modality for trabecular microstructural assessment. However, it 

can only evaluate small bone samples and it cannot be employed to scan patients in a 

clinical setting.16  The use of CBCT in dental implants has increased, but its ability in 

analyzing the bone microstructural parameters at implant receptor site remains 

unverified. At present, only few studies reported that CBCT has potentials in measuring 

trabecular microstructure.11, 12, 17 In this study, Tb.N, Tb.Th and Tb.Sp at posterior 

mandibular regions were directly assessed, analyzed and compared between CBCT 

and µCT datasets using human mandibular cadavers at implant receptor sites. A strong 

correlation was observed when comparing the trabecular bone microstructure 

measurements with µCT. Bland-Altman plots show strong agreements between CBCT 

and µCT when measuring Tb.N (-0.37µm), Tb.Th (1.6µm) and Tb.Sp (8.8µm). Only 

Tb.N was measured smaller by CBCT (indicated by a negative bias value) while Tb.Th 

and Tb.Sp were measured greater than µCT (indicated by positive bias values). This 

discrepancy is in accordance to the voxel size of CBCT (80µm) which is twice that of 

µCT (35µm). Since the voxel in CBCT is significantly larger than its counterpart in µCT, 

the system can only depict significantly thick trabeculae, which in turn results in a 

smaller trabecular number measurement. This is in accordance with a study on 

trabecular microstructural parameters which also concluded that small trabeculae are 

poorly depicted by low resolution systems when comparing MDCT (274µm) with µCT 

(16µm)6 and HR-pQCT (82µm) with µCT (18µm).18 The latter study described that 

partial volume effects (PVE) were increased and a rough estimation of Tb.Th was 

observed when bigger voxel size images were utilized when measuring microstructural 

parameters.  

 

One difficulty in this study was triggered during identifying the ROI. The projections in 

CBCT were not completely similar to µCT since the mandibles were positioned vertically 
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in µCT to meet the space constraints in the scanner. Through using 3D virtual 

reconstructions, CBCT and µCT were brought into maximum alignment. However, the 

measurements could still somewhat vary. The size of the ROI and density of the bone 

strongly influence trabecular bone assessments. A diameter of 5mm or larger bone 

specimen is recommended to adequately analyze bone parameters.19 In this study we 

used the full height and width of the bone sections sampled at 5 and 10 consecutive 

and contiguous coronal slices for CBCT and µCT, respectively (Figure 3). Nevertheless, 

this careful sampling still does not guarantee that all measurements were from 

anatomically identical regions. This is due to the manual nature of aligning the two 

datasets and the possibility for observer error. An automated, observer-independent 3D 

volumetric matching using software tool is recommended to improve the alignment 

accuracy.20 However, this was not possible in this study due to technical constrains. At 

any rate, the measurements were repeated twice and the ICC results show strong 

agreements between the first and the second measurement (Table 1).  

Apart from voxel size18; the accuracy of structural measurement is also influenced by 

the threshold selection.21 Bone segmentation with CBCT remains difficult as image 

quality is affected by artifacts specific to the scanning technology.14, 22 CBCT has a 

lower signal to noise ratio than µCT, a larger amount of scatter radiation, reduced 

contrast and is largely susceptible to beam hardening and edge aliasing artifacts.23 All 

these combined factors introduce errors in the grey level values in CBCT which results 

in underestimation of thin trabecular bone. Therefore, it was recommended to use 

denser bone specimens to overcome this problem.23 In this study all 24 mandibles were 

used regardless of their density. Owing to its extremely high resolution, µCT was able to 

image bone specimens even for poor bone density blocks. However, the same could 

not be stated for CBCT since the partial volume effect is accentuated for sparse 

trabecular patterns. Therefore, trabecular spacing in particular was overestimated since 

many small trabeculae were thresholded out when binarizing the images. This could 

possibly explain the outliers depicted in the Bland-Altman plots (Figure 5). Only small 

discrepancies were observed (Tb.N <0.8 µm, Tb.Th ≤ 5.3µm and Tb.Sp ≤ 43.1µm), 

however they will increase if more slices are used instead of taking the average of the 

number of slices as was done in the present study (average of 5 slices for CBCT and of 
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10 slices for µCT). Thus future in vivo studies should assess the influence of using a 

different amount of image slices, different types of CBCT systems and varying clinical 

scan settings before applying this result as a clinical reference. 

 

 

Conclusions: 

 

This study demonstrates that the CBCT system (3D Accuitomo 170) using the highest 

resolution available (80µm), provides reliable and accurate trabecular bone 

microstructure measurements when compared with µCT. Our results suggest that 

CBCT can be an accurate tool for bone microstructure analysis prior to dental implant 

insertion, taking into account that due to the voxel size CBCT introduced overestimation 

in measuring Tb.Sp and Tb.Th. 
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Abstract:  

 

Objectives: The first purpose of this study was to analyze the correlation between bone 

volume fraction (BV/TV) and calibrated radiographic bone density (HU) in human jaws, 

derived from micro-CT and MSCT respectively. The second aim was to assess the 

accuracy of CBCT in evaluating trabecular bone density and microstructure using 

MSCT and micro-CT, respectively, as reference gold standards. 

Methods: Twenty partially edentulous human mandibular cadavers were scanned by 

three types of CT modalities: MSCT (Philips, Best, the Netherlands), CBCT (3D 

Accuitomo 170, J.Morita, Kyoto, Japan), and micro-CT (SkyScan 1173, Kontich, 

Belgium). Image analysis was performed using Amira (v4.1, Visage Imaging Inc., 

Carlsbad, CA), 3Diagnosis (v5.3.1, 3diemme, Italy), Geomagic (studio® 2012, 

Morrisville, NC), and CTAn (v1.11, SkyScan, Kontich, Belgium). MSCT, CBCT, and 

micro-CT scans of each mandible were matched to select the exact region of interest 

(ROI). MSCT HU, micro-CT BV/TV, and CBCT grey value and bone volume fraction of 

each ROI were derived. Statistical analysis was performed to assess the correlations 

between corresponding measurement parameters. 

Results: Strong correlations were observed between CBCT & MSCT density (r=0.89) 

and between CBCT and micro-CT BV/TV measurements (r=0.82). Excellent correlation 

was observed between MSCT HU and micro-CT BV/TV (r=0.91). However significant 

differences were found between all comparisons pairs (p<0.001) except for mean 

measurement between CBCT BV/TV and micro CT BV/TV (p= 0.147). 

Conclusion: An excellent correlation exists between bone volume fraction and bone 

density as assessed on micro-CT and MSCT, respectively. This suggests that bone 

density measurements could be used to estimate bone microstructural parameters. A 

strong correlation also was found between CBCT grey values and BV/TV and their gold 

standards, suggesting the potential of this modality in bone quality assessment at 

implant site. 
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Introduction: 

 

Primary implant stability is the key factor for the long term success of an implant 

treatment by improving  osseointegration.1 Primary instability of an implant induces 

movements during healing. This micro-motion leads to fibroplasia as a biological 

response at bone tissue surrounding the implant. The replacement of bone by fibrous 

tissue and loss of osseointegration cause implant failure.2 Bone quality , which refers to 

the combination of all bone characteristics that influence bone resistance to fracture,3  is 

one of the most important factors influencing primary implant stability.4, 5 Among the 

bone characteristics, bone mineral density (BMD) and trabecular microstructure are the 

strongest predictors for bone strength.6 However, these two parameters need to be 

simultaneously assessed to provide better estimation of bone strength.7, 8   Several 

radiographic modalities have been used for bone quality assessment. For bone 

microstructure, micro-computed tomography (micro-CT) was recommended as gold 

standard for assessing bone morphology and micro architecture.9, 10 However, it is 

limited to ex-vivo small bone samples and cannot be employed for patients. Multiple X-

ray projections with different angles in micro-CT allow a precise three-dimensional (3D) 

reconstruction of the bone samples and assessment of bone trabeculae.11 Micro-CT is 

used to measure several histomorphometric variables including bone volume (BV), total 

volume (TV), bone volume fraction (BV/TV), trabecular thickness (Tb.Th), trabecular 

number (Tb.N) and trabecular separation (Tb.Sp).12  

For bone density, multislice computed tomography (MSCT) is an established clinical 

modality in which  calibrated Hounsfield units (HU) can accurately be converted to BMD 

measurements.13, 14 However, higher radiation exposure risk to patients  in comparison 

with other modalities remains a main concern for applying MSCT for assessing bone 

quality.15-18 Cone Beam Computed Tomography (CBCT), due to increased accessibility 

to dental practitioners, more compact equipment and reduced cost and radiation dose, 

has widely replaced medical CT for oral and maxillofacial imaging. Several studies 

reported  high geometric accuracy of CBCT for linear measurement,19-21 while its 

reliability in bone quality evaluation  remains controversial. Only few studies suggested 

that CBCT could be applied to assess trabecular bone microstructure.22, 23 Additionally, 
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CBCT does not represent calibrated voxel grey values expressed in HU.24  Yet, many 

attempts have been conducted to assess the feasibility of converting CBCT grey values 

to actual density measurements. High correlation between HU derived from MSCT and 

CBCT voxel grey values has been demonstrated , hinting at the potential of CBCT in 

bone density assessment.25-32 However, the excessive scattering and technology-

specific artifacts produced in CBCT have been denoted as the perpetrator for the 

unreliable BMD measurements.24, 33-36  

High correlation between bone volume fraction (BV/TV) provided by micro-CT and 

Voxel grey value from CBCT, and also between bone volume fraction derived from 

CBCT and CT numbers from MSCT has been reported.37, 38 However the relation 

between bone volume fraction  and radiographic bone density in human jaws remains 

controversial.39, 40 Therefore, the first purpose of this study was to analyze the 

correlation between bone volume fraction (BV/TV) and calibrated radiographic bone 

density (HU) in human jaws, derived from micro-CT and MSCT respectively. The 

second aim was to assess the accuracy of CBCT in evaluating trabecular bone density 

and microstructure using MSCT and micro-CT, respectively, as reference gold 

standards. 

 

 

 

 

Material and methods: 

 

Sample preparation and radiographic evaluation: 

Twenty partially edentulous human mandibular cadavers not identified by age, sex or 

ethnic group were obtained from the functional anatomy department. The cadavers 

were sectioned at the mid-ramus level and fixed in formaldehyde (formaldehyde 

74.79%, Glycerol 16.7%, Alcohol8.3 %, and Phenol 0.21%) and stored. A declaration 

was obtained from the Functional Anatomy department to use this human remains 

material for research purposes. The restorative materials which can produce artifact 
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such as amalgam filling and metal crowns were removed from dentitions . The 

mandibles were scanned by three types of CT modalities: MSCT (Philips, 120 kVp, 222 

mA, 1.128 S, 0.67mm  isotropic voxel size, Best, the Netherlands), CBCT (3D 

Accuitomo 170 , 90 kVp, 5 mA, 30.8 S, 4×4 cm FOV, 0.08 mm isotropic voxel size, 

J.Morita, Kyoto, Japan), and micro-CT (SkyScan 1173,130 kVp, 61 mA, 35 min, 35µm 

isotropic voxel size, Kontich, Belgium). In MSCT scans, the occlusal plane of each 

mandible was set perpendicular to the floor with zero gantry tilt, whereas in CBCT scans  

it was set parallel to the floor according to manufacturer ’s recommended protocol. The 

edentulous region of each mandible was located at the center of FOV in CBCT scans. 

Owing to the large gantry of applied micro-CT (140mm in diameter, 200mm in height), 

mandibles were not sectioned to smaller samples. In order to prevent the possible micro 

movements during the scanning due to the large size of the samples, a cylindrical 

shape Styrofoam was used to fix and mount the sample into the holder. 

 

Image processing:  

All CT data sets were converted to Digital Imaging and Communication in Medicine 

(DICOM3) format. As the scan orientation differs between micro-CT and the other two 

systems, the z-axis of CBCT and MSCT images were flipped to match that of micro-CT 

for further procedures. Micro-CT data sets were large in size, therefore was not possible 

to be flipped by our workstation. Image analysis was performed using Amira (v4.1, 

Visage Imaging Inc., Carlsbad, CA), 3Diagnosis (v5.3.1, 3diemme, Italy), Geomagic 

(studio® 2012, Morrisville, NC), and CTAn (v1.11, SkyScan, Kontich, Belgium). MSCT 

images were imported to 3Diagnosis software. Two cylindrical shape virtual probes 

(with diameter and height of 0.7 and 8 mm, respectively) were inserted at the 

edentulous region within the cancellous bone, with 3 mm bucco-lingual distance 

between them (Figure1a, b). 
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Figure 1:(a)Three-dimensional reconstruction of a mandible MSCT scan with inserted probes. (b) close-

up view of probes 

 

These probes were used as indicators to facilitate the selection of exact region of 

interest (ROI) from MSCT, CBCT and micro-CT. For MSCT, the probes were visible in a 

single cross-sectional slice since the voxel size of MSCT scans was 0.67 mm, which is 

thick enough to allow the probes to be visible in one slice. Subsequently, a rectangular 

area was drawn between the two probes from the slice of interest to define the ROI for 

density measurements. The mean HU values from each ROI was calculated. All ROIs 

were totally within the cancellous bone, excluding cortical bone, inferior dental canal 

and any large bone defect.  

For CBCT, a volume-based 3D registration algorithm using Geomagic software was 

applied to transform the inserted probes from the MSCT datasets to the CBCT scans. A 

standard triangulation language (STL) surface file of the MSCT and CBCT scans were 

matched and the probes were transferred from MSCT scans to the exact region on 

CBCT’s (Figure 2). 
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Using Amira, each micro-CT scan was cropped to have a smaller sample including the 

ROI.  Due to large micro-CT data sets, the superimposition of CBCT and micro-CT 

scans was done as follows: maximum alignment of both datasets was obtained by 

manually matching and superimposition of isosurfaces generated in Amira software. 

Subsequently, sixteen micro-CT slices (correspondence to the eight CBCT slices) were 

selected and saved as a 16-bitmap (BMP) image file (65536 gray values). Then, these 

bmp files were exported to CTAn software for trabecular microstructure evaluations 

(Figure 3a). A rectangular ROI for trabecular was selected on each dataset slice by slice 

(Figure 3b). All images were thresholded using an automated histogram analysis and 

binarized (Figure 3c) to allow the measurement process. 

 

 

   

Figure 2: (a) Images of micro-CT  

and CBCT were compared slice by 

 slice from the same anatomical  

region. (b) A rectangular region of  

interest (ROI) was selected for each 

dataset. (c) Images were binarized  

and (d) processed to allow the 

microstructural measurements 
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On micro-CT datasets, the ROI was again verified by carefully comparing slices with 

CBCT’s (as reference). This was performed to reduce bias which may have been 

introduced during the manual superimposition of the two datasets. All measurements 

were performed twice with one month interval by a trained maxillofacial radiologist. 

