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Abstract

Purpose: To propose an image quality index, the brightness-sharpness index
(BSI), for assessing the quality of the image produced by phosphors of medical
imaging detectors.

Material and Methods: BSI was evaluated by experimental X-ray lumi-
nescence and modulation transfer function measurements. BSI was determined
for a number of test phosphor screens prepared from Gd,0,8:Tb, La;0,8:Tb,
and Y,0,S:Tb phosphor materials. The screens covered a wide range of coating |
thicknesses from 50 to 150 mg/cm? and measurements were performed for X-
ray tube voltages between 50 and 120 kVp.

Results: Gd;0,S:Tb phosphor exhibited higher brightness and sharpness, as
compared to the other phosphor materials, for all screens and X-ray tube volt-
ages used. Best Gd,0,S:Tb performance was observed for thin screens and
high tube voltages. La,0,S:Tb exhibited higher BSI values than Y,0,S:Tb for
medium and high tube voltages.

Conclusion: Results showed that phosphor materials of high X-ray detection
and X-ray-to-light conversion properties exhibit high BSI values indicating that
BSI may provide a means of phosphor performance evaluation for imaging
applications.
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sity for a given incident X-ray intensity, and the
ability of a scintillator to produce images dis-
playing small anatomic details. XLE is related to
image brightness, to patient dose burden, as well
as to quantum noise, which in turn affects the per-
ceptibility of low contrast structures. The second

In X-ray imaging, scintillators (phosphors) are
used as radiation detectors of medical imaging sys-
tems. Phosphors are usually employed in the form
of fluorescent layers, often called phosphor
screens, deposited on or combined with a light
photon detector (photocathode, photodiode, or

film). X-ray image quality (1, 2, 4, 7) is largely
affected by the performance of phosphors. Per-
formance is assessed by various parameters based
on the following phosphor properties: the X-ray
luminescence efficiency (XLE), expressing the
capability of a scintillator to emit high light inten-

phosphor property is related to image sharpness,
spatial resolution, and contrast in relation to ob-
ject dimensions, which can be estimated by
measuring the edge, point, or line spread functions
(ESE, PSF, LSF) or the modulation transfer func-
tion (MTF) of the imaging system.
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The purpose of the present study was to propose
an image quality index for assessing the quality of
the image produced by phosphors used in X-ray
imaging. This quality index is defined as the
brightness-sharpness index (BSI) expressing both
light intensity and image sharpness of medical im-
ages. Other quality indices currently in use (2, 7)
require a large number of input data and/or
necessitate laborious experimental techniques.

Material and Methods

Theory: The X-ray luminescence efficiency (ng) of
a phosphor screen is a measure of an image recep-
tor’s sensitivity expressing the brightness obtained
in the final image for a given level of patient ex-
posure. XLE is defined (11) as:

No = ¥/¥x (Rel. 1)

where Wy is the light intensity emitted by a screen
when excited by an incident X-ray intensity ¥x.
XLE has been equivalently defined (11) as the
product of three parameters as follows:

No = NencGL (Rel. 2)

where ng is the X-ray detection efficiency, giving
the detection probability of an incident X-ray
quantum, nc is the intrinsic X-ray to light conver-
sion efficiency, expressing the fraction of absorbed
X-ray energy that is converted into light within the
phosphor material, and G is the light trans-
mission efficiency, giving the probability of light
photon transmission and escape from the phos-
phor material. XLE may be considered as a bright-
ness index comparing a real phosphor screen to an
ideal screen with Ngigear=1. Hence Ne/Moidea=No-
The visibility of small anatomic details may be
assessed by the modulation transfer function.
MTF is a curve which expresses the transfer of
contrast through the imaging system as well as the
spatial resolution of an imaging system. However,
to express image sharpness by a single index value
instead of a spatial frequency dependent function
such as the MTF, the noise equivalent passband
(Ne) (4) was used. Ne is defined as the integral of
the MTF squared over the spatial frequency (o)
range and is related to the quality of the image of
an edge (11). Thus:
Ne = 2[[MTFPdo (Rel. 3a)
0
Furthermore, to describe image sharpness and
resolution by an index ranging from 0 to 1, Ne was
divided by Nej4.,; corresponding to the Ne of a
perfect system, i.e. a system with MTF=1. Thus,
the sharpness index Q was defined as:
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Q= (Rel. 3b)
The brightness — sharpness index of a phosphor
screen may then be written as:

BSI = n¢Q (Rel. 4)

Since both nge and Q can express comparisons
of real to ideal phosphor screens, BSI can also be
considered as a parameter that compares the im-
aging performance of a real scintillator to the per-
formance of an ideal scintillator.

