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The gray values accuracy of dental cone-beam computed tomography (CBCT) is 
affected by dental metal prostheses. The distortion of dental CBCT gray values could 
lead to inaccuracies of orthodontic and implant treatment. The aim of this study 
was to quantify the effect of scanning parameters and dental metal prostheses on 
the accuracy of dental cone-beam computed tomography (CBCT) gray values using 
the Taguchi method. Eight dental model casts of an upper jaw including prostheses, 
and a ninth prosthesis-free dental model cast, were scanned by two dental CBCT 
devices. The mean gray value of the selected circular regions of interest (ROIs) were 
measured using dental CBCT images of eight dental model casts and were compared 
with those measured from CBCT images of the prosthesis-free dental model cast. 
For each image set, four consecutive slices of gingiva were selected. The seven 
factors (CBCTs, occlusal plane canting, implant connection, prosthesis position, 
coping material, coping thickness, and types of dental restoration) were used to 
evaluate scanning parameter and dental prostheses effects. Statistical methods of 
signal to noise ratio (S/N) and analysis of variance (ANOVA) with 95% confidence 
were applied to quantify the effects of scanning parameters and dental prostheses 
on dental CBCT gray values accuracy. For ROIs surrounding dental prostheses, 
the accuracy of CBCT gray values were affected primarily by implant connection 
(42%), followed by type of restoration (29%), prostheses position (19%), coping 
material (4%), and coping thickness (4%). For a single crown prosthesis (without 
support of implants) placed in dental model casts, gray value differences for ROIs 
1–9 were below 12% and  gray value differences for ROIs 13–18 away from pros-
theses were below 10%. We found the gray value differences set to be between 
7% and 8% for regions next to a single implant-supported titanium prosthesis, 
and between 46% and 59% for regions between double implant-supported, nickel-
chromium alloys (Ni-Cr) prostheses. Quantification of the effect of prostheses and 
scanning parameters on dental CBCT gray values was assessed. 

PACS numbers: 87.59.bd, 87.57Q 
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I.	 INTRODUCTION

Dental cone-beam computed tomography (CBCT) systems are widely used in imaging of the 
oral and maxillofacial regions.(1-3) A scanner rotates around the patient’s head, obtaining up to 
nearly 300 to 600 distinct images at different angles. X-ray attenuation of CBCT acquisition 
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systems currently produces different CBCT gray values for bony and soft tissue structures in 
different areas of the scanned volume. Metal artifacts(4) from dental metal prostheses are com-
monly observed in dental CBCT images.(5,6) Metallic restorations, crowns, and implants affect 
image quality due to beam hardening and streaks. Artifacts degrade image quality(7) and result 
in a variety of dental CBCT gray values. Investigation of the quality and accuracy of dental 
CBCT in the imaging of dental structures was proposed in Holberg et al.(7) and the quantifica-
tion of image quality was analyzed by experienced observers. Comparison of several CBCT 
systems for image quality by score-quantifying was proposed by Alqerban et al.(8) These two 
researches use observers to evaluate image quality and focus on comparison of image quality 
obtained by different CBCT systems. Quantification of metal artifacts from several CBCT 
devices by calculating standard deviation of gray values of regions of interest (ROIs) was 
discussed in the work by Pauweis et al.,(9) but there was only a range of artifact value affected 
by Titanium (Ti) and lead was proposed. Effect of metal artifacts on gray values surrounding 
dental implants using CBCT images was discussed in Naitoh et al.(10) and mean pixel values 
between dental implants and neighboring teeth were discussed. The effects of artifacts on the 
assessment of finite element models for dental implants were evaluated in the study by Zannoni 
and colleagues.(11) How distortion of gray values affect the prediction of bone quality for ROIs 
was proposed in Homoika et al.(12) However, these previous evaluation and discussion cannot 
provide a quantitative effect of metal prosthesis on the surrounding voxel values. There is no 
standardized experiment parameter available for comparison of gray values variations due to 
dental CBCT scanning parameters and metal prostheses. The dental CBCT gray value is an indi-
cator for predicting bone quality for ROIs. Evaluating bone quality surrounding teeth by CBCT 
gray values during orthodontic and implant treatment were demonstrated.(3,13-17) Although the 
metal artifact reduction (MAR) algorithm can reduce metal artifacts and improve gray values 
accuracy, its effect on artifact is still limited.(9,18) 

