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Comparison of Isotopes for Scanning
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Although many new isotopes are now being introduced for scanning (1-6),
there is no general agreement about their relative merits, and a number of
different criteria have been used for evaluation (7, 8). Large tumours may be
detected with any isotope, and it will be assumed in this paper that the â€œbestâ€•
isotope is the one which will enable the smallest tumour to be detected with
statistical significance when a given time is allowed for the scan, and for a given
rad dose to the critical organ or whole body (9). Isotopes may then be com
pared quantitatively. Brain tumor localization particularly will be considered.

Various figures of merit have been used (9-12), and the use of information
theory is also being investigated, but so far results do not entirely agree (8-12)
asid the method has not been applied with realistic levels of radioactivity.
Figures of merit have been criticized (8), but the one used here can be verified
experimentally (9), and appears to be a useful concept if its meaning is clearly
understood.

The calculations in this paper will also indicate that the use of collimators
with very large numbers of holes and hence very fine resolution is sometimes
a disadvantage.

Figure of merit for tumour detection: Matthews (9) has used Dewey and
Sincair's equation (10) to calculate the ratio n of the (increase in count rate

over the tumour) to the (standard error of the difference in count rate over
tumour and normal tissue) as a test of whether a tumour can be detected with
statistical significance in a given situation. This may be compared with a
â€œStudent'stâ€•test, and if n is greater than 3 the increase in count rate will be
statistically significant.

The various factors involved are as follows: Most of these can be calculated
for a new isotope, so that it can be evaluated in advance. For isotopes distributed
in extracellular fluid, the tumour and nontumour concentration may be calcu
lated, or these values may be obtained approximately from animal experiments
(13,14).

1. Properties of the counting system:
(a) Collimator propertiesâ€”to give the best compromise between resolution

and sensitivity for a given isotope.
(b) Window width of pulse analyzer

1M.R.C. Clycotron Unit, Hammersmith Hospital, Ducane Road, London, W. 12. England.

155



156 C. M. E. MATTHEWS

(c) Crystal efficiency for radiation concerned
(d) Factors affecting time in which counts accumulateâ€”scan speed, time

allowed for scan, resolution diameter (8,9)
2. Isotope properties.
(a) Physical propertiesâ€”energy of radiations emitted and emission per dis

integration, absorption coefficients in tissue and in collimator material.
(b) Biological propertiesâ€”uptake of the isotope in the organ in question,

ratio of target to non-target uptake, and number of mc which can be given to the
patient to produce a given rad dose to the critical organ and/or whole body.

3. Organ propertiesâ€”size and depth of organ and of lesion to be scanned.
Some of these factors are interrelated and difficult to separate.
The following equation can be derived from Dewey and Sinclair's equation

(10), by expressing it in terms of the factors:

n=126@Jtr A.B./@ (1)

where t = time in which counts accumulate
r = (tumour extraceliular space as mi/gm of tumour)

Ã· (whole body extracellular space as mi/gm of body weight)
A body weight of 70 kg is assumed.

VT = target (tumour) volume
VNT = non-target volume

A = 1/gDp (f@ 1)@

where g = number of photons emitted per disintegration
D = radioactivity given in mc
p = ratio of (concentration of isotope in tumour)

to (concentration of isotope when uniformly distributed in e.c.f.)
For many isotopes p = 1 if scanning is carried out before much of the

isotope has been excreted.
f = (concentration of isotope in target volume) Ã·

(concentration of isotope in non-target volume),

/ 2 2 /2 2 2
/flâ‚¬T @XT . . . /77 â‚¬7' ar

B = , or for coincidence counting B it
@ â‚¬NT aNT Y â‚¬NT aNT

where i = crystal efficiency = probability of a pulse being produced per photon

striking crystal for a given window width. (The effect of variation of
crystal efficiency with distance of the source is neglected for distances

as large as those of the target and non-target volumes)

e = collimator efficiency = ratio of number of photons striking crystal to
number of photons emitted from surface of body.

a = tissue attenuation factor due to absorption and scattering = number

of photons emitted from surface of body Ã· number of photons emitted

in the volume considered.
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Subscript T refers to target volume and NT to non-target volume.
N.B. For large values of f, the above expression for n should be multiplied by

