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Abstract

Introduction: In the standardization of panoramic radiography quality, the education and training of beginners on
panoramic radiographic imaging are important. We evaluated the relationship between positioning error factors and
multiple image analysis results for reproducible panoramic radiography.

Material and methods: Using a panoramic radiography system and a dental phantom, reference images were acquired on
the Frankfurt plane along the horizontal direction, midsagittal plane along the left-right direction, and for the canine on
the forward—backward plane. Images with positioning errors were acquired with 1-5 mm shifts along the forward—
backward direction and 2—10° rotations along the horizontal (chin tipped high/low) and vertical (left—right side tilt)
directions on the Frankfurt plane. The cross-correlation coefficient and angle difference of the occlusion congruent plane
profile between the reference and positioning error images, peak signal-to-noise ratio (PSNR), and deformation vector
value by deformable image registration were compared and evaluated.

Results: The cross-correlation coefficients of the occlusal plane profiles showed the greatest change in the chin tipped
high images and became negatively correlated from 6° image rotation (r = —0.29). The angle difference tended to shift
substantially with increasing positioning error, with an angle difference of 8.9° for the 10° chin tipped low image. The
PSNR was above 30 dB only for images with a 1-mm backward shift. The positioning error owing to the vertical rotation
was the largest for the deformation vector value.

Conclusions: Multiple image analyses allow to determine factors contributing to positioning errors in panoramic
radiography and may enable error correction. This study based on phantom imaging can support the education of
beginners regarding panoramic radiography.
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Introduction

Panoramic radiography provides a comprehensive view of
dentition and is widely used for diagnosis and orthodontics in
the oral cavity.! Panoramic radiography uses thin X-rays with a
slit to synchronize the rotational orbit of the X-ray tube and
detector, resulting in blurred imaging except for the target area
of a certain thickness.! As jaw dentition varies from patient to
patient and the instrument has a limited rotational orbit and
tomographic range, the slightest positioning error reduces image
quality and may compromise the diagnostic accuracy.?
Previous research on positioning errors and quality assessment
of panoramic radiographic images has determined that
approximately 11% of clinical images are error-free, while most

images have some kind of positioning error.® The positioning of
panoramic radiographs should be vertical on the midsagittal
plane and horizontal on the Frankfurt plane*, however, no
specific indicator is given for the angle on the occlusal plane,
which is considered ideal in the imaging results. This ambiguity
is one of the reasons for positioning errors and low
reproducibility. The lack of objective criteria for evaluating
imaging results can easily lead to subjectivity in educational
guidance for panoramic radiography, thus hindering positioning
training.

In radio diagnostic and radiotherapy images, various image
quality evaluations and image analysis methods using phantom
are effective for image quality improvement and quality
control.>” The peak signal-to-noise ratio (PSNR) and
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deformable image registration (DIR) have been used as
objective evaluation methods for radiographic imaging and
radiotherapy positioning.81° These evaluation methods often use
a single analysis method to evaluate positioning errors. We
consider that positioning errors in panoramic radiographs may
be qualitatively evaluated by using multiple image analyses, and
positioning errors can be used to educate beginners based on
objective quantities. To the best of our knowledge, no previous
studies exist on the evaluation of positioning errors in panoramic
radiographs based on multiple analyses. Thus, we objectively
evaluated the characteristics of positioning errors according to
the cross-correlation coefficient, angle, PSNR, and DIR of the
occlusal plane profile of panoramic radiographs using images
acquired from a skull phantom. This study may support the
education of beginners on panoramic radiographic imaging and
training in radiographic imaging as well as standardization of
panoramic radiography quality.

Methods

Equipment and reference imaging

The equipment used was a panoramic radiography system model
Veraview epocs X550 (MORITA, Kyoto, Japan) and an SK100
skull phantom (The Phantom Laboratory, Salem, NY) to capture
images of the reference positioning with the midsagittal plane
vertical, Frankfurt plane horizontal, and canine teeth centered in
the tomographic region in the forward-backward direction.

