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ABSTRACT

Objectives: To determine the correlation of the bone morphology parameters measured using
periapical radiography, cone-beam computed tomography (CBCT), micro-computed
tomography (micro-CT) and histologic assessment to evaluate bone quality for dental implant
placement.

Materials and methods: Sixty-two bone samples were grouped according to the region of
harvesting: upper anterior (UA: n=12), upper posterior (UP: n=19) lower anterior (LA: n=10)
and lower posterior (LP: n=21). A surgical stent with a radiopaque marker located at the
surgical site was used during radiographic assessments and bone core harvest. For radiographic
assessment, the corresponding area for bone core harvest was localized and was analyzed for the
cortical thickness, the bone density (gray value from periapical radiograph and CBCT; bone
mineral density (BMD), bone volume density (BV/TV), % porosity from micro-CT; and bone
density from histology). The periapical radiographic, CBCT and micro-CT assessments were
compared with the histologic analyses. Data were analyzed using One-way, Pearson correlation
coefficients, and simple linear regression. Inter-rater reliability was evaluated using intra-class
correlation coefficients.

Results: There were the differences in bone morphology among 4 regions. The cortical
thickness was range from 0.87+0.18 to 1.19+£0.24 mm with the highest value at LA region. A
statistically significant difference (p<0.001) was found among the cortical thickness of 4
regions. A high positive Pearson’s correlation coefficient was observed between CBCT and
micro-CT (r=0.933, p<0.01). For bone density assessments, the gray value from periapical

radiograph and CBCT could not discriminate among different regions, while, BMD, BV/TV,



viii

and % porosity from micro-CT, as well as, bone density from histologic analysis showed
statistically significant difference (p<0.01) among 4 regions with the higher density in mandible
(LA and LP) groups than maxilla (UA and UP) groups. There was no correlation between gray
value from periapical radiograph and CBCT (r=-0.237, p=0.064), BMD (r=-0.039, p=0.961),
BV/TV (1=0.107, p=0.408) nor histology measurement(r=-0.006, p=0.765). There was also no
correlation between gray value from CBCT and BMD (r=-0.106, p=0.441), BV/TV (r=-0.057,
p=0.657) nor histology measurement (r=-0.135, p=0.294). A high Pearson’s correlation
coefficient in bone density was observed between BMD and histologic analysis (r=0.812,
p<0.01). Linear regression showed that there was a correlation between CBCT’s cortical
thickness and BMD (r=0.818, r’=0.669), BV/TV (1=0.634, r’=402), porosity (r=-0.662, r'=438)
and histologic bone density (r=0.738, r'=545) .

Conclusions: The mandible (LA and LP) revealed the higher cortical thickness and bone
density than the maxilla (UA and UP) according to the micro-CT and histologic analysis. Gray
value from periapical radiograph and CBCT could not reveal the true bone density that using
BMD, BV/TV, and histology assessment as the references. The cortical thickness measured
from CBCT was correlated with the bone density. This pre-operative parameter could be

utilized as the indicator for bone quality at the implant installation site.

Keywords: Bone quality, cortical thickness, gray values, bone mineral density, cone-beam

computed tomography, Micro-Computed Tomography, histology.



ACKNOWLEDGEMENTS

This thesis in obtaining my degree in Master of Science in oral and
maxillofacial surgery. I could not possibly complete this thesis without strong support from

several persons who support for assistance and preparation

First of all, I would like to express my gratitude to Assoc.Prof.Dr. Srisurang
Suttapreyasri (Major advisor) for her continuous and unfailing support, extensive knowledge,
valuable times and advices. I will remember her great heart for giving me suggestion and
goodwill during my entire study. Also Assist. Prof. Narit Leepong (advisor), for valuable
samples in this thesis, vast knowledge and guiding throughout the thesis work. Especially, the

scientific knowledge at the clinic.

Next, I would like to thank Mr. Kemarajt Kemavongse and all staffs at the
Research center, Faculty of Dentistry, Prince of Songkla University for facilitating for
specimens preparation and analysis. I would like to specially thank Miss Benjawan Triranurat
who help me for the studying. Miss.Sutthinun Kongin, department of Oral Radiology for
radiographs. Miss Miss.Somrudee Atthachit, Center of Nanoimaging (CNI), Faculty of Science,

Mabhidol University for histological images.

I would like to sincerely thank to the Oral and Maxillofacial Surgery Clinic,
Faculty of Dentistry, Prince of Songkla University for the attention and support of the staffs of
Department of Surgery for their kind help and assistance during my time of study. Also I would
say that my deepest gratitude goes to my family that has been supporting my heart and

encouraging me for this thesis.

In conclusion, I appreciate all of you that had been helping me out to the end of
my master. Without you, I wouldn't finish my thesis. I will never forget your generosity and

kindness.

Pradipat Suapear



CONTENTS

CONTENTS

LIST OF TABLES

LIST OF FIGURES

LIST OF ABBREVIATION AND SYMBOLS

CHAPTER

1. INTRODUCTION

1.1 RATIONAL OF STUDY

1.2 REVIEW OF LITERATURE

1.3 OBJECTIVE OF THE STUDY

2. MATERIALS AND METHODS

3. RESULTS

4. DISCUSSION

5. CONCLUSION

REFERENCES

APPENDIX

VITAE

Page

xi
Xii

xvi

19
20
31
59
62
63

75

77



LIST OF TABLE

Comparison of characterized bone with the bone quality classifications

The correlation of various techniques for bone quality assessment

Sample investigated in this study

Summary of the bone density parameters measured from a periapical radiograph,
CBCT, Micro-CT and histologic analysis

The correlation coefficient between periapical radiography gray value

and other bone density parameters from CBCT, Micro-CT or histologic analysis
The correlation coefficient of gray density value of CBCT and other bone
density parameters from Micro-CT or histologic analysis

The correlation coefficient of bone density parameters from Micro-CT

and bone density parameters from histologic analysis

Measurement accuracy of cortical thickness of 4 regions by means,

mean difference (Mean Diff), Absolute value of the mean difference

(Mean Abs), standard deviations, and correlations

The correlation coefficient of cortical thickness from a CBCT and bone density

parameters from a micro-CT and histologic analysis

Xi

Page

13

31

40

46

50

54

57

58



Figure

10.

11.

LIST OF FIGURES

Cawood and Howell classified edentulous jaws according to

a three-dimensional analysis of the anatomy, focusing on the

changes in shape for both vertical and horizontal axes of the alveolar process

Implant success rates as related to bone quality

Periapical radiograph and radiopaque material to localize the
implant installation site. (A)

Periapical radiograph after dental implant placement. (B)
Orthopanthomography (OPG) represents the maxillofacial area
such as the maxilla and mandibular arch, the maxillary sinus

and the inferior alveolar nerve

The bone density measurement from CBCT in grayscale at the implant site
Micro- CT evaluation with 3D reconstruction of a specimen for
bone quality assessment

Histologic analysis for bone density measurement

The conceptual framework of the experimental design.

Study cast for surgical stent construction (9A)

Surgical stent with radiopaque markers for locating

bone quality measurement(9B)

Film No2. with a custom lead step wedge (10A), the length of each
lead steps (10B)

The periapical radiograph with area for gray value measurement (11A).

Area for bone density measurement the cortical (2x2 mm), trabecular (2x3 mm)
and total (2x5 mm) gray value measurement underneath radiopaque marker from

periapical radiograph (11B). Image J program for gray value measurement from

periapical radiograph (11C).

xii

Page

10
11

12

21

22

23

24



Page

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

LIST OF FIGURES (CONTINUED)

Radiographic stent with the parallel hole filled with radiopaque

material to locate the position for bone density measurement (12A)

One volume viewer program for gray density measurement from CBCT

to locate the position for bone density measurement (12B)

Bone trephine for micro-CT and histologic analysis(13A and 13B)
Bone specimen from trephine bur (14A)

Holder of specimen for micro-CT scanning. (14B)

Micro-CT (Scanco 35, Scanco Medical AG, Switzerland) (14C)
The specimens were dehydrated using ascending grades of alcohol,
infiltrated and embedded in methylmethacrylate (MMA)

The specimens were embedded in MMA and completed
polymerization for undecalcified sectioning

Cutting and grind machine for undecalcified sectioning

The specimen was stained with toluidine blue.

