Use of a magnetic field to increase the spatial resolution

of positron emission tomography
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Detector geometry, spatial sampling, and more fundamentally, positron range and noncollinearity of
annihilation photon emission define Positron Emission Tomography (PET) spatial resolution. In this
paper, a strong magnetic field is used to constrain positron travel transverse to the field. Measure-
ment of the spread function from a 500 um diameter ®Ga impregnated resin bead shows a squeez-
ing of the full width at half maximum (FWHM) by a factor of 1.0, 1.22, 1.42, and 2.05, at 0, 4.0,
5.0, and 9.4 Tesla, respectively. The full width at tenth maximum (FWTM) decreases by a factor of
1.0, 1.73, 2.09, and 3.20, at 0, 4.0, 5.0, and 9.0 Tesla, respectively. Acquiring a PET image in a
magnetic field should significantly reduce resolution loss due to positron range.
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I. INTRODUCTION

Functional imaging of the brain by Positron Emission To-
mography (PET) and Magnetic Resonance Imaging (MRI)
techniques yield insight into the correlation of brain activity
with neuronal activity, blood flow, and oxygenation."3 In
light of recent functional MRI and PET applications it would
be of great scientific interest to obtain PET and MRI images
of a subject at the same time and in the same scanner.* At
first glance combining these two modalities into one unit
appears to be mutually exclusive because PET scanners typi-
cally use photomultiplier tubes that do not function well in
magnetic fields and MR scanners cannot have ferromagnetic
materials within the magnet’s bore. A number of investiga-
tors use photodiodes and avalanche photodiodes for PET
applications.>® These devices are physically small, electri-
cally stable, and magnetic field tolerant.”® As a first step
toward our long-term objective of combining PET and MRI
technologies into one unit we examine the feasibility of de-
tecting positron annihilation in a strong magnetic field using
commercially available photodiode detectors. We also exam-
ine the effect of magnetic field on the positron range.

Il. MATERIALS AND METHODS

A 500 pum diameter microsphere resin bead impregnated
with 100 uCi of ®®Ga or **Na (Isotope Products Laborato-
ries, Berkeley, CA) is in the center of a 2.5X2.5 cm cylinder
of tissue equivalent wax (Radiation Products Design, Inc.,
Albertsville, MN). A pair of opposing 28X28X28 mm Csl
scintillators that mounts to 18X18 mm photodiode (EV
Products, Saxon, PA) detectors operating at +42 V bias de-
tects the annihilation photons. A cylindrical lead collimator
(50X50 mm) with a 1 mm wideX25 mm high slit resides
between the sample and detectors. Distance from source to
end of collimator is 82 mm. The radioactive sample mounts
to a nonmagnetic movable platform (Velmex, East Bloom-
field, NY) and resides in the center of either a 4.0 T/1.25 m
(Siemens Medical, Erlangen, Germany), 5.0 T/0.4 m (Mag-
nex Scientific LTD, Abingdon, England) or 9.4 T/0.3 m
(Magnex Scientific LTD., Abingdon, England) magnet. The
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magnetic field uniformity over the sample and radiation de-
tectors varies less than 0.001%. Translation of the source
past the detectors and the recording of coincidence count rate
as a function of position yields the spread function.®'
Equipment used for coincidence measurements (Tennelec/
Nucleus Inc., Oak Ridge, TN): Two TC-241 amplifiers; two
TC-450 single channel analyzers; one TC-404A multipur-
pose coincidence unit; one TC-532 counter; one TB-3 chas-
sis.

One hour prior to each experiment the photodiode detec-
tors and electronics equilibrate to the ambient temperature of
the surrounds because photodiode gain is temperature depen-
dent. The temperature variation for each experiment varies
less than 1 deg from start to finish. No measurable change in
detector gain is apparent for changes in temperature of less
than 5 °C. To establish the position of the 0.511 MeV pho-
topeak a gamma ray spectrum (Tennelec PCAII multichannel
analyzer) is acquired from each detector with the source in
the center of the collimator slit. The TC-450 discriminators
are set to the 0.511 MeV photopeak with a 0.065 MeV win-
dow [full width at half maximum (FWHM)]. Photodiode de-
tector energy resolution (=centroid/FWHM) and gain was
measured at 0, 4.0, 5.0, and 9.4 T. Based on three measure-
ments at each field, for each photodiode detector, the energy
resolution is 12.4*1.0% and 12.5£1.4% at a 95% confi-
dence level, respectively. Measurement of detector gain as a
function of field strength utilized a 0.5 uCi 2?Na check
source placed on top of each detector. The **Na source con-
tains a | cm diameter active region imbedded in a plastic
disk. Total counts under the photopeak varied less than 5%
for all measured fields. Photodiode gain and resolution are
therefore field independent up until at least 9.4 T.

