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Effect of Voxel Size on the Accuracy of
Landmark Identification in Cone-Beam
Computed Tomography Images
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Purpose: This study was performed to evaluate the effect of voxel size on the accuracy of landmark identification in
cone-beam computed tomography (CBCT) images.

Materials and Methods: CBCT images were obtained from 15 dry human skulls with two different voxel sizes; 0.39
mm and 0.10 mm. Three midline landmarks and eight bilateral landmarks were identified by 5 examiners and were
recorded as three-dimensional coordinates. In order to compare the accuracy of landmark identification between
large and small voxel size images, the difference between best estimate (average value of 5 examiners’ measure-
ments) and each examiner’s value were calculated and compared between the two images.

Result: Landmark identification errors showed a high variability according to the landmarks in case of large voxel
size images. The small voxel size images showed small errors in all landmarks. The landmark identification errors
were smaller for all landmarks in the small voxel size images than in the large voxel size images.

Conclusion: The results of the present study indicate that landmark identification errors could be reduced by using
smaller voxel size scan in CBCT images.
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Introduction tion in dentistry in 1998". Applications of CBCT im-
ages in orthodontics include dental measurements”,

Cone-beam computed tomography (CBCT) has  evaluation of root resorption”, diagnoses of the tem-
been widely used in orthodontics since its introduc- ~ poromandibular joint*”, airway assessment”, three-
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dimensional (3D) cephalometryn, and evaluation of
orthognathic surgery”.

The image quality of CBCT scan might be influ-
enced by a number of variables, such as the scanning
unit, the field of view (FOV), subject characteristics,
scanning time, tube voltage and tube current, and
also spatial resolution defined by the voxel size”"”.
CBCT volumetric data set is composed of volume
elements called voxels and the dimension of each
voxel determines spatial resolution of the image'”.
Images acquired in smaller voxel sizes or smaller
FOV have better spatial resolution. Maret et al."” as-
sessed the effect of voxel size on the accuracy of 3D
reconstruction of CBCT data. They found that volu-
metric measurements at voxel size of 200 um and 300
pum were underestimated by comparing with those
obtained with voxel size of 76 pm and 41 pm. In con-
trast, Damstra et al."” suggested that there was no
statistically significant difference of the linear mea-
surement accuracy between 040 mm and 0.25 mm
voxel size group.

Landmark-based analysis of maxillofacial structure
with linear and angular measurements is the most
common method of cephalometric analysis in ortho-
dontics since Broadbent' introduced cephalometric
radiography. However, in the literature, few studies
so far have assessed the effect of voxel size on the
accuracy of landmark identification in the CBCT
images. The purpose of the present study was to
investigate the effect of voxel size on the accuracy of
landmark identification in CBCT images.

Materials and Methods

The present study was approved by the Institu-

tional Review Board (IRB) of Chonnam National

University Dental Hospital (IRB No. CNUDH-
EXP-2015-001). A total of fifteen dry human skulls
from Department of Oral Anatomy at the School
of Dentistry of Chonnam National University were
included in this study. The skulls were placed in the
acrylic box and stabilized with sticks on both ear
holes and occipital area. The condyle for each skull
was isolated from temporal fossa by a paper with
1.5 mm thickness to define the exact contours of con-
dyle.

CBCT scans were obtained with Alphard Vega™
(Asahi Roentgen Co., Kyoto, Japan) in two different
voxel sizes: 0.39 mm and 0.10 mm. The scans for both
voxel sizes were taken with 80 kV for voltage and 17
seconds for exposure time. Tube current and FOV for
voxel size of 0.39 mm were 5 mA and 200x179 mm
and those for voxel size of 0.10 mm were 8 mA and
51x51 mm, respectively (Table 1).

Seven CBCT scans for each skull were obtained in
same head posture. One CBCT scan of whole skull
with large voxel size and 6 CBCT scans with small
voxel size were obtained from each skull. For small
voxel size scan, 6 areas (condyle, frontonasal, gonion,
orbit, symphysis, and nasomaxillary areas) were
included. In case of bilateral structures such as con-
dyle, gonion, and orbit, right side area was scanned
(Fig. 1).

CBCT scan data were exported to InVivoDental™
software ver. 5.1 (Anatomage, San Jose, CA, USA) as
a digital imaging and communication in medicine
(DICOM) file. Using ‘volume rendering’ function
of the software, 3D surface model was visualized in
‘bone” mode. The minimum and maximum thresh-
olds were 620 and 3,640 gray scale values, respec-
tively.

