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X-ray Image Subtraction by Digital Means

Abstract: A conventional method of removing unwanted background information from radiographic images is to use photographic tech-
niques. An alternative approach is the digital processing of x-ray difference images. This approach offers the advantage over photo-
graphic methods in that it permits the performance of nonlinear operations, such as compensation for film characteristics, thus offering
greater flexibility in the presentation of x-ray images and greater reliability in their interpretation. This paper describes the features and
implementation of a new digital approach and presents experimental results obtained from processing two sets of angiograms.

1. Introduction

An important medical radiographic image-processing
technique is known as subtraction [1]. It is essentially a
method of removing unwanted background information
from an x-ray image. The processing involves two radio-
graphic exposures taken before and after a suitable
contrast agent or dye has been introduced into the speci-
men of interest. The desired result is to increase the Visi-
bility of image features by emphasizing the presence of
the contrast agent through the subtraction of background
detail. Background information occurs as a result of x-
ray absorbing material that exists in the specimen being
studied.

In a radiographic system, the x-ray energy available
for exposure of the film is attenuated exponentially as it
passes through the specimen. This exposure energy is a
two-dimensional function, which can be written as

E(x,y)=E, exp [—B8{x,¥)],

where E is the energy incident on the specimen (as-
sumed uniformly distributed) and B(x,y) represents
the attenuating effects of the materials in the specimen.
Absorption is here considered to be the dominant atten-
uation process. The function 8(x,y), herein called the
attenuation projection, is determined by the composite
effect of the several absorbing materials present in a
specimen. Subtraction normally attempts to remove all
effects except that of a prepared contrast agent.

In the work reported here, registration alignment of
two images is required, but relative geometric distortion
between the images is not large enough to warrant
correction. The application of digital techniques to X-ray
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image enhancement, where geometric changes involving
relatively large features occur between the times at
which the two exposures were made, has been reported
previously [2].

2. Basic relations and assumptions

The type of experimental arrangement we are consider-
ing is depicted in Fig. 1. There is a source of X-rays
whose output beam is collimated onto a specimen. As
the x-rays pass through the specimen, they are attenuat-
ed exponentially by the local variations in the material
attenuation characteristics, which are assumed to be
predominantly the result of absorption phenomena. A
reduced x-ray strength is available for exposure of a
closely positioned x-ray film. For much of medical radio-
graphic work, the film is positioned within intensifying
screens so that light energy (after conversion from x-ray
energy) is the primary means of film exposure.

As suggested by Fig. 1, a small amount of magnifica-
tion (typically in the range from 1.02x to 1.2X, depend-
ing on the type of radiographic examination) is normally
introduced as a result of a separation between the speci-
men and recording medium. This effect and geometric
unsharpness (penumbra) caused by the combination
of source size and magnification are not included in
the following discussions in order to simplify the pre-
sentation.

The subtraction technique is conveniently implement-
ed with photographic methods. This is the current prac-
tice. By restricting exposure to the so-called linear por-
tions of the sensitometric curves of x-ray and photo-
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graphic films, it is possible to prepare a difference image
that is a facsimile of the original x-ray image with the
background removed.

With digital image processing, however, one is not
limited to the linear portions of the film characteristic
curves in order to achieve high-fidelity results. More-
over, with knowledge of the x-ray film characteristic
curve, it is possible to extract exposure variations normal-
ly suppressed because they occur at relatively high or low
levels on the sensitometric curve. Thus, one is able to
make use of a greater x-ray exposure range.

It is apparent that the digital approach to subtraction
should provide convenient access to quantitative differ-
ence information. Furthermore, it is possible to assign
values to the attenuation projection, 8(x, y), and its con-
stituents, and to perform operations that are not feasible
with photographic or optical means.

Finally, digital processing offers flexibility in the pre-
sentation of the images resulting from digital subtraction.
The attenuation projection can be displayed directly in
terms of transmittance or in its exponentiated form
(similar to photographic method output). Alternatively,
the display can be adjusted to compensate for the eye
response. Another important reason for digital process-
ing is that the effective contrast in the resultant image
can be automatically and spatially varied to further en-
hance the display.

