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PROJECT I

 IMAGING SYSTEMS IN NUCLEAB ME_DICI-NE. AND IMAGE EVALUATION
--(R. -Beck,  D. -ChaFieston ari-d--C.--MEEY)

---<

PROJECT I-1

COLLIMATED RADIATION DETECTOR STUDIES

(R. Beck, D. Charleston, B. Tsui and C.-T..Chen)

INTRODUCTION AND BACKGROUND

Since the collimator strongly affects the sensitivity, spatial resolution, and

depth of field of a radionuclide imaging system, it is important to be able to pre-
dict these properties in terms of the geometrical, scatter, and penetration
components of response for existing collimators as well as for hypothetical colli-
mators that must be evaluated in the course of collimator design.  Although a great
deal of attention has been addressed to the problem of collimator design over the
past 25 years, a generally applicable procedure that takes account of all three

components of collimated detector response, and permits optimal designs to be
achieved for particular applications, does not yet exist.  The goal of this project
is to improve diagnostic image quality, while minimizing the radiation dosage to
the patient, by development of a general computer code for optimizing collimator
design for specific applications.

.- SPECIFIC AIMS                                                               -

The code being developed will take account of the three components of response
and permit the signal-to-noise ratio to be maximized by optimizing the hole size,
septal thickness, and collimator thickness for given values of lesion diameter,
depth, and uptake ratio, gamma ray energy and collimator material, detector diam-
eter, thickness, attenuation coefficient, and energy resolution.  When completed

and documented, the code will be made available for general use.

PROGRESS IN 1980

An outline and flow chart for the complete code have been developed, and
attention focused on the separate components of collimator response.

The geometrical component of collimator response is now well understood for
both scanner and camera collimators.  In the past, we have succeeded in deriving
equations for the geometrical transfer function for scanner collimators and for
camera collimators with parallel holes, as a function of parameters describing
the hole configuration.  Codes based on these equations have now been written,
permitting the geometrical transfer function at all depths to be computed for
existing or hypothetical collimators.  The geometric point and line spread func-
tions are obtained by the Hankel and one-dimensional Fourier transforms of the
geometric transfer function, respectively.

As a graduate student in our Medical Physics Program, Dr. Frank Atkins de-
veloped a Monte Carlo code to compute the magnitude and shape of the response
function for Compton scattered photons, as a function of gamma ray energy, depth
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within fhe scattering medium, attenuation coefficient of the medium, detector
energy resolution and window setting of the pulse height analyzer.  From these
data, the scatter fraction and scatter transfer function are computed for colli-
mators with known geometric response functions.  A more efficient code based on
results derived from the Atkins code is being developed to take into account the
scatter component of response, and to be incorporated in the general code for
collimator design.  The kernel function K(4,<0>,d), which is related to the

series-equivalent scatter transfer function, and which is independent of the
geometric response function, is being determined by a Monte Carlo simulation.
By fitting a sum of two-Gaussians to the simulated data for selected equivalent
scattering angles <0> and source depth d, we can determine K(4,<e>,d) for any
values of <0> and d by interpolation.  The scatter response functions determined
by the Monte Carlo simulation will be used in conjunction with the geometric

response function to provide predictions of the combined response functions of
the coll imator. Substantial progress  has  been  made  on this aspect  of the program
by Mr. C.-T. Chen, a graduate student in our Medical Physics Program.

The problem of response to septal penetration is more vexing.  Recent results

obtained by Dr. M. Jahns of M.D. Anderson Hospital, using a ray-tracing technique,
demonstrate that the existing formulae for estimating the septal penetration frac-
tion are in substantial error.  Our confidence in his code is very high, since our
measured values of the response function due to septal penetration agree remark-

ably well with his computed values.  Direct use of the ray-tracing technique in
collimator design is, however, excessively time consuming.

