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Clinical evaluation of a I.I-TV based

digital radiography system

for upper GIl-tract examinations

Akira Fui

Cancer Institute Hospital

1-37-1 kami ikebukuro toshima-ku

Tokyo 170 Japan
(Received March 18, 1994)

The 2048 <2048 matrix 1.I-TV digital radiography (DR) system has been introduced for

Gl-tract examinations since January 1990. Furthermore, we applied to mass screening for up-

per Gl-tract since November 1992. All images are displayed and diagnosed on the CRT moni-

tor. The benefits and problems, basic imaging properties as well as clinical evaluation of the

DR system comparing with screen/film system and computed radiography (CR) will be present

for upper Gl-tract examinations.
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Required Pixel Size for the Detection of
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We studied the effects of data digitization on the detection accuracy of subtle microcal-
cifications on mammograms. Thereby, the required spalial resolution for providing enough de-
tectability of mammographic microcalcifications was determined. Radiographs of a breast phan-
tom, contained four sizes of simulated microcalcifications ranging from 120 pm to 230 pum, were
digitized by five pixel sizes from 25 pm to 500 um with 12-bit gray levels, by a drum scan-
ner. Then the images were evaluated by physical image quality index, calculated from displayed
amplitude model (peak detection strategy) in detection process, and were also assessed by the
visual image quality rank in a human observer performance study. The results in the present
work, for the first time of employing a spatial resolution smaller than 100 pm pixel size,
showed high or enough detectability of subtle microcalcifications on mammograms. In our ex-
perimental conditions, approximate 50 pum pixel size digitization, with almost the same detecta-
bility as 25 um pixel size, provided required detectability of subtle microcalcifications ranging

from 120 pm to 230 pm such that could be observed clearly by radiologists.
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1. Introduction

Breast cancer still has remained one of the

leading causes of death in women with no pri-

1,2)

mary prevention "~. However, the diagnosis

and treatment in early stage, when the balance
between the tumor and its host is more favor-
able and the potential for the cure is the great-

est, can significantly improve the chance of

2)

survival for patients®. Diagnosis of breast

abnormalities differs according to the types of
the tumors which are divided into well-defined

masses, ill-defined masses, calcifications,

prominent ductal patterns, thickened skin pat-

3.4)

tern, and axilla Up to 50% of breast car-

cinomas reveal microcalcifications upon the

5.6)

biopsy and microscopic  examinations

Subtle calcifications are often the first and
sometimes the only radiographic findings in

CaﬂCﬁl‘S’].

early, curable, breast Therefore,
any succeeding in the detection of microcalci-
fications will surely lead to realizing the early
breast cancers.

X-ray mammography is the most reliable
method with a high capability for detecting
early stage, clinically occult breast cancers”).

Hence, a mass screening program utilizing
mammography is obviously the best currently
known means of reducing breast cancers mor-

tality rates”).

Perceptions of pathological le-
sions in the breast would be faced to major
problem with such a screening program in-

volving the interpretation of the large volume

Vol. 11 Na 2 (1994)

of images, in which only a small number
shows abnormalities. Therefore the require-
ment of computer-aided diagnostic systems in
assisting radiologists and physicians to diag-
nosis breast cancers in mammograms would

become apparent® '®).

Furthermore, detecting
of microcalcifications which are small in size
and low in contrast requires that digital mam-
mographic systems provide high spatial reso-
lution and high-contrast sensitivity. Digital
mammographic systems that may satisfy these

still Ley,

requirements are under development
In this regard, some investigators compared
the conventional screen/film of mammography
with digital mammogramsls'm).

In the present work, we were concerned
with the determination of required pixel size
for the detection of microcalcifications. In
order to obtain the digital mammograms, a
drum scanner capable of digitizing mammo-
grams to give a pixel size of 25 um with pixel
depth of 4096 gray levels was utilized. In all
previously published works, the digital acqui-
sition system has limited spatial resolution to
100 um or larger and recently in one case 43
umm. The study described in this article
used such a high resolution digital mammo-
gram (25 um) for the first time which enables
the detection of both small and subtle micro-
calcifications. We calculated the signal-to-
noise ratios and also performed an observer
performance study for digitized images with

different pixel sizes which include simulated



microcalcifications of 120 pm in minimum
size.
2. Materials and Methods

2. 1 Digitization and Display of Breast
Phantom Images

In this study, we considered the task of the
determination of required pixel size, for the
detection of subtle microcalcifications on digi-
tal mammograms. Therefore, simulated micro-

