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X-ray detectors are used in medical imaging for the representation of diagnostic information. Digital
detector performance is evaluated through appropriate parameters in the spatial domain (i.e. contrast,
noise or resolution) and in the frequency domain. Dental radiography is a domain of medical imaging.
The purpose of this work is the examination of a commercially available digital dental imaging detector
through spatial frequency domain parameters. The available detector was a commercially available
image receptor SCHICK CDR, working in indirect mode that is a scintillator coupled to a
Complementary Metal Oxide Semiconductor (CMOS) photoreceptor. The detector was irradiated at an
X-ray system with 60 kVp and 70 kVp tube voltages utilized in intraoral radiography. The detector linear-
ity, Modulation Transfer Function (MTF), Normalized Noise Power Spectrum (NNPS) and Detective
Quantum Efficiency (DQE) were measured according to literature. The Entrance Surface Air Kerma
(ESAK) was measured with an RTI PIRANHA X-ray multimeter. The images were evaluated as presented
to the dentist by the detector software, in 12bit format. The resolution of the detector was found better
than 100 lm. The DQE curves suggested optimum exposure conditions below 133 lGy.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Digital radiology is the state of the art method for mapping the
spatial distribution of different elemental components in human
tissues [1–5]. A subspecialty of digital imaging is dental imaging.
It is performed by dedicated X-ray instrumentation either in
panoramic or intraoral mode [6–14]. The radiation burden to the
patient imposes optimization of the radiographic procedure, with-
out degrading image quality standards [15–21]. In recent years
digital radiography is the standard dental imaging method
[13,14,18,22,23], compared to the previously used X-ray films
[22]. The backbone of dental imaging is the type of X-ray detector,
whose characteristics affect the quality of the final image. Pub-
lished literature assessment of the performance of intraoral X-ray
detectors [23,24] has been achieved using objective measures such
as X-ray sensitivity, contrast and resolution [9,11,13,25–29]. In
addition, studies regarding the subjective image perception of den-
tal radiographs have been published [20,30,31]. A point worth dis-
cussing in the aforementioned studies is the detector
characterization in the spatial frequency domain. To this end the
Modulation Transfer Function (MTF) [2–4,32–34] showing in effect
the capability of a system to retain high contrast information to
small image sizes has been investigated [10,26–28,35,36]. To fully
evaluate X-ray imaging detectors, additionally objective measure-
ments have been proposed. Such measurements are the Normalize
Noise Power Spectra (NNPS) showing the relative noise variation in
the spatial frequency domain and the Detective Quantum Effi-
ciency (DQE), which is a measure of the signal-to-noise squared
transfer from the input to the output of the detector. DQE as
expressed in the spatial frequency domain is a function of the
MTF, the NNPS and the incident number of X-ray photons. Thus
it can be considered as an objective parameter for determining
the overall performance of an X-ray detector. The use of DQE for
assessing the performance of digital detectors for radiographic
applications is used extensively [14,37–44]. An evaluation in the
spatial frequency domain, through MTF and NNPS, has been
reported for a SCHICK CDR2000 DICOM detector at 8 bit digitiza-
tion mode [45,46]. In addition the MTF and DQE at 8 bit at 60
kVp X-ray tube voltage have been investigated [14]. However as
far as our knowledge of current literature allows, we have not
found any work studying the overall performance of a SCHICK
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CDR2000 digital dental detectors in terms of MTF, noise and DQE in
12bit mode, both at 60kVp and 70 kVp irradiation conditions. In
this work the performance evaluation in spatial frequency domain
of an intraoral digital detector (SCHICK CDR2000 DICOM) in terms
of MTF, DQE and noise, in 12 bit mode, for two different X-ray tube
voltages of dental interest is presented. An Active Pixel Sensor
(APS) Complementary Metal Oxide Semiconductor (CMOS) X-ray
sensor with 40 lm pixel [46] size as the one studied here may be
of interest in applications beside dental imaging, like small animal
imaging were X-ray tube voltages between 60kVp and 70 kVp are
of interest.
2. Material and methods