The aim of this study was to quantify effect contributed from dental prostheses and scanning 
parameters on CBCT images using a Taguchi method(19-21) involving eight experiments, nine 
dental model casts of upper jaw, and seven design factors. This quantification would serve as a 
comparison of different systems, restoration types of dental prosthesis, and locations of pros-
thesis. Range of gray values variation due to these factors was analyzed. Systematic analysis 
of prosthesis effects on dental CBCT images was first to examine and present by analysis of 
variance (ANOVA) with 95% confidence. In this research seven factors with two levels (CBCTs, 
occlusal plane canting, implant connection, prostheses position, coping material, coping thick-
ness, and types of dental restoration) were designed to analyze metal artifacts on CBCT gray 
value differences. We find that appropriate orthogonal array is Taguchi L8 orthogonal array,(21,22) 
which has seven columns corresponding to the number of factors and eight rows correspond-
ing to the number of tests. The prosthesis-free dental model cast and eight dental model casts, 
including one or several prostheses, were prepared using the Taguchi’s L8 orthogonal array. Gray 
values for ROIs based on dental CBCT images were calculated for signal to noise ratio (S/N 
ratio) and S/N ratio was adopted to identify the significance of seven factors. The nine upper 
jaw casts were scanned by two dental CBCTs. Detailed descriptions of the experiment are in 
the Material & Methods section. The analysis for significance of design factors are described 
in the Results & Discussion section.
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II.	 MATERIALS AND METHODS

A. 	 Materials 
In this work, the prostheses configurations placed in the dental cast model of upper jaw were 
according to an L8 orthogonal array,(21) as shown in Table 1. The orthogonal array comprises 
eight individual experiments, as indicated by eight rows. Eight simulations were required when 
the Taguchi method was employed. Numbers 1–8 in Table 1 correspond to dental model casts in 
Fig. 1(a) to (h). Seven independent variables were considered to evaluate the effect of scanning 
parameters and dental prostheses on dental CBCT gray values. Each variable have two set level 
values, see Table 2. The seven factors were: (A) CBCT scanners, (B) occlusal plane canting, 
(C) implant connection, (D) prostheses position, (E) coping material, (F) coping thickness, and 
(G) types of dental restoration. The prosthesis-free images were acquired using a prosthesis-free 
dental model cast. Array columns represent the seven factors (A–G), and entries in the array 
represent the level of these factors. Factor A with level 1 and level 2 means that the dental cast 
was scanned on a dental CBCT CareTech DCT 100 (Kaohsiung, Taiwan) and scanned on a 
CBCT KaVo eXam (Biberach, Germany). Factor B with level 2 indicates that the occlusal plane 
inclination is 15° (a dental model cast tilts down 15°) during scanning, see Table 2. 

Table 1.  L8 orthogonal arrays for experiments (number under each investigated factor indicates levels assigned to 
that factor).

Factors
			   (B)
			   Occlusal	 (C)	 (D)	 (E)	 (F)	 (G)
	Exp	 (A)	 Plane	 Implant	 Prostheses	 Coping	 Coping	 Types of
	No.	 CBCTs	 Canting	 Connection	 Position	 Material	 Thickness	 Restoration

	 1	 1	 1	 1	 1	 1	 1	 1
	 2	 1	 1	 1	 2	 2	 2	 2
	 3	 1	 2	 2	 1	 1	 2	 2
	 4	 1	 2	 2	 2	 2	 1	 1
	 5	 2	 1	 2	 1	 2	 1	 2
	 6	 2	 1	 2	 2	 1	 2	 1
	 7	 2	 2	 1	 1	 2	 2	 1
	 8	 2	 2	 1	 2	 1	 1	 2

Fig. 1.  Eight dental casts ((a)–(h)) corresponding to experiment numbers 1–8 in Table 1. Casts (c), (d), (g), (h) are dental 
casts tilted by 15° during scanning. Casts (a) to (d) are scanned by DCT 100, and (e) to (h) are scanned by KaVo eXam.
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For example, the first experiment was conducted with each factor at level one. The prosthesis 
was an anterior implant-supported crown made of Titanium (Ti) with a coping thickness of 
3 mm and scanned on a dental CBCT DCT 100 (see Fig. 1(a)). The dental model casts were 
comprised of: (a) an anterior implant-supported Ti crown with a 3 mm coping thickness, (b) a 
posterior implant-supported, nickel-chromium (Ni-Cr) alloy with a 0.4 mm coping thickness, 
(c) an occlusal plane canting of 15° and an anterior Ti bridge with a 0.4 mm coping thickness, 
(d) an occlusal plane canting of 15° and a posterior Ni-Cr crown with a coping thickness of 
3 mm, (e) an anterior Ni-Cr alloy bridge with a coping thickness of 3 mm, (f) a posterior Ti 
crown with a 0.4 mm coping thickness, (g) an occlusal plane canting of 15° and an anterior 
implant-supported Ni-Cr alloy crown with a 0.4 mm coping thickness, and (h) an occlusal 
plane canting of 15° and a posterior Ti bridge with a 3 mm coping thickness. Customized den-
tal implants were Ti and had the exactly same size as commercially available dental implants 
(12 mm in length and 3 mm in diameter). Dental model casts (Figs. 1(a)–(d)) were scanned on 
a dental CBCT DCT 100 and dental model casts (Figs. 1(e)–(h)) were scanned on KaVo eXam. 
Each experiment was repeated twice. A custom alignment jig was used for the alignment of 
dental model casts in scanning, and all ROIs were geometrically coincided. Each scanner had 
its specification parameters. The optimized parameters of the DCT 100 CBCT scanner were 
100 kVp, 51.46 mAs/slice, 15 cm × 9 cm field of view (FOV), and 0.25 mm slice thickness. 
The KaVo CBCT scanner’s parameters were 120 kVp, 37.07 mAs/slice, 16 cm × 9 cm FOV, 
and 0.25 mm slice thickness. The software used to analyze the gray values from DICOM data 
was MATLAB (MathWorks, Natick, MA).

