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Abstract 

The purpose of the present study was to contrast histopathological, radiological and micro-CT findings 

within the bone augmentation area after guided bone regeneration (GBR) in study 1 and 2. Besides, it was to 

examine conditions for setting threshold values in digital image evaluation of reconstructed images from 

micro-CT in study 2. Eight (study 1) and 18 (study 2) patients who had lost teeth and underwent GBR using 

non-absorbable anorganic bovine bone (ABB) graft material was the study subjects. At the time of implant 

surgery, bone core biopsy samples were offered to histopathological examination. Digital and histopathological 

and micro-CT component ratios were calculated using ImageJ 1.51i image analysis software. Bone core 

samples comprised new bone, osteoid, bone graft materials and connective tissue. 

In study 1, because of the bone graft materials remaining amount, mean area ratios for these 4 components 

were 2.50%, 3.50%, 38.73% and 55.47% with the large pattern, 19.45%, 0.30%, 24.10% and 56.20% with the 

moderate pattern, and 26.53%, 13.53%, 2.53%, and 57.27% with the small pattern, respectively. The relative 

concentration ratios of the bone augmentation area compared to the existing area of dental radiographic images 

were calculated for dental films. In dental radiographic image analysis, the mean relative concentration ratio 
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was 0.92, and no significant variability was evident among the eight cases. A significant correlation was 

indicated between the relative concentration ratio and the hard tissue area (p<0.001).  

In study 2, mean body mineral density (BMD) was 628.11±58.00 mg/mm3 (range, 535.50-783.10 mg/mm3). 

Mean ratio of the hard tissue component from digital images was 20.09±4.91% (range, 14.38-32.59%). Strong 

correlations were apparent between BMD and both digital micro-CT and histopathological hard tissue area 

(new bone and bone graft materials) ratios (correlation coefficients, 0.923 and 0.938, respectively; p<0.01 

each). A positive correlation between digital micro-CT image and histopathological hard tissue ratio (0.875) 

was also confirmed (p<0.01).  

New bone and/or reorganization with non-absorbable ABB graft materials were observed in the bone 

augmentation area after GBR, and radiological interpretations by dentists were influenced by these hard tissue 

areas but no significant variability. Micro-CT image can be clinically useful to evaluate bone quality within 

bone augmentation areas after GBR. 

 

Key words：Bone Augmentation，Guided Bone Regeneration（GBR）, X-ray Image，Histopathological 
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findings, Micro-computed Tomography (Micro-CT），Body Mineral Density (BMD） 
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Introduction 

Guided bone regeneration (GBR) has been developed for cases with insufficient bone volume, to expand 

the indications for dental implant treatment 1). Bone mineral density (BMD) is of extreme importance to 

primary implant stability, particularly when considering either the immediate load or the early loading protocol 

after GBR 2). Several techniques are available for evaluating bone density, including histomorphometric 

analysis 1,3), the tactile sense of the surgeon 1,4), and radiological evaluation 1,5). Among these, conventional 

two-dimensional radiography is used for evaluating bone density at the dental chair side, because dental cone-

beam computed tomography has not been widely adopted by dental clinics in Japan 6). Some radiological 

studies concerning the period of bone augmentation after GBR have also been reported. X-ray evaluations of 

bone augmentation after GBR have been performed using analysis of new bone height 7-9). However, studies 

correlating radiological interpretations and histopathological findings are scarce, and no clear histopathological 

evidence has been reported for bone augmentation in comparison to radiological image findings after GBR. 

To observe the hard tissue core biopsy histopathologically, it may take time and expertise to sample 

preparation. In contrast, micro-computed tomography (micro-CT) offers the advantage of being able to be 
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performed immediately after collection of the biopsy core sample without decalcification. Digital image 

evaluation using micro-CT of the bone augmentation area has been reported for animal models 10-13), and 

studies comparing micro-CT and histopathological observations for the bone augmentation area have been 

reported 11,14,15). However, correlations between the results of component analysis from micro-CT and 

histomorphology have yet to be reported. The patient can understand the effect of GBR by showing three-

dimensional (3D) image reorganization of bone augmentation area. Further, it may be useful for determination 

of implant superstructure attachment time.  