calcifications located in a breast phantom

were examined. Six different sizes of simu-
lated microcalcifications, each of them con-
sists of six almost similar spots, were im-
planted in the phantom (CIRS, Model 11).
This phantom was exposed by X-ray source
unit (Senograph, 600T(Mo/Mo)) with a nomi-
nal focal spot size of 0.3 mm. The images
were recorded by a screen/film combination
(Kodak Min R/Fuji MI-MA). Then the images
were digitized by a drum scanner (Konica,
model 2605), which was connected to a per-
sonal computer to record the digitized data.
Finally the digitized data were sent to a work-
station (Hewlett Packard, Apollo Series 400)
connected to an optical magnetic disk, in order
to analyze and process the digitized images.
In digitization procedure, images of micro-
calcifications with six sizes of 120, 160, 200,
230, 270, and 350 pum were digitized by five

different pixel sizes (sampling distances) of

25, 50, 100, 200, and 500 pm with 4096 gray

levels (12 bits). Each size of microcalcifica-

tions was approximately located within an
area of one square centimeter on the film. In
the acquired digital images, the matrix sizes
of 400x400, 200x200, 100x100, 50x50, and
20X20 pixels were corresponded to pixel sizes
of 25, 50, 100, 200, and 500 pm, respectively.
Finally the digitized image of each microcal-
cification size was displayed in a 400x400
matrix area on the CRT monitor by enlarge-
ment processing for less matrix sizes. Be-
cause the displayed images of two largest
sizes of microcalcifications (270 and 350 pm)
had shown enough detectability, only the im-
ages of microcalcifications with four smallest
sizes of 120, 160, 200, and 230 um which
showed less detectability were selected for
this experiment.

The evaluation procedure has been accom-
plished first individually by a physical image
quality index, calculated from displayed am-
plitude model (peak detection strategy) of de-
tection process, and then in comparison by a
human observer performance study, in which
visual image quality was quantified in terms
of rankings of visual detection experiment.

2. 2 Determination of Physical Image
Quality Index

The density profile of an image, D(x,y),

can be described by the sum of two compo-

nents: the expected image density profile (sig-

nal), D, (x,y), and the background density fluc-
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Fig. 1 Density profile of microcalcifications

image; SNR,  as the Physical Image
Quality Index is calculated from Dis-
played Amplitude Model (detector
uses a peak detection strategy).

tuations (noise), D,(x,y). Note that Dg(x,y) is
defined as the density difference between the
image and its average background and that
Dy(x,y) is defined as the density fluctuations
from the average density, as for simplicity is
shown in Fig. 1 for one dimension only.

The shape and the position of the signal
are known; thus the detection task is to deter-
mine the value of the physical image quality
index at the known position. It is assumed
that the signal profile is rotationally symmet-
ric about its peak and, for mathematical sim-
plicity, that the peak is located at the origin of
the coordinate system. Since both the signal
profile and its Fourier spectrum are rotation-
ally symmetric, they can be described by
single-variable functions, Dg(r) and Sg(u), re-
spectively, where r and u denote radial dis-
tance and spatial

frequency, respectively.

Vol. 11 No. 2 (1994)

Because of rotational symmetry, Dg(r) and

S (u) are related by the Fourier-Bessel trans-

form pair:

So(u)=2m _[: rDs(r)Jo(2mur) dr (1)
and

Ds(r) =27 J: uSs(u)Jo(2mur) du )

where J, is a zero order Bessel function of the
first kind. Thus, the peak density of the sig-

nal (i.e. signal contrast) is given by

o

D5(0)=2"I uSs(u) du. (3)

0

The noise, Dy, is assumed to be stationary and
isotropic with zero mean and variance, c?.
Thus the Wiener spectrum of the noise is also
rotationally symmetric, and it can be de-
scribed by a single-variable function, S (u),
which represents the cross-section of two-di-
mensional Wiener spectrum. Then, the vari-
ance is given by
©
o-2£27r'[ uSw(u) du. (4)

(1]

Displayed amplitude model assumes that
the detector uses a peak detection strategy, i.e.,
that the observed density at the position of the
signal peak is compared with the magnitude of
the background noise, which can be repre-
sented by the RMS value of the density fluc-
tuations. Thus, we would expect the perform-

ance of the detector to be related to squared

signal-to-noise ratio, (SNR)i'D. defined as;



Density of peak of signal )2
e

SNRAD= (
AP\ rms density fluctuation of nois

_(Ds(0)* _ (2 [q uSs(w) du)?
R ¥ uSw(u) du

(5)

where the last equality comes from equations
(3) and (4). We call SNR?, j, the image qual-
ity index for the displayed amplitude model.
This index depends only upon the signal con-
trast and the variance of the noise; the shape
and the size of the signal, and also the noise
texture, are not taken into account®),

So from the CRT on which a constant sig-
nal has been shown, the Dg(0) (density of the
~ peak of the signal), o2 (the RMS density
fluctuation of the noise), and subsequently the
SNR for various combinations of the object
size and pixel size were determined by prepar-

ing proper computer programs.

