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Imaging of gamma-emitting radioisotopes was seri-
ously approached in the late 1940s. Copeland and
Benjamin (/), for example, accomplished this in
1949 using pinhole collimation and x-ray film. Al-
though Anger (2) achieved improved sensitivity in
1952 by using a sodium iodide converter and a blue-
sensitive photographic plate, pinhole devices of this
nature were not of practical value. The development
of the rectilinear scanner by Cassen and co-workers
(3) in 1951 provided the impetus for the wide-
spread use of radioisotopes for curioscopic (4)
examination. Since that time, instrumentation for
gamma-ray imaging has been continually improved.
The recent development of stationary cameras (J)
has further enhanced the diagnostic capability of the
nuclear-medicine clinician by letting him record mul-
tiple organ views from single radiopharmaceutical
administrations and perform dynamic-function stud-
ies.

Now that the clinician can use sophisticated imag-
ing equipment and electronic computers for data
treatment (6), it is important that he understand
the fundamental limitations in gamma-ray imaging.
The purpose of this paper is to discuss these basic
limitations and illustrate their effect on the limiting
performance of a widely used gamma-ray-imaging
system.

ANALYTICAL CRITERIA

All gamma-ray imaging systems basically function
by detecting gamma rays emitted by the isotope-con-
taining organ and presenting a two-dimensional
pictorial display of these detected quanta. More
specifically, the imaging system is equipped with a
collimating aperture that accepts a certain fraction
of the quanta emitted by the organ. This aperture,
or collimator, provides a gamma-ray image (in dif-
ferential form for the rectilinear scanners and inte-
gral form for the stationary cameras) of the source
for the radiation detector. The detector, typically
of the scintillation type, is sensitive (with certain
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efficiency) to the quanta on an individual basis and
each detected gamma ray can be registered on the
image display. This display can take the form of a
scintillation or dot pattern on a cathode-ray tube or
television monitor, a carbon dot pattern on paper,
or a photo-dot image on film. The examining phy-
sician must then interpret the scan. Although the
components of the various systems may differ in
exact form and function, all imaging devices can
be broadly described in this manner. As such, a
dot pattern is presented for interpretation.

This image recognition situation relates directly
to the fundamental limitations of visual perception.
This results because, in trying to minimize radiation
dose for curioscopic examinations, we are attempt-
ing to maximize the diagnostic information gain
while minimizing the number of required quanta.
Rose (7) and Coltman (8) have shown that in vis-
ualization cases such as this the quantized nature of
recorded events and the associated statistical fluc-
tuations will set an upper limit on the amount of
discernible detail in the image. These scintillation
or photon-noise limitations were vividly illustrated
by Rose (9) in a series of photographs (Fig. 1)
showing the improvement of detail perception, or
resolution, as the number of scintillations comprising
the image increased.

For their studies on scintillation limitations in
image recognition, Rose considered circular images
and Coltman used a square-wave or bar pattern of
scintillations displayed on a television monitor. Colt-
man found (70) that when the scene on the monitor
was photographed and viewed under static condi-
tions, the population of quanta required for pattern
recognition was approximately equal to that in a
0.14-sec exposure of the live display. Since most
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FIG. 1. Images formed by quanta (after Rose, Ref. 9). Series
of photographs show improved image quality with increasing num-
ber of quanta. (Figure reproduced by permission of the Editor,
J. Opt. Soc. Am.)

isotope scans are examined as still pictures, Colt-
man’s findings are directly applicable.