The purpose of the present study was to contrast histopathological, radiological and micro-CT findings 

within the bone augmentation area after GBR. Besides, it was to examine conditions for setting threshold 

values in digital image evaluation of reconstructed images from micro-CT. 
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Materials and Methods 

1. Subjects (study 1,2) 

All patients received a description of implant treatment after GBR and the purposes of the present study 

from September 2016 to June 2017 (study 1, 362 patients) and March 2017 to June 2018 (study 2, 405 patients). 

Patients were consecutively recruited for study 1 (8 patients, 6 men, 2 women; mean age, 59 years; range, 41-

74 years), and for study 2 (18 patients, 12 men, 6 women; mean age, 60 years; range, 33-76 years). The 

inclusion criteria were patients who had lost teeth and planned to undergo implant treatment were enrolled in 

the study. Radiographic examination showed vertical bone absorption, and bone augmentation was required at 

the site of tooth loss to perform implant treatment. The exclusion criteria were patients with diabetes, bone/joint 

disease or autoimmune disorder or who were taking bisphosphonates. Each patient provided written informed 

consent for the GBR procedure after all treatment options had been presented. The protocol of these studies 

was approved by the Ethics Committee of Nihon University School of Dentistry at Matsudo (EC 18-16-16-

015-2). 

2. Surgical procedure (study 1,2) 
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(1) GBR 

Mineralized freeze-dried bone allograft (FDBA; LifeNet Health, Virginia Beach, USA) and autologous 

fibrinogen glue (AFG; made from the patient's blood) were transplanted with non-absorbable anorganic bovine 

bone graft material (Bio-Oss®; Geistlich Biomaterials, Wolhusen, Switzerland) into the extraction socket under 

local anesthesia with 36 mg of lidocaine. Non-absorbable polytetrafluoroethylene (PTFE) membrane 

(Cytoplast®; Osteogenics Biomedical, Lubbock, USA) was placed directly on the Bio-Oss®+FDBA+AFG 

(1:1:2), then an absorbable concentrated growth factor membrane 15) was extended at least 2 mm beyond the 

borders of the defect. Mattress and simple sutures were then placed using a suture needle with non-absorbable 

PTFE monofilament suture (Osteogenics Biomedical) to allow tension-free adaptation of wound margins. 

Minor wound dehiscence was controlled using antibiotics (flomox®; Shionogi, Osaka, Japan) and wound 

dressing (ConcoolF®; weltec, Osaka, Japan). 

(2) Radiological interpretation of bone augmentation  

Thirteen to 18 weeks after GBR, dental X-ray images were obtained under a unified standard (Max F1; 

Morita, Tokyo, Japan) to record bone density. To decide the time of fixture installation, the graft site on dental 
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films was subjectively decided by 3 dental implant specialists to estimate bone augmentation. Biopsy was 

performed when all 3 agreed that an implant could be placed. 

(3) Biopsy and implant placement  

A stainless-steel trephine burr with an external diameter of 3 mm, internal diameter of 2 mm, and length of 

8-10 mm (dental trephine kit; THOMAS, Bourges, France) was used to obtain a bone core biopsy sample from 

the center of the GBR lesion. The excavation speed for biopsy was 300 rotations/min. Figure 1 shows images 

of a representative bone core sample. After removal of the bone core sample (Fig. 1a), implant osteotomy was 

completed, and the implant was placed according to the instructions from the implant manufacturer. Implant 

treatment was then completed, and stability of the implant was obtained. Clinical observation was continued 

after 6 months of implant placement. 

(4) Preparation for analyses of bone core samples 

The bone core sample (Fig. 1a) was immediately fixed in 10% neutral-buffered formalin for 7 days. In 

study 2, the specimen was cut along the long axis into two pieces. One piece was subjected to micro-CT and 

the other to histopathological examination. 
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3. Dental radiographic image analysis of bone augmentation (study 1) 

Dental radiographic images were analyzed using ImageJ 1.51i image analysis software (NIH, Maryland, 

USA). Two areas of radiographic image density were measured (Fig. 2): bone augmentation area (a in Fig. 2) 

and existing bone just under the augmentation area (b in Fig.2). Setting of the measurement region of interest 

(ROI) for image analyses was decided by 2 dental radiologists to prevent inter-observer error. The relative 

concentration ratio of the bone augmentation area compared to the existing area (a/b) was calculated. 

