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Abstract

Changes to cognition, including memory, following radiation exposure are a concern for cosmic
ray exposures to astronauts and in Hadron therapy with proton and heavy ion beams. The purpose
of the present work is to develop computational methods to evaluate microscopic energy
deposition (ED) in volumes representative of neuron cell structures, including segments of
dendrites and spines, using a stochastic track structure model. A challenge for biophysical models
of neuronal damage is the large sizes (>100 pm) and variability in volumes of possible dendritic
segments and pre-synaptic elements (spines and filopodia). We consider cylindrical and spherical
microscopic volumes of varying geometric parameters and aspect ratios from 0.5 to 5 irradiated by
protons, and 3He and 12C particles at energies corresponding to a distance of 1 cm to the Bragg
peak, which represent particles of interest in Hadron therapy as well as space radiation exposure.
We investigate the optimal axis length of dendritic segments to evaluate microscopic ED and hit
probabilities along the dendritic branches at a given macroscopic dose. Because of large
computation times to analyze ED in volumes of varying sizes, we developed an analytical method
to find the mean primary dose in spheres that can guide numerical methods to find the primary
dose distribution for cylinders. Considering cylindrical segments of varying aspect ratio at constant
volume, we assess the chord length distribution, mean number of hits and ED profiles by primary
particles and secondary electrons (&-rays). For biophysical modeling applications, segments on
dendritic branches are proposed to have equal diameters and axes lengths along the varying
diameter of a dendritic branch.
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1. Introduction

Radiation induced impairment of cognition, including changes to memory, involves damage
to neuronal cells in the hippocampus and pre-frontal cortex (Greene-Schloesser et a/ 2012,
Cacao and Cucinotta 2016a, Cacao and Cucinotta 2016b, Chakraborti ef a/2012, Parihar et
al 2015a). Cognitive changes after irradiation with protons and heavy ions are of concern in
cancer treatment with particle beams and space radiation exposures to astronauts (Cucinotta
et al 2014). The dendrite and synaptic elements of neurons are the locations of chemical and
electrical processes central to neuronal cell communication and have been reported to be
modified by low doses of protons, heavy ions, and X-rays (Shirai et a/ 2013, Raber et a/
2016).

In this paper we discuss methods to predict ED in microscopic volumes of spherical and
cylindrical geometries with the goal of developing models of radiation damage to dendrites
and spines of neuron cells. At this time very little is known about the mechanisms leading to
changes in dendritic morphology or spine density in neuron cells and how radiation quality
dependent effects are manifested (Parihar ef a/2014, 2015a, 2015b). Possible mechanisms
are direct energy deposition, initial and persistent production of reactive oxygen species
(ROS), microglial activation and neuro-inflammation. From published experimental studies
with X-rays, protons, and heavy ions, there are clear dependences on radiation quality and
dose to the changes observed (Parihar and Limoli, 2014, Parihar et a/2015a; 2015b), which
suggest track structure plays an important role in changes to dendritic morphology.

An important computational challenge is the large spatial extent of the dendritic arbors of
neuronal cells, which are typically 100°s of microns and dependent on neuronal cell type.
Furthermore, possible geometric parameters describing dendrites and spines will be of
varying diameter and length. The track structure of high energy particles consists of a core
of high ED events close to the particle track (<10’s of nm) and a penumbra of secondary
electrons denoted as &-rays produced through ionization that may extend for 1000’s of
microns or more from a primary particles path dependent on the particle velocity and
kinematic constraints. Therefore computational approaches must ultimately be developed for
microscopic volumes of variable sizes with significant heterogeneity in microscopic ED for
different radiation types and primary particle fluence or absorbed dose.

In our previous work we considered details of neuron cell geometries, which have tree like
cellular architecture (Ascoli 2006, Cucinotta et a/2014, Alp et a/ 2015) using a stochastic
model of radiation track structure (RITRACKS) which has been show have good agreement
with experiments for ionization and excitation cross sections for particles and electrons,
LET, and nano-dosimetry measurements (Plante and Cucinotta, 2008; 2019; 2010).
Dendritic branches of neurons like cylindrical pipes extend from the cell’s soma and branch
out with initial diameter at the range of 2 to 3 microns and thin out at distal ends reaching
the light resolution limit to approximately 0.4 micron in microscopy studies (Meijering
2010). Geometrical reconstruction of neuron branches can be made using right circular
cylindrical segments of varying length and diameter, with a 3D structure constructed by
rotation of azimuthal angle of consecutive segments (Ascoli ef a/ 2007, Ascoli 2015).
Continuously varying diameters of dendrites segments sets a biological constraint on
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geometry and axes lengths of cylinders, which are determined by reconstruction processes in
experimental studies, including sectioning of samples and image processing (Kubota et a/
2009, Peng et al 2011).

