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Abstract: Poor medical equipment may lead to misdiagnosis and missed diagnosis by doctors, lead-
ing to medical accidents. Given the differences in imaging methods, the performance determination
method for conventional computed tomography (CT) does not apply to dental cone-beam computed
tomography (CBCT). Therefore, a detection method that is more suitable for the characteristics of
dental CBCT and more convenient for on-site operation in hospitals needs to be urgently developed.
Hence, this study aimed to design a robust and convenient detection method to control the quality
of dental CBCT, grasp the safety information of the equipment in a timely and effective manner,
discover and evaluate equipment risks, and take reasonable and necessary countermeasures, thereby,
reducing the risk of medical malpractice. This study adopted dose-area product to measure dose
parameters and used objective quantitative evaluation methods instead of subjective evaluation
methods for spatial resolution, contrast-to-noise ratio index, and uniformity. The dental CBCT of
10 dental hospitals and clinics were tested, and the findings revealed that the testing methods used
had good accuracy and applicability.

Keywords: cone-beam CT; contrast-to-noise ratio index; kerma area product; metrology; spatial
resolution; uniformity

1. Introduction

Dental cone-beam computed tomography (CBCT) has been widely used in dental
pulp diseases, periodontal diseases, pre-implant examination, temporomandibular joint
structure examination, and orthodontic two-dimensional (2D) and three-dimensional (3D)
measurement because of its high spatial resolution, low radiation dose, relatively small
metal artifact interference, and simple equipment operation. Moreover, it has completely
replaced the application of traditional medical computed tomography (CT) in these aspects
and has become one of the important standard examinations and diagnostic means in
stomatology. CBCT promotes the transition of dental diagnosis from 2D images to 3D
images and truly expands the role of imaging from diagnosis to the image guidance of
surgery. Many studies have shown that dental CBCT is significantly better than periapical
radiography in terms of the accuracy, reliability, and sensitivity of dental pulpal and
periapical diseases, periodontitis, external root resorption, root fracture, and other diseases
in auxiliary diagnosis [1–7]. For example, Hassan et al. showed that the sensitivity and
specificity of vertical root fractures diagnosed by periapical radiography were 37% and
95%, respectively, while the sensitivity and specificity diagnosed by CBCT were 79.4%
and 92.5%, respectively [8]. Estrela et al. showed that the accuracy of CBCT for apical
lesions was higher than that of periapical radiography [9]. Misch et al. showed that
all periodontal bone defects and furcation involvement could be diagnosed by CBCT,
and the missed diagnosis rate of periapical radiography for vertical bone defects and
furcation involvement was as high as 31% and 42%, respectively [10]. While meeting basic
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clinical needs, dental CBCT also involves the use of a large number of application software
packages: not only free software packages provided by CBCT manufacturers, such as
Invivo, NNT, Sidexis XG, and so forth, but also many third-party commercial software
packages, such as EasyGuide, Implant 3D, SimPlant, Med 3D, NobelClinician, and so
forth. These software packages are especially used for implantation, orthodontics, oral
surgery, and dental restoration, and can help surgeons realize a series of operations such as
pre-surgical analysis and planning, orthognathic simulation, pre-implant surgery design
and implant guide production, projection measurement analysis, and so forth. While
improving the accuracy and success rate of the operation, they also reduce the additional
damage to the patient’s soft and hard tissues.

The number of medical accidents caused by poor medical equipment are increasing
with each passing year [11]. The effective improvement in medical safety and reduction in
casualties and economic losses caused by medical accidents due to poor medical equipment
are important tasks and the mission of metrology researchers worldwide. Dental CBCT
images are mainly used to analyze and evaluate patients’ pathological process and, at
the same time, estimate their subsequent disease development process, and then provide
a reliable and scientific reference for clinical medical staff. If the CBCT image quality is
inadequate, doctors are not provided with clear and effective 3D information about the
tooth and maxillofacial structure, which may result in missed diagnosis or misdiagnosis. If
the radiation dose of CBCT exceeds the standard requirement, the patient may be exposed
to an excessive radiation dose. Therefore, a detection method more suitable for dental
CBCT needs to be urgently developed.