2 Â±Sf' where ar ____

â‚¬NT aNT VNT

Cr2
The quantity @;may be used as a â€œcollimator figure of merit.â€• This seems

more convenient than Dewey and Sinclair's collimator figure of merit (9, 10),
which depends on a number of factors which are not all determined by collimator
design. Using the same notation, Dewey and Sinclair's figure of merit is equal to:

â‚¬2 a' V2 6

g â€˜@r_Z_ â€¢_L â€¢ @â€X̃ 2.22 X 10
â‚¬VT aNT VNT

As Kuhi (15) points out, comparison between isotopes should always be made
using the optimum collimator for each isotope. The design of the optimum col
limator for a given@ energy has been worked out theoretically by Beck (11, 12).
In practice it may be difficult to separate collimator efficiency from the absorption

â‚¬2Ta'T
and scattering factor, so that it may be necessary to take @@asthe figure

of merit. This quantity is easily obtained for given target and non-target vol
umes from an experimental measurement in a phantom of target and non-target
overall efficiencies, when crystal efficiency and gamma emission are known.

For comparison of different isotopes, the tumour factor r, the time factor t
and the volumes VT and VNT can be considered constant. Thus, AB may be
regarded as a â€œfigureof meritâ€• for isotopes. A depends on the physical and
biological properties of the isotope, and B depends on the physical properties of
the isotope and the properties of the counting system.

count rate for x @.ic
B' â€”pulses counted from target per unit time in target volume 7

â€” photons emitted from target per unit time count rate for x /2c

in nontarget volume

and is easily obtained experimentally with a phantom. A depends on g, D,
p and f. D can usually be calculated if the distribution and excretion of the
isotope is known. p and f can probably be obtained from animal experiments
when values in patients are not available (13, 14), and for many isotopes p will
be equal to one g is usually known.

Brain tumour localization: Considering now brain tumour localization in par
ticular, only two classes of isotopes are likely to give the best results, (a) isotopes
emitting only low energy y rays, and (b) positron emitters. Since brain
tumour localization depends on the exclusion of radioactivity from the brain,
rather than on selective concentration of isotope by the tumour, the amount
of radioactivity in the rest of the body will always be much greater than the
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amount in the head. It is therefore very important to reduce as far as possible

the effect of the radioactivity in the rest of the body, otherwise the effective
background will be greatly increased and the effective target/non-target ratio
reduced. This can be achieved with lead shielding for low energy y rays and
with coincidence counting for positron emitters.

To reduce the radiation dose, it is preferable that the half life should be as
short as possible; the limitations here are the time required for the scan and

the inconvenience of a very short half life, unless the isotope can be milked
off a â€œcowâ€•,or produced continuously. One of the main advantages of the positron
and y cameras is the shorter time required for the picture compared with con
ventional scanning, and this should open up a new range of isotopes. Since each
element of the picture is observed continuously with a camera, it will not matter
if there is appreciable decay of the isotope during the counting period. If the
counting period is about five times longer than the half life, practically all disin
tegrations contribute to the effect produced and the efficiency for a given rad dose
is as high as possible. Efficiencies approaching the optimum might be achieved

by using, for example, cyclotron-produced 1@C (half-life 20 minutes) or even
150 (half-life 2 minutes). These isotopes would have to be used in chemical

forms which equilibrate with the extracellular space, for example, 150 might be
used as sulphate.

Positron emitters: For different positron emitters, B will be constant, and so
these isotopes may be compared by considering A only. Values of A for different
positron emitters are given in Table I, and it can be seen that a considerable
gain may be expected compared with T2As or 74As, the positron emitters which
have been most used (16, 17). With these high levels of radioactivity, it would
be essential to use a fast coincidence unit to reduce random coincidences.