To investigate the effect of voxel size on the ac-

Table 1. Scanning parameters for large and small voxel size scans used in this study

Variable Voxel size (mm) Field of view (mm) Voltage (kV) Current (mA) Exposure time (s)
Large 0.39 200x179 80 5 17
Small 0.10 51x51 80 8 17
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Table 2. Definition of the landmarks used in this study

Fig. 1. Two different voxel size
images obtained in this study.
(A) 0.39 mm voxel size image;
(B) 0.10 mm voxel size images.

Landmark Abbreviation Definition

Midline landmark
Crista galli Cg Most superior point of cista galli of ethmoid bone
Anterior nasal spine ANS Most anterior midpoint of the anterior nasal spine
Menton Me Most inferior point on mandibular symphysis

Bilateral landmark
Orbitale Or Deepest point on infraorbital margin
Porion Po Highest point on roof of external auditory meatus
Condylion superius Cdy,, Most superior point of each mandibular condylar head
Condylion lateralis Cdie Most lateral point of each mandibular condylar head
Condylion posterius Cdost Most posterior point of each mandibular condylar head
Gonion lateralis GOy Most lateral point on gonion area
Gonion posterius GOpost Most posterior point on gonion area
Gonion inferius Go,f Most inferior point on gonion area

curacy of landmark identification in CBCT surface
model, three midline landmarks (crista galli, anterior
nasal spine, and menton) and eight bilateral land-
marks (orbitale, porion, condylion superius, con-
dylion lateralis, condylion posterius, gonion lateralis,
gonion posterius, and gonion inferius) were used
in this study". The landmarks were identified by 5
examiners experienced in landmark identification
on 3D surface model with over 50 cases (Table 2).
The examiners were permitted to rotate the image to

improve landmark visibility. Both large and small
voxel size scans had same spatial orientation of the
acquired volume. For each of the 11 landmarks, the
mean X-, y-, and z-coordinates from all 5 examin-
ers were defined as the best estimate. The landmark
identification error was defined as a measurement in
millimeters by calculating the distance of each exam-
iner’s identification from the best estimate'®. In addi-
tion, their mediolateral, anteroposterior, and infero-

superior components were expressed by calculating
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differences in the x-, y-, and z-coordinates from those
of the best estimates (Table 2).

Paired t-tests were used to determine differences
between the large and small voxel size images. In
addition, the means and standard deviations were
computed for each coordinate direction in order to
evaluate which direction of the error contributed to
the degree of overall error. Paired t-tests were used
to determine the differences of the errors in 3D be-
tween the large and small voxel size images. Statisti-
cal analysis was carried out by using PASW software
ver. 18.0 (IBM Corp., Armonk, NY, USA) (P<0.05).

Result

The landmark identification errors showed vari-
ability according to the landmark. In the case of the
large voxel size images, the errors ranged from 0.57
to 1.94 mm. All midline landmarks and orbitale
showed relatively small errors compared to the bilat-
eral landmarks (porion, condylion, and gonion). In
particular, porion presented the greatest error of 1.94
mm. On the other hand, the identification errors in

small voxel size images showed below 0.6 mm in all

landmarks except porion which presented 0.92 mm
of error. In the comparison of identification error, all
landmarks except for orbitale showed statistically
significant differences between the two sizes indicat-
ing that the errors could be reduced by using small
voxel size scan (Table 3).

In order to evaluate which direction of error con-
tributed to the degree of overall error, the means and
standard deviations were computed for each coordi-
nate direction. In case of porion which showed larg-
est value (1.94 mm) in overall error, the x-direction
error (1.59 mm) was greater compared to the y- or
z-direction errors indicating that large identifica-
tion errors in porion were attributed mostly to the
mediolateral direction error. Likewise, condylion su-
perius also showed a greater value in the x-direction
errors. With regards to gonion, gonion lateralis and
gonion inferius showed relatively large values in the
y-direction errors (0.87 and 0.82 mm, respectively)
whereas gonion posterius presented a relatively
large error in the z-direction (0.69 mm). While the
errors were considerably greater in the large voxel
size images, all these errors showed small values in

the small voxel size images. The differences between

Table 3. Landmark identification errors and comparison between large and small voxel size images

