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1.  Introduction

The use of digital technology in prosthetic treatment has been 
increasing recently, and digital impressions obtained using an 
intraoral scanner (IOS) have been clinically used in fixed prosthetic 
treatments such as dental implants[1], crown-bridges[2], and denture 
treatment[3]. Despite the various reported advantages of digital im-
pressions, the application of digital impressions obtained by an IOS 
has been limited to removable partial denture (RPD) treatment. For 
Kennedy class III and IV dental arches with short-span mucosal areas, 
fabrication of RPDs using digital impression with an IOS has been rec-
ommended[4,5]. However, no studies have reported RPD fabrication 
using only a digital impression with an IOS for Kennedy class I and II 
dental arches with long-span mucosal areas and/or modified spaces.

Studies focusing on partially edentulous dental arches evalu-
ated trueness and precision as measures of the accuracy of digital 
impression data obtained using an IOS[6,7]. According to the Inter-
national Organization for Standardization, trueness is defined as the 
measured distance between the reference and target objects, and 
precision indicates the variability between repeated measurements 
during the impression process (ISO5725-1)[8]. A previous study 
reported that digital impressions obtained using an IOS showed 
superior trueness and inferior precision compared with those of 
conventional impressions prepared using elastic impression materi-
als in mandibular Kennedy class I and III models[6]. Further studies 
reported that the trueness of the digital impression of a mandibular 
Kennedy class I model using an IOS was within the range of soft 
tissue displacement[7]. In addition, a modified space may lower the 
precision of the digital impression of the whole dental arch, includ-
ing mucosal areas, in maxillary Kennedy class III and IV arches[9].

In partially edentulous dental arches with multiple mucosal 
areas, RPD abutment teeth adjacent to the mucosal areas are widely 
distributed in dentition. However, no previous report has presented 
a detailed evaluation of data accuracy based on individual RPD abut-
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ment tooth locations in digital impressions obtained using an IOS. To 
promote the clinical application of digital impressions in RPD treat-
ment for partially edentulous patients with various defect types, the 
effect of abutment tooth location on the accuracy of digital impres-
sions must be elucidated.

In this study, we evaluated the accuracy of digital impression 
data obtained using an IOS based on individual RPD abutment teeth 
located in various regions of the mandibular Kennedy class II model 
with a modified space and class III model. The purpose of this study 
was to verify the effect of RPD abutment tooth location on the ac-
curacy of digital impression data for RPDs.

2.  Materials and Methods

2.1.  Digital data obtained using a high-accuracy desktop scanner (refer-
ence data)

Two types of partially edentulous mandibular dental arch mod-
els were used as reference models: a Kennedy class II, modification 
1 model (E50-528; Nissin, Tokyo, Japan) with four missing teeth (left 
second premolar [#35] and first molar [#36] and the right first and 
second molars [#46 and #47]), three target RPD abutment teeth (the 
left first premolar [#34] and second molar [#37] and right second pre-
molar [#45]); and a Kennedy class III model (E50-516; Nissin, Tokyo, Ja-
pan) with two missing teeth (the left second premolar [#35] and first 
molar [#36]) and two RPD abutment teeth (the left and right second 
molars [#37 and #47]). Among the target teeth of the class III model, 
only #37 was adjacent to the mucosal area and isolated from the 
remaining teeth. In the reference models, the artificial teeth, includ-
ing the target teeth, were made of melamine resin, and the residual 
ridge was made of epoxy resin. To measure the digital impression 
data accuracy, we evaluated the trueness, deviation of the coordinate 
located on the abutment tooth (coordinate accuracy), and deviation 
in the distance from the lingual frenum (linear accuracy).

The reference data, which were used to evaluate the accuracy 
of the digital impressions obtained using an IOS, were obtained by 
scanning the reference models with a high-accuracy desktop scan-
ner (ATOS TripleScan 16M; GOM, Braunschweig, Germany) (n = 1). This 
scanner exhibits a trueness of 3 µm for the jaw size[10]. The reference 
data were converted to standard triangulated language (STL) files 
and trimmed at the gingivobuccal fold and deepest lingual point us-
ing 3D modeling software (Geomagic Studio 2014; 3D Systems, Rock 
Hill, SC, USA). Errors caused by trimming in the preliminary experi-
ment were examined, and their average value was 1.1 μm (n = 10).

