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Abstract
Objectives: The aim of this study was to review the bone den-

sity assessment techniques and evaluate the macroscopic structure of 
bone specimens scored by Hounsfield Units (HUs) and decide if they 
are always in congruence. 

Methods: The mandible of a formalin-fixed human cadaver was 
scanned by dental volumetric tomography (DVT) for planning of the 
specimen positions and fabrication of a surgical guide and a surgical 
stent was fabricated afterwards. Bone cylinders of 3.5 mm diameter 
and 5 mm length, were excised from the mandible using the surgical 
stent with a slow speed trephine drill. After removal of the cylinders 
two more scans were performed and the images of the first scan were 
used for the determination of the HU values. The removed bone cyl-
inder was inspected macroscopically as well by micro-CT scan. 

Results: The highest HU values were recorded in the interfo-
raminal region, especially in the midline (408–742). Posterior regions 
showed lower HU values, especially the first molar regions (22–61 for 
the right; 14–66 for the left first molar regions). 

Conclusion: Within the limitations of this pilot study, it can be 
concluded that HU values alone could be a misleading diagnostic tool 
for the determination of bone density.

Introduction 
Dental implants play an important role in the treatment of partial 

or complete edentulism. Although the success is very high, posterior 
maxilla can withstand lower mechanical forces because of its thinner 
cortical layer, and the lower density of the maxillary spongiosa [1] 
thus is more critical than other sites. Furthermore, the maxillary sinus 
restrict the available bone volume, necessitating shorter implants and/
or grafting procedures [2].

Bone density plays an important role in planning of implant 
dentistry in terms of timing of loading as well as number of implants 
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to be used for denture support especially in critical locations such as 
posterior maxillae. Bone mass, structural properties (macro- and mi-
croarchitecture), and material properties (modulus of elasticity, min-
eral density, etc.) constitute mechanical competence of bone, which is 
commonly referred to as bone quality in implant dentistry [3]. Sub-
stantial variations in bone quality in corresponding anatomical sites 
and direct correlation between bone quality and implant success rates 
exist [4]. Since mechanical behavior of bone is a critical factor in the 
attainment and maintenance of osseointegration, several classifica-
tion systems and procedures were advocated for assessing bone qual-
ity and predicting prognosis [5,6].

These assessment methods have various limitations in addressing 
cortical and cancellous bones in a subjective and quantitative man-
ner. There are several radiological methods for bone mineral density 
(BMD) measurements yielding close relationships such as dual-X-ray 
absorptiometry (DXA) scanning [7] and Hounsfield unit (HUs) from 
computed tomography imaging [7]. Texture analysis has been applied 
in micro-CT [8], while Hounsfield units (HU) have been used in spi-
ral CT as a measure, related to jaw BMD [9]. Cone beam computed 
tomography (CBCT) is a more recent development than spiral CT. 
Its clinical application in the field of dentomaxillofacial radiology is 
gaining importance and spreading widely [10–12], but the available 
research on CBCT-based bone quality assessment is scarce. Low dose 
CBCT is often advised for implant planning, considering the possibil-
ity to gather clinically relevant 3D data at a low dose, but CBCT does 
not necessarily allow reliable and accurate bone quality assessment 
when focusing on the inherent radiographic density information that 
is otherwise expressed by HU [13]. On the other hand, a very recent 
study reported of a strong positive correlation of radiographic bone 
density assessed by CBCT with bone volumetric fraction assessed by 
micro-CT at the site of dental implants in the maxillary bones [14].

