
Introduction
 Conventional methods of objectively evaluating 

implant stability include removal tests and 

removal torque measurements, but these methods 

are destructive and not suitable for clinical appli-

cations1‒3.  Cutting resistance measurements at 

the time of implantation are non-destructive and 

permit objective evaluation of implant stability, 

but do not enable longitudinal assessment of the 

changes after the implantation4,5.  Tooth mobil-

ity measurements and resonance frequency 

analysis (RFA) enable objective and longitudinal 

assessment of the changes.  Tooth mobility mea-

surements are expressed as periotest values6‒8.  

However, for implants for which sufficient 

osseointegration has not been achieved, there may 
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Abstract : To develop an osseointegration analyzing system for dental implants, a new analyzing 

system which can assess the level of osseointegration between an implant and trabecular bone 

was constructed using digital radiography with morphological filter and node-strut analysis.  For 

assessment of this system, a grayscale test chart that simulates six levels of an osseointegration 

was created.  In addition, digital implant images were made in which the trabecular pattern 

around the implant was varied over a total of five levels.  Implant osseointegration was evaluated 

on the basis of seven parameters related to the number of nodes (Nd) and terminuses (Tm) of the 

skeleton bound to the implant (Im) and the skeletal length.  The seven parameters were as follows : 

the number of struts connecting the Im with the Nd and Tm (N.ImNd, N.ImTm), the total number 

of N.ImNd and N.ImTm (N.Im), the strut length connecting the Im with the Nd and Tm (ImNd, 

ImTm), and the ratios of the struts connecting the Im with the Nd and Tm (ImNd/TSL, ImTm/

TSL), where TSL is the total strut length.

 Strong correlations (R2＝ 0.971–1.0) between the theoretical values from the test charts and the 

measured values were demonstrated.  N.ImNd showed the strongest correlation, R2＝ 0.948, from 

the digital implant images, followed by N.Im and ImNd, with correlations of R2＝ 0.86 and R2＝
0.84, respectively.  This new system for evaluating implant osseointegration by applying morpho-

logical processing and node-strut analysis could be useful for computer-assisted diagnosis of digital 

dental implant images.
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be a loss of osseointegration due to the loading at 

the time of measurement. In consideration of 

these various problems, a nondestructive method 

using RFA was recently developed for evaluating 

implant stability, and the results of its clinical 

application have been reported9‒16.  With the RFA 

method, a transducer is immobilized above the 

implant, and the characteristic vibration fre-

quency of the implant is measured17‒18.  This 

method is widely used in industry to identify 

flaws, cracks and damage in structures that are 

comprised of uniform metals or cement19.  How-

ever, bones are comprised of dense cortical bone 

and cancellous bone that has a three-dimensional 

mesh-like structure.  In addition, the proportions 

of these bone components may vary largely due to 

individual differences and the area of the bone.  

Therefore, the ability of RFA to reflect the status 

between the jaw bone and an implant is unknown.

 On the other hand, European and American 

guidelines for implant therapies recommend that 

X-ray tomography of one tooth or a small area, or 

computed tomography (CT) of an area including 

multiple teeth, be carried out together with con-

ventional radiography (intraoral radiography, 

occlusal radiography, panoramic radiography and 

lateral cephalometric radiography) as imaging 

diagnosis prior to implantation surgery20,21.  In 

particular, CT has been used for preoperative 

evaluation of bone quality22‒27, and in recent years 

there have also been reports of preoperative imag-

ing diagnosis using magnetic resonance imaging 

(MRI)28‒32.  However, applications of CT and MRI 

for postoperative imaging diagnosis aimed at mon-

itoring the course following implantation still 

have problems such as artifacts and resolution. 

Moreover, for judging the prognosis after implan-

tation, it is important to evaluate the relationship 

between the implant and the surrounding trabecu-

lar bone structure.  It was also reported that sec-

ondary implant stability was increased due to 

bone formation and remodeling at the implant/tis-

sue interface and in the surrounding bone8.  For 

that reason, presently the postoperative prognosis 

of implants is visually evaluated by using intraoral 

radiography.  In consideration of this background, 

the authors have been developing a technologi-

cally simple and economical method for longitudi-

nal evaluation of the osseointegration of implants.

