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By employing the triple coincidence between the v trajectory intersections from 87 decaying isotopes emitting
a third, prompt, photon (“y-PET” technique), sub-millimeter spatial resolution can be reached in 3 dimensions for
the localization of a point source with a reduced requirement of reconstructed intersections per voxel compared to
a conventional PET reconstruction analysis. Results of a Monte-Carlo simulation and image reconstruction study
are presented in order to characterize the potential of this technique.
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1. Introduction

So far a whole class of PET isotope candidates, where
in addition to the two back-to-back emitted 511 keV g+
annihilation photons a third, higher-energy ~ ray will be
emitted from an excited state in the daughter nucleus,
has been excluded from medical application. The re-
sulting extra dose delivered to the patient, as well as
the expected increase of background from the Compton
scattering or even pair creation, prevented the use of iso-
topes such as 44™Sc, 36Y, 9 Tc, 94mTc, 152Th, or 34™Cl.
However, provided the availability of customized gamma
cameras, this alleged disadvantage could be turned into
a promising benefit, offering a higher sensitivity for the
reconstruction of the radioactivity distribution in PET
examinations.

Table I lists the properties of presently used PET- or
potential future v-PET isotopes, including a comparison
of the simulated positron diffusion range in water (last
column) with measured values (column 6). Despite of
their short halflives, °C (19.3 s) and %O (70.6 s) have
been included here, since both can be produced dur-
ing particle therapy irradiations, using carbon or pro-
ton beams [4, 5]. Thus they qualify as candidates for
online ion-beam range monitoring during therapy treat-
ment. Especially **Sc is of interest, which 8-decays into
the stable “*Ca, emitting an 1157 keV photon. It has
already been tested clinically [6]. With a short half-
life of 3.9 h it has to be produced from a *‘Ti gen-
erator (t;/; = 60.4 a) [7], which presently cannot be
performed in clinically relevant quantities. However,
this may change with the expected future availability of
highly brilliant « beams [8].

2. Two approaches
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Presently two approaches are pursued towards the re-
alization of a medical imaging system based on BV-vy
coincidences. Both of them draw on the imaging prop-
erties of a Compton camera, where the registration of
the Compton scatter (i.e. inelastic scattering of a photon
with a (quasi-free) electron) and absorption kinematics
of an incident photon in a suitable detection system is
exploited to reconstruct the source position, within one
event restricted to the surface of a cone (see Fig. la).
Determining the intersection of this Compton cone with
the line of response (LOR) as defined by the positron
annihilation allows for a sensitive reconstruction of the
decay position of the PET isotope (Fig. 1b). The in-
tersection (Fig. 1b) of the Compton cone and the LOR
strongly suppresses background and restricts the recon-
structed events to those belonging to the same 57+ coin-
cidence event, originating from a volume defined by the
displacement between the positions of the 31 decay and
the positron annihilation, depending on the time resolu-
tion of the detector system.

Already in 2004, the XEMIS project started in France,
aiming at realizing v imaging by combining a PET scan-
ner with a Compton camera based on a cryogenic time
projection chamber (TPC) filled with liquid xenon (LXe),
acting simultaneously as scatter, absorption and scintil-
lation medium for the additional third photon [9]. A sec-
ond, more conventional, experimental approach pursued
in several European laboratories utilizes solid-state de-
tectors to set up the Compton camera system [3, 10-13].
In the US, patents have been granted for the triple-y
technique [14, 15]. Typically, double-sided silicon strip
detectors (DSSSD) or segmented CdZnTe detectors serve
as the Compton scattering unit, while scintillation crys-
tals (either from well-established materials like BGO or
LSO, or from novel scintillators like LaBr3), act as pho-
ton energy absorber. Such modules could be combined
with a ring of PET detectors, alternatively a set of several
Compton camera modules (as shown in Fig. 1a) could
be arranged to detect either the 3+ annihilation photons
or the additional « photon in coincidence. A simulation
study using the MEGALlib toolkit [16] based on GEANT4
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TABLE I

Decay properties of presently used or potential future
~v-PET isotopes. The positron diffusion range has been
simulated with Geant4 (last column) and compared to ex-
perimentally measured values, where available.

