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The specific advantages of ion beams for application in tumor therapy are attributed
to their different macroscopic and microscopic energy deposition pattern as compared
to conventional photon radiation. On the macroscopic scale, the dose profile with a
Bragg peak at the highest depths and small lateral scattering allow a better conformation
of the dose to the tumor. On the microscopic scale, the localized energy deposition
around the trajectory of the particles leads to an enhanced biological effectiveness,
typically expressed in terms of clinically significant relative biological effectiveness (RBE).
Experimental investigations reveal complex dependencies of RBE on many physical and
biological parameters, as e.g. ion species, dose, position in the field, and cell or tissue
type. In order to complement the experimental work, different approaches are used for
the characterization of the specific physical and biological properties of ion beams. In a
set of two papers, which are linked by activities within a European HORIZON 2020 project
about nuclear science and application (ENSAR2), we describe recent developments in
two fields playing a key role in characterizing the increased biological effectiveness. These
comprise the biophysical modeling of RBE and the microdosimetric measurements in
complex radiation fields. This second paper focuses on microdosimeters and on the
importance of providing the instrumental measurement of the spectra of the imparted
energy. The relevance of microdosimetric quantities, complementary to the absorbed
dose is emphasized. This parts provides an overview of the microdosimetric concepts
and the recent experimental developments in the field of microdosimetry applied to ion
beam therapy. Finally, a non-exhaustive, dedicated section in included to emphasize
the relevance of Monte Carlo simulations as tool for the design of the microdosimetric
detectors and for the interpretation of the experimental results. For the two distinctive
clinical beams of protons and carbon ions, the lineal-energy parameters are correlated
to the clinical concept of Linear Energy Transfer (LET) and RBE. The possibilities of
applying experimental microdosimetry in ion-beam therapy are discussed considering
the consolidated irradiation characteristics as well as the most recent developments.

Keywords: microdosimetry, ion-beam therapy, hadrontherapy, protontherapy, linear energy transfer (LET), relative
biological effectiveness (RBE), monte—carlo simulation
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INTRODUCTION

This work is the second of two parts focusing on characterizing
radiation effectiveness in ion-beam therapy. The first part, on
biophysical modeling of relative biological effectiveness (RBE),
is published by Scholz et al. [1]. It is cited in this work as
“Part 1.” Part I includes a general introduction on the concepts
and the rationale of ion-beam therapy as well as the essential
equations that describe the biophysical and physical quantities
for the characterization of radiation effectiveness.

When high-energy photons are used in the clinic to treat
tumors, there is a unique relationship between the absorbed dose,
which is proportional to the photon fluence, and the relative
number of surviving cells. When light ions are used, this unique
relationship does not hold anymore: the number of surviving
cells at distinct points in the patient’s body can be different even
if the absorbed dose in those points is the same. Equal physical
doses of different radiation types do not always result in the
same amount of biological damage. This fact suggests that the
radiation capability of damaging living cells depends not only on
the mean value of energy imparted but also on the microscopic
probability distribution of energy imparted at the subcellular
level. When deciding on a dose prescription for a new ion beam,
the radiation oncologist has to take into account the varying
effectiveness of radiation within various regions (depths) in the
irradiated tissue [2]. A scaling factor known as the RBE is used
to evaluate the biological effective dose. The RBE is defined as
the ratio of a dose of photons to a dose of any other particle to
obtain the same radiobiological effect. The RBE varies, among
other factors, with the radiation quality (type and velocity of
the ion), with the biological end point, with dose, and with
dose rate [3]. However, it has been found that RBE depends, to
a first approximation, on the linear energy transfer (LET), the
average amount of energy that an ionizing particle transfers by
purely “electronic” interactions (ionization or excitation) to the
material traversed per unit distance. It is worth noticing that LET
is a non-stochastic quantity, being an average, and it is strictly
defined at a point of energy transfer. However, irradiation targets
always have a finite volume, rather than being a dimensionless
point, and the interaction of ionizing particles with this target
volume is always a stochastic process. In this work, LET is
considered as “unrestricted,” which means that it accounts for
the total kinetic energies of the electrons released in the collision
of the charged particle. The correlation between LET and RBE
is widely discussed in Part I. Microdosimetry is that part of
radiation physics that deals with the stochastic analysis of the
energy imparted by an ionizing particle to a sample of finite size
[4]. An illustration of the stochastic nature of the energy imparted
is provided in the next paragraph and in Figure 1. When the
sample has the material composition and the size of a living cell or
of one of its substructures, microdosimetry describes the primary
radiation effect on the biological structure corresponding to that
size, i.e., the living cell. Operative physical quantities are defined,
which can be measured with special nuclear detectors called
microdosimeters; International Commission on Radiation Units
and Measurements (ICRU) Report 36 on Microdosimetry [4]
and “Microdosimetry: Experimental Methods and Applications”

[6] are general references for the detailed description of the
quantities and comprehensive formalisms.

In the following, a summary is given of the state of the art of
studies aimed to investigate the use the microdosimeters as LET
and RBE monitors in therapeutic proton and carbon ion beams.

