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The experimental X-ray sensitive PbO Vidicon
tube ; before deposition of PbO on a face plate
(upper), and after seal off (lower).
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evaporation; G, is held back to allow deposition
of PbO on face plate, and (b) after evaporation.
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output of the Vidicon (lower). (a) By new eva-
poration process, (b) by usual process.
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Comparison of X-ray television systems.
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TRULCATICK miRC.4S IN CALCULATILG THz LTF CF RADICGRAPHIC

SCREEN-FILs SYSTEMS FiCH THe LILL SPREAD FURCTICL®

Kunio Doi,D.Sc.,ahenneth Strubler, ...5.,and Kurt RossmanpPhD.

Department of Radiology, The University of Chicazo,and the

Argonne Cancer Research Hospital(operated by the University
of Chicago for the United States Atomic Energy Commission),
Chicago, Illinois 60637.

INTRODUCTION

The modulation transfer function(MTF)has become a frequently
used tool in assessing the optical characteristics of medical
radiographic screen-film systems. It is,therefore, important to
m%bure it as accurately as possible. The MTF of screenfilm
systems is often calculated from the line spread function(LSI)
which is measured from slit exposures(l-3). Although the LSF may
have an infinite gpatial extent, it is usually measured to
approximately 0.0l of its maximum value for experimental reasons
This in effect truncates the LSF and introduces oscillating
perturbations in the MTF, thereby limiting its accuracy(4).

It is the purpose of this study to investigate what effect
truncating the LSF has on the computed MIF. The results are
derived in three ways. First, a theoretical aralysis to estimate
the error due to truncatian is descrited; second, experimental
results in typical screen-film systems are shown; and finally,

a correction procedure involving extrapolation methods is
developed.

THEORETICAL ESTIMATION OF TRUNCATION wmRRURS

Let r(x) be the LSF of the screen-film systew. This is the
effective exposure distribution in the,image of a nerrow slit
with an x-ray input of unit intensity.” For simplicity, two
assumptions are made: (1) the L3F is symmetric, that is, Pl =
¥(-x), and (2) the LSF is non-negative, that is, y{x)2C. These
conditions are usually satisfied in screen-film systems but are
not necessarily satisfied in some other imaging elements in
radiography, e.g., the focal spots of XL-ray tubes.

In practice, truncation of the spread function occurs at
some distance d from the LSF center. This correspondg to a
truncation level relative to the maximum of the LSF, which
shall be called simply the truncation t. The "truncated' LSF,
Ir(x), and the "tail" L3F, re(x), are then defined by

Yr(x) = rix; ixl=< ¢
= B jx1>d (1)
and
Yelx) = rix) ix|>d
=0 (X]<d (2)



respectively, where r(d) = t+r(C) is defined. The truncated
LSF is obtained experimentally, but the tail LUF, which ds
large in spatial extent and small in msgnitude, is not
ordinarily observed. .roxz eags. (1) and (2), the "true' LS5F is
described by '

r(x) = r.r(x) + I‘E(x). (3

Fourier transfor:mation of both sides of eq. (3) results in

R(u) = Re(u) + Relu), (4)
where the Fourier transformation is defined by
o
u) =‘5r(x)exp(-2niux)dx, (5)

The WTF of the screen-film system is then given by R(u)/k(o).

The deviation of the MIF, &R, which is the difference
between the "truncated" and the "true' 1F, is the truncation
error is given by

ag o Brlw)  R(u) . (6)
® = Ro(0) =(c)

lote that division by Rr(o) and R(c) is necessary for normali-
zation of the respective iLTF's.

Substituting eq. (4) for Rq(u) and rearranging eq. (6),
the truncation error becomes

Re(o) [R(u)  Re(uw) (7)
RT(o) LR(o) Relo) " ¢
Since |R(u)/R(0)| 1.0 and [Rglu)/Rglo)| < 1.C are satisfied by
the assumption of a non-negative LSF, the oscillating term in
eq. (7) is bounded by

Ru) Rg(u)
R(Oj - RE(O
An upper bound of the truncation error ARup can therefore be
defined from eq. (7) by

2Relo)

R1lo

25 r(x)dax/ | r(x)dx, (9)
d 0

LR =

2 > . (6)

& RUB

where aRup >AR.