B. 	 Methods
For each image set, four consecutive slices of gingiva were selected (Fig. 2(a)). For our simulated 
dental casts, material of gingiva and teeth are all plaster, ROIs include part of gingiva that does 
not affect the quantification of prostheses effect on gray values of dental CBCT images. Each 
circular ROI within teeth is composed of 12 pixels. A set of contours outlining ROIs is shown 
in Fig. 2(b). Figure 2(b) is one slice of the image sets of the 7th experiment. The mean CBCT 
gray value for each ROI was calculated on images of eight experiments (prosthesis placed in 
eight dental model casts) and compared with those measured from prosthesis-free dental cast. 
CBCT gray values of the prosthesis-free dental cast were expressed as standard values and 
expressed in subscript “standard” in Eq. (1). A mean CBCT gray value differences for ith ROI 
was calculated using following equation:(23)

		  (1)
	

Grey value differences = × 100%
|Grey – GreyStandard|

GreyStandard

Table 2.  Seven factors of dental casts with their levels.

	 Factors	 Level 1	 Level 2

	A	 CBCT scanner	 DCT 100	 KaVoeXam
	B	 Occlusal plane canting	 0° (parallel to floor base)	 15°
	C	 Implant connection	 Implant-supported prosthesis	 Prosthesis without support of implant

			   	
	D	 Prosthesis position	 Anterior region	 Posterior region
	E	 Coping material	 Titanium (Ti)	 Nickel-chromium alloys (Ni-Cr alloys)
	F	 Coping thickness	 3 mm	 0.4 mm
	G	 Types of dental restoration	 Crown 	 Bridge
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“Grey” is CBCT gray values for each ROI for all dental CBCT images sets. Gray value differ-
ences for each ROI for eight experiments are shown in Table S1 in Appendix A. To compare 
significance of each design factor on CBCT images, ANOVA(24) assessed the effect of dental 
prostheses on CBCT images and percent contribution of each factor were calculated. Parameters 
for ANOVA analysis are total sum of squares (SST), factor sum of squares (SS), pure sum of 
squares (SS′), degree of freedom (DOF), variance (V), and percentage of each factor (P).(25) 
Because gray value differences for each ROI for eight dental model casts is “smaller is better”, 
the S/N ratio for this type response is:(26)

		  (2)
	

SNi –10log10(           yk
2)= 1

M

where SNi is the S/N ratio for ith experiment, M is the number of ROIs for calculating S/N ratio, 
and yk is gray value differences calculated by Eq. (1) for the kth ROI. Total sum of squares 
term is a measure of deviation of the experimental data from the mean value of the data and 
can be defined as follows:

		  	
	 	 (3)

where CF is the correction factor, , SNi is the S/N ratio for the ith experi-

ment, and N is the total number of experiments according to the orthogonal array (N = 8 in this 
work). The factor sum of squares is variation caused by an individual factor. Take factor C, for 
example; factor sum of squares is given by:

	  		
		  (4)
	

Total S/N ratio of factor C and number of experiments for factors C due to level 1 and 2 are 
indicated by C1, C2 and NC1, NC2. Degree of freedom (DOF) is indication of the amount of 
information contained in a dataset and DOF is number of levels minus 1. For factor C, the 
DOF = 2 - 1 = 1. Mean squares (or variance, V) is the sum of squares per degree of freedom. 
In this work, since all factors have DOF as 1, variance column in ANOVA shows the same 
number as total sum of squares term. Pure sum of squares (SS′) is the variation caused by an 

Fig. 2.  Four slices of a maxillary cast (a) were selected. A slice of the image sets of the 7th experiment (b) and the setting 
of the 18 ROIs for each slice in CBCT image sets.
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individual factor minus the degree of freedom times the error variance. For factor C, (SSC
′) is 

calculated as follows:

	 	 (5)

where Ve is error variance, and fc is DOF of factor C. Influence attributed to each significant 
factor is to find the percentage of individual contributions and is reflected in percent contribu-
tion (P) as follows:

	  		
		  (6)
	

The 95% confidence interval of the confirmation experiment is calculated by Eq. (7):

	  
	
	 and

		  (7)	
	 	

where F0.05;1,2 at the confidence level of 95% is 18.51, Neff is effective number of replication of 
experiment, N is total number of experiments (N = 8), and TDOF is the total degrees of freedom 
for ANOVA analysis. All above-mentioned parameters correspond to ROIs 1–9 and 10–18, and 
are listed in Tables 3 and 4. A detailed description of ANOVA calculation is shown in Appendix 
B (Eqs. (S1)–(S6)).

 

Table 3.  ANOVA results for S/N ratio and gray value differences for ROIs 1–9: factor sum of squares (SS), pure sum 
of squares (SS′), degree of freedom (DOF), variance (V), percentage of each factor (P), effective number of replication 
of experiment (Neff) and error variance (Ve).

