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Introduction
As technology has advanced, devices with detectors have 

become commonly used for the acquisition of digital radio-
graphic images. Compared to conventional films, digital 
detectors have the advantages of reduced working time, the 
possibility of image manipulation and duplication, a lower 

radiation dose, and easy storage.1,2 In dentistry, different 
types of digital detectors are often used for the acquisition 
of digital radiographic images, including the phosphor 
storage plate, charge-coupled device (CCD), and comple-
mentary metal oxide semiconductor (CMOS) detectors.3 
Of these, the CCD and CMOS detectors are the most com-
monly used for the acquisition of extraoral images.4

The CCD and CMOS detectors consist of a silicon lay-
er which, when exposed to X-ray radiation, undergoes a 
scintillation process. In this process, light emission causes 
the breakdown of covalent bonds in silicon, resulting in the 
release of electrons, which create an electric charge. This 
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charge generation is proportional to the amount of radiation 
that arrives at the detector and, after an analog-digital con-
version, yields a digital image.1,3

The detection of X-ray photons in CCD and CMOS 
systems is indirect due to the scintillation process. The 
indirect detection of the X-ray photons and subsequent 
steps involved with reading the electric charge can result 
in the loss of information and suboptimal use of the X-ray 
radiation. Therefore, researchers have sought to devel-
op direct detectors. In direct detection, the X-ray photons 
are absorbed by a photoconductive layer and converted to 
electron-hole pairs. These pairs are collected in the form 
of electric charge and stored in capacitors, after which the 
digital radiographic image is formed.5

Direct detectors of X-ray photons require fewer com-
plex structures than indirect detectors, resulting in lower 
manufacturing costs.5 Selenium detectors have been used 
for direct detection; however, this material exhibits low ab-
sorption of the X-ray photons.5 Cadmium telluride (CdTe), 
in turn, is characterized by components with a high atomic 
number, high density, and a high absorption capacity for 
X-ray photons. As such, it is an alternative for the develop-
ment of direct-sensing detectors that can theoretically pro-
vide higher-quality images using a lower radiation dose.5,6

Commercially, devices that include CdTe detectors al-
ready exist; however, no studies were found on the use 
of this technology in dentistry compared (with regard to 
different aspects) with CCD and CMOS detectors, which 
are already established in clinical practice and diagnosis. 

Therefore, the present study was conducted with the objec-
tive of studying the image quality, diagnostic efficacy, and 
radiation dose associated with the CdTe detector in com-
parison with the CCD and CMOS detectors.

Materials and Methods
Devices
Lateral cephalographs were acquired using 3 devices, 

each with a different detector. The devices were 1) the Pro-
Max 2S 2D (Planmeca, Helsinki, Finland) (CCD), 2) the 
Picasso Trio 3D (Vatech & E-WOO Technology, Yongin, 
Republic of Korea) (CMOS), and 3) the Eagle 3D (Dabi 
Atlante, Ribeirão Preto, Brazil) (CdTe).

The acquisition parameters used for all images were 
standardized according to the exposure protocol for medi-
um-size adults, which was calibrated by the manufacturer 
of each device. For CCD, this was 10 mA, 6.7 s, and 66 kV; 
for CMOS, it was 9 mA, 12 s, and 78 kV, and for CdTe, it 
was 8 mA, 10 s, and 75 kV.

Phantoms
Two types of phantoms were used (Fig. 1) in this study. 

Type 1 was a synthetic polymer phantom shaped like an 
adult head (Equipandoloja Comercial, São Paulo, Brazil), 
filled with 2.5 liters of water and sealed with a pre-made 
rubber pin. This phantom was made from a store manne-
quin and was filled with distilled water to yield a more 
homogeneous internal density. The same amount of water 

Fig. 1. A. The type 1 phantom is a synthetic polymer shaped like an adult head and filled with 2.5 liters of water. B. The type 2 phantom is 
made of a dry human skull coated with a synthetic polymer.
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was used for all acquisitions.
The type 2 phantom was made of a dry human skull 

coated with a synthetic polymer (Nacional Osso, Jau, Bra-
zil). This model of an advanced dental X-ray trainer is 
used by dental students to practice intraoral imaging, and 
it was used in this study for cephalometric analysis and 
dosimeter positioning.

Objective analysis of image quality
The type 1 phantom was positioned in an acrylic resin 

base to standardize its positioning. Five images were ac-
quired for each detector.