2.2.  Digital data acquisition using an IOS (IOS data)

Digital impression data for the reference models were obtained 
by full-arch scanning using an IOS (TRIOS3; 3Shape, Copenhagen, 
Denmark). All scans were performed by a single experienced opera-
tor (K.S.). In accordance with a previous study, the scans were initi-
ated from the left side (#37) toward the right side over the occlusal 
surfaces of posterior teeth with straight motion and the incisal edges 
of anterior teeth with zigzag motion, followed by the lingual and 
then the buccal surfaces (Fig. 1)[11]. The full-arch scanned data were 
trimmed in the same manner as the reference data and converted to 
STL files as IOS data (n = 10 per model).

2.3.  Evaluation of trueness

The root mean square (RMS) value (µm) of the deviation at each 
STL structural point was calculated based on the reference data to 
represent the trueness of the IOS data. Using 3D analysis software 
(Geomagic Control X; 3D Systems, Rock Hill, SC, USA), the IOS data of 
the entire model were superimposed on the reference data using the 
best-fit method[12]. A line perpendicular to the facing surface at each 
STL structural point of the superimposed IOS data was then drawn to 
the surface of the reference data. The deviation (µm) between the 
STL structural point of the superimposed IOS data and the point of 
intersection of the perpendicular line and the surface of the refer-
ence data was calculated. The positive and negative values of the 
deviation indicated that the superimposed IOS data were positioned 
in the external and internal ranges of the reference data, respec-
tively. The RMS values of deviations in all STL structural points in only 
the individual target abutment tooth area of the superimposed IOS 
data were calculated as the values representing the general trueness 
based on the entire model superimposition (TG) for each target abut-
ment tooth (Fig. 2). A higher RMS value indicated inferior trueness.

In addition, both the reference and IOS data were trimmed for 
each abutment tooth area, followed by data superimposition using 
the best-fit method. Subsequently, the RMS values of the deviations 
in all STL structural points were calculated as the value representing 
the local trueness based on individual abutment tooth superimposi-
tion (TL) for each target abutment tooth.

2.4.  Evaluation of coordinate accuracy and linear accuracy

To evaluate the accuracy of the dimensionality of the IOS data, 
the coordinates of the representative points on each target abut-
ment tooth were measured using the lingual frenum as the reference 
point, and the three-dimensional differences in the coordinates of 
the IOS data relative to the reference data were calculated. Addition-
ally, the distance (µm) from the lingual frenum was measured for 
each target tooth.

Stainless steel spherules with a diameter of 3 mm were placed 
on the buccal cusp of each target tooth (the mesial buccal cusp for 

Fig. 1.  Routine process for full-arch intraoral scanning of a mandibular par-
tially edentulous arch model. The scanning begins with route (1) on the oc-
clusal area with zigzag motions at the anterior teeth, followed by route (2) 
on the lingual surface, and then route (3) on the buccal surface.
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molars) and the lingual frenum. Reference data (n = 1) and IOS data 
(n = 10) were obtained in the same manner as described in Sections 
2.1 and 2.2 for each reference model. To match the coordinate axes 
of the reference and IOS data, the IOS data were superimposed on 
the reference data using the best-fit method, followed by placement 
of the reference point on the center of the spherule on the lingual 
frenum in both the reference and IOS data (Fig. 3A). In both data-
sets, the coordinate axes were set as follows: the x-axis was parallel 
to both the basal and posterior surfaces of the reference data; the 
y-axis was perpendicular to the posterior surface of the reference 
data; and the z-axis was perpendicular to the basal surface of the 
reference data (Fig. 3B). Subsequently, the deviation of the center 
coordinate of the spherule on each abutment in the IOS data relative 
to the reference data was calculated to separately assess the coordi-
nate accuracy along the x-, y-, and z-axes. The positive and negative 
values of the coordinate deviation indicated that the spherules on 
the superimposed IOS data were positioned in the following ranges 
of those on the reference data: left and right of the x-axis, distal and 
mesial of the y-axis, and above and below the z-axis. Additionally, 
a higher absolute value of the coordinate deviation indicated an 
inferior coordinate accuracy.