Low energy -y emitters: Similarly, low energy y emitters with the same y
energy may be compared on the basis of factor A only, and this comparison is
shown in Table II. In this case B cannot be considered exactly constant, since
the .@,energies for the isotopes in the table are not all exactly the same; however,
the variation of B is likely to be much less than that of A. The factors affecting
B are discussed below. If B does not vary rapidly with energy, again a con
siderable gain can be expected when 123J HSA or 9DmTcare used compared with
1311 HSA or 203Hg neohydrin. For o9mTc the amount of radioactivity which will

give 14 rads to the critical organ (the stomach) is 44 mc, and the value of A was
calculated using this figure. However, a value for A is also given for 10 mc, since
it may be difficult to obtain as much as 44 mc of 9omTc per patient. Also the

calculation of dose in rads depends on the conversion coefficient; the entire $
dose is due to conversion electrons. Only one measurement of the conversion
coefficient is listed (18), with a possible error of Â± 20 per cent. Until more
data on this factor is obtained, it does not seem advisable to give such a large
dose as 44 mc.

Comparison between low energy y emitters and positrons: In order to relate
the values for A at least approximately to the ratio n for a given VT and VNT,
and hence to the minimum size of tumour which can be detected, and also to
obtain an approximate comparison between positron and low energy y emitters,
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â€œCo

Câ€•o

90Nb

72As
74As1.83

1.94 â€˜11 9.1 1 610.0 13.3

1.10 1.72 210 8.1 1 610.2 11.9
0.33 2.00 â€˜#,@â€˜10 8.1 @1 688 2â€”54 11.6â€”29.6

0.033 2.00 @â€˜@â€˜10 8.1 â€˜1 6832 7â€”94 23.0â€”39.1
14.6 0.50 (.511 mev) @30 28 44 6044 5.0

26 1.55 (.511 nlev) â€˜15 13.1 1 @1.5 5.5
17.5 days 0.56 (.511 mev) â€˜15 13.1 1 @2.5 4.3
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the factors which affect B will now be considered. This quantity can be calcu
lated from experimental measurements of Dewey and Sinclair's figure of merit
(10), which have already been published for several different isotopes for a
particular counting system (9). The results of this calculation are given in Table
III, for spherical target volumes (glass bulbs) at the geometrical focus of the

collimator in a tank containing 5 liters of water as the non-target volume (9).
The collimator had seven holes and was made of heavy alloy (density 16.8
gm/cc). It was 4 inches long and the focus was 4 inches from the end. As men
tioned in the original publication, the values for 1251are inaccurate, since owing
to the high photoelectric absorption in water the count rate changed very

rapidly with the position of the spherical glass bulb representing the tumour.
However, the 1251 results have been included to give some idea of the effect of

reducing the y energy below that of 203Hg â€˜yrays. The 1251 values are considerably

TABLE I

POSITRON EMITTERS

g = photons emitted per disintegration.
= tumour/brain concentration ratio.

p = tumour concentration Ã· tumour concentration for a substance uniformly distributed in
extracellular fluid.

D = radioactivity given in mc (see notes)

Notes

1. See references (4) and (23).
2. See reference (3), approximate mean value taken.
3. Assuming that these isotopes can be used in a form which equilibrates rapidly with

tumour extracellular space.
4. See references (14) and (24).

5. See reference (16), approximate mean value for different tumours taken.
6. To give 0.57 rads to whole body, i.e. equivalent to 300 @cof â€œIHSA.
7. To give 14 rads to kidney, i.e. equivalent to 2.5 mc of 74As.
8. Lower limit taking volume of distribution equal to blood volume for positron dose.

Upper limit taking whole body volume (25).
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lower than for the other isotopes, mainly due to the increased photoelectric ab
sorption ( see below ) . For coincidence counting the whole spectrum was used,
and not just the photoelectric peak.

Apart from 125J, it can be seen that for a given tumour size B varies much
less than A for different isotopes. Although B for coincidence counting is defi
nitely lower than for a focussing collimator with the same isotope, it is only about
25 per cent lower than B for 203Hg.Since B falls with decreasing y energy, there
is probably not very much difference between B for coincidence and for low
energy y emitters such as 99mTc and 1231.The sharp fall off for 1251is not likely
to be observed above about 80 key, since it is below this energy that the photo
electric absorption coefficient in water rises steeply. Therefore the values in
Tables I and II can probably be compared with each other very approximately.
However, a proper comparison could only be made if the optimum collimator was
used for each isotope. Also the values of B for the positron emitters could be in
creased by using a thicker crystal.

