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Purpose: The purpose of the present study was to assess the information content of a high resolution
active pixel CMOS imaging sensor coupled to Gd2O2S:Eu phosphor screens in terms of single index image
quality metrics such as the information capacity (IC) and the noise equivalent passband (Ne).
Methods: The CMOS sensor was coupled to two Gd2O2S:Eu scintillator screens with coating thicknesses
of 33.3 and 65.1 mg/cm2. IC and Ne were obtained by means of experimentally determined parameters
such as the modulation transfer function (MTF), the detective quantum efficiency (DQE) and the noise
equivalent quanta (NEQ). Measurements were performed using the standard IEC-RQA5 radiation beam
quality (70 kVp) and a W/Rh beam quality (28 kVp).
Results: It was found that the detector response function was linear for the exposure ranges under
investigation. At 70 kVp, under the RQA 5 conditions IC values were found to range between 1730 and
1851 bits/mm2 and Ne values were found between 2.28 and 2.52 mm�1. At 28 kVp the corresponding IC
values were found to range between 2535 and 2747 bits/mm2, while the Ne values were found between
5.91 and 7.09 mm�1.
Conclusion: IC and Ne of the red emitting phosphor/CMOS sensor combination were found with high
values suggesting an acceptable imaging performance in terms of information content and sharpness, for
X-ray digital imaging.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

The development of new digital diagnostic imaging techni-
ques and modalities, such as digital breast tomosynthesis
(DBT) [1], dual energy (DE) imaging [2], scanning slot digital
mammography detectors [3], energy selective techniques [4,5]
and digital fluoroscopy systems [6], require efficient scintilla-
tors to reduce patient dose. Digital imaging systems with
smaller sizes for the detector elements (dels) are also required
to improve image resolution and the visibility of microcalcifi-
cations, without noise increase and DQE degradation. Many Si
photodetectors show very high or excellent quantum efficiency
(QE) in the red wavelength range [7–14]. Due to this property
the performance of red emitting phosphors [13,15–17] and in
particular, of the europium (Eu3+) activated Gd2O2S has been
ll rights reserved.

kis).
investigated in terms of optical output [15], emission efficiency
[18–21] and imaging performance [12,18–20]. Such phosphors
are cost effective and can be easily prepared by inserting
europium ion activator (Eu3+) in rare earth based host
matrices. In addition europium-activated phosphors have a
decay time of the order of one millisecond (slightly higher
than Gd2O2S:Tb) which is acceptable for applications that do
not involve high framing rates [22,23]. These include digital
radiography, and mammography. Gd2O2S:Eu has been pre-
viously employed in single pulse dual energy radiography
[24], in digital mammography and diffraction enhanced breast
imaging with CCD arrays [25–28]. Furthermore Gd2O2S:Eu has
been previously used as phosphor insert in phantoms for
limited-angle X-ray luminescence tomography (XLT) [29] and
hybrid X-ray luminescence/optical imaging [30]. Previously,
the image quality of a detector based on a commercial
Gd2O2S:Tb screen coupled to an active CMOS sensor has been
investigated by our group [31]. In the present study this CMOS
sensor was coupled to two custom made Gd2O2S:Eu phosphor
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screens, prepared in our laboratory, and the whole detector
was evaluated under 70 kVp (general radiography) and 28 kVp
(mammography) X-ray spectra.

The information content of the detector under investigation
was achieved by the assessment of single index metrics such as
the noise equivalent passband and the information capacity. These
two indices are based on integration of spatial frequency depen-
dent parameters such as the modulation transfer function (MTF),
the detective quantum efficiency (DQE) and the noise equivalent
quanta (NEQ). Although none of these measures is directly related
to the diagnostic yield in image interpretation, they are commonly
used as physical measures that are useful in comparing different
systems.