4. Micro-CT analysis (study 2) 

Tissue samples were scanned using micro-CT (R_mCT2; Rigaku, Tokyo, Japan). Scan parameters were set 

to: field of view (FOV), 10 mm; tube voltage, 90 kV; and tube current, 160 μA. The image of CT was created 

using micro-CT equipment that generates monochromatic images with 512 × 512 pixels and a depth of 16 bits. 

Scanned data consisted of 512 slices. These data were exported in Digital Imaging and Communications in 

Medicine (DICOM) 16-bit signed format. Bone mineral density (BMD) is the amount of mineral in bone tissue. 

It is possible to compare, using radiological study, the amount of calcium and phosphorus deposited in the 

bones 16). Sample’s gray value was converted to BMD by the calibration curve which was created by the gray 
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values of X-ray absorption from BMD phantoms (Phantoms; Ratoc System Engineering, Tokyo, Japan) 

comprising 200, 300, 400, 500, 600, 700, and 800 mg hydroxyapatite/cm3. 

5  Digital image analysis of bone augmentation (study 2) 

Image analysis and acquisition of 3D image for bone core samples were undertaken using ImageJ. In image 

analysis, threshold values were set. Areas below and above the threshold values were defined in ROIs as areas 

of bone graft materials/new bone and soft tissue, respectively. The preliminary study was performed to set 

ROIs and showed a gray value ≥4,350 included all areas of the specimen other than formalin solution. 

Concerning bone graft materials, gray values were 6,500 for Bio-Oss® and 6,900 for FDBA. Therefore, regions 

of ≥6,500 were set to represent bone grafting materials and new bone tissue in the present study. BMD and 

tissue volume were analyzed in accordance with threshold areas. Merged 3D image for bone core biopsy was 

displayed with soft- and hard-tissue areas in purple and yellow, respectively. 

6.  Histopathological analysis (study 1,2) 

The specimen was decalcified with 10% ethylenediaminetetraacetic acid for 6 days and embedded in 

paraffin. The paraffin-embedded block was sectioned into 7 serial sections of 4-μm thickness. The first 6 serial 
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sections were stained with hematoxylin and eosin (HE), and the seventh section was stained with Azan Mallory 

(AM). 

7.  Histomorphometric analysis of bone augmentation (study 1,2) 

Histopathological images were captured using an optical microscope (BX51; Olympus, Tokyo, Japan) and 

photographic images were captured under ×40 magnification using a digital camera (DP20; Olympus). 

Photographic images were analyzed using ImageJ. The areas of new bone, bone graft material, and soft tissue 

were measured of the constant areas (718.8× 539.1 µm2) by 2 oral pathologists. All samples were measured 

for six HE-stained sections (5 field of view of each to cover all the area by x10). Proportions of new bone, 

bone graft materials, and soft tissue 17) were calculated and expressed as percentages, and mean values, 

standard deviation and covariance were determined for statistical analysis.  

  

8.  Statistical analysis (study 1,2) 

All statistical analyses were performed using SPSS for Windows version 20.2 J (IBM, Tokyo, Japan). The 

relative concentration ratio was statistically analyzed using the F test. Histomorphometric area ratios of 
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different tissue types within the grafted area among all cases were used for population variance analysis. In 

addition, the relevance of the relative concentration ratio and histomorphometric components ratio was 

analyzed by spearman’s rank correlation coefficient. The Digital image analysis results and histomorphometric 

component ratios were analyzed by Pearson’s correlation coefficient. 
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Results 

1. Clinical findings (study 1,2) 

The clinical information of the study subjects are shown in in Table 1 and 2. Three dental implant specialists 

agreed that implants could be placed at 12-20 weeks after GBR (mean, 15weeks 5 days; range, 13 weeks o day 

to 16 weeks 3days, study 1) and 13-19 weeks after GBR (mean, 15 weeks 4 days; range, 13 weeks 6 days to 

18 weeks 1 day, study 2). In study 1 and 2, one implant was failure within 6 months after implant placement. 

2. Dental radiographic image analysis of bone augmentation (study 1) 

Radiographically, radiolucency of the extraction socket decreased gradually and transformed to radiopaque 

features corresponding to bone regeneration. The relative concentration ratios (a/b) are presented in figure 3. 

Sixty-seven percent of cases showed an augmentation area smaller than the existing bone area. The mean ratio 

was 0.92 and variance was 0.03, and no significant variability was evident among the 8 cases (p=0.48). 