To measure the maximum squeezing of positron range the
long axis of each photodiode detector is aligned parallel to
the magnetic field, which orients along the z axis in Fig. 1.
Translating the sample perpendicular to field lines (i.e., along
the x axis) measures the spread function of positrons having
momentum components perpendicular to the magnetic field.
This orientation applies to measurements at 4.0, 5.0, and 9.4
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FIG. 1. Schematic diagram of the equipment used for measuring positron range. The preamplifier, photodiode, CsI(T1) crystal, lead collimator and **Ga source
are in the center of an MRI magnet for measurements in a magnetic field. The magnetic field is along the 7 axis for most measurements.

T. Rotating the apparatus by 90° places the axis connecting
the photodiode detectors perpendicular to the field. Translat-
ing the sample parallel to the field allows measurement of
positrons with momentum components parallel to the field.
In this orientation the magnetic field does not affect positron
range. Only the 4.0 T magnet has a bore large enough to
accommodate a measurement parallel to the field. Experi-
mental resolution was determined by placing '*F, which is a
low energy positron emitter, in a 220 wm i.d. borosilicate
tube with a wall thickness of 1 mm (Polymicro Technologies,
Phoenix, AZ). The wall thickness was great enough to stop
the most energetic positrons. Measurement of line spread
function was identical to the method used for ®*Ga and **Na
measurements.

Ill. RESULTS AND DISCUSSION

The coincident detection of the two antiparallel 0.511
MeV photons resulting from positron—electron annihilation
forms the basis of PET imaging. Angular deviation of anni-
hilation photons and the radial distance a positron travels
before annihilation determines the intrinsic resolution of a
PET image.''™'* Use of small diameter detector rings mini-
mizes the effect of noncollinearity of annihilation photons
whereas a strong magnetic field limits the range of positrons
that travel transverse to the field.

Positron range is dependent on positron energy and com-
position of the medium through which it travels. In tissue the
only means to limit positron range is to utilize a low energy
positron emitter, e.g., “2Na (E, =051 MeV) or "F
(E max=0.635 MeV), which may not be suitable for many
experimental scenarios.'” Higher energy positron emitters in
wide scale use include ''C (E,,=097 MeV), "N
(E pux=1.20 MeV), PO (E.,,=1.74 MeV), ®Ga (E,,,,=1.90

max
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MeV), and *Rb (E nax=3.15 MeV). Positrons from these
isotopes travel millimeters from the source before annihila-
tion. This leads to significant blurring of the PET image.

Measuring the variation of point spread or line spread
function as a function of positron energy and density of me-
dium yields an estimate of positron range in matter.”'?
Translating a positron source past a pair of opposed lead-
collimated scintillation detectors and recording coincident
events, as a function of position, in a 0.511+0.032 MeV
energy window resuits in a curve that approximates a Gauss-
ian function. One method of experimentally measuring pos-
itron range is based on measuring the FWHM or FWTM
(full width tenth maximum) of a spread function.'®

The apparatus shown in Fig. | measures the spread func-
tion at field strengths of 0, 4.0, 5.0, and 9.4 T. The radial
distribution of annihilation events from an isotopic emission
of positrons is a convolution of the positron energy spectrum
with the distribution of radial distances a specific energy pos-
itron travels before annihilation. Imposition of a strong mag-
netic field decreases the radial distance of positron travel
transverse to the field*'” whereas positron range longitudinal
to the field is unaffected;4 Fig. 2 demonstrates this effect.
The FWHM of positrons with momentum components per-
pendicular and parallel to the field is [.880.05 mm and
2.32+0.05 mm, respectively. Note the spread function of
positrons traveling parallel to the field is identical to zero
field measurements (Table I).