Although strong correlations exist, still a 30–50% of unaccount-
ed variance in mechanical properties from bone density measurement 
has been reported [15,16]. Osteoporotic cancellous bone is character-
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ized by low bone mass as well as a deterioration of the microarchitec-
ture. Whether a patient is diagnosed osteoporotic depends only on 
his/her BMD and how this BMD value compares to a population aver-
age [17]. Clinical results have shown that BMD of patients with osteo-
porotic bone fractures and patients without such fractures can have a 
substantial overlap [18], causing variance similar to that in density—
mechanical property relationship studies. The microarchitecture of 
cancellous bone has been largely attributed to this variance; density 
approximates the amount of bone tissue within a cancellous bone 
specimen but it does not quantify the microarchitecture that is inher-
ent. Together with bone density readings, a quantitative measurement 
of microarchitectural parameters may improve our ability to better 
estimate bone strength [19]. Microcomputed tomography (micro-
CT) is a relatively new method to image and quantify bone with very 
high resolution [14,20]. Microcomputed tomography (micro-CT) 
scanners, with similar working principle as conventional clinical CT 
scanners, have been used to study microstructure of materials in three 
dimensions and to study the relationship between microarchitectural 
parameters [21] and mechanical properties of cancellous bone [22]. 
Micro-CT may not be applicable routinely in clinical practice for now, 
although as a reliable method for bone mass and structure evalua-
tion, it might offer much needed insight into bone quality assessment 
by providing objective and quantitative microstructural data. Image 
datasets of human cancellous bone specimens at micron resolution 
were acquired and from these datasets, microarchitectural parameters 
have been determined and converted into microfinite element (FE) 
models [23]. It was shown that the predictive power of bone strength 
and stiffness was improved with the combination of bone density and 
microarchitecture information and this work supported the predic-
tion of microarchitecture using current clinical computed tomogra-
phy imaging technology [23].

While clinical CT scanners typically produce images composed 
of 1 mm3 volume elements (voxels), X-ray microcomputed tomog-
raphy (micro-CT or μCT) systems developed in the early 1980s 
had much better spatial resolution, producing voxels in the range of 
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5–50 μm, or approximately 1,000,000 times smaller in volume than 
CT voxels [24,25]. Early micro-CT scanners were custom-built and 
not widely available. Compact commercial systems are now available 
and are rapidly becoming essential components of many academic 
and industrial research laboratories. A wide range of specimens may 
be examined directly using Micro-CT including mineralized tissues 
such as teeth, bone, and materials such as ceramics, polymers, or bio-
material scaffolds [26].

Micro-CT systems are now widely used in many academic fields, 
several recent reviews have presented the current state of micro-CT 
imaging and analysis of them [14,27–30].

Emphasis has traditionally been placed on the cortical bone as 
quality predictor due to its stiffness for achieving primary stabiliza-
tion [31,32]. However, a dental implant is mainly in contact with 
cancellous part of bone, and mechanical characteristics of cancel-
lous bone also influence the load bearing capacity of implant-bone 
union. In fact, the presurgical determination of bone density plays an 
important role in planning of the surgical procedure as well as pros-
thetic treatment. In another study human cadaveric maxillary and 
mandibular trabecular bone with 3D morphometric data acquired 
through micro-CT were analyzed and correlated with bone density 
measurements in Hounsfield scale and Lekholm-Zarb bone classifica-
tion [3,5].

Micro-CT is a nondestructive, fast, and precise technique that 
allows measurements of trabecular and cortical bone [26]. It can pro-
vide a spatial representation of bone formation at the implant surface 
and the peri-implant region up to a few microns or even better, and 
can evaluate both qualitative and quantitative morphometry of bone 
integration about dental implants [33].

The aim of this pilot study was to review the current literature 
about bone density assessment and evaluate the macroscopic struc-
ture of bone specimens having been scored by Hounsfield units afore.
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Material and Methods
Experimental Protocol 

Preoperative CBCT Imaging 
The mandible of a formalin-fixed human cadaver was involved 

in this study. After removal of the mandible from the cadaver, the 
obtained mandible was scanned by dental volumetric tomography 
(DVT) for planning of the specimen positions and fabrication of a 
surgical guide. The scan of the mandible was performed with a New-
tom (Newtom Cone Beam 3D Imaging, AFP Imaging Corporation, 
New York, USA; Figure 1). A surgical guide was fabricated on the cast 
obtained from an impression of the alveolar process of the mandible 
(Figure 2).

 

Figure 1: Newtom cone beam 3D imaging equipment.
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Figure 2: The surgical guide which was fabricated on the cast obtained from an impres-
sion of the alveolar process of the mandible.

Specimen Preparation 
Bone cylinders of 3.5 mm diameter and 5 mm length, were ex-

cised from a cadaver mandible using the surgical stent (Figure 3). Ex-
cising of bone cylinders from the mandibular body was done using 
a slow speed trephine drill (Trephine Drill 3.5 mm × 22 mm, Salvin 
Dental Specialties, Inc, Charlotte, NC, USA) under constant irriga-
tion by the use of the prepared stent (Figure 4). Nine bone cylinders 
in total were extracted for the experiment; cylinders were stored in 
consequently numerated 0.9% saline solution containing little ves-
sels. However, since 2 of the cylinders were damaged during removal, 
these were excluded from the study. The 5 mm cylinder length was 
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chosen to satisfy continuum assumption, so that mechanical proper-
ties derived for each cylinder was representative of the whole bone 
[34].