THE PHYSICAL BASE OF THE RADIATION
ACTION ON HUMAN CELLS

In Figure 2, RBE( data are plotted against LET values of protons
and carbon ions [7]. In order to produce these radiobiological
data, monolayers of human cells were irradiated with mono-
energetic protons and carbon ions, the LET value of which
was calculated. Different LET values were obtained by changing
the ion energy. Radiobiological measurements usually have a
precision of about 10% when performed by the same research
group. However, data in Figure 2 show higher RBE fluctuations,
since they originate from different experimental scenarios. In
addition, while substantial uncertainties on RBE are widely
acknowledged, there may be uncertainties as high as 15% in the
consistency of the calculation of LET [8]. Without a significant
reduction of the uncertainties, it is difficult to assess whether or
not the RBE is a unique function of LET, independent of particle
type. Figure 2 shows clearly that, to a first approximation and
within uncertainties, the RBE can be described as a function of
LET: it increases with the LET value up to about 150 keV/pm,
then it decreases likely because of damage saturation at high
LET values. However, some experimental data are not consistent
with the unique dependence of RBE on LET [9], pushing the
researcher to deeper study of the physical basis of the biological
action of radiation. As discussed in detail in Part I in the section
“Accuracy of LETp as Descriptor for RBE,” there is indeed a
general awareness that the biological effect depends, rather than
on LET, on the density of energy imparted by a single particle
to a biological structure, which is of fundamental importance
for the cell surviving. The size of the relevant biological volume
V might be as large as the cell itself (~10 wm of thickness) or
smaller as a chromosome (about 1 wm of thickness) or as small
as the DNA strand (2 nm of thickness). The energy imparted is
called e. The energy imparted by a single particle is indicated
using the subscript 1 (7). Its linear density is called lineal energy
and defined as:

y= (1)

-2

where 1 is the biological site’s mean-path length of primary
tracks. The value of I is assessed, via calculations or simulations,
considering the distribution of the actual paths of the particles
in the sensitive volume, which depend on the track directions
and the shape of the site. In equation (1), the path length (the
term follows the nomenclature suggested by Bolst et al. [10])
substitutes the chord length used in the definition of lineal energy
given in the ICRU Report 36 [4] and ICRU Report 85 [11].
In the original definition, I is specified for -randomness as
described by Kellerer [12] and is independent on the beam
direction. As an example, the mean chord length of a sphere
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— processes. Therefore, repeated measurements of y give rise to a
spectrum of values indicated by the probability density function
f(»). The average obtained from f(y) is called frequency mean of
100 y, and it is written as yg:
&
Q
= _
g 10 YF= /J’ Sy (2)
e
é_ X In microdosimetry, the specific energy z is defined as follows:
5 €
: , z=— (3)
0.1 K m
H where m is the mass of V. Figure 1 illustrates the stochastic nature
0.01 ! of the energy imparted in a site size of 1 wm for a proton beam at
0.1 1 10 100

Dose/Gy

FIGURE 1 | Multi-event mean specific energy in a critical cylindrical volume of
1um in diameter (volume without O events) at a given dose, D. Calculation for
a 60 MeV modulated proton beam at the Bragg peak with yr = 7 keV-pm~"
and yp = 7 keV-pm~" (solid line). The dotted lines indicate the borders of the
specific energy within 1 SD of the mean value in the actual energy distribution.
Calculation was performed following the method described by Booz [5].

O Carbon ions
@ Protons

10

RBE

10° 10’ 10° 10°
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FIGURE 2 | Relative biological effectiveness (RBE) for asynchronous
radioresistant human cell (different cell lines) after irradiation with protons and
carbon ions is plotted against the particle linear energy transfer (LET) in tissue.
The RBE o means that the RBE values have been taken at 10% of cell
surviving fraction. Data from Friedrich et al. [7].

corresponds to 4/3 of its radius. The choice made for equation (1)
of substituting the mean path length to the mean chord length is
done since this quantity is more representative of the local density
of energy imparted.

The unusual term “lineal energy” was adopted to remember
the specific physical nature of y, which is, differently from LET, a
stochastic quantity. In fact, & is a stochastic quantity too, since its
value changes every time new particles interact with the cell, even
if the particle type and initial energy are the same. This results
from the non-deterministic nature of the atomic and nuclear

the Bragg peak. The specific energy spectrum might exhibit a very
broad width related to a site of about 1 jum size. As an example,
the mean specific energy and the lines characterizing £1 SD of
the spectrum at different dose levels are indicated in Figure 1.
In this example, for the dose of 2 Gy, the specific energies in
the micrometric site range between the values of 0.7 and 4.7 Gy,
within 1 SD to the mean value.
The specific energy of a single event is written z; and is
proportional to y:
1
72 =y— (4)
m

Repeated measurements of z; give rise to a spectrum of values,
the average of which is called frequency mean of z; and is
denoted z1k.

The microdosimetric spectrum represented by f(y) indicates
the probability to have, in V; an event with lineal energy y or
specific energy z;. The y or z; spectra display the stochastic
behavior of these quantities, as well as the heterogeneity of the
types and energies of the particles crossing the detector. Note
that the microdosimetric spectrum of a particle depends on the
size and shape of V, as well as on the radiation field anisotropy.
Therefore, the same mono-energetic ion beam may give rise to
different microdosimetric spectra in volumes of different sizes.
Effects of a specific path length distribution on the measured
microdosimetric spectrum can be studied through Monte Carlo
simulations and mathematical models [13].

MICRODOSIMETRIC DETECTORS

Microdosimetric detectors can be based on gas counters or on
solid-state counters (SSD). The first microdosimeters were gas
proportional counters made with tissue-equivalent plastic and
filled with tissue-equivalent gas mixtures. Because of that, they
were called tissue-equivalent proportional counters (TEPCs).
Miniaturized TEPCs (mini-TEPCs) with sensitive volumes of
<1 mm have been manufactured in order to be operable in high-
intensity therapeutic ion beams [14] (Figure 3). The simulated
site size is determined by adjusting the gas density, so that the
same amount of energy is imparted to the gas cavity as for the
simulated volume of biological tissue. The energy imparted to a
spherical cavity with a diameter of 1 mm and filled at about half
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of atmospheric pressure is equivalent to the energy imparted to a
1-pwm sphere of tissue, the density of which is 1 g/cm?. Therefore,
it is customary to say that the sensitive volume of the mini-TEPC
simulates 1 um of tissue. However, mini-TEPCs can simulate
different site sizes by changing the gas pressure. Mini-TEPCs
operate in the range from about 0.3 to 2 pm.