Consider a scintillation pattern in which the popu-
lation of dots per unit area varies sinusoidally with
distance where « is the maximum density and B is
the minimum density. The contrast for such an image
is defined as the ratio of the AC component of the
population density (one-half of the peak-to-peak
density, [(« — B8)/2]) to the average density, or DC
component [(a + B8)/2]. That is, the contrast (C)
is given by

—_e—B

C= oy

Coltman’s experiments (8,/0) were specifically
directed towards the pattern-recognition problem in
fluoroscopy. Although the results in Ref. 8 were ex-
pressed in terms of highlight population and a dif-
ferent definition for contrast, they can readily be
recast in terms of the average population density
and the contrast defined in Eq. 1. Making these
changes, Coltman’s results show that the total popu-

1
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lation of scintillations (P;) required to perceive a
bar pattern in a square picture was approximately

P, =< 0.7 N2/C? (square-waves)

in which N is the number of line pairs or cycles in
the image and C is the contrast defined by Eq. 1.
For patterns comprised of sine-wave rather than
square-wave or bar patterns, one expects a factor
of (4/7)2 more scintillations to be required for
equal visibility, thus yielding

P, == 1.1 N2/C? (sine waves).

The spatial frequency (v) is related to N and the
area of the image (A) by v = NA—1/2, Consequently
the limiting average scintillation density is

P,y = P/A = 1.1,2/C2 (sine waves). (2)

This expression represents the fundamental scin-
tillation limitation to the perception of images with
a spatial frequency v and a contrast C. The utility
of Eq. 2 is further appreciated when it is recognized
that any spatial distribution of radiation intensity
(or radioisotope sources) can be considered as a
superposition of sinusoidal components. Conse-
quently, the response of an imaging system to any
distribution can, in principle, be found by the super-
position of the responses to the various spatial fre-
quency components comprising the source.

It should be understood that Eq. 2 is not pre-
sented here as a rigid formula that has been firmly
established for all pattern recognition situations of
this nature. In actuality, one has a function of many
variables—image size, brightness, total number of
lines, experience of the observer, etc.—with a nu-
merical coefficient reflecting these interdependent
parameters. Having been useful for x-ray fluoroscopy
under optimized and adjustable conditions, one
might expect Eq. 2 to hold similarly for gamma-ray
imaging. It is simply presented as a useful basis
for understanding systems, with a coefficient that
probably lies in the neighborhood of that given.

Consider a radioisotope distribution where the
concentration varies sinusoidally with distance. A
gamma-ray imaging system will present an image
of this pattern in which the number of scintillations
per unit area also varies sinusoidally with position,
but typically with reduced contrast. The ratio of
the image contrast (C;) to the source contrast (C,)
is a measure of the resolution capability of the image
system and is designated the contrast or modula-
tion transfer. This modulation transfer is a function
of the spatial frequency of the sine-wave pattern
(e.g., cycles per unit distance). Consequently, we
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obtain a modulation transfer function (MTF) for
the system as

MTF (v) = C/C,. 3)

Thus a given spatial frequency (i.e., resolution) in
the source with a given C, will be perceivable pro-
vided the contrast transferred to the display image
is not degraded below the contrast threshold satis-
fying Eq. 2.

Morgan (11) has discussed the value of describ-
ing the informational recording capability of sys-
tems in terms of the MTF. Quite simply, since each
component of an isotope imaging system affects the
system’s ability to record detail, it generates a MTF.
The power of this Fourier method of analysis lies in
the fact that the MTF of any complex system can
be derived by combining those for each component,
starting with the gamma-ray collimator and ending
with the eye of the examining physician in the pres-
ent case. It will be shown in the following that the
MTF of the collimator of gamma-ray imaging sys-
tems in practice largely controls the response al-
though that of the gamma-ray image detector in
stationary cameras usually limits the ultimate reso-
lution capability.

The MTF of the isotope-imaging system and the
scintillation-limited population requirements for
sine-wave pattern recognition combine naturally to
determine the limiting sensitivity-resolution capa-
bility of the system. The performance of any isotope-
imaging system is determined by a combination of
the scintillation population recorded with the con-
trast loss introduced by the system. This is illus-
trated in Fig. 2 where the exact form of the
composite curve is determined by the form of the
system MTF.