 

Figure 3: Excised bone cylinders using the surgical stent.
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Figure 4: Excision of bone cylinders from the mandibular body using a slow speed 
trephine drill.

Postoperative CBCT Imaging and Determination 
of the Hounsfield Units 

After removal of the cylinders two more scans were performed, 
with the surgical stent and without surgical the stent, respectively. 
The images of the first scan were used for the determination of the 
Hounsfield Unit values. The cavities of the removed bone specimens 
were localized by viewing the second and third scan images and the 
Hounsfield Unit values of the missing bone cylinders was determined 
by taking the mean of five values: coronal, apical, buccal, lingual, and 
the center. The software (Newtom Imaging Software, AFP Imaging 
Corporation, New York, USA) is capable of giving graphically the HU 
values of the marked zone. For each bone cylinder, the raw CT values 
were converted into HU by means of the following formula [35]: HU 
=) where , , and are the values of bone, saline, and air, respectively.
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Micro-CT Imaging 
As a part of the pilot study, the bone cylinder on the left first pre-

molar molar region of human cadaver bone was randomly chosen for 
micro-CT scanning. The bone cylinder was placed in a custom vessel 
wrapped in paper soaked with saline solution to prevent any desic-
cation, and isotropically scanned at 14 μm resolution with a model 
1172 micro-CT scanner (Skyscan, Kontich, Belgium) using a CBCT 
scanning technique (Figure 5). CBCT is a novel CT image acquisition 
technique in which up to a several hundred CT images (as opposed to 
1–3 images in normal CT) are reconstructed by one data acquisition 
as the data on the fluoroscopic image is handled as plane data. The to-
tal time required for scanning and reconstruction was approximately 
30 minutes per sample, thus deterioration of the bone cylinder as a re-
sult of being exposed to ambient conditions was significantly reduced. 
To ensure a consistent CT image resolution among all the datasets, 
the scanner turntable location was fixed at a specific SOD and SID 
distance of 19.03 mm and 356.90 mm, respectively. The X-ray param-
eters were set at 51 kV and 200 μA and the CT images were processed 
at a scaling coefficient of 50 and averaged three times. With these pa-
rameters, together with a 0.5 mm aluminum plate placed at the X-
ray detector, a good contrast was achieved in the resultant CT images 
between trabeculae. Resultant dataset had an isotropic resolution of 
14.836 μm. Resultant CT images for each bone cylinder was evaluated 
for microarchitectural parameters [19] such as tissue volume, bone 
volume, percent bone volume, tissue surface, bone surface, intersec-
tion surface, bone specific surface, bone surface density, trabecular 
bone pattern factor, structure model index, trabecular thickness, tra-
becular number and trabecular separation (CT Analyzer, Skyscan, 
Belgium) (Figure 6).
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Figure 5: The photograph of the micro-CT scanner.

 
Figure 6: The micro-CT image of the cylinder-shaped bone specimen.
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Results
Relationship between Microarchitectural Param-

eters and Hounsfield Unit and Interrelationship be-
tween Microarchitectural Parameters 

The main objective of this study was to study the possibility of 
inferring of microarchitectural parameters from clinical CT images.

The rate of cancellous bone volume in the total volume of core 
is the bone volume density (BV/TV), which was in the range of 0.12–
0.29 for the sample.

All the measured HU values, means, and ranges are shown in 
Table 1. The highest HU values were encountered in the interforami-
nal region, especially in the midline (408–742). Posterior regions 
showed lower HU values, especially the first molar regions (22–61 for 
the right; 14–66 for the left first molar regions). The bone cylinder 
which was scanned by micro-CT showed an incongruous structure 
when HU of the donor site was considered. The HU values indicated 
a higher density bone, whereas the Micro CT image revealed rather a 
spongious bone (Figure 6).
Table 1: HU values of the specified regions.