2. 3 Determination of Visual Image Qual-

ity Rank

o g e _ (b.

Fig. 2

For each image case which included six
fixed signal positions of simulated microcalci-
fications, visual image quality rank was quan-
tified by a human observer performance study.
In this study the mammographic appearances
of calcifications were rated subjectively by
two expert mammographers according to calci-
fications detectability using a five-point scale
“A” “B”, “C”, “D”, and “E” corresponding to
“obvious”, “relatively obvious”, “blurring”,
“very blurring” and “undetectable”, respec-
tively. Calcifications in the “obvious” and
“relatively obvious” categories would be read-
ily apparent, even to an untrained observer.
Calcifications in the “blurring” and “very
blurring” categories would be hardly detected
even by expert mammographers, and the last
category is undetectable to any observer. This
assessment was performed by two expert
mammographers, in a distance of 50 cm, us-

ing a personal computer (Macintosh Ilcx).

Images of microcalcifications with 230 pm size digitized by (a): 50 um, (b): 100 pm, and

(¢):200 um pixel sizes, corresponding to Visual Image Quality Ranks of “A”, “B” and “C”,

respectively, are shown as a sample.

Med. Imag. Inform. Sci.
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Fig. 3  Pixel size effects on the density differ-

ence between the density peak of
signal and its average background,
AD(X pear), for four object sizes.

Figure 2, as a sample, shows the images of
microcalcifications with 230 pm size digitized
by (a)50 gm, (b)100 pum, and (¢)200 pm pixel
sizes, corresponding to visual image quality

ranks of “A”, “B”, and “C", respectively.

3. Results

Figure 3 shows the effect of pixel size on
density difference between the density peak of
the signal and its

average background,

AD, (X peak)- for different object sizes. As the
pixel size is increasing the AD((Xpey) is de-
creasing. The value of AD (Xpeax) for small
pixel sizes is significantly higher than that for
larger pixel sizes. For a given pixel size,

smaller the object size, lower the ADg(Xpeak).

Vol 11 No. 2 (1994)
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Fig. 4

Pixel size effects on the average of
noise for different object sizes.

Figure 4 shows the effects of pixel size
on average of noise for different object sizes.
Smaller the pixel size, higher the amount of
averaged noise.

Figure 5 shows the effects of pixel size
on SNR calculated from the displayed ampli-
tude model for four different object sizes. As
the pixel size decreases the SNR increases.
For a given pixel size, smaller the object size,
lower the SNR. The smallest pixel size of 25
um has the highest value of SNR, while the
largest pixel size of 500 pm has the lowest
value of SNR.

The results of the human observer perform-
ance study are also shown on the curves of
Fig. 5. It can be seen that, as the pixel size

is increasing, both visual image quality ranks
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Fig. 5  Pixel size effects on signal-to-noise ra-

tio from Display Amplitude Model
SNRsp and Visual Image Quality
Ranks, for four object sizes.

and physical image quality indices are chang-
ing in a decreasing rate, which indicates a loss
in detectability. The relative decreasing rate
of both indices for 230 pm and 200 pm ob-
jects is not as well as that of the other two
160 pm and 120 pum objects, which reason
will be discussed later.

Two smallest pixel sizes of 25 pm and 50
pum provide high (A rank) or enough (B rank)
microcalcifications

detectability for ranging

from 120 pm to 230 pum sizes. Especially,
microcalcifications of two smallest sizes of
120 pm and 160 pm had enough accuracy in
detection with ‘B’ rank of visual detectability
for both pixel sizes of 25 um and 50 pm.
These results imply that, although 25 pm pixel

size showed the highest detectability for all of

the object sizes, but 50 um pixel size with

almost the same detectability as 25 pm pixel
size (even for smallest object size) should be
selected as the required pixel size, which can
provide enough accuracy in detection. The

reason of this selection will be discussed later

in detail.

4. Discussion

Previous studies showed that use of digital
systems with a pixel size of 100 pum as the
highest available spatial resolution in the de-
tection of subtle microcalcifications is prob-

lematic.
al.,'B)

The results reported by Chan et
indicated that digital mammograms ob-
tained by image processing/simulation system
with 100 pm pixel size provided lower de-
tectability than the conventional screen-film
mammograms, even though the unsharp mask
filtering technique was used. The results by
Oestmann et al.'? indicated that conventional
mammography produced a significantly higher

rate of correct location of individual microcal-

cifications than did digital image of 100 pum

pixel size obtained with storage phosphor-
based digital imaging system (CR). Higashida
et al?® reported no statistically significant

difference was found between processed (un-
sharp mask filtering) and unprocessed com-
puted radiography (CR) images with 100 pm
pixel size, and detectability still did not reach
the level achieved with the screen-film im-

ages. Therefore, for the first time, we have

Med. Imag. Inform. Sci.



