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 SUMMARY

In the interest of minimizing patient irradiation,

while maximizing diagnostic image quality, it is desirable.
to utilize all of the radiation emerging from the patient.
For optimum utilization, it appears to be necessary to allow
photons with different energies to contribute to the image
with different weights. Optimum weights have been determined
for the most common case of noise-limited images, where it

is assumed that the weights should be chosen so as to maximize
the signal-to-noise ratio. For less noisy images, sharpening
may be achieved by assigning negative weights to scattered
photons; that is, by scatter subtraction. In general, image
formation with multiple weighted channels provides a greater
degree of flexibility than is possible with a single channel.

INTRODUCT ION

The principal goal of research on instrumentation in
Nuclear Medicine is to improve the diagnostic quality of in-
formation derived from imaging procedures. These procedures
include imaging of static and dynamic in vivo distributions
of suitable stable and radioactive tracers. To minimize
patient irradiation, while maximizing diagnostic image quality,
it is necessary to make optimum use of the radiation emerging
from the patient, a significant fraction of which consists of
scattered photons due to Compton interactions within the patient.
The question of how best to treat scattered radiation is a sub-
ject of considerable interest, since scatter affects both noise
and contrast in the image. These effects can be quantified in
terms of the effects of scatter on the sensitivity and spatial
resolution of the imaging system. This paper summarizes the
current status of our work on various aspects of the problem

and suggests possible directions for the future.
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" PREVIOUS CONSIDERATIONS AND RESULTS

The object to be Imaged

If attention is confined to static radionuclide imaging,
the object to be imaged can be thought of as a low-intensity,
self-radiant, three-dimensional distribution of radioactive
material embedded in a turbid medium which scatters and ab-
sorbs primary radiation emitted by the object. = Thus, the
radiation emerging from the patient consists of a line spectrum
of unscattered photons and a continuous spectrum of photons
scattered at all angles, which may be due to y-rays emitted
outside the detector field of view, as indicated on the right
in Figure 1.

The Radiation Detector

Since the energy resolution of radiation detectors is
imperfect, the pulse amplitude spectra due to scattered and
unscattered photons overlap; thus, it is impossible to reject
all pulses due to scattered photons by pulse height analysis
without rejecting those due to primary radiation as well. A
method for separating these components in the region of over-
lap has been developed1 for analyzing sgectra from large
~ volume distributions. The result for ®9Mpe, using a NaI(T1)

scintillation detector, is shown in Figure 1, lower left.

The Scatter Fraction, fy: Effect on Sensitivity and Dependence
on Eg and © -

The separat;on of these spectra enables us to compute the
scatter fraction , fy, which is defined as the fractional in-
crease in response due to scattered photons over the response
to properly collimated primary radiation. Thus, one effect
of scatter is an increase in response (or apparent sensitivity
of the detector) by the factor (1 + f3). This has the effect
of reducing the relative magnitude of quantum noise in the image.

Clearly, the magnitude of the scatter fraction is a func-
tion of Eg, the base line setting of the single channel pulse
height analyzer (SCA) [the upper discriminator is set just
above the unscattered photopeak]. For a given primary photon
energy, E,, the expected value of the maximum scattering angle,
8, for accepted photons is determined by Eg from Compton's
equation. As Eg is raised, the angle of acceptance is re-
duced. As a result, fs and sensitivity are reduced, as shown
in Figure 2, where f, is plotted as a function of 8 for four
y-ray energies, for spectra obtained from uniform volume
distributions 16cm in diameter and 16cm high in HzO,
simulating the patient's head. Since f3 depends on the

To conform with notation used in reference 2, the symbol f,
will be used here in place of S, which was used in references

1, 3, and 4.




probability that Compton scattering occurs within the patient,

as well as the probability that the scattered photon will '
emerge to be detected, it is of interest to see that fs is

not radically different for primary radiation in the range

from 140-510 keV, for values of Ep corresponding to the same

angle of acceptance. We might, therefore, expect to observe
approximately the same effects of scatter on image contrast

and resolution for these radionuclides when the lower dis-

criminator is set for the same angle of acceptance.

