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Evaluation of Digital Tomographic Filters

JOSE M. COSTA, ANASTASIOS N. VENETSANOPOULOS, AND MARTIN TREFLER

Abstract—Recently, a technique has been proposed to filter conven-
tional radiographs in order to obtain depth-dependent information by
simulating standard tomography. This technique has been referred to
as tomographic filtering or tomographic filtration process (TFP). It
takes advantage of the finite size of the X-ray source, so that after pro-
cessing the image of a particular layer is improved, while the others are
degraded. This paper briefly reviews this technique and then concen-
trates on its analytical evaluation. A comparative assessment of tomo-
graphic filtering is produced taking as benchmarks two well established
radiologic procedures: standard tomography and conventional radiol-
ogy. The comparison is made on the basis of the following evaluation
criteria: the exposure angle, the thickness of the cut, the rate of change
of the transfer function, the signal-to-noise ratio, and the radiation
dose. Practical evaluations are also shown.

I. INTRODUCTION

ECENTLY, a technique has been proposed to filter con-
ventional radiographs in order to obtain depth-dependent
information by simulating standard tomography [1]-[3].
This technique takes advantage of the finite size of the X-ray
source, so that after processing, the image of a particular layer
is improved while the others are degraded. This technique has
been referred to as tomographic filtering or tomographic filtra-
tion process (TFP) [1]-[3]. The second term usually denotes
not only the filter, but also the X-ray system, that is, the com-
plete system. The objective of this paper is to give an analyti-
cal evaluation of tomographic filtering. A summary of this
evaluation has appeared in [1], [3].

Tomographic filtering is reviewed in Section II. A compara-
tive assessment of tomographic filtering is produced in Section
111, taking as benchmarks two well established radiologic pro-
cedures: standard tomography and conventional radiology.
Section IV discusses some practical evaluations, and results
with actual radiographs are shown to support this theory. The
conclusions in Section V indicate that the main advantage of
tomographic filtering is in reducing the total radiation dose to
the patient.

II. TomoGRAPHIC FILTERS

Tomographic filtering uses the depth-dependent focal-spot
blur and will be understood better by comparing it with stan-
dard tomography.

Standard tomographic techniques produce a tomogram by
moving a point-like X-ray source and the recording film in a
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coupled manner, so that during the exposure only the parts of
the body lying in one specific plane parallel to the film plane
are always projected on the same place on the film, while the
others are blurred. The layer whose image is in focus is re-
ferred to as the plane of cut or tomographic layer.

A tomographic filtration process (TFP) should produce a
focusing effect similar to that of standard tomography, but
with no moving parts. In a TFP, instead of moving the X-ray
tube, the finite size of the focal spot is used to advantage and
instead of moving the film, a filter is used to process a conven-
tional radiograph. Indeed, by applying superposition we can
imagine an equivalent source of X-rays by moving a hypotheti-
cal point source over the region of the actual source. The
movement of this point source is analogous to the movement
of an X-ray tube in standard tomography. Since in conven-
tional radiography the film does not move, the images of all
the layers are blurred. Therefore, in order to convert a radio-
graph into a tomogram the radiographic image is processed by
a filter that will produce an effect equivalent to that produced
by the motion of the film in standard tomography.

To illustrate this phenomenon consider the diagram in Fig. 1.
Suppose that the tomographic layer is at a distance A, from
the focal spot s and at a distance A, from the film plane. If
0 is a point on the tomographic layer, its image on the film ex-
tends over a distance U as shown in Fig. 1. This blur U is the
one that we want to eliminate. Here we define blur as the ex-
tent of the image of a point or edge due to the finite size of
the focal spot. All other blurs corresponding to other layers,
such as the blur V of the point X and the blur ¥’ of the point
X', differ in size and therefore cannot be eliminated simul-
taneously. The extension to two dimensions is straightforward.

The equations of tomographic filtering have been derived in
detail [1]. The results showed that the equations of image
formation in standard tomography, conventional radiology,
and tomographic filtering are similar.}

The frequency-domain equation of image formation in radi-
ology is

G(fe,f,) =185(fx. 1)

d
- J- Hi(fx’fy’zi)FM(fXafy’Zi)dzi (1)
[+]

where G(fx, fy) is the Fourier transform of the resulting

1An approximation was made to make the system linear: since the
values of the linear attenuation coefficients, or at least their variations
from point to point, are small, the exponential representing the atten-
uation of X-rays through matter can be approximated by the linear
terms of its Taylor series expansion [1], [2].
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Fig. 1. Blur formation in the radiologic process.

image, I is a constant, H;(fy, fy, z;) is the overall transfer
function of the ith layer at a depth z;, and F, (fy, fy,z;)is the
Fourier transform of the (scaled) distribution of linear absorp-
tion coefficients in the ith layer (cf. [1]).

Equation (1) applies to standard tomography, conventional
radiology, or tomographic filtering by using the transfer func-
tion given in (2), (3), or (4), respectively (cf. [1]).

Standard Tomography:
zi-d A}?
H;'S'T(fx,fy,zi)= [l‘ "_1']
- d A]

Zi- Z&g d
-d A I
)

ff ( x’Z,-—A, d
)

- g famUxx +fyy) dx dy
)

(€))

Conventional Radiology:
z;-d

e [5] [fi e

_e-121r(fxx+fyy)dx dy

[Zi y
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Tomographic Filtering:
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Fig. 2. Relative standing of several radiologic procedures (subjective,
not to scale).

where the depth of the tomograhic layer is z, = A, ,d 2 A, +
A,, and Iy(-, *) is the exposure function, that is, either the in-
tensity distribution of the movement of an X-ray source in
standard tomography or the focal spot X-ray distribution in
conventional tomography and tomographic filtering [1]-[3].

