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wH22-2 IN RADIOLOGY 1969, Tokyo

Suguru Uchida

Department of Applied Physics
Faculty of Engineering, Miyazaki University
Japan :

1. Introduction:

During the course of research into a problem on a certain dimension, we often encounter
difficulties seeming to be unsolvable. Of the various techniques available in this case, the changing of
the dimension is an effective one. This method consists in shifting a problem difficult to solve on
dimension A to dimension B. The results may be expressed in terms of dimension B, or converted
into- dimension A. The present study proposes to apply Fourier analysis to the changing of
dimension. Fourier analysis, the foundation of the applied science, plays an important part in the
imnformation theory. It was introduced secondarily into the computation of the information volume in
the continuity system. This is due to the fact that the wide-ranged study of linear phenomenon is
remarkably simplified by the application of Fourier analysis. The information theory traces its origin
to the statistical study of the wave-form of noise made by Carson in 1922; it was developed to the
present level of the theory by Hartley in 1928, and completed by Shannon in 1948. A Frenchman
mamed Duffieux in Besancon, a small university town of France, published in 1946 a book entitled:
“An application of Fourier Analysis to Optical Science.”

Up to then, the theory of image formation of the optical science had discussed the relationship
between the object and its image in terms of the intensity distribution on the spatial co-ordinates.
However, in his study, the intensity distributions of the object and its image are expressed
respectively in terms of their spatial frequency characteristics by means of Fourier analysis, and the
image formation of the optical science is treated in the domain of the spatial frequency.

This suggests one of the analytical methods of the problem through changing the dimension as
the author of this report stated at the outset. Spatial frequency characteristics of the intensity
distribution of light emanating from an object means the contrast obtained by analysing the intensity
distribution of the light of objects into sine wave forms of various spatial frequencies. The spatial
frequency characteristics which indicate the image-forms of these through optical system are the
Modulation Transfer Function (MTF). It may, therefore, be said that the theory of the MTF, now in
great vogue, was originated in France.

"It is in 1954 that the information theory was first introduced in this country and the
application of the MTF using the technique of Fourier analysis, to the study of optics, particularly to
the efficiency of lenses started in 1956. Partly due to the greatly developed camera industry, the
achievements made in this field rank among the first in the world, and the progress in industrial
wmpplication of this theory, in particular, has outpaced all other nations. Introduction of the
information theory to radiology of this country began in 1958 and that of Fourier analysis in 1963.
Stimulated by the vigorous development of researches in the field of optical science, the progress of
radiological studies in the period following the introduction of these was truly remarkable. The group
of Japanese radiologists working in conjunction with the Research Instituie of Radiation Image
Information now maintain close liaison with such reputable socicties as Schober’s in Europe and
Rossmann’s in the United States, and their findings are evaluated as the first rate.

The technique of Fourier analysis is introduced into the evaluation of the sharpness of radiation
images in the form of MTF and into the evaluation of film graininess in the form of Wiener
Dectrum. The subject of this report is an analysis in the domain of spatial frequency, of the optimal
magnification ratio of enlargement radiography and the dosimetry, which are the recurring topics of
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today’s radiography and measurement in their relations to the MTF.
2. Modulation Transfer Function
To begin with, if

i(B.T)=fmfmﬁ(z,y)ezp("j2!r{vx+ Ty)) dady e m
then
Az, y) =f f Bl t) expl j2 mlywxd ty)) dudp:oreesess ettt (2)

follows, only provided that

f_wfml'h(z.yﬂd.rdy.fmf:fﬂ(,,..r)ldyd,. ...................................................................................... A

is absolutely integrable.
The “ of A(v, 7) as used in the foregoing indicates the Four!er transform of the A(x, y).