In curves of this nature derived for specific imag-
ing systems, the quantity of interest will be the
product of activity in the organ and the integration
time required to attain a particular resolution. Con-
versely, it will be possible to choose v and ask
whether the associated activity and time are reason-
able in keeping with permissible radiation doses.
The scintillation or dot population of the final image
is related to the activity-time product by the system
sensitivity as follows:

P=22X 1000y TQIntdots, (4)

in which
o is the activity in the organ, expressed in micro-
curies (uc),
y is the number of useful gamma rays emitted per
disintegration,
T is the transmission probability for undeflected
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quanta leaving the organ and the body,

Q is the geometric acceptance of the collimator
(see next section),

I is the interaction probability of the gamma rays
in the image detector,

n is the number of dots registered in the final
image per detected quantum (= 1) and

t is the integration time in min.

By combining Egs. 2, 3 and 4 we find that the lim-
iting resolvable spatial frequency, which is the re-
ciprocal of the maximum resolution (R), is related
to the organ activity and integration time as

v = R~1 = 1,400 C, MTF (v) (Bat/A)¥2, (5)

in which B =y T @ I n. When Eq. 5 is applied to
various isotope imaging systems, the differences
arise through the factors @, I, n, t and MTF (»)
which are system parameters. The terms C,, o, A, ¥y
and T are descriptive of the gamma-ray energy of
the isotope and the organ of interest; these are com-
mon to all systems. We assume throughout that the
area of the displayed image and the source area are
equal.

SYSTEM EVALUATION CRITERIA

To illustrate the application of these criteria and
their value in understanding the performance limi-
tations of a gamma-ray imaging system, we consider
the characteristics of an Anger type of scintillation
camera equipped with parallel-hole multiaperture
collimators. We consider this particular system for
illustration because its characteristics have been the
subject of recent investigation.

Geometric resolution and acceptance for parallel-
hole multiaperture collimators. Following the method
of Anger (5), we consider a rectangular array of
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FIG. 2. scintillation-limited performance of imaging system
with a resolution limitation.
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FIG. 3. Sectional view of parallel-hole multiaperture collima-
tor shows path of minimum septal attenuation, limiting gamma-ray
paths and average intensity distribution on image detector (see
Ref. 5).

square holes of width d, length a and separated by
septa of thickness t (Fig. 3). The source-to-colli-
mator and collimator-to-detector distances are desig-
nated by b and c, respectively. The limiting geometric
resolution (R) is defined as the full width at half
maximum (FWHM) of the average intensity distri-
bution obtained from a point source. By geometry,
this is given by

R =d(a. + b + ¢)/a,, (6)

in which a, is the effective length of holes which is
less than the geometric hole length because of
gamma-ray penetration. This effective hole length is
approximately given by (12)

2. =a— 2t )

in which p is the linear absorption coefficient of
the collimator material.

One of us has shown (13) that the dimensions of
this type collimator can be chosen to optimize the
geometric acceptance () for a given resolution
(R) where Q is defined as the ratio of the number
. of image-forming gamma rays transmitted by the
collimator to those emitted by the source. This op-
timum value is

2
o= [ 25555 ®)
in which A2 = 6 4 6u (b 4+ ¢) and K is a con-
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stant with the value 0.282 for square holes in a
rectangular array. Equation 8 is derived using the
approximation that a » 2d 4 t (applicable for most
practical collimators) and choosing t so that the
gamma-ray transmission for the minimum penetra-
tion path W in Fig. 3 is some small percentage such
as 5%, i.e., exp(—uW) = 0.05 or uW = 3. The
value Q¢ is simply the maximum of

0 = [Kd?*/a.(d + t)]? )]

as a function of the hole length (a) and occurs at
an optimum hole length (a,,) given by

gt = (A4 3)p~L (10)
This value is independent of the resolution R. In
association with a,y, the other optimum dimensions
of the collimator are dependent on R and are given
by

dopt = R(aopt — 2p71)/(80pt — 20~ + b + ¢)
(11)

and
topt =6 dopt/(}‘-aopt - 3)-

Modulation transfer function. The two-system
components of a stationary camera which most affect
resolution and the MTF are the collimator and the
gamma-ray image detector. The image detector MTF
is actually comprised of several components includ-
ing the gamma-ray detector, the spatial information
transfer system and the image display. In several
recent measurements (14,15) these factors together
with the eye of the examiner were combined to yield
an over-all image detector MTF. As such, we define
the total system MTF as

MTF (v)]s = MTF (»)lecon X MTF (v)]a, (13).

in which the subscripts s, coll and id refer to the
total system, collimator and image detector, re-
spectively.