conducted a new study to assess the effects of
much more higher spatial resolutions like 25
pm and 50 pm pixel sizes obtained by a drum
scanner for the detection of extremely subtle
microcalcifications in smallest size of 120 pm.
The most significant result was that the high
(A rank) or enough (B rank) accuracy in de-
tection of microcalcifications can be obtained
with 25 um or 50 pum data digitization. More-
over, 50 pum pixel size showed almost the
same detectability as 25 pm pixel size, even
for the smallest size of microcalcifications of
120 pm, with enough clearance of B rank.
Therefore, 50 um pixel size rather than 25 pum
pixel size which requires large memory occu-
pation and subsequently the complexity of
required system, should be selected as re-
quired spatial resolution for providing ade-
quate detectability. Meanwhile, the attribu-
tions confirming this selection as data digiti-
zation factors which are effective on detection
accuracy and its evaluation, are followed in
three parts of firstly, pixel size and aliasing
effects, secondly, system alignment and criti-
cal size effects, and thirdly, noise and selected
displayed model effects in evaluating the de-
tection accuracy.

First of all, related values of visual and
physical indices of small pixels of 25 pm and
50 um in Fig. 5 imply that, when the pixel
size is small compared with the object size,

the displayed spectrum is affected very little

by the pixel size and so the displayed spec-

Vol. 11 Na 2 ( 1994)

trum is similar to the original spectrum, which
yields high detectability. This is attributed to
the fact that, for these two small pixels (25
and 50 pm) with significantly higher Nyquist
frequency of 20 and 10 cycles/mm, the possi-
bility for providing a sampling rate near to
Nyquist rate of the image would be surely
higher than that of the other larger pixel sizes
and 1

with Nyquist frequency of 5, 2.5,

cycles/mm. Hence, the undersampling effect
which creates artificial low spatial frequency
components resulting spectral overlap, as ali-

22)

asing effects””’, would become less than those

of the other larger pixel sizes. However, the
aliasing effect for larger pixel sizes (100, 200
and 500 pm) causes the spatial frequency con-
tent above the Nyquist frequency to fold into
the lower frequency region, resulting spectral
overlap in the sampled image, and subse-
quently the irregular shape of the displayed
spectrum. Therefore a large pixel size yields
the low detectability or blurring and low con-
trast image, as it can be found from the re-
lated values of visual and physical image
quality indices in Fig. 5.

Secondly, because of the discrete sampling
a digital system is not shift-invariant, there-
fore the output image depends on the position
of the input object relative to the sampling co-
ordinate known as the effects of system align-
ment. Furthermore, if the object size would be

smaller than some critical size, the apparent

object size will not change, but the contrast
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Fig. 6 System alignment effect: for object

sizes smaller than critical size, the
contrast will decrease as the ratio of the
object area to the pixel area.

will change as the ratio of the object area to
the pixel area. The critical size for center
alignment is equal to the pixel size and for
shifted alignment is equal to the twice of the

size23 ’ 24).

pixel The corresponding critical
sizes in this experiment for center and shifted
alignments are shown in Fig. 6. The results
of Fig. 5 and Fig. 6 indicated complete
agreement with shifted alignment case, how-
ever, both cases of center and shifted align-
ments had less affection on the detectability
of these two smallest pixels of 25 pm and 50
um. This again accounts 50 pm pixel as a fa-
vourite spatial resolution for providing clear
observance in detectability.

The last is the effects of noise and dis-
played amplitude model in evaluating the de-
tection accuracy. The signal-to-noise ratio
related to the human observer’s EYE-BRAIN
system is SNR; as SNR; =, /(N2 + N })!/2

in which §, and N are signal and noise per-

ceived through the visual response function
(VRF) by the human observer and N; is the
internal noise of human observer’s EYE-
BRAIN system, which is constant (0.0033 in
optical density unit). Therefore, the amount
of perceived SNR(SNR;) would be lower than
SNR, p because of two following considera-
tions: 1) The detectability of low-contrast sig-
nals is degraded by internal noise N;, which
causes fluctuations in the response of the
human observer during the signal detection
and decision making process. 2) The transfer
characteristic of the human observer’s visual
system, VRF, causes the difference in signal
values as Sp and Dg(0), and the difference in
noise values as Npand o. In this regard Loo
et al.?"’ demonstrated that the correlation co-
efficients calculated from the rankings of
the detectability scores and rankings of the
physical image quality index values, for SNR;
and SNRa p are different by the values of
0.917 and 0.681, respectively. Consequently,
these attributions imply that ‘relative decreas-
ing rate’ of both physical and visual indices
in Fig. 5 might be not exactly similar, espe-
cially in the case of large pixel size digitiza-
tion for two objects of 200 um and 230 pm.
However, in substituting the physical parame-
ters of the image as SNRj p for comparing
with visual image quality ranks, the displayed
amplitude model generally provided an ade-
quate evaluation method such that could be

applied satisfactorily.
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5. Conclusion