The experimental method was based on the guidelines pub-
lished by the International Electrotechnical Commission (IEC) [32],
which has standardized the methodology for measuring DQE in
digital detectors. In addition the results of the present work have
been compared with the results of previously studied CMOS
sensors coupled to Gd2O2S:Tb phosphor screens [31,33].
Fig. 1. Gd2O2S:Eu screen coupled to RadEye HR CMOS sensor.
2. Materials and methods

2.1. Phosphor screen preparation

The Gd2O2S:Eu phosphor employed in the present study, was
purchased in powder form (Phosphors Technology Ltd, England,
code UKL63/N-R1) with mean grain size of approximately 8 mm
and volume density of 7.3 g/cm3. The phosphor was used in the
form of thin layers (test screens) to simulate the intensifying
screen employed in X-ray mammography and radiography. The
screens were prepared by sedimentation [34] of the powder
phosphors on borosilicate glass substrate, with no reflective layer,
and thickness of approximately 0.14 mm (Waldemar Knittel-
GmbH). The coating thicknesses of the two screens correspond
to 33.3 mg/cm2 for mammography, and 65.1 mg/cm2 for radio-
graphy, (91.2 and 178.3 mm assuming a 50% packing density)
respectively [35,36].

2.2. CMOS sensor and experimental setup

For the detector under investigation, two Gd2O2S:Eu phosphor
screens, with coating thicknesses of 33.3 mg/cm2, for mammogra-
phy, and 65.1 mg/cm2, for radiography, were manually coupled to
an optical readout device including a CMOS Remote RadEye HR
photodiode pixel array [37]. The CMOS photodiode array consists
of 1200�1600 pixels with 22.5 mm pixel spacing and a fill factor of
0.8 [31]. To avoid light photons interactions with the glass
substrate, the experiments were performed with the phosphor
layer directly overlaid onto the active area of the CMOS photo-
diode array, consisting of an n-well diffusion on p-type epitaxial
silicon, and held by using a thin polyurethane foam layer for
compression between the screen and a 1 mm thick graphite cover.
A component view is shown in Fig. 1. Experiments, on the CMOS
optical sensor, were carried out in both X-ray mammography and
radiography energy ranges. Two beam qualities were used; 28 kV
W/Rh for mammography and 70 kV (RQA 5) for radiography
according to the IEC standards [31]. IEC standards X-ray spectra
were achieved by adding 2 mm Al and 21 mm Al filtration
respectively. Half value layers were calculated and found 7.1 mm
Al for RQA 5 and 0.77 mm Al for W/Rh conditions respectively.

2.3. X-ray spectra measurement

A Hologic Selenia X-ray tube was used for the W/Rh beam
quality [38] and a Del Medical Eureka X-ray tube with a rotating
tungsten anode and 1.5 mm aluminum (Al) inherent filtration for
the RQA 5 beam quality [39].

In this study the source-to-detector distances (SDD) between
the X-ray focal spot and the surface of the detector was set to 185
and 66 cm for the radiographic and mammographic energies,
respectively [32]. The added filtration was placed as close as
possible to the source.

A portable Amptek XR-100T X-ray spectrometer [40], based on
a cadmium telluride (CdTe) crystal solid-state detector was used
for direct diagnostic X-ray spectra measurements [41]. After
calibration [31] the CdTe was placed at a focus to detector distance
of 166 and 48 cm for the radiographic and the mammographic
energies respectively. X-ray spectra were corrected by the inverse
square law at the CMOS detector plane for all beam qualities. In
order to minimize pile-up distortions, dedicated collimation sys-
tems (1 mm thick collimators with 400 mm and 100 mm diameters,
respectively for the RQA 5 and W/Rh X-ray spectra) were used. In
addition the measured X-ray spectra were corrected for the
efficiency of the CdTe detector. The air kerma value Kα at the
surface of the detector was calculated according to [41]

Kα ¼ 0:00869� ∑
E0

Emin
ð1:83� 10�6 � Φ0ðEÞ � E � ðμenðEÞ=ρÞairÞ ð1Þ

where Φ0 is the measured X-ray spectrum value (photons/mm2) at
energy E. ðμenðEÞ=ρÞairÞ is the X-ray mass energy absorption coeffi-
cient of air at energy E obtained from the literature [42]. The
exposure rate at the entrance surface of the CMOS photodiode
array detector was measured for a range of tube current-time
products (mAs). The measured X-ray spectra were corrected for
the efficiency of the CdTe detector.