 The objective of this study was to develop a 

computer-assisted diagnosis based on digital radi-

ography for longitudinal, quantitative evaluation 

of the relationship between implants and the sur-

rounding trabecular bone structure.

Materials and Methods

1. Implant osseointegration analyzing system
 Figure 1 shows a block diagram of the system 

used in this study for analyzing implant osseointe-

gration.  Two kinds of original digital implant 

images were prepared for evaluating the accuracy 

of the system.  The digital implant images of one 

group were constructed by commercial graphic 

software (Adobe Illustrator CS ver. 11.0, Adobe 

System Inc., CA, USA) as grayscale test chart 

images. The digital implant images of another 

group were obtained from a test phantom of an 

implant on a bone block using a digital X-ray 

imaging system (FCR 5000 MA Plus, Fuji Photo 

Film, Tokyo, Japan).  The region of interest (ROI) 

for analysis was established in the original digital 

implant image.  Noise was removed from the digi-

tal radiographic imaging data of the trabeculae in 

the ROI by filter processing (mask size, 3× 3 pix-

els).  The skeletal features of the trabeculae were 

extracted from the digital image data using a 

disk-shaped single structuring element with a 

diameter of 5 pixels, and images of the skeletal 

features were produced.  The operation number 

was 3–6, and the skeletal features were extracted 

in trabeculae of width greater than 650 μm.  The 

equation used for this analysis was a skeletal 

operation33‒37.  After the skeletal grayscale images 

were binarized at a threshold level of 1.0, isolated 

skeletal components of less than 20 pixels were 

removed by a selective skeletal filtering process.  

The skeletal area (Sk.Ar) was determined by mor-

phometric indices calculated from the binary 

image data.  Sk.Ar is a relative assessment of the 

quantity of skeletal structure in the entire tissue 

area.

 Skeletal features of a width of 1 pixel were 

extracted from the binary image data by a thin-
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ning process for implant osseointegration analysis. 

Node-strut analysis was applied to quantify the 

connectivity of the trabecular skeletal elements 

and implant body using the 1-pixel-wide skeletal 

image data.  In the present study, a point at which 

three or more trabecular skeletal elements inter-

sect defines a node (Nd), and a terminating end 

point, which is a point that is not contiguous with 

other skeletal elements, defines a terminus (Tm). 

The struts are defined as linear skeletal ele-

ments38,39.  In the developed analyzing system, the 

number of struts connecting the implant with the 

Nd (i.e., N.Im, N.ImNd and N.ImTm), the strut 

length (i.e., ImNd and ImTm) and the ratios of 

the strut lengths to the total strut length (TSL) 

(i.e., ImNd/TSL and ImTm/TSL) were defined as 

the implant osseointegration parameters.  These 

parameters of node-strut analysis show higher 

values as the osseointegration between the 

implant and the surrounding trabecular bone 

advances.  Conversely, if the osseointegration fails 

and/or the interface between the implant and the 

bone trabeculae decreases, these parameters show 

lower values.

2. Grayscale test chart images
 To evaluate the precision of the implant 

osseointegration analyzing system, six images of a 

rectangular binary test chart were created on a 

cathode ray tube (CRT) that simulated the Nd, 

Tm and implant body within 50 pixels in width 

and 200 pixels in length.  The trabeculae were cre-

Fig. 1　Flow diagram illustrating the procedure used for the implant osseointegration 

analyzing system in this study. The system consists of detection processing of 

the implant body, mask size 3× 3 pixel mean filtering, morphological filtering 

based on mathematical morphology (binarized processing, 5× 5 pixel skeleton 

operation), and measurement of the skeletal structure and node-strut analysis.
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ated with longitudinal and horizontal lines that 

intersected at 90°degrees.  The width of the hori-

zontal line was varied between 1–6 pixels, and the 

brightness was changed from 100% to 50% in 

stages for each line.  In addition, by means of 

Gaussian filter processing with a diameter of 3 

pixels, the binary test chart was resynthesized as 

grayscale test chart images having a characteris-

tic X-ray image penumbra.  Figure 2 shows the 

grayscale test chart images that were created with 

six levels on the CRT.