 

Data analysis: 

Statistical analysis was performed using SPSS (v17.0, SPSS Inc., Chicago, IL). To 

determine the intraobserver reliability of the radiological and microstructural density 

measurement, intraclass correlation coefficient (ICC) was used. The Shapiro-Wilk test 

was used to verify the normality of the data. Paired t-test was used to assess the mean 

difference between MSCT and CBCT density measurements and between CBCT 

BV/TV and micro-CT  BV/TV while Pearson correlation coefficient was used to assess 

the linear relation between corresponding measurement parameters. Finally a Bland-

Altman plot was used to assess the accuracy of CBCT in measuring trabecular bone 

mineral density and bone microstructural density by plotting the difference between the 

measurements of CBCT against MSCT density and microCT BV/TV against the means 

of the compared measurements.  

 

Results:  

 

Excellent intraobserver reliability (ICC ≥ 0.97) was revealed for repeated measurements 

in the three systems. Therefore, the mean of two measurements was calculated for 

further analysis. The mean HU of the selected ROI ranged from -60 to 507.6 (mean 

222.85 & standard deviation [SD] 140.5) while CBCT grey values ranged from161.6 to 

665.6 (mean 377.49 & SD 127.4). The negative HU derived from MSCT for case 4, 16 

and 20 (Table 1) may indicate fat in trabecular spaces.31 Calculated BV/TV of the same 

ROI ranged from 2.24 to 75.83 (mean 32.35 & SD 18.81) for micro-CT and from 3.73 to 

68.72 (mean 36.79 & SD 23.17) for CBCT (Table1).  

Paired t-test showed significant differences (p < 0.001) between all comparison pairs 

except for mean measurement between CBCT BV/TV and micro CT BV/TV (p=0.147). 
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Table1: Mean results of MSCT, Micro-CT and CBCT density (grey value) and bone volume fraction 

(BV/TV) measurements.  

 

In all selected ROIs, CBCT showed a higher density than MSCT HU and a higher 

BV/TV than that of micro-CT. The normal distribution of measurements was confirmed 

by visually inspecting the histogram and the result of the Shapiro-Wilk test (p > 0.05). 

Therefore, the use of the t-test and Bland-Altman test is justified. Strong correlations 

were observed between CBCT & MSCT density measurements (r=0.89) and between 

CBCT and micro-CT BV/TV measurements (r=0.82). Excellent correlation was observed 

between MSCT HU and micro-CT BV/TV (r=0.91). Bland-Altman analysis showed the 

bias in measuring BV/TV between CBCT and micro-CT is smaller (4.44µm-1) than 

measuring the density between CBCT and MSCT (154.65HU) (Figure 3a, b). The 95% 

measurement errors are between -21.31 to 30.19 for BV/TV and 29.74 to 279.56 for 

density measurement. The differences of CBCT and micro-CT BV/TV measurements 

were minimal (4.44µm-1), suggesting strong agreement. 

Mandible   

     No. 

      MSCT HU    CBCT grey value Micro-CT BV/TV (%) CBCT BV/TV (%) 

1 390.90 513.30 37.11 44.43 

2 205.10 444.60 41.40 46.17 

3 507.60 665.60 75.83 63.58 

4 -16.60 204.70 3.91   3.73 

5 136.00 324.40 17.44   9.98 

6 202.40 270.80 23.99 24.87 

7 245.20 368.50 31.68 24.68 

8 327.10 417.50 47.62 50.41 

9 341.00 442.90 49.34 37.94 

10 316.00 474.30 48.68 62.94 

11 270.00 379.30 50.86 48.58 

12 210.20 278.00 44.64 68.72 

13 320.00 559.10 44.12 63.28 

14 204.40 344.90 22.65 26.31 

15 285.70 357.00 34.57 66.29 

16 -27.60 161.60 2.24   4.33 

17 220.00 483.70 24.87 55.30 

18 240.40 376.70 26.97 23.21 

19 139.20 285.30 15.97   6.68 

20 -60.00 197.70 3.16   4.45 
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Figure 3a: Bland-Altman plots of  BV/TV measurements between CBCT and µCT 

 

Figure 3b: Bland-Altman plots of density measurements between CBCT and MSCT 
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Discussion: 

It has been proven that the success of an inserted implant strongly depends on the 

quality, beside the quantity, of the surrounded bone.41, 42 In jawbones, density 

measurements derived from MSCT HU are highly reliable.14, 43  However, bone density 

alone does not fully represent bone quality, and should be considered together with 

bone microarchitecture to estimate bone strength and fracture resistance.8 

Histomorphometrically, bone volume fraction, which is the trabecular bone volume (BV) 

per tissue volume (TV) expressed in %, is the most important parameter.44 Micro-CT is 

accepted as a gold standard modality for trabecular microstructure assessment, but it 

cannot be employed in the clinic.9 In this study our aim was to investigate the possible 

correlation between bone quality measurements of clinically applicable scanners in 

comparison with micro-CT.  

A study on porcine vertebral cancellous bone revealed a high correlation between HU 

derived from CT images and BV/TV from micro-CT and suggested the use of HU from 

medical CT for the prediction of microarchitecture.45 Our results support these findings 

that correlation between MSCT HU and Micro-CT BV/TV is high (r=0.91). However, the 

mean of calculated BV/TV in mentioned study deviated from our findings in human 

mandibles. This could be due to different samples, ROI selections and different scanner 

systems. In similar studies using human zygomatic and jawbones, a high correlation 

was found only in female subjects.39, 46 Thus, they suggested that only female trabecular 

BV/TV can be predicted from bone mineral density. In contrast, another study found a 

high correlation between BV/TV and HU in trabecular bone surrounded by a thin layer of 

cortical bone regardless to gender.40 This study suggested that with the development of 

MSCT scanners and imaging software, more precise HU measurement would be 

achievable.40 Our results showed a strong correlation between BV/TV and HU in human 

mandibular trabecular bone, regardless to gender and thickness of surrounding cortical 

bone (r=0.91). This confirms the possibility of prediction of bone volume fraction from 

MSCT bone density measurement. The usefulness of this prediction can be 

emphasized by the limitation of micro-CT  in clinical settings.  
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CBCT has several advantages over MSCT in terms of more compact equipment, small 

footprint for the clinic, and relatively reduced scan costs. Additionally, lower radiation 

dose levels to the main organs of the head and neck region have been cited as one of 

the most important advantages of CBCT over MSCT.47-49 Due to these advantages, the 

use of this modality in dental implant planning is growing so fast and it is more 

accessible to the dental practitioners than before. Therefore, the validity of CBCT in 

bone quality assessment has been studied broadly. The majority of these studies have 

focused on the bone density measurement and found CBCT a reliable modality for bone 

density measurement.25-32 The high correlation between measured CBCT grey values 

and CT numbers in our study (r=0.89) may confirms the possible potential of CBCT in 

radiographic density measurement. However, the limit of agreement in Bland and 

Altman plot (Figure 3b) is huge (29.74 to 279.56) with a high bias value (mean = 

154.64).  This indicates an unfavorable strength of agreement. Thus, although  the 

measurements is reliable (ICC >0.97) and validated between two compared systems (r 

= 0.82), the density measurement using CBCT is less accurate when compared to its 

gold standard system (MSCT). It should be considered that CBCT density measurement 

can be effected by scanning parameters and the location of the ROI within the 

scanner.34, 50    

Using micro-CT as gold standard, the reliability  of CBCT in trabecular microstructure 

assessment has been validated in human mandibles, but BV/TV was not among the 

assessed microstructural parameters.51 Our results also confirm the reliability of CBCT 

in trabecular microstructure assessment, based on a high correlation between BV/TV 

measured by CBCT and micro-CT (r=0.82). The positive bias value (4.44µm-1) in the 

Bland and Altman plot (Figure 3a) indicates that BV/TV was measured smaller by 

CBCT.  The small range between The confidence interval for the measurement 

differences between the two systems was small (-21.31 to 30.19) indicates a strong 

agreement between CBCT and micro-CT in measuring BV/TV. In present study, 

smallest available FOV (40×40 mm) and high resolution scan mode were applied in 

CBCT scans in order to achieve the highest possible spatial resolution (0.08 mm 

isotropic voxel size). Therefore using different CBCT scanning parameters the results 

may differ. 
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It should be emphasized that the CBCT bone quality measurements in our study 

deviated from those of gold standards. This deviation arises from increased scattering, 

noise level and artefacts specific to the scanner technology which operates at lower 

peak kilovoltage and tube loading setting than MSCT and micro-CT, resulting in a 

reduced signal-to-noise ratio.35 A higher noise level in comparison to MSCT can cause 

more inconsistencies in voxel grey values (Araki & Okano 2011; Aranyarachkul et al. 

2005). Additionally, as the acquired volume in CBCT is larger than collimated fan beam 

in MSCT, the influence of these artifacts is excessively exacerbated.34, 35  

Unlike the majority of other studies on bone volume fraction, our bone samples were not 

harvested for micro-CT scans. As such, in our sample the possible deviation between 

the planned and excised ROI, which might arise during the trepanation procedure, was 

eliminated.40 Additionally, in the present study, a fully automated and observer 

independent 3D matching algorithm was employed for MSCT and CBCT scans 

registration to ensure that all measurements are exactly from the same site up to voxel 

accuracy. However, due to the manual alignment of CBCT and micro-CT datasets, 

there is a possibility for observer error and selection of not identical regions. Since 

micro-CT datasets are large and therefore computationally expensive, technical 

limitations prohibited applying the 3D registration algorithm for automated alignment. 

Technical advancements in the future might resolve this issue. Finally, the difference in 

voxel size of CBCT (0.080 mm), micro-CT (0.035mm) and MSCT (0.67 mm) can also 

contribute to the observed discrepancy in calculating BV/TV and bone density. Voxel 

size in CBCT influences image quality among other factors including the unit itself, tube 

voltage and FOV selection.52 Generally, the smaller the voxels the higher the spatial 

resolution and therefore the sharper the images appear to be. However, small voxels 

result in decreased contrast to noise ratio levels and they require higher exposure dose 

to the patient.53 The higher the spatial resolution the more technical demands are 

imposed on the imaging system as a whole and on the imaging detector in specific to 

attempt to suppress noise and increase signal levels. CBCT suffers from increased 

noise levels especially at smaller voxel sizes due to low tube voltage, cone beam 

divergence phenomena and inferior detector efficiency when compared to MSCT and 

micro-CT.54 However, the potential influence of varying voxel size on visibility of hard 
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tissue structures such as bone remains largely unknown. A recent systematic review of 

the literature concluded that there is a systematic lack of evidence regarding the impact 

of varying voxel size in CBCT on diagnostic performance and that possibly different 

voxel sizes might lead to comparable diagnostic outcomes.55 Only one study could be 

identified which demonstrated a possible effect of varying voxel size on cancellous bone 

measurements in micro-CT.56 However, it remains unknown whether the same applies 

to CBCT. In this study, a conscious effort was made to optimize image quality through 

selecting the scan protocols and voxels sizes as recommended by the manufacturer for 

the chosen FOV’s. Our results are limited to one CBCT system (Accuitomo 170) and 

results may vary on other systems. The design specifications of different systems still 

vary.57 The lack of a technical standard for the development of CBCT systems has led 

to a wide disparity in the physical parameters of each model. Developing such a 

standard for manufacturing CBCT systems may help in generalizing research findings in 

the future. The study was also limited as surrounding anatomical structures including 

the tongue and vertebra were absent. As a result, in CBCT scans partial object artefacts 

resulting from structures placed outside the scan field were not simulated. It has been 

previously noted that artefacts resulting from partial sampling of objects outside the 

scan field could result in a deviation in voxel grey values with CBCT.33, 58  Grey values 

obtained from the cadaver may also deviate from the clinical situation.  

In present study restorative materials which could induce artifacts were removed from 

our samples. However in normal clinical settings presence of metallic materials in oral 

cavity is quite common. In CBCT scans restorative materials with high atomic numbers 

harden the x-ray beam causing streak artifacts in reconstructed images al,35 while many 

high-density filling materials such as amalgam completely absorb the beam causing 

extinction artifacts rather than beam-hardening artifacts.59 Resulted artifacts degrade 

the quality of images and affect the grey scales of normal anatomical structures close to 

foreign bodies. The severity of mentioned effect is also dependent on the energy of 

applied X-ray beam, density and geometry of artifact inducing materials.60 Therefore 

further CBCT studies on assessing the effect of dental restorative materials on bone 

density and microstructure measurements are suggested. 
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In conclusion, this current study demonstrates the reliability and validity of CBCT in 

bone quality assessment. However, unlike the bone volume fraction measurement, the 

accuracy for density measurement is unfavorable. In assessing density using CBCT, the 

microstructural assessment (BV/TV) is therefore recommended. However, based on the 

inconsistencies in CBCT designs, further studies are suggested on validation of different 

systems. 
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Abstract: 

 

Objectives: The aim of this study was to determine the gray values variation at implant 

site with different scan settings including field of view, spatial resolution, number of 

projections, exposure time and dose selections in two cone beam computed 

tomography systems and to compare the results with those obtained from a Multi-Slice 

CT system. 

Methods: A partially edentulous human mandibular cadaver was scanned by three CT 

modalities: Multi-slice CT (Philips, Best, the Netherlands), and two cone beam CTs: (3D 

Accuitomo 170, J.Morita, Kyoto, Japan) and (NewTom 5G, QR Verona, Verona, Italy). 

Using different scan settings 36 and 24 scans were obtained from the Accuitomo and 

the NewTom, respectively. The scans were converted to DICOM3 format. The analysis 

of the data was performed using 3Diagnosys software (ver.3.1, 3diemme, Italy) and 

Geomagic (studio® 2012, Morrisville, NC). On MSCT scan, one probe designating the 

site for pre-operative implant placement was inserted. The inserted probe on MSCT was 

transformed to the same region on each CBCT scan using a volume-based 3D 

registration algorithm. The mean voxel gray value of the region around the probe was 

derived separately for each CBCT. The influence of scanning parameters on the 

measured mean voxel gray values was assessed. 

Results: Gray values in both CBCT systems significantly deviated from HU values 

measured with MSCT (p=0.0001). In both CBCT systems, scan FOV and spatial 

resolution selections had a statistically significant influence on gray value 

measurements (p=0001). The number of projections selection had a statistically 

significant influence in the Accuitomo system (p=0.0001) while exposure time and dose 

selections had no statistically significant influence on gray values measurements in the 

NewTom (p=0.43 & p=0.37, respectively).  

Conclusion: Gray level values from CBCT images are influenced by device and 

scanning settings. 
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Introduction:  

 

The amount and quality of available bone at prospect implant site determine its 

resistance to fracture and directly influence treatment outcome. 1 Previous research 

demonstrated higher failure rate for oral implants inserted in jawbones with insufficient 

quantity or poor quality. 2, 3 In dental implants, bone dimensions expressed in width and 

height measurements are always assessed by the practitioner prior to implant insertion 

by means of clinical inspection and radiographic evaluation. In comparison, alveolar 

bone density measurements at implant site are less frequently utilized. However, 

assessing bone density pre-operatively remains an important factor for estimating the 

rate of primary stability the implant can achieve. 4 Cone beam computed tomography 

(CBCT) is currently widely accepted as a precise tool for preoperative dental implant 

planning.⁵ The advantages of CBCT over MSCT concerning the wide availability to oral 

health specialists and reduced scan costs have been emphasized in the literature. It is 

frequently cited that CBCT radiation dose levels are lower in comparison with MSCT. 