The images obtained (Fig. 2) were exported in TIFF for-
mat and evaluated in ImageJ software version 1.51i (U.S. 
National Institutes of Health, Bethesda, MD, USA). All 
images were individually calibrated using the provided rul-
er as the reference. Subsequently, a straight line (labeled R) 
was drawn adjacent to the anterior edge of the acrylic resin 
support and perpendicular to the horizontal plane of the 
radiograph. Perpendicular to line R and parallel to the hor-
izontal plane, 5 lines were drawn (L1, L2, L3, L4, and L5) 
with reference to the cephalometric landmarks. L1 passed 
through the glabella point (in the soft tissue), L2 passed 
through the orbitale point (in the soft tissue), L3 passed 
through the pronasale point, L4 passed through the stomi-
on point, and L5 passed through the B’ point. Regions of 
interest (ROIs) measuring 10 mm ×10 mm were selected 
in the areas in which line R touched the other lines. Using 
a magnification of ×5, the ROIs were positioned adjacent 

to these reference lines, and the mean noise (standard de-
viation) values of each ROI were obtained, for a total of 5 
ROIs per image (Fig. 3). This procedure was repeated after 
15 days in 50% of the sample for the reproducibility evalu-
ation, for which the intraclass correlation coefficient (ICC) 
was used.

The noise values were used to assess the homogeneity of 
the images. After the evaluation of the images acquired us-
ing the 3 detectors, the mean noise values of each detector 
were compared via 1-way analysis of variance (ANOVA) 
with the Tukey post-hoc test, using a significance level of 
5%. All statistical analyses were performed using BioEstat 

(Fundação Mamiraua, Belém, Brazil) and MedCalc 15.8 

(MedCalc Software, Ostend, Belgium) software.

Subjective image quality analysis
Five type 2 phantoms were used. Each phantom was 

positioned in a standardized fashion, with its base parallel 
to the horizontal plane. As no articulation was possible be-
tween the base and the skull, the position of the skull was 
standardized on all devices. All 5 phantoms were exposed 
to all 3 devices. Thus, in total, 15 lateral cephalographs (5 
phantoms×3 devices) were obtained.

The images were organized in 5 triads. Each triad con-
sisted of the images of the same phantom obtained with the 
3 devices, anonymized and arranged in a random sequence 

(Fig. 4). Seven oral radiologists evaluated the images. In 
each triad, 1 image was chosen as “best,” one as “inter-
mediate,” and the last as of “inferior” quality, with regard 

Fig. 2. Lateral cephalographs of the type 1 phantom for objective analysis acquired with charge-coupled device (CCD, A), complementary 
metal oxide semiconductor (CMOS, B), and cadmium telluride (CdTe, C) detector.
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to the visual appearance as measured by the sharpness of 
the images and the visibility of bone, teeth, and soft-tis-
sue simulator. No changes in brightness and contrast were 

observed. The data obtained were tabulated and described 
qualitatively.

Cephalometric analysis
The 15 lateral cephalographs obtained for the subjective 

image quality analysis were anonymized, randomly orga-
nized, and subjected to cephalometric analysis. Three oral 
radiologists with training in orthodontics and experience in 
cephalometric analyses performed the evaluation together 
and, via consensus, marked the cephalometric landmarks 
for the McNamara analysis using Radiocef software (Ra-
dioMemory, Belo Horizonte, MG, Brazil). The contrast 
and brightness could be manipulated while evaluating the 
radiographs. In the McNamara cephalometric analysis, 9 
measurements were considered: the relationship between 
the maxilla and the cranial base, the relationship between 
the mandible and the cranial base, the effective midfacial 
length, the effective mandibular length, the lower anterior 
facial height, the mandibular plane angle, the facial axis 
angle, the anteroposterior relationship of the upper incisor 
with the maxilla, and the anteroposterior relationship of 
the lower incisor with the mandible (Table 1), excluding 
measurements associated with the soft tissue and airway. 
Fifteen days after the initial evaluation, 60% of the images 
were reevaluated.

One-way ANOVA was applied with the Tukey post-hoc 
test to compare the 3 detectors with regard to the values ob-
tained in the cephalometric analyses. P-values<0.05 were 
considered to indicate statistical significance. The ICC was 
used to assess intra-examiner agreement.

Fig. 3. Five lines (L1-L5) are drawn perpendicular to line R and 
parallel to the horizontal plane with reference to the cephalometric 
landmarks on the lateral cephalographs of the type 1 phantom. G: 
glabella, O: orbitale, P: pronasale, S: stomion, Bʹ: B point. The 
reference lines are used to delimit the evaluated regions of interest 

(dotted squares). 