In addition, the distance between the central coordinate of the 
stainless steel spherule placed on each target tooth and that on the 
lingual frenum was measured (Figs. 3C and D). The rate of deviation 
in the distance in the IOS data relative to the reference data was 
calculated as a percentage, using the following equation:

	 Rd = [(DI - DR) / DR] × 100,

where Rd is the rate of deviation in distance (%), DI is the distance in 
the IOS data in millimeters (mm), and DR is the distance in the refer-
ence data in millimeters (mm). The positive and negative values of 
the rate of deviation indicated that the distance between the lingual 
frenum and each abutment tooth in the superimposed IOS data was 
greater and less than those in the reference data, respectively. The 
absolute value of the rate of deviation (%) was then calculated as the 
linear accuracy to compare the target teeth. A higher absolute value 

of the rate of deviation indicated inferior linear accuracy.

2.5.  Statistical analysis

For each reference model, trueness (TG and TL), coordinate devia-
tion, and linear accuracy were statistically compared among the tar-
get teeth. Because Levene’s test did not confirm the homoscedastic-
ity of the data, nonparametric tests were used. For the Kennedy class 
II model, the Friedman test was performed to detect any significant 
differences among the three target abutment teeth, followed by a 
post-hoc test for multiple comparisons if significant differences were 
found. For the class III model, the Wilcoxon signed-rank test was 
used to compare two target abutment teeth. In addition, the right 
second premolar in the class II model and the right second molar in 
the class III model were compared using the Mann–Whitney U test. 
The Bonferroni method was used to correct the p-values for multiple 
comparisons. SPSS predictive analytics software (version 24.0, SPSS 
Japan Inc., Tokyo, Japan) was used for the statistical analysis, and the 
significance level was set at P<0.05.

3.  Results

3.1.  Comparison of trueness

Figure 4 shows the general trueness based on the entire model 
superimposition (TG) for both Kennedy class II and III models. In the 
class II model, the median (interquartile range [IQR]) TG at #45, #34, 
and #37 were 42.3 (8.3) μm, 42.3 (12.2) μm, and 69.8 (19.2) μm, respec-
tively. The TG level at #37 was significantly higher than that at #34 (P 
= 0.001) and #45 (P = 0.005). In the class III model, the median (IQR) TG 
at #47 and #37 was 48.5 (5.8) μm and 81.0 (42.6) μm, respectively. The 
TG level at #37 was significantly higher than that at #47 (P = 0.028).

Figure 5 shows the local trueness based on the individual abut-
ment tooth superimposition (TL) for both the Kennedy class II and III 
models. In the class II model, the median (IQR) TL at #45, #34, and #37 
was 21.4 (3.0) μm, 21.4 (2.2) μm, and 15.1 (2.9) μm, respectively. The 
TL at #37 was significantly lower than that at #45 (P = 0.005) and #34 

Fig. 2.  Evaluation of trueness and representative color map images by deviation analyses performed using the best-fit method. A: After superimposition with 
the best-fit method, the perpendicular line (black arrow) of the facing surface (FS) at the STL structural point on the intraoral scanners (IOS) data (Pi) is drawn 
on the surface of the reference data. The distance between Pi and the point at the intersection of the perpendicular line and surface of the reference data 
(Pp) is calculated as the deviation (red arrow). B: Cross-sectional image of the individual target tooth (black and colored lines represent the reference data and 
superimposed IOS data, respectively). The color bar indicates the displacement (deviation) relative to the reference data. Positive scales represent the external 
position (yellow to red), whereas negative scales represent the internal position relative to the reference (light green to blue). The root-mean-square (RMS) 
value of the deviation represents trueness (the length of each line connecting the black and colored lines in (B)). C: Color map image of individual target abut-
ment tooth analysis.
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(P = 0.004). In the class III model, the median (IQR) TL at #47 and #37 
was 28.7 (3.9) μm and 23.6 (0.9) μm, respectively. The TL at #47 was 
significantly higher than that at #37 (P = 0.005).

