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Recent advances in the design of photostimulable phogBt&® plates for computed radiography

(CR) systems have made it possible to manufacture plates made of BaFI:Eu phosphor material in
the cassette form. The image quality of this plate, six Baff):Eu plates, and one BaFBr:Eu plate
were evaluated in terms of presampling modulation transfer funéitiF), normalized Wiener
spectra (W§), and detective quantum efficiendDQE). Compared with the best-performing
BaHBr,l):Eu plate, the BaFI:Eu plate provided DQE that was higher, at spatial frequencies of 0.5,
1.0, and 2.0 cycles/mm, by 12¢21.8 versus 19)4 13%(18.8 versus 16)7 and 11%(12.0 versus

10.8, respectively. Since presampling MTF values of the two plates were comparable, the BaFI:Eu
plate’s higher DQE is attributable to total \lfSconversely being lower by 17%8.65

X 1072 (mn?) versus 10.38 10 ° (mn?)], 17%[5.85x 10 ° (mn¥) versus 7.0 10" ° (mn?)],

and 12942.82x 10 ° (mn?) versus 3.1 10 ° (mn¥)] at the specified frequencies, respectively,
primarily due to the contribution of x-ray quantum WSThis jibes with the high x-ray absorption
provided by the 27%-higher x-ray attenuation coefficidiits4 versus 6.07, at 60 Ke\that BaFI

offers over BaF(Bygs,lg.15, a result of the high atomic number of BaFI's exclusively iodine halide
content. The results were consistent with earlier studies of several of these same plates and indicate
that BaFl:Eu is a promising avenue to lower image noise and higher overall CR system image
guality. © 2002 American Association of Physicists in Medicif®OI: 10.1118/1.1462639
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[. INTRODUCTION AND BACKGROUND Structure W§{ increases with irregularities in the plate’s
laser-induced photostimulable luminescen@@SL) emis-
sions, which stem from such conditions as inconsistent thick-
Ress of the PSP layer, lack of PSP layer surface flatness, and
uneven distribution of PSP particles. Luminescence,Ws

Since the debut of computed radiograpi@R) in the early
1980s, several BaFX compounds have been used in the ph
tostimulable phosphdPSB plates of CR systentsthe latest

of which is BaFI:Eu. To ascertain the place of this new BaFXCreases when the PSL, which functions as a signal carrier,

in the array of BaFX PSPs historically used in CR, we ex- L . : . ) .
decreases in intensity, thus lowering the signal-to-noise ratio.

amined this BaFI:Eu plat&konica RP-1$ along with seven . I ) )
other PSP plates that span the generations of CR SystenI?SL intensity is affected by PSP particle size, by the amount

(Table |, including five from Fuji's ST series and one each O? dopant present, and especially by impurities in the PSP

from Kodak (GP-25 and Agfa(MD-10). We evaluated and Material. _ _
compared the sharpness, image noise, and overall image Of greatest interest to the study here is x-ray quantum

quality of the eight plates in terms of presampling modula-/VN- X-ray quantum Wg increases with a decrease in the
tion transfer function(MTF), normalized Wiener spectra IMmage-carying x-ray quanta absorbed by the PSP plate.
(WSy), and detective quantum efficien¢pQE). Given a maximum practical x-ray dose, the x-ray absorption

A brief sketch of the technology and history that led to ©f the PSP plate is the operative factor here, and both the
this study may aid those for whom these are unfamiliar. aAphysical and the chemical natures of the PSP plate come into
CR system’s PSP plate is critical to its x-ray image quality,Play. Physically, x-ray absorption can be raised by increasing
two major aspects of which are sharpness and image noisehosphor layer thickness and/or phosphor particle packing
Image quality can be quantified as DQE, and sharpness arftnsity. However, a phosphor layer can become only so thick
image noise can be quantified as presampling MTF and totdiefore sharpness unacceptably declines, and there are practi-
WS, respectively. Presampling MTF depends chiefly on la-cal limits to how densely phosphor particles can be packed.
ser light scattering in the PSP plate, which, in turn, depend§hemically, x-ray absorption can be raised by selecting a
upon the physical qualities of plate materials and construcPSP material that provides relatively high x-ray attenuation
tion. Total WS, (WS divided by the square of the mean coefficients.