Most of the early measurements concerning the
intrinsic resolution of the image detector for the
Anger type of scintillation camera were related to
the minimum separation of either two point (16)
or line (I7) sources for which a barely-resolved
image could be discerned. This separation, desig-
nated the intrinsic resolution (R;), is a function of
the gamma-ray energy and has values of 13 mm at
70 kev, 10 mm at 140 kev, 7.1 mm at 279 kev and
6.4 mm at 364 kev for a system equipped with bial-
kali photocathodes (/7). Several more recent studies
(14,15) have provided MTF),q directly by measur-
ing the line-spread function and taking its Fourier
transform. These data indicate that the line-spread

(12)
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function is nearly Gaussian in shape with a FWHM
given approximately by R,. Since the Fourier trans-
form of a Gaussian line-spread function yields a
Gaussian MTF, we assume hereafter that the MTF) ;4
of the Anger system can be approximated by

MTF)a = exp (—2#%20%2),

in which R; = 2.354 o.

The MTF of a parallel-hole, multiaperture colli-
mator is obtained from the fact that the average
point-source response function, p(x,y), is conical in
shape (5), i.e.,

(14)

3
p(xy) = m[R — (x2 4 y’)m]. (15)
The line-spread function, 1(x), is defined by

1(x) = / p(xy) dy

-0

and for the particular function defined by Eq. 15,

I(x) = ;% {[1 — (x/R)’]m an
1/x\2. [14 0 — (x/R)?2
“i(iz) In [1 —= (x/R)’]‘/’]}

The MTF or Fourier transform is obtained by the
integration.

(16)

o0
MTF () = / 1(x) exp(2mpx) dx.  (18)

-
Because of the nature of Eq. 17, its MTF is ob-
tained by a series approximation (/8). The spatial
frequency (v) is that in the gamma-ray image plane
and also the source plane since this type collimator

images one-to-one.

Scattered radiation. A major problem in the at-
tainment of an optimal-information isotope image
is that of scattered radiation. A gamma ray pro-
. duced in the isotope-containing organ can leave the
organ and surrounding tissue without interaction,
be accepted by the collimator, detected by the sys-
tem and finally registered in the output image at a
position in direct correspondence with its point of
origin. This is the ideal situation. However, quanta
emitted in directions not acceptable by the collimator
can be scattered into an acceptable direction, de-
tected and registered. This scattering can occur in
the organ, surrounding tissue (or bones) or any ma-
terial associated with the detector, e.g., the colli-
mator or the detecting phosphor itself. The positions
in the final image for these quanta will correspond
with the scattering positions and not the quantum
origins. The net result is that contrast is degraded
and information lost. The attainment of a given reso-
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lution will consequently require many more quanta
because of the C-2 dependence in Eq. 2.

Scattered radiation can be rejected using pulse-
height analysis, which refers to the energy analysis
of the detected quanta in pulse radiation detectors.
This accrues because the gamma ray loses energy in
the scattering process. Thus by analyzing the energy
of the detected quanta and registering only those
with full energy, this source of contrast degradation
can be reduced. This is accomplished in various sys-
tems with varying degrees of success, in part due to
the kinetics of the Compton scattering process (19)
and the finite width of the photopeak window of the
gamma-ray spectrometer (5). These limitations are
generally more detrimental at the lower gamma-ray
energies (< 100 kev) (20).

As Beck and Harper have indicated (21), it is
theoretically immaterial whether the scattered radia-
tion is considered to reduce the system MTF or the
initial source contrast. In either case, the net effect
on the image contrast in the final display is the same.

RESULTS

We can now use the considerations discussed
above to predict the scintillation-limited perform-
ance of any gamma-ray imaging system. Specifically
we shall demonstrate this application for the Anger
type of scintillation camera. Before doing this, how-
ever, it will be instructive to discuss several quali-
tative aspects of this procedure.