3.2.  Comparison of coordinate accuracy

Table 1 presents the coordinate deviation in both Kennedy class 
II and III models. In the class II model, the Freidman test detected 
statistical significance among the three target abutment teeth along 
the x- and y-coordinates (P = 0.001 and P < 0.001, respectively). Mul-
tiple comparisons revealed that the coordinate deviation along the 
x-axis at #45 was significantly lower than that at #34 (P = 0.001) and 
#37 (P = 0.042), and that the coordinate deviation along the y-axis at 
#34 was significantly higher than that at #45 (P = 0.042) and #37 (P < 
0.001). In the class III model, the Wilcoxon signed-rank test revealed 
that the coordinate deviation along the x-axis at #47 was significantly 
lower than that at #37 (P = 0.005) and that the coordinate deviation 
along the y-axis at #37 was significantly lower than that at #47 (P = 
0.047).

3.3.  Comparison of linear accuracy

Figure 6 shows the rate of deviation in the distance from the 
lingual frenum in both the Kennedy class II and III models. In the class 
II model, the median (IQR) rate of deviation and the real value of the 
difference in the distance at #45, #34, and #37 were 0.33% (0.15%) and 
90.1 (41.8) μm, 0.07% (0.11%) and 18.3 (27.0) μm, and -0.11% (0.14%) 
and -40.9 (54.5) μm, respectively. In the class III model, the median 
(IQR) rate of deviation and the real value of the difference in the 
distance at #47 and #37 were 0.35% (0.08%) and 131.2 (30.7) μm and 
-0.10% (0.21%) and -37.8 (80.1) μm, respectively.

Figure 7 presents the linear accuracy in both Kennedy class II 
and III models. In the class II model, the median (IQR) linear accuracies 
for #45, #34, and #37 were 0.33% (0.15%) 0.09% (0.09%), and 0.13% 
(0.15%), respectively. The linear accuracy at #45 was significantly 
higher than those at #34 (P = 0.002) and #37 (P = 0.022). In the class III 
model, the median (IQR) linear accuracies at #47 and #37 were 0.35% 
(0.08%) and 0.13% (0.18%), respectively. Linear accuracy at #47 was 
significantly higher than that at #37 (P = 0.007).

Fig. 3.  Coordinate axes for the evaluation of coordinate accuracy and linear accuracy and the distance measured for comparisons of linear accuracy. A: After 
superimposition with the best-fit method, the center coordinate of the spherule placed on the lingual frenum (LF) was determined as the original point on 
each datum (the black and white points are the original points in the reference and intraoral scanners [IOS] data, respectively). B: The coordinate axes were set 
according to the following determinations: the x-axis was parallel to both the basal and posterior surfaces of the reference data, the y-axis was perpendicular 
to the posterior surface of the reference data, and the z-axis was perpendicular to the basal surface of the reference data. C: Distance used for linear accuracy 
comparison in the Kennedy class II model. D: Distance used for linear accuracy comparison in the Kennedy class III model.
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3.4.  Comparison between the most posteriorly located abutment teeth

Figure 8 shows the comparison of TG, TL, and the linear accuracy 
between the most posteriorly located teeth in both models (#45 in 
the class II model and #47 in the class III model). TL at #45 in the class 
II model was significantly lower than that at #47 in the class III model 
(P < 0.001), with no significant difference in TG (P = 0.190) and linear 
accuracy (P = 0.631). Because all the rates of deviation in the distance 
between the lingual frenum and each target abutment tooth had 

positive values (> 0), the linear accuracy (absolute value of the rate of 
deviation) and rate of deviation were entirely the same.

The coordinate deviations of both the target teeth are listed in 
Table 1. The coordinate deviation at #45 in the class II model was sig-
nificantly lower along the y-axis (P = 0.035) and z-axis (P = 0.011) than 
that along these axes at #47 in the class III model, with no significant 
difference in the x-axis coordinate deviation (P = 0.052).

4.  Discussion

In this study, the accuracy of individual RPD abutment teeth in 
digital data obtained using an IOS was evaluated based on the refer-
ence data obtained using a high-accuracy desktop scanner. Tooth #37 
in the Kennedy class II model had the following locational character-
istics: 1) the most posterior location and 2) isolation from other teeth 
by the surrounding mucosal area. Because examination of the class 
II model could not clearly show how the locational characteristics 
of #37 affected the accuracy of the impression, the anteroposterior 
location of the target teeth was standardized by selecting the same 
teeth (#37 and #47) for the class III model, so that the comparison 
could focus on the effect of isolation of a tooth by mucosal area. In 
addition, to focus on the effect of the anteroposterior location of the 
tooth, the most posterior teeth, #45 in the class II model and #47 in 
the class III model, were compared. Overall, the results revealed that 
the abutment tooth location significantly affected the accuracy of 
the digital impression data for RPDs.