In spite of the fact that the equations of image formation in
standard tomography, conventional radiology, and tomo-
graphic filtering are similar, there are fundamental physical
differences among these methods. A good objective indication
of performance of a radiologic system is given by the overall
transfer functions of the layers in the object. The qualitative
differences among these transfer functions are discussed in [1]
while various quantitative performance parameters are exam-
ined in this paper (a summary also appears in [1], {3]).

As shown in [1], of particular interest are the characteristics
of the transfer function in (4) for tomographic filtering when
the depth z; varies. Indeed, for layers between the focal spot
and the plane of cut this transfer function has low-pass charac-
teristics, while between the plane of cut and the film has high-
pass characteristics [1].

The implementation of (4) is discussed in detail in [2] and
[12], where techniques are proposed to prevent noise amplifi-
cation due to zeros or low values in the denominator in (4).

ITI. COMPARATIVE ASSESSMENT OF
ToMoOGRAPHIC FILTERING

In this section a comparative assessment of tomographic fil-
tering is produced taking as benchmarks two well established
radiologic procedures: standard tomography and conventional
radiology. Tomographic filtering is an extension of conven-
tional radiology which can improve its quality enhancing
depth information, thus approaching the quality of standard
tomography. This is shown diagrammatically in Fig. 2. The
relative standing and the tradeoffs among these three methods
are described in this section in more detail.
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For completeness, Fig. 2 shows other methods that can be
used to recover three-dimensional information, but which are
not discussed in this paper. Coded X-ray sources (e.g., a Fres-
nel zone plate pattern) produce a shadow image of the object,
but in a coded form. Decoding is done using optical tech-
niques and only a thin slice of the object is in focus at one
time, but other slices may be brought into focus by changing

lens positions in the reconstruction system. Alternatively, .

digital techniques can also be used in the reconstruction. The
same idea of tomographic filters for conventional radiology
could be applied to standard tomograms, thus changing the
plane of cut [1]. Finally, computerized tomography tech-
niques use more than one X-ray image or projection of the ob-
ject to reconstruct any layer by digital or optical methods.

The comparison between standard tomography, conven-
tional radiology, and tomographic filtering is made on the
basis of the following evaluation criteria: the exposure angle,
the thickness of the cut, the rate of change of the transfer
function, the signal-to-noise ratio, and the radiation dose. Al-
though the ultimate measure of performance is the diagnosis
by a radiologist, the comparisons will be kept as objective as
possible without going into details of clinical value and opera-
tional procedures which tend to be subjective.

A. The Exposure Angle

The most evident quantitative difference between a tomo-
graphic filtration process and standard tomography is the size
of the focal spot in radiology as opposed to the extension of
the movement of the X-ray source in standard tomography.
They have a direct effect on the extension of the blur and
therefore on the thickness of the tomographic layer. A typi-
cal size for a focal spot is of the order of 1 or 2 mm while the
movement of an X-ray source varies from a few mm in zonog-
raphy? up to 500 mm and more in standard tomography.

In tomography it is more usual to give the exposure angle
rather than the extension of the movement of the X-ray
source. The exposure angle is defined as the angle through
which the projecting ray of a central point of the plane of cut
moves during the exposure.

In conventional radiology and, therefore, in a tomographic
filtration process, the exposure angle depends on the size of
the focal spot. With a typical focal spot size of 2 mm and
focal spot to plane of cut distance of 1000 mm, the exposure
angle is 2 arctan 0.001 =0.002 radians. The following list
gives the range of exposure angles for various tomographic
procedures.

Tomographic filtration process 5'-15'
Zonography 1°-5°
Standard tomography 10°-60°

120°-170°

Thus, in terms of the exposure angle, a tomographic filtra-

Transversal tomography

2Zonography is essentially standard tomography using smaller move-
ments of the X-ray source [4, p. 360], [5, ch. 14], [6], [7]. Other
narrow-angle tomographic techniques are the following {5, pp. 7-8 and
pp. 300-311]: stereozonography, narrow-angle stratigraphy, and
orthotomography.

3

tion process is closer to zonography than to any other tomo-
graphic technique.

B. The Thickness of the Cut

Conventionally, in tomography the thickness of the cut is
defined as the distance between the two levels which have a
tomographic blurring B = B,,, that is insufficiently large to be
noticeable in the presence of the usual radiographic blurrings
By, [4, p. 355]. In standard tomography a reasonable choice
for B,, is 0.7 mm [4, p. 355]. This is a subjective definition®
and it depends on the amount of other blurrings such as those
due to the focal-spot intensity distribution and patient move-
ment. In a tomographic filtration process the tomographic
blur is based on the focal-spot intensity distribution, and the
blur due to patient movement is negligible because the expo-
sure time is short. Therefore, the threshold B,, in a tomo-
graphic filtration process should be chosen to be less than 0.7
mm. Since the definition of “thickness of cut” is already so
fuzzy, here we neglect the effects of the focal-spot intensity
distribution and the high-pass filter characteristics on layers on
the film side. Hence, from Fig. 1 an indication of the differen-
tial blur that will remain after processing can be expressed as

(A, +45)t

A+t A
Pl BAL. § ,
(A, -4

Al_t sA1

[v-u]-|

where s is the size of the focal spot and ¢ is the distance from a
layer to the tomographic layer.
Therefore, the thickness of the tomographic layer is given by

ype 2BmA}
s(A; + A7)+ By A

or in terms of the exposure angle ©,,

2t = 2B, A
0,(A, +47)+B,

We see that the tomographic blur ]V— U ‘ is proportional to
the size of the focal spot. Since a typical size for the focal
spot is of the order of 2 mm, while the movement of an X-ray
source in standard tomography is of the order of 500 mm, we
infer that the results of a TFP cannot be as good as those of
standard tomography. Nevertheless, the purpose of a TFP is
to improve a radiograph with respect to three-dimensional in-
formation and not to produce a complete and accurate three-
dimensional reconstruction for which better techniques exist.