Histologic preparation and stained with Toluidine blue for the
measurement percentage area of cortex and trabecular bone

The comparison of the image received from the periapical
radiograph (20a), CBCT (20b), micro-CT (20c, 20d) and
histologic analysis (20e) from the upper anterior region (UA)
The comparison of the image received from a periapical
radiograph (21a), CBCT (21b), micro-CT (21¢,21d) and
histologic analysis (23¢) from UP

The comparison of the image received from a periapical
radiograph (22a), CBCT (22b), micro-CT (22¢,22d) and

histologic analysis (22¢) from LA

xiii

Figure

25

26

27

28

28

29

29

30

33

35

37



LIST OF FIGURES (CONTINUED)

Figure

23. The comparison of the image received from a periapical
radiograph (23a), CBCT (23b), micro-CT (25¢,25d) and
histologic analysis (25¢) from LP

24, Total, cortical and trabecular gray value from periapical radiograph
in each group

25. Total, cortical and trabecular gray density value from CBCT
in each groups

26.  BV/TV (%) from Micro-CT in each groups

27. Trabecular thickness (mm) from Micro-CT in each groups

28.  Porosity (%) from Micro-CT in each groups

29.  Bone mineral density (mg/ccm) from Micro-CT in each groups

30. Cortical bone density (%) from histologic analysis in each groups
31. Trabecular bone density (%) from histologic analysis in each groups
32. Total bone density (%) from histologic analysis in each groups

33. The correlation coefficient between gray value

from periapical radiograph and gray density value from CBCT.
34 The correlation coefficient between gray value

from periapical radiograph and BV/TV from Micro-CT
35. The correlation coefficient between gray value from

periapical radiograph and trabecular thickness from Micro-CT.
36. The correlation coefficient between gray value from

periapical radiograph and porosity from Micro-CT
37. The correlation coefficient between gray value from

periapical radiograph and bone mineral density from Micro-CT

Xiv

Page

39

41

42

42
43
43
44
44
45
45

47

47

48

48

49



XV

LIST OF FIGURES (CONTINUED)

Figure Page

38. The correlation coefficient between periapical radiography 49
gray value and bone density from histologic analysis

39. The correlation coefficient between gray density value from 51
CBCT and BV/TV from Micro-CT

40. The correlation coefficient between gray density value 51
from CBCT and trabecular thickness from Micro-CT

41. The correlation coefficient between gray density value from 52
CBCT and porosity from Micro-CT

42. The correlation coefficient between gray density value from 52
CBCT and bone mineral density from Micro-CT

43. The correlation coefficient between gray density value from 53
CBCT and bone density from histologic analysis

44, The correlation coefficient between BV/TV from Micro-CT 55
and bone density from histologic analysis

45. The correlation coefficient between bone mineral density 55
from Micro-CT and bone density from histologic analysis

46. The correlation coefficient between porosity from Micro-CT 56

and bone density from histologic analysis



XVi

LIST OF ABBREVIATION AND SYMBOLS

ANOVA = One-way analysis of variance
kVp = Kilovoltage peak

mA = Milliampere

OPG = Orthopanthomography
CBCT = Cone beam computed tomography
Micro-CT = Micro computed tomography
MSCT = Multislice computed tomography
CT = Computed tomography

FOV = Field of view

mm = Millimeter

HU = Hounsfield Unit

ROI = Region of interest

SD = Standard deviation

UA = Upper anterior

UP = Upper posterior

LA = Lower anterior

LP = Lower posterior

BIC = Bone implant contact

BIV = Bone implant volume

BV = Bone volume

BS =  Bone surface

Tb.Sp = Trabecular separation

Tb.Th = Trabecular thickness

Tb.N = Trabecular numbers

W = Watt

2D = Two- dimension

3D = Three-dimension

No. = Number



XVii

LIST OF ABBREVIATIONS AND SYMBOLS (CONTINUED)

AAOMR = Academy of Oral and Maxillofacial Radiology
MMA = Methyl methacrylate
Diff = Difference

Mean Abs

Absolute value of the mean difference


http://www.aaomr.org/

CHAPTER 1

INTRODUCTION

Rational of study

Successfully delivering dental implants to patients who have lost teeth and the
surrounding bone relies on the careful gathering of clinical and radiological information, in
particular, bone quantity and bone quality. Low bone quality, being thin cortical bone and low-
density trabecular bone, is one of the factors associated with implant failures from biological
causes , for example, failure to establish osseointegration before implant loading and failure to
maintain the osseointegration after implant 1oading2. Therefore, the bone quality should be
determined prior to the implant placement, in the pre-surgical planning.

Previously, periapical radiographs along with orthopantomograph (OPG) were
used for diagnosing and treatment planning. However, a periapical radiograph and panoramic
image provides only a 2-dimensional (2D) view of 3-dimensional (3D) structures, which can lead
to underestimation of bone loss. Accurate assessment of hard tissue morphology and density are
impossible because of the variable distortions occurring in different parts of a radiograph and
additionally, it is unable to provide a cross-sectional dimension’. Recently, multi-slice computed
tomography (MSCT), as well as cone-beam computed tomography (CBCT), are increasingly
considered fundamental for optimal dental implant placement4’ °. However, high cost and higher
radiation exposure risk to patients in comparison with other equipment remains the main concern
when using MSCT for assessing bone qualityé_g. CBCT, as compact equipment, is more accessible
to dental practitioners. It has less cost and radiation dosage and has widely replaced MSCT for oral
and maxillofacial imaging. CBCT offers a radiographic method for a structural and qualitative
analysis of the bone'"? . Several studies reported the high geometric accuracy of CBCT for linear
measurement , nevertheless, the validity and reliability of bone quality evaluation remain

. 416-20
controversial .



It is therefore considered that information gathered from a bone specimen is a
more precise evaluation of bone density. However, since the use of periapical radiography and
CBCT are non-invasive, it can provide a pre-operative diagnosis in dental implant placement.It is
clinically of great significance to analyze the correlation between the periapical radiograph, CBCT

and genuine bone specimen (Micro-CT and histologic analysis).

Review of the literatures

Bone quantity

Bone quantity measurements of the jawbone are categorized into 5 groups based
on residual jaw shape and different rates of bone resorption following tooth extraction” . During all
stages of atrophy of the alveolar ridge, characteristic shapes result from the resorption process.
Cawood and Howell” classified edentulous jaws according to a 3D analysis of the anatomy,
focusing on the changes in shape for both vertical and horizontal axes of the alveolar process

(Figure 1).

Anterior mandible

11 [\
Posterior mandible

Figure 1: Cawood and Howell” classified edentulous jaws according to a 3D
analysis of the anatomy, focusing on the changes in shape for both

vertical and horizontal axes of the alveolar process



Bone quality

The bone quality comprises the thickness of the cortical bone and patterns of
trabecular bones. Bone quality is not only a matter of mineral content but also of a structure such
as skeletal size, the architecture, the 3D orientation of the trabeculae and the matrix properties”.
It has been shown that bone density (bone mineral density, BMD) is a suitable measurable

parameter for evaluating bone quality at the dental implant installation site™,

Classification of bone quality

There are various classifications described for bone quality assessment. The first
subjective classification was introduced by Lekholm & Zarb” in 1985. They categorized bone into
4 classes (Q1-Q4) using bone morphology. Q1: most of the entire jaw is comprised of homogenous
compact bone, Q2: a thick layer of compact bone surrounds a core of dense trabecular bone, Q3: a
thin layer of cortical bone surrounds a core of dense trabecular bone, Q4: a thin layer of cortical
bone surrounds a core of low-density trabecular bone (Table 1).

Clinically, bone quality is evaluated by bone density using tactile perception
during the preparation of the implant site " This subjective approach permits the adaptation of
the surgical sequence before the insertion of the implant, and classification has also been used to
characterize bone density by perception during drilling procedures for detecting bone quality%‘ %,
Rebaudi and coworker” classified bone density into 3 subjective bone quality: hard, normal and
soft bone. Misch™ defined 4 bone density classes (D1- D4) based on the clinical drilling resistance
of the bone from oak or maple wood to styrofoam31. Norton and Gamble™ determined HU from
computed tomography(CT) using bone morphology of Lekholm and Zarb classification. The study
showed that for Q1 bone, HU was more than 850, for Q2-Q3 the HU was between 500-850, and
for Q4 the HU was between 0-500. Trisi and Rao” determined Misch classification (D1-D4)
related with histologic bone density determinations. This study found bone density to be
76.54+16.19% in D1, 66.78+15.82% in D2, 59.61£19.55% in D3 and 28.28+12.02% in D4 bone,
but the bone scoring during drilling was based on tactile perception and, therefore, could not be
classified, especially for D2 and D3 bone. The bone quality classifications were summarized in

Table 1.



Table 1: Comparison of characterized bone with the bone quality classifications.