Decay Pl I E, Mean range in
mode | [MeV] | [%] | [MeV] water [mm]

1] | (1] | [1] | (exp. [2]) | (sim. [3])
2Na | BT+~ 0.54 | 100 | 1.27 1.5+0.1
18p BT 0.63 |96.7 1.4 1.4+0.1
o4 . 0.81 [10.5

Te | Bt + 7 183 |70s| 087 1.440.1
e Bt 0.96 |99.8 1.7 1.84+0.1
13N BT 1.20 | 100 2.0 1.94+0.1
M8c | BT+~ | 1.47 |94.3] 1.16 2.1+0.1
50 BT 1.73 199.9 2.7 2.640.1
o | g+ 1.81 |99.2| 231 2.6+0.1
58Ga | BT +~| 1.90 |[88.0| 1.08 2.7+0.1
1241 18T ;‘;’Z 1(1]; 0.60 2.9+0.1
00 | BT 4+~ 2.93 [98.5] 0.72 2.6+0.1
152 2.62 | 5.5

Th | Bt + 507 | 62 0.34 3.6+0.1

1.22 |11.9
86 N 1.55 | 5.6

Y |8 +7 109 | 36| 108 2.3+0.1

3.14 | 2.0

0.87 | 6.3
76 " 0.99 | 5.2

Br | Bt +4 538 |o5g| 096 41401

3.94 | 6.0

82Rb | BT 4+~ | 4.39 | 100 | 0.78 49+0.1

and a MLEM image reconstruction algorithm was con-
ducted to evaluate the potential of the v-PET technique
when used with a Compton camera arrangement [3].
As shown in Fig. 1la, 4 Compton-camera based detec-
tor arms were used with a detector size of 5x5 cm? both
for the scatter module (2 mm thick DSSSD, 128 strips
per side, pitch 390 um) as well as for the absorber de-
tector (monolithic LaBrs, 50 x 50 x 30 mm?, read out by
a 16 x 16 segmented multianode PMT). A 22Na point
source was simulated in a distance of 5 cm from the
scatter detectors (placed in the center of a water sphere
with 6 cm diameter), reflecting a small-animal irradia-
tion scenario. Alternatively, the reconstruction efficiency
was also determined for an optimized geometry with a
(stacked) thicker scatter detector (16 mm) and a larger
absorber component, covering the full opening angle of
the cone seen from the photon source placed at the top
of a pyramid. This would require an absorber with an

area of 114 x 114 mm?2.
Table II lists the simulated reconstruction efficiencies

for these two geometries and different +v-PET isotopes.
In order to study the achievable position resolution with
7-PET, an arrangement of 12 22Na sources positioned

Reconstructed
_—~ Compton cone of
the 3 photon

Line of response
(LOR) of two
annihilation photons

intersection plane parallel to LOR

Fig. 1. Principle of the v-PET technique (for details
see text).
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Fig. 2. Image of the reconstructed y-source geometry
of 12 ??Na point sources, arranged in equilateral trian-
gles with spacings of 0.2, 0.4, 0.6, and 0.8 mm. The ~-
PET technique was applied with 100 iterations using a
maximum-likelihood algorithm. The black crosses indi-
cate the original source positions.
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in 4 equilateral triangles, with spacings of 0.2, 0.4, 0.6,
and 0.8 mm, respectively, was simulated. As can be
seen in Fig. 2, even for the case of a source spac-
ing of 0.4 mm the source images can still be resolved,
proving sub-millimetric resolution for this reconstruction
scenario.

TABLE II

Simulated reconstruction efficiencies for various 8 — v
emitters. In case of '?*I and "“Br, which emit sev-
eral prompt v rays with considerable branching ratio,
the individual efficiencies have been summed up (***I:
0.60, 0.72, 1.5 and 1.7 MeV. *Br: 0.56, 0.66, 1.13, 1.22
and 1.85 MeV). The upper line corresponds to the detec-
tor system shown in Fig. 1a), while the lower line repre-
sents the reconstruction efficiency for an optimized sys-
tem with thicker scatter and larger absorber detectors
(see text).