The silicon telescope is a detector used in nuclear physics
to detect every single ion emerging from a nuclear reaction.
The telescope idea has been exploited to manufacture a
microdosimeter, where the 2-pum AE stage is the sensitive volume
and the E stage is used to determine charge and energy of the
ions. A scaling factor can be applied to convert &1 in silicon
to 1 in tissue [13] (Figure 3). The non-tissue-equivalence of
silicon is dealt with by using, as scaling factor for the energy
imparted, the ratio of the electronic stopping power in tissue
and in silicon. Furthermore, a shape equivalence correction is
applied to compare spectra obtained with detector sensitive
volumes of different shapes. Other silicon counters have been
developed and are nowadays on the market with the name of
MicroPlus Bridge [15] (Figure 4). These detectors, unlike silicon
telescopes, are formed by a single thin layer and provide different
settings as matrixes of detectors with different cross sections and
thicknesses [16]. The so-called “Mushroom” version features a
50 x 50 matrix of cylindrical sensitive volumes with thicknesses
that range between 2 and 10 pm and diameter of 18 pm [17].
Microdosimeters based on Schottky diode and made of synthetic
diamond of thickness varying from 0.3 to 10 wm have been
manufactured as well [18] (Figure 4).

TEPCs have high detection efficiency, since they can detect
also few ionization events—thanks to the electron multiplication
in the filling gas. However, the electrodes are biased at several
hundreds of volts, they need accurate gas pressure control
and energy calibration, and they have limited capabilities in
high-intensity radiation fields because the geometrical cross-
sectional area of the sensitive volume can hardly be reduced
below 1 mm?. Solid-state microdosimeters have lower detection
efficiency because they rely on the collection of the free charges
generated in the sensitive volume not taking advantage of internal
charge amplification. On the other side, they are biased at low
voltage and the thickness of the sensitive volume can be as
small as 1 wm, making them suitable for operation even in very
intense radiation fields. Moreover, pixelated arrays of detectors
can be constructed, allowing the simultaneous two-dimensional
mapping of the radiation field.

It is worth underlining that microdosimetry measures the
probability distribution of the energy deposit &1, which obviously
depends on the radiation field properties but also on the
composition, size, and shape of the sensitive volume. Therefore,
detectors that differ in material composition, size, and shape
might be measuring different microdosimetric distributions,
according to their specific response function.

All the microdosimeters described above estimate the energy
imparted by measuring the free charges produced in the medium
and then converting the number of those measured charges to
energy imparted through the multiplication by the W-value, the
mean energy expended to form an ion pair. W-value for different

particles is not constant. It increases for higher Z-ions, resulting
in additional uncertainty.

An interesting conceptual design has been proposed for a
microcalorimeter that measures directly the energy imparted
rather than the ionization [19]. The realization of such a detector
is however a great challenge. In particular, the definition of
the thermal behavior of this detector is complex. The goal is
to determine the radiation-induced temperature increase in a
tissue-equivalent absorber while the temperature measurement
is performed on the superconductor, which is in thermal
contact with the absorber. Fathi et al. [20] discussed this topic
proposing a correction of the microdosimetric spectra from
microcalorimeters. Another major challenge for the realization
of microdosimeters based on microcalorimetry is the difficulty in
translating a cryogenic detection to a clinical environment.

Other prototypes of microdosimeters have been studied and
developed to be used in ion-beam therapy including TEPCs
[21], solid state detectors [22, 23], gas electron multiplier (GEM)
detectors [24], and films [25].

ASSESSING VARIATIONS OF LINEAR
ENERGY TRANSFER IN PROTON DATA

As is discussed in the section “Basic Concepts of Models” of Part
L, in proton therapy, a constant RBE = 1.1 is assumed along the
entire spread-out Bragg peak (SOBP). However, radiobiological
data show that the proton RBE at the end of the range is more
than twice the RBE value at the entrance [26] and thus the choice
of a constant value is questionable. This finding is consistent
with the radiobiological data of Figure 2 if we consider that the
proton LET value at the end of a proton track in tissue is about
85 keV/pum.

The current practice of proton therapy planning with a
constant RBE of 1.1 is thus questionable. As a first step,
several treatment planning systems (TPS) are already offering
the possibility to take the LET variation along the penetration
depth into account. In view of the implementation of LET-based
treatment planning systems, it is necessary to develop tools and
methods for the quality assurance of LET determination and
calculation. Microdosimetry could offer valuable tools for that
purpose [27].

The frequency mean lineal energy has the same physical
dimensions as LET, but not necessarily the same value. In fact,
the LET is defined at a point for a mono-energetic ion beam
[28]; therefore, its value does not depend on V. Conversely, y
does not include the energy transported outside the volume V by
fast electrons or secondary ions (it averages only the &; events
occurring inside V). Moreover, yp automatically averages the y
values due to ions of different energies and of different types. This
last feature makes microdosimeters suitable to measure the mean
lineal energy density in a mixed radiation field like that one of
therapeutic ion beams. Therefore, as far as yp can substitute the
LET, the mean RBE; values of Figure 2 can be represented as
a function of the frequency mean lineal energy. A similar figure
can be obtained for RBE, which are therapeutically significant
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Sensitive Volume

0.9 mm

FIGURE 3 | (Left): Cross section of the mini-tissue-equivalent proportional counter (TEPC); the green area is the detector sensitive volume; the red cross points out
the possibility to work both in gas flow modality and in sealed modality [14]. (Right): Sketch of the pixelated silicon telescope with four (out of many) sensitive

elements [13].
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FIGURE 4 | (Left): MicroPlus Bridge probe and electron-microscope scanning showing an array of sensitive volumes of the bridge microdosimeter. (Right): Diamond
microdosimeter and its schematic representation showing the external circular electrode defining the sensitive volume.
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(Cr) (p*-diamond)

ns ‘olum, /

CVD intrinsic diamond

HPHT diamond substrate

and can be used by clinicians to adapt the absorbed dose data in
therapeutic plans. This process would result in a decrease of the
absorbed dose at distal depths.