- Rebaldi et
Trisi&Rao Norton&Gambl . 35
Lekholm&Zarb Misch (1998) 2 Typical Anatomy
) (1999)33 e (2001) 2 al(2010) .
(1985) Tactile analog Location
(%bone density) | HU value Hard-Normal-Soft
1:
Q Dense cortical (D1)
Almost all of the jaw bone is comprised of 76.54+16.19% >850 Anterior mandible
Oak or Maple
homogenous compact bone
Q1 = hard bone
Anterior mandible
Q2: Porous cortical and
Thick layer of compact bone surrounds a 66.78+15.82% coarse trabecular (D2) Posterior mandible
core of dense trabecular bone ite pi
White pine or Spruce Anterior maxilla
500-850
Q3: Thin Porous cortical Anterior maxilla
Q2 — Q3= normal
Thin layer of cortical bone surrounds a 59.61+19.55% and fine trabecular Posterior maxilla
bone
core of dense trabecular bone (D3) Balsa wood Posterior mandible
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Bone quality and dental implant

Bone quality is an important factor for the success of dental implants because it
affects the implant stability36’ ¥ Recent studies showed that the density of bone affected implant
success, with a reduction in the density increasing the risk of failure™ > as shown in Figure 1.
Previous studies indicated that implant surgical failure ranged from 3.2-5% in good-quality bone
and 1.9-20% in poor bone quality, with most reports indicating greater failure rates (up to 65%) in
soft bone™.

There are differences in bone morphology between the maxilla and mandible. The
mandible comprises a more compact bone than the maxilla and the maxilla is a more spongy bone
than the mandible™. Turkyilmaz and coworker reported that the bone quality around the implant in
the mandible is more superior than in the maxilla”'. It has been indicated that poor bone quality is
the main risk factor for failure of implants, which also then associated with the implant stability

. 42,43
and healing process
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Figure 2: Implant success rates as related to bone quality38



Cortical bone thickness

Cortical bone comprises mainly of hydroxyapatite crystallites and well-organized
collagen fibrils, which causes the cortical bone to achieve a remarkable mechanical performance
of high stiffness and toughness. Cortical bone thickness is one of the factors for a high implant
success rate. More cortical thickness could increase the primary stability of the implant44.
Moreover, there are correlations between the cortical bone thickness with many factors relating to
a bone density such as the Hounsfield Unit (HU) value from CTs" and the insertion torque of
implants46. Many studies also indicated that the thickness of cortical bone directly influences

. 46 47
implant success rates

Evaluation of bone quality for dental implant placement

Many techniques were developed and used to evaluate the bone quality at dental
implant installation sites, which were indicated by the primary stability of the dental implant. The
resonance frequency analysis (RFA) mobility test, measurement of the insertion, and removal of
torque value are the techniques usually performed to evaluate the primary stability. However, all
of these techniques must be performed after the insertion of the dental implants. The measurement
of the removal torque value, in particular, is an objective method, but its clinical application is

difficult because it is irreversible and invasive method **.

With the development of radiographic technology, the characteristics of bone and
surrounding vital organs can be achieved prior to the dental implant placement. Preoperative
radiographic examinations indicate some essential information including the mesio-distal, bucco-
lingual and superior-inferior dimensions, the trabecular bone density and the cortical bone
thickness. Preoperative implant imaging aims to acquire necessary surgical and prosthetic
information to determine the quantity, quality and angulation of a bone, the selection of the

potential implant sites, and to verify the absence of pathology.

Periapical radiograph.

A periapical radiograph is the first-choice diagnostic clinical instrument in
dentistry49. This method is practical, reliable and a non-invasive technique to evaluate the bone at
the dental implant site™””'. However, this method has relatively low sensitivity, but there is high

accuracy in detecting trabecular bone at the dental implant site™. Periapical radiographs assess the



bone quality using optical density by standard densitometry (Figure 4). For optical density, the
film is scanned, and then the digital images are analyzed using computer software. The optical
density of the interesting area is evaluated through densitometry variations of gray value, which
vary from transparent to opaque (0 -255). However, there are limitations in conventional
periapical films such as errors in processing, increased radiation dosage, poor imaging geometry,
lack of post-imaging facilities™, non-reproducible imaging geometry, and distortions that are
inherent to periapical radiography54. The limitations for bone quality evaluation are image
magnification and possible distortion, the limit value for determination of bone density and
mineralization, and evaluation for 3D Although the nature of the 2D image can never provide
information in the bucco-lingual direction™, periapical radiographs are still beneficial for pre-

implant assessment because of availability and cost.

A

Figure 3: A: Periapical radiograph and radiopaque material to localize the implant
installation site.

B: Periapical radiograph after dental implant placement.

Orthopantomography (OPG)

OPG was introduced into the market in the early 1960s”. The technique produces
a single radiographic image that includes both the maxillary and mandibular arches with supporting
structures. OPG has been used for pre-implant evaluation and the preparation of treatment
protocols. Although the resolution and sharpness of a panoramic radiograph are less than an
intraoral radiograph, OPG is an excellent tool for the overview of the maxillofacial area, including
many of the vital structures such as the maxillary sinus and inferior alveolar nerve (Figure 4).

OPG units are widely available, making this imaging technique very useful for

screening5. However, the Information acquired from OPG should be used cautiously because this



technique has the significant limitations that are distortion (10% vertical magnification and 20%
horizontal magnification) and error by patient positionsg, the lack of image sharpness and
resolution. This limitation leads to inaccurate interpretation4. Due to lack of image sharpness, lower
resolution than periapical radiographs and image distortion, OPG should be used with caution for

bone quality measurement.

Figure 4: Orthopantomography (OPG) represents the maxillofacial area such as the maxilla

and mandibular arch, the maxillary sinus and the inferior alveolar nerve

Cone-beam computed tomography (CBCT)

CBCT systems were developed in the 1990s. In 2001, CBCT was introduced as a
3D imaging modality. Since then it has largely replaced both single and multislice CTs for
diagnostic imaging in oral implantsSG. CBCT ofters a radiographic method for the structural and
qualitative analysis of the bone . Computer tomography (CT) software programs facilitate the
measurement of the bone density by HU that is determined by the software programs in the CT
machines, ranging from -1000 (air) to 3000 (enamel). The density of structures within the image is
absolute and quantitative so it can be used to differentiate tissues in the region (i.e., muscle, 35-70
HU; fibrous tissue, 60—90 HU, cartilage, 80—130 HU; bone 150-1800 HU) and characterize bone
quality (for D1 >1250 HU, for D2 850-1250 HU, for D3 350-850 HU, for D4 150-350 HU, and
for D5 <150 HU)”. CBCT is very sensitive to movement because of its very high spatial resolution.
It has the following limitations: a limited contrast resolution that makes it is less suitable for

imaging soft tissues” high costs, and has a high radiation dosage absorbed by the patients or specimens.



The 2D measurement error of CBCT was found to range from 1.86-4.61% with
no significant difference between the measurements and actual specimensm. To determine the
length between CBCT and Micro-CT or actual specimens, Mangione and coworker” found that
the specimen always show a mathematical difference of about 0.2 mm. Baumgaertel and
coworker” found that CBCT showed validity for measuring the length from a specimen compared
with a caliper.

The gray density value from a CBCT can investigate the relationship with HU
from CT. From the previous studies, a strong correlation was found between the gray density value
of CBCT and the HU of CT**®. The gray density value from a CBCT is suggested to be used as
the tool for evaluating the bone density“’” o (Figure 5). Several studies reported high geometric
accuracy of CBCT for linear measurements ", while its reliability in bone quality evaluation
remains controversial. Only a few studies have suggested that CBCT could be applied to assess the
trabecular bone microstructure'” . Nevertheless, CBCT does not represent calibrated voxel gray
density value expressed in HU". Many studies have been conducted to convert CBCT gray density
value to actual density measurements' . The high correlation between the HU derived from CBCT
voxel gray density value has been demonstrated, hinting at the potential for CBCT use in bone
density assessment’ . The applications of CBCT in evaluating bone quality are still restricted for
bone density assessment in some studies” . This may be due to the insufficient resolution of
CBCT systems. The visibility of small anatomical structures with CBCT is largely influenced by
the field of view (FOV), type of the CBCT system, setting selection, patient positioning, soft tissue
thickness, voxel size and resolutions”” ™

At the present, the studies showed the validity from CBCT data in 2D but in the

bone density measurement, it is still controversial.
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Figure 5: The bone density measurement from CBCT in grayscale at the implant site

Micro-Computed Tomography (Micro-CT)

The possibility of using a Micro-CT for noninvasive measurement of the bone—
implant contact was first suggested by Feldkamp and coworker . A Micro-CT allows an
assessment of the bone microarchitecture in 3D. This technique has achieved widespread use in the
laboratory as a rapid, nondestructive method for specimenslz’ 7 animal models,” "' and allows
for a full 3D reconstruction of the specimen (Figure 6). It is based on the same physical and
mathematical principles with CBCT but the big advantage of Micro-CT is that it can acquire much
higher resolutions (up to 10 um) 2,

Micro-CT uses data from multiple-angled attenuated X-ray projections to
reconstruct a 3D representation of the specimen, which characterizes the spatial distribution of the
material density. Micro-CT uses x-ray images to create cross-sections of a 3D-object that can be

used to recreate models without destroying the original specimen83. No specimen preparation is
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required and testing is nondestructive. The resolutions of locally available Micro-CT systems are
in the order of 672 um for nominal isotropic substances, depending on the size and density of the
sample“. The Micro-CT data can be used to calculate histologic parameters85 including bone
volume (BV), bone surface (BS), trabecular separation (Tb.Sp), mean trabecular thickness (Tb.Th)
and trabecular numbers (Tb.N) as well as nonmetric parameters like a structure model index (SMI),
and connective density (Conn.D) for shape. Many studies showed a high correlation between
Micro-CT and histologic analysis&’ % These parameters describing the microarchitecture of bone
have been shown to be important. Micro-CT is recommended as the gold standard for imaging of

bone specimens studies at implant sites” .
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assessment
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2. Histologic analysis

Histologic analysis is a subject normally considered in descriptive terms but
sometimes it can be measured quantitative value™. The measurements are made on 2D images, yet
the information derived may be interpreted on a 3D basis. Results are usually showed in ratios or
percentages (Figure 7). Although histologic analysis has been the gold standard for the
morphometric examination of the bone specimen, however, the harvest of the bone specimen is
invasive, destructive and requires a special preparation. Moreover, the structural properties for a
specific location cannot be reassessed v only limited data sets can be obtained from serial
sections, ”'and the destructive nature of the procedure prevents the specimen from being used for

further experiments.