value, and perceived in the image as mothias three com- This final fact explains the attraction of BaFl:E&Vhen
ponents: structure WS luminescence W, and x-ray CR made it's debut in 1982, the original PSP pléteiji's
quantum WS . ST-) was a BaFBr:Eu platd? but in 1988, the BafBr,|):Eu
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TasLE |. Computed radiography PSP plates studied. C. Presampling MTF
PSP plate PSP plate material The presampling MTF of the eight PSP plates were mea-
ST (Fuj) BaFBrEu sured using_ a slit method de\_/elc_)ped by Fujitiaal® This
ST-II (Fuji) BaF (B gs, 0,10 EU method avoids the effects of aliasing on the measured results.
ST-IIN (Fuji) BaF(Br g5, 1019 :Eu The slit test device was madd a 2 mmthick lead piece
ST-VA (Fuji) BaF (Bl gs,lo19:EU with a 60 mm long, 1Qum wide slit. The images of the slit
ST-VN (Fuiji) BaF(Bh.g5.1019:Eu device were acquired using a positioning system to achieve
GP-25(Kodak) BaF(B.go.l0.10:EU . s .
MD-10 (Agfa) BaF(BL eq lo1d- EU reproc.iumble.posnllonmg of the PSP .plaltes and alignment of
RP-1S(Konica) BaFI'Eu the slit opening with respect to the incident x-ray beam. In

the acquisitions, the slit device was separated from the plate
by 10 mm. The exposures were made using a Toshiba DRX-
2903HD x-ray tube wh a 1 mmfocal spot at 80 kVp, 90
plate was introducedFuji's ST-1I1).1? This use of iodine mAs, and a 200 cm source-image distatBi), and had no
allowed iodine’s higher atomic number to increase the X-rayadded filtration. These technique factors provided an incident
attenuation coefficients of the PSP, thus raising x-ray absorexposure of 3.1% 10 ° C/kg (122 mR.
tion, and since that initial application, PSP plates of various The slit assembly and the plate cassette faceplate sepa-
design have employed Bé#t,1):Eu. By extension, the ulti- rated the slit from the plate by 10 mm, resulting in a slit
mate exploitation of iodine in raising x-ray absorption would magnification not great enough to cause appreciable distor-
be a BaFI:Eu(Ref. 2 plate, but this was beyond practical tion. Prior to acquiring images, the slit was carefully aligned
reach until 1998, when obstacles to purity of synthesis anghy means of trial exposures which determined angular posi-
protection from moisture were overcome, and a BaFl:Eu PSHons yielding highest intensities. MTF data was acquired
plate (Konica's RP-1$ was introduced in a cassette CR sys-along the subscan direction with the slit positioned horizon-
tem. tally on each PSP plate. To minimize the effects of slit non-
As a cassette CR system, the ability to perform undeqniformity and optimize line spread functioflSF) sam-
wide-ranging conditions, i.e., with a great variety of tissuepling, the slit was angled 3° from the respective horizontal or
types, is a serious design concern, making very low totayertical.
WS, especially important. Thus, it is highly desirable if low A 120 second delay was maintained between exposure
x-ray quantum Wg can be achieved by way of the high and reading. To read the slit image, a Konica Regius 150
x-ray absorption provided by BaFI:Eu’s significantly higher reader with a pixel size of 87.am was used. This same
x-ray attenuation coefficients. For this reason, the compargeader was used with all eight plates, achieving mechanical
tive study here investigated whether this plate’s DQE, totatompatibility by mounting the GP-25, MD-10, and the ST
WSy, x-ray quantum Wg, and other measures of perfor- series plates on vacant RP-1S plate supports. The absence of
mance were consistent with the gains in x-ray absorptiomny integral plate supports allowed the flexible MD-10 and
promised by BaFI:Eu’'s higher x-ray attenuation coefficients ST series plates to be mounted directly on the vacant RP-1S
plate supports. Because the GP-25 does have an integral
Il. METHODS plate support, however, this plate had to first be peeled from