In standard tomography the thickness of the cut is of the
order of a few millimeters, in zonography it is of the order of a
few centimeters, and in a tomographic filtration process even
larger. However, for a fair comparison the value of B,, should
be changed accordingly, as previously discussed. Indeed, the
minimum discernible blur in standard tomography has a fixed
component due to focal spot size and patient movements,
which are practically nonexistent in tomographic filtering.

()

3A more objective definition has been proposed in [8] in terms of
the amount of attenuation desired and the spatial frequencies of
interest.
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Therefore, let the minimum discernible blur in tomographic
filtered radiographs be B,, /K, where B,, is 0.7 mm as usual in
standard tomography and K is an appropriate constant greater
than one. Because of the lack of experimental evidence we
can only make an educated guess about the value of K; we as-
sume that a realistic value is at least Ky=2. Furthermore,
computer processed radiographs can be readily manipulated,
magnified, contrast enhanced, etc. In particular, magnification
is important here because it is inversely proportional to the
minimum discernible blur, namely B,,/K¢/K,,, where K,, is
the magnification of the processed radiograph (not the radio-
logic magnification but the display magnification).* Since
only a small portion of the radiograph, say 1 to 4 in?, will be
processed at a time by the tomographic filter, this area can be
displayed at full resolution and thus magnification can be as
high as 20; nevertheless, in this calculation we will assume a
lower value, say K, = 10.

Consequently, taking into account the constants K,,, and Ky,
(5) becomes (6) for tomographic filtering

_ 2B, Oy
Kmeom(Al + A2)"'Bm '

Hence, assuming By, =0.7 mm, A, = A; =1000 mm, Ky =
2,K,, =10, and 8,,, = 10', the thickness of the cut is 27 =12
mm for the tomographic filtration process. On the other hand
in zonography, with Ky =K, =1 and 0,, = 3° we obtain 27 =
13 mm and in standard tomography with 8,, = 35° we obtain
2t =1 mm. Of course, the display magnification of standard
tomograms and zonograms would also further reduce the ap-
parent thickness of the cut, however, this technique would not
work as well in these cases because there are other blurrings
present (due to focal spot and patient movement).

It may seem that the thinner the cut the better. Neverthe-
less, there are cases where a thick cut is preferred. Each spe-
cial tomographic technique has its own predilective applica-
tions [5, ch. 14]. Interactive tomographic filtering offers the
advantage that by computer manipulation the apparent thick-
ness of the cut can be changed by magnification at the expense
of reducing the field of view.

2t (6)

C. The Rate of Change of the Transfer Function

To further quantify the difference between tomographic fil-
tering and standard tomography we propose a new measure
based on the contrast between layers. Indeed, we will calcu-
late and compare the rates of change of the magnitude/modu-
lation transfer functions in (2) and (4) from layer to layer for
a specific type of exposure function Iy (-, ).

Equations (2)-(4) can be simplified by introducing Fr (fx,
fy), the two-dimensional Fourier transform of Io(x, y), and
using the scaling property; thus we obtain (7)-(9), respectively.

“Display magnification on a CRT screen is similar to the common
practice used reading radiographs where the radiologist can change the
film to eye distance in order to improve edge visibility at the expense of
increasing the visibility of the noise. If the digitized image has enough
resolution, display magnification can bring out details which otherwise
would not be seen.

A d  z-A
Hilfeo ez =g (E=2 e 22 ) )
Hilfas 20 = Fro(545 e 72 1) ®
i Zi
10<‘__*fx, T—fy>
Hylfe fyoz) = — 2274 ©)

Zt Zt
Fo( e 7 )
where (9) is valid in a finite region around the origin in the fre-
quency plane.

We have now reached the point where to proceed with the
comparison we must make some assumption about the func-
tion Iy(x, y), or equivalently, its Fourier transform. It has
been discussed that a Gaussian function is a good approxima-
tion to the intensity distribution in actual focal spots [1]. In
standard tomography 7, (x, y) is not Gaussian in general be-
cause it represents the movement of the X-ray source whose
intensity is usually constant during the exposure. Neverthe-
less, to make the evaluation tractable mathematically, for the
purpose of this comparison we will assume identical functions
Io(x, ) leading to (7), (8), and (9), because what we want to
compare is the rate of change of the transfer function with re-
spect to the mode of operation (i.e., movement or filtering)
rather than with respect to the actual Io(x, y). Thus, in the
specific case the /y(x, y) is a circularly-symmetric Gaussian
function [see (10)], Fy,(fx, f,) is also a Gaussian function

[see (11)].
Io(x,y) =exp {-0%x? - 0*y?} (10)

2 2

Ftt=seo (L) - (2)} oy

Substituting (11) into (7), (8), and (9), we obtain (12), (13),
and (14), respectively.

-4, d7?
Hilffynz= e |- [{;g——d Z{] (/2 +f;)}

(12)
2
Hi(fe Sy 2)= — exp |- | = (F2+rHf (3)
g

UZi‘d

Hi(fx,fy,zi) = exp [_ (%)2 [(z,-z-id)2 ) (th‘td>2]

@2+

Zi

(14)

These formulas clearly show the low pass nature of the trans-
fer functions of standard tomography (12) and conventional
radiology (13). On the other hand the overall transfer func-
tion of a tomographic filtration process (14) can be low pass
(if z; > z,) or high pass (if z; < z,) depending on the layer con- -
cerned. This is discussed in more detail in [1].