While it is generally agreed that a more efficient formulation could be based
on an equation for the distribution of path lengths through the septa as a func-
tion of collimator parameters, no one has succeeded in deriving such an equation.
Although it may ultimately be possible to compute both the magnitude and shape of
the response function due to septal penetration, a satisfactory approach may be to
initially ignore the shape of this function, and to use the results obtained by

Jahns to test improved approximations for its total magnitude, and thus the penetration
fraction, which would then be kept small in collimator design.  We have determined
the approach we will take in deriving a more accurate equation for the septal

penetration fraction, based on Jahns' results.

We have also designed and built a prototype collimator with tantalum foil for
the Si (Li ) detectors of the fluorescence imaging system. This technique increases
the signal-to-noise ratio by reducing the response to backscattered incident
photons as well as fluorescence x-rays produced by scattered incident photons.
(See progress report for Project I-2.)
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PROJECT I-2

A DUAL PURPOSE SCANNER FOR THYROID IMAGING IN THE FLUORESCENCE AND EMISSION MODES

(D. Charleston, R. Beck and N. Yasillo)

BACKGROUND

Quantitative elemental analysis by the use of stimulated fluorescence x-rays
has a number of medical applications. In particular,  it has been applied in an  
imaging modality whereby the relative concentration of stable iodine-127 in the
thyroid can be mapped, and the total iodine in the gland estimated.  Much of the
work on the analysis and optimization of fluorescence techniques has been devoted
to the investigation of thin samples.  In the area of fluorescence imaging of the

thyroid gland, little work has been done to optimize the system even though several
commercial systems are now available.  A theoretical analysis has been formulated
by Tinney, but this incorporates a number of approximations and does not include
the effects of scattered radiation.

SPECIFIC AIMS AND PROGRESS IN 1980

1.  In order to investigate the effect of excitation energy on spatial resolu-
tion and quantitation in an efficient and flexible manner, we have developed Monte
Carlo computer codes to simulate this aspect of the imaging process.  Using these
techniques, the passage of excitation photons through a medium containing the
element to be fluoresced can be traced on an individual basis.  The power of such
an  approach  lies  in the ability to easily  vary most  of the relevant parameters.
Moreover, this permits an analysis of aspects of the imaging process which are
not readily accessible experimentally; for example, the spatial distribution of
the actual sites of fluorescence x-ray excitation within the medium.  Using these
methods we have investigated the effects of excitation energy, organ depth, and
what might be called an intrinsic spatial response function with the goal of
optimizing the excitation energy and other parameters in the design of such an

imaging system.

The  question of, the "optimum" excitation energy. for imaging stable iodine
in a relatively thick organ has not been adequately addressed heretofore.  Com-
puter simulations were performed for excitation energies in the range of 35 to
80 keV and for various iodine depths.  We have computed the fluorescence yield,
or the total number Ka x-rays produced for a given number of incident photons
which enter perpendicular to the medium, including x-ray fluorescence produced
by both the primary excitation beam and those photons which are scattered out of
the beam but which have sufficient energy to interact photoelectrically with K
shell electrons of iodine.  The iodine was assumed to be conc€ntrated uniformly
in a plane of negligible thickness having a concentration of 1(mg/cm2), approxi-
mately equivalent to the normal thyroid.  We have demonstrated-that the lower
energy photons (40-45 keV) are more efficient than the gamma rays from Am-241
(59.7 keV) despite the fact that the depth dependence is greater at the lower
energies due to attenuation of the primary beam.

A significant component of the fluorescence yield is due to photons which
have been scattered from the excitation beam.  The relative fraction due to



this effect indicates that a greater fraction of the total fluorescence is due to
scattered photons at higher excitation energies, which is opposite to the effect
found in conventional radionuclide imaging.

Photons that are scattered from the excitation beam may travel a considerable
distance off the beam axis before exciting fluorescence.  The distribution of
fluorescence sites due to these photons in a plane 2 cm below the surface of an
otherwise uniform tissue equivalent medium have been calculated with an assumed
geometry such that a radially symmetric spread function due to scatter is obtained.
The FWHM is less than 1 cm; however, tails extend out to more than 10 cm for primary
excitation energies of 35 to 80 keV.  Therefore, even with perfect collimation of
the excitation beam, the resultant fluorescent distribution can be quite broad.