Fig. 4. Lateral cephalographs of the type 2 phantom for subjective analysis. The images are acquired with a charge-coupled device (CCD, A), 
complementary metal oxide semiconductor (CMOS, B), and cadmium telluride (CdTe, C) detector.
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Dentoskeletal analysis
Based on the values obtained in the McNamara analy-

sis, for all of the measurements taken, each phantom was 
classified as having a certain facial configuration (Table 2). 
The classification was performed for each measurement, 
which was compared to the range of reference values (the 
normal range). Measurements with values higher than the 
reference range were assigned a score of 3, measurements 
within the reference range (the range of normality) were as-
signed a score of 2, and measurements lower than the ref-
erence range were assigned a score of 1.

The data regarding the classifications of the 5 type 2 
phantoms, obtained using the 3 different detectors, were 
recorded. The analyses of dentoskeletal configuration were 
described qualitatively.

Dosimetry analysis
Five triads of thermoluminescent dosimeters made of 

lithium fluoride (Thermo Fisher Scientific Inc., Waltham, 
MA, USA) were positioned in the type 2 phantom in the 
orbital regions (on both sides, near and opposite the x-ray 
source), the parotid gland regions (near and opposite the 
x-ray source), and the thyroid gland region. The phantom 
with the dosimeters was positioned in the device in such a 
way as to simulate patient positioning and was exposed to 
radiation 10 times consecutively, with a 3-minute interval 
between exposures. To calculate the background radiation, 
a triad of dosimeters was positioned outside the acquisition 
room during the phantom exposure. This procedure was re-
peated for 3 days.

The dosimeters were read in a Harshaw Thermolumines-
cent reader (Model 2000; Thermo Fisher Scientific Inc.). Av-
erages of the triad values for each region were obtained, in-
cluding those from the dosimeters that remained outside the 
room for background calculation. To measure the dose on 
the surface of the organ, the following calculation was used:

Dose  on the organ surface =  
mean dose of the dosimeters of the region- 

mean dose of the background dosimeters 

The total surface dose for each detector was obtained by 
summing the doses of the 5 regions in which the dosime-
ters were positioned. As 10 exposures were performed, the 
total surface dose was divided by 10 to obtain the dose for 
each organ for each exposure.

Statistical analysis was performed to compare the abs-
orbed dose values via 1-way ANOVA with the Tukey post-
hoc test.

Results
Objective analysis of image quality
Table 3 shows the image noise values for each detector. 

Regarding the mean noise levels, a significant difference 

Table 1. McNamara analysis measurements used for cephalomet-
ric evaluation

   Measurement Interpretation

A-N perpendicular Relationship between the maxilla and 
the cranial base

Pg-N perpendicular Relationship between the mandible and 
the cranial base

Co-A Effective midfacial length
Co-Gn Effective mandibular length
ANS-Me Lower anterior facial height
(Po-Or).(Go-Me) Mandibular plane angle
(Ba-N).(Ptm-Gn) Facial axis angle
UI-A vertical Anteroposterior relationship of UI with 

the maxilla
LI-(A-Pg) Anteroposterior relationship of LI with 

the mandible

UI: upper incisor, LI: lower incisor

Table 2. Dentoskeletal classification based on the values obtained in the cephalometric analysis

                                     Measurement        Higher Reference Lower

Relationship between the maxilla and the cranial base Protrusion Normal Retrusion
Relationship between the mandible and the cranial base Protrusion Normal Retrusion
Effective midfacial length Large Normal Small
Effective mandibular length Large Normal Small
Lower anterior facial height Increased Normal Reduced
Mandibular plane angle Vertical growth Normal Horizontal growth
Facial axis angle Horizontal growth Normal Vertical growth
Anteroposterior relationship of upper incisor with the maxilla Protruded Normal Retruded
Anteroposterior relationship of lower incisor with the mandible Protruded Normal Retruded
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was observed among the 3 detectors (P<0.05). The CdTe 
detector presented the least noise, followed by the CCD 
and CMOS detectors. The ICC for the noise measurement 
was 0.9964.

Subjective image quality analysis
The subjective ratings of the overall image quality for 

the different detectors are presented in Table 4. The imag-
es obtained with the CdTe detector were rated as the best 
in 62.9% of the evaluations, followed by the CCD and 
the CMOS images. The CdTe detector was chosen as the 
best 2 times more than the CCD and 4 times more than 
the CMOS detector. The CMOS detector most commonly 

presented the image subjectively chosen as being of infe-
rior quality (57.1%). Regarding the CCD detector, the data 
from the evaluators did not provide a clear rating regarding 
the quality of its images.