In case the illumination of an object is incoherent, the MTF can be defined as the Fourier
transform of the point spread function. The Fourier transform in this case may be expressed as

follows:

;I(v,t)=fwfwh(x.y}exp(—j2z(ux+ ty)) dxdy
=H (v, 0)—jH: (v, 1)

=lhlv. o) expl — j&( v, 1) ............................................ (1
0= [ [ Ky cosluxt egidudy e SO TS ()
B M T .- ib »
IRGw, 1Y | =/ T v a) F FIF Uy 1) o risusonsorssssnssassonsioncionstssssnsnsnisnnsonssnsssnsssns aont senasse bpsasesavsns sonnanssanass 7
&y, 1)=tan"? ﬁ:g:' 1’) ............. N eE e E e e e s ra s s e e e rera s e s YR SR b ah s edm e seeamaseenrnsennrsesanrenees (8)

h{(x, y): Point spread function

v, T Spatial frequencies in the direction of x axis and y axis
h (v,7): Modulation transfer function

8 (v¥r): Phase

However, when both » and 7 equal to 0 | (v, )| and 8(», 7) are normalized to equal
respectively to I and 0. Since 4 (v, 7) is generally the complex function of the spatial frequency », 7.
it is appropriate to present clearly its absolute value Vi(v, 7)] and the phase &(v, 7) in order to
indicate it.

Assuming the intensity distribution of lhe light of the object at Xx', »"), O(x], ') is an
assemblage of points, and the points at x" and y" are distributed at x and y on the image plane as the
point image of h(x-x', y— y) Accordingly, the image i(x, y) of the object is represented by the
convolution integral of O(x', ¥') and A(x, y). That is to say,

l(:_g):‘[ ‘[ o{x.y VA( r—x.y“y)dx dy ................................................................................. (9



Even if the point spread function A(x, y), which is the image forming characteristic of the optics
system, is already known, it is difficult to obtain the image i(x, y) from the 0{x’, ') of a given
object, and generally it is the numerical integral of Equation (%) mentioned above. This is due to the
relationship between the object and the image being discussed in terms of the intensity distribution
snd this is the weakness inherent-fa the optical wave-form image formation theory. Transformed by
means of Fourier analysis, Equation (9) is represented as follows:
ilw, r)=f"f ol .y Vala—z.y—y )expl — j2al vzt ry)) dr dxdy dy

= 8w, 7] Ry g)reerre e A e e e e

In other words, the spatial frequency characteristics / (v, 7) of the image are represented by the
simple product of the spatial frequency characteristics of the object, Oy, 7), and those of the point
image Ay, 7). The Ay, 7) is a function determined by the optical system, and when it is already
known, the {(», 7) can be obtained from d(v, 1) and vice versa. Now, assuming that the i(v,' ) and
A(v, 1) are already known, in order to calculate o(x, ) from 8{v, 1), inverse Fourier transform of &{v,
7}, that is to say

8(1.5‘) =[°°[‘“ a( v,t) exp(j?.h‘( vet ry)) Gudp e s s ss e an

will be made. Thus the Fourier's theory of image formation is proved to be right.
3. Modulation Transfer Function of Radiographical System

Generally speaking, factors causing blurs in radiographical system are as follows: in the case of
direct radiography, they are the focus of the X-ray tube, the scattered radiations from the object, the
intensifying screen, the film and the naked human eyes; in the case of indirect radiography, the
fluorescent screen, the lense, and the mirror; and in the case of fluoroscopy, the fluorescent screen,
the image amplifier and the television. In addition, the movements of the radiographical equipment or
the object also cause blurs. As means for diminishing blurs, there are grids and a collimater. These
Blurs are indicated on the vertical axis by such different measures 25 the intensity of X-rays or lights.
The unitary evaluation measure has been used in these systems and the uniformity of the measure
facilitates the expression of individual blurs and the comparison of blurs within a given element, but
it is difficult to synthesize as a whole. On the other hand when they are viewed in terms of spatial
frequency, individual blurs can be indicated by a single measure and at the same lime the synthesis of
blurs caused by heterogeneous elements. In radiography, the spatial frequency characteristics of an
object are perceived as the final image created through, as described above, blurs of many different
spatial frequency characteristics. Accordingly, it is necessary for an effective radiographical system to
have the blurs of different spatial frequency characteristics well balanced. One must bear in mind the
fact that some of the elements of blurs have the non-linear image transmission system. For instance,
in the case of films, the MTF should be calculated after the blackening rate was converted into
effective exposure by means of such conversion characteristics as the characteristics curve.

