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Abstract

superimposition (p > 0.05).

Background: The aim of this study was to establish a computer-aided automated method for cephalometric
superimposition and to evaluate the accuracy of this method based on free-hand tracing.

Methods: Twenty-eight pairs of pre-treatment (T;) and post-treatment (T,) cephalograms were selected. Structural
superimpositions of the anterior cranial base, maxilla and mandible were independently completed by three
operators performing traditional hand tracing methods and by computerized automation using the feature
matching algorithm. To quantitatively evaluate the differences between the two methods, the hand superimposed
patterns were digitized. After automated and hand superimposition of T, cephalograms to T; cephalometric
templates, landmark distances between paired automated and hand T, cephalometric landmarks were measured.
Differences in hand superimposition among the operators were also calculated.

Results: The T, landmark differences in hand tracing between the operators ranged from 0.61 mm to 1.65 mm for
the three types of superimposition. There were no significant differences in accuracy between hand and automated

Conclusions: Computer-aided cephalometric superimposition provides comparably accurate results to those of
traditional hand tracing and will provide a powerful tool for academic research.
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Background

Since the introduction of cephalometry in 1931 by Broadbent
[1], it has become an important tool in clinical diagnosis,
treatment planning, evaluation of treatment changes and
growth study. The traditional method of cephalometric ana-
lysis is hand tracing the craniofacial soft and hard anatomic
structural contours on cephalograms on acetate paper. This
process is subjective, and the accuracy varies with personal
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experience, knowledge, understanding of craniofacial anat-
omy and tracking preference [2—6]. Additionally, this process
is time-consuming, and the accuracy is also inevitably influ-
enced by the human fatigue level [7, 8]. In particular, for the
purpose of research, a certain number of cephalograms need
to be traced and measured within a certain time constraint,
and the intra—/inter-reproducibility is impacted.

With the development of digital technology, the traditional
hand tracing cephalogram is being replaced by digital ceph-
alometric analysis. In previous studies, the latter method,
using commercial software, has been proven to be accurate,
reliable and time-saving [8—12]. However, the only exception
is the structural superimposition for treatment evaluation
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and growth study, although much effort has been made in
this field [3, 12—14]. The reason for this exception lies in the
fact that landmark identification is easily accomplished using
commercial software, while structural superimposition fo-
cuses on the tracing of structural details, which is independ-
ent of landmarks and is still not feasible using current
commercial software.

Baumrind et al. believed that hand superimpositions re-
sulted in better quality than any computer-aided superim-
positions, because biological craniofacial growth is
difficult to be interpreted by any mathematical equations
[2]. However, due to the absolute consistency, fully auto-
mated cephalometric analysis has always been a popular
challenge in computer science. One of these methods is
the knowledge-based line extraction technique [15], which
duplicates the strategy of orthodontists by extracting im-
portant anatomic edges and locating landmarks according
to geometric definitions. However, the irregular details of
bone, such as the inter-trabeculae, incisor nerve canal and
inferior alveolar canal, make computer automated tracing
difficult and questionable. Other studies have attempted
to locate landmarks directly [16, 17], and the techniques
have evolved from template matching [16] to, more re-
cently, neural network models [17]. In terms of structural
superimposition on stable regions instead of reference
planes, which has been recognised as the most accurate
method [18-22], why not use the same strategy?

Feature matching is a computer algorithm [23, 24] whose
mission is to detect and match keypoints of the same or
similar regions in multiple images taken at different view-
points, under different illuminations, or at different magnifi-
cations. In comparison with the traditional manual process
of superimposing the stable structures of two serial cephalo-
grams, this method bears many similarities. One of the algo-
rithms, Oriented FAST and Rotated BRIEF(ORB) [23], was
shown to be time-saving for the matching process,
rotational-invariant and noise-immune. However, two as-
pects of this method should be improved for clinical applica-
tions: (1) the area for detecting and matching keypoints
should be limited to the stable regions on the cephalograms;
and (2) to achieve accurate matching results, the matches
should be not only abundant but also of high quality.

Currently, studies describing methods for automated
cephalometric structural superimposition are scarce.
Therefore, the present study aimed to (1) establish a
computer-aided automated method of structural super-
imposition on the anterior cranial base, maxilla and
mandible and (2) evaluate its accuracy based on free-
hand tracing and superimposition.

Methods

The institutional review board for the protection of hu-
man subjects reviewed and approved the research proto-
col (IRB-201626016).
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A total of 28 pairs of pre- (T;) and post-treatment
(Ty) cephalograms were selected. They were taken by
the same X-ray machine. The subjects consisted of 21
females and 7 males. The age for T; ranged from 12 to
27 years, with a mean age of 15.32years; the T, ages
ranged from 14 to 29years, with a mean age of 18.03
years. The experimental design is shown in Fig. 1. Cali-
bration rulers were used to control distortions and reso-
lution errors during the printing and scanning process.