While this previously was correct, recent evidence suggests that this is not necessarily 

always correct. 6-8 Radiation dose from any CBCT device largely depends on the type of 

the machine and scan settings including field of view (FOV), number of basis 

projections and scan modes among other factors. 9 Likewise, latest generations MSCT 

offer low-dose ‘dental scans’ modes, which can provide image quality and radiation 

dose levels comparable to large FOV CBCT scanners. 10 

Similar to radiation dose, the influence of FOV and scan settings on image quality is 

significant. Within any CBCT system, image quality itself is inconsistent and also is 

largely dependent on the selected FOV and scan settings. 11 It is therefore inappropriate 

to automatically state that CBCT delivers much lower radiation dose than MSCT and 

has superior image resolution irrespective of system type or scan protocol used. 12 

Nevertheless, the aforementioned advantages of CBCT over MSCT for dental implants 



88 

 

remain substantial that CBCT is the modality of choice for pre-operative dental implant 

surgery assessment and post-operative diagnostic evaluation.  

The geometric accuracy for linear measurements with CBCT is high, that bone 

dimensions and implant proximity to relevant normal anatomic structures can be 

accurately assessed.13-15 Furthermore, a strong correlation between MSCT HU 

measurements and CBCT gray values has been recently demonstrated, hinting at the 

potential of deriving actual HU values from CBCT to estimate bone mineral density.16-20 

However, the manufacturers of CBCT devices use different approaches for setting 

exposure factors. 21 Since there should be a balance between the diagnostic value of 

the scanned volume and the exposure risk to the patient, there is a real need to select 

ideal exposure settings in order to optimize image quality and to lower radiation dose. 22, 

23 For example, it has been shown that reducing the number of projections results in 

significant reduction in patient radiation exposure whilst not necessarily leading to 

reduced dimensional accuracy, 24 and that a rotation of 180° is recommended to lower 

the scan time and radiation dose especially in implant planning for the lower jaw. 25 This 

has also the added advantages of lowering motion artifacts resulting from micro-

movements of the jaw.  

One of the most important limiting factors for radiation dose and image quality is the 

selection of FOV. 26 Depending on the number and location of potential implant to be 

placed, the size of the chosen FOV will differ. To date, the influence FOV and other 

scan settings selections can have on gray value measurements obtained from CBCT 

remains unverified. The aim of this study was to determine the gray values variation 

with different scan settings in two CBCT systems. 

 

Materials and methods: 

 

Samples preparation and radiographic evaluation:  

A partially edentulous human mandibular cadaver not identified by age, sex or ethnic 

group was sectioned at the mid-ramus level and fixed in formaldehyde (formaldehyde 

74.79%, Glycerol 16.7%, Alcohol8.3 %, and Fenol 0.21%) and stored. A declaration 

was obtained from the Functional Anatomy department to use this human remains 
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material for research purposes. The mandible was scanned by three types of CT 

modalities: Multi-slice CT (Philips, 120 kVp, 222 mA, 1.128 Sec, 0.67mm3 isotropic 

voxel, Best, the Netherlands), and two CBCT systems (NewTom 5G, QR Verona, 

Verona,  Italy) and (3D Accuitomo 170, J.Morita, Kyoto, Japan). The mandible was 

scanned by Accuitomo with nine FOVs (40×40, 60×60, 80×80, 100×100, 100×50, 

140×50, 140×100, 170×50 and 170×120 mm). For each FOV there were two extra scan 

settings to choose from: The number of basis projections (360 or 180) and spatial 

resolution (standard or high resolution). In total there were 36 scans made of the 

mandible (9 FOVs × 2 basis projections × 2 imaging modes).  

Similarly all scan settings were utilized for the NewTom 5G. Using normal resolution 

four FOVs were available (80×80, 120×80, 150×120, and 180×160 mm) with two extra 

settings to choose from: either (regular or enhanced scan time) and (standard and 

boosted dose). Using Hi-resolution, there were similarly four FOVs available (60×60, 

80×80, 120×80, and 150×50 mm) also with regular or enhanced scan time but not with 

(standard and boosted dose). In total there were 24 scans made using the NewTom 5G. 

In MSCT and NewTom 5G scans, the occlusal plane of mandible was set perpendicular 

to the floor with zero gantry tilt, while in the Accuitomo it was set parallel to the floor 

according to the manufacturer’s recommended protocol. 

In all Accuitomo scans, kVp and mA remained 90 and 5 respectively, while scan time 

ranged between 9 and 30.8 s (9 s, 15.8 s, 17.5 s, and 30.8 s respectively for 180°-

Standard,   180° Hi-Fidelity , 360°-Standard, and 360° Hi-Fidelity). Similar to Accuitomo, 

kVp remained identical in all NewTom scans at 110, while mA was 0.57 for standard 

resolutions. In case of Hi-resolution NewTom scans mA ranged between 0.6 and 0.95. 

For normal resolution, x-ray emission time was 3.06s for regular mode and 4.8s for 

enhanced mode. In case of Hi resolution it was 5.4 s and 7.3 s for regular and 

enhanced, respectively. There was one exception and that is x-ray emission time was 

6.01s for enhanced 60×60 mm hi resolution. Tables 1&2 demonstrate all scan settings 

used in this study for both systems. The region of interest which was right first molar 

edentulous region was positioned in the center of the FOV as identical as possible in all 

the scans. 
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FOV 

(mm) 

Basis 

projection 

Imaging 

mode kVp mA 

Exposure 

Time(s) 

Mean density 

(first) 

Mean density 

(second) 

40×40 180º Std 90 5 9 396.16 398.00 

40×40 180º Hi-Fi 90 5 15.8 392.75 397.70 

40×40 360º Std 90 5 17.5 378.78 380.08 

40×40 360º Hi-Fi 90 5 30.8 379.10 379.50 

60×60 180º Std 90 5 9 473.05 473.92 

60×60 180º Hi-Fi 90 5 15.8 474.84 473.37 

60×60 360º Std 90 5 17.5 447.71 448.35 

60×60 360º Hi-Fi 90 5 30.8 447.63 447.49 

80×80 180º Std 90 5 9 540.29 542.34 

80×80 180º Hi-Fi 90 5 15.8 528.28 528.56 

80×80 360º Std 90 5 17.5 502.04 503.84 

80×80 360º Hi-Fi 90 5 30.8 502.75 505.79 

100×100 180º Std 90 5 9 567.89 562.79 

100×100 180º Hi-Fi 90 5 15.8 567.50 562.62 

100×100 360º Std 90 5 17.5 537.58 537.12 

100×100 360º Hi-Fi 90 5 30.8 535.46 531.13 

100×50 180º Std 90 5 9 575.65 570.59 

100×50 180º Hi-Fi 90 5 15.8 574.78 571.88 

100×50 360º Std 90 5 17.5 548.41 548.16 

100×50 360º Hi-Fi 90 5 30.8 548.99 543.34 

140×50 180º Std 90 5 9 614.67 608.79 

140×50 180º Hi-Fi 90 5 15.8 610.98 606.32 

140×50 360º Std 90 5 17.5 585.35 585.19 

140×50 360º Hi-Fi 90 5 30.8 580.41 580.80 

140×100 180º Std 90 5 9 601.35 598.82 

140×100 180º Hi-Fi 90 5 15.8 596.31 598.27 

140×100 360º Std 90 5 17.5 563.99 562.55 

140×100 360º Hi-Fi 90 5 30.8 562.72 563.20 

170×50 180º Std 90 5 9 793.10 799.18 

170×50 180º Hi-Fi 90 5 15.8 790.42 803.67 

170×50 360º Std 90 5 17.5 748.38 764.76 

170×50 360º Hi-Fi 90 5 30.8 751.12 758.43 

170×120 180º Std 90 5 9 765.89 777.26 

170×120 180º Hi-Fi 90 5 15.8 757.54 768.08 

170×120 360º Std 90 5 17.5 737.79 745.65 

170×120 360º Hi-Fi 90 5 30.8 733.45 739.18 
 

Table 1: Accuitomo 170 density measurement and scan parameters 
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Table 2: NewTom 5G density measurement and scan parameters 

 

 

 

 

FOV 

(mm) 

scan time 

 

Dose 

 

kVp 

 

mA 

 

Exposure 

time(s) 

Mean density 

(first) 

Mean density 

(second) 

80×80 regular standard 110 0.57 3.06 370.24 371.15 

80×80 regular boosted 110 0.57 3.06 373.23 374.29 

80×80 enhanced standard 110 0.57 4.80 372.62 371.54 

80×80 enhanced boosted 110 0.57 4.80 367.92 369.11 

120×80 regular standard 110 0.57 3.06 348.45 351.90 

120×80 regular boosted 110 0.57 3.06 341.78 342.38 

120×80 enhanced standard 110 0.57 4.80 342.93 344.83 

120×80 enhanced boosted 110 0.57 4.80 348.75 346.27 

150×120 regular standard 110 0.57 3.06 274.99 275.06 

150×120 regular boosted 110 0.57 3.06 269.87 268.48 

150×120 enhanced standard 110 0.57 4.80 275.49 276.05 

150×120 enhanced boosted 110 0.57 4.80 271.84 272.64 

180×160 regular standard 110 0.57 3.06 259.71 259.65 

180×160 regular boosted 110 0.57 3.06 260.36 259.92 

180×160 enhanced standard 110 0.57 4.80 256.16 256.26 

180×160 enhanced boosted 110 0.57 4.80 256.49 256.41 

60×60 regular Hi-res 110 0.95 4.50 370.01 380.53 

60×60 enhanced Hi-res 110 0.83 6.01 383.56 381.64 

80×80 regular Hi-res 110 0.63 5.40 327.06 333.30 

80×80 enhanced Hi-res 110 0.63 7.30 329.96 330.12 

120×80 regular Hi-res 110 0.60 5.40 312.00 313.16 

120×80 enhanced Hi-res 110 0.59 7.30 317.73 319.42 

150×50 regular Hi-res 110 0.86 5.40 387.31 387.13 

150×50 enhanced Hi-res 110 0.86 7.30 390.36 390.45 
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CT values evaluation: 

The scans were converted to Digital Imaging and communications in medicine 

(DICOM3) format. The datasets from both CBCT scanners (NewTom 5G and 

Accuitomo170) were 14 bits in depth, so having gray value range of 16,384.The data 

were exported with isotropic voxels. In Accuitomo the dimension of the voxels were 0.08 

mm for the field of view of 40×40 mm³, 0.125 mm for 60×60 mm³, 0.160 mm for 80×80 

mm³, and 0.25 mm for the remaining FOVs. In NewTom, the isotropic voxel sizes 

ranged between 0.15-0.3mm and 0.075-0.15 mm for normal and high resolution, 

respectively.  The analysis of the data was performed using 3Diagnosys software and 

Geomagic. On MSCT scan, one region of interest (ROI) designating the site for pre-

operative implant placement (probe) was selected at the right first molar region (Figure 

1). 

 

 

Figure 1: Three-dimensional reconstruction of the mandible with the planning of implant (probe) 

The selected ROI was totally within the bone. Using 3Diagnosis the surfaces of all 

scans were generated and exported as STL files. The inserted probe on MSCT was 
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transformed to the same region on each CBCT’s scan by volume-based 3D registration 

algorithm using Geomagic software to standardize the selection of ROI to ensure that 

the voxel values measurement the all scans are exactly from the same site (Figure2). 

 

 

Figure 2:  An example of the matching between MSCT and CBCT. The surface of MSCT in blue is 

superimposed on the surface of CBCT in red.  

 

 

On the scans including transformed virtual implant, an area with 1 mm thickness was 

selected around the probe (Figure 3) .The mean voxel gray values of each hollow 

cylinder region around the probe site was exported separately for all CBCTs. All the 

scanning and density measurement procedures were performed twice to assess the 

reproducibility of measurements. 
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Figure 3: The position of the implant depicted on multi-plannar reconstructed images. The measurement 

area is selected surrounding the implant.  

 

Data analysis: 

All data were analyzed using SPSS (v17.0, SPSS Inc., Chicago, Illinois). There were 72 

(36×2) measured mean grey values for the Accuitomo and 48 (24×2) for the NewTom. 

The influence of FOV, number of projections and spatial resolution on the variability of 

voxel gray value in Accuitomo scans, and FOV, exposure time, dose level and spatial 

resolution in NewTom scans were assessed. Significance level was set to (p =< 0.05). 

 

Results: 

 

The statistical analysis (t-test) of repeated measurements of the first and second gray 

value measurement showed no statistical difference in both CBCT scanners. So the 

mean of the two measurement of each scanner was calculated for further analysis. The 

mean voxel gray value of the selected region around the probe ranged from 379.1 to 

803.67 (Table 1) in Accuitomo and from 256.16 to 374.29 in NewTom (Table 2). In the 

Accuitomo the gray values increased with the diameter on the FOV (not the height), 
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while in the NewTom it decreased with increasing size of FOV. Overall in the Accuitomo 

scans, FOV (total volume of the scanned mass), number of projections (180° or 360°) 

and spatial resolution (standard or Hi-Fi) had statistically significant influence on voxel 

gray value measurement (p=0.0001). FOV and spatial resolution (normal or high) had 

statistically significant influence on voxel gray value measurements in NewTom scans 

(p=0.0001) while this effect for exposure time (regular or enhanced) and dose (standard 

or boosted) was statistically insignificant (p=0.43 & p=0.37, respectively). 

 

Discussion: 

 

The present ex-vivo study showed significant variability within the gray values measured 

by the two CBCT scanners (Accuitomo 170 and NewTom 5G) using different scan 

parameters. Both CBCT scanners showed higher gray values than the actual 

Hounsfield Unit derived from MSCT (mean HU of 62 with standard deviation of 243). 

This deviation arises from increased noise level, scattering and artifacts specific to the 

scan technology. CBCT scanners operate at a lower kVp and mA in comparison with 

MSCT resulting in a reduced signal-to-noise ratio 27. Higher noise level also causes 

more inconsistencies and introduces larger standard deviations in voxel grey values  28-

30 Additionally, as the acquired volume in CBCT is proportionally larger than the highly 

collimated fan-beam MSCT, the influence these artifacts can produce is excessively 

exacerbated 27 , 29. In this study a fully automated and observer independent 3D 

matching algorithm was employed to ensure that all measurements are exactly from the 

same site up to voxel accuracy. 

 Concerning FOV selection, the Accuitomo demonstrated an increase in grey level 

values with increasing field size while the opposite was the case for the NewTom, which 

had witnessed a steady decrease in grey values by increasing the imaging volume. This 

disparity between the behaviors of the two systems could be attributed to the variability 

in reconstruction and post-processing methods applied by the two manufacturers. 

Among the assessed scanning factors, all the three main settings in Accuitomo (FOV, 

number of projections, and spatial resolution), resulted in significant variation of optical 
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densities, while in case of NewTom these factors are limited to FOV and spatial 

resolution. 