Dased on eqs. (7)and (9), certain characteristics of the
truncation error can be predicted. It is known that the INTF,
R(u)/R(0), is a ronotonically decreasing function. The MIF,
Rg(u)/Rgo), however, is suvposedly an intensely oscillating
function with positive and negative values. From eq. (P
therefore, it is expected that at low spatial frequencies the
MTF deviation is rostly a positive oscillation, while at higher
frequencies both positive and negative values occur. This



general behavior indicates that the maximum deviation occurs at
low spatial frequencies.

Eg. (9) shows thazt the truncation error is related to the
area of the tail portion of the L3F, i.e., the portion that is
not usually measured. This indicates thst a significant effect
may be involved in computing the MTF from an experimentally
obtained L5F. Even if the truncation for the LOF is small, it
is possible that the area under the unknown tail portion is
large and, therefore, results in creater error in the 117,

For a more detailed dalysis of the truncation error, t:e
upper bound deviations in eq. (9) are calculated by using
simple analytic functions for the LST. zxponential, Lorentzian,
and Gaussian distributions are used to approximate the LSF. The
calculated results are listed in Table 1 and shown in Fig.l.
The Gaussian distribution gives the smallest deviation of the
three. This is to be expected since it is the mest rapidly
decreasing function., The Lorentzian distribution, however,
gives a large deviation which becomes G.13%f at a truncation
level of 0.01. The exponential distribution gives an inter-
mediate deviation. Since both the LIF and IMiF of screen-film
systems can be approximated by an exponential distribution €5,
6), the analytic results indicate that there may be substantial
truncation errors in evaluating MIF's of radiographic systems.

The actual deviation of the MTF cannot, in general, be
calculated easily. The upper bound deviation defined by eq.
(9) is, therefore, a convenient tool to estimate the truncation
error because of its simple relationship to the L3F. The upper
bpund deviation is,however, a conservative measure in the sense
that it is always greater than the actual deviation. It is )
therefore, compared with the actual maximum deviation of a
function which is easily computed to determine the difference
between the two. For the exponential LSF in Table 1, the
deviation of the MTF in eq. (6) is calculated as

DR = T [Ii_uf - ﬁ- cos(TUD) ], (10;

where U = 27u/c, T = -1nt and & = tan”| U are used. The maximum
value of eq. (10) as a parameter of the truncation t is deter-
mined numerically by using a digital computer. The comparison
between the upper bound and the maximum deviation of the HTT is
shown in Fig. 2. The differfnice decreases as the truncation
assumes smaller values. For the region encountered in practical
MTF calculations (t~0.01), this comparison indicates that the
upper bound deviation can be used to evaluate the truncation
error.

EXPERIMENTAL RESULTS

In practice, it is convenient to work with the L3F normal=-
ized to unity at the center of the LEF. TFor simplicity,
therefore, all subsequent uses of the term LJF will refer to
the function normalized in this manner.
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To determine thne truncation error in & screen-film systeun,
the 51it method for measuring the LOF was extended to permit
evaluation of the LSF to less than C.CCULl of its maximum value.

a Lof was obtaired by using a nmultiple exposure technigue by
which five parts of the LJF were indeperndently meas.red from

five line images corresponding to different maximum densities.
The entire LUF was then coinpleted by connectin; these partial
L5F's. 1he validity of making these connections was examined

by checking that the ratio of two wartiasl L5F's in each over-
lapped region was aliost constant. ~“he multiple exposure
technique was employed because the toe and shoulder regions of
the characteristic curve cannot ve used for precise neagurenents.