Isotope |%2Na|%*Sc|0|%Ga|'**1|°C|"®Br | ®2Rb
€rec,1 [1078]] 7.0 | 6.0 | 1.6 |0.093| 20 | 6.8 | 47 | 2.6
€rec,2 [107°]] 9.7 | 8.0 | 5.1 | 0.13 | 22 | 2.8 | 89 | 3.3

3. 7-PET method

The particular advantage of the v-PET method be-
comes evident when assessing its sensitivity. In order to
compare the performance of the v-PET technique with
conventional PET, we determined the imaging sensitivity
of the method based on a comparable width of the LOR, of
ca. 2 mm. In a standard PET Iterative Reconstruction
analysis (without exploiting time-of-flight information),
about 6000 true coincidences acquired with a Siemens
Biograph mCT PET scanner are necessary to localize
a 22Na point source in the center of the scanner field-of-
view using the smallest voxel volume of 2 x 2 x 3 mm? [3].
Already 40 reconstructed intersections per voxel (derived
without iterative reconstruction procedure) lead to a re-
liable localization of the 2?Na point source. This sensi-
tivity can be evaluated and compared to standard PET
imaging by quantifying the examination time required to
localize a point source as described above. The mini-
mum number of ST -emitter decays per voxel Ngecay, re-
quired for localizing a point source, relates to the imaging
sensitivity, expressed by the minimum number of recon-
structed intersections Niye, and the corresponding re-
construction efficiency €,¢. as well as to the activity con-
centration C(i) of each voxel 7, the examination time At
and the voxel volume V. according to

Ndecay (Z) = Ninter(i)/erec = C(Z)Atvvox(l) (1)
For a given activity concentration and tumor size, the
required examination time for localizing a point source
only depends on the imaging sensitivity Nipter and the
reconstruction efficiency €. While the v-PET method
described here indicates a clear advantage in terms of sen-
sitivity expressed by Ninter compared to standard PET,
it falls behind when comparing the corresponding effi-
ciencies €,.c, where values of about 0.1 are reported for
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small-animal PET scanners [17] and similar values are
found for whole-body scanners [18].

Table IIT lists in the last column the examination
times 7°%*™ required for the localization of point sources
of selected v-PET radioisotopes, where information of
tracer and associated equivalent dose coefficients (hr)
were available. 7™ reflects the imaging sensitivity of
the v-PET method based on the minimum requirement
of 40 reconstructed intersections and the isotope-specific
reconstruction efficiencies €yec 2 (see Table II). A typi-
cal value for the activity concentration accumulated in
a tumor of 25 kBq/ml was assumed, corresponding to
a PET examination of a patient with a body weight of
80 kg with an injected dose of 400 MBq and an average
SUV (standard uptake value) of 5 [3]. Column 7 shows
the corresponding effective dose values (calculated with
hr values derived for adult males).

TABLE III

~v-PET examination time 7°*™ for the localization of a
point source of selected S1y-decaying radioisotopes, as-
suming an injected activity of 400 MBq and a tumor activ-
ity concentration of 25 kBq/ml. 7°*™ reflects the imag-
ing sensitivity of the y-PET method based on the mini-
mum requirement of 40 reconstructed intersections and the
isotope-specific reconstruction fficiencies €ec,2. Column 7
shows the corresponding effective dose E***™ | based on the
associated equivalent dose coefficients hy (for adult males).
The first columns list decay properties and suitable tracers
of the respective isotopes.

t1/2 '7//8+ Tracer hr Ref. | Eexam | pexam
[min]| [%] [ o5 } [mSv]| [s]
Ho | 1.2 99 Water 0.88 [[19]] 0.33 | 2420

1241 16013 | 90
6Br| 16.2 | 100
82Rb| 1.3 | 13
44gc | 236

MIBG | 250 |[20]| 92 | 558
MAb-38S1| 410 |[21]| 150 | 138
Chloride | 1.28 |[22]| 0.46
DOTATOC| n.a. | [7]

4. Conclusion

The concept of 3 v coincidence imaging (“y-PET”) may
open up the perspective to exploit a whole class of new
PET isotopes, offering a highly sensitive and highly re-
solving localization of the photon source position. De-
velopment efforts should be directed towards optimizing
the reconstruction efficiency achievable with v-PET in
order to mitigate the present detection efficiency limita-
tion compared to standard PET imaging. Moreover, the
Compton camera arrangement described here could also
turn out to be beneficial in a therapeutic hadron beam
irradiation, where 3% (v) emitters (1°C, 1*0) are gener-
ated via, e.g., a carbon beam and could be exploited to
reconstruct their spatial distribution within the patient,
either from a (quasi-realtime) PET analysis (i.e. direct
reconstruction using TOF-PET) or using the hybrid ~-
PET technique to achieve an improved spatial resolution
together with an enhanced sensitivity, i.e. reduced re-
quirements to the irradiation-induced activity strength.
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