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Abstract

A systematde evaluatlon has boen conducted of
cortadn digtenl {mage epnhiancemant techudgues pop-
fermed dn dwngae apnee.  Threa types of lmages have
been ugaed, computor penevatiod phontomt, tomopramd
of u synthotic phimtow, md axial tomoprvawms of
huswt anatomy contalning dwages of lealonn, artd=
fieially introduced into the tomograws.

Saveral types of ameothing, sharponing, and
higkogram moddificacion havo been explored. X lad
heen vonclwdad that the mest weeful enhancemant
technlques are n seloctive smoothing of singulor
pleture elements, combined with contrnst manipula-
tion. Tho most useful teol fn upplylng theso tech-
niques Juo the gray-seale histopram.

Summary
SUmnLy

NASA daveloped technelogy has heen npplied to
the enliancement of computorlzed axinl tomoframs of
human anatomy,.  Tha work was pexformed on gn dmage
annlysis system devoloped for the lnspection of
aprofpace structures. The tomograms wore supplicd
by the Cleveland Clinle Poundation dn the form of
computer readable moagnotic tapes.

A systematic avaluntion was conducted of «
repertory of digltnl cphancement btecliniques por-
formed i dwaga spoace, Three types of images were
used!  computar genorated phantoms, tomograms of o
synthatic phantom, and tomograms of human anatomy
containing dmages of lesions, arcificinlly intro-
tuged into the tomoprams.

Tha reportory of enhancement functions iuneiuded
sevaral types eich of smeothing, sharpening and
Llstopram manipulacion, The functiong were applied
In nn orderly manner te aeveral of wvach of the
threa types of images. The inpub parameters were
varied systemntically,

The following conclusions were reached for the
type of Images investlgated in this program:

1, Selective smoothing of singulnr pleture sle-
ments 1 most usoful for reduclng wodse aplkes.

2, QContrast manipularion 1 the mwost effective cn-
hnneoment mothod.

3, fthe gray-scale histogram 1 the most usefyl
tool dn applyding these tochnlques,
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Tutroduction

The raw Imnges produced by cemputerized axial
tomoprnphy vossess certaln shorteomings., Fine
astructure is froquently obsourad by limltod reso-
lution mud nodse introduced by both the $-vay sen=
sore and the veconatruction algowithm. ‘Thesu shori-
conlngs are shared with those of radiographie imnges
produced in the nondestructive inspectlon of mo-
terlale and structures., The resolution of auch proh=
lemn in aervospace applications is currently nuder
investigation 3¢ NASA, Lewis Reseavel Centers A
real=time computevized radiographic dnspection fn=
edlity bas heen daveloped?,

To explore common prolilems, » cooperative pro-
prant between the Nondestruerive Evaluntion Soetion
of Lowiys Research Center and the Nivision of Radi-
olopy of the Claveland Clinde Foundation has beon
initdated, 1t 45 coordinated by che Technology
Utilization 0ffice of Lowis Resoareh Contor, 'The
worlk i belng conducted by NASA persomnel in the
laboratories of _he Nondestructdve Evaluation Sve-
tion,

Axlal towoprans of humin anotomy are supplied
Ly Claveland Clinie. 'They ave transforred fn the
form of computer recadable magnetdc tape. They are
proceased on wbe NDE sectlon computer, using a
repartory of cnhoncement Cunctilons developed Lor
on-line rudiograplic inspection, Currently, tha
investigation ds linmlted to operations in iwage
space, It {g planned to be extended te fourier
flltering and annlyeis in Fourler space.

The towographlie images suppliced by Cleveland
Clinle consist of 2506 lioes of 256 square pictura
alements,  Tho dmage analysis havdwore procossaen
Images of 490 lines of 512 pectangular picture ole-
wents, The olements hove an aspect racdo of 4:3,
the broadeanc telovision standard. ¥For diaplay
purposes, it is necessary to tranaform the Clevaland
Clinic images by cyelically repeating picture cle-
mentsd.  Howuver, they are storad in tho computer



mags memory, and processed, as 256 X 256 arrays.
The image analysis hardware usce a range of
brightness values from D (black) to 255 (white).
The tapes supplied by Cleveland Clinic use arbi-
trary X-ray absorption values, Thoy are transe-
formed on reading to "delta numbers' from <1000
to represent the X-ray film density of air (black)
through +1000 to represent bone (white).

Procedure

Three classes of enhancement functions were
explored: image sacothing, ilmage sharpening, and
histogram modification. These techniques are des-
cribed more fully clsewhere~. Four types of image
smonthing funections were used:

1, Weighted gray value averaging over a reigh-
borhood, 3 plcture elements wide by 3 high. The
weight given each element 18 an input parametar.

2. A welphted median otherwlise identical to item
1.

3, A replacement of a nelghborhood of plcture ele-
ments by the mean of the neighborhood., The size
may be made 2 X 2, 4 X 4, 8 X 8, or 16 X 16,

4, Selective averaging, the criterion being that
the ecentral point in a 3 X 3 neighborhood be out

of a specified range. If the element 1s not out of
range, it is not averaged.

Two types of sharpening functions were explored:

1. Laplacian,
2. Root-mean-square gradient,

Two types of histogram modification were inves-
tigated:

1. Contrast expansion, in which a specified ioput
range of gray values is transformed to a different
specified output range, Pilcture eizments falling
outside the input range are transformed to the
minimum or maximum value.