Large voxel Small voxel Difference Significance
size (mm) size (mm) (large to small, mm) (P-value)
Midline landmark
Crista galli 0.67+0.68 0.20+0.18 047 <0.001
Anterior nasal spine 0.80+0.60 0.40+0.46 040 <0.001
Menton 0.71+0.49 041+0.32 0.30 <0.001
Bilateral landmark
Orbitale 0.57+0.35 0.38+0.32 0.19 0.001
Porion 1.94+£1.92 0.92+0.75 1.02 <0.001
Condylion superius 1.34+£1.20 0.53+0.40 0.81 <0.001
Condylion lateralis 1.31+£1.66 0.31+0.34 1.00 <0.001
Condylion posterius 0.97+0.65 0.57+0.62 0.40 <0.001
Gonion lateralis 1.24+1.33 0.54+0.45 0.70 <0.001
Gonion posterius 0.90+0.63 043+0.35 047 <0.001
Gonion inferius 1.09+0.90 0.37+0.28 0.73 <0.001

Values are presented as meanztstandard deviation.
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the large and small voxel size images were statisti- ~ small value even in the large voxel size images and
cally significant in all directions of all landmarks ex-  z-direction error in porion which showed relatively
cept the y-direction error in orbitale which showed large value even in small voxel size images (Table 4).

Table 4. Landmark identification errors in 3-dimension and comparison between large and small voxel size

Large voxel Small voxel Difference Significance
size (mm) size (mm) (large to small, mm) (P-value)
X-direction errors
Crista galli 0.16+0.15 0.07+0.16 0.09 0.002
Anterior nasal spine 0.37+0.36 0.25+0.36 0.11 0.013
Menton 0.31+0.30 0.20+0.28 0.1 <0.001
Orbitale 043+0.37 0.26+0.28 0.17 0.002
Porion 1.59+1.93 0.59+0.66 1.00 0.001
Condylion superius 0.97+1.06 0.39+041 0.58 <0.001
Condylion lateralis 0.64+1.67 0.0940.20 0.55 0.006
Condylion posterius 0.67+0.58 0.40£0.07 0.27 0.002
Gonion lateralis 0.32+0.58 0.08+0.10 0.24 0.001
Gonion posterius 0.37+0.31 0.17+£0.14 0.20 <0.001
Gonion inferius 046+0.38 0.17+0.15 0.29 <0.001
Y-direction errors
Crista galli 0.46+0.55 0.13+0.12 0.33 <0.001
Anterior nasal spine 0.51+0.57 0.16+0.31 0.34 <0.001
Menton 0.55+0.46 0.28+0.21 0.27 <0.001
Orbitale 0.21+0.17 0.20+0.20 0.01 NS
Porion 0.69+0.69 0.39+0.40 0.30 <0.001
Condylion superius 041+0.38 0.21+0.23 0.20 0.009
Condylion lateralis 0.56+0.56 0.14+0.13 041 <0.001
Condylion posterius 0.24+0.20 0.13+0.17 0.1 <0.001
Gonion lateralis 0.87+1.02 0.46+0.45 041 0.001
Gonion posterius 0.22+0.23 0.09+0.10 0.13 <0.001
Gonion inferius 0.82+0.87 0.27+0.28 0.55 <0.001
Z-direction errors
Crista galli 0.32+048 0.07+0.06 0.26 <0.001
Anterior nasal spine 0.30+0.26 0.13+0.18 0.18 <0.001
Menton 0.16+0.12 0.12+0.12 0.06 0.001
Orbitale 0.18+0.13 0.11+0.09 0.06 <0.001
Porion 0.35+0.34 0.32+045 0.03 NS
Condylion superius 0.51+0.09 0.12+0.01 0.39 <0.001
Condylion lateralis 0.60+0.53 0.21+£0.29 0.39 <0.001
Condylion posterius 0.49+047 0.28+0.26 0.22 <0.001
Gonion lateralis 0.55+0.88 0.12+0.18 0.36 0.001
Gonion posterius 0.69+0.64 0.3410.35 0.37 <0.001
Gonion inferius 0.28+0.37 0.07+0.06 0.21 <0.001

NS: statistically not significant.
Values are presented as meanztstandard deviation.
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Discussion

For orthodontic purpose, large FOV images are pre-
ferred for the evaluation of the craniomaxillofacial
images. However, large FOV images have lower res-
olution and higher patient radiation dose. To reduce
the patients” radiation exposure, it is desirable to
limit the field size to the smallest volume that visual-
izes only the region of interest. Decrease in voxel size
may exhibit advantages, such as higher quality of
images, more accurate anatomic details, and smaller
radiation exposure, and also disadvantages such as
more noises in the image. Detectors with smaller pix-
els capture fewer X-ray photons per voxel and result
in more image noise"”.