We assume that the attenuation coefficients of the
absorbing materials are frequency independent over the
range of x-ray energy available. This is a reasonable
approximation in many diagnostic situations. However,
the following developments can be expected to show
some error in certain diagnostic situations, e.g., soft-tis-
sue absorption of low-energy photons.

Consider an inhomogeneous specimen (of thickness
not exceeding L) consisting of various absorbing materi-
als. Let a(x,y, z) be the value of the linear attenuation
coefficient at point (x, y, z) in the object. In general, the
function a(x, y, z) includes the effects of the three-dimen-
sional geometric distribution of the constituent materials
present. Since «a(x, y, z) is based upon the linear attenua-
tion coefficients existing in the specimen, it follows
(assuming propagation in the z-direction) that the energy
available to the recording medium is given by

E(x,y) = E, exp [—f: a(x, y,z)dz] ,

where E, is the spatially uniform energy incident on the
specimen.

It is apparent that, for the assumptions stated above,
the previously introduced radiographic attenuation
projection is given by

L

B(x,y) =f'a(x,y,z>dz.

0
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Figure 1 Radiographic configuration.

This function has quantitative significance. For exam-
ple, we can say that it represents

1. the sum of the products of the linear attenuation
coefficients and the respective thicknesses of the
absorbing materials, or

2. the sum of the products of the mass absorption coeffi-
cients and the mass per unit area.

The attenuation projection is a two-dimensional represen-
tation of the amount and type of material encountered
by the x-rays as they pass through the specimen.

A representative x-ray film (Dupont Cronex 2DC)
characteristic curve is shown in Fig. 2. The extremes of
the curve have the effect of suppressing the measured
density or transmittance variations. Even in the so-
called linear region of the curve, the slope, or vy, shows
some change. With prior knowledge of the x-ray film
characteristic curve, it is possible to convert measured
transmittance or density values to relative exposure. As
aresult, it is possible that signal variations that reside at
extreme levels of exposure can be restored through
computer processing.

In mathematical terms, if the background attenuation
projection is 8, (x, ¥) and the projection after introduction
of a contrast agent is 8,(x, y) + B(x, y), then the differ-
ence projection is

B(x, y) =In [Ey(x, y)/Ea(x, y)1,

where Ey (x, y) and E,(x, y) are the relative exposures be-
fore and after introduction of dye [3]. This relationship
involving the ratio of the exposure energies is general
and basic to the importance of subtraction.
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Figure 2 Form of typical characteristic curve for x-ray film.

3. Photographic subtraction

Because radiographic subtraction is normally accom-
plished with photographic techniques, it is useful to un-
derstand this method as a basis for reference and com-
parison with the digital image processing approach.

Briefly, the typical photographic approach consists of
the following steps. A negative transparency or mask is
made from the Xx-ray film obtained before the contrast
agent is introduced. This mask is superimposed (with ap-
propriate registration) upon the film obtained after the
injection of contrast material, and the combination of
images is viewed by a radiologist. The scene available is,
ideally, the desired difference image with all of the back-
ground removed. The result is readily recorded as a neg-
ative transparency. An additional photographic process-
ing step can then provide a positive transparency, if de-
sired.

The foregoing description can be conveniently repre-
sented mathematically since the linear region of the film
characteristic is a necessary ingredient to the argument.
In this region, the relation between optical transmit-
tance, T, and exposure, E,is T = 10°° E™”, where D,and
v are constants of the film and its processing. This gen-
eral relation applies to both photographic and x-ray ex-
posures although the constants would be different.

The x-ray energies available for exposure before and
after introduction of a contrast agent, respectively, are
given by
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Ey(x,y) = E, exp [—Bp(x,¥)]

and

E.(x,y) =E,exp [-By(x,y) —B(x, y)].

By (x, ¥) is the background attenuation projection and the
primary function of interest, 8(x, y), is the attenuation
projection due to introduction of the dye. The exposure
energy, E,, incident on the specimen is assumed to be
spatially uniform. Also, in this discussion, scattering and
diffraction are neglected.