Landmark identifications

One operator identified landmarks on the T; and T, digital
lateral films using customised software produced by the
State Key Laboratory of Virtual Reality Technology and
Systems. The landmarks included the upper reference point
(URP), lower reference point (LRP), sella (S), nasion (N),
pterygoid point (Pt), posterior nasal spine (PNS), anterior
nasal spine (ANS), subspinale (A), supramental (B), pogo-
nion (Pg), menton (Me), gonion (Go), condylion (Co),
upper incisor edge (UIE), upper incisor root apex (UIA),
upper first molar mesial buccal cusp (UM), upper first
molar mesial root apex (UMA), lower incisor edge (LIE),
lower incisor apex (LIA), lower first molar mesial buccal
cusp (LM), and lower first molar mesial apex (LMA).

Superimposition methodology

The structural superimposition method developed by
Johnston [25] for the anterior cranial base, maxilla and
mandible was independently conducted by each operator.

Hand tracing superimposition

Three senior orthodontic residences, who finished the
superimposition course in our department and attended
the hands-on lecture given by Johnston in person, were
selected as operators in this study. They independently
performed hand tracings of T; and T, side by side on
acetate paper. Information from the hand superimpos-
ition was recorded using a similar method as that devel-
oped by the University of California, San Francisco [11].
A series of ten pinholes were drilled into T, films in the
non-information-bearing area surrounding the anatomic
region of interest. Four corner pinholes on the T; films,
called positioning reference pinholes, were used to regis-
ter the scanned hand tracings onto corresponding digital
films. The other six pinholes on the T; films, called
superimposing reference pinholes, were used in pairs to
register the between-film relationships onto T, tracings
for the three types of hand superimposition methods
and to convert the between-film relationship of the hand
superimpositions into a digital record by scanning. For
the T, films, only the four corner pinholes were drilled.
The lateral films with pinholes and the corresponding
hand tracings were scanned (HP Color Laserfet 2840,
Hewlett-Packard Company, Palo Alto, CA, USA) in
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Fig. 1 Schematic flowchart of the experimental design

original size and at 600 dpi. The operators identified the  maxilla and mandible used to detect the keypoints. On
scanned pinholes that carried the information on super- the anterior cranial base, this area was defined by the

imposition and image size from the T; and T, tracings. URP, S, Pt and N. On the maxilla, this area was enclosed
by the Pt, PNS, ANS and A. On the mandible, this area
Automated superimposition was enclosed by the LM, Pg, Me and Go.

Figure 2a shows the rectangular region of interest The ORB’s oriented FAST algorithm [23, 26] was used
enclosed by landmarks on the anterior cranial base, to detect keypoints on each confined area. We then used

Pre-processing
and extracting
regions of interest

Y.
Calculate the image offset position and
offset angle based on the matching result

superimposition

Fig. 2 a The rectangular areas mainly consisting of stable structures were used to detect keypoints enclosed by landmarks on the anterior cranial
base, maxilla and mandible. A. Area on the Anterior cranial base: URP-S-Pt-Na. B. Area on the maxilla: Pt-PNS-ANS-A. C. Area on the mandible: LM-
Pg-Me-Go. b The flowchart of feature matching process and automated superimposition on maxilla
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the ORB’s steer BRIEF [23] algorithm for keypoint de-
scription, a modified algorithm used to solve the prob-
lem that BRIEF is not rotationally invariant. Finally, a
brute-force Hamming distance [27] was used to match
keypoints on two cephalograms.

Considering that the ORB results might not be completely
accurate, the Grid-based Motion Statistics for Fast, Ultra-
robust Feature Correspondence (GMS) [24] algorithm was
applied to filter the matching results. Then, we calculated the
relative offset distances and rotation angles of each pair of
successfully matched keypoints and transferred the T,
cephalogram onto the T, image accordingly. The automated
superimposition results were exported as Photoshop files.

Figure 2b shows the flowchart of the automated super-
imposition process on maxilla.