By the rotation of a cone-shaped x-ray beam around the patient head in CBCT 

scanners, a cylindrical volume will be acquired which is called Field of View (FOV). The 

size and available number of FOVs is variable within different manufacturers and 

models. 23, 31The selected FOV should include the necessary information for diagnosis 

and treatment planning. However, as patients vary in size, the proper FOV is a patient 

specific selection. The size of the selected FOV remains the most important scanning 

factor in limiting the radiation dose and image quality. 26 Our results showed that this 

factor has influence on voxel gray values variability in both CBCT systems. Many CBCT 

systems permit the user to select the number of basis projections (acquisitions) used to 

create raw data. However, reducing the number of projections (180° instead of 360°) 

increase noise level and inconsistencies in reconstructed image.  32, 33 In our study, the 

optical density measurement was significantly affected by the number of projections in 

Accuitomo while this option was not explicitly available in the NewTom. 

The other scanning setting which can be named as imaging mode or spatial resolution, 

has been expressed differently by manufactures such as high-resolution, standard-

resolution, high-fidelity, standard scan, and zoom scan. Usually these selections rely on 

a combination of manipulating the effective exposure time for pulsed-beam and on the 

number of projections plus the exposure geometry. In the NewTom an additional scan 

option (standard or boosted) has been added to explicitly increase the exposure time to 

the patient there by increasing radiation dose and decreasing the noise level in the 

image thus leading to increased signal to noise ratio. Although the manufacturers 

express that these options give the practitioner the freedom for choosing the proper 

scan settings for the patient needs, there is an obvious ambiguity and subjectivity of the 

used jargons. Using high resolution mode increases the patient dose; however, image 

noise level will be significantly decreased thus leading to a better image quality. 34 But 

increasing the spatial resolution and signal to noise ratio may exacerbates the influence 

of metal artifacts; thereby it could actually results in a poor image. 27 Spatial resolution 

showed significant effect on voxel gray value measurement in both Accuitomo and 

NewTom scans in our study. 



97 

 

Previous attempts to assess the reliability of voxel values from CBCT in evaluating bone 

density are noted in the literature. Large amount of scattered X-rays and artifacts have 

been mentioned as the reasons for unreliability of CBCT in evaluating bone mineral 

density . 27-29, 35 However, other studies showed high correlation between MSCT and 

CBCT gray values suggesting that voxel values of CBCT can be used to estimate bone 

mineral density. 11, 16-20 In the later mentioned study, only one set of scanning factors 

was used for CBCT evaluations, while our result showed gray values derived from 

CBCT scanners could widely vary with different settings. 

It should be emphasized that our results are confined to the two CBCT systems 

(Accuitomo 170 and NewTom 5G) that were used in this study and that caution should 

be exercised when other systems are considered. In a systematic review of the 

literature on CBCT systems and applications it was emphasized that there still is no 

uniformity among the design specifications of different systems.36 The lack of a 

technical standard for the development of CBCT systems led to a wide disparity in the 

physical parameters of each model including among others image quality gray values 

measurements. Developing such a standard for manufacturing CBCT systems may help 

in generalizing the research’s findings in the future.  

The study was limited that only two CBCT systems (Accuitomo170 and NewTom 5G) 

were used. The scan settings for other flat panel CBCT systems may vary. The values 

obtained for the cadaver may deviate from the clinical situation. Finally the study was 

also limited that surrounding anatomical structures including the tongue and vertebra 

were absent since standardizing the location of these structures in both modalities was 

rather cumbersome. As a result, partial object artifacts resulting from structures placed 

outside the scan field were not simulated. It has been previously noted that artifacts 

resulting from partial sampling of objects outside the scan field could result in a 

deviation in the voxel gray values with CBCT.28, 37 

In conclusion, gray level values from CBCT images are influenced by device and 

scanning setting. FOV and spatial resolution selections can significantly influence gray 

values measurements in both the NewTom 5G and Accuitomo 170 and the number of 

projections as well in the later. So assessing of voxel gray values from CBCT in 
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evaluating bone mineral density should be conducted with consideration to the scanning 

parameters. 
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Abstract: 

 

Objectives: The aim of this study was to determine the gray value variation at implant 

site with different object location within the selected field of view in two cone beam 

computed tomography (CBCT) scanners. 

Methods: A section with one centimeter thickness from the edentulous region of a dry 

human mandible was scanned by two cone beam CTs: 3D Accuitomo 170, J.Morita, 

Kyoto, Japan and NewTom 5G, QR Verona, Verona, Italy. Five FOVs were used with 

each CBCT scanner and within each FOV the specimen was located at different 

positions. The scans were converted to DICOM format. The analysis of the data was 

performed using 3Diagnosys software (ver.3.1, 3diemme, Italy) and Geomagic (studio® 

2012, Morrisville, NC). On one of the scans, a probe designating the site for pre-

operative implant placement was selected. The inserted virtual implant was transformed 

on the same region on each CBCT scan by a three dimensional registration algorithm. 

The mean voxel gray value of the region around the probe was derived separately from 

all CBCT scans. The influence of object location within each FOV on variability of voxel 

gray values was assessed. 

Results: In both CBCT systems object location had a statistically significant influence 

on the gray value measurements (F4,16 =3.71, p=0.0255 for Accuitomo and F4,16 =9.31, 

p=0.0000 for NewTom). 

Conclusion : Gray level values from CBCT images are influenced by object location 

within FOV. 
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Introduction: 

 

Among the imaging modalities, Computed Tomography gained the popularity in 

assessing bone density at prospective implant sites. This concept was introduced by 

Schwartz et al. for the first time and has been used more frequently ever since.1, 2 In 

Multi-Slice CT (MSCT) calibrated Hounsfield Units (HU) are obtained, which can be 

directly converted to bone density measurement. In the jaws, bone density 

measurements derived from HU are highly reliable.3, 4 However, high radiation dose 

associated with MSCT in preoperative dental implant planning was demonstrated.5, 6  

Cone beam computed tomography (CBCT) has been known as a precision diagnostic 

imaging tool in dentistry in the last decade.  CBCT offers some advantages over MSCT, 

such as increased accessibility to oral health specialists, lower cost and higher comfort 

to the patients and smaller footprint. Although lower radiation dose level to the main 

organs of head and neck region has been cited as the most important advantage of 

CBCT over CT,7-9  it has been known that the dose from CBCT scans is highly 

dependent on the type of the machine and the scan settings.10  Moreover, the latest 

generations of MSCT can be applied for low dose dental modes, which can produce 

scans with quality and radiation dose to patient comparable to large field of view CBCT 

scans.11 So it is not a fact that all CBCT delivers lower radiation to the patients in 

compare to MSCT without considering the type of scanner and the used scan 

protocols.12 Unlike single and multi-slice CT, CBCT does not represent the calibrated 

gray values expressed in HU. Large amount of scattered radiation and artifacts have 

been mentioned as the reasons of unreliability of CBCT in bone density 

measurement.13-15 However, in a few studies a strong correlation between actual HU 

from MSCT and CBCT gray values has been demonstrated, suggesting the potential of 

deriving HU values from CBCT scans to evaluate bone mineral density.16-21 Gray values 

from CBCT scans are influenced by the type of scanner and scan parameters, so these 

factors should be considered when assessing bone density from CBCT gray values.15, 22 

Depending on the number and location of the potential implant to be placed, the size of 

the chosen FOV will differ. Object location within the CBCT field of view (FOV) has been 

assessed for the possible effect on gray values, and it remains controversial.15, 23  
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 The aim of this study was to determine the gray values variation at implant site with 

different object location within the selected field of view in two cone beam computed 

tomography systems (Accuitomo 170 and NewTom 5G). 

 

Material and methods: 

 

Sample preparation and radiographic evaluation: 

A section with one centimeter thickness was cut from the edentulous left first molar 

region of a human dry mandible not identified by age, sex or ethnic group. This bone 

block was scanned by two types of CBCT system (NewTom 5G, QR Verona, Verona, 

Italy and 3D Accuitomo 170, J.Morita, Kyoto, Japan). Five FOVs were used with each 

CBCT scanner (Table 1).  

 

 
CBCT  scanner 

                    FOV 
Diameter x  height 

(mm) 

 
Voxel size 

(mm) 

Accuitomo 40  × 40 0.080 

Accuitomo  60  ×  60 0.125 

Accuitomo  80  ×  80 0.160 

Accuitomo  100  ×  100 0.250 

Accuitomo 140 ×  50 0.250 

NewTom  60  ×  60 0.150 

NewTom  80  ×  80 0.300 

NewTom 120 ×  80 0.250 

NewTom  150  ×  120 0.300 

NewTom  180  ×  160 0.300 

 

Table 1: Applied field of views and voxel sizes. 

 

Within each FOV the specimen was located at five different positions starting at the 

centre of the FOV and (left, right, anterior, posterior) relative to the centre (Figure 1).  
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Figure 1: Different sample positions 

in each field of view. Center (C), right 

(R), left (L), anterior (A) and posterior 

(P) locations relative to X-axis (X) and 

Y-axis (Y) of field of view.  

 

In all the scans the specimen was located approximately at middle of the vertical 

dimension of the scanned volume, and at right angle and parallel to the horizon in 

Accuitomo and NewTom, respectively. In order to exclude the artifact from partial object 

effect, the whole specimen was located within the FOV without any cone cutting. The 

scanning parameters were set as 360° rotation and standard resolution in all Accuitomo 

scans; and normal resolution, regular scan time and standard dose for NewTom. In the 

NewTom the only exception was the 60×60mm FOV  in which ‘high resolution’ was the 

only available selection. kVp, mA, and scanning time were 90, 5, and 17.5s for 

Accuitomo and 110, 0.55 and 18s for NewTom, respectively (with an exemption of high 

resolution 60×60 mm which had the mA of 0.95).  

 

CT values evaluation: 

The scans were converted to Digital Imaging and Communication in Medicine (DICOM) 

format. The datasets from both CBCT scanners (NewTom 5G and Accuitomo 170) were 

14 bits in depth, so having gray value range of 16,384. The data were exported with 

isotropic voxels. In Accuitomo the dimension of the voxel was ranged from 0.08 mm to 

0.25 mm and in NewTom from 0.15 mm to 0.30 mm (Table 1). The data analysis was 

performed using 3Diagnosys software (ver.3.1, 3diemme, Italy) and Geomagic (studio® 
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2012, Morrisville, NC). The Accuitomo scan with center location within 40x40mm FOV 

was used as the reference for measurements’ comparison of all other scans. 

Classically, in studies in which superimposition of 3D models from different fields of 

views is involved, the smallest FOV is used as a reference. The selected reference scan 

had the smallest voxel dimensions and  better resolution among the available scans. 

This may lead to a better 3D registration for further procedure. We used the 3D 

matching technique previously described by Parsa et al. .21 The reference scan was 

imported to 3Diagnosys and a region of interest (ROI) designating a site for pre-

operative implant placement (probe) was selected. The inserted probe was totally within 

the bone. The surface of the reference scan and inserted probe were generated and 

exported as Standard Triangulation Language (STL) files. The rest of scans were also 

separately imported to 3Diagnosys and were transformed to the mentioned format. STL 

files of probe, reference and each scan were imported in Geomagic software. Using  

‘best-fit alignment’, reference surface was moved to share its physical space with 

another STL. In Geomagic, best-fit alignment operates in two phases. In the first phase 

or ‘initial gross alignment phase’, two objects are matched roughly using a few points of 

comparison. In the second phase which is ‘fine adjustment phase’,  a higher number of 

points of comparison are used for an optimized superimposition. Following alignment 

phases, two scans were matched (Figure 2). In matching procedures, reference STL 

was set as floating model and the other one as fixed. Reference STL’s transformation 

matrix ,which represented its cumulative change in position relative to its origin position, 

was saved. Then this transformation matrix was loaded and applied to the probe, in 

order to transfer it from reference to the same region of further STLs. This 3D 

registration was used to standardize the selection of ROI to ensure that the voxel gray 

value measurements are exactly from the same site. The transformed probes were 

saved as new STLs and exported to 3Diagnosys with correspondence scan. The scans 

including transformed probe were analyzed and an area with 1 mm thickness was 

selected around the virtual implant. The mean voxel gray value of each hollow cylinder 

around the probe was exported separately from all CBCT scans (Figure 3). 

All the scanning and density measurements explained above were performed twice, 

with four weeks time interval, to assess the reproducibility. 
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Data analysis: 

The study design included field of view (five selections), position of the sample (five 

positions) as fixed variables, and scan (twice) as the repeated measures factor. The 

study design was thus 5×5×2 leading to 50 gray level measurements for each Cone 

Beam CT scanner, separately (Table 2, 3). The general linear model (GLM) procedure 

of  SPSS (v 20.0, SPSS Inc., Chicago, IL) was used for the statistical analysis. The data 

were subjected to statistical significance test by Fisher (F)test. First the reproducibility of 

the gray value measurements was assessed, then possible effect of the object location 

and FOV on the variability of voxel gray values. 