In our experimental conditions, approxi-
mate 50 um pixel size digitization is required
to provide enough detectability in the detec-
tion of subtle microcalcifications ranging from
120 um to 230 pm sizes. This approach in-
dicated that higher resolution, leading to fur-
ther development of digital mammographic
system and computer-aided diagnostic system,
is clearly required for the detection of mam-
mographic microcalcifications by radiologists,
in real clinical practice. The potential appli-
cation of the proposed spatial resolution in
this work requires receiver operating charac-
teristic (ROC) study of the real clinical mam-
mograms, which would be remained for the

future investigation.
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Two artificial neural network techniques for classifying possible tumors into benign and

malignant ones in mammograms were reported earlier by us. In this paper we describe a revised

method for further improving the recognition rate, by inputting two selected features, the en-

tropy and the standard deviation of an image, to our neural network. The result is achieved with

100% accuracy, an improvement of 15% over our previous result.

posed method is considered to be comparable to several-year experienced radiologists.

The performance of the pro-

This

encouraging result indicates that the revised method may be useful for classification of benign

and malignant tumors in mammograms, although further tests with larger data set are required.

1. Introduction
Breast cancer is one of the commonest
cancer affecting women in Japan. Early detec-
tion is the most successful method of dealing
with this epidemic’®.  Currently, the best
method for early detection is the use of mam-
mography. Hence a mass screening program

utilizing mammography is obviously the best
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3)

weapon against breast cancer Presently

mammogram readings are usually conducted
by human experts. Manual readings are labor
intensive and consequently the cost of these
readings

is significant.  Therefore attempts

have been made for computerized analysis®’.

In recent years multi-layer neural networks
have been used successfully in classification,
pattern

recognition, learning and decision



making® 'V,

Several pilot studies on applying
neural networks in the field of radiology have
been presented'>'?. These applications dealed
with interstitial lung diseases and coronary
artery diseases.

In a previous paper, we applied an artifi-
cial neural network to the classification of be-
nign and malignant tumors in digital mammo-

W) We first preprocessed the image

graphy
patterns used for learning and testing, by re-
moving background trend from original images
and by reducing image matrix size and gray
levels to 16X16X3 bits from the extracted
region of 256X265X10 bits around the tu-
mor. Subsequently the preprocessed images
were used as input patterns. Preliminary re-
sults showed that the neural network can cor-
rectly classify the benign and malignant tu-
mors by an average of 75% recognition accu-
racy. Subsequent efforts found that varying
the image’s matrix sizes provides insignificant
improvement in recognition rate.

More recently we presented an alternative
technique using sequential-dependence
method'>'® for improving the performance of
our neural network. Instead of directly input-
ting the image to the neural network, the se-
quential-dependence values of an image are
presented to the network for learning and test-
ing. With this method, a result of 85% cor-
rect classification rate was obtained'”.

In general, good features lead to a good

performance for the neural network. Although

determining a set of meaningful and represen-
tative features is usually a difficult prob-
lem'®, many attempts have being made by us.
In this paper we propose a revised approach
for further improving the recognition rate.
Our attempts suggest the combined use of the
entropy and the standard deviation of an im-
age'”. The two values are considered as ex-
tracted features and then used as input to the

neural network.
2. Materials and Methods
2.1 Image data

For this study we used the same sample
sets, 40 breast images consisting of 20 benign
and 20 malignant tumor patterns, been used in

workn.m

our previous for comparison pur-
pose. Benign tumors (Fig. 1(a)) are non-can-
cerous lesions including mastopathy, fibroade-
noma and lipoma, whereas malignant tumors
(see Fig. 1(b)) are cancerous lesions”. The
images were acquired with a digital radio-

graphic system for mammograms installed at

b

-

(b)

Fig. 1 Images of (a) benign tumor and (b)
malignant tumor in mammograms used

in our experiment.
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Aichi Cancer Center Hospital, Japan. The
digital images were transferred to a personal
computer (PC-9801 model DS2, NEC). Due to
the limitation of the capability of the personal
computer, we cut a region of interest (ROI)
(256 X256 pixels) from each original image
having the size of 10241024 pixels with 10-
bit gray levels. The ROI was considered to be
an “extracted image” which was then used for
further preprocessing and analysis. Fig. 1

shows the extracted images of benign tumor

and malignant tumor in mammograms.