						      P
Factor	 SS	 DOF	 V	 SS′	 (%)

	 A	 0.01	 1a 	 0.01 		
	 B	 4.15	 1a	 4.15 		
	 C	  120	 1 	 120	 118 	 42.7
	 D	 13.5	 1 	 13.5	 11.5	 4.2 
	 E	 54.8 	 1 	 54.8	 52.8	 19 
	 F	 13.6	 1	 13.6	 11.6	 4.2
	 G	 84.5	 1	 84.5	 82.4	 29.8
	 Total					     100

a	 Error terms in ANOVA analysis. 
F0.05;1,2 =18.51 (F-ratio at 95% confidence); Ve = (SSA+SSB)/(DOFA+DPFB) (error variance); Neff  = 8/(1+5) (effective 

number of replication of experiment).
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III.	 RESULTS & DISCUSSION 

The Taguchi method can be used to reduce the simulated effort required to investigate multiple 
factors. The gray value accuracy affected by metal prostheses was analyzed by correspond-
ing S/N ratio of seven factors for eight dental model casts. ANOVA analysis was adopted in 
discussing significance of seven designed factors. 

A. 	 Gray value differences 
Mean gray value differences of eighteen ROIs within four slices of gingiva were analyzed. 
Figure 3 (a) to (h) shows bar plots of mean CBCT gray value differences for each ROI in the 
eight dental model casts. Panels (a) to (h) in Fig. 3 correspond to experiments numbered 1–8 
in Table 1. According to Table  1, Fig. 3 Panels (a) to (d) were image sets obtained from DCT 
100, and Panels e to h were image sets obtained from KaVo eXam. For Panels (c), (d), (g), and 
(h), the canting of occlusal plane is 15° during scanning. For ROIs containing implants like 
ROI 7 for 7th dental model cast, the gray value differences are not calculated and there are no 
bars present S/N ratio of this region. Because gray values of ROIs containing dental implants 
are definitely high, it is meaningless to compare ROIs containing dental implants like ROI 7 
for the 7th experiment with the ROI 7 for prosthesis–free dental model cast. Bars plotted in 
red are the gray value differences for ROIs next to an implant-supported prostheses like region 
6–9 in Panels (a), (c), (e), (g) and regions 2, 3 in Panels (b), (d), (f), (h). Based on Table S1 in 

Table 4.  ANOVA result for S/N ratio and gray value differences for ROIs 10–18.

						      P
	Factor	 SS	 DOF	 V	 SS′	 (%)

	 A	 5.4	 1	 5.4	 4.7	 6.2
	 B	 5.3	 1	 5.3	 4.6	 6
	 C	 55.7	 1	 55.7	 55	 72
	 D	 4.4	 1	 4.4	 3.7	 5
	 E	 8.7	 1	 8.7	 8	 10.6
	 F	 0.87	 1a	 0.87		
	 G	 0.46	 1a	 0.46		
	 Total					     100

a	 Error terms in ANOVA analysis. 
F0.05;1,2 =18.51 (F-ratio at 95% confidence); Ve = (SSF+SSG)/(DOFF+DOFG) (error variance); Neff =8/(1+5)(effective 
number of replication of experiment)

Fig. 3.  Comparisons of CBCT gray value differences for eight dental casts. Gray value is compared to a prosthesis-free 
dental cast; (a) to (h) corresponds to dental casts marked in (a) to (h) in Fig. 1.
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Appendix A, gray value differences for ROIs 1–18 obtained by DCT 100 (experiments 1–4) 
are 5% less than those obtained by dental CBCT KaVo eXam (experiments 5–8), as shown in 
Panels (a) to (d) and Panels (e) to (h). One possible reason is that the FOV of the DCT 100 is 
smaller than the FOV of the KaVo eXam, as reduced FOV provides qualitatively improved 
image quality.(27) Dental model casts with the condition of implant-supported prostheses are 
shown in Panels (a), (b), (g), and (h). It is evident that the gray value differences of regions 2, 
3, next to dental implants, were dramatically increased (Panels (b), (g), (h)). Dental model cast 
with crowns or bridges are shown in Panels (c) to (f). Prosthetic crowns or bridges resulted in 
better accuracy of gray values (lower gray value differences) compared to those with the support 
of implants, as shown in Panels (c) to (f). This means that types of restoration have less impact 
on gray values as compared to implant connection. Gray value differences with the condition 
of implant-supported crowns are not significantly large as compared to those with the condition 
of implant-supported bridges, as shown in Panels (a) and (g) and Panels (b) and (h). Gray value 
accuracy increases as distance from dental implants increases. Gray value differences for regions 
1–9 were larger than those for regions 10–18. Dental prostheses located at regions 11–18 had 
minor effects on gray values. For the DCT 100 scanner, gray value differences ranged between 
7% and 8% for regions next to single implant-supported Ti crown (Panel (a)), and  46%–59% 
for regions between double Ni-Cr implants (Panel (b)). For 15° dental casts during scanning, 
gray value differences were between 5% and 8% for regions next to Ti implants, and between 
11%–12% for regions under Ni-Cr alloy prosthetic crowns (see Panels (c) and (d)). For the KaVo 
eXam scanner, gray value differences were between 16% and 28% for regions next to Ni-Cr 
alloy bridges, and between 2% and 5% for regions next to Ti crowns (see Panels (e) and (f)). 
The gray value differences range from 10% to 20% for regions next to single Ni-Cr implants 
with the condition of occlusal plane canting of 15° (see Panel (g)), and 28%–31% for regions 
between double Ti implants (see Panel (h)). For a single crown prosthesis (without support of 
implants) placed in dental model casts, gray value differences for ROIs 1–9 were below 12% 
and  gray value differences for ROIs 13–18 away from prostheses were below 10% (see Panels 
(d) and (f) and Table S1).