3. Micro-CT analysis (study 2) 

Figures 4 and 5 show two representative 3D reconstructed micro-CT images of the biopsy core specimen 

with large (Fig. 4a, b) and medium (Fig. 5a, b) hard tissue occupancy. Soft and hard tissues showed similar 
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distributions to those seen from histological examination (Fig. 4c, 4d, 5c, 5d). Mean BMD was 628.11±58.00 

mg/mm3 (range, 535.50-783.10 mg/mm3). The mean proportion of the hard tissue component on digital image 

was 20.09±4.91 % (range, 14.38-32.59 %). 

4. Histopathological and histomorphometric findings (study 1,2) 

Trabecular bone formation, osteoid continuous with the bone graft materials and mainly connective tissue 

were observed in the bottom, middle and upper areas, respectively (Fig. 1b). In most specimens, bone graft 

materials were in close contact with newly formed bone. The newly found woven bone showed a long, 

trabecular structure, whereas the bone graft materials were shorter and had sharper boundaries accompanied 

by many small lacunae, but no osteocytes. The connective tissue component was located loosely between 

osteoid and new woven bone and/or bone graft materials. In AM staining, new bone and osteoid stained blue, 

bone graft materials stained red/blue, and osteoblast/mesenchymal cells stained red (Fig. 1c).  

(1) Study 1 

In study 1, the histomorphometrical percentages of these components in the 8 cases are presented in Figure 

6. The mean ratios of new bone, bone graft materials, osteoid and connective tissue were 15.75 ± 14.52, 21.50 
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± 17.31, 6.46 ± 13.36, and 56.33 ± 3.97, respectively. The average area ratio for hard tissue (i.e., new bone and 

bone graft materials) was 37.25 ± 11.12 %. A significant difference in percentages of these components was 

observed among the 8 cases according to population variance analysis (p<0.01). Histological components were 

also classified into three patterns of area ratio for bone graft materials in the bone core sample: large, moderate 

and small patterns. The large, moderate and small patterns defined as follows: the ratio for bone graft materials 

is over 30 %, between 3 and 29 % and less than 3 %, respectively. Typical histopathological findings for these 

patterns are shown in Figure 7. For all subjects, the large pattern was seen in 37.5 %, moderate in 25.0 % and 

small in 37.5 %.  

(2) Study 2 

In study 2, the percentages of these components in the 18 cases are presented in Table 3. The average 

proportion of the histopathological hard tissue component was 39.11 ± 9.85 % (average ± standard deviation, 

range 24.40-57.21 %). Mean proportions of new bone, bone graft material, osteoid and connective tissue were 

15.02 ± 16.50 %, 24.09 ± 10.49 %, 5.76 ± 8.24 %, and 55.13 ± 12.68 %, respectively. A significant difference 

in percentages of these components was observed among the eighteen cases according to population variance 
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analysis (p<0.01). 

(3) The relevance of the relative concentration ratio and histomorphometric components ratio (study 1) 

The positive correlation with the relative concentration ratio was bone graft materials (0.595), and the 

negative correlation with it were observed in new bone (-0.181), osteoid (-0.548) and connective tissue (-

0.252) by the spearman’s rank correlation coefficient. And, correlation was indicated between the relative 

concentration ratio and the hard tissue area (new bone and bone graft materials) ratio (p<0.001). Conversely, 

an inverse correlation was indicated between the relative concentration ratio and the soft tissue area (osteoid 

and connective tissue) ratio (p<0.001). 

(4)  Relevance of digital micro-CT image and histomorphometric component ratios of bone 

augmentation (study 2) 

A strong correlation was identified between BMD and ratios of hard tissue (new bone and bone graft 

material) areas on both digital micro-CT and histopathological images (correlation coefficients, 0.923 and 

0.938, respectively; Fig. 8a, b, p<0.01). A positive correlation between hard tissue ratios from digital micro-

CT and histopathological images (correlation coefficient, 0.875; Fig. 8c) was also confirmed (p<0.01).  
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Discussion 