The rate of change of the transfer function with respect to
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z; is given by the first derivative of H;(f, f;, z;) with respect
to z;. However, since the transfer functions in (12) and (14)
are both exponential functions, we will use as a measure of the
rate of change of the transfer function from layer to layer the
derivative of the coefficient of (f7 +f7) with respect to z;.
The derivative of the coefficient in (12) is given in (15) and
the derivative of the coefficient in (14) is given in (16).

N dE ozi- A,
rre=2(7) - B (s)
2 .
yrre=2 (%) ¢ 2 16)

Therefore, in standard tomography the slope ygy(z;) is nega-
tive if z; < A; (i.e., between the film and the tomographic
layer) and positive if z; > A, (i.e., between the tomographic
layer and the focal spot). This change of sign of the slope is
due to the fact that the coefficient itself stays positive when
the tomographic layer is crossed and it is zero at the tomo-
graphic layer (i.e., the function has a minimum). On the other
hand, in tomographic filtering the slope ytr(z;) is always posi-
tive because it is the coefficient that changes sign when cross-
ing the tomographic layer. The ratio of the two slopes is given
in (17).

Iz = Yre@) _ B _ 2z a7
ysr(@) d zi- 4,

Hence, whenever ]l"(z,-)] > 1 the rate of change of the trans-
fer function from layer to layer is greater in a tomographic fil-
tration process than in the equivalent system using standard
tomography, and vice versa when ]I‘(zi)! < 1. The ranges of
Z; in each case are easily calculated

dA,

0<z< 5=

ITE)| <1 (18)

2d - A2

Consequently, for the layers between the focal spot and the
layer at a distance dA, /(2d - A;) from the film, the transfer
function in a tomographic filtration process varies faster from
layer to layer than in the equivalent system using standard
tomography. It can be shown that the interval dA,/(2d -
A,)<z;<d always contains the tomographic layer z; = A;,
hence, in a region around the tomographic layer, tomographic
filtering gives better contrast between layers than standard
tomography.

<z;<d |PE)| > 1. (19)

Examples (all distances in mm)

A
d A;  dA,/(2d- Ay)<z;<d 200 4, (percent)
d+ A,
1000 500 3333 <z;< 1000 66
1000 400 250 <z;< 1000 75
1000 600 428.6 <z;< 1000 57

where the last column represents the percentage of the space

5

between the focal spot and the film where tomographic filter-
ing gives better contrast.

Specific values of the slopes can be obtained by substituting
values in (15) and (16). Indeed, assuming o = 2,d = 1000, and
A; = A, =500, we obtain the following results:

z; Ysr(z;) (percent) yrr(z;) (percent)
0 -049 0
100 -0.54 0.07
200 -0.58 0.15
300 -0.57 043
400 -0.46 091
500 0 1.97

600 1.5 4.6
700 7.3 12.8
800 37 49
900 395 444

The previous analysis has assumed identical exposure func-
tions Io(x, y) in each case as defined in (10). We are now
going to repeat the analysis assuming different o’s in (10) both
for tomographic filtering and standard tomography, but the
shape of Jo(x, y) is still the same in both cases, a Gaussian
function. Equations (15) and (16) thus become (20) and (21),
respectively.

7\ d? z;- A,
)= 2 — _
yST(zl) <OST) A] (d N Zi)3 (20)
T \2 z;
e)=2 (=) a —2—.
YT (Z,) (OTF) (d _ Zi)3 (21)
Their ratio is
yre@) _ fost\ Az
F(z~)=—=<——> D n 22
Yoystz) \ore) d zi- A, (22)

and [F(z,-)l > 1, whenever the following inequality is satisfied:

U%"FdAz

ZpdA
<z< AL (23)
. 01rd -~ 0574,
Assuming o1r =2 and og7 =0.005,d = 1000 and A, = A; =
500, we obtain

499.9 < z; < 500.1.

Thus, now the region where the rate of change of the trans-
fer function of a tomographic filtration process is greater than
that of standard tomography is very narrow indeed, practically
negligible; however, it always includes the plane of cut. This
suggests that the use of the term “thickness of the cut” may
not be as relevant in tomographic filtering as it is in standard
tomography.

The absolute values of the slopes ygy(z;) and y1g(z;) in the
examples given previously now differ by an additional factor

2 2
oTF 2
—} ={——] =160000
<OST) (0005>
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in favor of standard tomography because of the different size
(scalings) used in this example.

Hence, the percentage of the space between focal spot and
film in favor of tomographic filtering is now

2000%50314,; A,

ercent.
3 2. 4 A2 P
otrd - 0374}

(24)

If o7F >> ogt (24) can be approximated by (25).

2000414, A,

) percent
UTFd

(25)
which in the previous example amounts only to 0.003 percent.

In conclusion then, the operation of tomographic filtering
gives better layer contrast than standard tomography in an in-
terval around the plane of cut. However, if the normal sizes of
the exposure function are taken into consideration, the perfor-
mance of standard tomography is by far better because that in-
terval is negligible. Furthermore, this analysis does not include
any artifacts that may appear due to out-of-focus layers.

D. The Signal to Noise Ratio

In this section, tomographic filtering is evaluated further by
studying the effects that system parameters such as focal spot
size have on the results; thus allowing comparisons between
systems. This evaluation is done in terms of the signal-to-noise
ratio, which is defined as the ratio of the power of the signal
from the plane of cut, if it was the only one present in the ob-
ject, and the power of the noise contributed by all other
planes. The signal to noise ratio,® as defined here, provides
another measure of the contrast of the image of the plane of
cut with respect to the others.