The excitation energy is clearly one factor which might be optimized. There
are, however, many criteria which might be applied to achieve this goal.  We have
applied a signal-to-noise ratio criterion to the detection of the Ka x-rays which
cross the exit plane 2 cm from the entrance surface, which are superimposed on a

continuous spectrum of scattered radiation.  The signal and noise terms are based
on 1 keV windows.  These are easily determined since the history of each photon is
known.  For shallow depths (<2 cm), an excitation energy of about 45 keV would
appear optimal.  For iodine located more deeply, the SNR is relatively constant
from about 45-70 keV.

2.  To develop an intense monoenergetic source of excitation photons to replace
the Am-241 source, pure metal foils (samarium, gadolinium, terbium, dysprosium,
erbium, and halfnium) were used as secondary target materials with characteristic
x-rays excited by bremsstrahlung from a conventional x-ray tube.

It was determined from the first series of measurements that secondary emission
excitation flux of approximately 46 keV would yield the best signal-to-noise ratio
for thyroid fluorescence scanning.  The elements terbium, gadolinium, and holmium
appear to be the best candidates for an optimized excitation energy.  We have not
tested holmium thoroughly, but the preliminary measurements indicate a broad, slowly
changing peak at these energies.  This is consistent with the preliminary results of
the Monte Carlo computer analysis for determination of an optimized excitation energy
for imaging stable iodine in the thyroid, the work having been done by consultant
Dr. Frank Atkins.

3.  To investigate the improvement_in S/N that might be achieved by collimation
of the detector, measurements were made with and without a detector collimator for
each secondary target metal used.  In each case, the signal-to-noise ratio was im-
proved from 18 to 30 percent with the collimator, when looking at a neck phantom
containing 1 mg/cc of iodine.

This particular collimator (hand-fabricated with available 0.01 thick tantalum
sheets) proved to be most effective in reducing the unwanted scatter continuum
which originated from far outside the region of interest, but reduced the sensi-
tivity of the detector because of partial masking.  For example, using dysprosium
as the fluorescence excitation source with an energy of approximately 46 keV, the
detected events were reduced by 35%,but the signal-to-noise ratio improved by 27%;

using the Am-241 source, the present collimator reduces the detected counts by
40%, but results in an 18% increase in signal-to-noise ratio.
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Since the "venetian blind" collimator improves the signal-to-noiSe ratio
significantly, it would be desirable to construct five units, one for each of

the five Si(Li) detectors in our scanning system.

The reduction in detected events is not due entirely to the masking effect

of the collimator septa.  Photons that are scattered from the excitation beam
may travel a considerable distance away from the beam axis before exciting iodine
fluorescence.  If these remote iodine fluorescence events originate from outside
the field of view of the detector collimator, they are rejected.  This also has
the effect of increasing the signal-to-noise ratio in the image by increasing
image contrast.

For the secondary emission technique, the masking effect of the detector
collimator could be compensated for by increasing the x-ray generator flux and
still have a significantly improved signal-to-noise ratio for producing a higher
contrast thyroid image.

4.  To provide radionuclide images of the thyroid for direct quantitationcom-
parison with the fluorescence images, a collimated sodium iodide scintillation
detector has been fabricated and mounted so as to be interchangeable with the
fluorescence detector.

PUBLICATIONS

Charleston, D.B., Yasillo, N.J., Beck, R.N., and Atkins, F.B.:  A secondary emission
technique for thyroid scanning.  Accepted for presentation at the IAEA
International Symposium on Medical Radionuclide Imaging, Heidelberg, Federal
Republic of Germany, 1-5 September 1980.