 

 

 

Results: 

 

Statistical analysis (F-test) of repeated measurements of gray values revealed no 

statistical significant difference for both CBCT scanners (F1,16= 0.25, p=0.6239 for 

Accuitomo and F1,16= 0.36, p=0.5575 for NewTom ). The mean of repeated 

measurements of each scan was calculated for further analysis. The mean gray values 

ranged from 82.29 to 786.14 in Accuitomo and from 258.57 to 425.56 in NewTom. F-

test demonstrated that in both CBCT systems object location and FOV had a 

statistically significant effect on the gray value measurements (F4,16 =3.71, p=0.0255 

and F4,16 =35.31, p=0.0000 for Accuitomo and F4,16 =9.31, p=0.0000 and F4,16 =7.26, 

p=0.0025 for NewTom, respectively).The mean and standard deviation (SD) of the five 

gray values in each position and five gray values in each FOV showed a wider range in 

Accuitomo than in NewTom (Table 4, 5). In both CBCT systems the standard deviation 

of gray values increased with the size of FOV.  
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CBCT scanner-   position Mean Standard deviation 

  Accuitomo         Center 358.09 225.21 

  Accuitomo           Left 469.57 163.18 

  Accuitomo       Anterior 407.34 208.33 

  Accuitomo          Right 513.11 182.11 

 Accuitomo       Posterior 418.15 186.09 

    NewTom           Center 367.81 29.06 

    NewTom             Left 362.91 40.75 

  NewTom         Anterior 324.37 46.88 

    NewTom            Right 393.97 20.04 

   NewTom        Posterior 319.38 29.21 

 

Table 4: Mean and standard deviation of gray value measurements of each position 

 

 

 

CBCT  scanner- FOV 
(mm) 

Mean Standard deviation 

   Accuitomo      40 × 40 569.62 16.84 

   Accuitomo      60 × 60 665.89 78.99 

   Accuitomo      80 × 80 203.19 93.74 

   Accuitomo   100  × 100 357.20 92.30 

   Accuitomo    140 × 50 370.08 114.26 

  NewTom      60 × 60 379.41 24.14 

  NewTom      80 × 80 378.60 27.52 

  NewTom    120 × 80 361.74 42.94 

    NewTom    150 × 120 323.38 39.83 

    NewTom    180 × 160 325.29 47.70 

 
Table 5: Mean and standard deviation of gray value measurements of each field of view 
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Discussion: 

 

The present ex-vivo study showed significant variability within gray value measurements 

by two types of CBCT scanners (Accuitomo170 and NewTom 5G) using different object 

positioning and FOV. These results confirm our previous findings that FOV can 

significantly influence gray value measurements in the both mentioned CBCTs.22 

Different manufacturers and models of CBCT offer variable number and dimensions of 

FOV.24 All the necessary information should be included in the selected FOV for 

diagnosis and treatment planning; however as the patients vary in size, the correct FOV 

is a patient-specific selection. And also regarding to image quality and limiting the 

radiation dose, FOV has been considered as the most important scanning factor.25 

A strong correlation between calibrated HU derived from MSCT and gray values 

measured by CBCT has been recently demonstrated, hinting at the potential of bone 

mineral density estimating by deriving actual HU values from CBCT.16-21 However, 

scanner type and applied scanning protocol should be considered using CBCT for bone 

density evaluation.15, 22 The effect of scan setting on gray values variation in the two 

CBCT systems that we used in the present study has been assessed recently. In 

Accuitomo 170, FOV, number of projections, and spatial resolution resulted in 

significant variation of voxel gray values, while in case of NewTom these factors were 

limited to FOV and spatial resolution.22  

Based on the implant treatment planning and patient anatomy, the region under 

assessment locates differently in the selected FOV. The possible effect of object 

location within the CBCT scanner on density measurement has been studied in two 

researches.15, 23 In one which cylindrical blocks were scanned at the centre and 3 cm 

off-centre (12 inches FOV, NewTom 3G, QR SLR, Verona, Italy), no statistically 

significant effect of object location on density determination was reported.23 However, in 

other study which used a phantom containing three different homogeneous bars, 

repositioning of the phantom resulted in large variability of gray values, especially when 

the phantom was positioned off-centre of the FOV.15   As the material outside of the FOV 

affects the CBCT voxel gray values, the repositioning of the phantom in the later study 

might influence the measurement accuracy.14 This effect is known as the ‘exo-mass or 
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partial object’ effect and leads to an increase of voxel gray values at the border adjacent 

to the exo-mass and a decrease of voxel gray values at the edge furthest from the exo-

mass.26 The partial object effect is the main reason for unreliability of density 

measurement in small FOV CBCT scans.27 This effect was excluded in our study as the 

sample was completely located inside of the FOV in all scans. 

Our results showed fluctuation in gray values with different location of the object within 

FOV while this instability raised with the size of FOV. Increased noise level, scattering 

and artifacts specific to CBCT technology have been mentioned as the reason of this 

inaccuracy.28 Lower kVp and mA are operated in CBCT scanners in comparison to 

MSCT, so resulting in a reduced signal-to-noise ratio.13  Induced higher noise level can 

also cause more inconsistencies and larger standard deviation in CBCT voxel gray 

values.14, 28 Additionally, as the acquired volume in CBCT is proportionally larger than 

the highly collimated fan-beam MSCT, the influence of these artifacts is excessively 

exacerbated.13, 15 In bigger FOV larger diverged x-ray beam is emitted which can lead to 

higher amount of scattering and lower stability of gray value measurements.13 This 

clarifies our finding that grey values variability with different positions was higher in 

larger FOVs. In Accuitomo, gray value measurements showed higher variability within 

different FOVs and positions. The higher inconsistency in compare to NewTom may be 

explained by the lower applied kVp which results in higher amount of scattering and 

noise. And also our results showed there is no consistent pattern for gray value 

variability in the different locations. This may be explained by high amount of scattering 

radiation and noise in CBCT systems which are not homogenously spread  across all 

FOVs. 

 In this study a fully automated and observer independent 3D matching algorithm was 

employed to ensure that all measurements are exactly from the same site up to voxel 

accuracy. It should be emphasized that our results are confined to the applied CBCT 

systems and could be different on other systems. In a systematic review of the literature 

on CBCT systems, it was emphasized that there is still no uniformity among the design 

specifications of different systems.29 The lack of a technical standard for the 

development of CBCT systems has led to a wide disparity in the physical parameters of 

each model. Developing such a standard for manufacturing CBCT systems may help in 
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generalizing research findings in the future. In NewTom 5G a smart beam ® technology 

is applied. This technology dynamically reduced the exposure during the rotation around 

the objects with small size and/or low density. Although the normal range of the tube 

current  is ranged between 1 to 20 mA, based on the small size of our sample  this 

parameter was automatically reduced to 0.57 mA. The reduction of mA can cause more  

scattering radiation and more variability of gray value measurement.30, 31 Due to time 

and labor constraints, it was not possible to include a larger sample size. However, 

larger sample size would have probably resulted in larger differences between the study 

gropes. Applying a human bone block as our sample rather than a homogenous 

hydroxyapatite block could more simulate the clinical settings. The physiological 

structure of the bone tissue  can cause a degree of scattering radiation which  may not 

be accounted in the studies using hydroxyapatite blocks even with a range of density 

close to bone. Therefore, we opted to simulate the clinical situation using a real bone 

sample rather than relying on a homogenous model which doesn’t mimic real bone 

which might over-estimate the reliability of the investigated imaging device.32 However, 

gray values obtained from the dry bone may deviate from the real patient tissue. So, 

further studies should be conducted using material which more approaches the clinical 

situation such human cadavers, and also larger sample size and more types of CBCT 

systems. 

In conclusion, gray level values from CBCT images are influenced by object location 

within FOV. Thus, based on the effect of object position as well as type of the device 

and scanning parameters on CBCT gray values, this modality (as it currently stands) is 

unsuited  for bone density evaluation. However our conclusion are confined only to the 

assessed CBCT scanners Accuitomo170 and NewTom 5G. 

 

Acknowledgement:  

 

We would like to express thanks Dr. Hans Verheij for his contribution in conducting the 

statistical analysis. 

 



117 

 

References: 

 

1.    Schwarz MS, Rothman SL, Rhodes ML, Chafetz N. Computed tomography: Part I. Preoperative   

       assessment of the mandible for endosseous implant surgery. Int J Oral Maxillofac Implants   

       1987; 2: 137-41.  

2.    Schwarz MS, Rothman SL, Rhodes ML, Chafetz N. Computed tomography: Part II. Preoperative  

       assessment of the maxilla for endosseous implant surgery. Int J Oral Maxillofac Implants  

       1987; 2: 143-8.  

3.    Shapurian T, Damoulis PD, Reiser GM, Griffin TJ, Rand WM. Quantitative evaluation of bone density  

       using the Hounsfield index. Int J Oral Maxillofac Implants 2006; 21: 290-7.  

4.    Shahlaie M, Gantes B, Schulz E, Riggs M, Crigger M. Bone density assessments of dental implant  

       sites: 1.Quantitative computed tomography. Int J Oral Maxillofac Implants 2003; 18: 224-31.  

5.   Lecomber AR, Yoneyama Y, Lovelock DJ, Hosoi T, Adams AM. Comparison of patient dose from  

      imaging protocols for dental implant planning using conventional radiography and computed  

      tomography. Dentomaxillofac Radiol  2001; 30: 255–9.  

6.   Ngan DCS, Kharbanda OP, Geenty JP, Darendeliler MA. Comparison of radiation levels from  

      computed tomography and conventional dental radiographs. Aust Orthod J 2003; 19: 67–75.  

7.   Kau CH, Richmond S, Palomo JM, Hans MG. Three-dimensional cone beam computerized  

       tomography in orthodontics. J Orthod  2005; 32: 282–93.  

8.    Carrafiello G, Dizonno M, Colli V, Strocchi S, Pozzi Taubert S, Leonardi A, et al. Comparative study  

       of jaws with multislice computed tomography and cone-beam computed tomography. Radiol Med  

       2010; 115: 600-11.  

9.    White SC. Cone-beam imaging in dentistry. Health Phys 2008; 95: 628-37.  

10.  Pauwels R, Beinsberger J, Collaert B, Theodorakou C, Rogers J, Walker A, et al. Effective dose  

       range for dental cone beam computed tomography scanners. Eur J Radiol 2012; 81: 267–71.  

11.  Suomalainen A, Kiljunen T, Käser Y, Peltola J, Kortesniemi M. Dosimetry and image quality of four  

       dental cone beam computed tomography scanners compared with multislice computed tomography  

       scanners. Dentomaxillofac Radiol 2009; 38: 367–78. 

12.  Hassan B, Nijkamp P, Verheij H, Tairie J, Vink C, van der Stelt P, et al. Precision of identifying  

       cephalometric landmarks with cone beam computed tomography in vivo. Eur J Orthod 2013; 35: 38- 

       44. 

13.  Schulze R, Heil U, Groβ D, et al. E. Artifacts in CBCT: a review. Dentomaxillofac Radiol 2011; 40:  

       265-73. 

14.  Araki K, Okano T. The effect of surrounding conditions on pixel value of cone beam computed  

       tomography. Clin Oral Implants Res 201; doi:10.1111/j.1600- 0501.2011.02373.x. 

15.  Nackaerts O, Maes F, Yan H, Couto Souza P, Pauwels R, Jacobs R. Analysis of intensity variability  

       in multislice and cone beam computed tomography. Clin Oral Implants Res 2011; 22: 873–9. 



118 

 

16.  Naitoh M, Hirukawa A, Katsumata A, Ariji E. Evaluation of voxel values in mandibular cancellous  

       bone: relationship between cone-beam computed tomography and multislice helical computed  

       tomography. Clin Oral Implants Res 2009; 20: 503-6. 

17.  Naitoh M, Hirukawa A, Katsumata A, Ariji E. Prospective study to estimate mandibular cancellous  

       bone density using large-volume cone-beam computed tomography. Clin Oral Implants Res  

       2010; 21: 1309-13. 

18.  Nomura Y, Watanabe H, Honda E, Kurabayashi T. Reliability of voxel values from cone-beam  

       computed tomography for dental use in evaluating bone mineral density. Clin Oral Implants Res  

       2010; 21: 558-62. 

19.  Lagravère MO, Fang Y, Carey J, Toogood RW, Packota GV, Major PW. Density conversion factor  

       determined using a cone-beam computed tomography unit NewTom QR-DVT 9000. Dentomaxillofac  

       Radiol  2006; 35: 407-9. 

20.  Reeves T, Mah P, McDavid W. Deriving Hounsfield units using grey levels in cone beam CT: a  

       clinical application. Dentomaxillofac Radiol 2012; 41: 500–8.  

21.  Parsa A, Ibrahim N, Hassan B, Motroni A, van der Stelt P, Wismeijer D. Reliability of voxel gray  

       values in cone beam computed tomography for pre-operative implant planning assessment. Int J Oral   

       Maxillofac Implants 2012; 27: 1438-42. 

22.  Parsa A, Ibrahim N, Hassan B, Motroni A, van der Stelt P, Wismeijer D. Influence of cone beam CT  

       scanning parameters on grey value measurements at an implant site. Dentomaxillofac Radiol  

       2013; 42: 79884780. 

23.  Lagravère MO, Carey J, Ben-Zvi M, Packota GV, Major PW. Effect of object location on the density  

       measurement and Hounsfield conversion in a NewTom 3G cone beam computed  tomography  unit.  

       Dentomaxillofac Radiol 2008; 37: 305–8.  

24.  Scarfe WC, Farman AG. What is cone-beam CT and how does it work? Dent Clin North Am 2008;  

       52: 707–30. 

25.  Farman AG. Field of view. Oral Surg Oral Med Oral Pathol Oral Radiol Endod 2009; 108: 477–8. 

26.  Bryant JA, Drage NA, Richmond S. Study of the scan uniformity from an i-CAT cone beam computed  

       tomography dental imaging system. Dentomaxillofac Radiol 2008; 37: 365–74.  

27. Katsumata A, Hirukawa A, Okumura S, Naitoh M, Fujishita M, Ariji E, et al. Relationship between   

      density variability and imaging volume size in cone-beam computerized tomographic scanning of  the  

      maxillofacial region: an in vitro study. Oral Surg Oral Med Oral Pathol Oral Radiol Endod 2009; 107:  

      420–5.  

28.  Maes F, Collignon A, Vandermeulen D, Marchal G, Suetens P. Multimodality image registration by  

       maximization of mutual information. IEEE Trans Med Imaging 1997; 16: 187–98. 

29.  De Vos W, Casselman J, Swennen GRJ. Cone-beam computerized tomography (CBCT) imaging of  

       the oral and maxillofacial region: a systematic review of the literature. Int J Oral Maxillofac Surg  

       2009; 38: 609–25.  



119 

 

30.  Tsiklakis K, Syriopoulos K, Stamatakis HC. Radiographic examination of the temporomandibular joint  

       using cone beam computed tomography. Dentomaxillofac Radiol 2004; 33: 196–201.  

31.  Sirin Y, Guven K, Horasan S, Sencan S. Diagnostic accuracy of cone beam computed  tomography  

       and conventional multislice spiral tomography in sheep mandibular condyle fractures.  

       Dentomaxillofac Radiol 2010; 39: 336–42.  

32.  Mah P, Reeves TE, McDavid WD. Deriving Hounsfield units using grey levels in cone beam  

       computed tomography. Dentomaxillofac Radiol 2010; 39: 323–35.  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

    

 

 

 

  



120 

 

 

 

        

         

          

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



121 

 

 

 

         

 

        Chapter 7 

    

        Assessment of metal artifact reduction tool in cone             

        beam computed tomography  

       

           Parsa A, Ibrahim N, Hassan B, Syriopoulos K, van der Stelt P. Assessment of     

           metal artifact reduction tool in cone beam computed tomography. Dentomaxillofac  

           Radiol. Accepted 

 

    

 

 

 

 

 

 

 

 

 

 



122 

 

 

Abstract: 

 

Objectives: The aim of this study was to investigate if the metal artifact reduction 

(MAR) tool used in the software of the ORTHOPANTOMOGRAPH® OP300 

(Instrumentarium Dental, Tuusula, Finland) can improve the gray value levels in post-

operative implant scans. 

Methods: Twenty  potential implant sites were selected from five edentulous human dry 

mandibles. Each mandible was scanned by the CBCT scanner and images were 

produced under 3 different conditions: implant sites drilled but no implants inserted, 

implants inserted without application of MAR and implants inserted with application of 

MAR. Using Geomagic (studio® 2012, Morrisville, NC) and 3Diagnosys (v5.3.1, 

3diemme, Cantu, Italy) software, three scans of each mandible were superimposed. 

The mean gray value of identical regions of bone around the implants was derived for 

each condition. The differences between gray value measurements at implant sites 

derived from different conditions were assessed.   

Results: A significant difference was found between mean gray values from scans with 

no implants inserted and with implants inserted (with and without MAR) (p= 0.012). No 

significant difference was revealed for gray values measured from scans with and 

without MAR (p= 0.975).  