In this study, several measures were evaluated for representa-
tive data accuracy. First, we evaluated the general trueness of the 
abutment tooth area in the IOS data based on the entire model su-

Fig. 4.  Box plots of general trueness based on entire model superimposition 
(TG) with comparisons between target teeth Fig. 5.  Box plots of local trueness based on individual abutment tooth super-

imposition (TL) with comparisons between target teeth

Table 1.  Medians (IQR) coordinate deviation (μm) (deviation of the central 
coordinate of the sphere on each abutment tooth between reference data 
and IOS data based on the central coordinate of the sphere on the lingual 
frenum as the origin)

Reference 
model

Abutment  
tooth

Coordinate deviation (μm)

x-axis y-axis z-axis

Class II

$ $$ $ $$ $ $$

#34 -50.9 (28.0) a - 8.1 (37.8) a - 86.8 (50.3) a -

#37 -21.6 (99.0) a - -79.4 (66.3) b - 41.9 (42.1) a -

#45 -102.1 (31.1) b a -26.5 (50.2) b a 29.6 (51.3) a a

P value† 0.001* <0.001* 0.082

Class III
#37 -38.6 (45.4) - - -27.1 (29.4) - - 63.9 (57.4) - -

#47 -138.6 (41.7) - a 9.5 (46.2) - b 95.4 (51.6) - b

P value‡ 0.005* 0.047* 0.241
IQR: interquartile range; #34: left first premolar; #37: left second molar; #45: 

right second premolar; and #47: right second molar. †: Friedman test. ‡: Wil-
coxon signed-rank test. $: Same superscripted letters indicate groups not 
statistically significantly different with multiple comparisons in the class II 
model. $$: Same superscripted letters indicate groups not statistically sig-
nificantly different with the Mann-Whitney U test between #45 in the class II 
model and #47 in the class III model. -: not applicable. *: P<0.05 is significant.
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perimposition (TG), and local trueness based on individual abutment 
tooth superimposition (TL). Because of the use of the best-fit method 
for data superimposition, the meaning of TG differed from that of TL. 
TG indicated data distortion at the abutment tooth area in the IOS 
data, based on both displacement and geometric deformation of the 
entire dental arch. TL indicated local data distortion, mainly involving 
geometric deformation.

When performing intra-model comparisons of TG in both Kenne-
dy class II and III models, the most inferior (highest) value was found 
at #37 (Fig. 4). However, in the inter-model TG comparison between 
the most posterior teeth, there was no significant difference in TG at 
#45 in the class II model and that at #47 in the class III model (Fig. 8). 
These findings indicate that the isolation of an abutment tooth sur-
rounded by mucosa critically affects TG, whereas the anteroposterior 
location does not. According to a previous study, a long-span mu-
cosal area between two objects deteriorates the data trueness[13]. 
Moreover, the inferior trueness around mucosal areas purportedly 
results from a lack of landmarks for data stitching[14], and scanning 
with the placement of artificial landmarks on the mucosal area[15] 
followed by re-scanning after removing the landmarks[16] could 
improve data trueness.

Conversely, in intra-model comparisons of TL, the most superior 
(lowest) value was identified at the most posterior abutment tooth 
(#37) in both models (Fig. 5). Additionally, in the inter-model com-
parison of TL at the most posterior teeth, #45 in the class II model 
showed superior TL compared to that at #47 in the class III model 
(Fig. 8). A previous study reported that data trueness calculated by 
data superimposition is influenced by the superimposition methods 
used[17]. In the present study, the TL was inferior for teeth located 
furthest from the scanning origin. Consistent with our findings, Nagy 
et al. also observed inferior data deviation as the distance from the 
scanning origin increased, which was attributed to extensive data 
stitching[18].