Region HU values HU range HU mean
1 84 40 50 74 66 40–84 62,8
2 32 61 44 30 22 22–61 37,8
3 164 92 74 129 155 74–164 122,8
4 234 285 378 354 308 234–378 311,8
5 742 614 534 586 408 408–742 576,8
6 384 425 331 285 456 285–456 376,2
7 124 185 98 82 155 82–185 128,8
8 24 66 62 14 26 14–66 38,4
9 84 107 42 34 26 26–107 58,6
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Discussion 
Our primary objective of studying the relationship between HU 

from CT images and microarchitectural parameters, density given in 
objective values (mg/cm3) and HU, was the evaluation of a diagnostic 
tool for in vivo assessment of bone quality.

A formalin-fixed cadaver mandible was harvested and used in 
the present study for several reasons. The main reason was the ease 
to obtain in comparison to a fresh cadaver as recommended in a few 
studies [36,37]. Another reason was the protection from communica-
ble diseases. Tissue fixation with 10% formalin (4% formaldehyde) is 
widely used to preserve specimens without refrigeration, offering re-
searchers the added benefit of protection from specimens with com-
municable diseases [38–42]. Although it is assumed that formalin 
fixation alters the mechanical properties of bone, studies failed to de-
duce quantitative data [43,44]. Chemical fixation through the use of 
aldehydes has been shown to cause a direct effect on bone mechanical 
properties by forming an increased number of inter- and intrafibrillar 
cross-links of primary amine groups of polypeptide collagen chains 
[38,44] have shown that while formalin fixation has no effect on the 
mineral composition of bone, it causes the collagen fibrils to be more 
closely packed. However, in a recent study it was reported that for-
malin fixation and freezing would not adversely affect the viscoelas-
tic and elastic mechanical properties of murine bone [45]. The use of 
embalmed bone is known to be used in studies testing the mechani-
cal behavior and efficacy of fracture fixation devices, joint prostheses, 
and other reconstructive orthopedic devices [46].

Accuracy of micro-CT was qualitatively evaluated by compar-
ing to standard histomorphometric data with the corresponding CT 
slices for the same specimen. The results showed that, in general there 
was a good correlation between histomorphometric data and mi-
crotomographic data. One author obtained a correlation coefficient 
of 0.855 [33].
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The result from this pilot study has raised doubt that in addi-
tion to bone density, bone microarchitectural parameters can also be 
predicted from clinical-CT imaging. We chose to use the CBCT, as it 
is a three-dimensional measurement often used in dentistry. In simi-
lar studies [47,48], it was reported that to reasonably evaluate cancel-
lous bone architecture, image datasets of resolutions not more than 
100 μm should be used. Microarchitectural parameters from both 
clinical-CT imaging and histological sections were also compared 
and it was shown that high-resolution clinical-CT resulted in an over-
estimation of microarchitectural parameters. In a recent study [3], the 
scan was initially utilized to assess bone quality subjectively in Lek-
holm and Zarb classification [5] at incisor and molar edentulous sites 
by rating the distribution of cortical and cancellous bones and density 
of cancellous bone in HU was determined through a function of the 
CT equipment by averaging the readings of multiple slices within re-
spective sites. Similarly, in our study, the Hounsfield units were deter-
mined by taking the average of five values of the removed cylinders: 
coronal, apical, buccal, center, and lingual, additionally stating the 
range of HU values of each cylinder.

For harvesting the cylinders a trephine drill was used as de-
scribed in another study [3]. There is great difficulty in accurately 
excising bone specimens that correspond to the exact CT volume of 
interest, if the bone specimens are to be excised after clinical imaging, 
as pointed out in a previous study [23]. In the previously mentioned 
study, the specimens were scanned after removal from the bone for 
this reason. However in the present study we preferred to use the 
whole mandible in the CBCT to mimic the clinical application.

In a study by Fanuscu and Chang [3], the anterior sites in both 
arches were noted to be volumetrically denser than the posterior sites, 
indicating varying bone mass. It was noted that volume density re-
mained depthwise stable in the maxilla, whereas in the mandible it 
decreased with depth in the corono-apical direction, as being seen in 
our study too.
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Current classifications and procedures for evaluating bone have 
certain shortcomings as mechanical competence in terms of mass, 
structure and material is not well addressed for trabecular bone. 
There have been unsuccessful attempts to quantify bone density in 
consideration of mechanical strength. Friberg et al. [49] proposed an 
objective cutting resistance procedure that might provide a compos-
ite value for mechanical characteristics in predicting bone quality for 
initial stability. However, mechanics of drilling with a bur and with-
standing occlusal forces by an implant has to be further investigated 
and correlated. Trisi and Rao [50] compared histomorphometrics and 
hand-felt cutting resistance and demonstrated that subjective tactile 
sensation was proved to be poor in discerning finer differences.