The dose distribution d(y) is calculates as:

f
diy) =10 5)

YE

In mixed radiation fields, the dose weighted distribution is
frequently preferred to f{(y) because dose weighted quantities,
e.g. the dose-averaged LET (LETp), better correlate to the
radiobiological effectiveness. The mean value of y weighted by
d(y) is called the dose mean lineal energy:waker

%=/ydw@ (6)
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FIGURE 5 | Typical microdosimetric spectrum collected using a
tissue-equivalent proportional counter (TEPC) in a proton beam. The two
vertical lines represent the mean values yg and yp estimated from the
spectrum.

(See also in Part I the section “Role of the Microscopic Energy
Deposition Pattern”). A typical microdosimetric spectrum of
a proton beam collected with TEPC and the corresponding
mean values are presented in Figure5. Also this quantity
has the same physical dimensions of LET, its meaning being
the mean y value of events that contribute to the absorbed
dose. The correspondence between measured yp, values and
calculated LETp values must be studied and characterized.
Afterward, microdosimetric characterization in terms of yp
can be used for the quality assurance of LET-based treatment
plans [27].

Data of Figure6 (taken from Conte [29]), show two
sets of yp values (taken with the mini-TEPC in two
separate shifts of measurements) compared with LETp
values simulated with Geant4 Monte Carlo code with
energy imparted in the same tissue equivalent sensitive
volume size 1.0pum as in used TEPC. They suggest that
microdosimeters could be accurate LET monitors, given
that the difference between the two sets of values is
<5% [32].

THE MICRODOSIMETER AS RELATIVE
BIOLOGICAL EFFECTIVENESS MONITOR

Another possibility is to use the peculiarity of the radiobiological
microdosimetric model to directly monitor the RBE.

The microdosimetric model assumes that, as far as biological
effects of radiation are concerned, the radiation quality (physical)
can be adequately characterized by the probability distribution
of lineal energy in a sensitive site representative of the
biological target that is supposed to be critical for the biological
observable. The y distribution measured by a microdosimeter
is considered equal to the y distribution in the biological
site if the detector sensitive volume is tissue-equivalent and
its size, calculated at a density of 1 g-cm™, is the same as
that of the critical biological site. The model is sketched in

Figure 7 where the analogy between the measured y events
and y events experienced by chromosomes is presented. The
microdosimetric spectrum represents in fact all the possible y
values occurring in the cell chromosome at the passage of one
ionizing particle.

Since the mean effect (for a given radiation field, cellular
target, and biological end point) of an ion impinging on
a living cell is expected to be always the same, while
Yg» and yp depend on V, it is legitimate to ask oneself
whether the value of V has a radiobiological meaning
(e.g., if the size of V can be really interpreted as the
size of the “critical” living cell structure, like the heart
of a human being). If the critical site really existed, the
microdosimetric spectrum in that volume V would likely be
stronger correlated to radiobiological data than microdosimetric
spectra in volumes of different sizes. As discussed in Part I
in the section “Role of the Microscopic Energy Deposition
Pattern,” an important aspect that needs to be considered is
that multiple volume sizes are relevant with respect to different
biological pathways to cell damage and thus that a multiscale
characterization is needed for a full description of the relation
between the physical energy deposition and the biological
effect [33].

THE MICRODOSIMETER TO MONITOR
RELATIVE BIOLOGICAL EFFECTIVENESS,
PROTON DATA

The yp value cannot directly mimic the RBE for the simple
reason that its value increases always with the ion LET value.
Instead, the RBE value reaches a maximum and then it decreases
(Figure 2), since after the destruction of the biological target,
a further increase of linear energy-deposition density (which
corresponds also to an increase of the proton dose) cannot
contribute to any additional effects.

A possibility to simulate the “saturation effect” that appears
in Figure 2 is to “weigh” the d(y) spectrum with a biological
response function r(y), which represents the expected biological
effect due to the dose component with lineal energy y. The RBE
microdosimetric assessment, which is called RBEmjcros, Would
therefore be:

Ymax

RBEmjcros = / 7‘()/) : d(y) : d)’ (7)

Ymin

A successful r(y) function was extracted from the experimental
comparison of TEPC microdosimetric spectra in 2-pm tissue-
equivalent sites in photon, proton, and fast neutron beams
and the RBE for crypt cell regeneration after 8 Gy of dose
on living rats exposed to the same beams [34-36]. The
determination of the biological effectiveness on mouse crypt cells
for the characterization of clinical proton beam has been widely
discussed and applied [26, 37-43]; With such a response function,
the RBEmicros Values of the Nice therapeutic proton beam are able
to monitor the specific RBE value with good accuracy [44].