The a-rzy tule voltage used was 8C <VP. The slit auvparatus
(10 pm width) has been described in a previous pzper (7). The
processed slit irzages were converted to the effective exposure
distribution by using the characteristic curve of the screen-
film system measured by an i-ray sensitoreter (8)., The screen-
film systezs examined are denoted as the F system (Radelin TF-2
X ray Intensifying Screens with Kodak 3lue 3rand ledical X-ray
Film), the M system (Dupont Par-Speed X-ray Intensifying Screens
with Kodak Royal Blue lMedical X-ray Film), and the 5 system
(Dupont Detail X-ray Intensifying Screens with Kodak oyal Blue
Fedical X-ray Film).

The LJF's of the three screen-filu systems are shown in Fig.
3. 'ihe high exposures for obtaining the longer t:ril region were
3.9, 7.9, SC and 15C times larger than the lowest exposure used
for the central rart of the LSF in the system. The exposure
factors for the M system were 6.4, 11, 49 and 250, and those for
the § system were 4.9, 4.8, 32 and 122. 1In the F s:stem, the
overlapped regions and the vpercent maxinun deviations of the
ratics for the two sdjacent exrosures were 10C-20C microns (1.5%)
for 1 X and 3.9, 25C-450 microns (1.8%) for 3.9X zand 7.9X,5C0-
€00 umicrons (5.9%) for 7.9%i and SOX, and 1,C00-1,400 microns
(4.8%) for 50X =nd 150X.

The high exposure conditions necessary to evaluate the LSF
tail to very low levels introdiced several possible sources of
error., X-ray transmission through the slit jaws, as well as
scattcred radiation, may contribute to the seasured LSF. The
effects were examined irdependently.

The slit jaws =re 2mr thick and made of a 75#% platinum-25%
iridfum alloy. Therefore, the penetration for monoenergetic
A-rays cf about 8C kV is cmlculated to be 4.5x1C75, ignoring the
atsorption discontinuity rear this energy. asctual peretration,
of course, will ue several orders of magnitude less for hetero-
geneous radiation. The scattered radiation from the slit was
recorded by placing the ed_ e of the screen-fila systen away from
the slit. Io appreciatle scatterecd radiaticn was observed.

The erd effect, which is an error caused by the finite
lergth of the slit, was also considered as a possible souce of
error in measuring an extremely wide L3F. The deviation of the
Lo neasurenent was theoreticzlly calculated by using the
Lorentzian LiF, ‘he relative error was under 2.5% for the 18mm
long slit within & distance of 2 wnr fro:w the center of the LSF.



The highest exposures for obtaining the longest tail
Ay

portions of the LiF's were made intermittently because of the
capacity limits of the X-rzy tube. The possibility of the inter-
mittent exposures affecting the characteristic curve of the
screen-film system was exarnined. The results showed that there
were no changes in curve shape within experimental error.

It was concluded that the errors caused by X-ray penetration,
scattered radiation, end effect and intermittent exposures do not
seriously affect the LSF measurements involved in this study.

The L3F's in Fig. 3 were truncated at several positions. The
corresponding MTF's were then calculated. Aliasing errors which
are caused by the digital Fourier transformation of discrete LSF
data were confirmed to be negligible in these calculations. LSF

o

sampling distances were 3,125 Mm in the 5 system and 6.25 pm in
the F and M systems. The results for the F system are shown in
Fig. 4. The MTF with t = 0.00033 reduces the perturbing
oscillations to a negligible level, but the MTF with t = 0,085
shows excessively large oscjllations. The HNIF with t = 0.0094,
which nearly corresponds to)routine czlculation in this )
laboratory, is approximately equal to the LTF with t = 0.0C033
except in the low spatial frequency region; the difference
appears small particularly when the entire HTF is plotted on
linear graph paper. The deviations of the truncated iITF's from
the true MTF are shown in Fig. 5 by regarding the true ITF as
that calculated from the LSF with t = 0.00033. The maximum
deviations occur at low spatial frequencies; this agrees with
the theoretical prediction. It was also found that the envelopes
of the truncation errors were nearly proportional to the HMTF.
This shows roughly that the relative deviations are almost
constant over the entire spatial frequency range.

