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Abstract

In this note, we present the first experimental results of in-beam
PET measurements during high energy photon phantom irradiation. An
inhomogeneous phantom was irradiated with pulsed 34 MV bremsstrahlung.
The measurements have been conducted with a dedicated double head positron
camera. A high material contrast could be achieved and furthermore production
rates of ''C and 13O were derived from the time-dependent activity.

1. Introduction

Positron emission tomography (PET) is currently the only method for an in situ monitoring
of heavy ion therapy (Enghardt et al 2004). In-beam PET has had a great impact on
improving the precision of tumour irradiation since it is capable of detecting deviations from
the planned dose delivery due to uncertainties in patient positioning and anatomy, equipment
as well as deviations of the anticipated tumour response (Enghardt e al 2004, Brahme 2003).
Additionally, washout of positron emitters affects their biological half-life, which can give
information about biological transport processes (Hughes et al 1979, Fiedler et al 2006b).

It is therefore desirable to extend in-beam PET to radiotherapy with photon beams. In
this case, positron emitters are produced by photonuclear (y, n) reactions between photons
and target nuclei (predominantly '*N, 10, '2C). These reactions show thresholds for photon
energy values of 10.6 MeV, 15.7 MeV and 18.7 MeV, respectively (Chadwick et al 2000).
Thus, for example in the case of intensity-modulated radiation therapy (IMRT) with hard
photons (Epn,x = 50 MeV) as presented by Brahme et al (2001), the in-beam PET method
could be feasible.

Recent research has been concentrated on the off-beam measurement of positron emitters
produced via hard photon irradiation of phantoms as well as a leg of a pig (Mockel et al 2007,
Janek et al 2006). Furthermore, Geant4 simulations have shown the feasibility of in-beam

0031-9155/07/200467+07$30.00  © 2007 IOP Publishing Ltd  Printed in the UK N467


http://dx.doi.org/10.1088/0031-9155/52/20/N01
mailto:t.kluge@fzd.de
http://stacks.iop.org/PMB/52/N467

N468 T Kluge et al

PET (Miiller and Enghardt 2006), predicting a dose-related activity for 50 MeV photon beams
exceeding that of carbon ion beams (Fiedler et al 2006a). This note now presents for the
first time experimental in-beam PET imaging data acquired with a dedicated detector system,
continuing the work presented by Mockel et al (2007).

2. Materials and methods

2.1. Resume of the accelerator and phantoms

Irradiation with high energy photons was done at the electron linear accelerator for beams with
high brilliance and low emittance (ELBE) at the Forschungszentrum Dresden-Rossendorf. The
ELBE electron beam is predominantly used for generating secondary particles and radiation
(Gabriel et al 2000). For the present work, the electron beam has been used to produce high
energy bremsstrahlung of up to 34 MeV by irradiating an aluminium target of 18 ;um thickness.
Behind the aluminium target, the electron beam was steered into a beam dump by a dipole
magnet, while the generated photon beam was used to irradiate the phantom.

In table 1 the range of possible beam parameters and those used in this experiment are
listed. The beam current was chosen to produce a photon beam delivering to the phantom a
dose rate of 4 Gy min~!, which is a typical value for radiotherapy. As phantoms, blocks of the
size 10 cm x 10 cm x 20 cm were used, with the long edge oriented parallel to the beam axis.
The blocks consisted of 1 cm thick slabs of polymethyl methacrylate (PMMA), polyethylene
(PE) or tissue equivalent material, stacked in an acrylic container. In table 2 relevant physical
properties of the used materials are listed.

The mean dose rate was determined prior to the phantom irradiation by a short irradiation
of an equally shaped block of PMMA equipped with intrinsic BeO dosimeters, as already

Table 1. Parameters of the ELBE electron beam (feasible values and values used in the
experiments).

Parameter Feasible value Used value
Electron energy 12,...,40 MeV 34 MeV
Beam current <200 nA 72 nA
Micro pulse duration 2 ps 2 ps

Micro pulse frequency  26/2" MHz,n =0, 1,...,8,260 MHz 13 MHz
Macro pulse duration 0.1,...,40 ms and cw? 36 ms
Macro pulse frequency  1,...,25Hz 8.3 Hz

2 Continuous wave.

Table 2. Physical density p, carbon density cc, oxygen density co and the linear attenuation
coefficient of 511 keV photons n (Berger et al 2005) for materials that were used in the phantom.
The designations of the Gammex materials are given in the brackets.

p cc co H
Material (gem™) (102 em™3)  (1022ecm™3)  (em™!)
1 PMMA 1.19 3.58 1.43 0.112
2 Lungl? (LN300 RMI 455)  0.30 0.89 0.20 0.043
3 Lung2? (LN450) 0.45 1.34 0.31 0.052
4PE 0.93 4.00 0.00 0.093
5 Adipose® (AP6 RMI 453)  0.92 3.34 0.56 0.089
6 Bone? (CB2-30% CaCO3)  1.34 3.59 1.29 0.121

4 Gammex Inc., Middleton, WI, USA.
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Figure 1. Schematic experimental setup, showing the bremsstrahlung production in the aluminium
converter target and electron beam deflection by a dipole magnet. The activity produced in the
phantom is measured by two BGO block detectors operating in the coincidence mode. To cover
the whole phantom, they are continuously moved back and forth. The drawing is not to scale.

described by Mockel et al (2007), and corresponds to the dose measured at the maximum of
the build-up region related to the irradiation time.

