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Abstract

Relative biological effectiveness (RBE) is an important quantity in planning
particle beam cancer therapy. In general, the RBE describes the biological ef-
fectiveness of a given primary beam with respect to a reference photon irradi-
ation. RBE varies not only for different primary beams but also with depth in
the target for a given beam modality. It is not a quantity that easily lends itself
to measurements or computation as it depends on many biological and phys-
ical quantities. Numerous experiments in vitro using various cell lines and ir-
radiation modalities have shown that a general relationship between RBE and
the physical quantity Linear Energy Transfer (LET) exists. Several groups have
proposed including LET in the radiation therapy treatment planning instead
of the more complicated and elusive RBE. It has been shown that LET is an
important quantity to consider in treating radio-resistant tumors. The concept
of LET painting has been proposed with the goal of improving tumor control
probability (TCP) for hypoxic tumors by focusing high LET radiation on the
hypoxic region of the tumor while restricting the surrounding normal tissue to
low LET radiation. In order to properly incorporate LET in clinical treatment, it
is important to be able to experimentally measure and verify LET distribution.
We propose a novel method for measuring LET using a dual chamber metho-
dology exploiting the difference in the observed recombination between air
filled ionization chambers (IC) and liquid filled ionization chambers (LIC).
The resulting difference in the measured signals will be used to directly extract
the relative LET of an actual treatment beam in real time. This paper describes
our initial studies of this method, presents preliminary results, and discusses
further improvements toward a practical real-time LET measuring device.
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1. Introduction

The use of hadrons (protons or heavy ions) in radiation cancer therapy offers sev-
eral advantages over traditional X-ray, gamma, and electron beams. Heavy
charged particles exhibit a unique depth dose profile with low dose at the entrance
of the patient, a distinct increase in the dose at the end of the range (ie Bragg
peak) and minimal dose delivered beyond the Bragg peak. This allows hadrons to
deliver a highly conformal physical dose (ie. energy deposited per unit mass) to
deep-seated tumors with better sparing of nearby normal and critical structures
than more conventional megavoltage photon beams. These physical advantages
make hadron therapy attractive for modern cancer radiation therapy.

Additional research has shown that heavy ions are more effective at killing
cells because they create denser ionization events along the particle track, which
causes more irreparable damage to DNA than photons. This is described by the
quantity of Relative Biological Effectiveness (RBE)—the ratio of the physical
dose using photons to the physical dose needed for a given beam modality (e.g.
heavy charged particles) to produce the same biological effect, for example 10%
cell survival. Note that it has been widely recognized that even proton beams do
not have a constant biological effectiveness along the beam path and that the
enhanced biological effectiveness near the end of range should no longer be ig-
nored for cases involving tumors in proximity to critical structures [1] [2].

RBE is a complex quantity dependent upon many different physical and bio-
logical parameters. Therefore, it may be considered unsuitable for treatment
planning of complicated cancer incidences [3]. The physical quantity that is
closely related to RBE and can be used to characterize biological damage is the
LET—the mean energy locally imparted along the beam track to the medium by
a particle. Numerous research groups have demonstrated a general relationship
between the RBE and LET for both in vitro and in vivo cell lines. Figure 1 is
taken from a recent survey [4] and shows a linear increase of RBE with LET up
to a broad maximum where the effective RBE saturates and drops due to the
“overkill” effect. The data represents not only different ion beams but also many
independent experiments performed by various groups, which explains the scat-
ter of the data points. For details on these measurements, please consult refer-
ence 4.

From Figure 1, we observe that LET is a good surrogate for RBE between 10 -
200 keV/um, which covers the clinical range for treatment planning, verification,
and quality assurance in treatments using protons and carbon ions. This rela-
tionship between LET and RBE has led to proposals for optimizing treatment
scenarios especially for radio-resistant and hypoxic tumors using the technique
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Figure 1. Relationship between RBE and LET for a multitude of heavy charged ions from
protons to iron (from [4]).

of LET-painting [5] [6] where sub-volumes of the tumor are treated with high-
LET beams. This method could benefit significantly in its development and clin-
ical use from the availability of a device to monitor LET in-situ during treat-
ment.

In this paper, we will discuss a proposal for an instrument capable of moni-
toring LET in real time based on a dual ionization chamber method. We believe
the device will ultimately enable (1) verification of hadron therapy treatment
plans in real time and (2) “biological dose” optimization using LET as a physical

surrogate for RBE.