B. 	 Effect of the seven factors and analysis of the S/N ratio
Dental CBCT gray values of eight dental models were compared to prosthesis-free dental model. 
The S/N ratios for ROIs 1–18 are shown in Fig. 4; the dotted lines represent S/N ratios for ROIs 
1–9 and solid lines represent S/N ratio for ROIs 10–18. Greater S/N ratios correspond to better 
performance. With respect to gray value differences for regions 1–9, it was found that CBCT 
scanner and occlusal plan canting were not major factors affecting the gray value accuracy of 
CBCT images, as was denoted as error terms in ANOVA analysis. Gray values were affected 
much by implant connections. Lower S/N values were found with the condition of implant-
supported prostheses (S/NC1 < S/NC2). Gray value differences were better with the condition of 
anterior prostheses as compared to the conditions with posterior prostheses (S/ND1 > S/ND2). 
This observation explains Kacer’s work,(27) in that the survival rate for loaded implants in the 
anterior mandible is higher than those for the survival rate in the posterior mandible. The more 
correct prediction of bone condition is with the condition of anterior mandible than with the 
condition of posterior mandible. The S/N ratio was better with the condition of Ti prosthesis 
than with the condition of Ni-Cr prosthesis (S/NE1 > S/NE2). The accuracy of gray values of 
CBCT was lower with thinner coping thickness (S/NF1 < S/NF2). Performance was better with 
the condition of prosthetic crown as compared to prosthetic bridge (S/NG1 > S/NG2). Implant 
connection was a major factor affecting the gray value accuracy of maxillary gingiva (42%), 
followed by type of restoration (29%), prosthesis position (19%), coping material (4%), and 
coping thickness (4%) (see Table 3). Accuracy of CBCT gray values was worst with the condi-
tion of implant-supported posterior Ni-Cr bridges with a coping thickness of 3 mm (S/NC1, D2, 

E2, F1, G2). The main factors effecting gray value were implant connection (p = 0.012) and type 
of restoration (p = 0.016). The p-value was obtained by ANOVA command in MATLAB. A 
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value of p less than 0.05 indicated a statistically significant difference. Occusal plan canting 
and CBCT scanners were not major factors affecting gray value differences of gingiva for ROIs 
1–9. A confirmation test was used to verify the results based on Taguchi’s design approach. 
The upper and lower limits of estimated performance at the optimum condition are expected 
result ± CISN. The S/N ratio for gray value differences was -8.15 with optimal setting of dental 
prosthesis. A verification experiment was conducted by the 6th dental model cast and gray value 
differences were found to be -10.07. This result was within the limit for the range of estimated 
performance at the optimum condition (-8.15 ± CISN).

With respect to ROIs 10–18, the S/N value of seven factors for regions 10–18 (Fig. 4, solid 
lines) were better compared to that for regions 1–9 (Fig. 4, dotted lines). The contributions of 
the six factors to accuracy of gray value were similar, except for the factor-implant connec-
tion. For ROIs 10–18, implant connection was a major factor affecting the gray value accuracy 
of maxillary gingiva (72%), followed by coping material (10%), and the other factors (6%) 
(Table 4). Coping thickness and types of restoration were denoted as error terms in ANOVA 
analysis. Difference of CBCT gray values obtained by the DCT 100 were better than those from 
the KaVo eXam CBCT scanner (S/NA1 > S/NA2). Performance was better with the condition of 
occlusal plan canting of 0° than with condition of 15° (S/NB1 > S/NB2). Significant differences 
were found in the condition of implant-supported prostheses (S/NC1 < S/NC2). Accuracy was 
better with the condition of anterior prosthesis as compared to conditions with posterior pros-
thesis (S/ND1 > S/ND2). Gray value accuracy was better with the condition of Ni-Cr prosthesis 
than with the condition of Ti prosthesis (S/NE1 < S/NE2). 