Atkins, F.B., Beck, R.N., and Charleston, D.B.:  A Monte Carlo study of fluorescent
excitation and x-ray emission of I-127 in a homogeneous medium.  Accepted for
presentation at the IAEA International Symposium on Medical Radionuclide
Imaging, Heidelberg, Federal Republic of Germany, 1-5 September 1980.

Yasillo, N.J., Ortega, C.J., Charleston, D.B., and Beck, R.N.:  A new high sensi-
tivity x-ray fluorescence scanning system.  To be presented at the IEEE
Nuclear Science Symposium, Orlando, Florida, November 1980.
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/ /
PROJECT I-3

INSTRUMENTATION FOR IMAGE PROCESSING AN.D-Er HANCEMENT
--*

(D. Charleston, R. Besk-an-8 N. Yasillo)
--*

BACKGROUND

The need exists for an image processing system designed to circumvent the in-
conveniences, obstacles, and expenses that investigators have encountered in past
image enhancement studies.  Because of these difficulties, little progress has
been made over the past several years in enhancement studies of radionuclide images,
which require generation and evaluation of clinical images before and after proc-

essing.

Our group has had considerable experience with coherent optical spatial fil-

tering systems, digital image processing, and electronic analog image processing
with both black-and-white and color TV display systems.

Digital image processing requires the use of sophisticated and expensive com-
puter hardware, with considerable software development for support, especially
where iterative operations are required for dynamic display of images processed
with variable filter functions.  Digital processing requires that the original
image either be obtained initially in digital form or be translated into digital
form for computer processing.  In addition, a computer operator is usually required

to generate a display series.

Coherent optical spatial filtering systems require highly skilled technical
operators, darkroom photographic techniques, and precision opto-mechanical equip-
ment including liquid gates.  The systems are tedious to operate.  Each filter
function (usually in the form of a film transparency with a specific concentric
density exposure pattern) is inserted in the transform plane and positioned with
extreme precision.  This operation is cumbersome and time consuming.  Although
coherent optical spatial filtering systems are valuable tools for certain types
of research because they have exquisite spatial resolution, they cannot be con-

sidered as practical on-line clinical diagnostic aids.

Our previous studies of image enhancement with TV systems were useful, but
limited. Sharp cutoff frequency fil-trating suffered from phase shift limitations,
and the various adjustable parameters such as brightness, contrast, and gray-
scale level interacted so that it was difficult to establish quantitatively the
combination of adjustments that produced a successfully enhanced image.

Evaluation of the efficacy of any clinical image enhancement technique
should involve the clinical diagnostician, whose visual-clinical training pro-
vides the best practical judgment.  Involving a busy clinician in a complicated
or cumbersome study program with delayed results has always been a drawback to
image enhancement studies.  Even if the time required to alter the filter func-
tion and display the new processed image is as short as a few seconds (which is
typical with the most sophisticated digital image processing systems used in
medicine), the resulting "mean time to boredom'·' is very short.
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In order to circumvent these obstacles to the study of image processing and

enhancement, and to make it more convenient and useful for the physician to
participate in the evaluation of the process, we proposed the following design

objectives for a practical instrument.  Ideally, the instrument should: (1) operate
in real time, on-line in the nuclear medicine clinic; (2) provide continuously
selectable two-dimensional bipolar filter functions; (3) be capable of viewing
and processing images on film (transparencies or prints) of varying size, on
motion picture film, and on CRT displays; (4) be simple to operate, with ease of
programming by either manual or microprocessor control ; (5) provide continuously
variable programming controls which allow operator interaction with the dynamic
display; (6) provide simultaneous viewing of processed and unprocessed images;
and (7) provide a dynamic quantitative display of the filter function values in-
troduced.

We have developed a working prototype electronic analog image processing
system which meets the above criteria with the exception of the microprocessor
control and the quantitative display of the filter function values.