The projection data of conventional CT are usually one-dimensional, and the recon-
structed images are two-dimensional. A 3D image is reconstructed by stacking multiple
2D slices. Dental CBCT uses a flat-plate detector, which generates 2D projection data.
The 3D image is directly reconstructed from the 2D images. Dental CBCT uses divergent
X-rays to increase the utilization efficiency of X-rays dramatically. Complete, original 2D
data can be acquired for 3D reconstruction simply with a 360-degree rotation. Another
advantage of dental CBCT lies in its high isotropic spatial resolution [12,13]. CBCT has
the advantages of a larger field of view (FOV), a low radiation dose, and a high spatial
resolution. However, it also has the disadvantage of a relatively low contrast resolution,
which means that it cannot display soft tissue structure similar to spiral CT, thereby limiting
the further clinical application of dental CBCT. The important factors affecting low contrast
resolution are noise and the signal-to-noise ratio. The important condition for reducing
noise and improving the signal-to-noise ratio is to increase the efficiency of the detector
and the X-ray dose. During dental CBCT imaging, a relatively large volume projection
(head) is scanned by less radiation dose, especially when using a large FOV. The flat-panel
detector receives a large amount of radiation scatter. Consequently, the noise in the dental
CBCT image is greater than that of the spiral CT; that is, the signal-to-noise ratio is low.
Therefore, the acceptable noise level in CBCT dedicated to dentistry devices is normally
higher than that in conventional CT or other CBCT applications. The traditional CT image
detection phantom (catphon600) and the pencil ionization chamber for dosimetry are
no longer suitable for dental CBCT due to the difference in factors such as FOV, spatial
resolution, and low contrast resolution. Therefore, a detection method more appropriate
for the characteristics of oral CBCT and more convenient for on-site operation in hospitals
should be urgently developed.

Relying on the ionization chamber and phantom to detect CBCT is considered to
be an effective method and has been widely used in related fields [14–18]. Deutsches
Institut für Normung proposed a CBCT acceptance test method [19]. Although it has made
significant progress, the acceptance test method is too complicated for on-site detection,
but it does have room for improvement. This study aimed to design a robust detection
method to control the quality of dental CBCT currently in use in hospitals and to discover
and evaluate equipment risks.
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The organization of this manuscript is as follows: Section 2 introduces the param-
eters and methodology, including experimental setup, data collection, and calculation
algorithms. The results and discussions of the experiment are presented in Sections 3
and 4, respectively, which also contain a comparison of the performance of the proposed
method with some similar published studies. Finally, the conclusions of the research are
summarized in Section 5.

2. Parameters and Methods
2.1. Experimental Setup

Several key parameters were chosen for performance evaluation of CBCT, namely,
dose-area product (DAP) or kerma area product (KAP) [20], spatial resolution, contrast-
to-noise ratio index (CNRI), and uniformity index [19,21]. KAP was measured using a
KAP meter DOSEGUARD100 manufactured by VacuTec (Figure 1a). The image qual-
ity was defined by three parameters using the QUART DVT_AP phantom (Figure 1b),
namely, spatial resolution, CNRI, and uniformity index. The details of the analysis and
processing of the Digital Imaging and Communications in Medicine (DICOM) images were
also described. The experiment was conducted by the same group of experimenters in
10 stomatological hospitals using qualified imaging machines.
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Figure 1. (a) VacuTec KAP meter and (b) QUART DVT_AP phantom.

2.2. KAP

A KAP meter can accommodate all collimation settings, and KAP measurement
is insensitive to the variation of nominal collimation (visual field size) [22]. This is an
important reason for the restricted use of computed tomography dose index (CTDI) for
measurement. Additionally, when off-axis exposure and rotation of the X-ray tube are
involved during imaging, the KAP measurement can still maintain good robustness.

The KAP meter DOSEGUARD100 was attached to the exit window of the CBCT unit in
the center of the ionization chamber [21]. The scan was performed under routine conditions
for adults. The scan region was kept free of any substances interfering with the beam.
DKAP was calculated using Formula (1), and the results were corrected for temperature,
atmospheric pressure, and calibration factor [23].