The resulting transmittances of the two x-ray images
are given by

Th(x,y) =K, exp [y<Bp(x,¥)]

and
Ta(x,y) = K, exp [v:Bu(x,y) +y<B(x,¥)]

= Ty(x,y) exp [v«B(x,¥)],

where vy, refers to the slope of the x-ray film sensito-
metric curve, and K| is a constant. (In the following, all
K’s are constants. )

The energy available for exposure of the mask asso-
ciated with T, (x,y) is

Epm(x, y) = K, Ty (x, y) ;
so the transmittance of the mask can be written as
Tbm(x, )’) = KgTb(xs )’)_ym s

where v, need not necessarily be the same as y,. The
following development will demonstrate that, regardless
of the value of y,, the optimum value for vy, is unity.
Cascading of the “before” mask and “‘after” transparen-
¢y permits an exposure energy of

Eq(x,y) = K, Tymlx, y)Talx,y)

= KTy (x, )" 7™ exp [v:8(x,y)];
so the difference image print will have the form
Ta(x,y) = K Fyp(x, y) ™7™ exp [—yxyaB(x, ¥)],

where, in principle, v4 need not be the same as y,,. It is
apparent that if y,, is chosen to be unity, the difference
becomes

Tq(x,y) = K exp [~yxyaB(x,¥)]

and the effect of the background is now removed. In fact,
the transmittance becomes functionally “perfect” if a
positive transparency is made, e.g.,

Top(x,y) = K, exp [yx¥ayanB(x, )1,

with the product ygys = 1. We see that the relation is
identical to the original transmittance relation had there
been no background, 8, (x, y), present.

1IBM J. RES. DEVELOP.




As indicated, the foregoing analysis is restricted to the
linear portion of the film sensitometric curve. Although
the analysis does not lend itself to easy mathematical
treatment, it is possible to improve the photographic
result by utilization of a modified technique known as
second-order subtraction [4]. Two masks must be cre-
ated in this case. The benefits of second-order subtrac-
tion are partial correction for nonlinearity of the curve
and some amount of compensation for those cases in
which the mask gamma, v, is not unity.

4. Output presentation

Digital processing lends itself to flexibility in output pre-
sentation. As indicated earlier, the effective attenuation
projection can be computed from the exposure func-
tions, which in turn are translated from measured trans-
mittance image functions. There are many ways to pre-
sent the results of digital subtraction. One means of dis-
playing the effective attenuation projection as an image is
with a transmittance variation that is directly proportional
toB(x,y),e.g.,

Tq(x,y) = KB(x,y) .

To reconstruct a “clean” x-ray exposure, the expo-
nential dependence can be restored so that the image
becomes

Ta(x,y) = Kgexp [y.B(x,y)]
= Kl()[Eb(x) y)/Ea(xv y)]yc 9

where the value of y. can be selected to be the same as
or different from that of the original x-ray film. Thus,
to the extent that the recording film dynamic range per-
mits, contrast enhancement is possible. In any case, by
comparison with the results of the preceding section it is
apparent that this particular output formulation agrees
structurally with the results of photographic subtraction.
The photographic theory presented earlier was valid
only over the linear region of the characteristic curve,
while the method of digital subtraction and presentation
indicated in the above equation is not restricted in this
important aspect. Furthermore, artificially generated
“positive” or “negative” displays can be generated by
the proper choice of sign for v,.

For these reasons, the majority of results shown in
our experimental investigation utilize this formulation.
However, the quantity y, will henceforth be called a
contrast parameter since the particular recording de-
vices employed were operated in a manner such that
there did not exist a 1:1 relation between computed
transmittance and recorded transmittance.

Finally, one can attempt to achieve eye-response
compensation with the display. A certain amount of con-
troversy exists as to whether this response tends to be

MAY 1973

logarithmic (in which case the preceding display tech-
nique involving exponentiation is already applicable), or
to follow a power law [5]. For the latter case, an appli-
cable form of the transmittance is

Ta(x,y) = K, B(x, »)",

in which k is chosen to be about 3.