GBR has been developed for cases with insufficient bone volume, to expand the indications for dental 

implant treatment 1). Sufficient radiopaque features were observed at 12-20 weeks after GBR, concordant with 

the description by Lee et al.18). Rokn et al. 2) described that one of the risk factors for implant failure was the 

low quality of bone, and it leads to lower treatment predictability 19). Several kinds of techniques are available 

for bone density evaluation: histomorphometric analysis 2,3), Tactile sense of the surgeon 2,4), and radiological 

evaluation 2,5). Radiological evaluations of bone augmentation after GBR are scarce, but measurements of new 

bone height have been described 7-9). Among these previous studies, almost no objective evaluation of the 

subjective radiological interpretation was described. Although no statistical variability was seen among the 

eight cases, 67 % of all cases showed a low relative concentration ratio indicating less augmented bone than 

existing bone in the present study. No variation in the relative concentration ratios was considered because 

there was no variation in the histologic soft tissue components. Hence, bone augmentation area, where 

specialists clinical judged as implantation timing, was verified histopathologically. Microscopically, the mean 

ratios of new bone, bone graft materials, osteoid and connective tissue in study 1,2 were 15.8/15.0 %, 



18 

 

21.5/24.1 %, 6.5/5.8 %, and 56.3/55.1 %, respectively. Regarding the evaluation after GBR, the seven cases 

histomorphometrically showed proportions of new bone and residual ABB after 6 to 12 months were 39.0 % 

and 8 %, respectively in the sinus floor 8). Similarly, ≥25 % 20) and 24 % to 30 % 18) of bone volume is sufficient 

to support implants under occlusal loads in the grafted maxillary sinus. A proportion of new bone in this result 

was smaller than those of previous studies 8,18,20). On the other hand, the low rate of new bone was due to the 

presence of remaining nonabsorbable ABB particles 21). Nonetheless, these bone substitutes show high rates of 

success with dental implants 9,22). Anyway, it was described that a certain percentage of non-absorbable ABB 

remained as a component of the bone augmentation area 23). From a histopathological perspective, bone 

regeneration was seen around the non-absorbable bone graft material in the 8 present cases. This finding 

suggested that the material acted as a nucleus of calcification and bone regeneration and was biocompatible. 

Besides, a strong correlation was indicated between the relative concentration ratio and the hard tissue area. A 

higher relative concentration ratio was not always suggestive of new bone in the present study, but bone 

augmentation using non-absorbable bone graft materials and new bone could be estimated from interpretation 

of radiological images by dentists.  
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Among the radiographic image techniques, micro-CT shows potential as a promising alternative to 

histomorphometric techniques as a method for estimating bone augmentation. BMD is used as an index for 

evaluating the quality of bone augmentation. A significant correlation was identified between BMD and the 

proportion of the hard tissue area on histopathological images in the present study. Digital image component 

analyses using micro-CT of areas of bone augmentation have been reported in animal models, in which the 

low amount of new bone could not be quantified by micro-CT 10). Moreover, the bone regeneration effect of 

bone graft materials has been evaluated through micro-CT and histopathological analysis in bone defect 

models using dogs 11,15) and rats 12,13). For humans, Kaigler et al. 14) reported qualitative analyses of the bone 

regeneration process carried out using micro-CT and histological change. The bone augmentation area has also 

been estimated by micro-CT, measuring some volumes within ROIs in previous studies 11-13). However, in those 

studies the basis for thresholds was not clearly set 12,13) or thresholds were determined by the position in the 

ROI 11). Because histological components were intermingled in bone augmentation, we assumed that the 

method described by Lee SH et al. 11) might be inaccurate for the present study. In the present study, the analysis 

target area was that area showing a gray value ≥4,350 gray value, to include all areas of the specimen other 
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than 10% formalin solution. Concerning bone graft materials, gray values were 6,500 for Bio-Oss® and 6,900 

for FDBA in the present study. Therefore, regions of ≥6,500 were set to represent hard tissue in the present 

study.  

Likewise, a significant correlation was seen between the hard tissue ratios from digital micro-CT and 

histopathological images. The mean ratio of the hard tissue component was higher for histopathological images 

than for digital images. Digital images seem to have a lower threshold for hard tissue in the form of new bone 

with little bone mineral content. These results showed the objectivity of threshold setting in the present study.  