2.4. Imaging performance

2.4.1. Signal transfer property (STP)
The signal transfer property (STP), or detector response, states

the relationship between mean pixel value (MPV) and entrance
surface air kerma (ESAK). This relationship was obtained by
plotting pixel values (PV) versus ESAK at the detector, as described
in the IEC method [32]. A sequence of uniform images was
acquired at different exposure levels. MPV was evaluated in a
1�1 cm region of interest (ROI). The mean pixel value (MPV) and
the standard deviation within that region were measured. The
system's response curve was fitted using a linear equation of the
form

MPV¼ αþ b� Kα ð2Þ
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where α and b are fit parameters. From the slope of the system's
response curve, the value of the gain factor (G) was obtained. This
value is relating MPV to the incident exposure at the detector (in
digital units per mGy) [43]. The magnitude of the pixel offset at
zero air kerma was also estimated [44].

2.4.2. Spatial frequency dependent image quality parameters
2.4.2.1. Modulation transfer function (MTF). The MTF was measured
using the slanted-edge technique, following the procedures
described in IEC standard [45–47]. A tungsten edge test device,
was supplied by the PTW Freiburg Company, was used to obtain
the slanted edge images in both RQA 5 and W/Rh conditions. The
edge test device consists of a 1 mm thick W edge plate
(100�75 mm2) fixed on a 3 mm thick lead plate. Images of the
edge, placed at a slight angle, were obtained under the
radiographic and mammographic imaging conditions. Three
exposure levels have to be chosen for the measurements. From
these levels, the medium one should be the ‘normal’ level
routinely employed in the clinical practice [32–48]. The edge
spread function (ESF) was calculated by the extraction of a
1�1 cm2 ROI with the edge roughly at the center. The angle of
the edge was then determined using a simple linear least squares
fit and the 2D image data were re-projected around the angled
edge [45] to form an ESF with a bin spacing of 0.1 pixels. The ESF
was smoothed with a median filter of five bins to reduce high
frequency noise. The median filter is much less sensitive to
extreme values (outliers) than averaging filters. Therefore it is
more efficient to remove these outliers without reducing the
sharpness of the image. Then the ESF was differentiated to
obtain the line spread function (LSF) [42,49]. Finally, the
normalized LSF was Fourier transformed to give the pre-
sampling MTF.

2.4.2.2. Normalized noise power spectrum (NNPS). The NPS was
calculated according to IEC 62220-1-2 [32]. For each ROI, the PV
were converted into air kerma units with Eq. (2). The slowly
varying spatial background effects including the heel effect were
corrected by fitting and subtracting a two-dimensional second-
order polynomial to the original acquired image data. The area of
analysis was subsequently divided into sub-images of 1024�
1024 pixels. Half overlapping ROIs with a size of 128�128 pixels
were then taken from the sub-images [32]. A total of 128 ROIs
were taken from each flood image. For all the ROIs taken from each
image 2D fast Fourier transform (FFT) of each ROI was calculated
and added to the NPS ensemble. NNPS was obtained by dividing
NPS by the square of the corresponding Kα and afterward the
ensemble average was obtained.

2.4.2.3. Detective quantum efficiency (DQE). The DQE of the system
was calculated by the following equation:

DQEðuÞ ¼ MTF2ðuÞ
Kα � q� NNPSðuÞ ð3Þ

where q is the number of photons per unit kerma (mGy) per mm2,
determined by dividing the number of photons per mm2 (measured
with the portable X-ray spectrometer) with the corresponding air
kerma value (mGy) [41]. Values of 21,738 photons� mGy�1�mm�2,
for the RQA 5, and 5422 photons� mGy�1�mm�2, for W/Rh beam
qualities, were calculated from our direct X-ray spectra measure-
ments, instead of using tabulated data.

2.4.2.4. Noise equivalent quanta (NEQ). A measure of the lower
number of exposure quanta required by an ideal detector to yield
the same SNR2

out as the practical detector working at a given
exposure level can be expressed by the noise equivalent quanta
(NEQ) [50]. The latter is the combined effects of signal and noise,
in terms of spatial frequency. Also it provides an index of the
signal-to-noise ratio (SNR) associated with the diagnostic value of
a medical image. NEQ can be derived by the product of DQE with
photon fluence Φ0, as determined from the measured X-ray
spectrum, as follows [46]:

NEQ ðuÞ ¼DQEðuÞ �Φ0 ð4Þ

2.4.3. Singe index image quality parameters
2.4.3.1. Information capacity (IC). The concept of image
information capacity (IC) has been introduced within the context
of Shannon's information theory, in order to assess image
information content [51–61]. However, little work relevant to
medical imaging has been published up to now [31,56–66].