Let us review the basic elements of radiographical system, that is, the source of rays, the
object, and the receptor system. The distribution on the image plane of penetration rates of the rays
through 2 plane object from the point source is set 3t ({x, ¥2) on the co-ordinate of the plane of
the object, the point spread functions of the focus and the receptor system on the image plane are
sel at f{xy, ¥;) and i{x, ¥) on their respective co-ordinate. The intensity distribution 2(x, y) of the
final image on the image plane is represented by the following convolution integral.

,-f,‘y):f_f o( s w2 ) fU = 22 yr = ga) il 2= 20, g ) daadrydygdyy oo 19
When the above is transformed according to Fourier analysis with regard to x and p, it becomes
U T TR T T 2

Each of the spatial frequency characteristics of Equation (13) above is that registered on the
image plane. If the distance between the focus and the plane object is designated asry, that between
§1e plane object and the image plane as ry, the magniﬁcaiian ratio 1 of the focus is ry/r; and the
énlargement of the object is (7;+7;3)/ry. In other words, when m is used, it becomes m + 1.

= g



Accordingly, if the point spread fun-c!:ons of the actual dimensions on respective co-ordinafe are
designated as f_(x;, y;) and Oolx;, y;), the fv, 7) and a(v, 1) of Equation (13), they arq
represcnted by the Fourier transform of

S =t (5 2) otemsd=e (27 27)

respectively. These relationships pose interesting questions to the enlargement radiography. This is the
question of the optimal magnification ratio enlargemznt radiography. In order to simplify tie
calculation, Equation (13) is treated on a simple dimension and when considered on the spati.!
frequency axis of the image plane, it becomes as follows:

E(L,):jo[mv:ao ( m_}_])v)f(y) ................................................................................................... {1
I (m + v is equated to », and Equation (14) is viewed on the spatial frequency axis of the
object plane, it becomes

3 bad=fi (m :I, _! h) 8. u)E (_m_:?-"i ) ................................................ R S T s

As Equation (15) shows, if the enlargement magnification ratio m is increased, the spatial
frequency characteristics of the focus 7, (—— = j vo) moves down toward the low frequency side and
the spatial frequency characteristics of the rcccpmr system ( Y2} moves up toward the high
frequency side. This suggests that as the blur of the focus becomes larger, the object also bzcomes
larger and the blur of the receptor system relatively smalfler. On the basis of Lquation (15), the
existence of the optimal magnification ratio of the enlargement radiograph can be conjectured. In a;
experiment with a minimal focus of 50u and a fine intensifving screen, it was confirmed that the
optimal enlargement magnification ratio lies in the vicinity of 4-fold.

The problem to be analyzed in radiographical system is the one of the optimal enlargement
magnification ratio when scatiered rays exist due to the plane object being in the phantom of a
certain volume. Studies are made taking into consideration the Groedel effect on the spatial
frequency churacteristics of the scattered rays as the enlargement magnification ratio m increases. In
practical enlargement radiography, the scattered rays emanating from the object gives a profound
influence on the image quality. It seems, therefore, meaningless to discuss the optimal magnification
ratio without referring to the scattered rays. Investigations were also made to compare the spatial
frequency characteristics of the enlargement radiographical system containing scattered rays and those
not containing them and to determine how the scattered rays in the hypersensitive intensifying screen
and those in the high fine intensifying screen are affected by the Groedel's effect.

4. Modulation Transfer Function of Dosimetric System

The concept of MTF was first introduced into the radiography and produced many fruitful
resulis. In the radiographical system, mainly the techniques of Fourier transform has been used and
the evaluation of the image has been made on the basis of MTFs. This is because of the fact that the
use of the MTF in the optical system has been developed as the best means for the rationalization of
the radiographical system, the evaluation of the image quality and the improvement of imege has
facilitated the application of a similar idea to the radiographic imase. MTF is an effective tool for
expressing the characteristics as long as the conditions of the linear type and the constancy are
adequately satisfied. Since many other systems can meet jts mathematical conditions, the MTF should
be applied not only to the system relating to the radiographical image but also to other systems. In
this sense it is but a natural development that the question of image correction should be dealt with
in the study of the MTF of the R.I. scanning system, the studies of the super-decomposition of the
radialion spectorum and of the analysis of the y-ray spectorum by electronic computers. This is an
example of the dimension-shifting method as stated at the outsct of this paper, that is, how to get an
answer by transferring to dimension B the question difficult to solve on dunension A and by
re-transferring the answer to the original dimension to get a final result.