2.2 Background-trend correction

In this study, we applied a background-

trend correction technique to the selected
ROIs prior to extracting features from an im-
age. Removal of nonuniform background
trend superimposed on the the image is essen-
tial, because the unwanted background trend
may affect recognition accuracy. The trend-
free image was obtained by adding the aver-
age pixel value of a 256X256 matrix image
centering at a given pixel to the difference
between the average pixel value of a 127 X127
image centering at the given pixel and the

value of the given pixel.

2.3 Feature generation

The purpose of feature generation is to

extract from each ROI a small set of useful in-
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formation which enable us to correctly clas-
sify the tumor as benign or malignant. The
features generated in this study were based on
the density or gray level analysis. We first
calculated 6 features for each image (mean,
skewness, en-

variance, standard deviation,

ergy, and entropy). These six features were
then evaluated for their abilities to discrimi-
nate between benign and malignant tumors, by
plotting a feature against one of other 5 fea-
tures on a plane in feature space. Our investi-
gation showed that the pair of the entropy (H)
and the standard deviation (SD) has the great-

est discriminatory power,

=-x}‘v)_ZuP(x) log, P(x) (1)
N .
sD=y/% (x-1)?P(2) @

where x is gray-level value and N is the maxi-
mum gray-level value present in each image
(matrix size and bit of the ROI are 256X256
and 8 bits, respectively), P(x) is the probabil-
ity of occurrence of each x in the given image
(=number of pixels with gray-level value of x
divided by total number of pixels in the im-
age), and x is the mean of gray-level values
in the image.

Fig. 2 shows the scatter plot of the en-
tropy versus the standard deviation in feature
space for our 40 sample images. The distribu-
tion of the sample data shows a satisfactory
separability between the benign and malignant

tumor patterns in terms of nonlinearly visual



ENTROPY (bits)

100

0 20 40 60 80

STANDARD DEVIATION

Scatter plot of the entropy versus the
standard deviation for 40 benign and ma-
lignant tumor patterns. H: benign
tumor. @: malignant tumor.

decision boundary. This reveals that selecting
a good features set is important. We observe
from the figure that the entropy values of be-
nign tumors are generally greater than that of
malignant. The reason is due to the fact that
the gray level histogram for the benign tumor
is evener as compared to that for the malig-

nant tumor.

2.4 Artificial neural network

An artificial neural networks is a comput-
ing models based on the human brain. One of
the advantages of the neural network approach
is its intrinsic ability to analyze the compli-
cated decision-making or pattern-recognizing
process in diagnosis without any need to write

a special computer program'®. In this study,

we employed a personal neuro-computer sys-
tem (Neuro-07, NEC), which consists of a 32-
bit personal computer (PC-9801 DS2 with 16-
MHz CPU (80386SX), a neuro-engine board
(PC-98XL-02), NEC), and a neuro-software
package (“Michizane”, NEC), on which a so-
called backpropagation model is used®.

The neural network has an input layer, an
output layer, and it may have one to three hid-
den layers. Each layer has a number of pro-
cessing elements, each of which is connected
to all the elements in the adjacent layers.
Input data are supplied to input elements of
the neural network. Then the output data are
provided from output elements through nonlin-
ear calculations in the hidden and output lay-
ers.

Two basic operations are involved in a
neural network: a learning (or training) phase
and a testing phase. In the training phase,
desired outputs for given inputs are compared
with actual outputs, and adjustments of values
of weighting coefficients to minimize the
mean squared error between the desired and
actual outputs are made. After repeating this
procedure, the neural network learns to pro-
duce the desired responses. If the network’s
output value (in the range of 0~1) is = 0.5,
(threshold

we regard the answer as correct

value=0.5). Otherwise we regard as incorrect.
This normalized output value will be called
confidence level in this paper hereafter. The

larger the value, the higher the degree of pos-
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Hidden Layer

Input

Entropy

Basic structure of our artificial neural
network. SD: standard deviation. B:
benign. M: malignant

Fig. 3

sibility of correct classification. Once the
neural network is trained sufficiently, it can
recognize different input data according to its

learning experience. Detailed description of

such networks is provided elsewhere???!),
Fig. 3 shows the basic structure of our
neural network. This network consists of 2
input elements, a maximum of 80 hidden ele-
ments and two output elements. A total of 10
benign and 10 malignant tumor patterns was
chosen randomly from the 40 image samples
and used as training data, whereas the remain-
ing patterns were used as testing data. The
entropy and the standard deviation of each
preprocessed image were calculated and then
fed to the neural network. In this study, the
neural network was trained with 3000 learning
iterations. Each learning iteration corre-
sponded to the entry of a complete set of

training data.