2. Preliminaries

The detectors most widely used in radiotherapy are ionization chambers com-
posed of two electrodes separated by an active medium consisting either of a gas
or liquid. A radiotherapy beam passing through the chamber will ionize atoms
and molecules in the active medium. The resulting positive or negative charge
carriers are collected at the electrodes by applying an appropriate electric field
between them. Due to processes of charge transfer, electron capture, and recom-
bination, the quantity of charge carriers collected at the electrodes is not identic-
al to the number of charges generated in the active medium, a signal loss we re-
fer to as quenching. To obtain an accurate reading of the delivered dose, correc-
tions for these charge losses must be applied.

One key advantage of a liquid-filled ionization chamber (LIC) over standard air
filled chambers (IC) arises from the significantly higher mass density of the liquid,
which allows the active volume to be smaller than that in ICs, resulting in a higher
spatial resolution [7]. This makes LICs attractive for modern X-ray therapy
(IMRT) and ion beam cancer therapy, where steep dose gradients between the
target and the surrounding normal tissues may exist and must be carefully moni-
tored. In addition to their higher spatial resolutions, LICs are water equivalent, ex-
hibit long-term stability [8] and have small directional dependence [9].

However, the advantages arising from using LICs come with at least one sig-
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nificant drawback. Due to the higher density of the liquid medium, the distance
between the ionization events is much shorter than in air-filled ionization
chambers. This higher charge carrier density, together with low ion mobility in
liquid medium, increases the probability of electron-ion recombination before
the electrodes collect the charges, resulting in considerable quenching of the
signal. Recombination effects taking place within ion chambers can be classified
in two categories—Initial Recombination (IR) and General Recombination
(GR).

Initial recombination occurs during the first tens of nanoseconds along the
track of one individual primary particle. Theoretical description of initial re-
combination further distinguishes between geminate recombination, involving
one electron and its mother ion [10], and columnar recombination, in which
clusters formed along a single track expand due to ionic and electronic diffusion
and overlap [11]. Initial recombination depends on the properties of the liquid
medium, its temperature, and the external electric field £. It also depends upon
the density of the ionization events along the primary particle’s track and there-
fore on the linear energy transfer (LET) of the beam. IR is independent of the
dose rate.

General recombination occurs between particles that are produced by differ-
ent primary particles. The charge carriers that escape initial recombination can
diffuse through the liquid medium, allowing electrons and ions originating from
different primary particles to interact and undergo recombination. General re-
combination therefore depends, in addition to the liquid properties and the ap-

plied electric field, on the dose rate. It does not, however, depend on LET.

3. Materials and Methods

From the above discussion on initial and general recombination in LICs it be-
comes obvious that if one can determine the signal quenching due to the
LET-dependent initial recombination in a LIC, then one can extract the LET of
the beam. To achieve this, one will need to (1) suppress the signal quenching due
to general combination and (2) determine the total number of charges before
quenching.

To achieve (1) we note that general recombination in the LIC can be sup-
pressed by a strong electric field [12]. To achieve (2) we note that due to the
lower mass density of the medium in air-filled ionization chambers (ICs), both
initial and general recombination can be considered negligible in comparison to
the signal quenching observed in LIC’s at conditions typically encountered in
therapeutic settings. This implies that if one places an IC and a LIC at identical
position, the IC reading would represent the normalized amount of charge re-
leased before recombination in the LIC reduces the signal. Specifically, we pro-
pose to measure LET by placing an IC and a LIC at the same location in a me-
dium (e.g. water). Let Q¢ and Q¢ be their respective charges collected. Assum-
ing inijtial and general recombination in the IC can be ignored, and general re-

combination in the LIC is suppressed by the applied electric field, then the ratio
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Q,c/Quic Which we define as the recombination index or quenching factor, is di-
rectly dependent on the LET.

To verify this idea, we have performed initial studies on differences in
quenching by comparing the signals between a liquid-filled ionization and a
commercial air-filled jonization chamber along the path of a clinical hadron
beam entering a water phantom [13] [14].