Conclusion: The MAR tool in the software of the ORTHOPANTOMOGRAPH® OP300 

CBCT scanner does not significantly correct the voxel gray values affected by the metal 

artifact in the vicinity of an implant in human dry mandibles. However overall uniformity 

could be seen by reducing the streak artifacts in other parts of the image. 
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Introduction: 

 

CBCT has become the imaging modality of choice in dental implantology. Because of its 

high accuracy for linear measurements, bone height, width, and the proximity to 

adjacent normal anatomic structures such as the maxillary sinus or the inferior dental 

canal can be precisely evaluated.1 Additionally, bone quality evaluated by CBCT has 

been shown to have a good correlation with the primary implant stability.2  

Although CBCT has several advantages over multi-slice computed tomography 

(MSCT), metal artifacts caused by titanium implants in the path of the radiation can 

significantly deteriorate the diagnostic image quality.3, 4 An implant can induce dark 

artifacts, induced by scattering, and streak artifacts,4  making anatomical structures 

ambiguous and influencing  the contrast between adjacent regions. These effects can 

seriously interfere with the diagnostic yield of image.5 

Most of the studies on metal artifact reduction (MAR) have focused on Multi-Slice CT 

(MSCT) scanners. Two methods for MAR in MSCT have been described: projection 

adjustment6-8 and reconstruction enhancement.9, 10  As both MSCT and CBCT scanners 

use the backprojection algorithm for 3D image reconstruction,11 CT MAR methods could 

be modified for use in CBCT. One of the methods is based on pre-reconstruction of the 

volume followed by segmenting the metal objects3 and removing metal regions in 2D 

projections concerned.12  

Recently, some manufacturers made MAR options available in CBCT machines.13-15 

Previous ex-vivo studies on the efficacy of MAR visually assessed the area adjacent to 

dense foreign objects.13, 14  The ORTHOPANTOMOGRAPH® OP300 

(Instrumentarium Dental, Tuusula, Finland) ,which combines a panoramic imaging 

system with cone beam 3D, is a newly developed platform with the MAR tool. The aim 

of this study is to investigate if the MAR tool in CBCT will remove the metal artifacts and 

can improve the gray value levels in post-operative implant scans. 
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Materials and methods 

 

Samples preparation and radiographic evaluation: 

Five edentulous human dry mandibles not identified by age, sex or ethnic group were 

obtained from the department of Functional Anatomy. The use of this human material 

was approved by the local ethical committee. In total 20 potential implant sites were 

selected in the lateral incisor and first premolar regions. An osteotomy was prepared 

using a twisted drill (Straumann ®, Basel, Switzerland) for each available implant of size 

4.1 mm. In total, four holes were prepared in each mandible. Prior to implant insertion, 

the drilled mandibles were scanned by the  ORTHOPANTOMOGRAPH® OP300 CBCT 

(90 kVp, 10 mA, exposure time 2.3s). Following the insertion of each individual implant 

two more CBCT scans were made: with standard settings and applying the MAR tool. 

The position of each mandible within the selected field of view (FOV) was identical in 

the three scans of each implant site. In all CBCT scans, the lower border of the 

mandible was parallel to the floor. In this study we named the scans without implant as 

condition 1, scans with implant inserted and deactivated MAR as condition 2, and scans 

with implant and MAR option as condition 3. 

 

Image processing: 

CBCT data sets were converted to DICOM3 data sets (Digital Imaging and 

Communication in Medicine format). Further analysis of data was executed with 

Geomagic (studio® 2012, Morrisville, NC) and 3Diagnosys (v5.3.1, 3diemme, Cantu, 

Italy). Condition 2 scans were imported to 3Diagnosys. These scans  were considered 

as the reference scans for each implant site. A region with truncated conical shape 

(radius of 4 mm to 5 mm and height of 5mm) surrounding the implant was selected as a 

virtual probe (Figure 1). The axis of the selected region and the axis of the implant were 

identical. This truncated cone was totally within the bone and was used to select a 

region of interest (ROI) in the immediate vicinity of each implant. The mean gray value 

of a ROI with 1 mm thickness around the probe was derived (Figure 2).  
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The surface of the mandible and of the inserted probe were generated and exported as 

Standard Triangulation Language (STL) files. The other two scans of the same implant 

site (conditions 1 and 3) were imported into 3Diagnosys and also converted into STL 

files. In order to transfer the probe from scans condition 1 to the same site in the scans 

of the other two conditions, 3 dimensional superimposition was applied to the STL files 

of the probe and reference scan and the scans of condition 1 and 3 successively using 

the Geomagic software. Applying ‘best-fit alignment’, the reference surface was moved 

to share its physical space with the STL of the mandible of the condition which it was 

compared. In Geomagic, best-fit alignment operates in two phases. In the first phase or 

‘initial gross alignment phase’, two objects are matched roughly using a few points of 

comparison. In the second phase which is the ‘fine adjustment phase’,  a higher number 

of points of comparison are used for an optimized superimposition. Following these 

alignment approach, the scans of the different conditions were matched. In the 

matching procedures, the reference STL was set as a floating model and the other one 

as fixed. The transformation matrix of the reference STL representing its cumulative 

change in position relative to the original position, was saved. Then this transformation 

matrix was loaded and applied to the probe, in order to transfer it from the reference 

image to the same region of the other STL. This 3D registration was used to 

standardize the selection of ROIs in order to ensure that the voxel gray value 

measurements are exactly from the same site. The transformed probe was saved as a 

new STL and exported to 3Diagnosys with the corresponding scan. The scan including 

the transformed probe was analyzed and an area with 1 mm thickness was selected 

around the virtual probe. The mean voxel grey value of the selected ROI around the 

probe was exported. 

The method as described was applied at each implant site to derive the mean gray 

values of identical regions for the three different scan conditions. 

Condition 2 scans including the inserted probes at implant sites were considered as 

reference models. Registration of conditions 1 and 3 on reference model and gray value 

measurements were performed three times with 2 weeks interval to assess the 

reproducibility. Thus in total at each implant site 6 mean gray values were derived ( one 

from condition 2 and 2 ×3 from conditions 1 and 3). 
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Data analysis: 

The study design included scans conditions (three selections) and implant sites (twenty 

selections) as fixed variables, and superimposition for condition 1 and 3 (three times) as 

the repeated measures factor. The study design was thus 20×1 + 20×3 leading to 70 

gray level measurements (Table 1). The UniAnova procedure of  SPSS (v 20.0, SPSS 

Inc., Chicago, IL) was used for the statistical analysis. First the reproducibility of the 

grey value measurements was assessed. Thereafter the  possible differences between 

gray values derived from condition 1and the mean of condition 2 and 3, and then 

between gray values of condition 2 and 3 were evaluated. 

 

 
Mandible 

No. 

 
Condition 

1 
Gray 
value 
(First) 

 

 
Condition 

1 
Gray 
value 

(Second) 
 

 
Condition 

1 
Gray 
value 
(Third) 

 

 
Condition 

2 
Gray 
value 

 

 
Condition 

3 
Gray 
value 
(First) 

 
Condition 

3 
Gray 
value 

(second) 

 
Condition 

3 
Gray 
value 
(Third) 

 
1 576.74 658.68 581.06 866.01 838.30 843.33 829.18 

2 883.03 913.32 893.20 1002.62 1023.41 1035.60 994.09 

3 713.50 736.79 720.87 883.81 975.59 953.08 940.30 

4 428.17 453.52 459.92 588.81 555.84 549.52 556.37 

5 758.19 766.84 765.73 974.77 927.45 934.62 915.37 

6 720.01 716.17 758.41 844.28 834.96 830.15 817.53 

7 583.47 618.31 606.84 828.25 804.71 789.37 817.01 

8 41.49 52.02 63.83 177.82 227.09 232.28 211.81 

9 471.48 478.67 496.58 619.36 553.19 564.26 574.85 

10 822.17 805.53 829.66 1004.07 985.60 986.32 990.23 

11 256.33 275.00 277.70 489.95 488.68 451.42 468.69 

12 594.57 603.55 588.27 791.65 806.46 805.80 807.18 

13 548.38 548.91 556.50 712.65 685.96 698.87 718.20 

14 579.31 588.54 583.60 706.45 719.70 710.70 721.71 

15 744.50 733.21 721.82 832.06 821.19 803.04 820.10 

16 428.77 450.47 442.87 710.56 694.23 710.69 708.08 

17 38.48 55.97 29.82 248.09 207.25 217.66 224.43 

18 432.27 421.75 418.33 593.09 656.80 688.49 663.37 

19 704.34 695.25 687.63 765.19 767.95 781.58 750.58 

20 376.38 386.82 363.72 469.43 506.42 495.81 500.10 

 

Table 1: Gray value measurements derived from conditions 1 to 3.  
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Results: 

 

Statistical analysis of repeated measured grey values revealed no statistical significant  

difference for both condition 1 and 3 scans (Cronbach’s Alpha = 0.99).The mean of 

repeated measurements of each implant site was calculated for further analysis. The 

mean gray vales ranged from 41.42 to 896.52 (mean of 541.79), from 177.82 to 

1004.07 (mean of 705.45), and from 216.44 to 1017.70 (mean of 703.21), respectively 

for condition 1 to 3. Condition 1 mean gray values were considerably lower than 

conditions 2 and 3.The UniAnova test showed a significant difference between condition 

1 and the mean of conditions 2 and 3 (p= 0.012). No significant difference between gray 

values measured from condition 2 and 3 ( p= 0.975) was revealed.  

 

 

Discussion: 

 

Although  pre-operative planning of implant placement remains the main diagnostic 

indication for CBCT ,in recent years, there has been an increasing interest in applying 

CBCT to assess and follow-up peri-implant osseous hard tissue changes especially in 

the esthetic zone where resorption of the thin facial buccal bone plate is a main 

concern. Additionally, several reports have probed the potential in applying CBCT for 

assessing Bone to Implant Contact (BIC). Therefore, it is scientifically relevant to assess 

whether CBCT can indeed be applied to these indications and crucially whether image 

quality can be improved through the use of MAR tools to be able to visualize bone in the 

presence of an existing implant. Of course, titanium implants remain the most popular 

despite the recent introduction of zirconium or ceramic implants and therefore Ti 

implants were selected to mimic the real clinical situation. Metallic objects such as 

titanium dental implants in the FOV can cause artifacts consisting of three elementary 

sources: Photon starvation, scattering and beam hardening. The dark artifacts nearby 

the implant are dominated by the scattering  while the streak artifacts are combination of 

beam hardening and photon starvation. The density of these materials is not in the 
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normal range which is suitable for CBCT scans. Therefore  an implant can completely 

absorb the x-ray beam, leading to incorrectly higher gray values around the implant 

site.16 These hyperdense lines which spread out horizontally from implants are called 

streak artifacts. However an implant can also harden the energy of the x-ray beam 

passing through and cause dark zones adjacent to the implant, mimicking a bone defect 

or loss of osseointegration.14 Although some manufacturers provide metal artefact 

reduction software to improve the image quality at implant sites, its clinical application is 

limited due to the loss of details in the neighborhood of the implant.16   As an earlier 

attempt to assess the effect of MAR, two in vitro studies using the Picasso Master 3D® 

(Vatech, Hwaseong, Republic of Korea) revealed improvement of image quality when 

the MAR tool  was used in the presence of metallic objects. The MAR software was able 

to increase the contrast to noise ratio (CNR) and decrease the gray value variation.15, 17 

Gutta-percha which is used for endodontic treatment has also a high density which can 

induce artifacts. The artifacts may degrade the diagnostic accuracy and impair  the 

detection of a root fracture. The efficiency of MAR in root fracture detection (in 

endodontically treated teeth) was evaluated in a recent study. The results for the two 

CBCT scanners included in this study, ProMax® (Planmeca, Helsinki, Finland) and 

Picasso Master 3D® (Vatech, Hwaseong, Republic of Korea), showed higher accuracy 

in scans without the MAR option.13 However another study on the Planmeca ProMax® 

showed no difference in the detection of peri-implant and buccal periodontal defects 

among CBCT images with and without the MAR mode activated.14  

Although different CBCT scanners show a wide range of gray value variations of voxels 

at regions in the vicinity of an implant site, increasing the mAs and the size of the FOV 

may decrease this variation in some scanners.18 However it can boost the x-ray dose 

absorbed by the patient. In theory, increasing kV can improve the attenuation by 

materials with high density,11 but practically it cannot decrease metal artifacts.19 

Therefore it seems that pre- and post-reconstruction algorithms such as the iterative 

reconstruction technique can be a better approach for metal artefact reduction in dental 

CBCT devices. Iterative reconstruction techniques use correction algorithms, such as a 

maximum likelihood expectation maximization algorithm, to compensate for the missing 

projection rays that occur after passing through a dense implant.9, 15  It should be 
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emphasized that ‘sophisticated mathematical modeling’ of image acquisition is superior 

to post-reconstruction algorithms. No matter which post processing algorithm is applied, 

there is always missed data that cannot be corrected but only estimated.11 

To the best of our knowledge there has been no report on the application of the MAR 

tool in the ORTHOPANTOMOGRAPH® OP300. However as the algorithm applied for 

metal artifacts reduction in mentioned scanner is not known, there is a possibility that 

similar MAR tool is present in other brands of CT or CBCT. The current ex-vivo study 

showed that gray voxel values around an implant significantly deviate from the original 

range regardless of the application of the MAR tool. The results showed  no difference 

in gray value ranges at peri-implant sites with and without the application of MAR mode 

in the CBCT scanner mentioned in this study. However it should be emphasized that 

this study focused on the gray values changes in the vicinity of an existing implant and 

overall assessment of the radiographs showed a general reduction of the visibility of 

streak artifacts. The gray values were assessed to evaluate the level of image 

degradation. It has been shown that there is a high correlation between CBCT gray 

values and the real bone density,20 however the derived voxel gray values are 

dependent on the location of the object within the selected FOV and scanning 

parameters.21, 22 Due to the mentioned instability of voxel gray values in CBCT, our 

samples were scanned with an identical position within the FOV and using the same 

scanning parameters. As streak artifacts can be considered as an extreme case of 

beam hardening, our results showed a general gray value increase around the implants 

related to the beam hardening phenomena. In current study, conditions 2 and 3 gray 

values were significantly higher than condition 1 at each implant site. Thus our findings 

demonstrated more hyperdense artifacts (white shadows) than hypodense artifacts 

(black shadows) suggesting an overestimation of the gray values. These results are not 

in agreement with those of a previous study stressing that hypodense artifacts are more 

predominant.17  However due to severe artifacts in few implants, there were a possibility 

to have distance (maximum 0.5 mm)  between the probe and implant. Therefore  in 

these cases part of the black shadows resulting from beam hardening artifacts may be 

excluded. 
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In the present study, an observer-independent and automated 3D matching algorithm 

was used to make certain that gray values measurements were derived from an 

identical ROI up to voxel accuracy. In comparison with previous in vitro studies, the use 

of a human dry mandible could better simulate the clinical setting. The physiological 

bone structures can cause scattering radiation that may not be accounted for in studies 

using a homogenous phantom.23 However artifacts form a cadaver or a patient may vary 

from a dry bone, thus MAR algorithm may perform differently. We excluded another 

source of artifacts that may happen under normal clinical conditions: motion artifacts. 