In this analysis the object, represented by the distribution of
linear attenuation coefficients u(x;, y;, z;), is considered to be
a random process with parameter space x;, y;, z;. It is conve-
nient to express u(x;, ¥;, z;) as a function of the coordinates
on the film plane, that is (cf. [1])

d"Zi
d

_4d-z
d

X; x and y;= Y.

Therefore

- Z; d‘Z,' )
X, Y,2i} -

d
ﬂ@nﬁJﬂ‘#( 7 p

Let the two-dimensional correlation function of this random
process with respect to the first two parameters be

d-z: d- z;
Rﬂ( le X, dz' )’Jz‘) .

The two-dimensional power spectral density function of this
random process is given by the two-dimensional Fourier trans-
form of (26), which is given in (27).

(26)

5The use of the signal-to-noise ratio as a measure of performance for
digital tomographic filters was suggested by Dr. M. L. G. Joy, Institute
of Biomedical Engineering, University of Toronto, Canada.

d-z; d-z;
Sﬂi(fx’fy,zi)=ffRﬂ< d lx7 d ty’zl'>

,e‘fzﬂ(fxx +fy¥) dx dy

d \? d d
—<d_zi) S“<d‘2i fx’d‘zi fy,z,->

@7

where S, is the two-dimensional Fourier transform of R,,. For
example, if the random process is white noise Sy, is given by
(28).

Sy fy2) = (L) 5, 28)

d- Z;
where S, is a constant for all fy, fy, and z;. If this noise is
band limited between -W and W, the power spectral density
function is

d )’ ‘
S, for -W;<fy, Hs<W
Su;(fx,fy, z;)= <d T
0 otherwise
(29)
where
d-z;
W;= 7 - w.

Following a derivation similar to that in [1], it can be shown
that imaging the random process u(x;, y;, z;) results in an
irnage which is also a random process with power spectral den-
sity Sg(fx, fy) given by (30).

Sg(fxsfy) =I§6(fx,fy)

d
- f IHi(fx9fy?Zi)l2 Sui(fx,fy,zi)dzi
]

(30)

where Ip is a constant and H;(fy, f, z;) is the overall two-
dimensional transfer function of the ith layer at a depth z;. Ip
is given by the integral of the exposure function I,(x,, Yo)
(cf. [1]) divided by the dc gain of the tomographic filter, if
present; H; is given by (2), (3), or (4), depending on the type
of radiologic process considered; and Su; is given by (29).
We can now determine the power in the image which is given
by (31).

p- f f Selfer 1) dfs dfy.

To determine the signal-to-noise ratio we separate the power
component due to the image of the tomographic layer (P;)
and the noise power due to the other layers (P,). It is also
useful to separate the noise power due to layers between the
anode and the plane of cut (P,) and the noise power due to

31
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layers between the plane of cut and the film (Pf). These pow-
ers are related as follows:

P=P +P, =P +P, + Py (32)

If z; is the depth of the plane of cut and 2¢ is its thickness,
expressions for these powers can be obtained from (30), as in-
dicated in (33)~(36).

P =p(zs,2,) (33)
Pi=p(zs-t,z;+1) (34)
P,=p(z,+t,2,) 33)
Pr=p(zs,24- 1) (36)

where the function p(z,, z;) is defined in (37) and the depths
24 and zy determine the limits of the object (0 <zy <z, <d).

pzy,25)= fzz [ffl”i(fx,fy,zi)lz
z

'S/.ci(fx,fy’zi)dfx dfy] dz;. (37

The corresponding signal-to-noise ratios (SNR) can then be cal-
culated as follows:
P P - +
SNR=-t=_ "t . pzs-t,z¢ 1) (38)
Pn Pa+Pf p(zt+t’za)+p(zf9zt_t)

_&=P(2t‘t,zt+t)

SNR, = 39
Ra P, p(z: +t,2,) (39)
Py pi-t,zet1)
SNR, =t =0l 7t 7 ) 40
BT bz D “0
It is easy to show that
1 = 1 + 1 41
SNR SNR, = SNR, “1)
or
SNR, X SNR,
SNR = Rq X SNRy @2)
SNR, + SNR;

To proceed with the evaluation, we consider the case where
the intensity distribution in the focal spot is a Gaussian func-
tion, as justified previously [recall (10)], and the object is
band-limited white noise {recall (29)] with S, small, to con-
form with the approximations made in the derivation of (1).
Therefore

fflo(xo,J’o)dxo dye

m
=ffexp {-0%x2% - 0%y2} dxo dyo = g 43)

Although the SNR does not depend on the energy in the focal
spot, we consider the case where this energy is a constant inde-
pendent of g, to allow a more meaningful comparison of pow-

ers when o varies. Consequently,

02

Io(xo,J’o)é ';‘ exXp {“023‘3 - 023’3

and
fflo(-"'o:J’o)dxo dye = 1.

And if the DC gain of the tomographic filter is also normalized
to unity, then Ig =1 in all cases. Hence,

Hilfeofyozd= o - (5) sz +£) (@4)

where (44) is derived from (12), (13), and (14), and B; is given
by the following list:

Procedure B;
z;- A, d\?
Standard tomography <Z'i" d2 E) (45)

Conventional radiology

(z,-z—i d) (46)

T hic filteri ( % )2—( Z' )2 47)

omographic filtering Z-d r-d
and finally

d 2
Syi(fx,fy;zi)=<ﬁ) So for -W;<fx, fy<wi
i
(48)
where
d-z;
W,-= d ! W

Also, to make the results more general, let us assume that the
tomographic filter is band limited between -f, and f,, by a
low-pass filter whose function is to reduce noise.