@ Reference

Image analysis was performed using ImageJ/Fiji version 1.53f51
(National Institutes of Health, Bethesda, MD, USA) to analyze
occlusal plane profile plots, PSNR, and DIR. Statistical analysis
was performed using JMP Pro 15.0 statistical software (SAS,
Cary, NC, USA). The flowchart of this study is shown in
Figure 1. Cross-correlation analysis was used to evaluate the
change of occlusal plane profiles for positioning error'?, and
PSNR was used to evaluate the displacement of the thin fault
zone by positioning error'®'?, DIR was used to evaluate the
displacement of the structure by positioning errors?®.

Positioning error in phantom imaging

A skull phantom was imaged with three types of positioning
errors with respect to the reference positioning (Figure 1a).
First, images with positioning errors were captured by
translating the skull phantom by 1, 2, 3, 4, and 5 mm toward the
front or back relative to the tomographic center at the canine
tooth. Next, images with positioning errors of rotation were
captured with the chin tipped high and down rotated by 2, 4, 6,
8, and 10° with respect to the midsagittal plane, and right and
left side tilted images were captured with horizontal rotations of
2, 4, 6, 8, and 10° with respect to the Frankfurt plane. For
rotation of the midsagittal plane, all analysis results were
evaluated by averaging the left and right side tilted results of
image analysis owing to the imperfect left-right asymmetry
structure of the skull phantom.
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Figure 1. Flow of the present study, (a) taking reference images and positioning errors, (b) image analysis of panoramic radiographic images;
calculation of occlusal plane profile and occlusal angle, calculation of PSNR and deformation vector value for the region of interest, and (c)
education using image analysis and radar chart analysis of positioning errors.
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Cross-correlation analysis of occlusal plane
profiles
The occlusal plane profile of a panoramic radiograph was
manually plotted the profile three times repeatedly by the
radiologist using ImageJ/Fiji and averaged the results
(Figure 1b). The plotted coordinates were entered into Excel
(Microsoft, Redmont, WA, USA), and the cross-correlation
coefficient was calculated for the cephalocaudal shift of the
occlusal plane profile relative to the distance (x) of the profile as
follows':
Tx-0)X(y-y)
VIG-023I(-9)?
Eq.1
The left—right angle of each image was then calculated by
averaging the difference between the angle from the center to
the third molar in the curve of the occlusal plane and left-right
angle from the reference image.

Cross correlation coef ficient (X,Y) =

Evaluation of positioning error based on PSNR

A region of interest (ROI) was selected on the panoramic
radiograph reference and positioning error images centered on
the mid-sagittal plane at 5.30 x 6.25 cm (area of left and right
lateral incisors in the reference image), as shown in Figure 1b.
To evaluate image quality deterioration and blurring for the
displacement of the thin fault zone due to positioning errors, the
PSNR (in decibels (dB)) was calculated for the ROI between the
panoramic radiograph reference and positioning error images
using ImageJ/Fiji as follows:

2
PSNR =10 X logy "

Eq. 2
where MAX is the maximum pixel intensity in the ROl and MSE
is the mean squared error between the reference and positioning

error images.

Evaluation of positioning errors based on
deformation vector value by deformable image
registration

To evaluate the displacement of structures from the reference
image due to positioning errors, the deformable image
registration (DIR) was performed between the panoramic
radiograph reference and positioning error images using the
bUnwarpJ function of ImageJ/Fiji with the ROIs described in
Sect. 2.4.° For registration, an approximation based on the B-
spline function was used to calculate the distance between the
features as a deformation vector value (optimal direct similarity
error) using the corresponding signal value between the
reference and positioning error images as the feature value. The
deformation vector value of the initial registered image and mid-
treatment registered image was determined using the following
equation>1é;
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Deformation vector value = %ZXEQ[Id(x) —Ti(g(x))]?
Eq. 3

Where g(x) is to find a function for the goal of image
registration: it maps coordinates from the positioning error
images image intensity (lIg) onto the reference image intensity
(13), so that Ii(g(x)) (a deformed version of the reference image)
resembles I4(x) as much as possible.*6:1

Radar chart and statistical analysis of positioning
error image analysis

The cross-correlation coefficients of the occlusal plane profiles
and deformation vector value owing to the left-right angle
difference, PSNR, and DIR were normalized to 1, according to
the maximally degraded value and plotted in a radar chart. The
results per image evaluation were subjected to multivariate
correlation analysis. Correlation coefficients (r) were
determined by linear approximation using JMP Pro 15.0 (SAS
Institute Inc., Cary, NC, USA).