] ] . o its support, which was done with deliberate care so as not to
Data was obtained regarding bromine and iodine Conte”Hamage the plate.

x-ray attenuation coefficients, presampling MTF, \W&nd

’ After the image was acquired, the image was sampled
DQE through the following methods.

every 0.01 mm to obtain a fine-sampled LSF curve. To re-
A. Bromine and iodine contents move the glare component, the tails of the curve were then

truncated and exponentially extrapolated below 2% relative

. The r.elat|ve bromine and !odlne content.s of the PSPs useI‘Elminance. From the Fourier transform of this extrapolated
in the eight PSP plates studied were obtained through Waves e the presampling MTF was obtained

length dispersive x-rajWDX) spectroscopy.

D. WSy,

B. X-ray attenuation coefficients . . . .
The image noise of the eight PSP plates was compared in

At x-ray photon energies common to radiography, the valterms of total W§ and its three components: structure \VS

ues of the x-ray attenuation coefficientgp, for the BaFX  |uminescence W$, and x-ray quantum W&
materials used in the PSP plate studied were obtained accord- Following Hillen et al,’ total WS, was obtained under

ing to simple additivity radiographic conditions similar to those of an x-ray of the
abdominal region. The resultant use of a single incident ex-
ulp=2 wi(ulp);, (1)  posure, 3.4610 8 C/kg (0.134 mR, placed limits on the

! results, but this exposure was chosen because it simulates a
wherew; is the fraction by weight of theth atomic constitu- common situation in medical radiography.
ent, and the £/p); values are taken from Seltzer and Hub- A Toshiba DRX-2903HD x-ray tube was used at exposure

bell's tables of mass attenuation coefficiehts. conditions of 80 kVp and 1.2 mAs, with an incident expo-
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sure of 3.46& 10 8 C/kg (0.134 mR. Added filtration con- E. DQE
sisted of a 0.5 mm thick Cu plate and a 4.0 mm thick Al pQE, which provided a composite view of sharpness and
plate, and the SID was 200 cm. A Konica Regius 150 readefnage noise, was calculated from presampling MTF and

with a pixel size of 87.5um was again used, and mechanical\yg yalues, using the following equation, based on Hilfen:
compatibility between the reader and the PSP plates was

achieved in the same manner as with MTF measurement. DQE= MTF?(u)
Each plate was uniformly exposed, read with the reader, q(3.46 Ckg 1)[ Total WSy(u)]’
and then subjected to a one-dimensional slit synthesia,hereq is 1.12< 102 photon mnv2C~ kg

method to analyze the resultant flat field image. A sampling To determine thigj value, Seltzer and Hubb&Mere fol-

slit 87.5um wide and 3.15 mm long.e., 136 pixeld was lowed and the x-ray attenuation coefficients were obtained

used to scan 102.4 pixels across the image, and t.he slit da]tg.r the total of the added filtration of 0.5 mm Cu and 4.0 mm
from these samplings was then averaged to obtain 1D dat 1, and the x-ray tube's internal filtration of 2.0 mm Al.

After eliminating the effects of low-frequency nonuniformity Then, following Birch, Marshall, and Ardrahthe x-ray at-

(ie., hee_l effet_jt the resultant pixel data was convert_ed, f'rSt'tenuation coefficient data for the total filtration were applied
to PSL |nten§|ty and then, by means of fast Fou_ner ansy, obtain the attenuated relative kerma spectrum in KeV. At
fprm, to Foun-er spectrum data. Finally, the following €4Ua-increments of 1.0 KeV, the ratio of the attenuated relative
tion was applied: kerma value at each increment to the total of those incremen-
tal values across the kerma spectrum was determined. At
(3.15mm each increment, the corresponding photon-to-kerma-in-air
1024X87.5< 10 3 mm (2) conversion factor was also converted 1 uGy=0.115 mR
from uGyX photori X mm? to mRX photori *xX mn?. The
inverse of this photon-to-kerma-in-air conversion fadia.,
photorx mR™ 1 x mn?) was then multiplied by the earlier de-
termined ratio of relative kerma value to total relative kerma
values. The total of this product for all increments wasdhe
value.