Now we can calculate the following integral [refer to (37)].

p(zy,23)= J‘z? l:f |Hi(fe, fy>20)|?
2

Sy, (furfyr20) ds dfy] dz;. (49)

Substituting (44) and (48) into (49), we obtain
Z2 Im I'm
p(zl »Z2 ) = f [f f
Zy -fm -fm
T 2
o -2(2) 2z 1)

: <d_ij;,—>2 So dfy dfy] dz; (50)




8 IEEE TRANSACTIONS ON MEDICAL IMAGING, VOL. MI-4, NO. 1, MARCH 1985

(@Y [
2 m 2 (d‘ Z,')2 lB,I

2
-<1>2[2<£—) B,f,%,}dz,

where f,,, = min (fe, W;) and ®(x)is a generalized form of the
error function to include positive exponentials, as defined in
(52).

(1

a_2 \/Tx—l -sgn(x) u?
®(x) = 7_;— e 58 du (52)
]

P

T ln=o

(-sgn ()" Jxl""“w] o3

n!(2n+1)

When x > 0, the function ®(x) is the well known error func-
tion for the square root of the argument, that is

d(x)=erf /x) for x>0. (54)

When x <0, the function ®(x) is calculated here using the
power series in (53) which is absolutely convergent for all real
values of x.

Therefore, (51) can be calculated to determine the signal-to-
noise ratios in (38)~(40). Since the SNR is a function of sev-
eral parameters characteristic of the radiologic process such as
So, 6, d, z;, W, and f,, whose influence over the SNR is not
obvious, (38)-(40) were evaluated for more than 4000 cases
using (51). The integral in (51) was calculated using Simpson’s
rule with 1 mm intervals. The value of 4 was 1000 mm in all
cases. The size of the focal spot, determined by o (the larger ¢
is, the smaller the focal spot is), was varied between ¢ = 2 and
0=10 (in mm™) for all combinations of the other parame-
ters. The total thickness of the object was 264 mm in all cases
(assumed to be the thickness of a typical chest). The plane of
cut was always in the center of the object but the position of
the object was varied to observe the effect its position would
have on the SNR. Thus, three cases were considered: z, = 500
mm (object is exactly in the middle between the focal spot
and the film), z, = 520 mm (object is closer to the focal spot),
and z; = 480 mm (object is closer to the film). The thickness
of the tomographic layer (2¢) was varied between 4 mm and
240 mm (¢ = 2, 10, 20, 50, 100, and 120 mm).

Two types of object power spectra were considered: white
noise (W =c<) and band-limited white noise (two different
bandwidths: W =4 and S cycles/mm), with S, = 1072, 1075,
and 107® [recall (48)]. The image given by each type of ob-
ject was band limited by a low-pass filter using two cutoff fre-
quencies f, =3 and 4 cycles/mm. The correspondence be-
tween object bandwidth and filter bandwidth was as follows
(all units in cycles/mm):

W fe
oo 3
o 4
4 3
5 4

) TABLE 1
THE SIGNAL-TO-NOISE RATIOS VERSUS THE THICKNESS OF THE CUT

Fixed parameters: d = 1000 mm, z, = S00 mm, ¢ = 10, W = 5 cycles/mm

fC = 4 cycles/mm.

t(mm) = 2 10 20 50 100 120
Standard
tomography
SNR 0.017 0.089 0.19 0.67 3.6 11
SNRa 0.033 0.18 0.39 1.3 7.1 23
SNRf 0.033 0.18 0.39 1.3 7.1 23
Conventional
radiology
SNR 0.015 0.081 0.18 0.60 3.1 9.8
SNRa 0.036 0.19 0.43 1.5 8.3 27
SNRf 0.026 0.14 0.3 0.99 4.9 15
Tomographic
filtering
SNR 0.013 0.068 0.15 0.48 2.3 7.4
SNR‘l 0.045 0.24 0.55 2.1 13 47
SNRf 0.018 0.093 0.2 0.62 2.8 8.7

These frequencies were chosen so that when the object is
band-limited white noise, the low-pass filter has no effect, that
is, the image is only band limited by the bandwidth of the ob-
ject itself.

Since it is impractical to include here all the results obtained,
only sufficient summary tables are produced to support the
conclusions.

The following data were selected from the results to show
the effect on the SNR by parameters such as the nominal
thickness of the cut, the position of the object between focal
spot and film, the size of the focal spot, and the bandwidths of
the object and the low-pass filter. These selected results are
given in Tables I-V.

Table I shows the variation of the SNR with the thickness of
what is considered to be the tomographic layer. It is clear that
the SNR (also SNR, and SNRy) increases with the thickness
of the tomographic layer, as expected, because of the defini-
tion of the SNR [recall (38), (39) and (40)] .

Table II shows the variations of the SNR with respect to the
position of the object between the focal spot and the film.
When the object moves closer to the focal spot the SNR in-
creases in standard tomography but in conventional radiology
and tomographic filtering the SNR decreases. To explain this
effect we look more closely at the variations of SNR, and
SNRy. In conventional radiology and tomographic filtering,
SNR, increases and SNR decreases when the object is moved
towards the focal spot. Since SNR; dominates over SNR,
(SNR;< SNR,) SNR also decreases.