In Figure 8, the plot representing the dependence of RBE;g on
LET (from Figure 2) is superimposed on the plot of RBEpicros
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FIGURE 6 | ¥, values [measured with the mini-tissue-equivalent proportional counter (TEPC)] and dose-averaged linear energy transfer (LET p) values (calculated with
the Geant4 Monte Carlo code) at different water depths in the CATANA therapeutic proton facility (taken from ICRU [29]). The large statistical fluctuations of the Monte
Carlo calculation at the highest depths are due to the limited number of particles reaching those depths. In the insert, the formula used to calculate LETp is shown.

e fl=¢ [t

Microdosimeter Chromosomes

sensitive volume

FIGURE 7 | Sketch of the microdosimetric model. The blue cylinder represents the sensitive volume V of the microdosimeter featuring a diameter of about 1 um, the
same size of the chromosome (right side of the figure). The orange dots are points where the charged particle imparts the energy (ionization or excitation events). The
energy imparted to two chromosomes by the same single particle track is different (right side of the figure). Similarly, the energy imparted to the detector by the same
particle can be different.

data vs. the microdosimetric mean yp, values measured at  (red line). These findings suggest that microdosimetric spectra
the CATANA therapeutic proton beam. Microdosimetric values  in a volume V of about 1pum of tissue-equivalent thickness
follow rather well the linear best fit of radiobiological data  can be used to simulate the dependence of RBE on LET
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FIGURE 8 | The relative biological effectiveness microdosimetric assessment (RBEmicros) (Squares and circles) vs. measured yp [mini-tissue-equivalent proportional
counter (TEPC) measurements in 1-um site at the 62 MeV proton beam of CATANA] and RBE¢ (violet circles) vs. calculated linear energy transfer (LET) values. The
red line is the linear best fit of RBE4o data. Squares and circles point out two different shifts of measurements 4 months apart. Data from ICRU [29].
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FIGURE 9 | (Left): Sketch of the irradiation setup of the conjunctival melanoma treatment. The compensator is a polymethyl methacrylate (PMMA) phantom, which is
designed to shape the spread-out Bragg peak (SOBP) as the conjunctive. (Right): Sketch of the irradiation setup used for microdosimetric measurements, where the
gray rectangles are PMMA layers, which substitute bolus and patient eye. The mini-tissue-equivalent proportional counter (TEPC) distance from the beam axis (X) has
0.1 mm of precision. Data from De Nardo et al. [30].

TREATED

for crypt cell regeneration in living rats with an accuracy of  spectra collected with other detector types to provide, through
about 5%. New weighting functions r(y) can be unfolded for  equation (7), specific insights on the RBE of the tumor and
other specific biological endpoints and using microdosimetric  healthy tissue.
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FIGURE 10 | (Left): Iso-dose curves of conjunctival melanoma treatment plan sketched in Figure 9. (Right): Iso-relative biological effectiveness
) curves obtained from microdosimetric measurements. Data from De Nardo et al. [30].
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with the detector positions are presented. Data from Colautti et al. [8].
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FIGURE 11 | Measured ¥, and calculated dose-averaged linear energy transfer (LETp) values in water of '2C ion beam of 62 MeV/u at different water depths. The ¥/,
values of the four different detectors have been plotted with different colors. In the insert, the relative dose (blue thin line) and the LETp depth profile (red thick line)

HOW TO USE RELATIVE BIOLOGICAL
EFFECTIVENESS MICRODOSIMETRIC
ASSESSMENT VALUES IN A
THERAPEUTIC PLAN: AN EXAMPLE

The conjunctival melanoma is a rare tumor (3% of
all ocular melanomas), which is difficult to treat with

success by wusing conventional radiotherapy. At the
Center Antoine Lacassagne in Nice (France), the 65 MeV
proton beam provided by the MEDICYC cyclotron is
used to treat the conjunctival melanoma. However, the
complexity of the irradiation (see left side of Figure9),
which uses a hemispherical polymethyl methacrylate
(PMMA) plastic, compensator, raises questions about the
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FIGURE 12 | y* (saturation-corrected dose mean lineal energy with saturation value of yo = 124 keV/pm, see text) measured with the mini-tissue-equivalent
proportional counter (TEPC) and the silicon telescope detector at the Italian National Center for Oncological Hadrontherapy (CNAO). The active beam of 189.5 MeV/u
uniformly scanned a slice of 30 x 30 mm?. The y* values have been scaled to the relative dose value at the beam entrance. Data from Colautti et al. [8].
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FIGURE 13 | Microdosimetric spectra of Italian National Center for Oncological Hadrontherapy (CNAO) 195 MeV/u carbon ion clinical beam at a water-equivalent
depth of 76 mm. (A) Spectra collected with the cylindrical propane-based mini-tissue-equivalent proportional counter (TEPC) (gray thick line) and with the diamond
microdosimeter (black thin line). (B) The diamond spectrum was recalculated to represent the response of the cylindrical propane-based mini-TEPC. TEPC data from
Colautti et al. [8] and diamond data from Magrin et al. [31].

variability of radiation quality across the conjunctiva. The patient irradiation setup was simulated with a PMMA
To answer these questions, a microdosimetric approach  phantom, the compensator being the same as the one used for
was used. treatment (see right side of Figure 9). Microdosimetric spectra
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were measured with a mini-TEPC placed at different lateral
distances from the proton beam axis.

In the left side of Figure 10, the iso-dose curves of the
traditional treatment plan are plotted, while in the right side
of the figure, the is0-RBEmicros curves are plotted. The iso-
RBEicros curves are obtained using the RBEmjcros Values
calculated from equation (7) at the different positions.

Microdosimetric data show that RBEpicros is almost invariant
with value between 1.2 and 1.3 throughout all of the conjunctiva.
In this experimental example, microdosimetric measurements
confirmed the goodness of the treatment plan. The results of
Figure 10 show how to implement an “upgraded” treatment plan,
which includes RBE pjcros data.