The average coordinates of all the examiners for
each landmark in two different voxel size served as
the best estimate for that particular landmark in this
study. The distances from this best estimate were
used as the landmark identification error for each
landmark in two different voxel sizes. Schlicher et
al."” provided the mean location for each landmark
as the reference point and assessed the distribution
of examiners” landmarks from this point to quantify
the consistency and precision of locating 3D anatom-
ic landmarks. In the study of Leonardi et al.’® the
mean positions for each landmark identified by the
five observers were defined as the best estimate for
that particular landmark in a given two-dimensional
(2D) image. As the best estimate from all the examin-
ers was used as the gold standard, our eligibility cri-
teria for the examiner of this study was orthodontic
residents who had experienced in landmark identifi-
cation on 3D surface model with over 50 cases.

Although one cannot expect higher accuracy than
in the range of half a millimeter on dental CBCT
images', the mean values of the landmark identi-
fication errors ranged from 0.57 to 1.94 mm in large
voxel size images and 0.20 to 0.92 mm in small voxel
size images in this study indicating that there was
variability of landmark identification. While all mid-

line landmarks and orbitale presented small values
of the errors, the other bilateral landmarks (porion,
condyle, and gonion) showed large errors.

Small voxel size images showed statistically sig-
nificant smaller errors than large voxel size images.
It could be contributed to the clearer images with
less artifacts and more anatomic details in small
voxel size scans that would increase the accuracy of
landmark identification. In case of small voxel size
images, the image display for the reorientation in
three planes (sagittal, coronal, and axial) were not
available due to the small FOV. In other words, land-
mark identification in small voxel size images might
be influenced by inconsistency in the image orienta-
tion of the small FOV scan. However, in the present
study, both large and small voxel size scans had
same spatial orientation of the acquired volume and
the landmark identification errors in small voxel size
images showed small value compared to the large
voxel size images, implying no remarkable influence
by the image orientation.

In case of large voxel size images, identification er-
rors were smaller in midline landmarks and orbitale
than bilateral landmarks. Schlicher et al.'” claimed
that midline structures and their landmarks formed
by acute angles were more consistently identified
than bilateral structures and their landmarks along
broad curves. Thus it is believed that the midline
landmarks inherently cause minimal errors in the x-
coordinates.

The largest identification errors of porion in both
large and small voxel size images were attributed to
x-direction of errors. Once the examiner identified
porion on the highest point on roof of external audi-
tory meatus, it may refer to multiple points in me-
diolateral direction and thus increase the x-direction
errors. Likewise, condylion superius also showed
large error in the x-direction. gonion, gonion lateralis
and gonion inferius showed greater y-direction er-
rors whereas gonion posterius presented greater z-
direction errors than in the other coordinates. This
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finding should be taken into consideration that the
landmark with the smallest error should be selected
when constructing the measurement by connecting
the two landmarks.

The y-direction error in orbitale was relatively
small even in the large voxel size images and the z-
direction error in porion was relatively large even
in small voxel size images. Anatomical position
of the landmarks may have contributed to the re-
sults, i.e., exact definition of orbitale location in y-
direction could decrease the identification error even
in large voxel size images. Likewise, porion lacks of
definition of exact location in the sagittal direction
and could cause large identification errors in the z-
direction even in small voxel size images. Another
possible reason is anatomic position of porion; round
beveled curve of the roof of external auditory meatus
may increase the error not only in the z-direction but
in the x and y-direction as well even in small voxel
size images. In spite of the significant landmark
identification error, some have used porion for the
construction of reference planes for evaluation of

20-24;

facial asymmetry””*’. Considering the reliability of
the landmark identification and the potential errors
in defining the reference planes, it can be suggested
to use other non-anatomic structures to construct the
references planes for measurement accuracy”. Addi-
tionally, in a recent study™, the inter-examiner errors
in 2D posteroanterior cephalometric radiographs
were reported as 0.6 mm to 2.5 mm. Taken together,
the errors in the present study might be clinically ac-
ceptable.

Although small voxel size images showed smaller
errors than large ones, CBCT scans with small voxel
size may not be readily recommended as the routine
imaging protocol in orthodontics because small FOV
images require a number of scans which increase
patient's radiation exposure. Nonetheless, the results
of the present study can help understanding char-
acteristics of the 3D landmark identification errors

and improving the measurement accuracy. Recently,

current development of imaging sensor technology
may make voxel size as small as 0.1 mm, while mini-
mizing radiation exposure. Alternatively, acquisition
of small voxel size images for the area of clinical
significance and merging them with the background
large voxel size image(s) may be recommended.

Conclusion

1. Landmark identification errors showed relatively
higher variability in case of large voxel images com-
pare to those of small voxel size.

2. The landmark identification errors could be re-
duced by using smaller voxel size scan in CBCT im-

ages.
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