A digital dental detector SCHICK CDR DICOM with serial
number 540820 was investigated [46]. The detector consists of a
scintillator (indirect detection) in contact with a CMOS array. The
pixel size was 40 lm. No information was available in the manu-
facturer specification regarding the scintillation type and thick-
ness. However to our knowledge the scintillator usually used in
digital X-ray imaging are either CsI:Tl columnar phosphors or Gd2-
O2S based phosphors in granular form [1]. The year this type of
detector was designed (that is 2005) makes more prominent the
use of the Gd2O2S scintillator. The irradiation conditions comprised
a radiographic X-ray unit BMI General Medical Merate with a
rotated anode of 0.6 mm focal spot size and inherent Al filtration
of 2 mm. The small focal spot of the X-ray tube was utilized. The
focus to detector distance was 150 cm. The exposure protocol com-
prised measurements at 60kVp and 70 kVp to simulate the peak
voltages currently used in intraoral dental imaging [9]. The mAs
used in this study are in the range 5.6 mAs to 12.5 mAs. The digital
image was captured and digitized by the detector available soft-
ware. Images of 12 bit, with a sinusoidal map and an inverted
Look-Up Table (LUT) both applied by the detector software, were
obtained and evaluated. All the frequency related parameters
(MTF, NNPS and DQE) were calculated by means of a validated free
available plugin, according to International Electrotechnical Com-
mission (IEC) methodology, named COQ [37], which can be found
online (www.medphys.it/downloads.htm), created for ImageJ soft-
ware [47].

2.1. Sensitivity

The sensitivity of the detector is expressed in terms of the Mean
Pixel Value (MPV) as a function of the incident Entrance Surface Air
Kerma (ESAK). The ESAK incident on the detector, measured with a
Piranha (RTI) multimeter, was in the range from 66 lGy to
210 lGy, similar to ESAK values reported in literature [36,44,48].
The MPV for the different ESAK values was calculated by means
of ImageJ software [47].

2.2. MTF

The Modulation Transfer Function describes the capability of
the detector to resolve details of adjacent high contrast objects. It
corresponds to the signal transfer function of the system. It is cus-
tomary to define the resolution of the detector at spatial frequen-
cies corresponding to the 10% or lower of the maximum of the
MTF. The MTF of the digital detector was found in terms of the
Edge Response Function or Edge Spread Function (ESF)
[37,38,41]. A tungsten edge test device, supplied by the PTW Frei-
burg Company, was used to obtain slanted images in both 60 kVp
and 70 kVp tube voltages at an ESAK value corresponding to the
linear part of the response curve previously obtained. The edge test
device consists of a 1 mm thick W edge plate (100�75 mm2) fixed
on a 3 mm thick lead plate. The ESF was calculated, by irradiating
the 1 mm nominal thickness W part of the edge, at a symmetrical
Region of Interest (ROI) around the edge image. Then the ESF was
differentiated to obtain the line spread function (LSF). Finally, the
normalized LSF was Fourier transformed to give the pre-sampling
MTF [37].

2.3. Noise

2.3.1. NNPS
The Normalized Noise Power Spectrum (NNPS) was calculated

on the uniform exposed images, corresponding to the linear part
of the detector response curve, with ESAK values around
100 lGy. The image was subdivided into 128 � 128 half overlap-
ping ROIs. In each ROI the pixel value deviation from the mean
was obtained. This yielded a map of the signal differences. This
map was Fourier Transformed and squared, in order to obtain the
spectral components of the signal spatial variations, corresponding
to the noise power spectrum (NPS). NNPS was obtained by dividing
NPS by the square of the corresponding mean signal value (MSV),

NNPS fð Þ ¼ NPS fð Þ= MSVð Þ2, where f is the spatial frequency, and
afterward the ensemble average, by considering all ROIs, was
obtained [37,38].

2.3.2. NTF
The knowledge of NNPS enables the calculation of the Noise

Transfer Function, NTF, showing the image noise transfer charac-
teristics of the detector, defined as [49]:

NTF2 fð Þ ¼ NPS fð Þ
NPS 0ð Þ ð1aÞ

By taking into consideration that NNPS(f) is the Noise Power
spectrum divided by the square of the mean signal value, it can
be derived that:

NTF fð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NNPS fð Þ
NNPS 0ð Þ

s
ð1bÞ
2.4. DQE

The DQE of the system describes the ratio of the output over the
input signal-to-noise squared. In the spatial frequency domain it
can be expressed in terms of MTF, NNPS and ESAK as follows
[37–40]:

DQE fð Þ ¼ MTF fð Þ½ �2
ESAK � q � NNPS fð Þ ð2Þ

where q is the number of X-ray photons/(mm2lGy). The product
ESAK q (photons/mm2) corresponds to the square of the input
Signal-to-Noise ratio. For the calculation of Eq. (2) parameter q
was obtained by an online X-ray spectra simulation tool [50]. This
tool is based in published literature [51,52] and generates radio-
graphic spectra (photons/mm2lGy) in energy bins of 1 keV. In order
to obtain the number of photons/mm2lGy required for the
calculation of DQE, (i) we summed the photons of the X-ray spectra,
(ii) calculate per energy bin the radiation exposure by means of a
method described in literature [53] and summed over all the
spectrum energy bins. The air mass energy absorption coefficient
required was found by XmuDat software [54]. The value of q was
determined by dividing the number of photons of the spectrum
with the radiation exposure expressed in lGy. Specifically for
60kVp, q was calculated as 16,300 photons/mm2lGy and for
70 kVp, q was calculated as 18,300 photons/mm2lGy [53,55].
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3. Results and discussion