Our results are limited to the applied FOV and scanning parameters, so further MAR 

assessments with different scanning factors are suggested. 

In conclusion, the MAR tool in the ORTHOPANTOMOGRAPH® OP300 CBCT scanner 

will not significantly correct the original voxel gray values in the vicinity of an implant. 

More work needs to be done to bring the MAR-algorithms further ahead in order to 

maximize the post-implant CBCT scan image quality. 
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General discussion 

 

The long term success of implant treatment is strongly dependent on the implant 

stability at the time of surgery.1 Surgical technique, implant geometry, and the quality 

and quantity of the available bone are the crucial factors affecting the primary implant 

stability. 2 Among the bone quality characteristics, the bone mineral density (BMD) and 

the trabecular microstructure are the strongest predictors for bone strength (chapter 1). 

These two parameters should be evaluated simultaneously when estimating bone 

strength. 3-5 In the assessment of bone quality, the practitioner is mostly dependent on 

radiological techniques. 2   Micro-CT and MSCT have been introduced as gold 

standards in bone microstructure and bone mineral density measurement, respectively. 

With the limitations of these modalities in clinical dentistry and the fast growth of CBCT 

worldwide, there is a tendency during the last years to apply this dental modality to bone 

assessment specially prior to implant treatments.  

As the first step of the assessment of the use of CBCT for bone quality evaluation, 

MSCT (Philips Medical, Best, the Netherlands) was considered as reference modality 

for bone density measurements (chapter 2). Ten human mandibular cadavers were 

used  as samples. The possible correlation between  gray values  from the NewTom 5G 

( QR, Verona, Italy) and HU values from MSCT was studied. Geomagic (studio® 2012, 

Morrisville, NC) and 3Diagnosys (ver.3.1, 3diemme, Cantu’, Italy) were the software 

packages used for 3D matching of the scans and for radiological intensity 

measurements. The registration procedure was fully automated and observer free to 

ensure that the compared  measurements were exactly derived from the same region. 

Although absolute CBCT gray values  deviated from HU, a strong correlation was found 

between these measurements (R= 0.96). Among the entire 80 selected ROIs for 

comparison, CBCT showed higher numbers than HU. Figure 1 shows the comparison of 

NewTom 5G and MSCT density measurements. There is a similarity in  general 

behavior of the two scanners, however  due to the higher noise level of CBCT, these 
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values show significantly more variation than HU. 

 

 Figure 1. Cone Beam CT and Multi-slice CT radiological density measurements.  

 

Using regression analysis a conversion formula from CBCT gray value to HU was 

derived (HU = 0.67 x voxel gray values from CBCT - 171.80). In this study one type of 

CBCT scanner with a specific set of scanning parameters was used (NewTom 5G, 110 

kVp, 0.57 mA, 12x8 cm FOV, 0.150 mm3 isotropic voxel). Using the same MSCT 

scanner and scanning protocol we assessed then the reliability of another type of CBCT 

(3D Accuitomo 170, J.Morita, Kyoto, Japan) for bone density measurements in another 

study (chapter 4). Samples were scanned with 90 kVp, 5 mA, 30.8 S scan time, 4x4 cm 

FOV and 0.08 mm isotropic voxel size. Comparison of the measured gray values from 

CBCT and the real HU showed a high correlation (R=0.89) and significant deviation 

from each other. In both mentioned studies a specific set of scanning parameters was 

applied and the results may differ when different scanning protocols are used. Within 

the oral cavity, significant differences in bone density exist between the four different 

quadrants. The anterior mandible has the highest HU mean (944.9+/-207 HU)  followed 

by the anterior maxilla (715.8+/-190 HU), the posterior mandible (674.3+/-227 HU) and 
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finally the posterior maxilla (455.1+/-122 HU) 10 . All our samples were selected from the 

mandible (most of them from posterior), so having maxillary bone samples the range of 

MSCT HU will be considerably lower. There is a possibility that CBCT systems reveal a 

different validity of bone density measurements with a different range of HU. We also 

excluded cortical bone at the coronal part of the potential implant site, although 

remaining cortical bone at the crest surrounding the implant may increase the primary 

stability. With cortical bone present, the range of gray values increase both for CBCT 

and for MSCT, which may influence the result correlation. Therefore further studies in 

maxillary human bone, cortical bone, and different ranges of bone quality seems 

necessary to assess more precisely the validity of CBCT in bone density measurement.  

In the next study (chapter 3) the accuracy of CBCT for measuring trabecular bone 

microstructure was determined. The assessed CBCT used in our study was an 

Accuitomo 170.  Micro-CT (SkyScan 1173, Kontich, Belgium) was used as the 

reference modality. As microstructural parameters, trabecular number (Tb.N), thickness 

(Tb.Th) and separation (Tb.Sp) of the trabeculae were considered for comparison. 

These parameters were measured by CTAn software (v 1.11, SkyScan, Kontich, 

Belgium). Due to the large micro-CT data sets, Geomagic software could not be used 

for 3D registration. Therefore Amira (v4.1, Visage Imaging Inc., Carlsbad, CA) was 

employed for this purpose. The results showed significant differences between CBCT 

and micro-CT measurements for all parameters. CBCT showed higher values for Tb.Th 

and Tb.Sp and lower for Tb.N than micro-CT.  These discrepancies may be the result of 

the different voxel size of the CBCT system applied and micro-CT. Because the voxel 

size in CBCT (0.080 mm) is significantly larger than in micro-CT (0.035 mm), micro-CT 

is able of showing thinner trabeculae than CBCT. Additionally the higher amount of 

noise in CBCT reduces contrast and subsequently the detection of small details of the 

trabecular pattern.   A strong correlation was found between the microstructural 

measurements of both systems ( R was 0.82 for Tb.Th, 0.94 for Tb.Sp and 0.85 for 

Tb.N). The validity of CBCT in evaluating the bone volume fraction (BV/TV), which is the 

trabecular bone volume (BV) per tissue volume (TV) expressed in %, was considered in 

another study (chapter 4). Using the same CBCT device and micro-CT, scanning 

protocols and software as in the previous study, BV/TV was calculated for different 
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ROIs and compared. The results revealed a strong correlation (R=0.82). The high 

correlation coefficients indicate the validity of CBCT in  trabecular bone microstructure 

measurements (Tb.N, Tb.Th, Tb.Sp and BV/TV). In order to achieve the smallest 

available voxel size with the Accuitomo 170 (0.08 mm), all scans were made with the 

4x4 FOV, high resolution mode and 360° arm rotation. Using different scanning 

parameters will introduce the possibility of different end results. 

Histomorphometrically, bone volume fraction  (BV/TV)is the most important parameter,6 

and its relationship  with radiographic bone density in human jaws remains 

controversial. Therefore, the main purpose of chapter 4 was to analyze the correlation 

between BV/TV and the calibrated radiographic bone density (HU) in human jaws, 

derived from micro-CT and MSCT respectively. Once more, MSCT (Philips, Best, the 

Netherlands) and micro-CT (SkyScan 1173, Kontich, Belgium) were used. The 

superimposition procedure was a combination of methods applied in previous studies 

(chapter 2, 3), so the limitation of manual alignment may be included. HU and BV/TV of 

identical ROIs on matched date sites were calculated and an excellent correlation was 

observed between MSCT HU and micro-CT BV/TV (r=0.91). This suggests that bone 

density measurements could be used to estimate bone microstructural parameters. In 

this study, MSCT data sets first were superimposed on CBCT scans and then CBCT 

scans were matched with micro-CT ones. Involving CBCT data may increase the 

possibility of errors in the assessment of identical  ROIs from MSCT and micro-CT. This 

possibility can be even higher considering the different voxel size of the applied scans ( 

0.67, 0.08 and 0.035 respectively for MSCT, CBCT and micro-CT). 

In our studies on bone microstructure (chapter 3, 4), manual alignment of CBCT and 

micro-CT data sets was employed. Thus, there was the possibility for observer error in 

selecting identical regions. The initial segmentation process was performed in Amira 

software. Then, these ROI’s were saved as 16 bit bitmap (BMP) files (65536 gray 

values) and exported to CTAn for further analyses. Due to the inconsistencies in the 

CBCT histogram and the wide range of gray values, it is difficult to identify the correct 

threshold value to accurately threshold bone from background noise. Any manual 

segmentation approach would inevitably lead to bias due to the subjectivity of the user 

assessment. Therefore, we opted here to use an automated thresholding method which 
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is based on histogram analysis. The software attempts to identify the intersection point 

in the histogram where ‘bone’ and background (soft tissue and noise) cross each other. 

This is based on the mathematical concept of local maxima and local minima. This 

approach could also induce some bias in the obtained measurements. However, the 

bias should be similar across all images and all modalities. As such, this should in 

theory lead to a dissipation or dilution of the bias which should help to increase the 

reproducibility of the segmentation process.   

In chapter 2 and 4, a strong correlation  was found between CBCT gray values and 

calibrated HU. However the CBCT scans were done with identical scanning protocols. 

Based on the aim of the scan, the position of the region under assessment and the 

anatomy of the patient different settings will be used. So in a new study (chapter 5) the 

consistency of CBCT voxel values was assessed using different scan protocols. A 

sample was scanned by the Accuitomo170 with 9 available FOVs, 2 sets of basis 

projections (360 or 180 degrees) and 2 spatial resolution (standard and high). In the 

NewTom 5G, 6 different FOVs, 2 scan times (regular and enhanced) and 2 dose levels 

(standard and boosted) were applied. The results revealed significant variability within 

gray values for both CBCT devices using different scan protocols. In the Accuitomo, 

gray level values increased  with the size of FOV, while in the NewTom 5G the case 

was the opposite. This disparity between the behavior of the two systems could be 

attributed to the variability in reconstruction and post-processing methods applied by the 

two manufacturers. 

Among the scanning factors that were assessed in this study, all three main settings in 

the Accuitomo (FOV, number of projections and spatial resolution) resulted in a 

significant variation of optical densities, whereas in case of the NewTom these factors 

were limited to FOV and spatial resolution. Therefore we concluded that gray level 

values from CBCT images are influenced by device and scanning settings. 

The potential  implant sites under assessment can be located differently in selected 

FOVs. In order to measure bone density from CBCT scans, the stability of gray values 

in each FOV is essential. The next study (chapter 6) was aiming at the evaluation of the 

variation of gray values  at implant sites with different object location within the selected 

field of view. Five FOVs were selected for the Accuitomo 170 and the NewTom 5G , and 
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the specimen was located at five different locations. Voxel gray values were derived 

from identical regions and compared. This study showed significant variability within 

gray value measurements by the two types of CBCT scanners using different object 

positioning. The results also confirmed our previous study (chapter 5) that the selection 

of FOV effects the gray values. The fluctuation of radiographic intensity raised with the 

size of the FOV. In a larger FOV a wider diverging x-ray beam is emitted which can lead 

to a higher amount of scattering and lower stability of gray value measurements.7 

The outcome of two previous  studies (chapter 5, 6) showed higher instability of the gray 

values in the Accuitomo 170 than the NewTom 5G. This may be explained by the lower 

kVp applied in the Accuitomo which results in a higher amount of scattering and noise in 

the x-ray beam and subsequently in the images. 

A limitation of both mentioned studies is that surrounding anatomical structures  were 

absent, as standardizing the location of these structures in both modalities was rather 

complicated. As a result, partial object artefacts resulting from structures placed outside 

the scan field were not included in the simulation. It has been noted previously that 

artefacts resulting from partial sampling of objects outside the scan field in CBCT could 

result in a deviation of voxel gray values.8, 9. 

It has been reported that the adverse effect of metal artifacts arising from titanium 

implants is more in CBCT than in CT. 11, 12 In many cases, the edentulous implant site is 

adjacent to an existing implant, so the accuracy of bone quality assessment in CBCT 

scans will be affected. The mathematical principles of the origin of metal artifacts in 

CBCT has been studied previously, however, the influence of those artifacts on the gray 

value measurements has not been reported. 12-14 An implant can induce beam 

hardening and streak artifacts, 15 which cause deviation of reconstructed gray values of 

the scanned object. 8  This deviation can seriously interfere with the diagnostic yield of 

the image. 16, 17 Recently, some manufacturers made metal software based artifact 

reductions (MAR) tools available in CBCT machines. 18-20 The 

ORTHOPANTOMOGRAPH®-OP300 (Instrumentarium Dental, Tuusula, Finland), which 

combines a panoramic imaging system with cone beam 3D, is a newly developed 

platform with the MAR tool. To the best of our knowledge there was no report on the 

application of the MAR tool in the ORTHOPANTOMOGRAPH® OP300. Thus, the aim of 
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chapter 7 was to investigate if the MAR tool in the ORTHOPANTOMOGRAPH® OP300 

could improve the gray value levels in post-operative implant scans. In total 20 potential 

implant sites were selected from five edentulous human dry mandibles. For each 

prospective implant an osteotomy was prepared using a twisted drill (Straumann®, 

Basel, Switzerland). Each mandible was scanned with the 

ORTHOPANTOMOGRAPH® OP300 (90 kVp, 10 mA, 2.3s). and images were produced 

under 3 different conditions: implant sites drilled but no implants inserted, implants 

inserted without application of MAR and implants inserted with application of MAR. 

Using Geomagic (studio® 2012, Morrisville, NC) and 3Diagnosys (v5.3.1, 3diemme, 

Cantu, Italy) software, three scans of each mandible were superimposed. The mean 

gray value of identical regions of bone around the implants was derived for each 

condition. The differences between gray value measurements at implant sites derived 

from different conditions were assessed. The results showed a significant difference 

between mean gray values from scans with no implants inserted and with implants 

inserted (with and without MAR) (p= 0.012). No difference was found in gray value 

ranges at peri-implant sites with and without the application of MAR mode in the CBCT 

scanner used in this study (p= 0.975). As streak artifacts can be considered as an 

extreme case of beam hardening, our results showed a general gray value increase 

around the implants related to the beam hardening phenomena. Our findings 

demonstrated more radiopaqe artifacts (white shadows) than radiolucent artifacts (black 

shadows) suggesting an overestimation of the gray values. These results are not in 

agreement with those of a previous study stressing that radiolucent artifacts are more 

predominant. 21  However in the present study ROIs were selected with a safe border 

(approximately 0.5 mm) away from the implants in an attempt to exclude black shadows 

resulting from beam hardening artefacts.  Our results were limited to the applied FOV 

and scanning parameters, so further evaluation of MAR s with different scanning factors 

are suggested. We concluded in chapter 7 that the MAR tool in the 

ORTHOPANTOMOGRAPH® OP300 CBCT scanner will not lead to correction of the 

original voxel gray values in the vicinity of an implant. However, more work needs to be 

done to bring the MAR-algorithms further ahead in order to maximize the post-implant 

CBCT scan image quality. 
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The registration of all CBCT and MSCT data sets was performed using Geomagic 

Studio software according to the best fit alignment method. In this method one of the 

STL files (the floating model) is moved to share physical spaces with the other one (the 

fixed model) which is then considered as reference. The accuracy of this registration 

approach depends on the initial surface representation ( conversion of DICOM to STL). 