The normal method of implementation of the pre-
viously described exponentiation technique is to pick
fixed values of the contrast parameter, y., and to com-
pute the corresponding transmittance image. However,
it frequently happens that the value of v, which is opti-
mum in regions with minimal background, is not suitable
for regions of high background. This situation can occur,
for example, when the dynamic range of the recording
medium is inadequate. To improve visualization, it is
desirable to vary the contrast parameter spatially and,
consequently, to vary the contrast as a function of back-
ground intensity in different regions. Since the exposure
function of the “before” image is a measure of the back-
ground, it is used as a control function to set the variable
contrast parameter. An example of one such imple-
mentation is given as

‘YC:(x? y) = K12 + Klg[Eb(x’ y)]_l >

where the K’s are constants chosen to vary vy, over the
desired range. This type of data-dependent contrast en-
hancement requires an additional processing step but
has the distinct advantage of providing automatic con-
trast adjustments.

5. Implementation

A representative flowchart for the operations performed
in our implementation of digital subtraction is shown in
Fig. 3. The facilities that were available to this investiga-
tion are shown in the block diagram of Fig. 4. The input-
output operations were usually accomplished with image
processing equipment attached to an IBM 1800 process
controller [6]. Interactive processing on extractions of
the full-size images was done on a time-sharing comput-
er system (TSS/360) using a special image processing
supervisory program developed by R. Bakis. Temporary
results obtained interactively were transmitted to the
1800 for TV display. Digital processing of the full-size
images was accomplished with an IBM System/360 Mod-
el 91.

One means of image input was an image dissector TV
camera under control of the 1800. This system has a
special dc light box that provides illumination for scan-
ning x-rays as large as 41 cm by 51 ¢m. The 2.5-cm cir-
cular photocathode and 25-um aperture permit a maxi-
mum useful circular field size of 1000 pixels in diameter.
The amplitude noise level was measured to be 1% at full
amplitude. However, at the time we were using this sys-
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Figure 3 Steps in digital subtraction.

tem for scanning the difference images, the deflection
system was producing an unwanted ‘“hum’ that resulted
in a noticeable degradation in signal-to-noise ratio.

Because of the image dissector camera deflection prob-
lem, an alternative input method was also employed.
This was the use of an Optronics International, Inc. Sys-
tem P-1000 Photoscan mechanical drum scanner. The
particular model used had an available field of about
12.7 cm by 17.8 cm with the overall width of a trans-
parency restricted to 18.7 cm.

All images were raster scanned. The data obtained
from the Optronics scanner were recorded in terms of
optical density. When the image dissector was used, non-
uniformities in the light box illumination and photocath-
ode sensitivity required normalization; a reference scan
was first taken with the x-ray film removed and the image
scan was later divided digitally by the reference scan to
obtain an image meaningful in terms of optical transmit-
tance.

All scanned images were recorded on digital magnetic
tapes that were hand-carried to the Model 91 for further
processing. On this system, the images were converted
to transmittance representations and stored as direct-
access data sets on an IBM 2316 Disk Pack. The size of
the images stored and processed on the Model 91 was
1024 x 1024 pixels.
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Figure 4 Facilities for digital processing of x-ray images.

Unfortunately, only coarse registration alignment was
aone on the images prior to the original scanning pro-
cess. As a result, it was somewhat difficult to determine
the registration parameters after the images were spatially
digitized. Also, automatic digital registration techniques
(e.g., [7]) were not implemented since this was to be a
short-term exploration. Trial and error registration pro-
cessing on the full-size image was prohibitive in terms of
both system resources and turn-around time.

The course chosen for registration was to extract
256 x 256 pixel portions from the 1024 x 1024 pixel
full-size images, store the extractions on the TSS/360
system and process these images in an interactive man-
ner. The extractions could be of the same spatial resolu-
tion (by using a selected portion of the original image;
e.g., a corner) or sampled versions of the full image. Un-
less unusually distinct features were available, the later
type of extraction proved more convenient.

Coarse registration was accomplished by two
methods. The first method involved direct visual com-
parison of the geometrically transformed image (which
was arbitrarily chosen to be the “after” image) with the
other image. The comparisons were made by viewing
split-screen TV images or Polaroid prints. The locations
of common features were compared and used to predict
the next trial parameters. An alternative method proved
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useful when particularly distinct common features were
available. In this case, gray-level slicing thresholds were
chosen to outline the features and the resulting binary
images were directly subtracted to produce a resuitant
image. Examples of the TV monitor presentations of the
images obtained with this approach are shown in Fig. 5.
The picture in Fig. 5(a) illustrates the situation prior to
registration, while the picture in Fig. 5(b) gives an ex-
ample of an image that is close to proper alignment.