ELBE was operated in macro pulse mode with 84 ms pause between beam delivery, since
the common photomultiplier-based photon detectors are saturated during the beam pulses,
causing usually a break-down of the voltage divider, by photons originating mainly from
positron—electron annihilation and scattering of bremsstrahlung in the phantom (Miiller and
Enghardt 2006, Brahme 2003). This allowed the detectors to recover, leaving an effective
time of about 75 ms for the measurement during macro pulse pauses.

2.2. The in-beam detection system

The detector system used to measure the produced S* activity resembles a basic double head
positron camera, operated in list mode. This allows only for two-dimensional imaging, since
there is no spatial resolution along the detector connecting line. The basic experimental setup
is depicted in figure 1.

As detector heads, two commercially available ECAT EXACT block detectors (Siemens,
Erlangen, Germany) are used. They each consist of a 5.4 cm x 5.4 cm x 2.0 cm bismuth
germinate (BGO) scintillator crystal. This is divided into 64 separate crystals by 7 x 7 slittings
of different depths (Casey and Nutt 1986). This modulates the spatial distribution of the
scintillation light in such a manner that the location of the incident photon can be determined
by computing the barycentre of the four photomultiplier charge outputs. The incident photon
energy is proportional to the sum of the photomultiplier charge outputs. The photomultiplier
signals of each detector are processed by a preamplifier, which splits each signal into a shaped
energy signal, having a nearly charge proportional voltage amplitude, and a fast timing signal,
having a rise time of only about 2 ns. Additionally, the four timing signals of each detector
are summed up by an analog adder. After being digitized by a constant fraction discriminator
(CF8000, ORTEC), those summed timing signals serve as start and stop signals for a time-
to-amplitude converter with a built-in single channel analyser (TAC/SCA 567, ORTEC). The
SCA output then triggers the data acquisition.

To expand the field-of-view (FOV), the detectors are each mounted on a motion axis,
allowing a synchronous movement of approximately 35 cm parallel to the beam direction at a
speed of about 1.25 cm s~!. While the phantom is being scanned continuously, data are taken
by means of two National Instruments N16143 PCI-boards connected to an industrial standard
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personal computer running LabView under Microsoft Windows XP. The data acquisition
system is capable of recording up to 250000 events s~! in list mode. On each trigger event, the
energy signals from both detectors and the TAC signal are converted to 16 bit digital values
and latched in the on-board buffer until they are block-transferred to a hard disk at the end of
each scan.

For an accurate reconstruction of the phantom activity, several corrections had to be
applied to the raw data: (1) detector normalization: the varying sensitivity for annihilation
photon detection over the detector cross section had to be normalized for all 64 x 64 = 4096
possible crystal combinations. For that, a '®F g+ radioactive flat source with a known activity
concentration has been measured and the sensitivity for each single crystal pair was determined.
(2) Attenuation correction: since acquisition was done in list mode, for each coincidence the
line of response (LOR) and a correction factor f could be calculated. Those factors are obtained
through f = [, exp(u;x;) where p; is the linear absorption coefficient and x; is the length
of the LOR in the medium indexed by i. For the reconstruction each event was then weighted
with its corresponding correction factor. (3) Random and scattered coincidences correction:
all events with a photon energy outside the 511 keV full energy peak and a coincidence time
outside the prompt peak of the coincidence time curve were rejected. Additionally, linear tail
fitting was applied to the reconstructed data. For that, a linear function has been fitted into the
scatter and random tails outside the phantom region and are subtracted from the reconstruction
(Bailey et al 2005). (4) Correction for detector dead time: the dead time fraction could not
be determined directly since the unaffected singles count rate was not recorded. Therefore,
the time development of activity in the PE slabs was analysed. The difference between the
measured activity and activity A expected from A(r) = Puc[l — exp(—Aunct)], where ¢ is
the irradiation time, Anc is the ''C decay constant and Puc is the ''C production rate was
computed and considered to be solely due to dead time. Subsequently, the measured activities
in the remaining slabs were corrected with this dead time fraction. By doing so, the dead
time fraction is assumed to be constant over the phantom volume. This is a reasonable
approximation, since the single count rate is almost spatially constant.

3. Results

By means of in-beam PET the spatial distribution of positron emitters produced during
high energy photon irradiation was imaged as presented in figure 2. The figure displays
the experimentally obtained activity in each pixel, averaged over the phantom width
(x-dimension, see figure 1) and integrated over the measurement duration of 80 min. The
results show a significant activity contrast between all materials, based on their carbon and
oxygen concentration. Only in PMMA and bone those concentrations are very similar (c¢c and
co varying less than 10%), resulting in a low activity contrast.