3. Digital implant test phantom image data
   Excised bone block from a human femoral neck, 

which has dense bone trabeculae, was cut into five 

2-mm sections and 1.5-mm phantoms were pre-

pared by placing a material that was equivalent to 

the cortical bone on both the X-ray tube side and 

the imaging plate (IP ; Fuji Photo Film) side.  The 

bone trabeculae of the femoral neck consist almost 

entirely of longitudinal, horizontal and oblique 

structures, whereas the mandible has more com-

plicated structures.  Therefore, the bone trabecu-

lar structures of both bones are somewhat differ-

ent.  However, the bone block of the femoral neck 

was used for the sake of convenience of preparing 

the bone block slices, because the bone block of the 

femoral neck has sufficient thickness for making 

multilayer slices.  A screw-type titanium implant 

(Straumann, Switzerland) was placed on the first 

thickness step of the cancellous bone block, 

because it was difficult to drill a hole for implant 

in the bone block of 2 mm thickness without 

destroying cancellous bone.  Standardized radiog-

raphy was performed at each of the five thickness 

steps of the cancellous bone.  Radiographs were 

obtained with a standard-type IP for computed 

radiography (CR; Fuji Photo Film) and a micro-

focus X-ray tube (P70-Ⅱ, Pony Anatomic, Tokyo, 

Japan).  The exposure conditions were 30 kV, 90 

μA, 20 seconds, focus to an IP distance of 33 cm 

and to a subject distance of 11 cm at 3 times the 

magnification imaging.  The original images were 

scanned with a FCR 5000 MA Plus.  Figure 3 shows 

Fig. 2　Image of the grayscale test chart created on the CRT. The number and width of the trabeculae 

connecting to the implant (Im) were varied over six levels.

Fig. 3　Digital implant test phantom radiographic images with the trabeculae surrounding the Im varying over five levels.
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the digital implant test phantom images with the 

trabecular patterns around the implant varied 

over five levels from coarse to dense, obtained by 

standardized radiography using bone block and 

titanium implant.

Results
 Figure 4 shows (A) the six step skeletal images 

of grayscale test chart created by morphological 

processing and (B) the thinning processing 

images.  For both the skeletal and thinning pro-

cessing images, it is possible to visually confirm 

the 1–6 number of Nd and Tm bindings to the 

implant.  The skeletal images were evaluated 

quantitatively by calculating morphometric indi-

ces as the bone micro structural parameter.  The 

thinning processing images were also evaluated 

by node-strut analysis as the implant osseointe-

gration parameters.  The relationships between 

the theoretical values of the grayscale test chart 

and the measurement values obtained by the 

analysis were analyzed by linear regression.  The 

regression coefficients of each parameter are 

shown in Table 1.  The regression coefficients for 

Sk.Ar and TSL with each of the skeletal test 

charts were R2＝ 0.934 and R2＝ 0.988, respec-

tively ; these represent nearly linear relationships. 

These results confirm that the morphology was 

processed with a high precision to the grayscale 

test chart created on the CRT.  A high degree of 

correlation (R2＝ 0.994–1.0) was found between 

the theoretical values and the actual measured 

values for the number of Nd (N.ImNd), Tm (N.

ImTm) and the total number of Nd, Tm (N.Im) 

connecting to the implant.  In addition, the regres-

sion coefficient was R2＝ 1.0 between the theoreti-

cal values and the actual measured values for the 

strut lengths connecting Nd and Tm to the 

implant (i.e., ImNd and ImTm).  These results 

demonstrate that the node-strut analysis was car-

ried out with a high precision.  The proportional 

strut lengths connecting Nd and Tm to the 

implant relative to the TSL (i.e., ImNd/TSL and 

ImTm/TSL) also showed high regression coeffi-

Fig. 4　(A) Skeletal images of the grayscale test chart obtained by morphological processing and (B) thin-

ning processing images. Trabeculae having different density and thickness were extracted as the 

skeleton of constant thickness. It is possible to visually confirm the 1–6 Nd and Tm binding to the 

implant (Im) on the six-level test chart images.
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cients.  The correlation coefficients (R2＝ 0.992 

and R2＝ 0971, respectively) revealed nearly pro-

portional relationships between the actual mea-

sured values and the theoretical values for these 

parameters, confirming that the theoretical values 

are reflected nearly as much as the actual mea-

sured values relative to the grayscale test charts 

having no noise component.