The maximum resolvable spatial frequency is
given by Eq. 5. By rearranging the terms of this
equation, we obtain

-~ A V2
2.0 X 10°B GIMTF(»)]*

Hence by specifying a value for v, knowledge of the
system and specific isotope-organ parameters under
consideration permits the calculation of the required
ot for that frequency. For example, we can consider
a camera equipped with a coarse-resolution collima-
tor such that the resolution capability of the image de-
tector is not a limiting factor, i.e., MTF),y =< 1 for
v less than v, = R—1, where R is the limiting geo-
metric resolution of the collimator (Eq. 6). We now
choose several values of v between ~0.05 v, and
vum and calculate ot for each using Eq. 19 which
defines a curve on a v versus ot plot as labeled “a”
in Fig. 4. This curve is shaped similarly to that
labeled “composite” in Fig. 2. Next we repeat this
for a collimator with better resolution (i.e., smaller
R). Since R is smaller, the resultant curve b is
shifted to greater ot products because of the de-
pendence of @ on R? (Eq. 8), but extends to higher
v because of the improved MTF) .. By continuing

ot

(19)
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FIG. 4. Limiting performance of gamma-ray imaging system
as affected by image detector and ph and resolution of
different collimators.

this with smaller and smaller R values, we reach fre-
quencies where MTF);4 becomes a limitation and
must be coupled with MTF),y, for use in Eq. 19.
This would occur for a collimator associated with
curve c in Fig. 4.

A series of these curves for different collimators
can be connected by an envelope which defines the
combined limiting performance of the system inde-
pendent of the particular optimum collimator consid-
ered. In essence, the consideration of this envelope
eliminates the need to discuss a wide variety of
collimators when comparing the limiting perform-
ance of various systems. Since optimized collimators
are common to most stationary systems, the envelope
removes this factor from over-all comparisons.

The limiting performance envelope varies as the
fourth power of v in the region where MTF);q == 1;
one quadratic factor comes from the population
equation and a second is due to the dependence of
Q,pc on R2 (Eq. 8). The fall-off of the envelope
near the image detector limit is proportional to
[MTF) )

It should be noted that the curve for a given colli-
mator touches the envelope at only one point and
this is the optimum frequency or resolution for that
collimator. This optimuym frequency depends on
the specific form of MTF).u and the specific de-
pendence of @ on R. We find graphically that
vopt = 0.40 R—! for parallel-hole multiaperture col-
limators. This means that a collimator with a limiting
resolution of R is optimally used in attaining a
source resolution of 2.5 R.,u. Beck and Harper (21)
have obtained a similar result for rectilinear scan-
ners.

Specific system, isotope and organ characteristics.
The following characteristics were considered in
applying the present analysis to the Anger type of
scintillation camera for imaging several isotopes in
the brain.
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Resolution, R (mm)

Anger camera

a. Calculated values of the photopeak detection
efficiency (22) for a %2-in.-thick NaI(T1) crys-
tal were used for I in Eq. S (or 19).

b. Recent intrinsic resolution measurements (17)
with a system equipped with bialkali photo-
multiplier tubes were used for R; associated
with MTF)y (Eq. 14).

c. Lead was considered for all collimator ma-
terials.

d. It was assumed that each photopeak detection
event was displayed in the final image, i.e.,
n = 1in Eq. 5.

e. Pulse-height analysis was assumed perfect so
that scattered radiation had no effect on the
final image.

f. The collimator-to-detector distance c associ-
ated with parallel-hole multiaperture collima-
mation was taken to be 114, in.; a 34,-in. air
gap plus % in. to the center of the ¥2-in.-thick
crystal,

Isotopes

a. The isotopes considered for these illustrative
comparisons were 3], 118m]p and *°=Tc,

b. Values for y in Eq. 5, the number of useful
gamma rays per disintegration, were taken
from Smith (23) and Strominger, Hollander
and Seaborg (24).

c. Maximum administerable activities were taken
from the tabulation of Silver (25).

d. An uptake of 5% for the brain was assumed.