About ten years ago an image-based bone density classification 
that utilizes gray-scale values through CT was suggested [51]. The 
method of preoperative bone density measurement was advocated as 
a prognostic indicator in which site-specific, objective and quantita-
tive results on the Hounsfield scale would provide bone-quality infor-
mation. Following this perspective, the reliability of Hounsfield units 
in predicting bone density was evaluated in this preliminary study. 
The proposed classification evaluates bone mass; however, its me-
chanical value is limited without structural and material properties. 
Riggs et al. [52] reported on bone mass increase in osteoporotic pa-
tients by medications and found that bone strength was not increased 
and fracture risk was not lowered as much as expected by the gain in 
bone density. This suggests that there is an important influence of the 
complex microarchitecture on the mechanical competence of bone.

It should be underlined that CBCT data have a larger amount of 
scattered X-rays than conventional spiral CT. This may enhance the 
noise in reconstructed images, and thus affect the low contrast detect-
ability [53]. Because of scatter and artifacts, HU values in CBCT are 
not valid, and therefore the method of correlating BMD to HU values 
from CBCT is not ideal. Moreover, the scatter and artifacts in CBCT 
get worse around inhomogeneous tissues with reduced HU values 
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up to 200 HU [54], which confirms that the HU in CBCT is not a 
valid method for bone quality assessment. Since up till now CBCT-
based bone quality assessment is neither accurate nor reliable, there 
is a need to find methods to circumvent the shortcomings of this par-
ticular development, so as to have a reliable way to assess bone qual-
ity or there is a need for methods, other than density measurements, 
for bone quality assessment. In a bone density assessment study it 
was concluded that mandibular cortical bone was denser than corti-
cal bone of the upper maxilla, whereas cancellous bone has similar 
densities in both mandible and the upper maxilla. The main problem 
appears to lie in the differentiation of tissues of similar density [14]. 
Texture analysis may thus come into play, which is strengthened by 
the fact that bone quality may be expressed by its microarchitectural 
composition. May be for this reason a very recent study concluded 
that correlation of micro-CT and conventional histomorphometry 
should be subject of future research [14]. In contrast to classic histo-
morphometry architectural metric parameters such as bone volume 
(BV), total volume (TV), and bone surface can be directly determined 
from the 3D images acquired by micro-CTs, without assuming the 
geometric model [55].

The increased failure rate of implants that are placed in posterior 
regions was attributed to differences in bone quality and quantity and 
elevated occlusal stress in the molar areas [56,57]. Therefore it is very 
important to analyze the bone density in posterior maxillae before 
implant surgery.

Within the limitations of this pilot study, it can be concluded that 
HU values alone could be a misleading diagnostic tool for the deter-
mination of bone density. It is advisable to concentrate future research 
on density quantification from clinical CT images and relate those to 
various bone types with different mechanical properties to be able to 
make predictions concerning the bone quality.



18 www.avidscience.com

Top 10 Contributions on Dental Science

Acknowledgments 
The team would like to thank SKYSCAN for offering the micro-

CT scanning possibility and technical support. They appreciate the 
kind efforts of Asim Horasan (Chief Engineer in Teknodent) in giv-
ing technical and logistic assistance for this study. The authors declare 
that there are no conflict of interests in this study.

References
1. J Roos, L Sennerby, U Lekholm, T Jemt, K Gröndahl, et al. A 

qualitative and quantitative method for evaluating implant 
success: a 5-year retrospective analysis of the Brånemark 
implant, International Journal of Oral and Maxillofacial Im-
plants. 1997; 12: 504–514. 

2. I Naert, G Koutsikakis, M Quirynen, J Duyck, D van Steen-
berghe, et al. Biologic outcome of implant-supported resto-
rations in the treatment of partial edentulism part 2: a lon-
gitudinal radiographic evaluation, Clinical Oral Implants 
Research. 2002; 13: 390–395. 

3. MI Fanuscu, TL Chang. Three-dimensional morphometric 
analysis of human cadaver bone: microstructural data from 
maxilla and mandible, Clinical Oral Implants Research. 
2004; 15: 213–218. 

4. T Jemt, U Lekholm. Oral implant treatment in posterior 
partially edentulous jaws: a 5-year follow-up report, Inter-
national Journal of Oral and Maxillofacial Implants. 1993; 
8: 635–640. 