Fine registration alignment was also done interactive-
ly. The method of generating the difference radiographs
is such that, neglecting physical movement, at every cor-
responding point the transmittance of the “after’” image
should always exceed that of the “before” image. Sub-
traction of a properly aligned set of difference images
should produce a unipolar resuitant image. This princi-
ple was made use of by performing the subtraction on
the gray-scale transmittance images, examining the re-
sultant histogram and then comparing it to those of other
trials. Minimization of the inevitable discrepancies at the
0.1% and 1% points of the cumulative distribution were
the best indicators of proper registration.

After the registration parameters were determined,
processing of the full-size images stored in the Model 91
was performed. The transmittance representations were
converted to relative exposure representations based
upon linear interpolation of a 28-point approximation to
the x-ray film sensitometric curve. Points were taken
from a standard curve for Dupont Cronex 2DC film, al-
though an actual calibration using a gray-scale wedge
would have assured more accurate results.

After conversion of the images to relative exposure
representations, the previously determined registration
parameters were applied to geometrically transform the
“after” image by the proper amount. This step tends to
require large amounts of computing resources if rotation
is needed. Because of core storage limitations and job
priority considerations, only a fraction of the image could
be manipulated at any one time. Although other arrange-
ments were possible, we used image slices corresponding
to s5th of the total image height. As a result, execution of
a program written in FORTRAN to perform a 5° rota-
tion with linear interpolation between the four nearest
neighbors required less than 5 minutes of CPU time (the
system contained 382K bytes of core storage), but more
than 1 hour of system time to accomplish the disk I/O
operations. Fortunately, this step was a “one-time” oper-
ation for each set of images.

The next processing step was to divide the geometri-
cally transformed ‘“before” exposure image by the “af-
ter” exposure representation. This ratio was an inter-
mediate result that was also stored on disk to avoid rep-
etition of the prior geometric transformation. The ratio
representation was used to generate a number of “‘posi-
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(b

Figure 5 Images photographed from TV screen. (a) Before
registration; (b) after registration.
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(b)

Figure 6 Original images for Case 1; (a) before dye insertion,
(b) after dye insertion.

tive” and “‘negative” artificial images based upon display
gamma values (contrast parameters) chosen by the in-
vestigators to provide varying levels of contrast. Addi-
tionally, the ratio image could be used to compute a
B(x, y) representation having quantitative usefulness,
The resultant images were recorded on magnetic tape.
For immediate inspection, the 1800 system was used to
control the production of Polaroid prints showing
512 x 512-pixel images. All results shown in this paper
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(b)
Figure 7 Beta representation for Case 1; (a) prior to registra-
tion, (b) subsequent to registration.

were obtained by this means. However, for full-resolu-
tion hard-copy images, it was necessary to print the re-

Figure 8 Digital subtraction with positive contrast parameters
for Case 1; (a) y.=—1, (b) y.=2, (¢) y.= 3. (Facing page,
left.)

Figure 9 Digital subtraction with negative contrast parameters

for Case 1; (a) y.=~—1, (b) y.=—2, (¢) y. = —3. (Facing page,
right.)
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(a)

(b)

Figure 10 Result of photographic subtraction for Case 1; (a) original photographic result, (b) photographic result after scanning,

digitization, and hard-copy playback.

(a)

(b)

Figure 11 Original images for Case 2; (a) before dye insertion, (b) after dye insertion.

sults on a mechanical drum recorder. In either case, the
histogram of each image was used to scale and normal-
ize the range of resultant image values so as to distribute
them more fully over the range of film densities available
214 from the recorder. For example, computed image densi-
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ties ranging from 0.5 to 1.0 were distributed over the
density range of 0.2 to 1.7 available from a recorder.
Similarly, computed densities ranging from 0.5 to 7.8
were scaled and normalized to the same 0.2 to 1.7 range.
While this approach gives a highly satisfactory visual
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(a)

(b)

Figure 12 Subtraction for Case 2; (a) photographic, (b) digital, with varied contrast parameters.

result, it is important to note that there no longer exists a
1:1 relationship between a computed transmittance val-
ue and the recorded transmittance. To emphasize this
discrepancy in the recordings that follow, the values of
v. used in the computations are referred to as contrast
parameter values rather than gamma values.