Cephalometric analysis
Table 5 shows the mean values of each measure eval-

uated in the cephalometric analysis for the images of the 
3 detectors studied. No statistically significant difference 

(P>0.05) among the different detectors was observed in 
any of the evaluated measurements. The ICC for intra-ex-
aminer agreement was 0.9988.

Dentoskeletal analysis
Perfect agreement was observed among the dentoskeletal 

configurations evaluated based on the images of the differ-
ent detectors, for all phantoms, in all 3 comparisons (CCD 
with CMOS, CCD with CdTe, and CMOS with CdTe).

Dosimetry analysis
The radiation dose for each region and the total dose, 

for each detector, are presented in Table 6. No statistically 
significant difference in radiation dose was observed for 
the exposure protocols for the CCD and CdTe detectors in 
the orbit (opposite the source, P>0.05; near the source, 
P>0.05), parotid gland (opposite the source, P>0.05), 
and thyroid (P>0.05). However, the protocol used for the 
CMOS detector yielded higher doses than the protocols of 
the CCD (P<0.05) and CdTe (P<0.05) detectors for these 
regions.

The radiation dose in the parotid gland near the source 
showed a statistically significant difference among all of 
the detectors (P<0.05), with the lowest dose associated 
with the CCD receptor.

Although no statistically significant difference in total ra-

Table 3. Mean image noise values for each tested detector

Detector     Noise

CCD 1.84±0.52b

CMOS 2.59±0.31c

CdTe 1.48±0.18a

Different letters indicate statistically significant differences (as determined 
using analysis of variance, with a significance level of 5%). CCD: charge-
coupled device, CMOS: complementary metal oxide semiconductor, CdTe: 
cadmium telluride

Table 4. Subjective rating of the overall image quality by detec-
tor, according to the evaluators’ preference

Detector       Best Intermediate Inferior

CCD 8 (22.9%) 15 (42.8%) 12 (34.3%)
CMOS 5 (14.2%) 10 (28.6%) 20 (57.1%)
CdTe 22 (62.9%) 10 (28.6%) 3 (8.6%)

Total         35        35        35

CCD: charge-coupled device, CMOS: complementary metal oxide semi-
conductor, CdTe: cadmium telluride

Table 5. Mean measurements in the cephalometric analysis by detector

         Measurement      CCD     CMOS       CdTe P-value

A-N perpendicular (mm) 7.1±2.9 7.9±2.1 8.5±2.7 P>0.05
Pg-N perpendicular (mm) 5.7±12.4 8.5±8.0 8.9±8.0 P>0.05
Co-A (mm) 92.3±2.6 93.8±3.6 93.4±4.54 P>0.05
Co-Gn (mm) 121.3±4.3 123.6±7.7 123.3±7.0 P>0.05
ANS-Me (mm) 71.0±5.5 72.5±5.7 71.6±5.1 P>0.05
(Po-Or).(Go-Me) (°) 24.4±7.7 22.6±6.0 23.0±7.9 P>0.05
(Ba-N).(Ptm-Gn) (°) -1.9±6.4 -0.2±5.8 -0.5±6.2 P>0.05
U1-A vertical (mm) 7.2±2.1 8.4±2.4 7.6±1.8 P>0.05
L1-(A-Pg) (mm) 5.1±3.0 5.7±3.3 5.3±3.3 P>0.05

CCD: charge-coupled device, CMOS: complementary metal oxide semiconductor, CdTe: cadmium telluride
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diation dose was observed for the CCD and CdTe detectors 

(P>0.05), the dose of the protocol used for the CMOS de-
tector was significantly higher than those doses (P<0.05).

Discussion
An important requirement of a digital radiographic im-

age detector is the potential for acquiring images of high 
enough quality to correctly diagnose a condition, with ex-
posure to a radiation dose in accordance with the “as low 
as reasonably achievable (ALARA)” principle.

Image noise is a cause of degradation of radiograph-
ic image quality. Theoretically, to be considered of good 
quality, an image should have noise minimized as much as 
possible. In the present study, we observed the least noise 
in the images obtained with the CdTe detector, followed 
by the images obtained with the CCD and CMOS detec-
tors, in that order. This can be explained by the fact that the 
CdTe detector acquires images through the direct detection 
of X-ray photons.5,6 Relative to indirect detectors, direct 
detectors inherently exhibit less scattering of the image 
signal,5 which results in less noise. Although the CCD and 
CMOS detectors are of the same type1,3 - that is, indirect 
detectors that make use of scintillators - they differ in noise 
level. This difference can be explained by how the electric 
charge is read. In the present study, the images acquired 
with the CMOS detector exhibited more noise than the im-
ages obtained with the CCD detector, which aligns with the 
studies of Sanderink and Miles1, Parks et al.7 and Gilmore 
et al.4 This might be due to the individual reading of each 
pixel in CMOS detectors, which causes each to be convert-
ed and calibrated separately and may lead to a mismatch.