Results

Table 1 lists the cross-correlation coefficients of the occlusal
plane profiles from the reference and positioning error images
and the left-right angle difference, PSNR, and deformation
vector value by DIR. In all the image analyses, the translation
shift in the forward-backward direction did not change
substantially compared with the positioning error in the
rotational direction. However, the angle difference from the
reference image changed from 0.2° at 1-mm translation in the
backward direction to 2° at 5-mm translation, and the angle
difference tended to increase with the positioning error.

Figure 2 shows the results of the representative occlusal plane
profiles. The cross-correlation coefficient of the occlusal plane
profile had a negative correlation (r = —0.29) with positioning
errors in the chin tipped high direction at an angle of 6° or
higher, and the highest negative correlation (r = —0.66) occurred
at 10° (Table 1, Figure 2). In the analysis of positioning errors
in the vertical rotation of the midsagittal plane, the PSNR (13.5
dB) and deformation vector value (892.5) were the lowest at a
rotation angle of 10°, resulting in the image with the lowest
image similarity among those with positioning errors (Table 1).

The radar charts of the evaluation results are shown in
Figure 3, where the largest positioning error defines the
normalization to 1. The positioning error along the translational
direction in the front—back direction resulted in the smallest
error change (Figure 3). The positioning error in the vertical
rotation direction showed a characteristic radar chart with large
PSNR and deformation vector value, and the horizontal
displacement showed a characteristic radar chart with large
changes in the cross-correlation coefficient and left-right angle
difference (Figure 3).
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Table 1. Evaluation of image quality for panoramic radiographs.
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Figure 2. Occlusal plane profiles of characteristic positioning errors; (a) forward shift, (b) chin tipped high, (c) chin tipped low, and (d)
rightward.
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Figure 3. Radar chart of characteristic positioning errors; (a) forward shift, (b) backward shift, (c) chin tipped high, (c) chin tipped low, and

(d) average of right and left side tilted.

Table 2. Relationship of correlation coefficient for image analysis.

Average difference angle

Average

r Cross-correlation coefficient for reference image PSNR deformation vector value
Cross-correlation coefficient - -0.65 0.38 -0.42

Average difference angle -0.65 ) 058 0.62

for reference image

PSNR 0.38 -0.58 - -0.85

Average 0.42 0.62 0.85 -

deformation vector value

Table 2 lists the results of multivariate correlation analysis for
the image evaluations. The highest correlation coefficients were
PSNR and deformation vector value (r = 0.85), while the cross-
correlation coefficients of the occlusal plane profile,
deformation vector value, and left-right angle difference were
weakly correlated (r = 0.38). All the left—right angle differences
showed a moderate or better correlation (r > 0.58).

Discussion

In the present study, positioning errors were evaluated using the
cross-correlation coefficient between panoramic radiograph
reference and positioning error images regarding the occlusal
plane profile and its left-right angle difference, PSNR, and
deformation vector value.
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The cross-correlation coefficients of the occlusal plane profiles
decreased for all the indicators with increasing positioning error.
The occlusal plane is based on a gentle angle in panoramic
radiography, but with the chin tipped high, the angle becomes
parallel and the jaw area is enlarged, while with the chin tipped
low, the tip of the jaw becomes elongated and V-shaped.*® The
phase of the occlusal plane profile allows for the easy detection
of errors in the correlation coefficient of the occlusal plane
profiles. The anterior teeth and lateral incisors are blurred in with
the chin tipped high/low, likely because they are displaced from
the thin fault zone of the anterior teeth.'®!° In addition, the PSNR
and deformation vector value have low similarities. The angle of
the occlusal plane profile tends to vary among radiographers and
patients®, and establishing a specific angle to obtain a gentle
curve of the occlusal plane profile can lead to high
reproducibility in imaging and improve the education of
beginners.
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With regard to the angle difference of the occlusal plane profile
with respect to the reference image, the deviation tended to
increase with the positioning error. This is possibly because the
panoramic X-ray tube rotates around the subject in multiple axes
in the mechanism, and the magnification and reduction rates
differ depending on the positioning of the X-ray tube and the
patient. In addition, the rotation may be identified by evaluating
the angle difference between the left and right angles and the
magnification rate in addition to the angle difference from the
reference image. This is because the vertical rotation trajectory
and misalignment of the patient’s positioning produce
asymmetry between the left and right regions.?’ Regarding the
difference from the reference angle, the cross-correlation
coefficient of the occlusal plane profile, PSNR, and deformation
vector value showed moderate correlations, suggesting that it
can be used as a simple evaluation indicator.