This conversion was performed by 3Diagnosys software. For all CBCT and MSCT data 

sets, surfaces were generated for the regions defined by identical threshold values and 

quality settings in order to standardize the registration accuracy. However based on the 

image quality of different scans (using different scanner and scan settings), the 

exported STL files of the same objects were slightly different. This could be a source of 

error in the automatic registration. 

Although our studies are comparable to other studies on CBCT bone density 

measurements, our methodology had the advantages of using human material and the 

3D registration procedure. Although our studies showed that the voxel gray values 

obtained with CBCT and MSCT have a high correlation, CBCT still has serious 

limitations for the evaluation of bone density, which require further study. Considering 

the effective scanning factors and ROI, CBCT is still far away from the requirements for 

assessing bone quality. Often the user is not aware of the effects of choosing specific 

settings on his CBCT device or of the image artifacts that inevitably are inherent to 

CBCT technology. This lack of information seems to be present in the majority of 

studies on CBCT bone quality assessments. Bridging the gap between manufactures 

and researchers will lead to a better technical and clinical understanding of the 

feasibility of CBCT for bone density evaluations.  

It has been recently claimed that by the improvement of scanner technology a few 

CBCTs now are calibrated and with these machines real HU could be directly derived. 

This can lead to an accurate and straightforward evaluation of bone quality by 

practitioners. However its accuracy should be studied in the clinical setting first of all. 

Further assessment of new claims of CBCTs regarding the reliability of derived HU 

values using different settings and object locations are also recommended. In case of 
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accessibility of calibrated CBCTs, the derived HU at potential implant sites can be 

compared to the outcome of subjective bone quality at these sites. 

In conclusion, although  gray level values from CBCT images show a high correlation 

with calibrated HU, the effect of object position as well as type of the device and 

scanning parameters on CBCT gray values make that this imaging modality (as it 

currently stands) is unsuitable for the evaluation of bone density. However our 

conclusions are confined only to the assessed CBCT scanners Accuitomo170 and 

NewTom 5G. 
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Summary  

 

The aim of this dissertation was to assess the potential of cone beam computed 

tomography in bone quality assessment prior to implant placement. The emphasis was 

on radiographic bone density measurement as one of the most important criteria of 

bone quality. 

In chapter 1, the definition of bone quality and its relation with implant treatment 

success was explained. The application of different modalities in bone density 

measurement were compared, but the main focus was on MSCT as the gold standard 

for radiographic bone density measurement and CBCT as the modality under study. 

Previous efforts on assessing the usefulness of CBCT in bone density measurements 

were also mentioned. The last part of chapter 1, which is based on a published literature 

review, briefly introduced the evaluation of bone micro structures , as the second criteria 

of bone quality. 

In chapter 2, as the first step of the evaluation of CBCT usefulness in bone quality 

assessment, the possible correlation between CBCT gray value and MSCT HU were 

studied. The CBCT machine used for this study was the NewTom 5G (QR, Verona, 

Italy). Although the actual CBCT gray values deviated from calibrated HU, an excellent  

correlation was found between these measurements (r=0.96). The correlation of voxel 

gray values derived from another CBCT scanner (3D Accuitomo 170, J.Morita, Kyoto, 

Japan) and the calibrated HU was further discussed in chapter 4 and a strong 

correlation was observed (r=0.89).Therefore, the results showed the potential reliability 

of the NewTom 5G and 3D Accuitomo 170 in radiographic bone density measurements. 

The aim of chapter 3 was to determine the accuracy of CBCT (3D Accuitomo 170, 

J.Morita, Kyoto, Japan) for measuring trabecular bone microstructure using micro CT as 

gold standard. As the bone microstructural parameters the number of trabeculae (Tb.N), 

the thickness (Tb.Th) and the separation (Tb.Sp) were assessed. CBCT bone 

microstructural measurements using the highest resolution showed high correlations 

with micro CT. We could conclude from this chapter that CBCT can be an accurate tool 

for bone microstructure analysis , taking into account that due to the voxel size CBCT 

introduced overestimation of the measurements of Tb.Sp and Tb.Th. The bone volume 
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fraction (BV/TV) which is the most important histomorphometric bone parameter was 

not considered in this chapter. Therefore the next chapter mainly focused on this 

parameter. 

Chapter 4 aimed to analyze the correlation between bone volume fraction and the 

calibrated HU, derived from micro-CT and MSCT respectively, and also the accuracy of 

CBCT(3D Accuitomo 170, J.Morita, Kyoto, Japan) in evaluating BV/TV using micro-CT 

as the gold standard. An excellent correlation was shown between bone volume fraction 

and bone density as assessed by micro-CT and MSCT, respectively. This suggested 

that bone density measurements could be used to estimate bone microstructural 

parameters. A strong correlation also was found between CBCT BV/TV and its gold 

standards, suggesting the potential of this modality in bone volume fraction assessment 

at implant sites. 

Although a strong correlation was found between CBCT gray values and calibrated HU, 

in chapter 2 and 4, the CBCT scans were done with identical scanning protocols. 

Therefore in chapter 5, we determined the gray values variation at implant sites with 

different scan settings including field of view (FOV), spatial resolution, number of 

projections, exposure time and dose selections in the two cone beam computed 

tomography systems that had been applied in previous chapters. Gray values derived 

from the CBCT machines deviated from each other. In both CBCT systems, the FOV 

and the selected spatial resolution had a statistically significant influence on gray value 

measurements and number of projections as well in 3D Accuitomo 170 system. We 

concluded from this chapter that gray level values from CBCT images are influenced by 

device and scanning setting. So assessing of voxel gray values from CBCT in 

evaluating bone mineral density should be conducted with consideration to the scanning 

parameters. 

In chapter 6, another possible limitation of CBCT (3D Accuitomo 170 and NewTom 5G) 

bone density assessment was studied. This chapter was aiming at the evaluation of the 

variation of gray values at implant sites with different object location within the selected 

field of view. In both CBCT systems object location had a statistically significant 

influence on the gray value measurements. Thus, although in the previous chapters 
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CBCT seems to be suitable for gray value assessment, the effect of object location 

within the CBCT device is a serious limitation of use for the evaluation of bone density. 

Chapter 7 investigated if the metal artifact reduction (MAR) tool used in the software of 

the ORTHOPANTOMOGRAPH® OP300 (Instrumentarium Dental, Tuusula, Finland) can 

improve the measurement of gray value levels in post-operative implant scans. This ex-

vivo study showed that gray voxel values around an implant significantly deviate from 

the original range regardless of the application of the MAR tool. No differences in gray 

value ranges at peri-implant sites were found with and without the application of the 

MAR tool in the CBCT scanner mentioned in this study. Thus, the conclusion of this 

chapter was that the MAR tool in the ORTHOPANTOMOGRAPH® OP300 CBCT 

scanner will not lead to correction of the original voxel gray values in the vicinity of an 

implant. 

In conclusion, although gray level values from CBCT images show a high correlation 

with calibrated HU, the effect of object position as well as type of the device and 

scanning parameters on CBCT gray values make this imaging modality (as it currently 

stands) unsuitable for the evaluation of bone density. 
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         Toepassing van cone beam computed tomography voor de       

         beoordeling van de botkwaliteit voor implantaten 
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Samenvatting 

 

Het doel van het onderzoek dat is beschreven in dit proefschrift, was het evalueren van 

de mogelijkheden van cone beam computed tomography voor het beoordelen van de 

botkwaliteit voorafgaande aan het plaatsen van implantaten. De nadruk lag op de 

bepaling van de botdichtheid als een van de belangrijkste criteria voor botkwaliteit.  

In hoofdstuk 1 wordt de definitie van botkwaliteit besproken en wordt het verband met 

het succes van een implantaat uitgelegd. Verschillende manieren om botdichtheid te 

meten worden vergeleken, maar de nadruk lag op MSCT als de gouden standaard voor 

de röntgenologische meting van botdichtheid en CBCT als de methode die nader werd 

onderzocht. Eerdere pogingen om de bruikbaarheid van CBCT voor 

botdichtheidsmetingen te bepalen, worden eveneens besproken. Het laatste deel van 

hoofdstuk 1 is gebaseerd op een gepubliceerd literatuur overzicht en introduceert kort 

de evaluatie van de botmicrostructuur als het tweede criterium voor botkwaliteit.  

In hoofdstuk 2 wordt in het kader van de evaluatie van CBCT voor de beoordeling van 

botkwaliteit, allereerst de mogelijke correlatie tussen CBCT grijswaarden en MSCT HU 

(Hounsfield Units) waarden onderzocht. Het CBCT toestel dat werd gebruikt in dit 

onderzoek was de NewTom 5G (QR, Verona, Italie). Hoewel de feitelijke CBCT 

grijswaarden afweken van gekalibreerde HU waarden, werd er een uitstekende 

correlatie gevonden tussen deze waarden (r=0.96). De correlatie tussen de 

grijswaarden verkregen met een andere CBCT scanner (3D Accuitomo 170, J.Morita, 

Kyoto, Japan) en de gekalibreerde HU waarden wordt verder besproken in hoofdstuk 4. 

Ook hier werd een sterke correlatie gezien (r=0.89). De resultaten tonen daarom dat de 

NewTom 5G en de 3D Accuitomo 170 mogelijkheden bieden voor röntgenologische 

botdichtheidsmetingen. 

Het doel van het onderzoek dat is beschreven in hoofdstuk 3, was het bepalen van de 

nauwkeurigheid van CBCT (3D Accuitomo 170, J.Morita, Kyoto, Japan) voor het meten 

van de trabeculaire microstructuur met micro CT als de gouden standaard. Als 

parameters voor de botmicrostructuur werden het aantal trabeculae (Tb.N), de dikte 

(Tb.Th) en de onderlinge afstand (Tb.Sp) van de trabekels beoordeeld. Metingen van 

de botmicrostructuur met CBCT met de hoogste resolutie toonde een grote correlatie 
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met micro CT. De conclusie van dit hoofdstuk was dat CBCT een nauwkeurige methode 

kan zijn voor de analyse van de botmicrostructuur, rekening houdend met het feit dat 

als gevolg van de voxelafmetingen CBCT een overschatting geeft voor de metingen van 

Tb.Sp en Tb.Th. De botvolumeverhouding (BV/TV) die de meest belangrijke 

histomorfometrische parameter is, werd niet betrokken in de uitkomsten van dit 

hoofdstuk. Daarom staat deze parameter centraal in het volgende hoofdstuk.  

In hoofdstuk 4 wordt een analyse gegeven van de correlatie tussen de botvolume 

fractie en de gekalibreerde HU-waarden, verkregen met micro-CT en MSCT. Ook wordt 

de nauwkeurigheid van CBCT (3D Accuitomo 170, J.Morita, Kyoto, Japan) beoordeeld 

voor het evalueren van de BV/TV verhouding met micro-CT als de gouden standaard. 

Er werd een uitstekende correlatie aangetoond tussen de bot/volume fractie en de 

botdichtheid zoals bepaald met behulp van micro-CT en met MSCT. Dit wijst erop dat 

botdichtheidsmetingen kunnen worden gebruikt om parameters met betrekking tot de 

microstructuur van bot te schatten. Er werd ook een sterke correlatie gevonden tussen 

de BV/TV van CBCT en de gouden standaarden. Dit wijst op de toepasbaarheid van 

deze opnametechniek voor het beoordelen van de botvolume fractie geplande 

implantaatlocaties. 

Er werd weliswaar een sterke correlatie gevonden tussen CBCT grijswaarden en 

gekalibreerde HU waarden in de hoofdstukken 2 en 4, maar alle CBCT scans waren 

gedaan met dezelfde scanprotocollen. Daarom is in hoofdstuk 5 een beschrijving 

gegeven van de variatie in grijswaarden op verschillende implantaat locaties bij 

verschillende scan instellingen inclusief de veldgrootte (FOV), de ruimtelijke resolutie, 

het aantal projecties, de belichtingstijd en de keuze van de dosis voor de twee CBCT 

systemen die waren toegepast in eerdere hoofdstukken. De grijswaarden welke waren 

verkregen met de CBCT toestellen, verschilden van elkaar. In beide CBCT systemen 

had de FOV en de gekozen ruimtelijke resolutie een statistisch significante invloed op 

de grijswaarde bepalingen. Het aantal projecties was ook van invloed bij het 3D 

Accuitomo 170 system. De conclusie in dit hoofdstuk was dat grijswaarden van CBCT 

beelden worden beïnvloed door het toestel en door de scan instellingen. Dus de 

beoordeling van voxel grijswaarden afkomstig van CBCT voor botdichtheid metingen 

moet worden gedaan rekening houdend met de scan instellingen.  
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In hoofdstuk 6 werd een andere mogelijke beperking van CBCT (3D Accuitomo 170 en 

NewTom 5G) voor de beoordeling van botdichtheid onderzocht. Dit hoofdstuk was 

gericht op de evaluatie van de variatie in grijswaarden op implantaat locaties die zich op 

verschillende plaatsen in het geselecteerde FOV bevonden. In beide CBCT systemen 

had de plaats van het object een statistisch significante invloed op de grijswaarde 

bepalingen. Alhoewel in de vorige hoofdstukken CBCT dus geschikt leek te zijn voor de 

beoordeling van grijswaarden, is de plaats van het object in het CBCT-toestel een 

ernstige beperking voor de toepassing voor de evaluatie van botdichtheid.  

Hoofdstuk 7 beschrijft het onderzoek van de Metal Artefact Reduction (MAR)-optie ter 

vermindering van metaal-artefacten in de beelden, zoals deze wordt toegepast in de 

software van de ORTHOPANTOMOGRAPH® OP300 (Instrumentarium Dental, Tuusula, 

Finland). De vraag was of dit de meting van grijswaarden kan verbeteren in 

postoperatieve scans. Dit ex-vivo onderzoek toonde aan dat voxel grijswaarden rondom 

een implantaat afwijken van de originele grijswaarden, onafhankelijk van de toepassing 

van de MAR-optie. Er werden geen verschillen gevonden tussen grijswaarden rondom 

implantaten zonder en met gebruikmaking van de MAR-optie bij de CBCT scanner die 

was gebruikt in dit onderzoek. De conclusie van dit hoofdstuk was daarom dat de MAR-

optie in de ORTHOPANTOMOGRAPH® OP300 CBCT scanner niet leidt tot een 

correctie van de originele voxel grijswaarden in de buurt van het implantaat. 

De grijswaarden van CBCT beelden vertonen een hoge correlatie met gekalibreerde 

HU-waarden. Toch is de eindconclusie dat vanwege het effect van de locatie van het 

object in de scanner, het type scanner en de scan-instellingen op de grijswaarden in de 

gereconstrueerde beelden, CBCT bij de huidige stand van de techniek niet zonder meer 

geschikt is voor de evaluatie van botdichtheid. 
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