Organs

a. The brain was considered for illustration and
typical organ dimensions [courtesy of Profes-
sor Y. Wang (26)] used were 220 cm? for the
area and 8.5 cm for the midplane depth.

b. Resolutions were calculated at the organ mid-
plane and average attenuations (T in Eq. 5)
were calculated at that position.

Limiting performance curves. Using the param-
eters discussed above, we illustrate the modulation-
transfer and scintillation limitations in gamma-ray
imaging for the Anger type of scintillation camera.
In presenting a limiting performance curve for a sys-
tem equipped with a particular collimator (Eq. 19)
or the limiting performance envelope defined by a
series of these individual curves, it is more con-
venient to plot them for a source contrast (C,) of
unity. Thus any source contrast can be considered
simply by displacing the curve to the right (to greater
ot products) by a factor of C,—2, or, analogously,
by shifting the values of the abscissa to the left by
the same factor. For example, a source contrast of
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31.6% would require an abscissa shift by a factor
of (0.316)-2 = (0.10)-! = 10.

First we consider the Anger system for imaging
the brain using °*=Tc. Anger has described (27) a
special collimator designed for this purpose which
provides a limiting geometric resolution (Eq. 6) of
R = 13.1 mm at a midplane depth of 8.5 cm. An
optimized lead collimator (I3) with this limiting
resolution has Q,,: — 8.6 X 10—*% By using the
associated collimator MTF and that for the intrinsic
resolution of R, = 10 mm (140 kev) in Eq. 19, we
obtain the curve labeled R,;n = 13.1 mm in Fig. 5.
As expected, this curve approaches the limiting col-
limator resolution of ~13 mm at very high ot prod-
ucts.

We can now ask, “What is the best source resolu-
tion we could attain with this particular collimator?”
The answer, of course, depends on four factors: the
maximum administerable activity, the uptake, the
source contrast and the integration time. If we con-
sider o = 15 mc, an uptake of 5%, C, = 31.6%
and t — 10 min, this gives us a point at 15,000 uc
X 0.05 X (0.316)2 X 10 min = 750 uc-min, in-
dicated by the open circle. This occurs at v = 0.062
cycles/mm or R = 1/y = 16.1 mm. This is the best
source resolution attainable for this collimator and
the stated conditions.

The statement often appears that the collimator
of the Anger system, not the image detector, was
limiting the resolution in a particular application.
This would be true for the above example, but un-
necessarily so, particularly when high photon yields
from isotopes such as **»Tc are available. The limit-
ing performance envelope in Fig. 5 shows that a
source resolution of 12.2 mm is attainable with the
proper collimator. As discussed previously, the best
Reon to attain this would be 12.2/2.5 = 4.9mm.
Although such a collimator would have Q,, = 1.2
X 10—4, a factor of seven smaller than that for the
Reu = 13.1 mm collimator, its higher MTF per-
mits the over-all system performance to approach the
image-detector resolution limitation. Actually, the
Reon = 13.1 mm collimator is only optimal for
imaging in the vicinity of 0.03 cycles/mm where
R = 2.5 Reon = 33 mm as is indicated by its curve
touching the envelope at that point.

This analytical formulation is also useful in com-
paring the use of different isotopes for imaging the
same organ. For example, we plot in Fig. 6 the
limiting performance envelopes for both 1311 and
%mTe, For 18] we consider 0 = 300 uc and, as
before. an uptake of 5%, C, = 31.6% and t = 10
min. This yields ¢t — 15 uc-min and provides a
maximum resolution of only 19.4 mm, considerably
worse than that of 12.2 mm with #=Tc. Conse-
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FG. 5. Limiting performance curves for brain using *™Tc.
Curves are drawn for source contrast (C.) of unity. Open circles
on curves refer to combination of t = 10 min and C, = 31.6%
for maximum organ activity.

quently, we see that '3'I cannot compete with *®=Tc,
even though the intrinsic resolution of the image
detector is better for this higher energy isotope
(Ey, = 364 kev). The low photon yield from 3]
prevents the use of this better resolution, which is
available only for ot S 80 uc-min.