MICRODOSIMETRIC MONITORING OF
THERAPEUTIC CARBON ION BEAMS

Figure 2 shows clearly that carbon ions reach a biological
effectiveness higher than protons at the end of the track, where
the LET values are in the range 100-200 keV/pum. The increase
of RBE at the end of the carbon ion range is one main factor that
justifies the high cost and complexity of the particle accelerators
that are necessary to accelerate the ions up to the energy necessary
to treat deep-seated tumors (~5 GeV). Therefore, in carbon ion
therapy, the RBE variation with depth in the irradiated tissue
must be taken into account when optimizing a treatment plan (in
order to maximize the tumor control probability and minimize
the normal tissue complications probability). Considering the
complexity of the radiation field produced by carbon ions inside
the patient body, the microdososimetric characterization is a
useful experimental tool. Complementary to models that describe
the radiation biological action, microdosimeters can be used to
monitor LET, RBE;g. More generally, microdosimeters might
serve as an instrumental support to improve the comparison
among different radiation centers concerning therapeutic gain.

The Microdosimeter to Monitor Linear

Energy Transfer, Carbon lon Data

In the section Assessing Variations of Linear Energy Transfer
in Proton Data, the advantages and the disadvantages of
some current microdosimeters have been presented, the main
drawback of solid-state detectors being the relatively high
detection threshold, which makes them less suited to monitor
low LET radiation and in general the LET in therapeutic proton
beams (Figure 6). The discriminator level of the solid-state
detectors depends on the thickness of the sensitive volume.
The silicon and diamond detectors described in the section
Microdosimetric Detectors with physical thickness of ~2pum
have a discrimination level just below 10 keV-pum~! [13, 18].
When the thickness is increased to 10 wm, the discrimination
level decreases to about 2 keV-pm~! for diamond detectors
and 0.2 keV-pum™! for the MicroPlus/Mushroom detectors [15].
The low sensitivity limits are less severe with carbon ions, since
microdosimetric spectra shift toward higher values and show low
contributions from small y-values.

In order to test the capability of different detectors to
monitor the LETp of carbon ion beams, four different
microdosimeters (the mini-TEPC, the silicon telescope,
the diamond microdosimeter described in the section The
Microdosimeter as Relative Biological Effectiveness Monitor,
and a multi-element gas counter with GEM technology [45])
have been exposed to the same carbon ion beam of 62 MeV/u
[8]. In Figure 11, the y, values measured at different depths
in a water-equivalent phantom are plotted together with the
LETp values calculated with the Geant4 Monte Carlo code
(see the inserted algorithm in Figure 6). The figure shows that,
in spite of the detectors’ differences, the yp, values are very
similar, the relative standard deviation of the mean of all the data
being 15%. Part of this variance is certainly due to the detector
position uncertainty. Therefore, all the microdosimeters are able
to monitor the calculated LET, as LETp = k-yp, where the
proportionality factor k depends on the beam anisotropy as well
as on the detector’s angular response. For instance, k assumes
the values of 1, and 1.08, for a unidirectional beam with the
direction normal to the face of a slab detector and to the axis
of a cylindrical detector, respectively. For spherical detectors, k
is always 1.125, for isotropic as well as unidirectional beams. It
should be studied for each therapeutic facility before using any
microdosimeter as ﬁp monitor.

A similar comparison was performed with the 195 MeV/u
active carbon ion beam of the Italian National Center for
Oncological Hadrontherapy (CNAO) in Pavia, Italy, by using the
mini-TEPC and the diamond microdosimeter [31]. Also in this
case, the yp, value differences are within 15% with a standard
deviation of 6%, being mainly attributable to the detector
position uncertainty in a radiation field, the microdosimetric
quality of which changes rapidly with depth.

The Microdosimeter to Monitor Relative

Biological Effectiveness, Carbon lon Data
As far as ¥y, is able to properly monitor LETp, proportionality
with the RBE1g cannot be assumed because of the saturation
effect that results in the reduction of RBE at very high LET
in Figure 2. The microdosimetric spectrum should be properly
weighted, but the weighting function used for proton therapy
discussed in the section The Microdosimeter to Monitor Relative
Biological Effectiveness, Proton Data does not seem to work
with carbon ions [46]. These differences arise from the distinct
characteristics of the track structures of protons and carbon ions,
also in the case of identical LETp. The section “Use of Focused
Low-LET Proton Beams to Mimic High-LET” of Part I provides
additional details. For carbon ion irradiation, the saturation effect
can be introduced with the so-called “saturation-corrected dose
mean lineal energy” or y*.

- s

Ty Fo)dy ®

where the free parameter yy is the y-value at which the biological
effect saturates [4].
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The 2C therapeutic active beam of CNAQO was used to derive
y* based on y measured with the mini-TEPC and the silicon
telescope microdosimeter. Figure 12 shows the very similar
results obtained with the two detectors at different depths in
a water phantom. As expected, the y* value increases with the
depth up to a maximum value and then it decreases mimicking
the saturation effect of Figure 2.

The y* value has been inserted in the microdosimetric kinetic
model (MKM) (see Part I) to assess RBEjp of human salivary
gland cells at the Heavy Ion Medical Accelerator in Chiba
(HIMAC) therapeutic facility with a 290 MeV/u carbon ion
beam. Measurements performed with a large TEPC (12.7 mm
of diameter) are able to monitor the clinic biological dose with
good accuracy [47]. The measurements have been repeated with
the MicroPlus Bridge detector giving the same results, but in the
distal edge where the large geometrical size of the TEPC could
have compromised the position accuracy [48].