5. U Lekholm, GA Zarb. Patient selection and preparation, in 
Tissue Integrated Prostheses: Osseointegration in Clinical 
Dentistry. In: PI Branemark, GA Zarb, T Albrektsson, edi-
tors. Chicago: Quintessence Publishing. 1985; 199–209. 

6. CE Misch. Density of bone: effect on treatment planning, 
surgical approach, and healing. In: CE Misch, editor. Con-



19

Top 10 Contributions on Dental Science

www.avidscience.com

temporary Implant Dentistry. St. Louis: Mosby-Year Book. 
1993; 469–485. 

7. G Dougherty. Quantitative CT in the measurement of bone 
quantity and bone quality for assessing osteoporosis, Medi-
cal Engineering and Physics. 1996; 18: 557–568. 

8. Apostol L, Boudousq V, Basset O, Odet C, Yot S, et al. Rel-
evance of 2D radiographic texture analysis for the assess-
ment of 3D bone micro-architecture, Medical Physics. 2006; 
33: 3546–3556. 

9. N Stoppie, V Pattijn, T van Cleynenbreugel, M Wevers, JV 
Sloten, et al. Ignace, Structural and radiological parameters 
for the characterization of jawbone, Clinical Oral Implants 
Research. 2006; 17: 124–133. 

10. ME Guerrero, R Jacobs, M Loubele, F Schutyser, P Suetens, 
et al. van Steenberghe, State-of-the-art on cone beam CT 
imaging for preoperative planning of implant placement, 
Clinical Oral Investigations. 2006; 10: 1–7. 

11. M Loubele, F Maes, F Schutyser, G Marchal, R Jacobs, et al. 
Assessment of bone segmentation quality of cone-beam CT 
versus multislice spiral CT: a pilot study, Oral Surgery, Oral 
Medicine, Oral Pathology, Oral Radiology and Endodontol-
ogy. 2006; 102: 225–234. 

12. WC Scarfe, AG Farman, P Sukovic Clinical applications of 
cone-beam computed tomography in dental practice, Jour-
nal of the Canadian Dental Association. 2006; 72: 75–80. 

13. A Yamashina, K Tanimoto, P Sutthiprapaporn, Y Hayakawa. 
The reliability of computed tomography (CT) values and di-
mensional measurements of the oropharyngeal region using 
cone beam CT: comparison with multidetector CT, Den-
tomaxillofacial Radiology. 2008; 37: 245–251. 



20 www.avidscience.com

Top 10 Contributions on Dental Science

14. R González García, F Monje. The reliability of cone-beam 
computed tomography to assess bone density at dental im-
plant recipientsites: a histomorphometric analysis by micro-
CT, Clinical Oral Implants Research. In Press. 

15. TM Keaveny, OC Yeh. Architecture and trabecular bone—
toward an improved understanding of the biomechanical 
effects of age, sex and osteoporosis, Journal of Musculoskel-
etal Neuronal Interactions. 2002; 2: 205–208. 

16. GH van Lenthe, JPW van den Bergh, ARMM Hermus, R. 
Huiskes. The prospects of estimating trabecular bone tissue 
properties from the combination of ultrasound, dual-ener-
gy X-ray absorptiometry, microcomputed tomography, and 
microfinite element analysis, Journal of Bone and Mineral 
Research. 2001; 16: 550–555. 

17. JA Kanis. Osteoporosis III: diagnosis of osteoporosis and as-
sessment of fracture risk, The Lancet. 2002; 359: 1929–1936. 

18. Majumdar S, Genant HK, Grampp S, Newitt DC, Truong 
VH, et al. Correlation of trabecular bone structure with 
age, bone mineral density, and osteoporotic status: in vivo 
studies in the distal radius using high resolution magnetic 
resonance imaging, Journal of Bone and Mineral Research. 
1997; 12: 111–118. 

19. HK Genant, C Gordon, Y Jiang, TF Lang, TM Link, et al. 
Advanced imaging of bone macro and micro structure, 
Bone. 1999; 25: 149–152. 

20. P Rüegsegger, B Koller, R Müller. A microtomographic sys-
tem for the nondestructive evaluation of bone architecture, 
Calcified Tissue International. 1996; 58: 24–29. 