 
IV.	 CONCLUSIONS 

Systematic dental cast designs based on the Taguchi method were applied to analyze the effect 
of dental prostheses on CBCT images. Eight experiments were based on an L8 orthogonal 
array. The 95% confidence intervals of the confirmation experiment verified the results. The 
mean gray value of regions within gingiva in the vicinity of dental prosthesis was significantly 
affected, particularly in the area between implant-supported prostheses. For implant-supported 
prosthesis, gray value differences for regions next to implant-supported prostheses were dra-
matically increased. The largest gray value difference was 59% for regions between double 
implants-supported Ni-Cr prosthesis (ROIs 2, 3 for 2nd experiment), and the smallest gray value 
difference was 7% for regions next to single implant-supported Ti prosthesis (ROIs 6, 8 for 1st 
experiment). For a single crown prosthesis (without support of implants) placed in dental model 
casts, gray value differences for ROIs 1–9 were below 12% and gray value differences for ROIs 

Fig. 4.  S/N ratio for seven factors (A: CBCT images, B: occlusal plane canting, C: implant connection, D: prosthesis 
position, E: coping material, F: coping thickness, G: types of dental restoration). The dotted lines represent S/N ratios for 
ROIs 1–9 and solid lines represent S/N ratio for ROIs 10–18.
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13–18 away from prostheses were below 10%. The dental CBCT gray value was influenced 
mainly by implant connection (42%), followed by type of restoration (29%), prosthesis position 
(19%), prosthesis material (4%), and coping thickness (4%). Scanners and occlusal plane cant-
ing were not major factors affecting the gray values of regions surrounding dental prostheses. 
Overall, this study has shown the effect of scanning parameters and dental prostheses on dental 
CBCT gray values. We suggest that the range of gray value variation for regions next to dental 
prostheses be based on a systematic experiment. The variation of gray values for ROIs within 
gingiva in the vicinity of dental prosthesis was pointed out, and we hope that suggested gray 
value difference affected by prostheses is an indicator for clinical diagnosis of bone quality.

 
ACKNOWLEDGMENTS

We would like to thank Taiwan CareTech Corporation for their assistance and facilities which 
allowed this research.

 
REFERENCES

	 1.	Scarfe WC, Farman AG, Sukovic P. Clinical applications of cone-beam computed tomography in dental practice. 
J Can Dent Assoc. 2006;72(1):75–80. 

	 2.	Tsiklakis K, Syriopoulos K, Stamatakis HC. Radiographic examination of the temporomandibular joint using 
cone beam computed tomography. Dentomaxillofac Radiol. 2004;33(3):196–201. doi:10.1259/dmfr/27403192

	 3.	De Vos W, Casselman J, Swennen GRJ. Cone-beam computerized tomography (CBCT) imaging of the oral 
and maxillofacial region: a systematic review of the literature. Int J Oral Maxillafac Surg. 2009;38(6):609-25. 
doi:10.1016/j.ijom.2009.02.028

	 4.	Boas FE and Fleischmann D. CT artifacts: causes and reduction techniques. Imag Med. 2012;4(2):229–40.
	 5.	Schulze R, Heil U, Groβ D, Bruellmann D, Dranischnikow E, Schwanecke U. Artefacts in CBCT: a review. 

Dentomaxillofac Radiol. 2011;40(5):265–73. doi:10.1259/dmfr/30642039
	 6.	Schulze RKW, Berndt D, d’Hoedt B. On cone-beam computed tomography artifacts induced by titanium implants. 

Clin Oral Implants Res. 2010;21(1):100–07. doi:10.1111/j.1600-0501.2009.01817.x
	 7.	Holberg C, Steinhauser S, Geis P, Rudzki-Janson I. Cone-beam computed tomography in orthodontics: benefits 

and limitations. J Orofac Orthop. 2005;66(6):434–44. doi:10.1007/s00056-005-0519-z
	 8.	Alqerban A, Jacobs R, Fieuws S, Nackaerts O, Willems G. Comparison of 6 cone-beam computed tomography 

systems for image quality and detection of simulated canine impaction-induced external root resorption in max-
illary lateral incisors. Am J Orthod Dentofac Orthop. 2011;140(3):e129–e39. doi:http://dx.doi.org/10.1016/j.
ajodo.2011.03.021

	 9.	Pauwels R, Stamatakis H, Bosmans H, et al. Quantification of metal artifacts on cone beam computed tomography 
images. Clin Oral Implants Res. 2013;24(Suppl A 100):94–9. doi:10.1111/j.1600-0501.2011.02382.x

	 10.	Naitoh M, Saburi K, Gotoh K, Kurita K, Ariji E. Metal artifacts from posterior mandibular implants as seen in 
CBCT. Implant Dent. 2013;22(2):151–54. doi:10.1097/Id.0b013e318284aee2

	 11.	Zannoni C, Viceconti M, Pierotti L, Cappello A. Analysis of titanium induced CT artifacts in the development 
of biomechanical finite element models. Med Eng Phys. 1998;20(9):653–59. doi:http://dx.doi.org/10.1016/
S1350-4533(98)00076-9

	 12.	Homolka P, Beer A, Birkfellner W, et al. Bone mineral density measurement with dental quantitative CT prior 
to dental implant placement in cadaver mandibles: pilot study. Radiology. 2002;224(1):247–52. 