According to Shannon's information theory, if it is possible to
distinguish Ns different signal intensity levels of duration T on a
channel, we can say that the channel can transmit log2Ns bits in
time T. The rate of transmission is then log2Ns=T . More precisely,
the image information capacity, per unit of image area, may be
defined as follows [67]:

IC¼ lim
T-1

log2Ns=T ¼ np log2Ns ð5Þ

where np is the number of image elements (pixels) per unit of area
that can be registered in an image. If the transmitter has a dynamic
range (D) and the noise in the transmission channel is assumed to
be Gaussian (normal (0,s2)) and independent of the signal ampli-
tude, then an expression may be derived for Ns in terms of D and s.
For this case, the levels are equally spaced between zero and D
with a spacing determined by the acceptable error rate for signal
transmission. If each level have an interval of 7κs, according to
Wagner [64], then the spacing becomes 2κs, and one obtains:
Ns�1¼D=2κs. Eq. (6) may now be written as follows:
IC¼ np log2ð1þ D=2κsÞ. Shannon showed that in the frequency
domain there is a definition of information capacity that is
consistent with the equations described above and which serves
as a unique upper limit for the rate of information transmission
[67]. This upper limit for the number of distinguishable signals in
communication channel of bandwidth Δu is defined as:
Ns≤ð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðSPSþNPSÞ=NPS

p
Þ2TΔu. SPS is the signal power spectrum

which can be defined as: SPS¼ MFT � G2
� �

, where G is the gain
factor (in digital units per μGy) [64]. Consequently, the channel
capacity is limited by [67]:

IC¼ log2Ns=T≤Δu log2ððSPSþNPSÞ=NPSÞ ð6Þ
where SPS and NPS are assumed constants over the frequency
interval Δu. Wagner has expressed this equation [64] under the
following form:

ICðΔuÞ ¼ 2Δu log2ððSPSþ NPSÞ=NPSÞ1=2 ð7Þ
where the exponent of 1/2 is explained since the ratio of
amplitudes is replaced by a ratio of powers, and the factor
2Δuresults directly from the sampling theorem. For any function
having a bandwidth of Δu, sampling at intervals Δu=2 completely
specifies the function. If the function is assumed to be limited to a
time interval T, then for a real function there are just
2ΔuTindependent values of 2Δuvalues per unit time. The dimen-
sions of IC are bits per unit time [64]. If (7) is integrated over the
whole frequency range then information capacity is given by

IC¼
Z u

0
log2ð1þ SPSðuÞ=NPSðuÞÞdu ð8Þ

where u is greater than or equal to the band limit of the signal
power. The 2D form of (8) is given by IC¼ ð2ΔuxÞð2ΔuyÞ log2
ððSPSþ NPSÞ=NPSÞ1=2, written in terms of spatial frequency, lead-
ing similarly to an integral over the upper right-hand quadrant



Fig. 2. Measured X-ray spectra for the RQA 5 beam quality.

Fig. 3. Measured X-ray spectra for W/Rh beam quality.

Table 1
Parameters of the RQA 5 and W/Rh beam qualities.

Radiation beam parameters
Mammographic quality
(W/Rh)

Radiographic quality
(RQA 5)

Anode/filtration combination W/Rh W/Al
Tube voltage (kVp) 28 70
Added filtration (mm Al) 2 21
Measured half value layer-
HVL (mm Al)

0.77 7.1

q (photons� mGy�1�mm�2) 5422753 21,7387107

Fig. 4. STP curves of the Gd2O2S:Eu based CMOS sensor combined with the 65.1
and 33.3 mg/cm2 Gd2O2S:Eu screens under the RQA 5 and the W/Rh beam qualities,
respectively.
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inux,uy (u¼ ðux
2 þ uy

2Þ1=2) space or using polar frequency coordi-
nates and assuming cylindrical symmetry of SPS and NPS,
expressed in bits per unit area [64]

IC¼ 1
2

Z u

0
log2ð1þ SPSðuÞ=NPSðuÞÞsπudu ð9Þ

For the detectors used in both conventional and digital X-ray
imaging, power spectra can be represented as one-dimensional
functions of spatial frequency u, SPS(u) and NPS(u) due to rota-
tional symmetry [64]. Eq. (10) now becomes [56,58–61,64–67]