Fig. 6.  Box plots of the rate of deviation in the distance from the lingual fre-
num (LF)

Fig. 7.  Box plots of linear accuracy (the absolute value of the rate of devia-
tion in the distance from the lingual frenum [LF]) with comparison between 
target teeth

Fig. 8.  Box plots of TG, TL, and linear accuracy with a comparison between 
#45 of the class II model and #47 of the class III model
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Second, we evaluated the center coordinates of the spherules 
on the target abutment teeth, and the deviations in the coordinates 
(coordinate accuracy) and distance (linear accuracy) were calculated 
based on the lingual frenum as the reference point. Regarding coor-
dinate accuracy, all the target abutment teeth were displaced to the 
right on the x-axis, close to the lingual frenum on the y-axis (except 
for the second molar in the class III model), and upward along the 
z-axis (Table 1). Additionally, a greater span between the abutment 
tooth and the scanning origin correlated with a greater displacement 
of the coordinate along the x-axis. These findings are consistent with 
those of a previous study[17]. However, a more posterior location of 
the target tooth also reportedly indicates its greater displacement in 
the buccal direction based on color map images with RMS values[19]. 
The displacement of the coordinate is affected not only by the tooth 
displacement but also by its three-dimensional deformation. In this 
study, the color map revealed various colors depending on the area 
within a single tooth crown (Fig. 2C), suggesting that the displace-
ment of the coordinate partially depends on spherule location.

Considering the linear accuracy, the tooth located furthest from 
the scanning origin showed the most inferior linear accuracy in both 
models (Fig. 7). Similar to the TL and x-coordinate of the spherule 
center, the linear accuracy of the abutment tooth was affected by 
its distance from the scanning origin. However, the present study 
focused on the anteroposterior location of the abutment tooth and 
the effect of its isolation in the oral cavity. Our study protocol could 
not independently clarify the effects of these locational conditions 
and the distance from the scanning origin. However, only #37, which 
was isolated from the remaining teeth by the mucosal area, showed 
a negative rate of deviation, indicating that the distance from the 
lingual frenum decreased in the impressions of both models (Fig. 6). 
This finding suggests that the mucosal area causes a decrease in the 
distance between two points on the digital impression.

This study revealed that the accuracy of digital impressions 
obtained using an IOS for RPDs can be affected by the anteropos-
terior location of the abutment tooth, whether it is isolated with no 
adjacent teeth or surrounded by mucosa, and its distance from the 
scanning origin. Conversely, the median TG, TL, and coordinate de-
viation were less than 81.0 μm, 28.7 μm, and -138.6 μm, respectively. 
The trueness of a conventional impression of a partially edentulous 
dental arch taken using a custom tray and elastic silicone impres-
sion material has been reported to be 122-157 µm[6]. Furthermore, 
in this study, the linear accuracy was less than 0.4% for all target 
abutment teeth, which is within the clinically acceptable range 
set by the American Dental Association (ADA). The ADA accepts a 
range of 0.5% or less dimensional change at 24 h after recording an 
impression with conventional materials[20]. Therefore, the accuracy 
of digital impressions for RPDs may be equal or superior to that of 
conventional impressions, suggesting that digital impressions using 
an IOS have a clinically acceptable accuracy.

This study had several limitations. First, it was a simulation ex-
periment using dental models that could not completely reproduce 
an oral environment containing saliva. Additionally, we did not use 
scanned powders to eliminate the effects of the thickness of the 
powder layer. Scanning without scanning powders may affect the 
accuracy of the digital data. Second, we used only one IOS. However, 
the type of IOS used can reportedly affect data accuracy[21]. There-
fore, it remains unclear whether our findings can be extrapolated 
to digital impressions obtained using other types of IOS. Third, we 
analyzed the data accuracy only for individual RPD abutment tooth 

regions. Further studies are required to verify the data accuracy of 
digital impressions, including those of the mucosal area and residual 
teeth other than the abutment teeth.

5.  Conclusions

Within the limitations of this study, our findings suggest that 
when an RPD abutment tooth is isolated with no adjacent teeth and 
is surrounded by mucosa, there is a risk of data distortion of the abut-
ment tooth relative to the entire dental arch and mesial displace-
ment of the tooth in the digital impression obtained using an IOS. 
Additionally, a greater distance between the RPD abutment tooth 
and the scanning origin can cause local data distortion of the RPD 
abutment tooth and reduce linear accuracy, whereas the anteropos-
terior location of the RPD abutment teeth does not critically affect 
the accuracy of the data. These results also indicate that the accuracy 
of the digital impressions obtained using an IOS is acceptable for 
clinical applications.
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