Figure 7: Histologic analysis for bone density measurement

The correlation of radiographic analysis for the bone quality assessment was
summarized in Table2. Nevertheless, there are variations in subjective bone classification. The
need for the measurement is very important because quantitative classification of bone density
should be applied for pre-implant surgery that is not dependent upon operator experience”.

It is, therefore, important to determine the correlation of the periapical radiograph,
CBCT radiographic and Micro-CT radiographic against histological analysis; the gold standard.
The data of bone quality before implant placement is beneficial for implant planning and implant

success rate prediction.



Table 2: The correlation of various techniques for bone morphology assessment.

Comparison

Results

Authors

Periapical radiograph
Vs

CBCT

CBCT was statistically significantly better in terms of sensitivity (54%), positive (82.6%) /negative
(44.5%) predictive values, and diagnostic accuracy (61%) when compared with digital radiographs (23%,

60%, 31%, 39%).

Stavropoulos A. and

Wenzel A., 2007.”

Periapical bone defects measured on periapical radiographs were approximately 10% smaller than on

CBCT images.

Christiansen R. et al,

2009.”

Periapical films are not reliable in the determination of the exact relationship between the apex of the

tooth root and the maxillary sinus floor, compared with CBCT.

Hassan B.A. et al,

20010.”*

The periapical lesion was better detected by CBCT compared to periapical film. The positive and
negative predictive values and accuracy for CBCT were all 1, compared with 1, 0.64 and 0.79 for

periapical radiograph.

Liang Y.H. et al,

2014.”

Periapical radiograph
Vs

histologic analysis

There was no correlation between the periapical radiograph and histological analysis from periapical

pathology

Filho M.T. et al,

2009.”

Periapical radiograph showed weaker correlations (r= 0.5, P<0.01) with histologic analysis in bone

density assessment

Corpas L. et al,

2011.%

€l



Table 2: (Continued)

Comparison

Results

Authors

Periapical radiograph

Periapical films showed a specificity of 78% and a sensitivity of 44%. Apical root resorption may be

underestimated when evaluated using digitized periapical radiographs compared with Micro-CTs.

Dudic A. et al, 2008.”

© A high correlation was found between periapical radiographs and Micro-CT in the assessment of Amouriq Y. et al,
Micro-CT
trabecular bone. 2010.
CBCT-based gray density shows significantly higher values than CT-based values Arisan V. et al, 2013.”
Cone beam computed tomography (CBCT) and Micro-CT analyses were comparatively performed in Soardi C. et al,
maxillary sinus augmentation to preliminarily verify the diagnostic potential of CBCT on the evaluation 2012,
of bone regeneration. Data were not statistically different between CBCT and Micro-CT , significant
correlation between gray level(GL) and mineralized material amount(MM)
CBCT vs CT Strong correlation between grayscale of CBCT and Hounsfield units (HUs) of the CT scan Razi T. et al, 2014.*

To assess trabecular bone structure parameters (BV/TV, BS/BV, Tb.Th., and Tb.Sp.) from synthetic bone
specimens of varying densities. The absolute values of the experimental results obtained using dental

CBCT significantly differed from those obtained using Micro-CT. However, the results yielded by the

Ho J. T. etal., 2013."”"

4!



Table 2: (Continued)

Comparison Results Authors
two instruments demonstrated a strong positive correlation (r= 0.9296 (p < .001), 0.8061 (p < .001),
0.9390 (p < .001), and 0.9583 (p < .001), respectively.

CBCT vs CT Trabecular bone microstructural measurements varied significantly, especially in smaller fields of view. | Ibrahim N. et al,
There was no significant difference in the trabecular parameters when using different resolutions. 2013.”
Grey value in CBCT systems significantly deviated from Hounsfield unit values measured with MSCT Parsa A. et al, 2013."”
(p = 0.0001). Grey-level values from CBCT images are influenced by device and scanning settings.
There was a linear relation between the grey levels and the attenuation coefficients. This made it possible | Reeves T.E. et al,
to calculate Hounsfield units from the measured grey levels. 2012%.

CBCT No association found between CBCT and bone density from histological analysis. Livada R. et al,
vs 2009.""

Histologic analysis

The bone density measured by both histologic analysis of bone biopsies and the CBCT analysis of bone
density expressed in Hounsfield units were compared. There was a statistical significant correlation

between radiographic and histologic analysis.

Leavitt C.H. et al,

104

2010.

Sl



Table 2: (Continued)

Comparison Results Authors
CBCT CBCT imager, with a spatial resolution as high as 80 lm, had significant correlations with histologic Huang Y. et al,
Vs analysis on decalcified bone specimens for ex vivo quantification of peri-implant trabecular 2014.'

Histologic analysis

microstructure.

Histologic data demonstrate a definite correlation with the formation of new, vital autogenous trabecular

bone and bone mineral density from CBCT.

Lee C. etal, 201 1.1

CBCT

\A

Micro-CT

There were a relation between bone density obtained by CBCT (RBD) and morphometric parameter of
bone analyzed by Micro-CT. Positive correlations between BV/TV (r = 0.769, P < 0.001), BS/TV (r =
0.563, P=0.002), Tb.Th (r = 0.491, P = 0.009), Tb.N (r = 0.518, P = 0.005) and BMD (r = 0.699, P <
0.001) with RBD were identified. On the contrary, BS/BV (r=-0.509, P = 0.006), Tb.Sp (r=-0.539, P =

0.003) and Tb.Pf (r = -0.636, P < 0.001) were negatively correlated with RBD.

Monje A. et al,

2014."

There were difference measurement in bone volume fraction (BV/TV) and trabecular thickness (Tb.Th.)

using CBCT and Micro-CT. However, the parameters showed correlation between CBCT and Micro-CT.

HoJ. T.etal., 2013.""

91



Table 2: (Continued)

Comparison Results Authors
CBCT There were a high correlations between the grayscale measured using CBCT and the trabecular bone Hsu J.T. et al, 2014."
Vs microarchitecture parameters (BV/TV and TbTh) measured using Micro-CT, in addition to high
Micro-CT correlations between the cortical bone morphology measured using Micro-CT and dental CT.

Micro-CT and

Histologic analysis

The bone configuration in the Micro-CT images corresponded to that observed in the histologic sections.
The correlation between Micro-CT and histology was significant for cortical (r = 0.65; P <.05) and

cancellous bone (r = 0.92; P <.05)

Butz, F. et al, 2006.'”

Good correlation between cortical bone structural measured obtained from Micro-CT datasets and from

two-dimensional histological sections.

Particelli, F. et al,

2012.%

Biopsy bone core were harvested from posterior maxilla. The relationship between bone density obtained
by histologic analysis and morphometric parameter of bone by Micro-CT was analyzed. Significant
positive correlations were observed between BV/TV from Micro-CT and the percentage of bone from

histologic analysis.

Garcia, R., et al,

2013%

L1



Table 2: (Continued)

Comparison

Results

Authors

Micro-CT and

Histologic analysis

Bone implant contact (BIC) and bone implant volume (BIV) obtained from histologic analysis showed no

significant difference with those obtained form Micro-CT scan.

Bernhardt R. et al,

2012%

Bone implant contact (BIC) assessing in histological image (mean: 61.77+17.07%, median: 64.80%) and

Micro-CT (mean: 59.50+16.93%, median: 59.50%) showed a positive correlation (r= 0.854).

Becker, K. et al,

2015.""°

81
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Objective of the study

Primary Objective

To determine the correlation between periapical radiography, CBCT, Micro-CT
and histologic analysis in the assessment of the bone quality of jaw bones for dental implant

placement.