The question of analysis in the dosimetric system boils down to that of correction of the
dosimetry by spatial frequency characteristics. Despite the bulk of data gleaned by many scientists on
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the dosimetry, many problems remuin yet to bé solved. Of particular interest is the effect of the
solume of the ionization chamber on the depth dosimetry. Analytical approaches have already been
attempted to solve this problem, but the question of how to determine the real dose distribution,
free from errors, is yet to be worked out. :

Generally, the dosimetric system consists of a source, a collimator, a test object (phantom) and
4 dosimeter. These elements contribute to the blur of the image and they can be treated as a series of
linear spatial frequency filters. Ordinarily. the spatial frequency characteristics of the radiation
Josimetric system are expressed as follows. A measurement plane is located at a fixed site within the
phantom. Now, the depth intensity distribution on the measurement plane, which is formed by
collimating the radiation emanating from a point source, is designated as d(x,, y») on the
co-ordinates of the collimating plane, the point spread function of the extended source in the
position of measurement plane in air and that of the ionization chamber in the depth radiation on
the measurerment plane are designated as f(x,, y1) and m(x, y) on theis respective co-ordinates. The
depth dose distribution z(x, y) which is obtained by examining the field at the measurement plane
with the ionization chamber is given by the following convolution integral

2 Ly}:‘/‘..f &l xa, yz)f(-h — X2, Y1 — Y2 Ym{x—x,, y—-y;}dxadzxdyqdy, ............................................ 16

The Fourier transform of Equation (16) is

ECD,T}:&I( P.l’“f{lﬁf) ﬁl{v.‘() ...................................................................................................... (l'n

Accordingly, the spatial frequency characteristics of the ionization chamber in depth dosimetry is
...................................................................................................... um

rT"lv.r,‘:;(lhfj."é’fv.r)f(u.r)
Conversely, the real depth dose distribution r{x, ») in the field is to be obtained by the
following processes, ie., if

ai y‘ryf( T T e L 19

then
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en
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in this paper, assuming the spatial frequency characteristics of 2 4mm diamcter ionization
chamber in dosimetry both in air and in depth at 2 and 3, computation will be made and the
soundness of the assumption will be checked by comparing with the results obtained by some
experiments with 2 lead slit. Furthermore, the dose distribution in air and in depth in the collimated
field will be examined by scanning the ionization chamber, and the errors of blurring caused by
chamber size will be corrected by means of Fourier analysis in order to obtain the real dose
distribution. The above-mentioned experiments were performed using 190kVp X-rays and Co®® y-rays
respectively, and the results of these experiments were compared with the energy dependency of the
chamber. With regard to the depth dosimetry, studies are made on the dose distribution not only on
the x-p plane but also on the plane in the dircction of z axis, that is, the correction of the
attenuation curve.

As regards Equations (16) up to (21), similar analysis in air dosimetry is made much easier and
the same approach can be taken for the correction of the attenuation curve.

5. Conclusion ,

The study of the spatial frequency characteristics in the radiological domain is already in its
maturity. This report dealt with the basic concepts of MTF and an introduction to a few problems of
particular interest, such as the optimal magnification ratio of enlargement radiography and the
correction in dosimetry. These analytical approaches are cxpected to make greater development and it
will largely contribute to the progress of radiology.
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DPROVEMENT OF X-RAY TZLEVISION FLUOROSCLOPIC IMAGE "

AND FLUOGROSRAPHIC IMAGS THROUGH ZiPLOYING VA&IABLE

FIELD IMAGS INTENSIFIZR AND X-RAY BNLARGESNT TECHNIGUE

SADAO TANABE and MOTOHISA TSUDa

(The aim of this studay)

Improvement of image quality through electron optical enlargement
using dual field image intensifier and that through L-ray enlargement
are studied on X-ray television fluoroscopic image and image intensiz
fier fluorographic image.

loreover, image qualities, X-ray quantities and costs necessary
for making a picture are compared among imaze intensifier fluorography,
X-ray television fluoroscopy, dirsct radiography and photofluorography.