4

WSy(u) = |F(u)[?

where Wg(u) is the normalized Wiener spectrum at a given

spatial frequencyF(u) is Fourier spectrum at a given fre-

quency, 3.15 mm is the slit length, and 10247.5

% 10" 2 mm is the scan length, i.e., the product of pixel num-

ber (1024 and pixel size (87.510 3 mm). Slit length was

divided by scan length in order to normalize the WS data,

and the W{ valugs were confirmed not to depgnd on slit); RESULTS AND DISCUSSION

length. By repeating this 1D process down the image from

top to bottom, and then integrating the \W8ata from each A comparison of the image quality of the eight PSP plates

line, overall WS for the flat field image was obtained. in terms of presampling MTF, W§ and DQE indicated that
To obtain structure WS, each PSP plate was re- the high x-ray attenuation coefficients of BaFIl:Eu succeeded

examined under conditions identical to those under whicHn lowering image noise and raising overall CR system im-

total WS, was obtained, with two exceptions: the tube out-2ge quality.

put was increased to 200 mAs and the incident exposure t8 Bromine and iodine contents

7.74x10 ° C/kg (30.0 mR. These extreme conditions re-

vealed the structure WScomponent of total WS by mini- The relative bromine and iodine contents of the PSPs used
mizing the relative contributions of luminescence \V&hd in the eight PSP plates studied are found in Table I. Notable
x-ray quantum W§. was that the iodine content in the B&F, |):Eu PSP plates

With total WS, and structure W$ now determined, lu- studied were limited to 15 mol % of iodine or legsote
minescence W$and x-ray quantum Wgwere calculated CGP-25's 10 mol % of ioding
by taking advantage of the fact that luminescenceyVisS

equal at all spatial frequencies and by applying the earlie , -
measured presampling MTF values to express x-ray quantunéw' X-ray attenuation coefficients

WS, . Based on Hillerl,the equation used was X-ray attenuation coefficients did rise with the introduc-
tion of iodine, but the gain obtained with B@t, I):Eu was
1 MTF2(u) marginal when compared with the exclusively iodine halide
= content of BaFl:EUFig. 1: the curve for BaF(Bry, |
WSy (aGn) * (an) 3 UFig (Broo, l0.10

is omitted because it would be indistinguishable here from
that of BaF(B§ gs, lg 15 ]. While the x-ray attenuation coeffi-
wherec is the fractional x-ray absorption of the PSP pl&e, cients of the BaBr, I):Eu plates are higher than those of
is the PSL output of the PSP platejs the number of x-ray BaFBr, the x-ray attenuation coefficients of BaFI| are higher
guanta, and where, further, &Gn) expresses luminescence still, and by a substantial margin. For example, at 60 KeV,
WSy and MTF(u)/(an) expresses x-ray quantum WS the x-ray attenuation coefficient of Baf1.54) is 24% higher
By using two sets of data corresponding to spatial frequenthan that of BaF(Bygs,lg 15 (6.07), 27% higher than that
cies of 2.0 cycless/mm and 5.0 cycles/mm, luminescencef BaF(Brqg,lg10 (5.92, and 29% higher than that of
WS, and x-ray quantum Wgwere able to be calculated. = BaFBr(5.83.

Medical Physics, Vol. 29, No. 4, April 2002



595 Nakano et al.: Improved computed radiograpy image quality 595

1.E-03

30 Error: 4%

S0

'?E /Cl BaFI

S

2 BaF (Brys,]o.15)

5 &

g & 1.E-04

£ E

g 2

= =

S 3¢ —_

b= ]

s °

= BaFBr &~ & LE-05

2

=

>

&

b

b

0.3 1 ] | L ] ] | ] ] ] 1 1 | | I | I
1.E-06
30 60 9 120 150 o 12 3 a1 35 6

Photon energy (KeV) Spatial frequency (cycles/mm)

Fic. 1. X-ray absorption coefficients of BaFBr, BaF(g¢,lo 19, and BaFl.  Fic. 3. Total normalized Wiener spectrum (WSof PSP plates evaluated.
X-ray tube set at 80 kVp, with an incident exposure of X4® & C/kg
(0.134 mR and added filtration consisting of a 0.5 mm thick Cu plate and a
4.0 mm thick Al plate.