Calculation of T2 landmark distances

Photoshop CC 2017 (Adobe, San Jose, CA, USA) was used
to register hand tracings onto the corresponding digital
cephalograms. The T; cephalograms in each automated
superimposition file were used as templates to measure the
T, landmark distances (T,LDs). The T; tracings were regis-
tered onto the templates by 4 positioning reference pinholes.
To avoid landmark identification errors, one operator used
the automatically superimposed T, cephalograms to identify
landmarks by the brush tool with a 3-pixel diameter and
noted down the landmarks’ coordinators as automated
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superimposition results. Then, the T, cephalograms were du-
plicated, and the corresponding T, tracings were registered
on duplicated films at four positioning reference pinholes.
Subsequently, they were superimposed onto the templates
registered by the bilateral superimposing reference pinholes
of the same superimposition type as the automated one. Fi-
nally, the landmarks’ coordinators on the duplicated T,
cephalograms as the operator’s hand superimposition results
were noted down. Before importing the next operator’s trac-
ings, we deleted the tracings of the previous one to prevent
mutual influence of the superimposition results among
operators.

To calculate the operative differences of hand super-
imposition, T,LDs between operators’ corresponding co-
ordinators were measured (Fig. 3).

Before evaluating hand superimposition accuracy, the
average coordinators among three operators’ coordina-
tors for each landmark were set as the true values. The
T,LDs between each operator’s coordinators and the
corresponding true values were measured.

To evaluate the accuracy of automated superimposition,
the T,LDs were calculated between the coordinators of auto-
mated superimpositions and the corresponding true values.

Statistical methods
Statistical analyses were carried out with SPSS 25.0
(SPSS Inc., Chicago, IL, USA). The mean T,LDs of

Superimposed on 2
superimposing
reference pinholes

Operator 1

Fig. 3 Pairwise T,LD for hand superimposition between different operators

Registered on 4 N --- Duplicated T, _____ ! i .

e i : i : Registered on 4
positioning reference : ! cephalogram : ! S "
pinholes : p951t10n1ng reference

| : i | pinholes
iTl cephalogram :
T, tracinng
T, tracinng l
A Operative
difference(T,LD)

Operator 2

Superimposed on 2
superimposing
reference pinholes




Jiang et al. BMC Medical Imaging (2020) 20:31

Page 5 of 7

Table 1 Mean operative differences in T, landmark distance (mm) between operators. Paired t-test results for the accuracy between
hand and automated superimposition, both compared with true values in cranial base superimposition

N Operative difference N Accuracy (Hand process) Accuracy (Automated process) P-value

(Hand process) (mm) (mm) (mm)

Mean SD Mean SD Mean SD
Pt 84° 0.61 0.63 28 0.33 0.28 041 0.37 0.128
PNS 84 0.69 065 28 040 032 047 039 0.290
ANS 84 0.82 0.76 28 047 0.38 0.54 045 0313
A 84 0.85 0.86 28 0.50 042 0.59 0.54 0274
B 84 0.99 0.94 28 0.58 046 0.59 048 0.880
Me 84 1.02 0.96 28 0.55 0.51 0.64 0.58 0.366
Go 84 091 0.88 28 0.52 043 048 0.50 0.626
Co 84 0.67 068 28 039 0.34 044 035 0.254

“Because three operators were compared, a total 28 pairs of cephalograms could yield 84 measurement values

operative differences in hand superimposition, hand
superimposition accuracy and automated superimposition
accuracy for multiple cephalometric landmarks under
each superimposition method were calculated. A paired t-
test was applied to examine the statistical accuracy of au-
tomated superimposition with hand superimposition. P-
values less than 0.05 were considered significant.

Results

The mean T,LDs between operators on the anterior cra-
nial base, maxilla and mandible superimposition
methods are listed in Tables 1, 2 and 3, respectively. In
the anterior cranial base superimposition (Table 1), the
mean T,LD at the pterygory point showed the least dif-
ference (Pt, 0.61 +0.63 mm), while the mean T,LD at
the menton showed the greatest difference (Me, 1.02 +
0.96 mm). In the mandibular superimposition (Table 2),
the mean T,LD at the condylion showed the greatest
difference (Co, 1.65 + 1.24 mm), and the least difference
was observed on the LIE (0.62 +0.86 mm), followed by
the other midline structures (LIA, 0.76 +0.55mm; B
point, 0.75 + 53 mm; Pg, 0.75 + 0.48 mm; and Me, 0.70 +
0.45 mm). However, the operator differences in the

maxilla were quite close between the landmarks
(Table 3), ranging from 0.78 mm to 0.82 mm.

The accuracy of automated superimposition on three
superimposition methods by the paired t-test is shown in
Tables 1, 2 and 3. Hand superimposition showed slightly
higher accuracy compared with paired automated super-
imposition. However, there were no statistically significant
differences (p > 0.05) between the two operations in all se-
lected cephalometric landmarks of interest.