DKAP = M× Nk × KTP (1)

where DKAP is the dose-area product, mGy·cm2; M is the measurement displayed on the
KAP meter, mGy·cm2; Nk is the scale factor of the KAP meter; KTP is the value corrected
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for the temperature and atmospheric pressure of the ionization chamber type sensor,
expressed as

KTP = (
273.15 + t

293.15
)× (

101.3
p

) (2)

where t is the indoor temperature upon detection, ◦C; and p is the atmospheric pressure
upon detection, kPa.

The DKAP thus obtained was normalized to the FOV 16 cm2 (i.e., the FOV 4 cm × 4 cm),
expressed as

D =
DKAP × 16

A
(3)

where D is the normalized KAP, mGy·cm2; and A is the area of the FOV, cm2.

2.3. Spatial Resolution

The spatial resolution was defined by the 10% point of the modulation transfer func-
tion (MTF) [24,25]. An advantage of MTF is that the detailed information at all spatial
frequencies can be acquired, thus avoiding the influence of subjective factors, such as
naked-eye observation. Additionally, more information can usually be obtained by this
method than otherwise [26].

The DVT_AP phantom was placed at the center of the FOV, and scanning was per-
formed under routine conditions for adults. The scan region was made free of any sub-
stances interfering with the beam. The region of interest (ROI) was delineated on the
reconstructed axial slices for the phantom, as shown in Figure 2.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 4 of 11 
 

corrected for the temperature and atmospheric pressure of the ionization chamber type 
sensor, expressed as 

273.15 101.3( ) ( )
293.15TP

tK
p

+= ×  (2)

where t  is the indoor temperature upon detection, °C; and p  is the atmospheric pres-
sure upon detection, kPa. 

The KAPD  thus obtained was normalized to the FOV 16 cm2 (i.e., the FOV 4 cm × 4 
cm), expressed as 

16KAPDD
A
×=  (3)

where D  is the normalized KAP, mGy·cm2; and A  is the area of the FOV, cm2. 

2.3. Spatial Resolution 
The spatial resolution was defined by the 10% point of the modulation transfer func-

tion (MTF) [24,25]. An advantage of MTF is that the detailed information at all spatial 
frequencies can be acquired, thus avoiding the influence of subjective factors, such as na-
ked-eye observation. Additionally, more information can usually be obtained by this 
method than otherwise [26]. 

The DVT_AP phantom was placed at the center of the FOV, and scanning was per-
formed under routine conditions for adults. The scan region was made free of any sub-
stances interfering with the beam. The region of interest (ROI) was delineated on the re-
constructed axial slices for the phantom, as shown in Figure 2. 

  
Figure 2. An example of locating and delineating the ROI for determining the modulation transfer 
behavior. 

The four sides of this ROI should be parallel with the pixel rows (columns), and only 
the polyvinyl chloride (PVC) and the air were included. The edge of transition between 
the PVC and the air should be parallel with the upper and lower sides of the ROI. Then 
the phantom was repositioned, and the images were acquired repeatedly to optimize the 
parallelism of the edge. The width of the upper and lower sides of the ROI corresponded 
to the width of 5 mm in the phantom (the tolerance was one pixel). Each segment of the 
vertical side in PVC and the air should be at least 3 mm. 

The spatial resolution was defined by the 10% point of MTF, as calculated using the 
following steps: 

  

Figure 2. An example of locating and delineating the ROI for determining the modulation transfer
behavior.

The four sides of this ROI should be parallel with the pixel rows (columns), and only
the polyvinyl chloride (PVC) and the air were included. The edge of transition between
the PVC and the air should be parallel with the upper and lower sides of the ROI. Then
the phantom was repositioned, and the images were acquired repeatedly to optimize the
parallelism of the edge. The width of the upper and lower sides of the ROI corresponded
to the width of 5 mm in the phantom (the tolerance was one pixel). Each segment of the
vertical side in PVC and the air should be at least 3 mm.