C. Presampling MTF and sharpness
We found that the presampling MTF curves of the PSP
plates ran closely together, although ST-IlIN’s lower presa|,

mpling MTF was somewhat exceptiondfig. 2). It is not
established that this historically standard range of pre- In terms of total W{, the newer generation PSP plates
sampling MTF curves fully satisfies the diagnostician’s de-fared better than the old€Fig. 3), not surprising in view of
mand for CR image sharpness, although defining a range dfe progress that continues to mark CR technology in gen-
presampling MTF curves that does so would be of considereral. As with our presampling MTF results, the exception
able interest in CR system design. For if the presamplinggain was ST-1IIN, whose low total Y Svas especially evi-
MTF curves of a PSP p|ate need not be raised above a@ent in the viCinity of 2.0 Cycles/mm. Regardless, the basic
acceptable range, then advantage can be taken of the tradetignd toward lower image noise was clear, and of interest to
between greater sharpness and lower image noise to minUr comparative study was that the BaFI:Eu plate, RP-1S,
mize the latter. At any rate, the presampling MTF curves weshowed relatively low total Wgacross all frequencies. For

obtained suggested roughly equivalent sharpness among te¥ample, in comparison with ST-VNwhose DQE would
plates studied. later prove to most closely approximate that of RP;1Be

total WS, of the RP-1S image at 0.5 cycles/mm was 17%
lower [8.65x 10 ° (mn?) versus 10.38 10" % (mn¥)]; at

. WSy and image noise

100 1.0 cycles/mm, it was 17% low§5.85x 10~ ° (mn) versus
Error: 1% 7.03<10°° (mn?)]; and at 2.0 cycles/mm, it was 12%
ST lower [2.82< 10" ° (mn?) versus 3.1% 10 ° (mn¥)].
SOl MD.-10 Because total Wgis the sum of structure WS lumines-

cence W{, and x-ray quantum Wg we examined each of
ST-VN . .
these components in order to determine the source of the

RP-1S .

60 O ST progress we had observed in total \\SThe results we ob-
ST-VA tained and the relationships among these four measures of
GP.25 WS, for each PSP plate are typified by RP-(Sg. 4). For

40f 5 ST-ITIN all eight PSP plates at this incident exposure of 3.46

x 10" 8 C/kg (0.134 mR, structure W§ remained a negli-
gible component of total Wacross the full range of spatial

2017 frequencies examined. Any differences in total \M& ob-

served within this range of spatial frequencies could thus be

ascribed chiefly to one or both of the latter two components.

0 ' , Just as RP-1S’s four measures of \W&xemplify the

0 2 4 6 8 10 minimal influence of structure W they also exemplify the
Spatial frequency (cycles/mm) . ey P .
role of luminescence Wg For all eight PSP plates at this

Fic. 2. Presampling MTF of PSP plates evaluated. X-ray tube set at 80 kVp',n'cfIdent exposure, the_eﬁeCt O_f Iumlnescepcems Sig-

no added filtration. nificant, especially at high spatial frequencies, since lumines-

MTF (%)
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Fic. 6. X-ray quantum Wiener spectrum (\W)Sof PSP plates evaluated.
Fic. 4. Total normalized Wiener spectrum (\WSand its three components X-ray tube set at 80 kVp, with an incident exposure of %46 & Clkg

illustrated by RP-1S. X-ray tube set at 80 kVp, with an incident exposure 0f(9. 134 mR and added filtration consisting of a 0.5 mm thick Cu plate and a
3.46x 1078 C/kg (0.134 mR and added filtration consisting of a 0.5 MM 4.0 mm thick Al plate.

thick Cu plate and a 4.0 mm thick Al plate.