Figure 3 shows the change in the spread function for 8Ga
at different magnetic field strengths. At increasing magnetic
fields the FWHM decreases indicating that positron range
transverse to the magnetic field has decreased (Table I). For
the %8Ga source the positron range dominates the FWHM and
FWTM of the spread function; twice the cyclotron radius'®
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FI1G. 2. Demonstration of asymmetry of annihilation zone around a 500 um
bead coated with 100 uCi of ®®Ga in a 4.0 T magnetic field. Translating the
sample perpendicular to field lines (i.e., @ B Perpendicular in plot) mea-
sures the spread function of positrons with momentum components perpen-
dicuiar to the magnetic field. Rotating the apparatus by 90° places the axis
connecting the photodiode detectors perpendicular to the field. Translating
the sample parallel to the field allows measurement of positrons with mo-
mentum components parallel to the field (i.e., O B Parallel in plot).

(R) for the average and maximum positron energy, respec-
tively, plus the bead diameter gives an approximate value for
the FWHM and FWTM, respectively, i.e., FWHM=2R
+bead diameter where R = P(MeV/c)/29980*B(T). A posi-
tron with momentum P(eV/c), moving transverse to the
magnetic field (7), moves in a circular orbit with a radius
given by the previous formula. In condensed matter the orbit
radius decreases because of energy loss due to ionizations
and excitations. Detector geometry and the slight noncolin-
earity of the two coincident gamma photons are the dominant
contributions to the spread function’s FWHM and FWTM
for relatively low energy 2*Na positrons.

The FWHM is most sensitive to the median positron en-
ergy range. The FWTM also shows a significant decrease at
higher field strengths and is most sensitive to higher energy
positron range. Measurement of the spread function from a
500 pm diameter ®*Ga bead at 0, 4.0, 5.0, and 9.4 T yields a
decrease in FWHM by a factor of 1.0, 1.22, 1.42, and 2.05,

TasLE . FWHM and FWTM of positron annihilation spread function for
%8Ga and **Na coated 500 um glass bead.

Isotope Field (Tesla) FWHM (mm) FWTM (mm)
BGa? 0 2.30%0.10 7.10%0.10
BGab 40 1.88+0.05 4.10+0.05
BGa? 5.0 1.620.05 3.40%0.05
8Gac 9.4 1.1220.03 2.22+0.03
2Na® 0 0.96+0.02 2.25+0.02
22Nab 5.0 0.96+0.02 2.12+0.02
22Na® 94 0.86+0.02 1.87+0.02

“Average of four scans.

One scan.

“Average of three scans. Error for (a) and (c) based on composite error from
individual scans. Error for (b) determined by propagating errors associated
with individual points on the spread function.
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FIG. 3. Measurement of the spread function from a 500 um diameter %Ga
bead at 0, 5.0, and 9.4 T yields a FWHM of 2.3, 1.6, and 1.1 mm and
FWTM of 7.2, 3.4, and 2.2 mm, respectively. Moving the sample perpen-
dicular to the field, past the collimated detectors whose long axes are par-
allel to the field, yields the spread function. A narrowing of the measured
spread function occurs because the magnetic field limits the distance a pos-
itron travels perpendicular to the magnetic field.

and FWTM by a factor of 1.0, 1.73, 2.09, and 3.0, respec-
tively. Figure 3 also shows that an increase in count rate is
concomitant with a decrease in FWHM. This occurs because
the density of positron annihilation increases with increasing
magnetic field. The area under each curve is conserved to
within experimental error.

The effect of magnetic field on the range of >’Na positrons
is scarcely measurable. *’Na (E,, =0.545 MeV) has a very
low range of positron energies'> and consequently does not
experience a strong Lorentz force in a magnetic field (Table
I). The range of 2*Na positrons in the tissue-equivalent me-
dium is comparable to the resolution inherent to the present
experimental conditions.'® The line spread function for '3F
(E max=0.635 MeV) in a 220 um i.d. Borosilicate tube had a
FWHM of 0.79%0.02 mm and a FWTM of 1.49+0.02 mm.
The maximum range of an '3F positron is about 1.0 mm in
borosilicate glass and the average range is approximately 0.3
mm.

IV. CONCLUSIONS

Acquiring a PET image in a strong magnetic field reduces
the effect of positron range on image blurring. Use of small
scintillation crystals, low noise detectors and smaller diam-
eter rings can also enhance PET resolution. A small diameter
PET ring for use in strong magnetic fields should allow for
the imaging of small animals at submillimeter resolution that
is not feasible with present-day scanners.
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