First Criterion

Since scattered photons may be due to primary radiation
emitted at any point within the source, it is reasonable to
assume as a first approximation that the scattered photons
produce essentially the same effect as background, contribute
more or less uniformly to all parts of the image, and reduce
image contrast by the factor 1/(1 + f5). In that case, the
base line setting which minimizes the error in measuring the
count rate due to unscattered photons, in the presence of a
"background" due to scatter, may be regarded as the optimum
setting. This error is given by

N ¥
p

where Ny is the total number of pulses due to primary photons
within ghe photopeak, and Y is the fraction of these within
.the SCA window, Thus, Y and f; are functions of Ez. On this
assumption, the optimum base line settings for the sources
considered in Figure 2 are given approximately by 0.9 times

the primary y-ray energy, E;. For these settings, less than
5% of the pulses due to unscattered photons are rejected.

The dashed lines in Figure 2 indicate the scatter fractions .
and acceptance angles corresponding to these optimum settings.
The associated scatter fractions differ by more than a factor
of 2, and increase monoton1ca11y with decreasing y-ray energy,
with a value of f4=0.38 for °%"Tc,

For a given value of Ng the error € can be further reduced
y

only by reducing fg and/or increasing Y. This can be achieved
by use of a detector with better energy resolution.

'Use of a Large Ge(Li) Detector

Figure 3 shows tge pulse amplltude spectra obtalned from
a brain phantom with °®"Tc with a NaI(T1l) detector and a large



coaxial Ge (Li) detector, the latter having an area of
approximately l4cm® and a length of approximately 6cm.

The values of FWHM are 23 keV and 4 keV respectively for
these detectors. Although the Ge(Li) detector is not a

high resolution detector by the standards of research in
physics it nevertheless permits the lower discriminator

to be raised to 136 keV before any pulses due to unscattered
photons are reJected For this setting the angle of accept-
ance is 25°.

‘The effect of this on brain scans is shown in Figure
4, The image on the left was obtained with two NaI(Tl)
detectors operated simultancously to reduce scanning time.
The image on the right was obtained with the Ge(Li) detector.
The increase in image contrast over the brain lesion has
been verified by sensitometric measurements on the film.

Although increased rejection of scatter clearly results
in an improvement in image contrast, the principal problem
with this Ge(Li) detector is reduced sensitivity; that is,
we observe only about 1/3 as many counts as with a 2"
diameter NaI(T1l) crystal, for which the collimator used
in both scans was designed.

As a result of reduced sensitivity, the scanning time
with the Ge(Li) detector is excessive, being approximately
45 minutes for one view of the head. Such a detector is
not truly competitive with the standard 3" NaI(Tl) detectors
commonly used. In fact, an almost identical result could be
obtained (in terms of increased contrast and reduced sensi-
tivity) by operating the scintillation detector with a base
line setting of 146 keV, well above the optimum setting of
125 keV for this detector4.

To some extent, this limitation will ultimately be
overcome by 7.5cm diameter Ge(Li) detectors with a drifted
depth greater than lcm, and FWHM<4keV, which are believed
to be feasible. : '

Meanwhile, we have pursued the questioﬁ of how best
to utilize information from Ge (Li) detectors.

Second Criterion

The assumption that scatter is like background is
reasonably valid for low energy y-rays, using a scintillation
detector, where the angle of acceptance corresponding to the _
optimum base line setting is large. However, this assumption .
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is less valid for high energy y-rays, using a NaI(T1l) detector,
and for low energy y-rays using a Ge(Li) detector, since

only photons scattered through small angles are accepted.

In these cases, image contrast is less degraded by scatter,
since photons scattered through small angles tend to re-

solve object structures.

In situations where scattered radiation tends to resolve
object structures of interest, a more general and appropriate
criterion for optimizing the base line setting is the Figure
of Merit

(CYT = CO)a (2)
(Cr + Co)

Q-

where C: is the count rate over a suspected tumor and C, is
the count rate over normal tissue. Maximizing this quantity
is equivalent to maximizing the signal-to-noise ratio that
can be achieved per unit of observation time to distinguish
between Cy and Cp. - o

Although some limited use has been made of this criterion
to optimize Es for scintillation detectors4,5,6, it serves
here as the basis for a more general formulation, discussed
under  Fourth Criterion, below. '

AN EXTENSION AND GENERALIZATION

Scatter Subtraction

Heretofore we have considered only the possibilities of
accepting or rejecting pulses due to scattered photons. An
analysis by Zimmer suggests that subtraction of scatter may
provide an attractive alternative, since this would produce
a sharpened image. This alternative has been explored super-
ficially in the following experiment.