Experimental procedures: BSI was experimen-
tally determined as follows:

Screen preparation: Six test screens from each
phosphor  (Gd;0,S:Tb,  La,0,S:Tb, and
Y,0,S8:Tb) were prepared following a sedimen-
tation technique (3, 9, 10). Phosphors were in pow-
der form with mean powder grain size of about 7
pm. A mixture of 2000 ml deionized water and 25
ml Na,SiO; (binding material between grains) was
employed. Screens were prepared with coating
thicknesses ranging from 50 to 150 mg/cm?.

XLE measurements: To determine XLE (1 in
Rel. 4) the light intensity ¥, emitted by each
screen (see Rel. 1) and the incident exposure rate
were measured (3, 5, 10) at 50, 80, 100, and 120
kVp. The light intensity was determined by a
photomultiplier (EMI 9558 QB) coupled to a
Carry 401 electrometer. The exposure rate was
measured by a PTW dosemeter and the exposure
values were converted into X-ray intensity (energy
flux) employing the appropriate exposure to X-ray
energy flux conversion factor (6).

Determination of Q: MTF was measured in or-
der to calculate Ne and Q as required by Rel. 3a
and Rel. 3b, respectively. The MTF of each screen
was determined according to the square wave re-
sponse function (SWRF) method, explicitly de-
scribed in previous studies (1, 3, 10). The phosphor
screens were used in combination with a radio-
graphic film (Agfa Curix Ortho GS), which was
placed in contact with the back side of the screen.
A suitable MTF test object (Nuclear Associates
typ-53) comprising line pairs with spatial frequen-
cies from 0.25 to 10 Ip/mm was placed at the front
side of the screen, which was irradiated by 50, 80,
100, and 120 kVp X-rays. The images of the test
pattern obtained on the films (SWRF images) were
digitized by a Microtec Scanmaker II SP (24 bit
color 1200x 1200 dpi) scanner. The MTF of each
phosphor screen was obtained by using Coltman’s
formula (1, 3, 10), which expresses the MTF in
terms of the SWRE, and taking into consideration
the scanner’s MTEF, as described in previous studies
(3, 10).




BSI OF IMAGING SCINTILLATORS
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Results

Fig. 1 shows the XLEs of all the screens employed
in our experiments, measured at 80 kVp.
Gd,0,S:Tb exhibited higher performance than
La,0,S:Tb for screens up to 120 mg/cm?. On the

80 90 100 110 120 130 140 150

Screen coating thickness (mg/cm’)

other hand, La,0,S:Tb was better than Y,0,S:Tb
for all screens and better than Gd,0,S:Tb for
screens thicker than 120 mg/cm?.

Fig. 2 shows the variation of the sharpness index
Q with increasing screen coating thickness. Q de-
creased rapidly up to 100 mg/cm? and slower there-
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.80 kVp

Fig. 3. Variation of the

0.008 Bnghtne;ss-Sharpness Indexlt BS1

0.007
0.006 f----
0.005
0.004
0.003 }-ien-
0.002

0.001 -

brightness-sharpness index
(BSI) with coating thickness
of Gd,0,8:Tb, La,0,S:Tb,
and Y,0,S:Tb phosphor
screens measured at 80 kVp.

90 100 110

Screen coating thickness (mgf'cm!)

120 130 140 150

0.008 -
0.007 +-

0.006 +-

0.004
0.003 -+~~~

0,002 |-

P
i
"
I
]
i
v
]
v

ceempemenapaaaland

Fig. 4. Variation of the
brightness-sharpness index
(BSI) with X-ray tube voltage
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after. The Gd,0,S:Tb screens performed better
than screens prepared from La,0,S:Tb and
YgOzSZTb.

The variation of the BSI with screen coating
thickness at 80 kVp is presented in Fig. 3.
Gd,0,S:Tb screens showed highest values while
La,0,S:Tb was found better than Y>0,S:Tb. BSI
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decreased with phosphor thickness at a rate de-
pending on the phosphor type. For Gd,0,S:Tb the
decrease rate was very rapid as compared to other
phosphors.

Fig. 4 shows the variation of BSI with X-ray
tube voltage for the 80 mg/cm? phosphor screens.
The BSI of Gd,0,S:Tb showed a minimum value
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at 80 kVp, while the BSIs of the other phosphors
were continuously decreasing.