In conclusion, the present study indicated that new bone and/or reorganization with nonabsorbable ABB 

graft materials were observed in the bone augmentation area after GBR, and radiological interpretations by 

dentists were influenced by these hard tissue areas but no significant variability. Furthermore, a significant 

correlation was observed among histopathological analysis is of tissue components, digital analysis of tissue 

components and BMD. The present study showed that micro-CT can provide a good method for evaluating 

bone quality within a short period after bone augmentation. Studies 1 and 2 were not uniform teeth species 

subjects. Therefore, not be denied the limitation of this conclusion. However, correlations between the results 
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of component analysis from micro-CT and histomorphology have yet to be reported. The patient can 

understand the effect of GBR by showing 3D reorganization of bone augmentation area. Further, it may be 

useful for determination of implant superstructure attachment time. 
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Figure legend 

Figure 1  Macroscopic（a）and loupe images of the biopsy specimen（b：hematoxyline and 

eosin staining (HE)；c：Azan Mallory stain(AM)）． 

Red zone indicates mucosal surface（a） 

Figure 2  Setting of measurement ROI for dental radiographic image analysis of the bone 

augmentation area（a：broken line square, bone augmentation area ; b：dotted line square, 

existing bone just under the augmentation area）． 

Figure 3  Relative concentration ratios in all cases. Average ratio was 0.92, and 67% of cases 

showed a relative concentration ratio below 1, indicating a bone augmentation area smaller 

than the existing bone area. 

Figure 4 Representative images of biopsy core sample with a large proportion of hard tissue 

a,b) 3D reconstructed micro-CT images (c: hard tissue in yellow; d: merged image with soft 

tissue in purple and hard tissue in yellow) ; and c,d ) histological findings of bottom area 

(×10; c: HE; d: AM, scale bur: 100um）．Bottom and upper sides of figures (a,b) presents 

existing bone and mucosal direction, respectively. 

Figure 5 Representative images of biopsy core sample with a medium proportion of hard 

tissue 

a,b) 3D reconstructed micro-CT images (c: hard tissue in yellow; d: merged image with soft 

tissue in purple and hard tissue in yellow); and c,d) histological findings of bottom area (×10； 

e： HE, f: AM, scale bur: 100um). Bottom and upper sides of figures (a, b) presents existing 

bone and mucosal direction, respectively. 

Figure 6 Percentages of tissue components in all cases of experiment 1. 

Figure 7  Typical findings for three patterns of area ratio for bone graft materials in the 

biopsy specimen: large 🄐, moderate 🄑 and small patterns 🄒. 

A1-C1：Histopathological pictures（HE, x20） 

A2-C2：Histopathological pictures（AM, x20） 

A3-C3：Proportion of bone graft materials in bone augmentation area 

Figure 8  

ａ） Correlation between bone mineral density（BMD） and hard tissue（new bone and bone 

graft material）component ratio from digital micro-CT images. 

ｂ）  Correlation between BMD and hard tissue（new bone and bone graft material）

component ratio from histopathological images. 

ｃ） Correlation between hard tissue（new bone and bone graft material）component ratios 

from digital micro-CT and histopathological images 
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Fig. 8  
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Table 1  List of cases 

 
Case Sex Age(years) Missing teeth1 Period2 

1 M 43 11 3m3w 

2 F 68 21 3m2w 

3 F 55 27 5m0w 

4 M 65 35 3m0w 

5 M 74 11 3m2w 

6 M 56 27 5m0w 

7 M 70 41 3m2w 

8 M 41 15 3m3w 
     

1: FDI two-digit system tooth number  

2: Period after guided bone regeneration  

  



Table 2  List of cases  

Case Sex Age (years) Missing teeth1 Period2 

1 M 44 24 3m1w 

2 M 55 45,45 3m3w 

3 M 62 11,12 3m3w 

4* M 42 15 4m0w 

5 M 76 11 3m2w 

6 M 68 15 3m3w 

7 M 68 26 3m2w 

8 M 73 46 3m1w 

9 M 75 13 3m3w 

10 F 33 16 4m0w 

11 F 61 36 4m0w 

12 F 61 44 4m0w 

13 M 60 46 4m1w 

14 F 68 46 4m2w 

15 F 61 22 3m2w 

16 F 67 36 3m2w 

17 M 52 21 4m2w 

18 M 56 36 4m1w 

1: FDI two-digit system tooth number 

2: Period after guided bone regeneration 

*: Case 4 showed implant treatment failure within 6 months after implant placement. 
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