The maximum deviations of the MTF as a function of the
truncation are shown in Fig. 6 for the three screen-film systems.
Based on these curves the LSF's of the three systems should in
some way be intermediate to the exponential and Lorentzian
distributions. It should be stressed that the observed maximumn
deviations are quite large and range from 0.04 to 0.07 at the
truncation level normally used in practice (t~C.01).

Figure 7 shows the MTF of the tail LiT below t = 0.0094 in
the F system. The MTF is an intemnsely oscillating function.
This also agrees with the iritial supposition. Furthermore, the
envelope of this HTF is a more slowly descreasing function than
the true ITF.

The true HTF's of the three screen-film systems are shown
in Fig. 8, where the term "true'" is used for the lowest trunca=-
tions available in calculating the TF's. Any resulting
oscillations would be small compared with the precision (£3%)
of the experiment (7). TNote that in the low spatial freguencies
near the zero point the MTF's in Fig. & are steeper than the
MTF's measured previously (7).

CORRECTION PROCuDURE FOR TRULCATIUL =Rl
It is apprent that pne method of decreasing the truncation



error is to measure the tail L3F as low as rossible. This,
however, is guite tedious and uay, therefore, be impradtical--
particularly in routine MTF measurements. Another method of
reducing the truncation error is to modify the Fourier trans-
formation program in the computer, This is done by utilizing
prior information about the tail LSF. 4 curve approximating
the tail region can be obtained by extrapolating the truncated
LSF. The Fourier transformation can then be made for both the
truncated and tail LSF's., This would reduce the truncation
error, because the area difference between the true LSF and the
LSF to be calculated would be much smaller than without the
extrapolation, and according to eg. (9), the uppe’’ bound
deviation is directly related to the area.

If the tail LSF is given by the following exponential
approximation as

a exp(-b|x]) (xi > d (11)
=0 jxl < d,

=

then the Fourier transformation is derived as

& _ y €08.\2xud¢ )
Re(u) = 2a exp(—bd)(ﬁﬁ?—r y (12)

where ¢ = tan™ (27u/b). Since the tail LZF in eq. (11) is
extrapolated frow the tranczted LUF which is directly obtained
by experiment, the constants a and b can be determined by
assuming that the exponential curve goes through the two points
(x¢y t,) and (x,, tz2) on the truncated L3F. The point (x,, t;)
is the final point of the truncated LSF, i.e., x5 = d and ta=1,
where ta equals the truncation value. The other point (x,, t.)
is somewhat arbitrary but car be decided experimentally from
the condition by which the truncation is corrected best. By
using b = 1n (% /t2)/(x,-x,) and tz = a exp (-bxz2), the Fourier
transformation (F.T.) with the correction can be written as

- - tacos (2mux, + )
— _(I'-T- Of}LDI‘) + W ,

(area of - LSF) ¢+ (t,/b )

where the Fourier transformation is applied to only one half of
the LSF because of the LSF symregry,

Fig. 9 shows the result corrected by this method. The
deviations of the NMTF's with and without the correction are
shown in the S system at t = 0.01l. The maximum deviation
without the correction, which is (.071, decreases to 0.022 with
correction. The correction procedures were examined by using
Xy equal to 1/2, 2/3, or 5/€ of x;. arong these fractions, the
condition x, = 5x3/€ resulted in the btest correction, although
the others gave nearly the same results. A similar result in

the F system is shown iy Figz, 16. TFor this system the best
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correction was made by x, = 2xa,/3at t = 0.05. The maximum
deviation is decreased from 0.132¢ to 0.C31 by the correction.

If the maximum deviations are evaluated by the equivalent
truncations using Fig. £, these maximum deviations with the
correction procedure for the S and F systems correspond to
approximately 0,C017 and 0.0C7 of the truncations, respectively.
These results show that the correction pr&@ure works well in
decreasing the deviation of the !TF. The resulting deviation
corresponds to a truncation level several times smaller than the
actual truncation without the correction.

DISCUSSION AND CChCLUCICK

The upper bound deviation of the WIF was introduced as a
criterion for evaluating the truncation error from theoretical
considerations. If LS5F's of screen-film systems were similar
to Gaussian distributions, little error would be introduced
into the computed NTF by measuring the L3GF to 1 or 2w of its
maximum (Fig. 1). However, perturbing oscillations are evident
at these truncation levels since the spread functions of
radiographic systems zre more nearly exponential and Lorentzian
in character.