The spatial resolution was defined by the 10% point of MTF, as calculated using the
following steps:

(1) Data acquisition

The mean pixel values of all rows parallel with the edge and included in ROI were
calculated (M1, M2, M3, . . ., Mn).

(2) Finding the differential
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The first-order differential was calculated by subtracting the mean pixel values in
adjacent rows (D1, D2, D3, . . ., Dn−1), as shown in Formula (4).

Dm = Mm+1 −Mm (4)

where Dm is the first-order differential of the mean pixel value of the rows, and Mm and
Mm+1 are the mean pixel values of the mth and the (m + 1)th rows, respectively.

(3) Setting the limits

The maximum value Dk was chosen from D1, D2, D3, . . ., and Dn−1. Starting from
Dk, the symmetric adjacent data band was redefined as Dk−l , Dk−l+1, . . ., Dk, . . ., Dk+l−1,
and Dk+l .

(4) Fourier transform

If the number of data Dk−l , Dk−l+1, . . ., Dk, . . ., Dk+l−1, and Dk+l obtained by step 3
was not the power of 2, then zero padding was performed. Next, discrete Fourier transform
was applied to the sequence of values, with normalization of the Fourier coefficient to its
maximum to obtain F0, F1, . . . , Fm.

Similarly, discrete Fourier transform was applied to the arithmetically symmetric
sequence |Dk−l + Dk+l |/2, |Dk−l+1 + Dk+l−1|/2, . . ., |Dk|, . . ., |Dk−l+1 + Dk+l−1|/2, and
|Dk−l + Dk+l |/2, with normalization to its maximum to obtain F̃0, F̃1, . . . , F̃m.

(5) Averaging

The average Fp = (F + F̃p)/2 was allocated to its corresponding spatial frequency
vp = p× vn/m, where p ∈ [0, 1, . . . , m], and vn is the Nyquist frequency.

(6) Plotting

(Fp; vp) was plotted with vp on the x-axis and Fp on the y-axis, and connected with a
straight line. The 10% MTF point was found to define the spatial resolution.

2.4. Contrast-to-Noise Ratio Index (CNRI)

In medical imaging, the contrast-to-noise ratio (CNR) is defined as the absolute
contrast divided by the background noise. The CNR can be used to differentiate between the
signal values and the background values when the two are highly similar. The conventional
method to evaluate the CNR is to detect weak signals from the noises. Different observers
or even the same observer at different locations may give different evaluations for the same
images. A quantitative evaluation method needs to be adopted to eliminate the subjective
differences between the observers [27]. The variation in the mean pixel values in different
rows was measured using the CNRI in this study.

The CNRI was calculated using the method recommended in the German standard
DIN 6868-161 [19], as given by the following formula

CNI =
|Pmmax − Pmmin |√
1
2 (S

2
mmax + S2

mmin
)

(5)

where CNI is the CNRI; Pmmax is the mean pixel value of the mmaxth row; Pmmin is the mean
pixel value of the mminth row; Smmax is the standard deviation of the pixel value of the
mmaxth row; Smmin is the standard deviation of the pixel value of the mminth row.

A rectangular ROI was delineated on the axial view, as shown in Figure 2. The
delineated ROI is shown in Figure 3. The four sides of this ROI should be parallel with
the pixel rows (columns), and only the PVC and polymethyl methacrylate (PMMA) of the
phantom were included. The edge of transition between the PVC and PMMA should be
parallel with the upper and lower sides of the ROI. Then the phantom was repositioned,
and the images were acquired repeatedly to optimize the parallelism of the edge. The
width of the upper and lower sides of the ROI corresponded to the width of 10 mm in
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the phantom (the tolerance was one pixel). Each segment of the vertical side in PVC and
PMMA should be at least 3 mm.
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CNI was calculated using the following steps:
From the selected ROI, the mean pixel values of each row (P1, P2, P3, . . ., Pn) and

the standard deviations (S1, S2, S3, . . ., Sn) were read. The moving average was used to
calculate the first-order differential P′5, P′6, . . ., P′n−4, expressed as

P′m = 1
5 (Pm+4 + Pm+3 + Pm+2 + Pm+1 + Pm)

− 1
4 (Pm−4 + Pm−3 + Pm−2 + Pm−1)

(6)

The second-order differential was calculated using Formula (7) for P′m to obtain P′′6 ,
P′′7 , . . ., P′′n−6.