cence WS does not diminish with spatial frequency. But and the ST-VN plates were both among the cIu.ster of four
even for the older PSP plates, luminescence,Vd&l not PSP plates whose IumlnescenceW\‘Pﬂs lowest. Slnce only
account for half of total W$ until approaching a spatial ©n€ component of total WSremained to be examined, the
frequency of 3.0 cycles/mrtFig. 4), and in the spatial fre- root of the d|ﬁere_nces in total V\L_Sbetween RP-1S and
quency range of 0.5 to 2.0 cycles/mm, the luminescence I- VN would predictably be found in that component: x-ray
WS, of all eight PSP plates was a significant, but clearlyduantum Wg. _

secondary, component of total WSTo continue the earlier ~ Whereas, in the spatial frequency range of 0.5 to 2.0
comparison with ST-VN, the luminescence W®f the cycles/mm, structure Wewas negligible and luminescence
RP-1S image was again somewhat lowfeig. 5); across the WSy Was secondary, x-ray quantum Yy$groved to be the
range of spatial frequencies, it was 9% IowEr.37 primary component of total Wgin all eight plateqFig. 6).

X 10°® (mm?) versus 8.1%10°% (mn?)], but the RP-1S Once again, the only unusual finding involved ST—IIIN,
whose low x-ray quantum WgSwas predictable on the basis

of its low total WS, but was also at odds with the compara-
LE-04 tively low x-ray attenuation coefficients of its PSP,
Error: +4% BaF(Br gs, | 19). Just as for ST-1IIN’s presampling MTF, we
cannot account for this, but we discovered no other puzzling

ST-IIT o—\ /A ST-I results, RP-1S exhibited very low x-ray quantum \W&nd

in continuing the comparison with ST-VN, we found that the
x-ray quantum W§ of the RP-1S image at 0.5 cycles/mm

GP25@~\ ¢ MD.-10 was 18% lower [7.68x10 ° (mm?) versus 9.41
oo ~ *+—o X 107° (mm?)]; at 1.0 cycles/mm, it was 19% lowé4.92
LE-05- -8 : X107° (mm?) versus 6.0%10°° (mn?)]; and at 2.0
cycles/mm, it was 15% lowef1.93x 10 ° (mn?) versus
—A ST-VN 2.26x10°° (mn?)]. This not only jibed with the prediction
that their differences in total WSmight be traced to differ-
ences in x-ray quantum WS but was also consistent with
the higher x-ray absorption provided by BaFl:Eu’'s higher
x-ray attenuation coefficients.

)

ST-VA

ST-IIIN

Luminescence WSy (mm?)

] ] ] L !
0 1 2 3 4 5 6
Spatial frequency (cycles/mm)

1.E-06

E. DQE and overall image quality

Fic. 5. Luminescence normalized Wiener spectrum (JV6f PSP plates T . . .
evaluated. X-ray tube set at 80 kVp, with an incident exposure of 3.46 Our DQE flndlngs(Flg. 7 confirmed a roth’ Inverse

%1078 C/kg (0.134 mR and added filtration consisting of a 0.5 mm thick CorreSpondence_bet\’_"een toFaI W&d DQE. That the cor-
Cu plate and a 4.0 mm thick Al plate. respondence exists is consistent with the fact that the pre-
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25 (3) Further, that since the effects of structure W& the
Error: £5% .
exposure levels evaluated were negligible, and those of
luminescence Wgwere secondary, this lower total WS
was attributable to lower x-ray quantum WS

(4) That, although we did not directly investigate the mecha-
nism, the BaFIl:Eu PSP plate’s lower x-ray quantumyVS
is most plausibly explained by the higher x-ray absorp-
tion furnished by the higher x-ray attenuation coeffi-
cients that are gained from the exclusively iodine halide
content of BaFI:Eu.

(5) That, in conclusion, the selection of a PSP plate material
possessing high x-ray attenuation coefficients, such as
BaFl:Eu, is a promising avenue to lower image noise
and higher overall CR system image quality.

20

15} ¢

DQE (%)

0 1 2 3 4 5 -6
Spatial frequency (cycles/mm)

Fic. 7. DQE of PSP plates evaluated, calculated from presampling MTF amACKNOWLEDGMENTS
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