The operating principle utilizes spatial filtering which selectively controls
the contrast of an image according to the spatial frequency content of relevant
and non-relevant features of the image.  In cases where the relevant feature is
obscured by noise, the noise can be reduced by selective lowering of the contrast
of information in the high spatial frequency range. Similarly, edge sharpness
can be enhanced by accentuation of the upper midrange spatial frequencies, and
overall contrast can be increased by suppression of the DC component.  These methods
of spatial frequency dontrol can be adjusted continuously to provide maximum visi-
bility of the features of clinical or research interest within an image.

A precision video camera is used to view images in the form of prints, trans-
parencies, or CRT displays.  The output of the camera provides the analog input
signal for both the electronic processing system and the video display of the un-
processed image.

The video signal input to the electronic processing system is processed by a
two-dimensional spatial convolution operation.  The system employs charged coupled

devices (CCDs), both tapped analog delay lines (TADs) and serial analog delay
lines (SADs) , to store information in the form of analog potentials which are up-
dated continuously as new sampled analog data arrive at the input.  This information

is convolved with a bipolar, axially symmetric hexagonal function which may be con-
trolled and varied at each radius by the operator in real time by adjustment of a
set of front panel potentiometer controls.  Two TV monitors are used, one for the
processed image display and the other for constant reference to· the original image.
The completed version would allow accurate quantification of the filter function.

The working prototype has a full screen display matrix size of 200 Picture
elements per horizontal line by 240 vertical lines.  The matrix can be expanded
vertically and horizontally to 800x960 pixels by addition of modified redundant.
circuitry and changes in the clocking rates, allowing for the processing of images
which contain greater detail with finer structure.  In addition, the processing
array can be expanded to provide finer definition of the filter function.

Dynamic changes within the processed image can be constantly compared visually
with the unprocessed image display by the operator; in our experience, this offers
a degree of control which tends to limit the probability of "accidental" or ex-
cessive enhancement which can generate arti facts.
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This system represents the first use of charge coupled devices (CCDs) for two-
dimensional bipolar image processing, and the first realization of analog television
spatial filtration without phase shift limitations.  The major electronic break-
through was made when CCDs were utilized at TV rates; this implies that any TV
camera image can be processed directly by autocorrelation techniques, matched fil-
tering, adaptive filtering, gray-scale compression or expansion, etc.

Although the system was initially designed to process nuclear medical images,
it can be expanded easily to process high-resolution images such as aerial photo-
graphs, radiographs, and anything "seen" by a TV camera and lens.

SPECIFIC AIMS

We propose to:

1.  Improve the electronic analog image processing system by increasing the
filter matrix size, provide means for quantitating the filter function, and install
a microprocessor for dynamic filtering operations.

2. Determine "optimal" filter functions empirically for several classes of
clinical images.

3. Compare observer performance on the basis of ROC studies using "optimal "
filter functions determined empirically and those derived from various theoretical     -
formulations.

4.  Design, construct, and test the electro-mechanical drum type scanner-
I processor for routine clinical implementation of optimal image processing.

5.  Design and construct a multifilter turret for the coherent optical spatial
filtering system for high resolution image processing.

PROGRESS IN 1980

1.  Budget restrictions, with the resulting loss of two electronics engineers,
have prevented further development of the electronic analog processing system; thus,
the filter matrix has not been expanded, circuits designed to quantitate the filter
function have not been constructed, and the microprocessor has not been installed.
Scales have been installed on the filter potentiometer controls so that filter
settings can be recorded manually and reproduced.

2.  Observer performance studies using ROC methods can be carried out if "truth
data" are known. These data are difficult to obtain for a large clinical series
unless the clinical research protocol includes follow-up on patients diagnosed as

normal.  During 1980, adequate data bases have not been available.  Nevertheless, we
have used the image processing system in several limited pilot studies yielding
anecdotal results that are·extremely promising.  In these studies, the system has
been operated manually, with filter function values recorded directly from
potentiometer settings.