21. AM Parfitt. Bone histomorphometry: standardization of 
nomenclature, symbols and units, Bone. 1988; 9: 67–69. 



21

Top 10 Contributions on Dental Science

www.avidscience.com

22. D Ulrich, B van Rietbergen, A Laib, P Rüegsegger. The abil-
ity of three-dimensional structural indices to reflect me-
chanical aspects of trabecular bone, Bone. 1999; 25: 55–60. 

23. JC Teo, KM Si Hoe, JE Keh, SH Teoh. Relationship between 
CT intensity, micro-architecture and mechanical properties 
of porcine vertebral cancellous bone, Clinical Biomechan-
ics. 2006; 21: 235–244. 

24. LA Feldkamp, SA Goldstein, AM Parfitt, G Jesion, M 
Kleerekoper. The direct examination of three-dimensional 
bone architecture in vitro by computed tomography, Journal 
of Bone and Mineral Research. 1989; 4: 3–11. 

25. JL Kuhn, SA Goldstein, LA Feldkamp, RW Goulet, G Je-
sion. Evaluation of a microcomputed tomography system 
to study trabecular bone structure, Journal of Orthopaedic 
Research. 1990; 8: 833–842. 

26. MV Swain, J Xue. State of the art of micro-CT applications 
in dental research, International Journal of Oral Science. 
2009; 1: 177–188. 

27. MJ Paulus, SS Gleason, SJ Kennel, PR Hunsicker, DK John-
son. High resolution X-ray computed tomography: an 
emerging tool for small animal cancer research, Neoplasia. 
2000; 2: 62–70. 

28. MD Bentley, MC Ortiz, EL Ritman, J Carlos Romero. The 
use of microcomputed tomography to study microvascula-
ture in small rodents, American Journal of Physiology. 2002; 
282: 1267–1279. 

29. DW Holdsworth, MM Thornton. Micro-CT in small animal 
and specimen imaging, Trends in Biotechnology. 2002; 20: 
34–39. 

30. RE Guldberg, ASP Lin, R Coleman, G Robertson, C Duvall. 
Microcomputed tomography imaging of skeletal develop-



22 www.avidscience.com

Top 10 Contributions on Dental Science

ment and growth, Birth Defects Research Part C. 2004; 72: 
250–259. 

31. Geckili, H Bilhan, T Bilgin. A 24-week prospective study 
comparing the stability of titanium dioxide grit-blasted den-
tal implants with and without fluoride treatment, The Inter-
national Journal of Oral & Maxillofacial Implants. 2009; 24: 
684–688. 

32. N Meredith. Assessment of implant stability as a prognostic 
determinant, The International Journal of Prosthodontics. 
1998; 11: 491–501. 

33. YS Park, KY Yi, IS Lee, YC Jung. Correlation between mi-
crotomography and histomorphometry for assessment of 
implant osseointegration, Clinical Oral Implants Research. 
2005; 16: 156–160. 

34. TP Harrigan, M Jasty, RW Mann, WH Harris. Limitations 
of the continuum assumption in cancellous bone, Journal of 
Biomechanics. 1988; 21: 269–275. 

35. JY Rho, JE Zerwekh, RB Ashman. Examination of several 
techniques for predicting trabecular elastic modulus and 
ultimate strength in the human lumbar spine, Clinical Bio-
mechanics. 1994; 9: 67–71. 

36. I Turkyilmaz, L Sennerby, B Yilmaz, B Bilecenoglu, EN Oz-
bek. Influence of defect depth on resonance frequency anal-
ysis and insertion torque values for implants placed in fresh 
extraction sockets: a human cadaver study, Clinical Implant 
Dentistry and Related Research. 2009; 11: 52–58. 

37. WJ Seong, UK Kim, JQ Swift, YC Heo, JS Hodges, et al. Elas-
tic properties and apparent density of human edentulous 
maxilla and mandible, International Journal of Oral and 
Maxillofacial Surgery. 2009; 38: 1088–1093. 



23

Top 10 Contributions on Dental Science

www.avidscience.com

38. AL Boskey, ML Cohen, PG Bullough. Hard tissue biochem-
istry: a comparison of fresh-frozen and formalin-fixed tissue 
samples, Calcified Tissue International. 1982; 34: 328–331. 

39. ME Nimni, D Cheung, B Strates, M Kodama, K. Sheikh. 
Chemically modified collagen: a natural biomaterial for tis-
sue replacement, Journal of Biomedical Materials Research. 
1987; 21: 741–771. 