The correction procedure described above is a useful
method for reducing truncation effects. However, the ~eneral
nature of the sweeping tails exhibited in radiographic spread
functions may not always or entirely be exponential. Different
screen—film combinations may show LSF's with tails characteristic
of either exponential or Lorentzian distributions. Therefore,
while the exponential extrapolation srocedure is an effective
mezns for correcting truncation errors, other functions may be
uvsed which are evén more effective.

To redure or eliminate the truncation error, then, =t
least two methods are applicable. Cne is to measure the LST
below 0.01 until the truncation error becomes negligible. This,
however, requires tedious measurements. The other is to employ
the correction procedure discussed in this investigation. Cnly
a simple modification of the computer program used in calculat-
ing the Fourier transformation is required. Finally, it is
concluded that one of the two methods or a combination of
them should be applied hereafter for measuring the KTF of a
screen-film system accurately.
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CAPTIONS

Table 1. Upper bound deviations of LTF's calculated for
three aprroximated LS5F's.

Fig. 1. Truncation errors =sxpressed by upper bound
deviatiors of i.T¥'s calculated for three a;proximated LS5F's.

+ 2 Jomparison of upper vound and maximum deviations of
for an exponential L:iF.

Fig
the «.TF

Fig. 3. LZF's of three screen-film s;stems: © system ( TF-
2, Blue Etrand), i system ( Far Speed, Royal Elue) and 3 system

( Detail, soyz2l Zlue).

=; B =



Fig. 4. NIF's calculated from truncated L37's for the F
system (7F-2, Blue Brand).

Fig. 5. '"True" MTF and truncation errors in the F systenm
(TF-2, Blue Brand). Dotted portions show negative values for
t = 0,085,

Fig. 6. Maximum deviations of MTF's in three screen-film
systems: F system ( TF-2, Blue Brand), M system ( par Speed,
Royal Blue) and S sysfem ( Detail, Royal Blue).

Fig. 7. MTF of the tail LSF below t = 0.0094 in the F system
( TF-2, Blue Brand). Dashed portions show negative values.

Fig. 8. "TRue'" MTF's of three screen-film systems: F system
( TF-2, Blue Brand), M system (Par Speed, Royal Blue) and 5
system ( Detail, Royal Blue).

Fig. 9. Comparison of deviations of the MTF with and
without correction in the S system ( Detail, Royal Blue) at
+ = 0.0,

Fig. 10, Comparison of deviations of the MNTF with and
without correction in the F system ( TF-2, Blue Brand) at 1=C.CS.

ABSTRACT

The .computed MTF of a radiographic screen-film system may
exibit erroneus oscillations resulting from the necessary
truncation of the measured line spread function. The slit method
was extended to permit evaluation of the L3F to approximately
0.001 of its maximum value. This reduces the KIT oscillations
to a negligible level. The maximum [MTF deviation was determined
as a function of the truncation. Resultsshow that for LSF's
measured in the usual manner (0.01 truncation) the maxumum MTF
deviation is from 0.04 to ©.07, depending on the screen-film
Bystem. A theoretical analysis to estimate the error due to
truncation is described, and a correction procedure is developed.

FOOTNOTES

lSupported in part by USPHS Grant No. GM15806-01Al.
On leave from Kyokko Research Laboratories, Dai Nippon Toryo
Company, Ltd., Chigasaki, Japan.

3This definition of the LSF includes both en%éy conversion
and pptical diffusion properties of the system. The MTF is then
defined by the Fourier transformation of the LSF divided by its
area. In the literature, however, the LSF iS sometimes defined
differently, i.e., only in terms of the optical diffusion o
Property of the system. In this case the area under the L8: is

mormalized to unity, and the MTTF is given directly by the Fourier



transformation of the LSF.
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Truncation error, lodulation transfer function.

Line spread
function, Screen-film system,
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