6. Experimental investigation

A few pairs of images were processed to demonstrate
the digital approach to radiographic subtraction. The
experimental investigation related to two sets of arterio-
grams of the head are described in this section of the
paper.

The first pair of images (Fig. 6) are angiograms of a
vascular tumor behind the angle of the jaw. Similar por-
tions of this set of x-rays were scanned with the image
dissector. (The corner structure evident in the following
digitally processed images was due to the finite extent of
the circular image dissector photocathode.) Both images
clearly show a string of spheres (used to partially embo-
lize the tumor) in the lower left quadrant of the pictures.
The “before” image shows the upper cervical vertebrae
and the angle of the mandible. In the image taken after
the radio-opaque medium was injected into the artery
supplying the tumor, a large vascular stain is seen to be
overlying the bone structure.

Extractions (256 X 256 pixels) taken from the vicinity
of the spheres were used (since they were convenient
distinct features) to perform the registration. Typi-
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cal TV images obtained during the course of interactive
processing have already been shown in Fig. 5. Figure 7
shows the resultant 8(x, y) representations as computed
before and after registration was performed [8]. It is
evident that, even with proper registration, some artifact
was present. Note the circular structure particularly evi-
dent in the upper left quadrant of the image. This prob-
lem was traced to hum in the deflection circuits of the
image dissector, and the structure introduced is due to
incomplete cancellation of the photocathode sensitivity
variations.

The final results in terms of digitally generated sub-
traction images are shown in Fig. 8 for positive values
of contrast parameter and in Fig. 9 for negative values.
The positive contrast trials attempt to recreate the origi-
nal exposure as if the background had not been present.
The negative contrast cases permit comparison with a
print obtained via photographic subtraction. Figure 10
shows the result of photographic second-order subtrac-
tion in its original form as well as a version obtained
with our recorder after scanning and digitization of the
photographic result. An obvious fault present in the pho-
tographic result is the presence of jaw structure in the
upper central portion of the image. Not only is this back-
ground structure significantly suppressed in the digital
results, but they more accurately show the true extent of
the tumor.

The second pair of images to be described involves
the vertebra-basilar circulation in the posterior cranial
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(a)

(b)

(©) ‘

(d)

Figure 13 Digital subtraction with positive contrast parameter values for Case 2; (a) y. = 1.5, (b) y.= 2.5, (¢) y. = 5, (d) y. = 12.

fossa. The original representations are shown in Fig. 11.
The patient has a tumor in the pineal region.

Because of the image dissector hum problem, it was
decided to utilize the Optronics drum scanner for this
case. These images were scanned at a resolution of 50um
and a field of 2494 x 2275 pixels. The processed images
were 1024 X 1024 pixels obtained by averaging groups
of four adjacent pixels. The “flat” areas found in the
lower left of each image were due to the fact that scan-
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ner controls were set to saturate at an image density
greater than two. A higher available density setting
(three, for example) would have sacrified resolution in
the regions of primary interest, which have low density
values.

The results obtained in this case for various values of
effective positive and negative contrast parameters are
shown in Figs. 13 and 14. A photographic subtraction
result (again obtained with the second-order technique)
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Figure 14 Digital subtraction with negative contrast parameter values for Case 2; (a) v,

¥ = —20.

is shown in Fig. 12(a) for comparison. The result for
v.=—12 [Fig. 14(c)] is an improvement over the pho-
tographic resuilt. The medical result is that the thalamo-
perforate arteries are well seen and the vessels behind
the temporal bone have been markedly enhanced.
Further improvement is possible and convenient to
realize digitally. Examination of the results shown in
Fig. 14 indicates that the use of a fixed-contrast parame-
ter can provide a good presentation over only a portion
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(d)
—1.5, (b) y.=-2.5, {¢) y.=—12, (d)

of each image. For example, vy, = —20 provided best
perception of detail in the high background region while
sacrificing perception in some areas of low background
regions. It is in this type of situation where automatic
contrast adjustment using the background exposure as a
control function can prove useful. The result of such an
enhancement implementation is shown in Fig. 12(b),
where the contrast parameter was varied automatically
and spatially between the extremes of —5 and —20.
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