IC¼ π

Z 1

0
log2ð1þ ðSPSðuÞ=NPSðuÞÞÞudu ð10Þ

where SPSðuÞ=NPSðuÞ ¼NEQ ðuÞ, therefore (11) becomes

IC¼ π

Z 1

0
log2ð1þNEQ ðuÞÞudu ð11Þ
2.4.3.2. Noise equivalent passband (Ne). The noise equivalent
passband expressing the image sharpness by a single number
and has been defined by the relation [60]

Ne¼ 2
Z 1

0
MTF2ðuÞdu ð12Þ

Different systems with the same Ne are equivalent to white noise,
that is, noise represented with the same amplitude to all
frequencies.
3. Results and discussion

Figs. 2 and 3 show measured spectra produced by the X-ray
tubes (radiographic with W/Al target-filter combination and
mammographic with W/Rh target-filter combinations), used in
the present study. The tube settings were: 20, 63 and 157.5 mAs at
70 kVp (RQA 5) and 20, 60 and 120 mAs at 28 kV (W/Rh)
respectively. The system reproducibility was verified by measuring
X-ray spectra several times. Entrance surface air kerma was calcu-
lated by relation (1) using the Amptek XR-100T X-ray spectro-
meter measurements and was found 11.270.020, 34.170.045
and 87.570.071 mGy for the RQA 5 and 55.770.036, 167.070.064
and 334.070.093 mGy for W/Rh conditions. In Table 1 the para-
meters for the X-ray spectra used, as well as the measured HVL
and q values are shown.

Fig. 4 shows the relationship between mean pixel values and
entrance surface air kerma providing the detector response curves
(STP) of the Gd2O2S:Eu based CMOS sensor combined with the
65.1 and 33.3 mg/cm2 GOS:Eu screens under the RQA 5 (70 kVp)
and the W/Rh (28 kVp) beam qualities, respectively. The detector
was found to have a linear response, covering the whole exposure
range, with a pixel value offset of 144.879 for the RQA 5 beam
quality and 296.796 for the W/Rh beam quality. The linear no
threshold fits gave correlation coefficients (R2) greater than 0.9978
and 0.9989 for the RQA 5 and the W/Rh beam qualities. The gain
factor G was determined as the slope of the characteristic curve,
relating the mean pixel value to the incident exposure. Using flat-
field images the gain factors were determined by linear regression
to be G¼7.347 digital units per mGy for RQA 5 and 2.400 digital
units per mGy for W/Rh.



Fig. 5. Comparison of the MTFs of the CMOS/Gd2O2S:Eu 65.1 mg/cm2 sensor under
investigation and a previously published CMOS/Gd2O2S:Tb 59.2 mg/cm2 sensor
under RQA 5 beam quality.

Fig. 6. Comparison of the MTFs for the CMOS/Gd2O2S:Eu 33.3 mg/cm2 sensor
under investigation and a previously published CMOS/Gd2O2S:Tb 33.9 mg/cm2

sensor under W/Rh and RQA M2 beam qualities, respectively.

Fig. 7. Comparison of the NNPS curves between the CMOS/Gd2O2S:Eu 65.1 mg/cm2

sensor under investigation and a previously published CMOS/Gd2O2S:Tb 59.2 mg/
cm2 sensor under RQA 5 beam quality.

Fig. 8. Comparison of the NNPS curves between the CMOS/Gd2O2S:Eu 33.3 mg/cm2

sensor under investigation and a previously published CMOS/Gd2O2S:Tb 33.9 mg/
cm2 sensor under W/Rh and RQA M2 beam qualities, respectively.
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Figs. 5 and 6 show the modulation transfer function (MTF)
curves for three exposure levels under the RQA5 and W/Rh beam
qualities respectively. The standard deviation of all MTF curves
was below 2%. In Fig. 5 the MTF of a CMOS sensor with 48 mm pixel
pitch coupled to a Gd2O2S:Tb screen of 59.2 mg/cm2 coating
thickness [33], is also shown for comparison. This MTF has been
obtained under RQA 5 beam quality at 43.5 mGy. As it can be
depicted from Fig. 5, the MTF of the 48 mm CMOS sensor [33]
is 13% lower, on average, than the MTF of the 22.5 mm CMOS
sensor (investigated in the present study) in the frequency range
from 0 to 5 cycles/mm. In the higher spatial frequency range
(5–10 cycles/mm), the MTF values differ by 2% on average. To
explain these differences the combined effects of screen thickness/
sensor pixel size, as well as the screen optical properties must be
taken into account. The screen of our system is slightly thicker
(65.1 mg/cm2 instead of 59.2 mg/cm2) and, in addition, it has not
been optically optimized (i.e., incorporation of special light absorb-
ing dyes) like commercially available screens. However, taking into
account our results, it could be claimed that the red phosphor
based system can show improved or acceptable signal transfer
properties in the whole spatial frequency range.