The newly-available !13=In isotope (28) is a high-
energy-gamma isotope (392 kev) which does not
have this photon-yield limitation. Figure 6 also shows
the limiting performance envelope for 1!®=In; it is
near that of !3!I because of the close photon ener-
gies. However, 11%=]n is similar to ***Tc in its char-
acteristics so that administered activities can be
similar. Thus the 750 uc-min point for 113=In actu-
ally provides slightly better resolution than **=Tc.
This is simply a manifestation of the fact that the
MTF)qs of the Anger system favors the higher-
energy-gamma isotopes. Even though the collimator
and detection efficiency favor low-energy-gamma
isotopes, the MTF), is the dominant factor for the
Anger system in the high-photon-yield region.

DISCUSSION OF RESULTS

By applying this analysis to the Anger type of
scintillation camera, we have illustrated its utility for
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FIG. 6. Limiting performance envelopes for brain using dif-
ferent isotopes. Curves are drawn for source contrast (C.) of unity.
Open circles on curves refer to combination of t —= 10 min and
Ce = 31.6% for maximum organ activities.
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providing insight to the system’s fundamental fea-
tures and guidance for its effective use in clinical
practice. Several conclusions can be drawn from this
particular illustration:

1. The relatively coarse resolution collimators
provided with the Anger system for imaging
low-photon-yield isotopes such as !3'I and
203Hg are probably adequate for most appli-
cations.

2. For use with high-photon-yield isotopes, how-
ever, high-resolution collimators should be
provided which give resolutions limited by the
intrinsic resolution of the image detector.

3. Further gains in resolution might then be pos-
sible by improving the intrinsic resolution of
the image detector if physically. possible.

It would be ideal, of course, to use experimen-
tally determined MTF’s when analyzing this or any
system. It is particularly important to know how
scattering affects the MTFs or, analogously, how it
affects the initial source contrast as transferred by
the collimator to the image detector. This is impor-
tant because the capability of various systems for
rejecting scattered radiation can differ markedly
(21,29). 1t is encouraging that data of this type are
appearing for some of the newer systems.

CONCLUSIONS

We have discussed the modulation-transfer and
scintillation limitations in gamma-ray imaging and
have illustrated their effect on the limiting perform-
ance of a widely used scintillation camera. This
particular formulation combines the interdependent
factors of resolution and sensitivity through the
system modulation transfer function and the funda-
mentals of image perception. It is very useful for
gaining an understanding of those factors which
limit the performance of a given system and for
comparing systems.

The analysis is perfectly general and can be ap-
plied to any gamma-ray imaging device. Care must
be exercised, however, when intercomparing systems.
For example, the collimation characteristics of fo-
cused collimators used with rectilinear scanners
differ from those for parallel-hole multiaperture col-
limators used with cameras. This is so because,
aside from sectional scanning, most systems present
a two-dimensional image of a three-dimensional ob-
ject. Other differences can arise from different dis-
play systems and are related to subjective interpre-
tation by the examiners.

In discussing this over-all problem, we have ap-
proached it from the limiting or optimum perform-
ance standpoint by considering a series of optimized
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collimators. We realize, however, that this ideal
flexibility is not normally available to the clinician
—his scanning instrument may be equipped with
only two or three collimators. Notwithstanding, the
present analysis will yield a plot of » (or R) as a
function of ot for each system configuration (such
as curves a or b in Fig. 4) which can help him to
understand his system and the most efficient trade-
offs among resolution, activity and integration time
available to him.

The concepts of modulation transfer function and
scintillation limitations to image perception are rela-
tively new to the isotope imaging area of nuclear
medicine although they have been applied to x-ray
radiography for many years. The recent analyses of
Beck and Harper incorporate these concepts and
have the same qualitative features as the present
formulation. The plots of R as a function of ot ob-
tained from the present considerations (Eq. 19)
do represent a new and powerful aid for under-
standing gamma-ray imaging systems. Additional
investigation, both theoretical and experimental, is
needed. Certainly the recently-initiated studies by
Schulz and co-workers (30.31) on the computer
simulation of data from scanning systems will shed
light on this important problem.
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