Activity originating both from 30 and !'C decay is contributing to the measured activity,
as validated by figure 3. The figure sets in contrast the integrated activity density for a
short acquisition time (integrating the activity over the first 10 min of irradiation) and a long
acquisition time (80 min). For comparison, the expected values are also shown. They were
computed by integrating the activity density

a = pucl[l —exp(—Auct)] + piso[l — exp(—Arispt)] (D)

over time, with Anc = 0.57 x 1073 s7" and Aisg = 5.67 x 1073 s~! being the ''C and 15O
decay constants, and using

Emax
pi = Ci/ V(E)o;(E)dE = ¢; %; 2
0
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Figure 2. Two-dimensional distribution of integrated activity density averaged over the phantom
width. (Linear greyscale, white corresponds to the maximum value.)
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Figure 3. Depth profile of integrated activity after 10 min (left) and 80 min (right) of irradiation
at a dose rate of 4 Gy min~!. Shown is the mean value of the projection on the beam axis of the

part depicted in figure 2 (dots) and the analytic values (solid line). Please note that the integrated
activity is dimensionless.

where o; are the cross section values for the corresponding (y, n) reaction obtained from
Chadwick er al (2000), v(E) is the spectral photon beam flux obtained from an analytical
expression (Jackson (1982), p 853), and %; is the production rate density per target atom of
the species indexed by i.

Due to the longer half-life of "'C (20.4 min) compared to 150 (2.0 min), at a short
measurement time the activity mostly originates from '>O decay while for long measurement
times it becomes more influenced by !'C activity. Thus, the material contrasts change over
time, dependent on the cc/co ratio. This effect is clearly visible for the adipose tissue
equivalent material and PE, where the PE activation builds up slower due to the absence
of 160.

By plotting the measured activity as a function of time ¢, as displayed in figure 4, the
production rates of ''C and >O could be inferred experimentally. A fit with the exponential
growth function (equation (1)) yields the production rates p listed in table 3. Conclusions can
be drawn on the ratio of carbon and oxygen concentrations by

cc _ puc 2150. 3)
Cco Piso ZHC
The experimentally obtained cc/co fractions in comparison to the values provided by the
manufacturer are also given in table 3. They show a rather large error margin, not allowing
us to differentiate between Lung2 and Lungl or Adipose, for example. However, the
experimentally obtained values coincide with those given from the manufacturer within
experimental accuracy excepting PE, whose deviation can be explained with the recovery
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Figure 4. Activity density in dependence on irradiation time at a dose rate of 4 Gy min~! for

different materials as well as the corresponding curve fits (bold) of equation (1) to the experimental
data.

Table 3. Production rate density p of ''C and 'O at a dose rate of 4 Gy min~! as obtained by
curve fitting equation (1) to experimental data of figure 4, and carbon and oxygen concentration c.

cc/co

Material  puc (s™'em™)  pisg (s7'em™)  Experimental ~ Manufacturer

PMMA? 7065 + 320 2666 + 200 2.65+0.32 2.50
Lungl 2602 £+ 120 648 + 83 3.87 £0.67 4.45
Lung2 3870 + 140 790 £+ 100 4.72 +£0.76 4.32
PE® 7690 £ 210 260 £ 140 28.5 £ 16.1 00
Adipose 6240 + 210 1010 £ 150 5.95 + 1.09 5.96
Bone 5710 + 310 1860 =+ 220 2.96 £ 0.51 2.78
2 Second PMMA slab.

b PE was used for dead time correction.

effect. This means that the reconstructed activity is deteriorated by the finite width of the
detector response function, which is of the same magnitude as the phantom slabs.

4. Conclusion and outlook

In this work, we have presented our first experimental results of in-beam PET measurements
during the irradiation with a pulsed hard photon beam. The induced ''C and 3O activity was
quantified by a dedicated double-head photon camera, showing a high contrast for materials
differing in carbon or oxygen concentration more than 10%. Compared to prior off-beam
measurements (Mockel et al 2007) the contrast is considerably improved, especially between
materials with comparable carbon but differing oxygen concentration (e.g. PMMA and PE).

Based on the experimental results so far it can be stated that in-beam PET is in principle
capable of mapping anatomical structures during patient irradiation, because the ratio of
carbon and oxygen concentrations can be computed from the ratio of ''C and 'O activities.
Especially the oxygen activity is only reasonably measurable with in-beam PET due to its
short half-life. Thus, this method could be used as a valuable tool for quality assurance of hard
photon tumour irradiation since patient positioning, beam delivery and treatment planning can
be controlled.

An upcoming paper will address the comparison of in-beam and off-beam data in more
detail and present data on the dose-related activity concentration. This is needed to correlate
the measured activity to the applied dose and thus for a control of dose delivery.
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