An aim of this paper is to investigate optimal axis length of dendritic segments to evaluate
microscopic ED and hit probabilities along the dendritic branches at a given macroscopic
dose. The diameter of a dendritic section is a structural constraint on a dendritic branch and
can vary from >5 um close to the soma to <0.5 pm at the further tips of dendrite branches.
We consider four cylindrical segments with different aspect ratios (ARs) that are chosen to
represent dendritic sections close to soma (thicker diameter with different axes lengths),
distal end (thinner diameter, long axis length) and very small protrusions on dendrites (both
small diameter and axis length). The presentation of dosimetric parameters of the same
volume spheres highlights the effects of ARs in cylinders (Kellerer 1981). An analytical
method is also developed to find the mean primary particle microscopic dose in spheres for a
given macroscopic dose. The fast analytical method can complement lengthy numerical
studies of dose distributions for a given volume. Contributions of the primary core region
and &-rays in the penumbra to the ratio of hits and ED to micro-volumes (V1) are
investigated by stochastic Monte-Carlo sampling. The probability (or mean number) of hit(s)
by primary beam and &-rays, chord length distribution of primary beam, distance between &-
ray hits to micro-volumes (impact parameter), and the variance of ED for given geometrical
structure are described. This information for the same volume structures can be used to
interpret the effects of radiation quality or linear energy transfer (LET) for a given absorbed
dose or particle fluence (Kellerer and Chmelevsky 1975, El Naga ef a/2012, Palmans et a/
2014). The methods developed herein are applicable to a wide variety of particle types. For
Hadron therapy applications we focus on the particle beams; proton, 3He and 12C with
kinetic energies of 32, 38, and 59 MeV/n, respectively corresponding to 1 cm from the
Bragg peak, which are also important components of space radiation exposures.

2. Materials and methods

2.1. Stochastic track structure with RITRACKS Monte-Carlo simulation tool

The ED events from particle tracks are simulated with RITRACKS (Plante and Cucinotta
2008, 2009), a Monte-Carlo based computer model that calculates the positions of ED
events due to ionization and excitation as a particle traverses a medium assumed to be water.
The stochastic simulation environment for a given charged particle with an initial energy,
propagation direction (e.g. along the zaxis) and entrance point, e.g. (0,0,0) creates ED
events at varying positions for the initial particle and the created secondary electrons
denoted as &-rays, which are correlated with the particles path. Energy deposition events are
lumped within a predetermined voxel size of 20 nm3. The total ED in a voxel and its
coordinates are an output value from the simulation. For a predetermined track length, voxel
ED values and their coordinates are calculated, which includes contributions from the
primary particle track and &-rays. This stochastic process is repeated a large number of times
using Monte-Carlo techniques with the same initial conditions to create a library of histories
for a particle’s ED events.
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2.2. Target volume and particle beam simulation geometry

Our simulation platform is designed as the cylindrical or spherical target micro-volume,
Vimicro 1S fixed for randomly distributed particle beams. We consider four equivalent micro-
volumes represented by right circular cylinders or spheres with of density. The cylinders and
spheres that are labeled as Cyl;, Sph;j, i=1,2,3,4 have the same volume for given indices. The
cylinder height (H), diameter (dcy), the corresponding ARs defined as H/dc,sand the sphere
diameter (dspp) are listed in table 1. The circular base of each cylinder in Cartesian
coordinates is located on the x-y plane centered at (0,0,0) and the mass center of the cylinder
and the same volume sphere are at (0,0,H/2) along the zaxis.