PROSPECTIVE OF MICRODOSIMETRY IN
THE CLINICS

In carbon ion therapy, the passive beam spread modality used
in the initial years to conform the radiation to the tumor targets
has been gradually replaced by scanned beams [49]. The daily
fraction is delivered to the patient from different portals and, for
each portal, the pencil beam is scanned in three dimensions to
thousands of different spot positions to cover the tumor target.
Scanned carbon ion beams created new constraints and needs
for experimental microdosimetry. Non-uniform distributions of
the dose are feasible, and this is a feature used in the so-called
“intensity modulated” therapy with ion beams. Thanks to the
additional degrees of freedom, for each portal, the conformation
of the irradiation can be adapted, optimizing the radiation
quality across the target. Examples of these modalities are the
“LET-painting” [50, 51] and the “Kill-painting” [52]. In these
techniques, the radiation is delivered not only to preserve the
dosimetric and the biological constraints but also to optimize
the distribution of LET in the first case and to maintain uniform
cell killing in volumes with heterogeneous radiosensitivity in the
second case.

The complex radiation fields in these modalities show,
inevitably, large LET gradients. In this scenario, the spectra
collected with the microdosimeters in water phantoms can
be used as radiation quality specifiers. The spatial density of
the measurements can be increased where the LET gradient
is higher or in the sub-volumes corresponding to critical,
radiosensitive locations.

For carbon ion therapy beams, there are numerous
microdosimetric data collected with a variety of detectors,
gaseous and solid (a non-exhaustive selection is provided in the
references [31, 46, 47, 53-55]). However, as discussed in the
Introduction, the shape and material of the microdosimeters
affect the experimental outcomes. To guarantee a univocal
assessment of the radiation quality, the characteristics of the
microdosimeters should be fixed. In particular, the “standards”
for volume size, shape, aspect ratio, and the material to be used

as reference for the microdosimetric spectra should be defined
and become the reference for all the different detectors.

An example of spectral conversion is shown in Figure 13
and refers to data collected at 195 MeV/u carbon ion clinical
beam of CNAO. It compares the spectrum collected with a
propane-filled mini-TEPC [55] and the spectrum collected with
a diamond microdosimeter and converted based on the shape
and the material of the mini-TEPC [31]. The spectra conversion
is the result of two successive conversion steps [56]. The
first transforms the experimental spectrum collected with slab
diamond detector to the spectrum that would be collected by
a propane-filled slab detector using a function of the stopping
powers of the two materials. The second conversion transforms
the spectrum of the slab propane-filled detector to the spectrum
that, for the same material, would be collected by a cylindrical
detector, based on the path length distributions of the two shapes.

The experimental spectrum for the diamond detector
is shifted toward lower lineal energies compared to the
experimental spectrum collected with the propane-filled mini-
TEPC (Figure 13A). This is due to two conditions. First, for the
same particle energy, the energy imparted per unit of length and
unit of mass is lower in diamond than in propane. Second, the
maximum path length of a cylindrical detector is 27% higher
than its mean path length (for irradiation normal to the cylinder
axis) while, for a slab detector, maximum and mean path lengths
coincide. This results in extending the spectrum of the cylindrical
detectors toward higher lineal energy values.

Overall, after the conversion, the two spectra show a good
agreement. The effect of the low sensitivity in solid-state
detectors, discussed in the section Assessing Variations of Linear
Energy Transfer in Proton Data, is visible in the diamond
spectrum at lineal energies below 9 keV-pm~!. A metrological
approach needs to be established where univocal methodologies
for the detector calibration and formalism for the representation
of the spectra are implemented and shared among the users.
This should include the uncertainty budget assessment of
microdosimetric measurement performed with different tools
and methods. The role played by Monte Carlo simulations in
this process is discussed in the section Monte Carlo Codes
in Microdosimetry.

It is worth mentioning here the work of Hagiwara et al.
[57], indicating the potential value of microdosimetric data for
the clinical outcome of ion beam therapy. In this clinical-based
investigation, the outcomes of local control and overall survival
in pancreatic tumors are assessed with retrospective studies and
examined in relation to the dose mean LET. LETp values are
computed within the tumor volume and compared to the clinical
outcome defined as lack of local control of tumor. The results
show that the lowest value of LETp within the tumor volume
is a prognostic factor related to local failure. In all case studies,
the 18-month local control was maintained at 100% when the
minimum LETp was maintained above 44 keV-pum~'. In the
plans where LETp, declines below 44 keV-pum ™!, the local control
dropped to 34%. This is the example of a new paradigm in
which the LET is explicitly taken into consideration for the
outcome of the treatment, without the intermediate role of the
RBE. As discussed in the section Microdosimetric Monitoring of
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Therapeutic Carbon Ion Beams, microdosimetric spectra provide
an estimate of LET in terms of track and dose mean values.
However, the heterogeneity of the particle energies and species
in different points of the target is not completely represented
by single parameters, such as the averaged LET. Computations
based on microdosimetric spectra, collected experimentally in
complex phantoms, may provide a representation of the LET
distributions. However, limited data are available yet for proving
the accuracy of these derived LET distributions for complex
phantoms and tissue structure.