40. SL Nuccion, NY Otsuka, JR Davey. The effect of freezing and 
intraosseous fluid on the stiffness behavior of canine trabec-
ular bone, Orthopedics. 2001; 24: 375–380. 

41. S Wingerter, G Calvert, M Tucci, H Benghuzzi, G Russell, 
et al. Mechanical strength repercussions of various fixative 
storage methods on bone, Biomedical Sciences Instrumen-
tation. 2006; 42: 290–295. 

42. A Cömert, AM Kökat, M Akkocaòlu, I Tekdemir, K Akça, 
et al. Fresh-frozen vs. embalmed bone: is it possible to use 
formalin-fixed human bone for biomechanical experiments 
on implants? Clinical Oral Implants Research. 2009; 20, 
521–525. 

43. ED Sedlin, C Hirsch. Factors affecting the determination of 
the physical properties of femoral cortical bone, Acta Or-
thopaedica Scandinavica. 1966; 37: 29–48. 

44. JD Currey, K Brear, P Zioupos, GC Reilly. Effect of formal-
dehyde fixation on some mechanical properties of bovine 
bone, Biomaterials. 1995; 16: 1267–1271. 

45. A Nazarian, BJ Hermannsson, J Müller, D Zurakowski, 
BD Snyder. Effects of tissue preservation on murine bone 
mechanical properties, Journal of Biomechanics. 2009; 42: 
82–86. 

46. GE Chacon, F Dillard, N Clelland, R Rashid. Comparison 
of strains produced by titanium and poly D, L-lactide acid 



24 www.avidscience.com

Top 10 Contributions on Dental Science

plating systems to in vitro forces, Journal of Oral and Maxil-
lofacial Surgery. 2005; 63: 968–972. 

47. R Müller, P Rüegsegger. Micro-tomographic imaging for the 
nondestructive evaluation of trabecular bone architecture, 
Studies in Health Technology and Informatics.1997; 40: 
61–79. 

48. Cendre E, Mitton D, Roux JP, Arlot ME, Duboeuf F, et al. 
High-resolution computed tomography for architectural 
characterization of human lumbar cancellous bone: rela-
tionships with histomorphometry and biomechanics, Os-
teoporosis International. 1999; 10: 353–360. 

49. B Friberg, L Sennerby, J Roos, P Johansson, CG Strid, et al. 
Evaluation of bone density using cutting resistance meas-
urements and microradiography: an in vitro study in pig 
ribs, Clinical Oral Implants Research. 1995; 6: 164–171. 

50. P Trisi, W Rao. Bone classification: clinical—histomorpho-
metric comparison, Clinical Oral Implants Research. 1999; 
10: 1–7. 

51. MR Norton, C Gamble. Bone classification: an objective 
scale of bone density using the computerized tomography 
scan, Clinical Oral Implants Research. 2001; 12: 79–84. 

52. Riggs BL, Hodgson SF, O’Fallon WM, Chao EY, Wahner 
HW, et al. Effect of fluoride treatment on the fracture rate in 
postmenopausal women with osteoporosis, The New Eng-
land Journal of Medicine. 1990; 322: 802–809. 

53. M Endo, T Tsunoo, N Nakamori, K Yoshida. Effect of scat-
tered radiation on image noise in cone beam CT, Medical 
Physics. 2001; 28: 469–474. 

54. S Yoo, FF Yin. Dosimetric feasibility of cone-beam CT-
based treatment planning compared to CT-based treatment 



25

Top 10 Contributions on Dental Science

www.avidscience.com

planning, International Journal of Radiation Oncology Biol-
ogy Physics. 2006; 66: 1553–1561. 

55. P Sukovic. Cone beam computed tomography in crani-
ofacial imaging, Orthodontics and Craniofacial Research. 
2003; 6: 31–36. 

56. W Becker, BE Backer, A Alsuwyed, S Al Mubarak. Long-
term evaluation of 282 implants in maxillary and mandib-
ular molar positions: a prospective study, Journal of Peri-
odontology. 199; 70: 896–901. 

57. V Arisan, N Bölükbaşi, S Ersanli, T Ozdemir. Evaluation 
of 316 narrow diameter implants followed for 5–10 years: a 
clinical and radiographic retrospective study, Clinical Oral 
Implants Research. 2010; 21: 296–307.