Specifically, we have processed a set of 67 pancreas scans (including 14 cases
with cancer of the pancreas, 20 cases of acute pancreatitis, and 33 cases with no

pancreas disease) obtained from a research protocol in which patient follow-up has
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been faithfully carried out.  (Patients with cancer of the pancreas who are diag-
nosed as normal do not live long; thus, it is possible to obtain "false negative"
truth data with follow-up for a limited period.)  Although this series is still
too small for a definitive ROC study comparing observer performance with processed
and unprocessed images, the preliminary results are encouraging, and the study
will become more definitive as the series is enlarged.

Lacking an adequate clinical series, we have undertaken ROC studies on proc-
essed and unprocessed phantom images, for which "truth data" are known unequivocally.
We expect to complete this study before the end of 1980.

In addition, we have used the electronic analog image processing system to
sharpen a limited series of images of chromosomes obtained in Dr. Janet Rowley's
DOE-funded research program.  Results indicate that the band structure is more
clearly visible in the processed images.  We propose to continue this supportive
effort.

3.  We have completed the constructi 6n of the electro-mechanical drum type
scanner-processor except for the light·projection system, which has been designed.
When completed, this system will be used to implement image processing on a routine
clinical basis, using "optimal" filter functions determined from the above studies.

4.  The multifilter turret for·the coherent optical spatial filtering system
has been given low priority status, and has not been pursued.

PUBLICATIONS

' Charleston, B.D., Beckman, F.H., Franco, M.J., and Charleston, D.B.: An electronic
image processing device.featuring continuously selectable two-dimensional
bipolar filter functions and real time operation.  Presented at the International
Symposium on Medical Radionuclide Imaging, Heidelberg, Federal Republic of
Germany, 1-5 September 1980.  (To be published in the proceedings)
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PROJECT I-4

ENERGY-CODED IMAGE PROCESSING IN NUCLEAR MEDICINE

(R. Beck, C. Metz and H.-T. Chen)

INTRODUCTION

We have begun to explore a new approach for processing image data in nuclear
medicine by taking into account the energy of each detected gamma-ray photon.  Con-
siderable evidence exists in the literature to suggest that weighted spatial
averaging of local detected count densities in radionuclide images can increase the
visual detectability of abnormalities.  Additional evidence suggests that the most
effective local weighting procedure depends upon the spatial resolution and
statistical quality of the image data.  Because the energy of each detected photon
in a radionuclide image is determined by the scattering events that the photon has
experienced before emerging from the patient, the spatial resolution associated with
each detected photon depends upon its energy.  Further, the statistical quality
associated with each energy interval depends upon the number of photons detected
in that interval.  Thus, in principle, the benefits of image processing in nuclear

medicine can be increased by processing the image data in each interval of the
detected photon spectrum using a procedure that is appropriate for the spatial
resolution and statistical quality associated with that energy interval, and by then
combi ning these "energy-coded" processed image components using generally energy-
dependent weights.

PROGRESS IN 1980

We formulated theoretically optimal sets of energy-coded spatial averaging pro-
cedures and combination weights according to two criteria:  signal-to-noise ratio
in the final image, and expected squared difference between the processed image and
an "ideal" image. To explore the potential gains in detection performance that
might be realized by implementation of this approach, we simulated sets of nuclear
medicine image data by using a digital computer and calculated the effects of this
energy-coded image processing scheme on theoretical detection performance signal-
to-noise ratio.  Our initial studies have focused on the task of detecting a 1 cm
diameter spherical lesion at a depth of 5 cm in a uniform background by using
technetium-99m  and a Na I(Tl) detector. Preliminary resul ts suggest that. signal-to-
noise in this task can be increased at least 10% by using energy-coded image

processing with the photon spectrum partitioned into as few as five energy intervals.
In future studies we will investigate the dependence of these theoretical gains on
various parameters of the imaging procedure (including radionuclides with more complex
spectra and the use of detectors with better energy resolution) and will measure ex-
perimentally the extent to which these potential gains can be realized by observers
in an actual detection task.
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