3. Results and Discussion

We first examined the effect of the number
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of hidden elements on network performance.
The best generalization performances of the
neural network are listed in Table 1. The re-
sults obviously show that the recognition per-
formance of our neural network is achieved in
100% for various numbers of hidden elements
ranging from 30 to 70. The confidence level
which is within the range of 0~1 is deter-
mined from the weighted values in the output
layer. The result also shows that the degree
of possibility of correct classification is very
high and approaches to unity. Since conver-
gence for the network with less than 20 ele-
ments or more than 80 elements of the hidden
layer was not achieved in the 3000-iteration
training, we did not perform the testing phase.
Next, we interchanged the training set and
testing set for cross-validation experiment. A
recognition 100% also

accuracy of was

achieved. Moreover, we rearranged the train-
ing order for the 20 training samples and the
testing order for the 20 testing samples in the

training and testing phases, respectively 100%

accuracy for recognition was again yielded.

Table 1. Recognition rates for various numbers of
hidden elements in the hidden layer.

Number of
hidden elements 20 30 40 50 60 70 80

Recognition rate * 100 100 100 100 100 *
(%)
Confidence level * 0.99 0.99 0.99 0.99 0.99 *

* not converged during training




The experimental results show that the present
method provides an improvement of 15% over
our previous method. It is interesting to note
that the performance of our proposed method
is considered to be comparable to several-year
experienced radiologists, though our data
sample is limited for the time being.

In conclusion, a revised neural network
approach has been used to discriminate pos-
the result

sible tumors. With this method,

was achieved with 100% accuracy. This en-
couraging result indicates that the proposed
method may be useful for discrimination of
benign and malignant tumors in mammograms.

However, in this study the 40 training and
test images are very small in number and have
been preselected as obvious tumor examples.
In order to further verify the reliability of the
proposed methods, we are increasing the data
sets and a population of cases which cover the
full range of mammographic appearances of

benign and malignant lesion.

Acknowledgements

We would like to thank Mr. T. Sakamoto
of Gifu National College of Technology (pres-
ently, Japan Airlines Co., Ltd.) for his techni-
cal assistance. This research was supported in
part by a Grant from the Foundation for Total
Health Promotion, a Grant-in-Aid for Scien-

tific Research from the Ministry of Education

(No. 03454281), and a Grant-in-aid for Cancer

Research from the Ministry of Health and

Welfare (No. 3-45).

References

1) S.-M. Lai, X. Li and W. Boschof: IEEE
Trans. Med. Imaging 8 377 (1989)

2) W. M. Morrow, R. B. Paranjape, R. M.
Rangayyan et al: IEEE Trans. Med. Im-
aging 11 392 (1992)

3) T. Endo, C. Kido, K. Horita et al: Radia-
tion Medicine 10 50 (1992)

4) D. Brzakovic, X. M. Luo and P.
Brzakovic: IEEE Trans. Med. Imaging 9
233 (1990)

5) M. L. Giger, F. -F. Yin, K. Doi, et al:
Proc. SPIE (Soc. of Photo-Opt. Instrum.
Eng. Washington, 1990) 1233 183
(1990)

6) F. -F. Yin, M. L. Giger, K. Doi, et al:
Med. Phys. 18 955 (1991)

7) H. -R. Jin and H. Kobatake: IEICE
Trans. Inf. & Syst. J75-D-Il 1170 (1992)
[in Japanese].

8) D. E. Rumelhart, G. E. Hinton and R. J.
Williams: Parallel Distributed Processing
eds. D. E. Rumelhart and J. L. McClel-
land (MIT Press, Cambridge, MA, 1986)
1 318 (1986)

9) D. E. Rumelhart, G. E. Hinton and R. J.
Williams: Nature 323 533 (1986)

10) C. E. Floyd, Jr: IEEE Trans. Med. Imag-

ing 10 485 (1991)

Med. Imag. Inform. Sci.



11)

12)

13)

14)

15)

16)

17)

18)

19)

S. -Z. Qin, H. -T. Su and T. J. McAvog:
IEEE Trans. Neural Network 3 122
(1992)

N. Asada, K. Doi, H. MacMahon, et al:
Radiology 177 857 (1990)

H. Fujita, T. Katafuchi, T. Uehara et al:
J. Nucl. Med. 33 272 (1992)

H. Fujita, K. Horita, T. Endo, et al: Med.
Imag. Tech. 10 126 (1992) [in Japanese]
F. Attneave: Application of Information
Theory to Psychology (Hold, Rinehart
and Winston, New York, 1959) p.13.