P′′m = P′m+1 − P′m (7)

The rows mmax and mmin, where the extreme points Pmmax and Pmmin for P′′m were
located, were substituted into Formula (5) to calculate CNI.

2.5. Uniformity Index

The uniformity index [28] is a measure of the imaging ability of the CBCT machine
for homogeneous materials. The associated mean pixel value is independent of the pixel
location. None of the geometric features over the cross-sections of the detected object
should be distorted on the medical images. Thus, a need for imaging uniformity is raised
for homogeneous materials.

A phantom filled with equivalent tissues and measuring 16 cm in diameter was placed
at the center of FOV. The phantom was then scanned under routine conditions for adults.
The scan region was made free of any substances interfering with the beam. Five ROIs
were selected from the scanned image. One of them was located at the center, while the
remaining four were located at an equal distance from the center. The area of each ROI was
about 2%–3% of the scanned image, as illustrated in Figure 4. The uniformity index was
calculated using the method recommended in DIN 6868-161 [19], as shown in Formula (8).

H =
|Pmmax − Pmmin |

Max{|Hz − HM|, |Ho − HM|, |Hl − HM|, |Hr − HM|, |Hu − HM|}
(8)

where Pmmax is the maximum mean pixel value calculated using Formula (5); Pmmin is the
minimum mean pixel value calculated using Formula (5); Hz is the mean pixel value at the
center; Ho is the mean pixel value in the upper region; Hl is the mean pixel value in the
left region; Hr is the mean pixel value in the right region; Hu is the mean pixel value in the
lower region; HM is the average of Hz, Ho, Hl , Hr, and Hu.
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3. Results

Unlike conventional CT, CBCT emits an open conical radiation beam to scan the
object [29,30]. The KAP meterwas chosen to evaluate the CBCT performance. The de-
termination results of KAP are shown in Table 1. The experimental results of the image
metric parameters are presented in Table 2. Objective quantitative methods were applied
to evaluate CBCT images instead of subjective evaluation methods. The purpose was to
achieve higher standardization and precision.

Table 1. Determination results of KAP.

No. Site Manufacturer Model
Settings

Measurements/mGy·cm2

kV mAs

1 Shenyang Shenhe
Dental Clinic Kavo Kavo3Dexam 120 30.89 54.9

2 Stomatological Hospital,
Jilin University Carestream CS9300 90 56.5 105.3

3
Heilongjiang Oral Disease

Prevention and
Treatment Institute

Kavo Kavo3Dexam 120 37.07 77.4

4 Shanghai Xinhua Hospital Kavo Kavo3Dexam 120 30.89 65.5

5 Shanghai Huashan Hospital Kavo Kavo3Dexam 110 30.5 78.9

6 Beijing Jinsong Dental Clinic Sirona Galileos 85 21 39.6

7 Nanjing Stomatological
Hospital Kavo Kavo3Dexam 120 36.07 75.3

8 Jiangsu Provincial
Stomatological Hospital Kavo Kavo3Dexam 120 36.12 75.5

9 Shenyang Stomatological
Hospital Kavo Kavo3Dexam 120 30.76 54.6

10
China Medical University

School&Hospital
of Stomatology

Newtom NewTom VG
Automatic
Exposure
Control

/ Not applicable

Action level KAP larger than 250 mGy·cm2

The KAP, spatial resolution, CNRI, and uniformity index calculated by our method
should satisfy the following requirements (not up to the action level) when used as perfor-
mance metrics of CBCT:

(1) The KAP normalized to the FOV 16 cm2 (the FOV was 4 cm × 4 cm) should not be
larger than 250 mGy·cm2.

(2) The spatial resolution defined by the 10% point of MTF should not be lower than
1 Lp/mm.

(3) CNRI should be less than 20%.
(4) The uniformity index should be larger than five.
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Table 2. Experimental results of the image metric parameters.