The PSNR decreases in image similarity as the positioning
error increases, possibly owing to the blur on the image that
shifts from the fault zone and the asymmetry of the subject as
major factors. In general, the PSNR should be at least 30 dB to
indicate no deterioration in image quality.? In this study, only a
1-mm shift in the backward direction provided a PSNR above
30 dB (i.e., 30.4 dB).1° As the PSNR allows to easily evaluate
positioning errors under shifts of a few millimeters, it can be
used as an objective indicator for radiography education.

The deformation vector value for DIR is the largest for a
horizontal rotation, possibly owing to the large change in the
displacement of the anterior tooth density. Thus, this
displacement allows clinicians to evaluate whether the position
is centered on the midsagittal plane. In addition, the PSNR
quantifies the displacement, whose direction can be obtained as
a deformation vector value from DIR?®, facilitating objective
image-based guidance.

The radar chart illustrates the differences in the forward—
backward and rotational directions for positioning errors. The
forward—backward direction shows less change compared with
rotations. The positioning error of horizontal rotation shows that
the cross-correlation coefficient of the occlusal plane profile is
larger with the chin tipped high than for a vertical rotation, and
the angle difference from the reference image is larger with the
chin tipped low. In addition, the deformation vector value
changes substantially for a vertical rotation, suggesting a large
shift in the midsagittal plane of the image. The radar chart trends
may allow to intuitively correct positioning errors and evaluate
beginner education and imaging training. In addition, obtaining
the area and average score of the radar chart of multiple image
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analyses can be used as a numerical index for the training results
of educating beginners before clinical practice. One of the
causes of positioning errors in the panoramic radiograph is the
ambiguity of the criteria positioning errors. The evaluation index
and method of this study will improve technology and the
reproducibility of clinical panoramic X-ray images through
education. In recent years, several technologies and education
methods using video and manual text have been studied to
support the positioning of panoramic radiograph??. The
combination of education and development tools will help
provide higher-quality images.

Limitations

A limitation of this study is that the positioning error cannot be
directly evaluated in clinical practice without reference images.
However, we believe that the reproducibility of imaging can be
improved by determining the cross-correlation coefficients of
occlusal plane profiles as well as by criteria and tolerance levels
of angle differences at different institutions. Another limitation
of this study is the limited image analysis and the use of a single
skull phantom. In this study, we indicated significant changes in
the positioning error of the panoramic X-ray for the translation
shift and the rotation using some image analysis. However, the
phantoms of the facilities are different, so we consider that each
facility must investigate objective numerical values before
educational guidance. In addition, a panoramic radiograph
becomes blurred when it deviates from the tomographic region.
Therefore, a more accurate evaluation can be achieved by using
frequency analysis or a modulation transfer function to analyze
the blur in low frequencies.?>?*

Conclusion

We evaluated the positioning errors considering cross-
correlation coefficients of the occlusal plane profile and the
deformation vector value in terms of the left-right angle
difference, PSNR, and DIR for panoramic radiographs. The
results from multiple image analyses showed specific trends for
horizontal and vertical displacements, providing objective
indicators for correcting positioning errors. This study may
contribute to the education and training of beginners in
panoramic radiography by using phantoms and to the design of
imaging systems.
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