Fig. 6 shows a comparison between the MTF of the Radeye HR
CMOS sensor under investigation combined with the 33.3 mg/cm2

Gd2O2S:Eu screen and a previously published MTF of the same
sensor coupled to a 33.9 mg/cm2 Gd2O2S:Tb screen [31] under
28 kVp X-ray spectrum. The MTFs of the CMOS/33.3 mg/cm2

Gd2O2S:Eu screen combination are comparable to the previously
published MTF of the CMOS/33.9 mg/cm2 Gd2O2S:Tb screen com-
bination [30].

Figs. 7 and 8 show extracted 1D normalized noise-power
spectra (NNPS), for the u direction, obtained from uniformly
exposed images under RQA5 and W/Rh conditions. NNPS shows
variation over a large spatial frequency range. For example, a
decrease from 7.62�10�6 mm2 down to 1.29�10�6 mm2 was
observed in NNPS values in the range from 2 to 5 cycles/mm
(exposure level 11.2 mGy for the RQA 5 beam quality). In the W/Rh
beam quality (exposure level 167.0 mGy) a decrease of 70% was
observed. This is attributed to the fact that in the CMOS system, a
2D correction is applied reducing the structured noise in each
image. In the medium to high frequency range, the noise levels of



Fig. 9. Comparison of the DQE curves between the CMOS/Gd2O2S:Eu 65.1 mg/cm2

sensor under investigation and a previously published CMOS/Gd2O2S:Tb 59.2 mg/
cm2 sensor under RQA 5 beam quality.

Fig. 10. Comparison of the DQE curves between the CMOS/Gd2O2S:Eu 33.3 mg/cm2

sensor under investigation and a previously published CMOS/Gd2O2S:Tb 33.9 mg/
cm2 sensor under W/Rh and RQA M2 beam qualities, respectively.

Fig. 11. NEQ curves for the RQA 5 beam quality.

Fig. 12. Comparison of the NEQ curves between the CMOS/Gd2O2S:Eu 33.3 mg/cm2

sensor under investigation and a previously published CMOS/Gd2O2S:Tb 33.9 mg/
cm2 sensor under W/Rh and RQA M2 beam qualities, respectively.
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the image are related to the MTF of the system. The rather slow
variation of the NNPS may be attributed to the fact that MTF
remains high in this frequency range. For comparison purposes,
NNPS of a CMOS sensor coupled to a Gd2O2S:Tb screen of 59.2 mg/
cm2 coating thickness measured in a previous study is also shown
in Fig. 7 [32]. This curve was obtained from a 48 μm passive pixel
sensor under the representative RQA 5 beam quality, at an
exposure level of 43.5 mGy. Fig. 7 shows that the noise levels of
the CMOS sensor under investigation is higher than that of the
previously published study [33], due to the smaller pixel size of
the CMOS sensor under investigation leading to lower photon
collection efficiency and to a subsequent decrease in the signal to
noise ratio (SNR) [68,69].

An additional comparison for the 28 kVp is shown in Fig. 8 in
which the NNPS of the CMOS sensor under investigation, coupled
to a commercial Gd2O2S:Tb screen of 33.9 mg/cm2 coating thick-
ness measured in a previous publication of our group is also
shown for comparison purposes [31]. This curve was obtained
under the representative RQA M2 (Mo/Mo at 28 KV) beam
quality at exposure level of 40.1 μGy [30]. NNPS of the CMOS
sensor/Gd2O2S:Eu screens combination shows higher noise in the
whole spatial frequency range. The reduced NNPS values of Ref. 30
can be attributed to the lower energy components of the RQA M2
used in that study, which increase the X-ray quantum detection
efficiency (QDE). This enhances the X-ray absorption properties of
Gd2O2S, due to the fact that lower energy photons can be better
absorbed, resulting in lower noise values.