   Figure 5 presents (A) the skeletal image and (B) 

the thinning processing image obtained by mor-

phological processing of the grayscale digital 

implant test phantom images with the pattern of 

the trabeculae surrounding the implant varying 

over five levels.  With both the skeletal image and 

the thinning processing image, it was possible to 

visually confirm that the skeletal structure bind-

ing to the implant showed variations over the five 

levels from coarse to dense.  Figure 6 depicts the 

relationship between the five levels of digital 

implant test phantom images and the Sk.Ar/T.Ar 

and TSL/T.Ar.  Strong correlations of R2＝ 0.982 

and R2＝ 0.843 were found between the skeletal 

variations and Sk.Ar and TSL, respectively.  These 

results indicate that each of the digital implant 

test phantom images simulated the different lev-

els of variation in the trabeculae surrounding the 

implant with a high degree of accuracy.  It was 

also clarified that, by morphological processing, 

the variations in the trabeculae were extracted in 

the skeleton with a high precision.

Table 1　Correlation between theoretical values and measurement values of grayscale test chart images.

Parameters Regression Coefficients (R2)

Skeletal Area (Sk.Ar)

Total Strut Length (TSL)

Total Number of Nd and Tm (N.Im) 

Number of Nd (N.ImNd)

Number of Tm (N.ImTm)

Strut Length Connecting Nd to Implant (ImNd)

Strut Length Connecting Tm to Implant (ImTm)

Proportional Strut Length Connecting Nd to Implant Relative to TSL (ImNd/TSL)

Proportional Strut Length Connecting Tm to Implant Relative to TSL (ImTm/TSL)

0.934

0.988

1.000

1.000

0.994

1.000

1.000

0.992

0.971

Fig. 5　(A) Skeletal image and (B) thinning processing image obtained by morphological processing of the 

grayscale digital implant test phantom images of the trabeculae surrounding the implant (Im) with 

variations over five levels. It was possible to visually confirm that the trabeculae, binding to the im-

plant with variations over five levels from coarse to dense, were extracted as skeletal variations.
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 Figures 7 through 9 present the results of the 

node-strut analysis of the digital implant test 

phantom image data that were subjected to the 

thinning processing shown in Fig. 5 (B).  The hori-

zontal axis shows the images of the skeletal varia-

tions simulated into five levels, and the vertical 

axis shows each of the measured values.  As 

shown in Fig. 7, a strong correlation of R2＝ 0.948 

was demonstrated for N.ImNd among the parame-

ters relating to the number of Nd and Tm binding 

to the implant.  However, no correlation was found 

for N.ImTm, since the coefficient was R2＝ 0.2.  A 

strong correlation of R2＝ 0.860 was found for 

N.Im, a parameter expressing the total number of 

Nd and Tm binding to the implant.  In addition, 

as shown in Fig. 8, with regard to the parameters 

relating to the lengths of the struts connecting Nd 

and Tm to the implant, a strong correlation with 

R2＝ 0.84 was found for ImNd, but no correlation 

was found for ImTm.  As shown in Fig. 9, no corre-

lations were found between the skeletal variations 

and the parameters relating to the proportional 

strut lengths connecting each Nd and Tm to the 

implant, i.e., ImNd/TSL and ImTm/TSL.

Fig. 6　Relationships between the five-level grayscale digital implant test phantom images and the 

Sk.Ar and TSL measured using the implant osseointegration analyzing system.

Fig. 7　Relationships between the five-level grayscale digital implant test phantom images and the number of struts 

connecting each Nd and Tm to the implant (Im) (i.e., N.ImNd and N.ImTm) and the number of connecting 

points between the Im and the skeleton (N.Im) measured using the implant osseointegration analyzing system.
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Discussion
 We took advantage of the characteristics of digi-

tal radiography and constructed a new system for 

evaluating the osseointegration of implants by 

digitalizing the implant interface between implant 

body and trabecular bone.  This new system is 

based on morphological processing of the trabecu-

lar bone surrounding the implant and extraction 

of the skeletal structure (Fig. 1).  Conventionally, 

skeletal structures obtained by morphological pro-

cessing have been quantified as morphometric cal-

culation indices using bone morphometric analy-

sis34‒38.  However, the secondary implant stability 

depends on the strength of osseointegration 

Fig. 8　Relationships between the five-level grayscale digital implant test phantom images and the 

strut lengths connecting each Nd and Tm to the implant (Im) (i.e., ImNd and ImTm) measured 

using the implant osseointegration analyzing system.