	 13.	Hsu JT, Chang HW, Huang HL, Yu JH, Li YF, Tu MG. Bone density changes around teeth during orthodontic 
treatment. Clin Oral Invest. 2011;15(4):511–19. doi:10.1007/s00784-010-0410-1

	 14.	Goncalves SB, Correia JH, Costa AC, editors. Evaluation of dental implants using Computed Tomography. 
Bioengineering (ENBENG), 2013 IEEE 3rd Portuguese Meeting in Braza, February 20-23, 2013.

	 15.	 Isoda K, Ayukawa Y, Tsukiyama Y, Sogo M, Matsushita Y, Koyano K. Relationship between the bone density 
estimated by cone-beam computed tomography and the primary stability of dental implants. Clin Oral Implants 
Res. 2012;23(7):832–36. doi:10.1111/j.1600-0501.2011.02203.x

	 16.	Shapurian T, Damoulis PD, Reiser GM, Griffin TJ, Rand WM. Quantitative evaluation of bone density using the 
Hounsfield index. Int J Oral Maxillofac Implants. 2006;21(2):290–97. 

	 17.	Valiyaparambil JV, Yamany I, Ortiz D, et al. Bone quality evaluation: comparison of cone beam computed 
tomography and subjective surgical assessment. Int J Oral Maxillofac Implants. 2012;27(5):1271–77. 

	 18.	Hilgers G, Nuver T, Minken A. The CT number accuracy of a novel commercial metal artifact reduction algorithm 
for large orthopedic implants. J Appl Clin Med Phys. 2014;15(1):274–78.

	 19.	Gopalsamy BM, Mondal B, Ghosh S. Taguchi method and ANOVA: an approach for process parameters opti-
mization of hard machining while machining hardened steel. J Sci Ind Res. 2009;68(8):686–95.



217    Kuo et al.: Quantification of dental prostheses on CBCT images	 217

Journal of Applied Clinical Medical Physics, Vol. 17, No. 1, 2016

	 20.	Lin CL, Chang SH, Chang WJ, Kuo YC. Factorial analysis of variables influencing mechanical characteristics of 
a single tooth implant placed in the maxilla using finite element analysis and the statistics-based Taguchi method. 
Eur J Oral Sci. 2007;115(5):408–16. doi:10.1111/j.1600-0722.2007.00473.x

	 21.	Ghani JA, Choudhury IA, Hassan HH. Application of Taguchi method in the optimization of end milling param-
eters. J Mat Process Tech. 2004;145(1):84–92. doi:http://dx.doi.org/10.1016/S0924-0136(03)00865-3

	 22.	Wu Y and Wu A. Taguchi methods for robust design. New York: ASME Press; 2000.
	 23.	Li H, Noel C, Chen HJ, et al. Clinical evaluation of a commercial orthopedic metal artifact reduction tool for CT 

simulations in radiation therapy. Med Phys. 2012;39(12):7507–17. doi:10.1118/1.4762814
	 24.	Yang K, Teo E-C, Fuss FK. Application of Taguchi method in optimization of cervical ring cage. J Biomech. 

2007;40(14):3251–56. doi:http://dx.doi.org/10.1016/j.jbiomech.2006.12.016
	 24.	Roy RK. Design of experiments using the Taguchi approach: 16 steps to product and process improvement. 

Hoboken, NJ: Wiley; 2001.
	 26.	Phadke MS. Quality engineering using robust design. NY: Prentice Hall; 1995. 
	 27.	Kacer CM, Dyer JD, Kraut RA. Immediate loading of dental implants in the anterior and posterior mandible: a 

retrospective study of 120 cases. J Oral Maxillofac Surg. 2010;68(11):2861–67. doi:http://dx.doi.org/10.1016/j.
joms.2010.05.086



218    Kuo et al.: Quantification of dental prostheses on CBCT images	 218

Journal of Applied Clinical Medical Physics, Vol. 17, No. 1, 2016

A
PP

EN
D

IC
ES

A
pp

en
di

x 
A

: 
G

ra
y 

Va
lu

e 
D

iff
er

en
ce

s 
fo

r t
he

 1
8 

R
O

Is
.

Ta
b

le
 S

1.
 G

ra
y 

va
lu

e 
di

ff
er

en
ce

s 
fo

r a
ll 

18
 R

O
Is

. F
or

 R
O

Is
 c

on
ta

in
in

g 
im

pl
an

ts
, l

ik
e 

R
O

I 7
 fo

r 7
th

 d
en

ta
l m

od
el

 c
as

t, 
th

e 
gr

ay
 v

al
ue

 d
iff

er
en

ce
s 

ar
e 

no
t c

al
cu

la
te

d.

																				





























S/
N

 ra
tio

	
S/

N
 ra

tio
	

Ex
p.

																			



























fo

r R
O

Is
	

fo
r R

O
Is

	N
o/

RO
Is

	
1	

2	
3	

4	
5	

6	
7	

8	
9	

10
	

11
	

12
	

13
	

14
	

15
	

16
	

17
	

18
	

1–
9	

10
–1

8

	
1 

	
0.

87
 	

4.
14

 	
16

.8
9 

	
7.

43
 	

0.
88

 	
7.

21
		


8.

01
 	

1.
56

 	
6.

00
 	

5.
25

 	
8.