Figs. 9 and 10 show DQE curves for the RQA 5, and W/Rh
qualities, obtained according to (3). DQE was investigated at
various air kerma settings at the detector surface. DQE decreases
as the ESAK increases due to the influence of the NNPS and MTF.
All the DQE curves show an increase in the spatial frequency from
0 to 1.8 cycles/mm for the RQA 5 and from 0 to 5 cycles/mm for the
W/Rh. This is due to the fact that NNPS falls off rapidly in these
spatial frequency ranges. Thereafter the reduction rate of the NNPS
falls off in contrast with the corresponding of the MTF curves,
contributing to a decrease in the DQE. The uncertainly of DQE
values is lower than 10%, which is within the relative error limits
suggested by IEC [32] since the relative error in MTF and NNPS
calculations is 1% and 4% respectively. For comparison purposes,
DQE of the 48 μm pixel size CMOS sensor [33] (RQA 5) at an
exposure level of 43.5 mGy is also shown in Fig. 9. The DQE values
of the previously published study [33] were higher in the low
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spatial frequency range (up to 1.8 cycles/mm). This is due to the
higher NNPS values of this spatial frequency range of the detector
under investigation which contributes to lower DQE values. There-
after DQE curve is comparable in the whole spatial frequency
range due to the combined effects of MTF, NNPS and incident
X-ray spectra, as depicted in the previous figures.

In Fig. 10, DQE curves, of the CMOS sensor under investigation,
coupled to a commercial Gd2O2S:Tb screen, published in a pre-
vious study, is also shown for comparison purposes, under RQA
M2 conditions, at an exposure level of 40.1 mGy [31]. DQE values of
the currently investigated CMOS sensor/scintillating screen com-
bination is lower than the corresponding of the CMOS/Gd2O2S:Tb
screen combination [31], due to the higher noise performance of
the current CMOS/Gd2O2S:Eu for the reasons previously reported.

Figs. 11 and 12 show noise equivalent quanta (NEQ) of the RQA
5 and W/Rh beam quality, calculated from the MTF, NNPS and the
measured X-ray photon distribution at the detector surface. The
shapes of the NEQ curves are affected by both NNPS and MTF. The
amplitude of NEQ is affected by the number of X-ray photons at
the surface of the detector (photons/mm2). As shown in these
Figs., NEQ reaches a maximum (73,563 mm�2) in the low fre-
quency range (1.8 cycles/mm), under the RQA 5 (ESAK: 11.2 mGy)
conditions and in the medium frequency range (183,074 mm�2 at
3.6 cycles/mm) under W/Rh conditions (ESAK: 167.0 mGy). In
Fig. 12 NEQ values of a previously published CMOS/Gd2O2S:Tb
sensor is also shown for comparison purposes [31]. NEQ values of
this CMOS sensor is higher in the spatial frequency range up to
Fig. 13. IC values as a function of air kerma of the CMOS/Gd2O2S:Eu 65.1 mg/cm2

and 33.3 mg/cm2 sensors under RQA 5 and W/Rh beam qualities, respectively and
the previously published CMOS/Gd2O2S:Tb 33.9 mg/cm2 sensor under RQA M2
beam quality.

Table 2
IC and Ne values for the RQA 5 and W/Rh beam qualities.

Beam quality Entrance surface air-kerma (ESAK; mGy) In

RQA M2 [31] 65.870.03 24
197.470.07 26
394.170.08 27

(W/Rh) 55.770.03 25
167.070.06 27
334.070.07 28

RQA 5 11.270.02 17
34.170.03 18
87.570.05 18
1 cycles/mm. NEQ curves of both CMOS sensors are comparable
thereafter.

In Fig. 13 the information capacity values for the RQA 5 and W/
Rh X-ray spectra, as a function of air kerma are shown. CMOS
sensor/Gd2O2S:Eu screens combinations show higher IC values in
the W/Rh energy level (2535–2747 bits/mm2), in comparison to
the RQA 5 (1730–1851 bits/mm2) due to the higher MTF and
incident air kerma values. These data show that, for a given level
of incident X-ray fluence, information capacity is mainly deter-
mined by the intrinsic phosphor material properties and by the
screen thickness of the system. At thick screens the lateral light
trajectories are very long causing a large fraction of the laterally
directed photons to be absorbed before reaching the screen out-
put. As expected, information capacity increased with increasing
air kerma values. Furthermore, for high air kerma values informa-
tion capacity showed a tendency to saturate. This could grant an
index of how a digital imaging system takes advantage of the
increasing SNR. In Fig. 13 IC values of a CMOS sensor/Gd2O2S:Tb
screen combination, studied under RQA M2 beam quality are also
shown. The IC of this system show an almost proportional increase
to air kerma values in comparison with the current CMOS/Gd2O2S:
Eu. This is due to the lower air kerma values that gave the RQA M2
beam quality, suggesting that a higher air kerma increases the
imaging information. The practical value of the IC is that it defines
an imaging performance index that evaluates image information
Fig. 14. Ne values as a function of air kerma of the CMOS/Gd2O2S:Eu 65.1 mg/cm2