A similar argument is in order with regard to the size of the
focal spot, as shown in Table III. Indeed, increasing the size of
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TABLE I TABLE 1V
THE SIGNAL-TO-NOISE RATIOS VERSUS THE POSITION OF THE OBJECT THE SIGNAL-TO-NOISE RATIOS VERSUS THE BANDWIDTH OF THE OBJECT

Fixed parameters: d = 1000 mm, ¢ = 10, t = 20 mm, W = 5 cycles/mm,

Fixed parameters: d = 1000 rm, zt =500 mm, o = 10, t = 20 mn,
fc = 4 cycles/mm
W(cycles/mm) = 4 5
z, (nm) = 480 $00 520
Standard
Standard tomography
tomography
SNR 0.189 0.194
SNR 0.193 0.194 0.195
SNR, 0.377 0.338
SHR,, 0.386 0.388 0.391
SNR 0.377 0.388
SNR 0.386 0.388 0.391
Conventional Co:yerl\tional
radiology radiology
SNR 0.177 0.176 0.176 SNR 0.178 0.176
SNR 0.426 0.427 0.428 SNR, 0.408 0.430
SNR, 0.301 0.300 0.299 SNR¢ 0.316 0.500
Tomographic Tomographic
filtering filtering
SNR 0.150 0.145 0.140 SNR 0.164 0.145
SNR_ 0.536 0.551 0.567 SNR_ 0.478 0.550
SNR. 0.209 0.197 0.185 SNR, 0.250 0.200
TABLE III TABLE V
THE SIGNAL-TO-NOISE RATIOS VERSUS THE SIZE OF THE FOCAL SpoT THE SIGNAL-TO-NOISE RATIOS VERSUS THE CUTOFF FREQUENCY
Fixed parameters: d = 1000 mm, z = 500 mm, t = 20 mm, Fixed parameters: d = 1000 mu, z, = 500 mm, o = 10, t = 20 mm,
W =5 cycles/mm W =« (100 cycles/mm)
g = 2 4 6 8 10 fc (cycles/mm) = 3 4
Standard Standard
tomography C tomography
SNR 0.490 0.270 0.221 0.203 | 0.194 SNR 0.192 0.211
SNR, 0.980 0.541 0.442 0.406 | 0.388 SNR 0.305 0.349
SR . 0.980 0.541 0.442 0.406 | 0.388 SR, 0.508 0.537
Conventional Conventional
radiology radiolo
radiology
SNR 0.164 0.165 0.168 0.173 | 0.176 . SNR 0.186 0.177
SR, 0.470 0.470 0.465 0.447 | 0.427 SNR_ 0.428 0.460
SNR 0.253 0.254 0.264 0.283 | 0.300 snR, 1.176 0.238
Tomographic :
N . Tomographic
filtering _ filtering
SNR 7.710%5 [9.5s 107° |35 1072 |o.11 | 0.15
: : : : : SNR 0.180 0.124
+2
SNR, 1.3 10 2.1 0.96 0.67 0.55 SN 0.571 0.841
-23 =5 -2 <
SR 7.7 10 9.5 10 3.5 10 0.13 0.20 SNR, 5.262 0.146

e
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the focal spot causes an increase in size of the system impulse
response and moving the object (or the plane of cut) closer to
the focal spot also causes an increases in the extent of the im-
pulse response. Consequently, an increase of the impulse re-
sponse size causes an increase of SNR in standard tomography
and a decrease of SNR in conventional radiology and tomo-
graphic filtering, where SNR, increases but SNR decreases,
resulting in a decrease of SNR. These results are in agreement
with the conclusions drawn from the practical results in 2],
where the difficulty of filtering for layers closer to the focal
spot was recognized. One might be tempted to conclude here
that a smaller focal spot would be preferred for tomographic
filtering. Although this may be true with respect to noise in
the image, it is important to recognize that the “noise” due to
the presence of other layers is highly structured and not white
noise as assumed here. Consequently, larger focal spots may
still be preferred [recall (16)]. Since in practice the focal spot
is given, the best results will be obtained by adjusting the filter
parameters.

Similar results are obtained with variations of the bandwidth
of the object (Table IV) or the bandwidth of the low-pass fil-
ter (Table V). In standard tomography the SNR increases
when the object bandwidth or the cutoff frequency increases.
On the other hand, in conventional radiology and tomographic
filtering the SNR decreases because it is dominated by SNRy,
which decreases. Note also that when the object is band-
limited white noise (i.c., when the cutoff frequency f, has no
effect) in standard tomography SNR, is equal to SNRy.

When the. system parameters are the same (that is, any col-
umn in Tables I to V) the signal-to-noise ratios compare as fol-
lows (the arrows denote how they increase):

SNR, SNR¢ SNR
Standard tomography
Conventional radiology J {
Tomographic filtering

Therefore, the SNR is largest for standard tomography and
smallest for tomographic filters. From this we should not con-
clude that tomographic filters are useless because with real
objects the noise is structured and the SNR may be perceived
differently by the eye. On the other hand, SNR, is always
largest for tomographic filters, which shows that the tomo-
graphic filtering technique performs better for layers of the
object closer to the film. :

E. The Radiation Dose

The goal in diagnostic radiology is to obtain as much rele-
vant information as possible from inside a patient’s body,
while keeping the total radiation dose to a minimum to reduce
any possible danger to the patient.

Each radiologic procedure represents a compromise between
dose, and image and diagnostic qualities [9]. Standard tomog-
raphy must be regarded as a relatively high exposure-dose pro-
cedure and it is used only when there are specific indications
which outweigh the risks [5, p. 314]. The radiation dose per
exposure, typically 1-2 rad, is comparable to conventional
radiology, but the total dose is usually greater since multiple

exposures are the rule. Indeed, since the location of the rele-
vant structures is not usually known, various tomograms have
to be obtained until their positions are known; this is espe-
cially true in the case that the details are small. It was for-
merly believed that the dose in standard tomography could be
kept low using a simultaneous multisection technique. Instead
of using just one film, several films (typically five or six) are
contained in a multicassette box and spaced at about 1 cm
apart. However, the total dose to the patient is not reduced if
intensifying screens are used, in which case the patient dose is
comparable to the one with the same number of single section
exposures [10].