Factors affecting B: It is of interest to analyze the values of B further to find
out why there is an increase with increasing y energy. This problem is more
complex than the consideration of factors affecting A, and will only be treated
very approximately. Much work has been done on calculation of the theoretical
efficiency of collimators, but it is difficult to allow adequately for the effect of
scattered radiation, although Beck does discuss this problem (19). The following
considerations indicate that the effect of scatter may not be negligible and should
be allowed for, either by making experimental measurements of B or by theoreti
cal treatment if this is possible.

If there were no septa penetration or scatter, and if the target volume was
a point source, the value for @Twould be equal to the solid angle @i,subtended
by the crystal at the source, multiplied by the fraction of the crystal area not
covered by lead. The value of aT must lie between e@Â°' and e' where

= linear total absorption coefficient, @A= linear true absorption coefficient

for water, and x = distance from target to surface of tank, or for coincidence
thickness of tank. These estimates of â‚¬TaTare shown in Table IV for the dif
ferent isotopes, and may be compared with the experimental values given in
Table Ill. Considering the ratio of experimental results to calculated values
using the total absorption coefficient, this ratio is less than one for 1251, but
rises with increasing y energy to greater than one for 18F. The ratio might

be expected to be less than one due to the finite source volume. Other fac
tors which may lead to a difference in the values found in Tables III and
IV are septa penetration, scatter in collimator, and scatter in tissue. These
other factors will all tend to increase the ratio of experimental to theo
retical values when the total absorption coefficient is used for the calculation.
An approximate calculation of the effect of finite source volume was made by
considering theoretical (8) and experimental isocount curves, and this indicated
that the efficiency should not be reduced by more than about 20 per cent for a
1 cm diameter bulb and about 80 per cent for a 5 cm diameter bulb. The 1251
values appear to be reduced by more than this, but these are inaccurate as al

ready stated. For 203Hg the reduction factors appear to be about 25 and 73 per
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cent for the 1 cm and 5 cm bulbs respectively and this agreement is satisfactory
considering the approximations used. It appears then that there is little effect of
penetration or scatter for 203Hg -yrays. However, there is some effect for 1311,and
more for 18F.

The effect of septa penetration was estimated approximately using Myhill's
equation (20), and it was found that this could not increase the efficiency for
18F by more than about 10 per cent for the 1 cm diameter bulb and about 20 per
cent for the 5 cm diameter bulb. For 1311these increases cannot be greater than
about 3 and 8 per cent, respectively.

The increase in efficiency with -y energy when compared with calculated
values must therefore be due to scatter. Since for â€˜TMFthe effect is less with
coincidence counting, it seems likely to be mainly due to scatter in the colli
mator rather than in the water. For 18F with the focussing collimator, the ratio
of photopeak to total counts was about 0.80 for the bulbs instead of about 0.41
as expected if there was no scatter. For the tank with the focussing collimator
this ratio was about 0.42, and for coincidence it was 0.38 and 0.54 for bulbs and
tank respectively. For 131Jthe ratio was also slightly higher than expected for the

TABLE IV

= total linear absorption coefficient.

= true linear absorption coefficient.

x = depth of tumour = 7.6 cm. or thickness of head for coincidence = 15.2 cm.
= collimator efficiency for target volume.

UT = attenuation factor due to absorption and scattering in tissue.

Note

Solid angle = 0.0088. Fraction of crystal not covered by lead = 0.676, or 1.0 for coincidence.
Crystal 3 inch diameter by 1 inch thick. 7-hole heavy alloy collimator.

1. Correction for absorption in aluminum cap of collimator and in glass, and for window
width too small for â€œIpeak.
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smaller bulbs. It seems likely, therefore, that the increase in efficiency for higher
energy y rays is due mainly to small angle scattering in the collimator material.
The setting of the bias used for 18F would allow y rays scattered through an
angle of about 500 to be recorded. This scatter is helpful rather than unwanted
as the ratio of target to non-target efficiency is increased also (see Table III).

Minimum tumour size detectable

Having found B for a given collimator, it is interesting to calculate approxi
mately the minimum tumour size which can be detected by that collimator. For
the seven-hole heavy alloy collimator used to obtain the results shown in Table 3,
the value of B for a given tumour volume did not vary much for different isotopes.
Let us assume a maximum value of B of about 0.10 for coincidence and 0.15 for
focusing collimators for tumours of 1â€”2cm diameter. The following values are
assumed for the other parameters:

VNT = 5000 ccs (This represents volume of head approximately)

r= 3 (see (14))
= 4 secs = 0.0667 mins = d/v where v is speed of scan.