Figure 5 shows two SCA windows set on a °°"Tc spectrum
obtained with the Ge(Li) detector. The upper window brackets
the primary peak while the lower window accepts pulses due to
photons scattered through angles between 25° and 55°.

Figure 6 shows the response of this system to a line
source of ?°"Tc in a scattering medium, while Figure 7
shows the result of adding and subtracting these response
functions. Addition yields a response function similar to



that ordinarily obtained with a scintillation detector and ‘
a single window, while subtraction yields a bipolar function

with a positive central region and negative side lobes. The

latter is the typical shape of a filter function that produces

a sharpening effect. '

Figure 8 shows the expected images of a step source,
obtained by convoluting these response functions with a
unit step function. The images have been normalized to
show the effect of the response functions on the shape of
the image. The least sharp image was obtained with the
scatter channel alone, while the sharpest image was obtained
by subtracting the scatter channel from the peak channel.

This fesult is consistent with what might be expected
from a comparison of the modulation transfer functions (MTF).
associated with these response functions, as shown in Figure

9. Since theé MTF(v) is a measure of the efficiency with

which modulation of object sinusoids is transfered to the
image, an ideal imaging system would have an MTF(v)=1 for
all spatial frequency components in the object. In Figure
9, the transfer function associated with scatter subtraction
rises slightly above 1 in the low frequency range and is

uniformly highest at all spatial frequencies.

The overshoot observed with scatter subtraction in
Figure 8, and values of MTF>1 in Figure 9, indicate that
too much scatter has been subtracted in this instance.

That is, if less scatter were subtracted, or if less weight
were given to pulses in the scatter channel, then we mig
obtain an image without overshoot, which would look more
like the object, except for the residual unsharpness due
essentially to the collimator alone. This fact suggests

a more general formulation of the problem of how best to
treat scatter.

Continuous Weights

In the preceding discussion we have considered the
consequences of accepting, rejecting, and subtracting
acattered radiation in the image forming process. These .
alternatives can be described as a choice between weighting
factors of +1, 0, and -1 for scattered photons.

Clearly, this does not exhaust the possibilities,
since we can easily conceive of imaging processes in which
any finite positive or negative weight is given to each
detected photon, In any particular case the weight might
be a function of the photon energy, the absolute or rela-
tive number of photons at each energy, position or time, .
etc., or any combination of such parameters.




. Optimum Weights

In general, if we conceive of the situation as one in
which a human observer-analyst is called upon to extract
diagnostic information from images, then each detected
photon should be given a weight that depends upon the degree
to which photons in its class (however defined) contribute
to the formation of an image in which structures relevant
to an accurate diagnosis will be detected by the observer-
analyst with greatest probability.

In particular, if attention is confined to photén
energy as a parameter, and if the entire pulse amplitude
spectrum is divided into k discrete channels with width
AE, and a fixed weight wy (j=1, 2, ..., k) is given to _
pulses in each channel, the question that arises is: '"What
is the optimum weight for each channel?"

In general, the answer to this question depends upon
the criterion adopted, which in turn depends upon a variety
of factors concerning the objects to be imaged, the imaging
system, and the observation time. Only two special cases
will be discussed briefly. '

Third Criterion (For the '"moise-free' image)

If the number of photons recorded per unit area in the
image is so large that the signal-to-noise ratio is high
even for the smallest structures of interest, then weighting
factors may be chosen to maximize the correspondence between

the object and-image. Linfoot7 has discussed several mea-

sures of correspondence that may be useful. This will in
- general require sharpening the image to compensate for im-
perfect spatial resolution of the collimated detector. 1In
general, all such sharpening procedures reduce the signal-
to-noise ratio, and image sharpening by scatter subtraction
is no exception; however, there appears to be no a priori
reason to believe that this method would be more costly of
signal-to-noise ratio than existing methods.

Fourth Criterion (For the '"noise-limited" image)

The most common situation is also the most difficult;
namely, when the signal-to-noise ratio (SNR) is so low that
every effort must be made to raise the signal above the
threshold of detectability.

If we wish to maximize the signal-to-noise ratio for
a particular spatial frequency component, v cycles/cm,
it is shown in Appendix B [equation A(12)] that the weight



which should be given to pulses in the jth channel is I
simply proportional to the value of the Detector Transfer

Function* S;(v) at the frequency v, for that channel. For

the particular case discussed above, the optimum weights

for the Peak and Scatter channels can be read from the

respective MTF (V) graphs in Figure 9.