The subjective preference with regard to visual quality 
for the images obtained with the CdTe detector may be 
associated with the lower noise levels - reflected as better 
overall brightness and contrast - present due to the inher-

ent characteristics of direct detection.5 Factors associated 
with the visual acuity of the evaluators and their prefer-
ences for brightness, contrast, and image granulation may 
also have influenced their subjective ratings.

Even though differences in objective quality and visual 
aspects were observed, the overall quality of the imag-
es did not interfere with the cephalometric analysis. The 
small differences observed in absolute values were not of 
a magnitude that would lead to a diagnosis being changed. 
In addition, these minimal variations may be inherent to 
the subjective process of cephalometric analysis. Shi et al.8 
compared a CMOS detector to a CCD detector and found 
that the CMOS images allowed for higher accuracy in the 
perception of low-contrast structures. However, in the pres-
ent study, for the proposed diagnostic task, no statistically 
significant difference was observed between the detectors. 
This result was similar to findings of the study by Kitagawa 
et al.,2 in which the authors compared images obtained 
with CCD and CMOS detectors in the context of different 
diagnoses in dentistry, such as the detection of proximal 
carious lesions; the evaluation of the cortical bone, root ca-
nal space, root apex, and periodontal ligament space; and 
the evaluation of the presence of an endodontic instrument.

The exposure parameters indicated by the manufacturers 
for medium-size adults can explain the difference in radia-
tion doses observed for each detector. The similar tube cur-
rent values observed for the exposures with the CCD and 
CdTe detectors resulted in similar doses for those detectors. 
Consequently, the higher current and peak kilovoltage used 
for the exposure of the CMOS detector resulted in a higher 
radiation dose. Thus, the difference in doses obtained for 
the different detectors was more closely associated with 
the parameters used than with the characteristics of the 
detectors themselves. As the CdTe detector presents good 
linearity between incident photons and signal input,9,10 it is 
associated with a higher sensitivity, which can be observed 

Table 6. Mean radiation dose (mGy) detected in the tested regions by detector

                   Region  CCD CMOS   CdTe P-value

Orbit opposite the X-ray source 0.0043a 0.0147b 0.0017a P<0.05
Orbit near the X-ray source 0.0432a 0.0939b 0.0468a P<0.05
Parotid opposite the X-ray source 0.0028a 0.0292b 0.0012a P<0.05
Parotid near the X-ray source 0.0367a 0.2977c 0.0665b P<0.05
Thyroid 0.0131a 0.1314b 0.0173a P<0.05

                    Total 0.1001a 0.5569b 0.1335a P<0.05

Different letters indicate statistically significant differences (as determined using analysis of variance, with a significance level of 5%). CCD: charge-coupled 
device, CMOS: complementary metal oxide semiconductor, CdTe: cadmium telluride
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in the higher density of the images obtained with this de-
tector (e.g., Fig. 2). Therefore, future studies must be con-
sidered to evaluate the possibility of obtaining images with 
exposure parameters even lower than those recommended 
by the manufacturer, with similar image quality. Notably, 
the purpose of using the parameters recommended by the 
manufacturer of each device was to obtain images with the 
quality needed for diagnosis instead of standardizing the 
exposure parameters, which could have yielded images of 
inferior quality. This standardization would likely still al-
low the approximation of the dose values, but it would not 
correctly reflect the clinical situation and could interfere 
negatively with the image quality. Therefore, images could 
be rated as “inferior” due to the incorrect exposure parame-
ters instead of the quality of the detector, the latter of which 
was the focus of the present study. In this way, such stan-
dardization could bias the results; thus, it was decided to 
not standardize the exposure parameters, but rather to use 
the most appropriate parameters for each detector.

It is worth mentioning that, although the average param-
eters were selected in this in vitro study, in clinical practice 
the exposure parameters should be selected according to 
the characteristics of the patient.

In conclusion, although the differences in detectors were 
not reflected in the diagnosis (as the CCD, CMOS, and 
CdTe detectors performed similarly in the diagnostic task 
evaluated), the CdTe detector yielded images of superior 
objective and subjective quality compared to those ob-
tained using the other detectors. Thus, considering these 
findings, it is recommended to use the CdTe detector in 
clinical practice.
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