and 33.3 mg/cm2 sensors under RQA 5 and W/Rh beam qualities, respectively and
the previously published CMOS/Gd2O2S:Tb 33.9 mg/cm2 sensor under RQA M2
beam quality.

formation capacity (bits/mm2) Noise equivalent passband (mm�1)

75725 5.9370.06
78727 6.0570.06
33727 6.4270.06

35727 5.9170.06
47727 6.9970.07
21728 7.0970.07

30717 2.2870.02
26718 2.3870.02
51719 2.5270.03



Fig. 15. Image obtained from the CMOS/Gd2O2S:Eu combination at 74 KVp with
21 mm Al filtration.
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quantity by a single numerical value. Information capacity is not
expressed for specific frequency values since it is the outcome of
integrating over the spatial frequency bandwidth [70]. As the
allowed spatial frequency region is enlarged to include higher and
higher spatial frequencies, the information capacity slightly
increase at fixed SNR. This is because in high frequencies the
pixels of the detector are noisier and have, thus, a lower capacity
to carry information.

In Fig. 14 the noise equivalent passband values for the RQA
5 and W/Rh as a function of air kerma are shown. CMOS/Gd2O2S:
Eu screen combinations show higher Ne values in the W/Rh
energy level (5.91–7.09 mm�1), in comparison to the RQA 5 energy
range (2.28–2.52 mm�1) due to the higher MTF values and to the
screen thickness. This behavior is due to the increasing effect of
lateral light spread as screen thickness increase, which induces
image sharpness degradation. Ne shows a tendency to saturate
with increasing air kerma values. The Ne values of CMOS/Gd2O2S:
Tb combination of the previous study show an proportional
increase to air kerma values, in contrast with the current CMOS
sensor, due to the lower air kerma values of RQA M2 beam quality.
At low air kerma values of both CMOS sensors (CMOS/Gd2O2S:Eu
and CMOS/Gd2O2S:Tb) at 28 kVp the Ne values are very close.
Although MTF curves are different the same Ne values are
equivalent with respect to the white noise. Table 2 shows the IC
and Ne values for RQA 5 and W/Rh beam quality.

Fig. 15 shows an initial image of a simple electronic device
obtained from the CMOS/Gd2O2S:Eu sensor screen combination
under the RQA 5 beam quality (obtained at 74 KVp with 21 mm Al
filtration). This image demonstrates, that the use of a CMOS/
Gd2O2S:Eu sensor screen combination may be practically feasible.
4. Conclusion

In the present study the information content of a high resolu-
tion CMOS based imaging sensor combined with custom made
europium activated Gd2O2S screens was investigated in terms of
the information capacity (IC) and the noise equivalent passband
(Ne). Experimental determination of the spatial frequency depen-
dent modulation transfer function (MTF), normalized noise power
spectrum (NNPS), detective quantum efficiency (DQE) and noise
equivalent quanta (NEQ) at 70 and 28 kVp was implemented in
order to assess the single index image information content
parameters. Results showed that the red emitting phosphor/CMOS
sensor combination has comparable image quality parameters
results in terms of MTF, NNPS, DQE and NEQ compared to
previously published data for terbium activated Gd2O2S/CMOS
sensor combinations. The information capacity and the noise
equivalent passband were found with high values suggesting an
acceptable imaging performance in terms of information content
and sharpness. Since the imaging performance of europium
activated Gd2O2S screens, combined to CMOS sensors was found
comparable to that of terbium activated Gd2O2S screens, red
emitting phosphors could be used in digital imaging systems,
where the Si based photodetectors are more sensitive to longer
wavelength ranges, and particularly in the red wavelength range.
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