If t is made much greater than this for normal scanning speeds, maximum
count rate over the tumour will be reduced; the scanning speed is fixed by the
time for the whole scan, which is limited by factors such as the time for which
the patient can be kept still (9).

Then n = 0.08 A VT for coincidence
and n = 0.12A V@ forfocusingcollimators.

Hence for coincidence:

37.5
A = â€”-- for n = 3

VT

25
and A = â€”forn = 2.

VT

Also for focusing collimators:

25
A = â€” for n 3

VT

16.7
and A = for n = 2.

T

These equations give the minimum value of A required to detect a tumour
of volume VT with a given statistical probability under the conditions given.
Values of A required can now be calculated and compared with values in Tables
1 and 2.

For 1 cm and 2 cm diameter tumours, the values of VT are 0.524 and 4.19 cc
respectively.

Hence for coincidence:

A = 72 for a 1 cm diameter tuniour and n = 3
A = 48 for a 1 cm diameter tumour and n = 2
A = 9.0 for a 2 cm diameter tumour and n = 3
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Thus a 2 cm diameter tumour would be detected with KBâ€•F4 and 6@Ga, but a
1 cm tumour would not be detected with any of the isotopes in Table 1. (Values
of A could be reduced to about two thirds of these values by using a crystal 3â€•
thick instead of 1 â€œthick)

For focusing collimators:

A = 48 for a 1 cm diameter tumour and n = 3
A = 32 for a 1 cm diameter tumour and n = 2
A = 6.0 for a 2 cm diameter tumour and n = 3

In this case a 2 cm diameter tumour would be detected with s9mTc or 1231HSA,
but again a 1 cm tumour would not be detected with any of the isotopes in Table 2.

For collimators with smaller 50% resolution diameters, the value of B will

be affected in two ways. The factor iJ,â‚¬TaT(or -â€˜@J@i26TaTfor coincidence), that
is, pulses produced Ã· photons emitted from target, will tend to fall as efficiency

is reduced when resolution diameter is reduced. However, the factor â‚¬TaT
@ 6NTcXNT

that is, counts for xj.iC in target volume Ã· counts for x@iCin non-target volume,
will tend to increase. The overall value of a figure of merit which is proportional
to B for a given crystal efficiency and gamma emission was found to vary little
for several different collimators (Matthews, 1964). A more detailed study of how
B varies with resolution is required in order to decide on the optimum resolution
for brain scanning, but it does not appear likely that tumours of much less than
2 cm diameter can be detected with conventional scanning and isotopes. Hence,
unless much higher values of B can be obtained, resolution should not be better
than about 2 cm or the sensitivity will be reduced unnecessarily.

However, with cameras the situation will be much improved, since t can
now be increased considerably, so that probably a 1 cm tumour will be detectable
and resolution will become an important factor. Gottschalk and Anger (22)
report that a 1.3 cm balloon containing 0.03 @tc68Ga/ml can be detected in a
tank containing 3 @cin 1500 ml. On the basis of the calculations given in this
paper for tumour uptake, this would correspond to 7 mc of 68Ga given to the
patient.

As pointed out by Gottschalk and Anger, calculations based on tumour/
brain concentration ratios do not allow for radioactivity in muscle, skin, and bone
of the head, and so these calculations give optimum results and in practice the
tumour size which can be detected is likely to be larger than the calculated
values.
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SUMMARY

A method of calculating the minimum tumour size detectable with a given
isotope and counting system is presented. An experimental measurement with
a phantom is required and also the tumour and normal tissue concentrations of
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isotope must be known. These concentrations may often be found in terms of

extracellular spaces. In this way, different isotopes, collimators and counting
systems may be compared quantitatively. This may be a useful method of

evaluating the many new isotopes which are being used. In this paper brain

tumour localization is considered in detail, and it is found that a considerable
gain may be obtained by using certain short lived isotopes. Owing to interference
from radiation from the rest of the body, only positron emitters and low energy
.1 emitters can be used for brain scanning. The minimum tumour size detectable

and the optimum collimator resolution for brain scanning is discussed.
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