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The effect of @3+range on spatial resolution
of imaging systems employing the detection of
511-keV annihilation radiation was determined
by measuring the variation in the line-spread
functions (LSFs) of positron-emitting radionu
clides of eiICu, 11C, and â€˜@Oas compared with the
514-keV gamma-ray emitter 85Sr. These radio
nuclides have maximum /3+ energies of 0.656,
0.960, and 1.72 MeY, respectively. The LSFs
were measured in a tissue-equivalent phantom
with high-resolution (i-.. 2.4 mm FWHM) and
low-resolution (...â€8̃.8 mm FWHM) straight
bore collimators coupled to a NaI(Tl) detector.
Theoretical LSFs for the /9+ ranges were also
calculated and convolved with the 85Sr LSF to
yield the predicted LSFs for @â€˜Cand 150. The
high-resolution study showed a 0% and 2.3%
increase in the full-width half-maximum
(FWHM) and full-width tenth-maximum
(FWO.JM) for the low-energy /3@ of â€œCuand
a 37% (FWHM) and 52% (FWO.JM) increase
for the high energy f3@ of 15Ã˜as compared with
85Sr. However, when the system resolution was
decreased to 8.8 mm FWHM, the â€œCushowed
no change at FWHM or FWO.JM and the 15Ã˜
showed a 2.3% (FWHM) and 7.8% (FWO.JM)
relative to 858r. The predicted LSFs were in good
agreement with the experimental. These data
indicate that the effect of f3+ range on spatial

resolution is minimal unless the fl+ energy is
@ 1.5 MeV and the system resolution is on the

order of a few millimeters.

Interest in positron-emitting radiopharmaceuticals
for nuclear medicine imaging has increased with the
development of devices suited for the detection of
5 11-keV annihilation radiation (1â€”3)and the ap

plication of these systems to transaxial reconstruction
tomography (4â€”9). Since the radiation utilized in
the imaging of positron-emitting radionuclides is a
result of annihilation of a positron with an electron,
the origin of the radiation is not the position of the
radionuclide but some distance from it due to the
finite range of the j@+. The effect of the fI+ range
is to limit the spatial resolution of the imaging de
vice. Whether or not this limit in resolution is of
consequence in nuclear medicine imaging is the sub
ject of this work.

To evaluate the magnitude of this effect, we have
measured the line-spread functions (LSFs) of the
positron-emitting radionuclides of 64Cu, 11C, and 150
with maximum fl+ energies of 0.656, 0.960, and
1.72 MeV, respectively. The LSFs were measured
with two straight-bore collimators with full-width
half-maximum (FWHM) resolution of approximately
2.4 and 8.8 mm. These results are compared with
the LSFs of 85Sr which emits a 5 14-keV gamma ray.

A theoretical model is also developed to calcu
late that part of the LSF due only to the range of the
positrons. The theoretical LSFs for 11C and â€˜@Of@+
ranges were convolved with the 85Sr LSF for corn
parison with the measured LSFs for these radionu
clides.

METHODS

Theoretical LSF for /3+ i.@nge. The positron
emitting radionuclides of 64Cu, 11C, and 150 were
chosen since they emit positrons with a range of
energies including most of the positron emitters con
sidered to be candidates for radiopharmaceuticals.
They have maximum positron energies (E,1@@) from

Received Nov. 20, 1974; revision accepted Jan. 22, 1975.
For reprints contact: M. E. Phelps, Div. of Radiation

Sciences, The Edward Mallinckrodt Institute of Radiology,
St. Louis, Mo. 63110.

Volume 16, Number 7 649

jnm/INBTRUMENTATIDN AND PHYSICS

ON SPATIAL RESOLUTION



TABLE 1. MAXIMUM A
POSITRONENERGIESAND

AVERAGE
NDRANGESMaximumMaximum

Rangeofp+
energy Averagerange'averageE@.x

@ energyRu..@ energyIsotope
(MeV) (MeV)(mm)(mm)@â€˜Cu

0.656 0.2622.40.64â€œC
0.960 0.3843.91.1150
1.720 0.6887.92.5*

Linear range in water.
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LSFs for the 1.@@ ranges of@ 1C and 150 were con
volved with the experimental 85Sr LSF to yield a
theoretical total LSF for these positron-emitting ra
dionuclides. These theoretical LSFs were compared
with the experimental measurements.