Secondary Objectives

To evaluate the bone morphology in maxilla and mandible.
To propose a pre-operative parameter for predicting the bone quality for dental
implant placement from periapical radiograph or CBCT using the correlation data from Micro-CT

and histologic analysis.

Expected outcome

To provide scientific knowledge of the correlation between a conventional
periapical radiograph, CBCT, Micro-CT and histologic analysis for assessment bone quality of jaw
bones.

A parameter from periapical radiograph or CBCT that shows a strong correlation
with bone density parameters from Micro-CT or histology assessment will benefit the clinician to

predict the quality of bone at the implanted site prior the implant installation procedure.

Hypothesis

There is a correlation between the gray value from the periapical radiograph, gray
density value from CBCT, and bone density parameter (BMD, BV/TV and %porosity) from Micro-

CT and % bone from histologic analysis.
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CHAPTER 2

MATERIALS AND METHODS

Patients

The study protocols were approved by the Human Research Ethics Committee,

Faculty of dentistry, Prince of Songkla University (Code No. EC5509-35-P).

Patients requiring dental implant placements were included in the study.
Subjects considered eligible for the study included those 20 years or older and physically healthy,
with no underlying systemic diseases, as determined by medical history records. Patients who had
an alveolar height of less than 10 mm, needing immediate/delay-immediate implant placements or

needing small diameter (less than 3 mm) implant placements were excluded.

All patients had a tooth extracted at least 6 months prior to implant surgery.
The implant therapy was planned based on the radiographic and clinical evaluation.
Bone samples were grouped according to the region of harvesting: UA (upper
anterior), UP (upper posterior), LA (lower anterior), and LP (lower posterior). Samples from each

group were collected and analyzed according to the protocol.

The sample size calculation, from one way ANOVA, (X was set at 0.05, 80%

power of test. The samples were studies at least 9 per each groups%.
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Figure 8: The conceptual framework of the experimental design
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Pre-operative protocol
The radiographic stents with radiopaque markers located at the surgical site

were prepared in a cylindrical shape and used during the periapical radiography and CBCT

(Figure 9)

9A 9B

Figure 9: (9A) Study cast for radiographic stent construction. (9B) Radiographic stent with

radiopaque markers for locating bone quality measurement
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Conventional periapical radiography procedure

Standardized periapical radiographs of the experimented sites were taken
(10mA, 65 KVP, 0.42s 12 in FFD) using dental x-ray film size No.2 (Kodak, Ultra speed, USA)
with a standardized custom lead step wedge. An X-ray machine was used (Gendex, IL, USA) and
the films were processed by an automatic film processor (Dent X 9000, DentX/Logetronics
GmbH, Germany). The films were transformed into digital TIFF files by a scanner (Epson:
Perfection 4870 Photo, Seiko Epson Corp, Japan).

A custom lead step wedge preparation was arranged by using a lead strip from
film No.2. The first stripe was cut 5 mm in width and 30 mm in length. The remaining 5 strips
must be cut progressively 5 mm shorter in length but with the same width. The stripes were
placed one on top of the other, starting with the longest and getting progressively smaller until a
series of even steps were built up, then the strips were glued together and the films were sealed
(Figurel0)

The gray value was calculated from the corresponding area 2x2 mm (cortical
bone area),2x3 mm (trabecular bone area) and 2x5 mm (total bone area) for dental implant

placements using Image J program V1.46r for gray value measurement (Figure 11).

10A 10B

Figure 10: (10A) Periapical radiograph with lead step wedge.
(10B) Radiographic stent with the parallel hole filled with radiopaque material to

locate the position for bone density measurement
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Figure 11: (11A) The periapical radiograph with area for gray value measurement
(11B) Area for bone density measurement the cortical (2x2 mm), trabecular
(2x3 mm) and total (2x5 mm) gray value measurement underneath radiopaque
marker from periapical radiograph

(11C) Image J program for gray value measurement from periapical radiograph
CBCT procedure and analysis

CBCT (3D Accuitomo, J. Morita, Japan) was used for preoperative evaluation
of implanted site. The intended implant site was located by radiographic stent with a radiopaque
marker (Figure 11). CBCT scan was performed under the following conditions: a tube current of
5 mA, a tube voltage of 90 kV, and a field of view (FOV) of 40 mm in diameter; with a voxel
size of 0.125 mm; 17.5 seconds.

The corresponding area (2x5 mm) for dental implant placements were localized
and analyzed for the gray density value at the voxel in the region of interest (ROI). (Figure12).
The measurements were as follows: i) cortical thickness, ii) cortical gray density value
(2x2 mm), iii) trabecular gray density value (2x3 mm), and iii) total gray density value (2x5 mm)

using One volume viewer program V1.5.0 (2"° bit) for gray density value measurement.
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12A 12B

Figure 12: (12A) Radiographic stent with the parallel hole filled with radiopaque material to
locate the position for bone density measurement.

(12B) One volume viewer program for gray density measurement from CBCT

Bone trephine procedure

At the time of the implant placement, the radiographic stent was placed to locate
the bone retrieval site. After the administration of local anesthesia (4% articaine hydrochloride
(Ubistesin 1:200,000; 3M ESPE, Platz, Seefeld, Germany)), a midcrestal incision was performed
and a mucoperiosteal flap was elevated to allow access to the alveolar ridge. The initial bone drill
was performed with a 2x5 mm long trephine bur (TRE020M, Hu-Friedy Mfg Co LLC,
Zweigniederlassung, Germany) through the radiographic stent. This allowed for a core of bone 2x5
mm long to be obtained. The implant site preparation was then completed, the implant was
installed, and the flaps were approximated with a synthetic absorbable suture. After retrieval, each
bone specimen was fixed and stored in 10% neutral-buffered formalin for Micro-CT and histologic

analysis (Figure13).
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13A 13B

Figure 13: 13A and 13B Bone trephine for Micro-CT and histologic analysis

Micro-CT analysis

To obtain a high-resolution for quantitative measurement of bone formation,
Micro-CT (Scanco 35, Switzerland) imaging was performed for each bone sample. Trephined and
formalin-fixed bone cores placed in a sample holder 7 mm x 60 mm were used for Micro-CT
analysis (70 kV 114uA). The specimens were analyzed to evaluate the cortical thickness (mm),
bone volume fraction (BV/TV: %), trabecular thickness (Tb.Th: mm), porosity (%) and bone

mineral density (BMD; mg/ccm) using Micro-CT 35 V. 4.1 program. (Figure14).
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14A 14B
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Figure 14: (14A) Bone specimen from trephine bur.
(14B) The specimen’s holder for Micro-CT scanning.

(14C) Micro-CT (Scanco 35, Scanco Medical AG, Switzerland)

Histologic preparation and assessment (Undecalcified bone specimen)

The specimens were dehydrated using ascending grades of alcohol, infiltrated and
embedded in methylmethacrylate (MMA, Technovit 7200 NEU, Heracus Kulzer, Wehrheim,
Germany) for undecalcified sectioning (Figurel5). After the specimens completely polymerized

(Figure16), each specimen were cut along the long axis of the specimens, using a diamond
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wire saw (Exakts, Apparatebau, Norderstedt, Germany) (Figure17). All specimens were glued with
acrylic cement (Technovit 7210 VLC, Heraeus Kulzer) to silanized glass slides (Super Frost,
Menzel GmbH, Braunschweig, Germany) and ground to a final thickness of approximately 40 pm.
The slides were cleaned with alcohol —acetone 1:1, agitated for 5 minutes in 30% H,0,, rinsed with
water and then stained for 15 minutes with Toluidine blue, rinsed in water, dried slide and covered

with slip'" (Figure18) .

Figure 15: The specimens were dehydrated using ascending grades of alcohol, infiltrated and

embedded in MMA

Figurel6: The specimens were embedded in MMA and completed polymerization for

undecalcified sectioning



Figurel7: The cutting and grinding machines for undecalcified sectioning

Figurel8: The specimen was stained with toluidine blue

Histologic analysis

Histologic analysis was performed by images captured using a light microscope
(Axiostar, Carl Zeiss, Germany) at the magnification of 5x, associated with a camera (Axiocam
mRC, Carl Zeiss, Germany). Digital images were evaluated using the image analysis software
program (Image Pro® Plus 7.0, Media Cybernetics, Silver Springs, MD, USA). The following
parameters of the bone specimens were evaluated with the percentage of cortical, trabecular and

total bone specimen (proportion of area of bone to total area) (Figure 19).
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Figurel9: Histologic preparation and stained with Toluidine blue for the

measurement percentage area of cortex and trabecular bone

Statistical Analysis

Statistical analysis was performed using SPSS (V16, SPSS Inc., Chicago, IL,
USA). Descriptive statistics were performed to characterize the bone morphology of 4 study
groups. The cortical bone thickness and bone density parameters were reported using means and
standard deviation. The normality test was conducted for parametric statistical analysis. One way
ANOVA and Post hoc analyzes using Tukey HSD were applied to reveal statistically significant

differences between 4 regions.