Experimental set-up:

The experiments described here were performed at the Heidelberg Ion Beam
Therapy Center (HIT). The experimental set-up (see Figure 2) consisted of a
PTW phantom water tank, two air-filled ionization chambers (PTW Bragg peak
chamber type 34,070) and a 2D liquid ionization chamber array comprised of 16
x 8 channels, 1.8 x 1.8 mm each, at a pitch of 2 mm, for a total sensitive area of
3.2 X 1.6 cm?, filled with isooctane (2,2,4-Trimethylpentane, CgH,;). (The 2D ar-
ray was originally developed by Prof. F. Gomez’s group at the Universidad de
Santiago de Compostela (USC) for dynamic multileaf collimator (MLC) verifica-
tion [15] [16].)

As shown in Figure 2, one air-filled chamber (IC1) was mounted at the front
window of the phantom to monitor the incoming beam from spill to spill for
normalization purposes. The actual measurement air chamber (IC2) was at-
tached to the PMMA enclosure protecting the LIC array from exposure to water
during the experimental sessions.

A typical measurement cycle consisted of recording the signal of the IC and
the LIC while moving the assembly in 1 cm steps in the plateau region (0 - 60
mm) and then in 1 mm steps until both the IC and LIC had passed the Bragg
peak. The beam diameter at the entrance window for the phantom was chosen to
be smaller than the active area of the LIC. However, due to lateral scattering of
the beam in water this could not be guaranteed for the full depth covered by the
measurements. Corrections for this effect were applied during the final data
analysis using the actual beam profile at every given depth using the information

provided by the pixilated matrix of the liquid ionization chamber. In first ap-
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Hadron Beam

Figure 2. Schematic illustration of our experimental setup.
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proximation, the observed 2D radial profile in x and y direction was extended
linearly beyond the boundary of the LIC and the signal lost due to the portion of
the beam outside the active area of the LIC was estimated. Due to the physical
separation between the IC and LIC, the recorded LIC depth dose curve had to be
shifted with respect to the IC curve so that the measurements from the chambers
coincide at identical depths. Unfortunately, the actual construction of the expe-
rimental set-up did not allow determining the distance between the active vo-
lumes of the two chambers at sufficient accuracy and the following two methods
were used instead: (a) shifting the LIC curve to match the positions of the Bragg
peaks of the IC and LIC curves and (b) shifting the LIC curve to match the 50%
distal fall off for the IC and LIC curves. Effects of strongly varying signal
quenching near the end of range on position and shape of the Bragg peak were
ignored in these preliminary analyses. An example of a typical data set using
method (a) is shown in Figure 3.

LET calculation:

As stated previously, the ratio between IC and LIC signals depends on the
LET. To extract the LET values in a practical application, one first needs to
create a “lookup table” for the quenching ratio to the LET. To construct such
tables, we calculate the LET values of the incoming beam including all details of
the experimental set-up, using FLUKA [17] [18]. FLUKA is a particle transport
code that includes all electromagnetic physical processes and hadronic interactions
from few keV up to 10,000 TeV, and has been thoroughly benchmarked against
other models and experiments specific to particle therapy [19] [20]. The

Dose response of IC and LIC

Dose Response [arb. units]

60 70 80 90 100 110 120 130 140
IC Position in Phantom [cm]

Figure 3. Depth dose distribution for a carbon ion beam as measured with an IC and a LIC.
Quenching of the LIC signal due to initial recombination increases dramatically near the Bragg peak.
The depth dose profile for the LIC was shifted to match the position of the Bragg peak.
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transport of charged particles is performed using a multiple Coulomb scattering
algorithm [21] and the treatment of energy loss due to ionization is based on the
first Born approximation. A complete description of FLUKA can be found at
www.fluka.org, and details of the FLUKA modeling of the HIT beam-line can be
found in [22] [23].

We used FLUKA to calculate the dose-averaged LET of the primary beam. A
particle beam delivered from the accelerator will be modified through nuclear
reactions in the target, creating a changing particle spectrum along the depth
dose profile. This is especially pronounced for heavier ions, where various light
fragments are produced that contribute to the dose. This demands using average
LET values instead of pure LET values. For clinical applications, the relevant av-

eraging scheme is the dose averaged LET":

LET® = [D(L)dL/D

total !

where D(L)dL is the fraction of the total dose with the specific LET value L.
The integral is normalized by the total dose D, LET® cannot be directly
scored in FLUKA and therefore a custom user routine was developed to perform

otal *

the averaging over the particle-energy spectrum at each depth point.