Discussion

Decades ago, researchers studying craniofacial growth in
the presence of metallic implants advocated superimpos-
ing structures that are stable during growth [18—20], and
structural superimposition has been verified as the most
accurate technique [21, 22]. However, two remaining is-
sues need to be considered. First, in some films with low
quality or high complexity due to overlapping structures,
it is impossible for orthodontists to determine a sufficient
number of stable structures, especially in the maxilla and
mandible. Second, if several stable structures do not fit ap-
propriately in the same between-film position, the ortho-
dontists must defer to their biological knowledge and

Table 2 Mean operative differences in T, landmark distance (mm) between operators. Paired t-test results for the accuracy between
manual and automated superimposition, both compared with true values in maxillary superimposition

N Operative difference (Hand process) N Accuracy (Hand process) Accuracy (Automated process) P-value

(mm) (mm) (mm)

Mean SD Mean SD Mean SD
PNS 84 0.79 0.60 28 047 0.25 0.56 044 0.189
ANS 84 0.82 0.64 28 0.56 037 0.57 0.44 0.855
A 84 0.78 0.56 28 0.54 034 053 045 0.889
UIE 84 0.82 0.63 28 0.51 033 0.53 0.38 0.737
UIA 84 0.80 0.58 28 049 0.30 0.61 061 0.220
UM 84 0.78 0.59 28 048 027 0.50 040 0718
UMA 84 0.80 0.60 28 049 0.35 0.51 043 0.763
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Table 3 Mean operative differences in T, landmark distance (mm) between operators. Paired t-test results for the accuracy between
manual and automated superimposition, both compared with true values in mandibular superimposition

N Operative difference N Accuracy (Hand process) Accuracy (Automated process) P-value

(Hand process) (mm) (mm) (mm)

Mean SD Mean SD Mean SD
B 84 0.75 0.53 28 041 0.25 047 0.26 0.254
Pg 84 0.75 048 28 041 022 049 023 0.059
Me 84 0.70 045 28 042 0.22 046 032 0.566
Go 84 1.38 1.21 28 0.74 049 0.72 0.39 0.836
Co 84 1.65 124 28 0.94 0.59 0.69 0.50 0.695
LIE 84 0.62 0.86 28 0.52 0.36 0.58 0.30 0.538
LIA 84 0.76 0.55 28 041 0.25 047 0.26 0.226
LM 84 1.00 0.77 28 052 033 0.58 029 0401
LMA 84 0.87 063 28 046 028 052 0.28 0.288

practical experience. Both of these limitations weaken the
reliability of hand structural superimposition.

Landmark identifications are the main source of ceph-
alometric errors [28, 29]. To avoid this type of error and
to focus mainly on the reliability and accuracy of super-
imposition, we carried out our study using film duplica-
tion and between-film registration techniques. As shown
in Tables 1, 2 and 3, the differences between operators
on three types of superimpositions varied greatly from
0.61 mm to 1.65 mm, a range that was greater than the
intra-operator reliability reported by Huja et al. [3]. This
finding suggests that the inter-operator variability of
superimposition is an important variation of results. In
our study, we infer that rotational effects produced a
greater number of errors than those produced by trans-
lational effects on the superimposition of the anterior
cranial base and mandible, which were similar to the re-
sults from Baumrind et al. [2] and Cook et al. [6]. How-
ever, we also found that the mean T,LDs of the six
landmarks in the maxillary superimposition were quite
similar to each other without showing a progressive
trend from any centre. This observation suggests that
the translational error may have been the predominant
cause of error in maxillary superimposition.

The differences in accuracy between hand and auto-
mated superimposition are smaller than the variability
among operators but also demonstrate a similar increase
in error tendency with spatial patterning on the anterior
cranial base and mandibular superimpositions. Although
slightly higher accuracy errors were observed on the au-
tomated superimpositions, there were no significant dif-
ferences between the two methods in comparison of the
differences in accuracy with the true values determined
by the paired t-test. This finding suggests that compared
with hand tracing, automated superimposition does not
lead to a significant increase in error and has the great
advantages of absolute consistency and time-efficiency.

However, a considerable number of high-quality keypoints
would favour better accuracy, which relies on the distinc-
tion of stable structures from background by a sharp con-
trast in pixel intensity. An improvement in image quality,
along with advancement of the sensitivity for keypoint de-
tection, would solve the problems of this technique.

From a clinical perspective, considering the time-
consuming nature and questionable accuracy of hand
cephalometric superimposition when a large number of
cases are required for statistical analysis, this automated
method could benefit big data analysis using digital
cephalograms.

Conclusions

Computer-aided cephalometric superimposition pro-
vides comparable results to those of traditional hand tra-
cing when structural superimposition is concerned.
With the help of proper software, this method for digital
filmless cephalometry will provide a powerful tool for
academic research.
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