Comparison of imaze qualities is carried out with the modulation
transfer functions.

(ilethod of the study)

As to the image quality of X-ray television fluoroscopy. and
image intensifisr fluorography, comparison are carried out amongz the
following four cases.

1.) the object is closz to the input surface of image intansifiér :
2.) electron optical enlargszment is introduced

3.) X-ray enlargement is introduced

4.) both electron optical enlargement and X-ray enlargement are

=4

introduc=ad

‘Generally spsaking, X-ray enlargement of small degree is always

S



introduced into radiography, fluorography or fluoroscopy inevitably.

In the case 1.), therefore, A-ray enlargement of 1.2 is employed,

both for dirsct radiography and photofluorography.

Electron optical enlargement of 11"/7" dual field image intensi-
fier used is 1.7 times. So, the X-ray enlargement of 1.7 is also
used. Consequently, the enlargement employed in cases 2.) and 3.)
is 2.0 (1.2 x 1.7) and that in case 4.) is 3.4.

Modulation transfer functions are obtained through the following
two methodes.

1.) By using a slit made of lead plate, 0.05 mm in width, line
spread function of the system in question is obtained. Through
Fourier transformation and slit correction, modulation transfer
function will be obtained.

2.) By using square wave chart made of lead foil, modulation
transfer function for square wave is obtained directly, from
which sinusoidal modulation transfer function will be obtained
through Coltman's correction.

For obtaining the modulation transfer function of X-ray televi-
sion fluoroscopy, the image on the television monitor is photographed
with 70 mm camera. Ilodulation transfer function of image intensifier
fluorography is also obtained from the film taken with 70 mm camera.
Transparency of processed film is converted into light intensity by
means of characteristics curve of the film used.

Lead slit and lead chart are shown in slide No. 1.
(Experimental apparatus)

Image intensifier :  11"/7" qual field image intensifier
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Television unit ¢ Pick up tube —— vidicon, Band width of

video-signa: ;T_ 6 MHy

Number of pictures per second —_ 30 frame

Number of holizontal scanning lines — 625 lines
Focal spot size of X-ray tube used : 0.3 x 0.3 mm .

(for image intensifier)

2.0 x 2.0 mm
(for radiography and

photofluorography)
Distance from focal spot to image intensifier, cassette or
fluorescent screen :::-!:82.cm

Intensifying screen used in radiography:.:. Medium speed

Setting of the experimental apparatus is illustrated in slide
No.2.

Modulation transfzr functions are measursd at the central part
of picturss. For X-ray television, modulation transfer functions are

measurzd in the holizontal scanning direction.

(R2sult)
1. X-ray television fluoroscopj
S5lide No. 3 and No. 4 show the modulation transfer functions
obtained by lead slit and lead chart respectively.
The order of image qualities of four casss described before
estimated by modulation function is as follows.
1.) both X-ray enlargement and electron optical enlargement is
introduced

2.) ZX-ray enlargement is introduced
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.. 3.) electron optical enlargement is introdﬁced
L.) without enlargement
2. Image intensifier fluorography
Slide No. 5 and No. 6 show the modulation transfer functions
obtained by lead slit and lesad chart respectively.
The ordsr of image qualitiss is ths same as in the case of
X-ray telsvision fluoroscopy.
3. Direct radiography and photofluorography
S5lide No. 7 shows thz modulation transfer functions of direct
radiography, photofluorography with mirror camera and photo-
fluorography with lens camera obtainsd by lead chart., *
The order of image qualities is as follows.
1.) direct radiography
2.) photofluorography with mirror camsra
3.) photofluorcgraphy with lens camera
4e ZL-ray quantity and cost necessary for making a picture by each
system
Data are shown in Table No. 1,
An X-ray f£ilm of rathsr smaller size 6.5" x &,5" costs ¥86.00.
On the othsr hand, an image intensifisr fluorogram costs only
¥12.00, and needs lsss X-ray guantity than direct radiogram.
Ad image intensifisr fluorogram also needs far less X-ray

quantity than photofluorogram.