Pearson correlation coefficients and simple linear regression were used to
estimate the relationship between corresponding parameters measured with different techniques
and to examine the strength of a relationship between the cortical thickness measurement (CBCT)
and bone density values (Micro-CT and histology). The level of statistical significance was set at

P<0.05.

To determine the reliability of the measurements, 62 randomly selected
radiograph and histology slide were reexamined and remeasured at 1 months after the initial
measurements. The intra-operator reliability was reported by calculating the intraclass correlation

coefficient (ICC) between both measurements.
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CHAPTER 3

RESULTS

A total of sixty-two bone cores were obtained from 31 maxilla and 31 mandible
bone samples from 41 patients with a mean age of 54.71 years. Table 3 detailed 4 groups of the
study according to gender (26 males, 36 females), age and location of the area (previously tooth

number) where the specimens were obtained.

Table 3: Sample (n= 62) investigated in this study

Groups

Gender

(Male/Female)

Mean age

Bone core
location
(number of

samples)

Total sample

size (n)

Upper Anterior (UA)

8/4

52.58 £15.79

11(2), 21 (1)
12(4), 22(3)

13(1),23 (1)

12

Upper Posterior (UP)

8/11

55.05+12.11

14(3), 24(3)
15(1), 25(2)
16(3), 26(3)
17(2), 27(2)

19

Lower Anterior (LA)

4/6

56.60+20.33

31(1) 33(5)
43(4)

10

Lower Posterior (LP)

6/15

54.71£10.83

34(1) 35(3),

45(1) 36(6),

46(8) 37(1),
47(1)

21
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Evaluation of bone morphology using a periapical radiograph, CBCT, Micro-CT and

histologic analysis

Upper anterior (UA) region (Figure 20)

The bone core harvested from the anterior maxilla showed thin cortical bone
with fine trabecular bone.

Periapical radiographs (figure 20a) displayed a fine trabecular pattern with an
unidentified cortical bone region. The mean gray value was 94.39+22.32 with the higher density in the
lower part (gray value: 97.98+19.25) compared to the upper part (gray value: 86.54-19.96).

CBCT (figure 20b) showed very thin cortical bone thickness with moderated
density of trabecular bone and fine trabecular bone pattern. The mean gray density value of
CBCT from the cortical bone area (1997.634274.35) demonstrated higher density compared to the mean
gray density value from the trabecular bone area (1902.774279.85). The total gray density value from the
upper anterior region was 1943.68+268.45.

Micro-CT (figure 20c¢, 20d) showed moderate cortical bone thickness with
a high density of trabecular bone. The measured parameters were as followed: BV/TV:
35.244+10.68 %, trabecular thickness: 0.1516+0.06 mm, porosity: 64.76£10.68% and
BMD 356.72+157.07 mg/ccm.

Histologic analysis (figure 20e) showed moderate cortical bone thickness with
an average density of trabecular bone. Mean bone density from the cortical bone area
(63.07+ 11.03 %) was denser than the trabecular bone area (39.74+10.30 %). The bone density
value from the upper anterior region, measured using the histologic method, was 44.55+£9.98%.

According to the cortical bone thickness of the UA region, the measurement could be
done only using CBCT (1.01+0.23 mm), Micro-CT (1.00£0.25 mm) and histologic

analysis (1.00+0.27 mm).
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20 (b)

20(c) 20(d) 20(e)
Figure 20 (a-¢): The comparison of the image received from the periapical radiograph (20a),
CBCT (20b), Micro-CT (20c¢, 20d) and histologic analysis (20e) from the upper

anterior region (UA)
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Upper posterior region (UP) (Figure 21)

The bone core from posterior maxilla presented very thin cortical with very thin
trabecular bone.

Periapical radiographs (figure 21a) showed fine to coarse trabecular patterns
with unidentified cortical bone. The mean gray value from the upper posterior region was 83.39+20.22
with the higher density in the lower part (gray value: 90.01+6.23) compared to the upper part (gray value:
77.85+4.04).

CBCT (figure 21b) showed very thin cortical bone thickness with a low density
of trabecular bone and a very fine trabecular bone pattern. The mean gray density value of CBCT
from the cortical bone area (1842.70+465.21) demonstrated higher density compared to the mean gray
density value from the trabecular bone area (1733.47+478.12). The total gray density value from the upper
posterior region was 1784.66+446.87.

Micro-CT (figure 21c, 21d) showed thin cortical bone thickness with an average
density of trabecular bone. The measured parameters were as followed: BV/TV: 36.11£9.15 %,
trabecular thickness:, 0.1728+0.06 mm, porosity 63.89+0.15% and BMD 341.46+140.50 mg/ccm.

Histologic analysis (figure 21¢) revealed thin cortical bone thickness with a low
density of trabecular bone. Mean bone density from the cortical bone area (61.28+ 7.56 %) was
denser than the trabecular bone area (36.68+11.72%). The bone density value from the upper posterior
region, measured using the histologic method, was 40.51+11.54%.

Measuring the cortical bone thickness of the UP region could only be conducted using a
CBCT (0.87+0.18 mm), Micro-CT (0.90+0.18 mm) and histologic analysis (0.89+0.16 mm).
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21(a) 22(b)

21(c) 21(d) 21(e)

Figure 21 (a-e): The comparison of the image received from a periapical radiograph
(21a), CBCT (21b), Micro-CT (21c¢, 21d) and histologic analysis (21¢)

from the upper posterior region (UP)
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Lower anterior region (LA) (Figure 22)

The bone core from the anterior mandible displayed thick cortical bone with
dense trabecular bone.

The periapical radiograph (figure 22a) showed a coarse trabecular pattern,
however, the cortical bone could not be identified. The mean gray value from the lower anterior region
was 117.88+43.90 with the higher density in the lower part (gray value: 118.66+17.27) compared to the upper
part (gray value: 105.24+18.39).

The CBCT (figure 22b) showed thick crestal cortical bone with a high density
of trabecular bone and a coarse trabecular bone pattern. The mean gray density value of the
CBCT from the cortical bone area (1856.89+151.62) revealed higher density compared to the
mean gray density value from the trabecular bone area (1674.97+115.64). The total gray density value from
the lower anterior region was 1769.07+132.01.

The Micro-CT (figure 22¢, 22d) showed thick cortical bone with a high density
of trabecular bone. The measured parameters were as followed: BV/TV: 63.25+19.86%, trabecular
thickness: 0.267940.09 mm, porosity 45.84+9.15 % and BMD 521.18+210.71 mg/ccm.

Histologic analysis (figure 22¢) showed thick cortical bone with a high density
of trabecular bone. The mean bone density of the cortical bone area (68.86+4.39%) was slightly
denser than the trabecular bone area (50.26+7.21%). The bone density value from the lower
anterior region, measured using the histologic method, was 55.62+9.97%.

The measurement of the cortical bone thickness of the lower anterior region could only be
conducted using a CBCT (1.19+0.24 mm), Micro-CT (1.20+0.22 mm) and histologic analysis

(1.23£0.20 mm).
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22(a) 22(b)

22(¢) 22(d) 22(c)

Figure 22 (a-d): The comparison of the image received from a periapical radiograph (22a),
CBCT (22b), Micro-CT (22c¢) and histologic analysis (22d) from the lower

anterior region (LA).
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Lowerior region (LP) (Figure 23)

The bone core from the posterior mandible demonstrated thick cortical bone
with dense trabecular bone.

The periapical radiograph (figure 23a) showed a coarse trabecular pattern. The
mean gray value from the lower posterior region was 91.07+32.61 with the higher density in the lower part
(gray value: 93.41+7.18) compared to the upper part (gray value: 83.18+6.81).

The CBCT (figure 23b) showed thick crestal cortical bone with a high density
of trabecular bone and a coarse trabecular bone pattern. The mean gray density value of CBCT
from the cortical bone area (1930.40+438.44) revealed higher density compared to the mean
gray density value from the trabecular bone area (1787.16+391.67). The total gray density value from the
lower posterior region was 1848.49+413.55.

The Micro-CT (figure 23¢, 23d) represented thick cortical bone thickness with

a high density of trabecular bone. . The measured parameters were as followed: BV/TV:
46.74+13.14%, trabecular thickness: 0.23844+0.07mm, porosity 53.25+13.14% and BMD
480.76+186.21 mg/ccm.

Histologic analysis (figure 23¢) showed thick cortical bone with a high density
of trabecular bone. Mean bone density from the cortical bone area (66.64+11.33%) was denser
than the trabecular bone area (44.58+9.95 %). The bone density value from the lower posterior
region, measured using the histologic method, was 51.61£13.07%.