Experimental LSF of fI + range. The LSFs for 85Sr,

64Cu, â€˜IC,and 150 were measured with a high- and
a low-resolution system. The high-resolution system
( 2.4 mm FWHM) was used to measure accurately
the effect of the f3@ range and the low-resolution
system ( 8.8 mm FWHM) to measure the effect
of /3+ range on a resolution which is comparable to
the best overall resolution presently available in nu
clear medicine.

The high-resolution system consisted of a shielded
I cm X 5 cm NaI(T1) detector placed behind a 5-cm
thick lead brick with a straight-bore hole which was
2 mmX 5 cm.Thelinesourceconsistedof a 4-cm
plastic cube (density = 1.05 gm/cc) with a hole
I .5 mm X 2 cm containing the appropriate radionu
elide. The cube was placed against the face of the
collimator and the distance between the line source
and collimator was I cm. The 1-cm distance between
the line source and collimator was chosen to provide
a thickness of absorbing medium greater than the
maximum range of the f3+ particles used in this
work (Table 1) . The low-resolution system was
identical to the high-resolution system except that
the plastic cube was 5 cm on a side, the line source
was 1.5 mm X 4 cm, and the straight-bore collimator
was 8 mm X 7.5cm.

The line source was automatically scanned by the
collimator with a computer-controlled scanning table
at steps of 0.25 mm. The output of the NaL(Tl)

0.656 to 1.72 MeV (10) and corresponding maxi
mum linear ranges (R@15@)in water of 2.4â€”7.9mm
(11 ) as shown in Table I . However, these maximum
/@+energiesand ranges are misleading in this con
text for several reasons: (A) positrons are emitted
with a spectrum of energies from zero to E11,@with
the average energies occurring at 0.4 E@15,; (B)
positrons are emitted isotropically which effectively
compresses their range when viewed two-dimension
ally; and (c ) the range of the positron is through a
tortuous path due to collisions with atomic electrons
and the nuclei of the surrounding media and this
reduces the net linear range of the positron since
the range R is for a straight-line path. Thus, the
average range of the positrons from a given radio
nuclide is considerably smaller than one might ex
pect when only E115, and@ are taken into con
sideration.

The above effects were taken into account in cal
culating the LSFs for the positron range by assuming
that the number of positrons decreases with distance
by the exponential relationship:

I/Ia e_vx, (1)

where x is the linear distance from the point of emis
sion and@ is the linear-attenuation coefficient. Equa
tion I is given by Evans (1 1) as a good approxima
tion for the continuous distribution of f3 particles.
However, the average energy of positrons is higher
(@*.# 0.4 E1111@) than that of f3 (â€”..â€˜ 0.3 E11a,). Thus

the value of@ for the positrons was chosen by using
the value of ( 1 1 ) of@ for a $ E115, adjusted by the
ratio of the average energy of f3+ to f.@ (E11,@0.4/
0.3 ) . Equation 1 collectively takes into account the
continuous distribution of /3@ energies and the non
linear path. Using Eq. 1 and the isotropic emission
of positrons,the LSFsfor the positronrangeof 11C
and 150 were calculated. The LSF for the ,j3+ range
of 11C had a FWHM and FWO. I M of 0.33 mm and
1.3 mm, respectively, as shown in Fig. I . The LSF
shown in Fig. I illustrates the small overall effect
of positron range on broadening the response. The
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FIG. 1. TheoreticalLSFforrangeof@ fromâ€œCin tissue
equivalent media (density 1.05 gm/cc).
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B. @Cu((,,.a656M.v) spectively, and no change was observed for 64Cu

relative to 85Sr as shown in Fig. 3.