In Fig. 1, the dental detector response curves, for 60 kVp and
70 kVp exposure conditions, are demonstrated. 60 kVp data is
shown in rhombus, while the 70 kVp data are shown in squares.
It may be seen that the detector exhibits linear exposure response
for the ESAK values under consideration. The fitted equation for
60 kVp is MPV ¼ 16:158 � ESAK � 661:9 and for 70 kVp
isMPV ¼ 18:105 � ESAK � 837:29. The slope of the two curves is
very similar. In Fig. 2 the corresponding MTF curves are demon-
strated for 60 kVp and 70 kVp. By inspecting the MTF curves it
can be shown that the 10% of maximum MTF corresponds to
10 mm�1. This value, which corresponds to sizes of 100 lm, may
be adopted in practice as an estimation of the detector’s spatial res-
olution. The resolution limit of the detector under investigation is
its pixel size (40 lm). By applying the Nyquist theorem it is
deduced that sizes of the order of 80 lm can be accurately
resolved. This value corresponds to a spatial frequency of
12.5 mm�1, a value very close to the 5% of the calculated MTF
curves. A point worth commenting is that the MTF values at
60kVp and 70 kVp are very similar. This may be attributed to the
small difference of the ESAK values as well as the relative similarity
of the X-ray spectra. More specifically the average energy of the
60 kVp spectrum was estimated 37.132 keV, while the average
energy of the 70 kVp spectrum was estimated 40.782 keV
[51,55]. Such small keV differences are not expected to yield sub-
stantial changes in the X-ray interaction depth within the scintilla-
tor, thus no substantial difference in the scintillator’s light output
[56] or in the MTF is expected.
Fig. 1. The detector response curve (12 bit image) for different ESAK values, at
60kVp and 70 kVp.

Fig. 2. The detector MTF at 60kVp for 109 lGy and at 70 kVp for 93 lGy.
In Fig. 3a the corresponding NNPS curves are demonstrated. The
presented curves have many similarities, implying that for the sen-
sor settings applied the relative noise fluctuations are comparable.
In addition in Fig. 3b the related NTF curves are also shown. The
shape of the NTF curve is generally affected by the shape of the cor-
responding MTF curve, since random noise is transferred through
the system’s transfer function. Noise however is transferred more
effectively than the signal at higher spatial frequencies. This is evi-
dent from Fig. 3b, where NTF values at the resolution limits of the
detector are above 0.2. This value may incorporate electronic or
thermal noise sources which are not zero [29,30,35]. It is interest-
ing to notice that the 60kVp image presents lower noise value than
the 70 kVp image. Noise for the same detector is affected by the
relative X-ray absorption capability of the detector as well as the
incident exposure. Higher exposure provides more signal carriers
thus lower noise. In our case the difference in NNPS for 60 kVp
and 70 kVp exposure conditions is a combination of the X-ray
absorption capability of the detector and the number of the
X-rays incident on the detector surface. The latter can be obtained
by the multiplication of ESAK with q. The product ESAK � q for 60
kVp is approximately 1,776,700 photons/mm2 and for 70kVp is
approximately 1,701,900 photons/mm2. In Fig. 4 the simulated
X-ray spectra of 60 kVp and 70 kVp [36], as well as the X-ray mass
attenuation coefficients of CsI and Gd2O2S scintillators, obtained by
XmuDat software package [41], are demonstrated. It can be seen
that both X-ray spectra equivalently meet the absorption coeffi-
cients of the scintillator materials used in the indirect CMOS
detector.

In Fig. 5 the detector DQE is demonstrated for both 60 kVp and
70 kVp. DQE values were calculated in terms of equation (2), thus
the shape of the DQE curves are a function of the MTF and NNPS. In
Figs. 6a and 6b the DQE of the detector at 60 kVp and 70 kVp
Fig. 3a. The detector NNPS at 60kVp for 109 lGy and at 70 kVp for 93 lGy.

Fig. 3b. The detector NTF at 60kVp for 109 lGy and at 70 kVp for 93 lGy.



Fig. 4. The X-ray spectra used and the mass attenuation coefficients of the
scintillators that can be utilized with the SCHICK CDR detector.