In addition, if we wish to maximize the SNR for de-
tecting an arbitrary object structure, it is shown in
Appendix C that the optimum weight for each channel is
simply proportional to the image contrast provided by the
channel. The resulting maximum rate at which [SNR]® can
be achieved is equal to the sum of Figure of Merit values
for all channels. [See equation A(19)] '

DISCUSSION AND CONCLUSIONS

Implementation of Variable Weights

The theory of variable weights provides an extremely
general basis on which to develop a theory of optimum uti-
lization of all radiation that emerges from the patient.

In the absence of prec¢cise knowledge about the values
of weighting factors w(E) that would maximize the prob-
ability of an accurate diagnosis, the most conservative
approach would be to record the amplitude, as well as the
position coordinates, of each detected photon for sub-
sequent off-line synthesis and examination of multiple
images, based on different assumptions concerning optimum
weights, These assumptions might include the entire
range of weights between the extremes implied by the
criteria for the noise-free and noise-limited images
described above.

standardized, imaging procedures, then it might be desirable
to implement these weights on-line, to eliminate further image
processing. Although any number of techniques can be imagined
to accomplish this end, the design of a practical system may
provide a stimulating challenge.

In view of the superior energy resolution of Ge(Li) and
Si(Li) semiconductor detectors over NalI(Tl) scintillation

| .
If stable optimum weights should be found for routine,
|
|
|
|
|
\

This function is the Fourier Transform of the detector spread
| A - function, and has heretofore been 8a11ed the Modulation Trans- .
| . " fer Function in Nuclear Medicinel-®, To _conform with nomenclatu
} in Optics and Radiology, it is suggested8 that the latter term
| be used only to refer to the absolute value of S(v); that is,
| MTF(»)2|S(») |. When S(v) is real and positive MTF(¥)=S(V).

O



detectors, any such variable weighting procedure might
best be accomplished with a semiconductor detector. How-
ever, the sensitivity of semiconductor detectors must be
increased before they become truly competitive with
scintillation detectors.
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APPEND ICES

The Detector Transfer Function, S, (V)

Assume that the energy range of the pulse amplitude
spectrum is divided into k channels with width AE. Let
L(x;E3) ~)=Lj(x) be the line source response function for
thegtﬂ channel and let

nJ = J- Lj(x)dx . | A(D)

be the number of ¢ounts expected to occur in this channel

per unit observation time. If w; is the weight given to each
of these counts, the overall weighted line source response
function is given by '

) K. K -
L(x) = E: WL, (x) = E: W k) A)
=1 T g=1 -

where Lj(x) is the line spread function, and

j £ (x)dx = 1 for all j. A(3)

K

With z:designatlng E:, the Detector Transfer Function S, ()

.'-TJ=1
is defined by
! _ w.n.S,(v)
Sp(y) = F;T-[L(x)] = 2‘ J J_J A(4)
L(x)d .
I_ (x)dx 3"
»
where the Detector Transfer Function for the jth channel is
© -3miuvx
Sj(v) = F.T.[Lj(x)] = J-vﬁj(x)e' - dx
[ ]
[ )

|
\
|
|
|
| i
I; Lj(x) —2niu% dx A(5)
j L () dx
|
|
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In this nomenclature 8 the overall Modulation Transfer
Function for the detector is defined by :

MTFo () = [So(0) | A(6)
| _th | .
and for the j channel, by .

MTFJ.(u‘) = |sJ.(»)| ' E A7)

Optimum Weighting Factors for Detection of an Object Sinusoid

Let N (x) [—9922£§] define the image of .an object sinu—
cm
soid with modulatlon mo(v), mean intensity o [ REQEQEEJ’ and
cm®-sec™

spatial frequency y [cycles/cm] formed by the j?h channel;
thus, :

Nj(x) = ﬁj + Nj(v)cos 2Mux A(8)
The image modulation is given by
- N, (v) '
m, () = — = mo ()8 (v) A(9)
J Nj J

If the signal a53001ated with this sinusoid is regarded
as the difference in the expected numbers of counts under
pgﬁltive and negative half-cycles, then the signal for the
j channel, is proportional to N (v). o