The of the uncertainty  of
microdosimetric spectra and LET distributions with reference to
the uncertainties of the biological outcome and clinical factors
is still unclear. Furthermore, the environment surrounding the
tumor may play an important factor. Investigating this should be
part of the metrological approach suggested above. Note that the
uncertainties on microdosimetric quantities, although smaller,
may not be negligible compared to the biological uncertainties,
contrary to the uncertainty of macroscopically measured
absorbed dose to water. The spread of experimental data that
relate biological to physical quantities may be determined not
only by the substantial uncertainties of the biological data but
also by the physical quantities at a microscopic scale. Monte
Carlo simulations are a well-suited tool to aid establishing this
uncertainty propagation chain.

relevance measurement

MONTE CARLO CODES IN
MICRODOSIMETRY

Radiation transport Monte Carlo codes have become frequent
tools in microdosimetry research from both a theoretical and an
experimental approach. In the last years, general-purpose Monte
Carlo codes, such as FLUKA [58], Geant4 [59-61], and PHITS
[62], have been used to verify the experimental outcomes, in
which case it is key to include an appropriate modeling of the
detector response [63, 64].

With properly validated interaction models, Monte Carlo
simulations give a reliable benchmark to experimental data
obtained with either TEPC or solid-state microdosimeters
(see the sections The Microdosimeter as Relative Biological
Effectiveness Monitor and The Microdosimeter to Monitor
Linear Energy Transfer, Carbon Ion Data) [29, 65-67]. As
indicated in the section The Physical Base of the Radiation
Action on Human Cells, it is possible to evaluate the
influence of specific path length distributions on the measured
microdosimetric spectra by means of Monte Carlo simulation.
The mixed radiation field properties can be evaluated by
Monte Carlo simulations, and thus the contribution of
each secondary ion can be quantified and be used as a
reference to interpret the experimental microdosimetric
spectra [68, 69]. These determinations can also help to
evaluate correction factors to convert microdosimetric
quantities measured in solid-state microdosimeters to
equivalent ones in tissue (see the section Prospective of
Microdosimetry in the Clinics) [10]. Also, as indicated in
the section Assessing Variations of Linear Energy Transfer

in Proton Data, Monte Carlo simulations constitute a
powerful tool for the design phase of new concepts of
microdosimetry detectors, as sensitivity analysis can be
carried out with numerical simulations, saving costs [70].
Microdosimetry calculations have been used as a benchmark
to define a method suitable for scoring LETp in voxelized
geometries [71].

To become a reliable tool, it is very important to
ensure that the code has been properly validated for the
simulation of the relevant types of interactions taking place
within a microdosimeter. Indeed, measurements carried
out with microdosimeters of different types have been
used to assess the accuracy of these codes at microscale
measurements, not only for track structure but also for
fragmentation of ion beams, by means of experimental
microdosimetry distributions [72] or radial dose profiles
(73, 74].

It is worth to mention that all general-purpose codes
cited above use a condensed history approach to model the
electronic interactions of charged particles with matter. This
approach allows an increase of computational efficiency by
grouping a certain number of electronic collisions within a single
simulation step; in addition, secondary electrons set in motion
below a given threshold are not explicitly tracked, so that its
energy is considered to have been deposited at the volume
where the ionization occurred. For instance, the minimum
threshold that can be set in FLUKA is 1 keV, whereas for
some physics lists of the Geant4 toolkit, it can be as low as
100eV. Thus, it is expected that the accuracy of calculations
using the condensed history methods may not be optimal
for submicrometric sensitive volumes, especially if electron
transport plays a significant role. Actually, it has been found that
FLUKA can reproduce satisfactorily lineal energy distributions
obtained with a TEPC down to an equivalent size of 25nm
for carbon ion tracks, but not for proton tracks due to the
typically longer range of secondary electrons in proton tracks
at therapeutic energies [75, 76]. More accurate calculations can
be achieved with track structure Monte Carlo codes, in which
single electronic collisions are one by one simulated and all
secondary electrons are produced (and thus less efficient in terms
of computing time). Nevertheless, this improved spatial accuracy
can be jeopardized by the uncertainties on individual interaction
cross sections.

An example of pure track structure code for ion tracks
in liquid water is PARTRAC [77]. In this sense, the Geant4
toolkit incorporates the extension Geant4-DNA, which includes
interaction models and cross sections for electrons in liquid water
down to 9 eV, protons and alphas down to 100 eV, and ions down
to 0.5 MeV/u, as well as diffusion of radicals in liquid water [78-
81]. Also, Geant4 incorporates a track structure extension for
silicon material, Geant4-MicroElec, modeling electrons down to
16 eV and protons and ions down to 50 keV/u [82].

Monte Carlo codes can be used to generate libraries of
microdosimetric quantities to be incorporated into treatment
planning systems for radiobiology optimizations. In this sense,
recent works [83, 84] suggest that modeling mean values and
standard deviations of microdosimetric quantities is sufficient in
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order to produce a comprehensive data set for proton therapy
treatment planning systems.

Further, TOPAS framework [85], which wraps the Geant4
toolkit, has recently incorporated an extension providing users
with the possibility of calculating microdosimetry spectra [86].

CONCLUSIONS

In ion therapy, beam quality assurance cannot be reduced to the
correctness of the delivered absorbed dose alone. That is the case
because the biological/clinical effect depends also on the RBE of
the mixed radiation field, which in turn varies with depth. The
lineal energy (y) spectrum measured with a microdosimeter is
an adequate methodological approach to monitor the stochastic
distributions of the energy deposited at the microscopic level,
and the mean values of these distributions correlate strongly
with the calculated LETp. Based on the measured y-distribution
via application of a biological weighting function, or based on
measured saturation-corrected dose mean lineal energy values
y* via the modified MKM, the RBE;qy of proton and carbon
ion therapeutic beams can be estimated. These estimations are
in good agreement with radiobiological data. However, the
optimal exploitation of microdosimeters in clinic is still under
experimental investigation. Experimental microdosimetry offers
valuable tools for the quality assurance of LET-based treatment
plans, for the validation of Monte Carlo simulations, for the
intercomparison of different therapeutic centers, and more in
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