Discussion

The variation of XLE (brightness index) with
screen coating thickness, shown in Fig. 1, is gov-
erned by the variation of the X-ray detection ef-
ficiency (ng) and the light transmission efficiency
(Gyp) (see Rel. 2). X-ray detection efficiency of a
phosphor screen initially increases with screen
coating thickness but gradually obtains a constant
value. On the other hand, Gy has a tendency to
decrease with phosphor thickness, since the prob-
ability of light scattering or absorption is higher
for thick screens. Thus, in the case of thin screens,
the XLE curves are increasing, mainly affected by
nq. while for screens of medium to high coating
weight, the curves are decreasing due to the influ-
ence of Gy. Gd,0,S:Tb was found the most lumi-
nescent phosphor. This may be explained by the
high density (7.34 g/cm’), high effective atomic
number (Z(Gd)=64), and high intrinsic conversion
efficiency (nc=0.2) of Gd,0,S:Tb (8). These prop-
erties augment the importance of X-ray absorp-
tion and X-ray-to-light conversion processes, re-
sulting in higher light output. However, for screen
thickness larger than 125 mg/cm?, the La,0,S:Tb
screens performed better. This may be explained
by the deeper penetration of X-rays in La;0,S:Tb
than in Gd,0,S:Tb, because of the lower density
and atomic number of La,0,S:Tb. For thick
screens, X-rays will be totally absorbed deeper in
the La,0,S:Tb phosphor screen mass and, thus,
closer to the emitting back side of the screen. This
results in lower light attenuation and higher XLE.

The variation of sharpness index Q with coating
thickness in Fig. 2 may be explained by consider-
ing that light spreads to a greater extent as screen
thickness increases. This results in a PSF
broadening giving lower values of MTF and Q.
However, for thicker screens the probability of op-
tical absorption increases for the laterally directed
optical photons, since they have to travel longer
distances to escape the screen. Thus, only the cen-
tral part of the optical trajectories contributes to
the light output and this reduces the rate of PSF
broadening for screens thicker than 100 mg/cm?.
The superiority of Gd,0,S:Tb sharpness index in
Fig. 2 is due to better MTF because Gd,0,S:Tb
was the most luminescent phosphor, giving high
intensity depiction of the lead-bars test-pattern
spaces and, thus, high contrast SWRF images and
high MTF values. The material density of
Gd,0,S:Tb is higher than those of La;0,S:Tb and
Y»0,S:Tb and, thus, for equal coating thicknesses,

Gd,0,S:Tb screens are thinner. Hence, light
spread is reduced due to isotropic light propa-
gation and scattering within the screen material,
resulting in narrow PSF and better MTF values.
Similar reasoning holds for MTF differences be-
tween La,0,S:Tb and Y,0,S:Tb.

Concerning the variation of BSI with coating
thickness in Fig. 3, it is interesting to note that
although thick phosphor screens, due to higher ngq,
are capable of capturing a larger fraction of the
incoming information carried by the incident
beam, they produce images of lower BSI. This be-
havior may be explained by the decrease in MTF
with coating thickness and by the decrease in XLE
which shows a tendency to decrease at high phos-
phor coatings (see Fig. 1).

The ascending part of the Gd,0,S:Tb curve in
Fig. 4, starting at 80 kVp, could be explained by
considering that the minimum of the X-ray ab-
sorption appears at energies just below 50 keV,
which is the K-absorption edge of gadolinium
(50.2 keV). The 50 keV energy should approxi-
mately correspond to the mean energy of an 80
kVp X-ray spectrum. Similarly, the flat region of
the La,0,S:Tb curve between 50 and 80 kVp
should be due to the influence of the K-absorption
effect of La appearing at 39 keV. The energy of the
Y,0,S:Tb K-edge (17 keV) is lower than the X-ray
energies of our measurements and, hence, it does
not affect the shape of the Y,0,S:Tb curve. Thus,
the BSI of Y,0,S:Tb becomes higher than
La,0,S:Th for tube voltages between 50 and 65
kVp.

In conclusion, BSI data showed that thin phos-
phor screens prepared from high density, high
atomic number, and high intrinsic conversion ef-
ficiency (nc) materials constitute image receptors
with very good combination of brightness, sharp-
ness and resolution. BSI may be employed for se-
lecting best combinations of phosphor type, thick-
ness, and X-ray tube voltage. It is, thus, applicable
to many types of X-ray image detectors including
the recently introduced flat panel detectors for
digital radiography, which consist of a CsLTI
phosphor coupled to an amorphous silicon light
photon detector (12).
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