The measurement of the cortical bone thickness of the lower posterior region could only be
conducted using a CBCT (1.16+0.25mm), Micro-CT (1.17+0.25mm) and histologic analysis

(1.1740.23mm).
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23(b)

23(c) 23(a) 23(e)
Figure 23 (a-d): The comparison of the image received from a periapical radiograph (23a),
CBCT (23b), Micro-CT (23c, 23d) and histologic analysis (23¢) from the lower

lower posterior region (LP).
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The correlation among periapical radiograph, CBCT, Micro-CT and histology analysis in
the assessment of bone quality

The parameters for bone density from a periapical radiograph (gray value), CBCT
(gray density value), Micro-CT (BV/TV, trabecular thickness, porosity, BMD), and histologic

analysis (bone density), measured from 4 regions, were summarized in Table 4 and Figure 24-32.

Table 4: The bone density parameters measured from a periapical radiograph, CBCT, Micro-CT

and histologic analysis

UA up LA LP p-value
Periapical radiograph
94.39422.32 83.39+20.22 117.884+43.90 91.07432.61 p=0.192
Total gray value
CBCT 1943.68+268.4
1784.66+446.87 | 1769.07+132.01 1848.494+413.55 p=0.648
5
Total gray density value
Micro-CT
35.24+10.68 36.1149.15 63.25+19.86 46.74+13.14 p=0.000004
BV/TV(%)
Micro-CT
0.1516+0.06 0.1728+0.06 0.2679+0.09 0.238440.07 p= 1.8x10"
Trabecular
thickness(mm)
Micro-CT
64.76+10.68 63.8940.15 45.8449.15 53.25+13.14 p=0.0002
Porosity (%)
Micro-CT
356.72+157.07 341.46+140.50 521.184210.71 480.76+186.21 p=0.013
BMD (mg/ccm)
Histologic analysis
44.5549.98 40.51£11.54 55.6249.97 51.61£13.07 p=0.005
Bone density (%)
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Since the density data from histologic analysis can be considered as a reference
value, the bone density showed the difference between the four regions of bone. The LA bone core
showed the highest bone density, followed by the LP, UA and UP. All the parameters
from periapical radiography, CBCT and Micro-CT revealed the same pattern of bone
density. However, the gray value of the periapical radiographs and the gray density value

from CBCT could not denote the difference between the 4 bone types.

The average gray value in each groups
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Figure 24: Total, cortical and trabecular gray value from periapical radiograph in each groups
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Figure 25: Total, cortical and trabecular gray density value from CBCT in each groups

The average BV/TV in each groups
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Figure 26: BV/TV (%) from Micro-CT in each groups
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Figure 27: Trabecular thickness (mm) from Micro-CT in each groups
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Figure 28: Porosity (%) from Micro-CT in each groups
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Figure 29: Bone mineral density (mg/ccm) from Micro-CT in each groups
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Figure 30: Cortical bone density (%) from histologic analysis in each groups
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Figure 31: Trabecular bone density (%) from histologic analysis in each groups
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Figure 32: Total bone density (%) from histologic analysis in each groups
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The correlation between gray value of periapical radiography and other bone density

parameters from CBCT, Micro-CT or histologic analysis

no correlation between periapical radiography gray value and other bone density parameters from

CBCT, Micro-CT or histologic analysis as shown in Table 5 (Figure 33-38).

According to the bone density assessment among 4 various technique, there was

Table 5: The correlation coefficient between periapical radiography gray value and other bone

density parameters from CBCT, Micro-CT or histologic analysis

CBCT, Micro-CT and histologic Coefficient
Periapical p-value
analysis correlation
Gray density value from CBCT r=-0.237 p=0.064
BV/TV from Micro-CT r=0.107 p=0.408
Trabecular thickness Micro-CT =-0.112 p=0.386
Gray value
Porosity from Micro-CT = -0.054 p=0.676
BMD from Micro-CT r=-0.039 p=0.961
Bone density from histologic analysis r=-0.006 p=0.765




47

The correlation between gray value from petiapical
radiograph and gray density value from CBCT.
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Figure33: The correlation coefficient between gray value from periapical radiograph and gray

density value from CBCT

The correlation between gray value from periapical

radiograph and BY/ TV from Micro-CT.
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Figure34: The correlation coefficient between gray value from periapical radiograph and BV/TV

from Micro-CT
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E radiograph and trabecular thickness from Micro-CT.
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Figure35: The correlation coefficient between gray value from periapical radiograph and

trabecular thickness from Micro-CT

The correlation between gray value from periapical

radiograph and porosity from Micro-CT.
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Figure36: The correlation coefficient between gray value from periapical radiograph and

porosity from Micro-CT
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Figure37: The correlation coefficient between gray value from periapical radiograph and bone

mineral density from Micro-CT

The correlation between gray value from periapical
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density from histologic analysis
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The correlation between gray density value of CBCT and other bone density parameters

from Micro-CT or histologic analysis

Gray density value measured from CBCT showed no correlation with bone

density parameters from Micro-CT or histologic analysis as shown in Table 6 and Figure 39-43.

Table 6: The correlation coefficient of gray density value of CBCT and other bone density

parameters from Micro-CT or histologic analysis

Micro-CT or histologic Coefficient
CBCT p-value

analysis correlation
BV/TV from Micro-CT = -0.057 p=0.657
Trabecular thickness Micro-CT = -0.099 D= 0444

Gray densit i icro-
Y y Porosity from Micro-CT = 0.033 »=0.800
value
BMD from Micro-CT £=-0.106 p=0411
Bone density from histologic

analysis r=-0.135 p=0.294
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Figure39: The correlation coefficient between gray density value from CBCT and BV/TV from

Micro-CT
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Figure40: The correlation coefticient between gray density value from CBCT and trabecular
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and trabecular thickness from Micro-CT.

0.50004
a
. r=-0.099
040007
a
o
ot
0.3000+ o
°°f T
& c-D 5 & o
o0y T T e |
o Dog ® g °
L o DD -
01000 o . -
Q
0.0000 T T T T
100000 150000 200000 2500.00 300000

thickness from Micro-CT

Giray density value from CBCT



52

The correlation between gray density value from CBCT

Porosity from Micro-CT (%)

and porosity from Micro-CT.
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Figured41: The correlation coefficient between gray density value from CBCT and porosity

from Micro-CT
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The correlation between gray density value from CBCT

Bonc density from histologic analysis (%)

and bone mineral density from Micro-CT.

100007

8000

&0 .00

4000

20004

000
0.00

I
100000

I
2000.00

I
3000.00

Gray density value from CBCT

Figure43: The correlation coefficient between gray density value from CBCT and bone density

from histologic analysis
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The correlation between bone density parameter of Micro-CT and bone density from

histologic analysis

There was a positive correlation between bone density parameters from the
Micro-CT and bone density parameters from the histologic analysis as shown in Table 7. A high
positive Pearson’s correlation coefficient was observed between BMD (Micro-CT) and bone
density (histologic analysis) (1=0.812). The correlation between porosity (Micro-CT) and bone
density (histologic analysis) was moderate (r=-683), as was the correlation between BV/TV

(Micro-CT) and bone density (histologic analysis) (r= 0.617), (Figure 44-46)

Table 7: The correlation coefficient of bone density parameters from Micro-CT and bone density

parameters from histologic analysis

Coefficient p-value
Micro-CT Histologic analysis
correlation
_ -8
BV/TV = 0.617 p=9.47x10
_ -15
BMD Bone density r=0.812 p=1.11x10
-10
Porosity r=-0.683 p=945x10




The correlation between BV/TY from Micro-CT
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Figure44: The correlation coefficient between BV/TV from Micro-CT and bone density from

histologic analysis

The correlation between bone mineral density from
Micro-CT and bone density from histologic analysis.
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Figure45: The correlation coefficient between bone mineral density from Micro-CT and bone

density from histologic analysis
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The cortical bone thickness measured from periapical radiography, CBCT and Micro-CT

The cortical bone could not be localized in periapical radiography, so the
thickness could not be achieved using this technique.

The cortical bone thickness from CBCT and Micro-CT were demonstrated by
means, mean differences, and absolute mean differences between each pair of CBCT and Micro-
CT measurement. Pearson’s correlation coefficients were calculated for each pair of CBCT and
Micro-CT measurement as shown in Table 8. There was no difference for linear measurement
between CBCT and Micro-CT evaluation. The UP group showed thinnest cortical bone thickness
compared with mandible (LA and LP) ( p< 0.05) but not difference significant

from UA (p> 0.05).