Similarly, if the noise associate ith this sinusoid
is regarded as the randaﬁ?éégftuation 1 the signal, measured
by the standard deviation he signal, then the noise

associated with the jth channel is proportional to ,/ N

If each count in the Jth channel contrlbutes to the image
with weight er the total weighted signal for all channels is

b J
N., and the [Signal-to-Noise ratio}® is given
J'

proportional to (v), the total weighted noise is propor-

tional to

by

A(10)
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The optlmum weight, wj, which maximizes SNR, is found by

d[sNR]? _
solving —————2— = 0 for wj‘ Using equation (9), this pro-
» dw - : |
WJ
cedure yields
v, =S, (W) - Z*J ] o A(11)
J 2y S. (u)N '

which is satisfied when
W, (opt) = S, (v) | A(12)

With optimum welghts, and using equation (9), the maximum

.value of (SNR)

SR A
[SNR]2 (1) =mo®(w) )N;S.2 (1)

| ) - A(13)
=Tmy(v) ) S, * S 2(u)
HOBEREENC
j=1
where | -
. _ N, | |
S, 5......'.._'.)_____ A(14)
J T

is the sensitivity of the jth channel to a uniform plane dlS—
tribution.

Similariy, the Detector Transfer Functidn‘with optimum
weights is found by substituting equation (12) in equation

(4), and recognizing that n, x §j,

ZanJ 2 ' a(v) A(15)

EnJS (u) z . S (v)

Sp(v)opt =

Equation (13) is a generalization of the result obtained
previously for a single channel.
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C. Optimum Weighting Factors for Detection of Arbitrary Objects.

Let Nt and Noj be the expected numbers of counts in
the jth chafnel associated with a suspected tumor region,
and a normal region of the same size, respectively. Let

(N3 - Noj) be the signal agsociated with this channel and

let the standard deviation e# the signal, Jrth + NOJ,
be a measure of the noise.

~ The total weighted signal and noise for all channels are
given biz w, (th - N ) and VfE:w 8(NtJ + N ), respectlvely

The [signal-to-noise ratio]a is given by

L ZLWJ(th - Noj?Jz

_A(16)

[sNr]? = :
) 2
Eﬁj ‘th + Noj)
. CHE
Solving -2L§§El— = .0 for wj yields the optimum weight,

dw. '

wJ
(N,. - N_))

w, (opt) = tj . oJ A(17)

(Nt + Noj) .

which can be interpreted as a measure of the contrast provided
by the jth channel,

Using optimum weights,

| - (N, -N %

[swe)? =) L) o ' A(18)
AX s (N, + N_J) '

3 i " Toj

If t sec is the observation time for each,of these regions,
which produce mean count rates. Ct and C,; respectively, then
‘the maximum rate at which [SNR] can be achieved is given by

[SNR]® X (C,. £
Q =_“€M"“=Z.TEH“TJT L % A(19)
MAX : 3 tj & “oj 3 J



t

. The sum of Figure of Merit values for .all channels is
greater than Q in equation (2) for one SCA which optimally
brackets the photopeak, or which includes the entire spec-

_ _ ' : 15
trum.
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In brain scanning with °°"Tc and a NaI(Tl)
detector, the output pulse amplitude spectra

due to scattered and unscattered photons over-
lap appreciably because of imperfect energy R

resolution of the detector.
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"optimum" settings, assuming scatter is like back-
ground.
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Figure 3. Improved energy resolution obtainable with a Ge(Li)
detector permits rejection of all but small-angle
scatter. The angle of acceptance is 55° for Eg = 125
keV and 25° for Es = 136 keV.
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Figure 4. Lateral brain scans of the same patient with NaI(T1)
detectors (left) and a Ge(Li) detector (right). Note
increased image contrast and improved perceptibility
of the lesion.
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Figure 5. The peak due to unscattered photons is bracketed by
one SCA while another covers the range of photons
scattered through angles between 25° and 55°.
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Line source response functions for the SCA windows
shown in Figure 5. Note long tails due to Compton
scattering within the source.
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Figure 7. The sum and difference of response functions in Figure

6. Note bipolar nature of Peak—Scatter. :
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Figure 8. Expected images of a unit-step obtained with response
functions in Figures 6 and 7. Note that scatter sub-
traction yields sharpest image.
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Figure 9. Modulation Transfer Functions for the response functions

in Figures 6 and 7. Note that scatter subtraction yields
uniformly highest MTF.
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