Here the advantage of a tomographic filtration process is
clear. With a single radiograph and tomographic filtering oper-
ations an indication of the positions of the structures can be
obtained. Once they are known, a subsequent thin-section
tomogram at the proper depth using standard techniques may
give a more accurate representation. Indeed, it has been sug-
gested [9] that a diagnostic hierarchy could be formulated

which would significantly reduce the total radiation levels to .

which specific types of patients are exposed. A tomographic
filtration process would fit well in such a hierarchy, especially
when on-line image processing and communication systems
[11] are available in hospitals which will facilitate the storage,
retrieval, processing, and display of the images.

IV. PrRACTICAL EVALUATIONS OF
TOMOGRAPHIC FILTERS

Practical evaluations of tomographic filters were also carried
out [2]. Examples of results with computer simulated radio-
graphs were published in [12]. Here, some results with actual
radiographs are shown and discussed. Radiographs of a mock
chest (phantom) with different sets of lesions on either side of
the chest were obtained at the Radiological Research Labora-
tories, University of Toronto, Canada. In order to have suffi-
cient resolution, only small areas of 50 X 50 mm? in the radio-
graph were digitized. Fig. 3 shows two examples obtained
with a focal spot of nominal size 2 mm, and radiological mag-
nifications of 1.5X [Fig. 3(a)] and 2X [Fig. 3(b)]. The re-
gions to be processed were carefully chosen to contain two
lesions, one on the side of the chest closest to the focal spot
(small white area in the fourth quadrant) and one on the side
of the chest closest to the film (large white area in the second
quadrant). We will refer to these two layers as layer 2 and
layer 1, respectively.

The number of samples in the processed radiographs was
140X 140 and in the filter impulse responses 117 X 117
(separable). The parameters of the tomographic filters used
are given in Table VI. The need for, and definition of, hard
limits and cutoff frequencies, as well as further details on the
filter design and implementation techniques, can be found in
[2],[12]. ‘

The results are shown in Figs. 4 and 5. In general, the recon-
struction of the layer of the phantom which is closest to the
focal spot (layer 2) produces a sharper image of the lesion in
that layer and also an apparent reduction of its size [see fourth
quadrant in Fig. 4(2) and (b) and Fig. 5(2) and (b)]. The same

Y T
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Fig. 3. Two digitized, windowed, and reconstructed radiographs of the

same object. Radiological magnification: (a) 1.5X (b) 2X.

TABLE VI

11

SUMMARY OF THE PARAMETERS OF THE TOMOGRAPHIC FILTERS USED TO
OBTAIN FIGS. 4 AND 5

RESULTING ORIGINAL LAYER HARD LIMIT LOW-PASS

FIGURE FIGURE TO (in dB) FILTER
DEBLUR BANDWIDTHS

9(?1 cycles/ggmz)

‘4(a} 3(a) 2 10 0.34 0.37

4(b) 3(a) 2 20 0.41 0.51

4(c) 3(a) 1 15 1.32 0.94

4(d) 3(a) 1 20 1.48 1.11

5(a) 3(b) 2 20 0.24 0.30

5(b) 3(b) 2 20 0.70 0.30

5(c) 3(b) - 1 10 1.07 0.39

5(d) 3(b) 1 20 0.40. 0.53
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Fig. 4. (a)-(d) Results of filtering Fig. 3(a) with tomographic filters.

The parameters are given in Table VI.

filter degrades the large lesion in the layer of the phantom
closest to the film (layer 1), by filling it with gray levels [see
second quadrant in Fig. 4(a) and (b) and Fig. 5(a) and (b)].
On the other hand, the reconstruction of layer 1 degrades the
image of the lesion on layer 2 by smearing it in the back-
ground [see fourth quadrant in Fig. 4(c) and (d) and Fig. 5(c)
and (d)].

V. CoNCLUSIONS

- Tomographic filtering is a new technique that filters conven-
tional radiographs for the simulation of standard tomography.
Tomographic filters could easily be applied when on-line image
processing and communication systems are available in hospi-
tals, thus facilitating the storage, retrieval, processing, and dis-
play of the images. This paper has produced a comparative
assessment of tomographic filtering with respect to standard
tomography and conventional radiology. Practical evaluations
have also been shown.

In terms of the exposure angle, a tomographic filtration pro-
cess is closer to zonography than to any other tomographic
technique. When exposure angle is translated to thickness of

cut, the result gives a clear advantage to standard tomography
over tomographic filtering, but tomographic filtering repre-
sents an improvement over conventional radiography.

The magnitude transfer function in a TFP varies faster from
layer to layer than in the equivalent system using standard
tomography. It has been shown that this interval always con-
tains the plane of cut, hence, in a region around the tomo-
graphic layer a TFP gives better contrast between layers than
standard tomography. However, if the normal sizes of the ex-
posure function are taken into consideration, the performance
of standard tomography is by far better because that interval
becomes negligible.

The signal-to-noise ratio is another useful evaluation crite-
rion which has served to compare the characteristics of the
three techniques. Nevertheless, these measures give only an
indication of the performance from a theoretical point of
view. In practice, the object is very structured and the effects
of noise cannot be calculated statistically.

The greatest advantage of a tomographic filtration process is
in reducing the radiation dose to the patient. Indeed, a single
radiograph and tomographic filtering operations might give



COSTA etal.: EVALUATION OF DIGITAL TOMOGRAPHIC FILTERS

13

Fig. 5. (a)~(d) Results of filtering Fig. 3(b) with tomographic filters.
The parameters are given in Table VI.

enough depth information. If more details are needed, a subse-
quent thin-section tomogram would give a more accurate rep-
resentation at the proper depth, without multiple exposures.

Further research is required to determine those medical pro-
cedures that would benefit more from tomographic filters.
Specific suggestions were given in [12].
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