No. Site Manufacturer Model Spatial
Resolution/(Lp/mm)

Uniformity
Index

CNI
/(%)

1 Shenyang Shenhe
Dental Clinic Kavo Kavo3Dexam 1.52 23 6.718

2

China Medical
University

School&Hospital
of Stomatology

Newtom NewTom VG 1.21 36 5.432

3 Stomatological Hospital,
Jilin University Carestream CS9300 1.49 25 7.015

4
Heilongjiang Oral

Disease Prevention and
Treatment Institute

Kavo Kavo3Dexam 1.62 24 6.892

5 Shanghai Xinhua
Hospital Kavo Kavo3Dexam 1.57 26 6.810

6 Shanghai Huashan
Hospital Kavo Kavo3Dexam 1.61 23 6.975

7 Beijing Jinsong
Dental Clinic Sirona Galileos 1.34 19 5.331

8 Nanjing Stomatological
Hospital Kavo Kavo3Dexam 1.53 21 7.112

9 Jiangsu Provincial
Stomatological Hospital Kavo Kavo3Dexam 1.56 23 6.962

10 Shenyang Stomatological
Hospital Kavo Kavo3Dexam 1.52 27 6.773

Action level <1 ≤5 ≥20

The action level refers to the limit specified in the quality control of dental CBCT; if
the indicator exceeds the limit, corrective action must be taken. The experimental data
showed that the image quality control methods proposed in this study were applicable
to all CBCT units. The dosimetry proposed in this study was applicable to most units,
except for the unit with automatic exposure control, because the new method did not use
attenuation phantom. This equipment with automatic exposure control is rarely used in
hospitals at present.

4. Discussions

The traditional method of evaluating image quality is based on human observation.
Besides the reasons mentioned in the Introduction section for the traditional methods being
unsuitable for dental CBCT, another drawback is that they are highly subjective. Different
observers, and even the same observer on different occasions, can give different results
when they are presented with the same signals. Additionally, the results can be biased and
difficult to reproduce.

In this study, objective measures of quantitative image quality evaluation were used
for image quality control of dental CBCT, such as CNR and MTF. These objective measures
are reproducible, they are not dependent on the observer, and they can be conveniently
assessed using computer software. Therefore, we used these measures to replace the
evaluation and measurements based on contrast-detail objects and bar patterns, which
have been in use for quality control for more than 20 years [31–33].

The traditional dosimetry leads to three kinds of problems: (1) the formalisms use
phantoms that are too small to properly represent radiation scatter from the large X-ray
fields commonly used in CBCT applications. (2) The positioning of the phantom can be
problematic, in particular for dental CBCT [23]. (3) The pencil ionization chamber is not
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long enough, and the efficiency is low due to the large FOV. The KAP meter we used
did not have these problems. It was directly attached to the z-ray outlet, covering almost
all collimations.

These new methods were carefully examined and discussed at the annual meeting of
the China Ionizing Radiation Metrology Technical Committee and passed the review of
experts. This study also had certain shortcomings. We did not find enough unqualified
dental CBCT equipment to conduct a control experiment. We aim to complete this task in
the next step to verify the feasibility of these methods further.

5. Conclusions

This study analyzed the background of dental CBCT detection and proposed solu-
tions to existing problems. The applicability of these methods was proved by evaluating
qualified imaging machines in 10 dental hospitals and clinics in different regions of China.
The determination results on all equipment satisfied the requirements, except for the
KAP parameter that was not applicable to the NewTom VG equipped with automatic
exposure control.

The experimental results indicated that the proposed method accorded with the appli-
cation situation of dental CBCT and satisfied the need for measurement traceability. The
research findings provided technical supports for relevant determination efforts. Moreover,
a national verification regulation of dental CBCT was formulated based on the proposed
methods, which has been approved by the authorities. The release of this verification regu-
lation can promote the innovation and development of dental CBCT detection methods in
China. We will further verify the reliability of this method and whether it can be applied to
different CBCT applications (radiotherapy, interventional radiology, and guided surgery).
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