This was achieved by customizing the user routine f/uscw.fin order to weight
on-the-fly the particle fluence spectrum in water @, ;(E) with its related squared
stopping power szv,i (E), and sum it up over all the ith components of the
mixed radiation field at each depth in water. In a similar way, the total dose D,

was scored in the same simulation run with the identical depth resolution:
D, = 2. [®,,; (E)(S.: (E)/p.)dE
I

The dose averaged LET® for each depth was thus finally calculated at the

end of the simulation as:

> [ () (s, (E)) dE

LET D — i IDW
DW
Dose and the LET® have been scored using 20 pm bins in the direction of
the beam.
4. Results

We define the ratio of the signal response from the IC and the signal from the
LIC as the quenching factor or recombination index. The calculated values for
LET® are then plotted against the measured recombination index. Figure 4
shows the LET® distribution for a carbon beam with beam energy of 287.02
MeV/u. We observe a steady increase of the recombination index with increas-
ing LET. The two curves represent the two different methods for matching the
IC and LIC positions. These results agree well up to the end of the depth dose
distribution (~1 mm before the Bragg peak) where the steep increase in LET
leads to deviations between the two approaches even for differences in the relative

IC and LIC positions on the order of less than 1 mm obtained using the
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Dose Averaged LET [keV/um]
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Recombination Index [arb. units]

Figure 4. Calculated dose averaged LET vs. measured recombination index for an incoming car-
bon beam of 287.02 MeV/u.

different methods. The maximum variation between the two methods is ap-
proximately 10 keV/pum, which is less than 10% with respect to the maximum
LET encountered.

The data used to generate Figure 4 have been corrected for the mismatch of the
beam size and the size of the active area of the LIC, but no correction has been ap-
plied for general recombination effects. As previously mentioned, at the applied
electric field strength general recombination is strongly suppressed. Any correc-
tion is negligible compared to the main source of error—the relative shift of the
LIC curve to the IC curve for both measurements to represent identical depths in
the target. We believe that the deviation from a straight line near the end of range
is a consequence of the uncertainty in the determination of the relative position of
IC2 and LIC. Similar behavior was observed by the authors of reference [24] who
used a plastic scintillation detector (PSD) to study the dependence of the quench-
ing correction factor (QCF) on LET. Here the optimal shift of the axial distance
was found by postulating a linear dependency and then minimizing the RMS error
to best fit of the data to a straight line. Significant changes in the curvature of the
QCF vs. LET relation were found for variations of 0.2 mm or less in the shift,
which is smaller than the accuracy with which this distance was known in our pre-
liminary tests. Clearly the best method of settling the problem of relative position
is not inferring it via an a priori postulate, but designing a dedicated dual chamber

system where this quantity is known to high precision.

5. Conclusion and Current Ongoing Efforts

Our initial measurements have demonstrated a relationship between the recom-

bination index (relative signal ratio obtained between an air-filled and liquid-
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filled ionization chamber) and the (calculated) dose-averaged LET, which is the
quantity one would need for treatment planning calculations. We speculate that
this should allow extracting the ZET” for an arbitrary incoming beam at any lo-
cation of interest in the target by simply measuring the recombination index at
that point, and then looking up the corresponding LET value using a pre-com-
puted look-up table.

We are currently in the process of constructing a dedicated dual ionization
chamber system, which is designed to overcome the uncertainties presented in
the pilot studies. Specifically, we will use a monolithic system with a minimal
and well-defined distance between the IC and LIC active volumes, separated on-
ly by a thin common electrode, to eliminate any uncertainties in relative position
for the air and liquid volumes. Both chambers will also have identical active
areas, eliminating the need for correcting the expansion of the beam as a func-
tion of depth.

Planned studies include irradiations using different therapeutic ion beams (p,
C, O) at different energies, using different means of energy modification (passive
or active). The relative change in the quenching factor will allow detecting LET
changes and thus can be used to verify planned LET enhancements along the
beam path or due to overlapping beams of low and high LET components (LET-
painting). We are hopeful that this will lead to a method to determine the abso-
lute value of LET in an arbitrary beam at any position. LET averaging over a
complex particle/energy spectrum could potentially lead to different quenching
factors at identical values of ZET” These questions will be addressed with
planned future measurements with our dual chamber system. The long-term
goal is miniaturizing the system, allowing its use for in-vitro and in-vivo mea-

surements with clinically relevant resolutions.
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