Table 8: Measurement accuracy of cortical thickness of 4 regions by means, mean difference
(Mean Diff), Absolute value of the mean difference (Mean Abs), standard deviations,

and correlations

Abs
Differences Differences
CBCT Micro-CT (CBCT-Micro-
(CBCT-Micro- | Pearson’s
Location | \eantSD Mean+SD CT) p-value
CT) Coefficient
(mm) (mm) Mean Diff+SD
Mean Abs£SD | correlation
(mm)
(mm)
UA 1.01£0.23 1.00+0.25 0.007+0.09 0.078+0.09 0.928 p=0.3811
UP 0.87+0.18 0.90+0.18 -0.032+0.10 0.078+0.10 0.842 p=0.186
LA 1.19+0.24 1.20+0.22 -0.084+0.09 0.080+0.09 0.930 p=0.783
LP 1.16+0.25 1.17+0.25 -0.05+0.09 0.095+0.09 0.932 p=0.797
p value | p =0.0004 p =0.001
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Correlation between cortical thickness and bone density

The correlation of CBCT”’s cortical bone thickness (CBCT) and bone mineral
density from Micro-CT was high (r=0.818, r'= 0.669). There was moderate correlation between
cortical thickness (CBCT) and bone density for histologic analysis (r=0.738, r'=0.545), BV/TV
of Micro-CT (r=0.634, r’= 0.402), trabecular thickness(r= 0.626, r’= 0.392) and

porosity (= -0.662, '= 0.438). The data was demonstrated in Table 9

Table 9: The correlation coefficient of cortical thickness from a CBCT and bone density

parameters from Micro-CT and histologic analysis

Micro-CT or histologic Coefficient
CBCT analysis correlation (r) (rz) p-value
BV/TV from Micro-CT r= 0634 0.402 o= 3x10°
Cortical Trabecular thickness = 0.626 0.392 = 8x1 o
bone . .
Porosity from Micro-CT = -0.662 0.438 o= 5107
thickness
BMD from Micro-CT r=0818 0.669 o= 5x107
Bone density from histologic
_ _ -12
analysis r=0.738 0.545 p="7x10

The intraoperator reliability for all parameters

The intraclass correlation coefficient ICC value for the 7 continuous variables;
gray value (periapical radiograph), gray density value (CBCT), BV/TV (Micro-CT), Trabecular
thickness(Micro-CT) %porosity (Micro-CT), bone mineral density (Micro-CT), and bone density

(histologic analysis) showed good reliability with coefficients from 0.93 -0.95.
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CHAPTER 4

DISCUSSION

The relationship among periapical radiograph- and CBCT- based
gray density value, Micro-CT bone density parameters (BMD, BV/TV, %porosity),
and bone density from histology analysis were analyzed in this study.

Many studies have confirmed the correlation of Micro-CT and histologic

. 83,87,109
analysis.

Butz and coworkers found that a Micro-CT image corresponded to a histological
analysis section from a surface implant to bone contact for cortical bone (1=0.65) and trabecular
bone (r=0.92)'”. Micro-CT and histologic analysis are recommended as the gold standard for
imaging bone specimens studies at implant sites”. The present study, the bone density parameters
from Micro-CT, in particular, BMD showed high coefficient correlation with bone density
measured from histology assessment, results that were similarly reported in others

83, 86, 87, 109

studies . This could confirm a strong correlation and validity between Micro-CT and

histologic analysis.

The accuracy of periapical radiography, CBCT, Micro-CT and histologic analysis:
Implications for bone morphology assessment for dental implant placement

For pre-operative dental implant planning, periapical radiographs and CBCTs
were the most common radiographs taken to evaluate bone morphology and nearby vital
organs. However, these radiographic techniques have limitations; the quality and accuracy
of the radiography from each technique vary. There have been  variations in
periapical radiographs and CBCTs for bone quality measurement in many studies.

The present study also confirmed the limitation of periapical radiograph image
for assessment bone quality at the dental implant site. The cortical thickness, that indicates the
primary stability of dental implant, could not identify with this radiograph image. Moreover, the
periapical radiograph-based gray value was not correlated to bone density parameter from Micro-
CT or histology analysis. This is in agreement with the results previously reported by Tanomaru-

Filho and coworker in 2009”, who concluded that no correlation between periapical radiographic
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images compared with histologic images. In addition, periapical radiographs may suffer from
distortion, magniﬁca‘tion58 and image processing53. Errors in demonstrating exact bone density
may come from the 2 dimensional-based radiograph, which accumulates the density from the
buccal to lingual side. A previous study showed the limitations of periapical radiographs for
discriminating various gray density value of hard tissue (enamel, dentine, and bone) resulting in
only 44% sensitivity and 78% specificity compared with a Micro-CT for detecting
root resorpti0n97. A recent study confirmed the inaccuracy of periapical radiographs
to validate the size of a bony defect in the jaw bone, showing that the defect size
in periapical radiographs was smaller than the histologic image by approximately 10%".
Lia and coworker in 2004 found that the validity of periapical radiographs for measuring
periapical lesions ranged from 67.97-76.27%, confirmed by histologic images'12
It should be noted that a periapical radiographic image will show only gross details of soft
and hard tissue structure without accuracy in size or density of the tissues.
A CBCT is the most commonly used diagnostic tool for evaluating anatomical

structure as well as bone architecture prior to dental implant placements. Recently,
the American Academy of Oral and Maxillofacial Radiology (AAOMR) updated
its guidelines for dental imaging in implant treatment, suggesting a CBCT as the
preferred method for pre-surgical assessment of dental implant sites'”. Their recommendations
are not mandatory; however, their goal is to give dental professionals a qualified
opinion on  imaging  while reducing radiation risks to  the  patient.
A CBCT could determine the validity differences between 2D images in

insignificant clinical situations ""*_ The measurement error of CBCT was found to range from
1.86-4.61% with no significant difference between the measurements and actual specimens
The present study confirmed a high correlation between the CBCT and Micro-CT
(r=0.933), showing there was 0.94 % difference between a CBCT and Micro-CT for linear
measurement. Concerning the mathematical difference of CBCTs and Micro-CTs, the present
study found that the specimen showed a difference of about 0.01 mm, which
corresponded to Mangione and coworker” that reported a difference of 0.2 mm.
The main drawback of CBCT technology is the lack of appropriate bone

determination. Regarding bone density propose, the HU from medical CT scans, which measures

radiodensity, can provide an accurate absolute density. Radiodensity is inaccurate in CBCT
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scans because different areas in the scan appear with different grayscale value depending on their
relative positions to the organ being scanned, despite possessing identical density, because the
image value of a voxel of an organ depends on the position in the image volume ", Although
some authors have supported the use of a CBCT to evaluate bone density by measuring gray

. . . . . 116 71,72, 105, 117, 106
density showing a reliable modality for bone density measurement

, the validity of
gray value from a CBCT for bone density measurement is still controversial. The gray density
value obtained from CBCT images are not an absolute value like HU value obtained using CT.
Katsumata and coworker found that calculated HU on a CBCT scan varied widely from a range
of -1500 to over +3000 for different types of bone' " . Even after a correction had been applied to
gray levels with the CBCT, the HU value were much more reliable than the gray density value

66,72, 119

obtained from the CBCT .In addition, Corpas and coworker in 2011 showed that a CBCT
was not found to be reliable compared with histologic analysis (r= 0.28)”. The present study
showed a consistent finding that gray value from a CBCT has low validity and no correlation
compared with Micro-CT or histologic analysis. It should be taken into consideration that CBCT
systems do not employ a standardized system for scaling the gray levels that represent the
reconstructed density value and as such, they are arbitrary and do not allow for assessment of
bone qualitylzo. In the absence of such a standardization, it is difficult to interpret the gray levels
or impossible to compare the value resulting from different machines.According to this finding,
utilizing data from a CBCTas the tool for evaluation of bone density should be done with caution.

The present study demonstrated a high correlation between cortical bone
thickness measured from CBCT and the density of the bone specimen represented either by a
Micro-CT (BV/TV; 1=0.634, , porosity; 1=-0.662, BMD; r=0.818) or by bone histologic analysis
(bone density from histologic analysis r=0.818). Corresponding to Thiele and coworker,121 a
positive correlation between the cortical thickness and bone mineral density (BMD) in cortical and
cancellous bone from a Micro-CT measurement in femoral bone was found. The cortical
thickness affects the bone density and primary stability. These results suggest that the cortical
thickness measured from a CBCT could be used as an indicator for bone density that could
represent bone quality at the implant installation site. From this study, it could be assumed that the

more cortical bone thickness, the denser the trabecular bone would be.
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CHAPTER 5

CONCLUSION

The mandible (LA and LP) revealed the higher cortical thickness and bone
density than the maxilla (UA and UP) according to the Micro-CT and histologic analysis.
Regarding the bone density evaluation, periapical radiograph- and CBCT-based gray density
value could not reveal the true bone density that using BMD, BV/TV, and histology assessment
as the references.

The present study demonstrated the strong correlation between the cortical
thickness measured from CBCT and the bone density parameters assessed by Micro-CT and
histologic analysis. This pre-operative parameter could be utilized as the indicator for bone
quality at the implant installation site.

The use of periapical radiograph and CBCT as the preoperative diagnostic tool
for dental implant installation should be done with caution. CBCT might be a useful technique

for the 2D measurement (the length) rather than the 3D parameter (gray density value).
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