14
 	

10
.3

9 
	

5.
80

 	
14

.9
8 

	
10

.9
3 

	
9.

42
 	

7.
91

 	
-1

7.
76

 	
-1

9.
30

 
	

2		


46
.1

7 
	

59
.1

8		


16
.5

8 
	

7.
81

 	
15

.3
4 

	
2.

49
 	

3.
21

 	
9.

02
 	

2.
84

 	
5.

24
 	

5.
68

 	
8.

68
 	

0.
02

 	
2.

12
 	

7.
09

 	
15

.2
9 

	
-2

9.
49

 	
-1

7.
56

 
	

3 
	

8.
31

 	
0.

46
 	

6.
08

 	
4.

86
 	

1.
90

 	
5.

33
 	

8.
32

 	
6.

72
 	

5.
59

 	
6.

94
 	

9.
39

 	
7.

61
 	

2.
97

 	
1.

06
 	

3.
86

 	
0.

12
 	

4.
18

 	
4.

19
 	

-1
5.

34
 	

-1
4.

51
 

	
4 

	
5.

89
 	

11
.0

3 
	

3.
03

 	
12

.8
2 

	
11

.7
5 

	
3.

45
 	

9.
88

 	
7.

87
 	

11
.1

9 
	

7.
52

 	
7.

24
 	

7.
82

 	
3.

25
 	

4.
19

 	
0.

90
 	

5.
68

 	
4.

38
 	

6.
12

 	
-1

9.
29

 	
-1

5.
05

 
	

5 
	

4.
78

 	
7.

39
 	

3.
96

 	
10

.3
1 

	
7.

27
 	

6.
27

 	
16

.6
5 

	
28

.1
4 

	
2.

65
 	

10
.2

8 
	

4.
91

 	
4.

36
 	

2.
50

 	
3.

76
 	

1.
28

 	
1.

23
 	

3.
22

 	
0.

97
 	

-2
1.

82
 	

-1
3.

10
 

	
6 

	
1.

82
 	

1.
63

 	
1.

45
 	

2.
12

 	
2.

79
 	

5.
46

 	
5.

84
 	

0.
55

 	
2.

62
 	

13
.7

2 
	

9.
50

 	
4.

49
 	

6.
87

 	
4.

78
 	

4.
74

 	
0.

79
 	

1.
38

 	
2.

73
 	

-1
0.

07
 	

-1
6.

49
 

	
7 

	
4.

57
 	

8.
36

 	
11

.0
9 

	
11

.4
9 

	
15

.5
3 

	
20

.5
2		


10

.6
5 

	
10

.8
3 

	
11

.9
3 

	
13

.2
3 

	
11

.2
5 

	
9.

87
 	

8.
42

 	
8.

56
 	

8.
43

 	
7.

15
 	

7.
45

 	
-2

1.
90

 	
-1

9.
82

 
	

8		


28
.1

3 
	

31
.9

8		


36
.9

3 
	

9.
67

 	
10

.0
1 

	
19

.7
3 

	
32

.5
8 

	
34

.5
6 

	
24

.3
8 

	
14

.2
1 

	
3.

29
 	

0.
38

 	
0.

31
 	

1.
04

 	
1.

29
 	

6.
48

 	
-2

8.
38

 	
-2

3.
57



219    Kuo et al.: Quantification of dental prostheses on CBCT images	 219

Journal of Applied Clinical Medical Physics, Vol. 17, No. 1, 2016

Appendix B:  Description of ANOVA Calculation.
ANOVA calculation for ROIs 1–9 is as follows:

		  (B.1)
	

For the 1st experiment, the term  is calculated as follows:

			 
	 	 (B.2)

	
	

Total sum of squares term is given by:

			 
		  (B.3)

	

The factor sum of squares for factor C is given by:

			 
			 
		  (B.4)

	

Total S/N ratio due to level 1 and 2 of factor A are indicated by C1, 2, and NC1,C2 are number 
of experiment due to factor A with levels 1, 2. Because factor sum of squares of factor A and B 
(SSA, SSB) are much lower than those of other factors, these two terms were denoted as error 
terms in ANOVA analysis. Pure sum of squares is given by:

	 	 (B.5)

where fc is DOF for factor C and Ve is error variance and is given by:

		  (B.6)
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The confidence interval (CISN) represents the boundaries on the expected results and is 
always calculated at a 95% confidence level.

		

			 
		  (B.7)

	

where Fα;1,fe (F0.05;1,2) is the F–ratio required for 100 (1– α) percent confidence interval, fe is 
DOF for error, Ve is the error variance, Neff is effective number of replication of experiment, N 
is total number of experiments (N = 8) and TDOF is the total degrees of freedom for ANOVA 
analysis (TDOF = 5). The upper and lower limits of estimated performance at the optimum 
condition are expected result ± CISN. The S/N ratio for gray value differences was -8.15 with 
optimal setting of dental prosthesis. A verification experiment was conducted by the 6th dental 
model cast and gray value differences were found to be -10.07. This result was within the limit 
for the range of estimated performance at the optimum condition (-8.15 ± CISN).