2, Gray value segmentation in which an arbitrary
number of gray value boundaries ig specified, and
any given input value is transformed te the mean
of the range in which it falls,

These functions were systematically applied to
3 types of images:

1. Computer generated phantoms having irregular
boundaries. The boundaries, gray values, and
superinposed nolse are input parameters. A typi-
cal phantom image had an average gray value on one
glde of the boundary of 100, and 104 on the other
gide (in terms of the hardware values). Random
noise having a range of +2 was superimposed on the
image, producing a range of 98 to 102 on one side,
and 102 to 106 on the other, This Ilmage, contrast
expanded to full scale, is shown in figure 1.
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Figure 1. = Computer generated phantom.

2. BSeveranl tomograms of a asynthetic phantom.

Thias was a nylon body of irregular shape immersed
in varying strength solutions of potasgium lodide
and water, Onec of these images 1 shown, contrast
expanded to full scale, in figure 2.

Figure 2. Tomogram of synthetic phantom.

3. Several tomograms of human anatomy, to which
images of leslons were artifieially introruced.
One of these is shown full scale in figure 3, with
the locations of the artifiecial lesions indicated
by the labels a, b, ¢, d, e, £, and g.

In all casen, the anamolies were not lmmediate-
ly apparent to the unaided human eye,

Several sets of input parameters were tested
for each function. Each functlon was, in turnm,
applied to several of the 3 types of imoges, Com=
binations of functions were used when that appeared
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Figure 3. - Pointers

indicate

Tomogram of human anatomy.

location of lesions.

to be a logical procedure. The output images were
inspected visually in an attempt to locate the
known boundaries or anamolies. When necessary,
histograms of the various images were produced.

The gray-value histogram, presented on the video
monitor, is a plot of the number of picture ele-
ments corresponding to each gray value. It is taken
over a rectangular regior defined by a cursor dis-
played on the monitor. Typically, it covers ap-
proximately 40 percent of the total image area.
is shown as a white rectangle in figure 3. The
histogram is normalized to a maximum ordinate value
of 100, The number of picture elements at O (black)
may be omitted from the normalization computation
in response to a nrompt by the computer program,

The plot 1llustrated in filgure 4 uses the bright-
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Figure 4. - Histogram of figure J.
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ness values produced by the image analysis hard-
ware (0 to 255).

The histograms were used both to define the
values of Input parameters to the various functions,
and to analyre their effect on the output image.

Investigations conducted on the computer gen=-
erated phantoms revealed that random noise reduces
the effectiveness of the two types of image sharp-
ening functions. In the absence of noise, both of
these functions clearly reveal the boundary bhe-
tween areas of differing gray value, even when they
are virtually indistinguishable by the unaided eye.
A thresholding process 1s especially effective.

In this case, a histogram is generated of the
gradient image, The histogram i{s used to define a
threshold value. All values greater than this
threshold are set to black, and all others set to
white. This binary image is then logically summed
with the original image, often with dramatic re-
sults.

However, the presence of random noise intro-
duces a speckle pattern superimposed over the gra-
dient image. This pattern can be minimized either
by smoothing the original image, or by selectively
discarding isolated black picture elements on the
binary gradient image. But both procedures tend to
obscure the boundary. When the range of noise is
such that there is an overlap of gray values be-
tween the two regions, the methods fail completely.
This is the case with the computer generated phan-
tom described herein, and is apparently the case
with the tomograms.

The various smoothing procedures reduce the
isolated nolse splkes in the images. However, the
more effective the procedure in reducing noise, the
more it obscures boundaries. The only one of these
functions which leaves recognizable boundaries is a
selective averaging procedure, In this procedure,
each picture element is compared with the range of
its 3 X 3 neighbors. If it falls outside a de-
fined multiple of that range, it is replaced by the
mean of the neighborhood. Otherwise, it is 1g-
nored. It can be applied either before or after a
contrast expansion, and can be reapplied several
times Iin succession. it produces a very clean
looking i{mage, with little apparent {11 effect on
the boundaries. However, the cleaning process may
possibly eliminate texture, which may be usefui to
the experienced eye in detecting anamolies.

Expansions of limited ranges of gray values
are most effective. The histogram of the raw image
{8 useful in defining the ranges to be expanded.
Several successive expansions revealed all of the
known anamolies in the images under investigation.
The histogram of figure 3 is shown in figure 4,
and two expansions are shown in figures 5 and 6,

In figure 5, the values between 127 and 137
have been expanded to full scale. Note that this
makes the lesions labeled "e" and "f" in figure 3
wisible, Similarly, in figure 6, the values be-
tween 140 and 150 have been expanded to full scale,
making the lesion labeled "b" visible.
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Conclusions

A systematic investigation of several image
enhancement functions with varying {nput parameters
applied to three types of images produced the follow-
ing conclusions:

1. The application of certain digital image en-
hancement techniques substantially increases the
visibility of anamolies in tomograms of human
anatomy .

2. Image sharpuning is of little value, apparently
because of the low signal to noise ratio and the
small variations in the regions of interest.

3. Most of the smoothing techniquer "smear out” too
much fiae structure. Selective averaging of sin-
gular picture elements produces a clearer image, but
may possibly obscure texture which is useful in
identifying anamolies.

4, Contrast expansion is of greatest value. Mow-
ever, its use must be guided by use of the gray-
scale histogram.
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A systematic evaluation has been conducted of cortain digital image enhancement techniques
performed in lmage space, Throo types of Images have been used, compuler generated
phantoma, tomograms of a synthetie phantom, nnd axial tomograms of human anttomy contnine
ing images of lestons, nriificially introduced into the lomograms, Several types of smoothing,
sharpening, and histogram modification have been explored. It has been concluded that the
most useful enhancement techniques are a seleclive smoothing of singular picture clements,
combined with contrast manipulation. The most useful taol in applying these techniques is

the gray-scale histogram.
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