S. Uchida and D. Y. Tsai: Jpn. J. Appl.
Phys. 25 1252 (1986)

D. Y. Tsai, H. Fujita, K. Horita, et al:
IEICE Trans. Inf. & Syst. E76-D 8 956
(1993)

S. Haykin and C. Deng: IEEE Trans.
Neural Networks 2 589 (1991)

D. Y. Tsai, T. Sakamoto, H. Fujita, et al:
Proc. 1993 IEICE Spring Conf. (IEICE,
Tokyo) 6 192 (1993) [in Japanese].

J. M. Boone, V. G. Sigillito and G. S.
Shaber: Med. Phys. 17 234 (1990)

V. Goldberg, A. Manduca, D. L. Ewert,
et al: Med. Phys. 19 1475 (1992)

Vol. 11 No. 2 (1994 )



Ga 30

FEXHRC TEHRD I RTRROIZHD
—a—=35hxy b7 -V ZRVWCHERBOBEME

£ WE - WR GH
BTEGFHMPRERTYH $501-04 AREHEIER
(199442 A 5 H, #H#1994% 3 A 4 HZH)

Neural-Network-Based Segmentation of Liver Structure

in CT Images for 3-D Visualization
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This paper describes an automated segmentation method of liver structure from abdomi-
nal CT images using an artificial neural network (NN), together with a prior information
about liver location and area in the abdomen cross section and with digital imaging process-
ing techniques. This approach based on the NN is to classify each pixel on an image into
one of three categories: boundary, liver, and non-liver. Supervised training technique is used
in our experiments. The training data set is obtained from any one of the given set of
images by creating gray level histograms for the three categories. The histograms are con-
sidered as the respective feature values. Prior to NN classification, preprocessing is em-
ployed to locally enhance the contrast of the region of interest. To evaluate the perform-
ance of our method, NN-determined boundaries are compared with those traced by two hu-
man experts. Our preliminary results show that the proposed method has potential utility in

automated segmentation of liver structure and other organ in the human body.
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Fig. 1: Schematic diagram of our system.
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(g) (h)

Fig. 4 : (a) An original CT image; (b) the image after preprocessing; (c) the binary image obtained
by the NN; (d) the image after removing the unwanted part: (e) the image after removing the
isolated regions; (f) the liver boundary after applying Laplacian filter; (g) the boundary af-
ter applying a dilation and erosion filter; (h) the boundary after smoothed with a B-spline
function.
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Fig. 5: A CT image with superimposed
liver contour after smoothing. The
contour is shown in white.

Fig. 7: The generated 3-D images of the
liver viewing from different direc-
tions.
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Table 1 Comparison of liver areas obtained
by the proposed method and by
the human experts. The areas arc
expressed by the number of pixels
within the liver boundary. The
errors are obtained using the ratio
of the difference of area to the
human expert.

Area (pixels)

Image | error Image2 error
NN method 9808 2551
Human expert | 8897 10.2% 2482 2.9%
Human expert 2 9306  5.4% 2545 0.2%
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Comparison of measurement accuracy of MTF for screen-film systems:

Comparison in the overall category
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Modulation transfer functions (MTFs) of the screen-film systems were compared among
the results obtained at ten cooperating facilities. Three kinds of green screen-film systems were
purchased at the Kumamoto University. Each facility prepared sensitometric strips and slit im-
ages. and analyzed its own samples. Results indicated that the MTF data measured at ten facili-

ties showed significantly large fructuation.
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Table 1
Screens and their speeds used for comparison of
MTF.
Screens Absolute Relative Phosphor
speeds speeds
Lanex 1.03 0.55 Gd,0:S:Tb
Fine
G-4 1.88 1.00 Gd202S8:Tb
KH 4.04 2.15 Gd,0,5:Tb

Beam quality: BRH canonical beam
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Fig. 1 Averaged MTFs of Lanex fine, G-
4 and KH screens with HRS films
measured at ten facilities. Error
bars show the standard deviation.
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Fig. 2 Standard deviations of MTF for
three screens measured at ten

facilities.
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Table 2

Comparison of MTFs at 2 m~' measured at
ten facilities for three screens.

Facility MTF(2m-1)

No. Lanex Fine G-4 KH

1 0.651 0.399 0.343
2 0.598 0.449 0.308
3 0.589 0.404

4 0.580 0.399 0.286
5 0.569 0.403 0.301
6 0.542 0.395 0.287
7 0.530 0.372 0.288
8 0.526 0.337 0.234
9 0.513 0.353 0.240
10 0.503 0.385 0.277
Ave.  0.560 0.390 0.285

Modulation transfer factor

Spatial frequency(mm™)

Fig. 3 Maximum and minimum MTFs of
Lanex Fine, G-4 and KH screens
with HRS film measured at ten

facilities.
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