Fig. 9　Relationships between the five-level grayscale digital implant test phantom images and the 

proportional strut lengths connecting each Nd and Tm to the implant (Im) relative to the total 

strut length (TSL) (i.e., ImNd/TSL and ImTm/TSL), as determined using the implant 

osseointegration analyzing system.
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between the implant and the surrounding bone 

tissue8.  For that reason, our new system incorpo-

rates an improved version of the node-strut 

method, which evaluates the skeletal structure 

that is integrated into the implant based on the 

assumption that it has a structure consisting only 

of points and lines.  Accordingly, the characteristic 

feature of this new system is that it defines the 

skeletal structure that is integrated with the 

implant as the combination of two components, 

Nd and Tm, and achieves quantification of the 

skeletal structure.

 We then applied our new implant osseointegra-

tion analyzing system to a clear test chart of the 

numbers of Nd and Tm that was created on a CRT 

(Fig. 2).  The noise component, magnification rate, 

geometric distortion and displacement were elimi-

nated.  The results showed that there was a 

nearly proportional relationship between the theo-

retical values and actual measured values for 

parameters relating to both Nd and Tm (Table 1). 

This means that our new system allows the two-

dimensional test charts to be nearly perfectly 

quantified.  These results confirm that the system 

can accurately extract and quantify the skeletal 

structure that has integrated with the implant 

body.  Moreover, the results show that the new 

system is able to carry out a series of image pro-

cessing steps with a high degree of precision such 

as detection of the Nd and Tm by node-strut anal-

ysis, detection of the implant body, morphological 

processing, and thinning processing.

 The results from an implant test phantom 

image showed that we could visually confirm the 

detection of implant body, extraction of the skele-

tal features and the skeletal structure surround-

ing the implant with variation over five levels 

from coarse to dense, by thinning processing (Fig. 

5).  It was then verified from the measurement 

results of Sk.Ar/T.Ar and TSL/T.Ar that the test 

phantom image simulated the trabecular changes 

with high precision (Fig. 6).  However, the results 

of analyzing the test phantom image showed that 

high correlation with the simulated changes in the 

trabecular bone was found only for the parameters 

consisting of the number of Nd (N.ImNd) inte-

grated with the implant body and the strut 

lengths connecting Nd to the implant (ImNd).  The 

parameters relating to Tm were unable to reflect 

the simulated changes in the trabecular bone 

(N.ImTm, ImTm).  In addition, N.Im, which is 

related to both the Tm and Nd parameters, 

showed a strong correlation with a coefficient of 

0.86.  The reason for this is that the regression 

coefficient for N.ImNd was 0.948, indicating a 

nearly proportional relationship.  Conventionally, 

in node-strut analysis, the Nd-related parameters 

express the continuity of the trabecular bone, 

while the Tm-related parameters express the dis-

continuity of the trabecular bone.  However, Tm is 

defined in two dimensions, and even if Tm is pres-

ent on the image we cannot rule out that in three 

dimensions it is connected to the trabecular bone. 

That is, there is a possibility that in three dimen-

sions Tm cannot be called Tm.  Therefore, it can 

be surmised that the Nd-related parameters 

reflect the three-dimensional trabecular structure 

better than the Tm-related parameters.  The test 

phantom images that we employed in the present 

studies were simple simulations of the quantita-

tive variation in the trabecular bone that had 

completed integration with the implant body.  In 

actual clinical applications, complex bone remodel-

ing phenomena occur in the boundary region 

between the implant and the trabecular bone.  It 

will be necessary to clinically verify the degree to 

which the Nd-related parameters generated with 

our newly devised system reflect the actual pro-

cesses that occur from the initial bone tissue 

response through the remodeling of the bone.  

Furthermore, when obtaining digital image infor-

mation in the clinical field, there will unavoidably 

be sensitive distortion and displacement in stan-

dardized radiography.  It will also probably be nec-

essary to verify whether or not such distortion and 

displacement in geometric position influence the 

analytical results.  In some cases, it may be neces-

sary to add other capabilities in order to compen-

sate for positional distortion and displacement.

 The experimental results from test chart and 

phantom images indicate that this new diagnostic 

system, which combines detection of the implant 

body, morphological processing, a thinning process 

and improved node-strut analysis, could be useful 
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as a computer-assisted diagnosis for evaluating 

implant osseointegration.
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