Fig. 5. The detector DQE at 60kVp for 109 lGy and at 70 kVp for 93 lGy.
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Fig. 6a. The detector DQEs at 60kVp and for different ESAK values.
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Fig. 6b. The detector DQEs at 70kVp and for different ESAK values.
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respectively for different ESAK values are shown. The inspection of
Fig. 6a shows no DQE differences from 109 to 133 lGy and lower
DQE values for ESAK values of 152 lGy. Furthermore, Fig. 6b sug-
gests that an optimum DQE is calculated for the 93 lGy ESAK
value. Differences in DQE with ESAK for intraoral dental detectors
have been also reported in literature [14,44]. Our DQE results sug-
gest that the detector can perform optimal for ESAK values up-to
133 lGy. Higher exposure at the detector surface will not improve
either image quality or the information available to the dentist.
This is of great importance in radiation protection of the patients
as well as the dentists. Published literature regarding Diagnostic
Reference Levels (DRL) at the output of the collimator end reports
ESAK values from 0.95 mGy up to 4.0 mGy [15]. The ESAK incident
on the detector surface depends upon tissue thickness and the
tooth type [12,15]. If the SCHICK APS detector presented in this
study is utilized, then the X-ray exposure conditions should be
optimized so the ESAK on the detector surface should not exceed
133 lGy.

By comparing the MTF results of this work with the MTF results
of a similar SCHICK detector with serial number 540957 [32], pre-
sented in 8 bit image format, it is shown that the MTF curve is sim-
ilar to the one presented here. The corresponding pixel value
response curves were presented saturated near the 255 pixel value.
Finally the NNPS values of the 540,957 detector (8 bit image) were
measured higher than the ones presented in this work (12 bit
image). The higher NNPS of the 8 bit image is more likely to be
attributed to differences of the 8 bit image quantization process
compared to the corresponding 12 bit image format. In addition,
our results compared to a SCHICK CDR2000 dental detector irradi-
ated at 60 kVp, 8bit conditions [14] present similar MTF curves.
The response curve in our case demonstrates linear behavior for
higher ESAK values. The DQE curve at 60 kVp 109 mGy, 12 bits, pre-
sented in this study is similar in shape with the corresponding DQE
curve, 8 bit 104 mGy presented by Tsusida et al [14], up to 6 lp/mm
spatial frequency. For higher frequencies however our correspond-
ing DQE values are lower. This may be attributed to the difference
in quantization bits and the mapping applied by the software in
this study. Our MTF results are better or comparable, from the ones
presented in literature for a Charge-Coupled Device (CCD) intraoral
sensor coupled with various scintillators [36]. When the corre-
sponding DQE curves are considered [44], our results present
higher DQE values compared to the CCD/Gd2O2S intraoral detector
combination and similar with the CCD/CsI intraoral detector com-
bination. The DQE results presented in this work however are infe-
rior to the corresponding CCD/LuAG:Ce combination results [44].
Our DQE values, for 70 kVp and ESAK 93 lGy, were compared with
published results for a RadEye CMOS digital sensor, having a pixel
size of 22.5 lm coupled with two scintillator detectors: (i) a
33.91 mg/cm2 Gd2O2S:Tb, commercially available scintillator
screen [24] and (ii) a 65.1 mg/cm2 Gd2O2S:Eu screen [25]. Our
results were found poorer than both combinations. The last combi-
nation however (i.e. the 65.1 mg/cm2 Gd2O2S:Eu screen) for higher
ESAK values performs poorer than the SCHICK detector. The com-
parison of the presented DQE results with the DQE obtained by
two CsI:Tl detectors coupled to the RadEye CMOS [26], shows that
the SCHICK detector performs better than 140 lm and 170 lm
CsI:Tl/CMOS detector combinations for low frequency values.
However, for higher spatial frequencies the aforementioned CsI:
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Tl/RadEye detectors prevail. Their improved performance may be
attributed to the possible scintillator type and thickness differ-
ences, to the X-ray spectrum differences, as well as, to the smaller
pixel size of RadEye, which enables it to resolve higher spatial fre-
quencies. Besides the differences between the kVp values, the bit
value and the exposure conditions, the presented results in the
spatial frequency domain may be affected by a penumbra compo-
nent superimposed by the thickness of the edge device.

4. Conclusion

The image quality and transfer characteristics of SCHICK CDR
digital dental detector were studied by parameters like the pixel
value response, the Modulation Transfer Function, the Normalized
Noise Power Spectrum, the Noise Transfer Function and the Detec-
tive Quantum Efficiency, at 60 kVp and 70 kVp covering the range
of intraoral X-ray equipment. For both X-ray tube voltages it was
found that the detector could resolve sizes up to 80 lm (corre-
sponding to approximately 5% of the MTF curve). The optimum
ESAK values of the detector were found below 133 lGy. The DQE
is slightly higher at 70 kVp for spatial frequencies smaller than
5 mm�1. For higher spatial frequencies the detector presents better
DQE at 60 kVp irradiation conditions.
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