(Considerations)
Thers is some diffsrence bastwsen modulation transfer functions

g



oblained by lead slit and thosz obtained by lesad chart. The order
of imags qualities, however, is consistent sven if the msthods are
different.

As observed before, image gquality of image intensifier fluoro-
graphy is very much improved through Z-ray or electron optical enlarge-
ment. The effect of X-ray enlargement is somshow more eminent than
that of electron optical enlargsment.

The improvement of image quality in the cass where both enlarge-
mant techniques are smploysd is most eminent.

The image quality in the case where both enlargemsnt techniques
are smploysd is almost equal to that of direect radiography, or is
bettsr than that of direct radiography if the motion of thsz object is
taken into account,

As shown in Table No. 1, exposurs time necessary for direct
radiography is longer than that for imags intensifier fluorography.
Conssquently, blurring causesd by object motion affacts much more to
dirsct radiography than to image intensifisr fluorography. Slide lio.
8 depicts thess effects.

The image quality of image intensifisr fluorography without
enlargsment is almost sgual to that of photofluorography with mirror
camera, and that of image intensifier fluorography with enlargement
is more excellent than photofluorography. (See slide lo. 8)

In the case of X-ray television fluorocsopy, degree of improve-
ment in image quality introduced b&'enlargement is more prominent than
in ths case of image intensifier fluorogram. (See slide lo. 9)

The image quality of X-ray television without enlargement is
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worse than that of image intensifier fluorography. But, the more
enlargement is. introduced, the closer the image quality of X-ray
television bzcomes to that of image intensifier fluorography.

At the extreme case where both enlargement techrniquss are em-—
ployed, the imags quality of X-ray television fluoroscopy and image
intensifier fluorography becomss almost thz same.

In this way, enlargement tachnique in X-ray television is very
effective (See slide No.9).

A feature of X-ray television fluoroscopic image is that the
line spread function of this system has a sag as is sezn is slide
No. 10. (although line sprecad function is dafferent by the character-
istics of videosignal circuit in television unit). Because of the
sag in line spread function, modulation transfer function of X-ray
television fluoroscopic imaze has a region in spatial frequency
where the modulation exceads 1.0. In other words, the contrast of
the fluoroscopic imags is increaszd in this region.

This phenomenon rssemblss to the so callad "devalopmznt effect"
or "edge effect" observed in the field of photography. This phenon-

enon does not appear in the case of image intensifier fluorography.

(anclusion)

X-ray enlargsment and electron optical enlargement are very
useful for improving image quality in X-ray television fluoroscopy
or imags intensifier fluorography.
- Through employing enlargement, X-ray televisign image intensifier
fluorographic image b=scomss as good as direqt radiqgraphi image.

:55‘—.-12—



Ths improvement through X-ray enlargement is a little better than

that through slectron optical enlargement.
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Modulation transter functions

XTV (slit)

Response

/]
%

N
1.0 \\

/"
L
L

Zj \\\\ v
\ KN
4// \ \/1

0-2 \

il

0,02

0-01 = |
1 ‘ 4 6 8 10 20 40
Lp/cm
1 ¥X-ray and electron optical enlargement{x L/ x1.7)
2 X-ray enlargement ( x 1.7 )

Z Electron optical enlargement{ 1.7)

4 Withount enlargement

Slide 3

e Y



Modulation transfer functions
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Modulation transfer function
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Modulation transfen functions

I.I Fluorography(chart)
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Modulation transfer functions

(Without enlargement) .
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Modulation transfer functions

Respons

1.0 —
0-8 \Q\t\\ \ p
SRR N E
) NN
4 )
N
o \
01 \
0.08 \ \
L
0.0 6 1 \
0.0 4 1 \
0.0 2
U.011 2 4 6 810 20 40
Lp.“cm

1 X-ray fluoroscopy( x1.7x1.7)

2 Direct radiography

3 Photofluorography(Mirror Camera)

4 ¥-ray fluoroscopy(Without enlargemeht)

5 Photofluorography(Lens Camera)

Slide 9

o



Line spiead function (Including 0.05™™ pb slit)

[.I, fluorography(Without enlargement)

XTV (Without enlargement)
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exposure time

Teble 1
| Direct | Photofluorography ” 1 1 fluorography ¥X-ray television
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