CONCLUSION

The effect of positron range in spatial resolution is
significant if high-energy, positron-emitting radio
nuclides (E11@@@ 1.5 MeV) are employed with im
aging devices with overall resolution of a few milli
meters (Fig. 2) . However, this effect is rapidly
diminished as the spatial-resolution capabilities of
the imaging device are decreased. Even with an
overall resolution of@ 8.8 mm, which is better than
any imaging devices presently employed in nuclear
medicine, the effect of @3+range is minor (Fig. 3).
Oxygen-i 5 with a I .72-MeV E115, increased the
FWHM and FWO.1M resolution by 2.3 and 7.8%,

respectively, and no effect was observed for 84Cu

(E1111@= 0.656 MeV) as compared with the gamma
ray emitter 85Sr. The results of Cho, et al ( 13 ) on
the effect of positron range on spatial resolution are
in good agreement with the work presented here.

Graham, et a! (12) using a Picker Dynacamera
with a pinhole collimator found a negligible effect
on spatial resolution using 18F, 11C, and 13N com
pared with 85Sr.

It should be pointed out that even if high-resolu
tion (few millimeters) imaging devices are devel
oped, the image will only represent this resolution
if a corresponding statistical level of data is attained.
This will be a difficult task in the photon-limited field
of nuclearmedicineimagingunlessan extremelyhigh
efficiency is associated with the high resolution since
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FIG.2. Solidlines:experimentalLSFsof @â€˜Sr,@â€˜Cu,11C,and
150 with high-resolution collimator. Dashed lines: predicted LSFs
for â€œCand â€˜@Ofrom convolving theoretical@ range LSFs(e.g.,
Fig. 1) with â€œSrexperimental LSF (tissue-equivalent media).

detector was processed by a preamplifier, amplifier,
and single-channel analyzer (window of 470â€”551
keV) . The output of the single-channel analyzer was
collected by an on-line computer that also corrected
for background and radioactive decay.

RESULTS AND DISCUSSION

The LSFs for 85Sr, 64Cu, â€œC,and 15Ã t̃aken with
the high-resolution system are shown in Fig. 2 as
solid lines. Using the 5 l4-keV gamma ray of @5Sr
as representing the geometric and detector response,
one can see the increase in FWHM and FWO.IM as
the E11@@f.@+energy increases from 0.656 to I .72
MeV of Â°4Cuand 150, respectively. Increases of
37% (FWHM) and 52% (FWO. 1M) were ob
served in the worst case of the high-energy positrons
of@ when compared with the TM5Srwith the high
resolution collimator. The lower energy f.@+emitter
64Cu showed increases of@ 0% and 2.3% at the
FWHM and FWO.1M compared with 85Sr.

The predicted LSFs for the 11C and â€˜@0obtained
by convolving the calculated f@Â±range LSF (METH
ODSsection) with the 85Sr LSF are shown as dashed
lines in Fig. 2. These predicted curves agree well
with the experimental ones.

When the spatial resolution of the system is de
creased to 8.8 mm, the loss in spatial resolution from
the /3+ range is less marked than in the previously
mentioned case. The FWHM and FWO. I M for the
worst case of 15Ã ĩncreased by 2.3 % and 7.8 % , re
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FIG.3. ExperimentalISFsfor â€œSr.â€œCu,â€œC,andâ€œ0with
low-resolution collimator (tissue-equivalent media).
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the photon requirement generally varies by the re
ciprocal of resolution to the fourth power.@

The effect of fl+ range in spatial resolution as
presented in this work explicitly applies to most soft
tissues and body fluids that have densities around 1
gm/cc. The exception to this are bone which will fur
ther decrease the effect of $+ range due to its higher
density ( 1.7 gm/cc) and lung which will increase
the effect of f3@ range due to its lower density

@ 0.36 gm/cc) . The LSF for the worst case of

150 in lung tissues would add about 0.2 mm to the

FWHM and about 1.6 mm to the FWO.1M of the
low-resolution LSF shown in Fig. 3.
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