2.3. Particle beam arrangement

Particle beams of length L ggzm (0, L gean) ON the z-axis are constructed from randomly
selected 20 pm track histories to comprise a longer track length as described previously (Alp
et al 2015). An entrance point for a beam on x-y plane with radius Rggam is randomly
chosen. First, the beam is translated by (=L gackwarat HI2) 0n z-axis, then randomly rotated
with respect to (0,0,H/2) point. The L gazmand Rgesmrange for (H, 3He, 12C) are chosen as
(120, 160, 200) um and (40, 60, 70) um, respectively. The L gackwarg 1S taken as 0.23% L gazm
upon analyzing figure S.1 given in the Supplementary information file.

2.4. Scoring algorithm

The scoring algorithm for each random particle beam and V/;;.,, calculates the chord length
(L) of a beam crossing, total number of voxels, and total ED per beam. We also consider
the so-called LET approximation where a stochastic beam (Beams;.y) is reduced to a line
(Beamy jne) and calculate the chord length; the length section bounded by V/;qr0 and if there
is a line crossing the volume it is recorded as ‘primary beam hit’. The Beamg;., that
constitutes voxel coordinates and deposited energy of each voxel is run on a coincidence
algorithm to find if any voxels are bounded by the V-0 The total number of voxels and
total voxel energy per beam are recorded as primary beam properties if there is a Ly value
otherwise it is categorized as ‘6-ray hit’. This rule assigns some tangent Beamg;., lines to
Vimicro @S 6-ray hits. If there is a primary beam and multiple &-ray crossings all voxel
number and total energy values are recorded as primary beam properties as the presence of
the L o, has higher priority in the algorithm. Likewise, multiple &-ray crossings are recorded
as a single value if there is no Ly However the low probability of a V.., hit per beam
reduces the probability of multiple &-ray crossings. The results of Beams.pand Viicro
coincidences were calculated and stored as a trial in a library during simulations. In addition,
any number of random beams determined by the macroscopic dose can be chosen for
statistical sampling to find dose to the V/yjz The mean number of trials per Vo per
particle beam is 11.6 million in this study.

2.5. Theoretical formulation

The mean macroscopic (absorbed) dose Dy £(in units of Gy) of Necharged particles with
LET (keV/um) impinging on area A (in units of pm?2) is given with unit conversion factor
0.16 as,

Life Sci Space Res (Amst). Author manuscript; available in PMC 2018 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Alp and Cucinotta

Page 5

 0.16N, LET

D
A (1)

The fluence of a particle, #, defined as one particle per area (in units of um?), is given by,

D

0,F

F=—0F
0.16LET (2)

The dose to a V-0 With mean cross-sectional area, Az, and total surface area Spjcro
embedded in larger volume of the uniform isotropic irradiation is calculated as described
next.

In the LET approximation of the track, the mean number of primary particle hits, Ppto
Vinicro at a given fluence is a function of Dy 5 LET, and geometric properties of Vj,jcro,

Dy o Ami
P :FA — 0,F “*micro
P 0A6LET  (3)

We denote, Dﬁ;l as the total ED events by a primary particle traversal and Df,fl as the &-ray
dose for a single &6-ray hit. The mean number of &-ray hits, Psis calculated by extensive
numerical simulations, and the total number of hits are classified by Rpand Rgas the ratios
of primary beam and &-ray hits to total number of hits if there is a hit in a trial that satisfy
RptRs=1. Therefore, the mean number of hits to V., by 6-rays at given Dy £is

PN

The dose t0 Vipjcro Per hit, Dy, 7 is the total energy deposited per unit mass for any type of

hitto V00 and a combination primary, DTIZ.; and ‘total 6-ray dose’, Dfim components,

D7n,1:DrI:z,l+D§n,1 (5)

where D, | is

Finally, dose to V¢, at absorbed dose, Dy £is
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—P —=4,1
DO.F:PP Dm,1+P5 Dm,l (7)

where EZJ and Ef,’jl are the mean of the corresponding dose distributions. Monte-Carlo

simulations provide distributions of Di,p Df,":l and values of Rsto Rpfor a given spherical

and right circular cylinder micro-volumes.

An analytical approach is developed to find the dose, fo“l applicable to spheres. We assign
a constant value Cy 4.4 that gives the contribution to energy deposition to V., due to the
stochastic track structure, which deviates from the LET approximation of a line. Then, is

DF | written

P Ctmck L Ch,micro 0 . 1 6LE T

D =
™l Vmicm (8)

where the chord length, L s, micro is confined by Vipjqrp. Expressions of mean chord length,

L, mean cross-sectional area, 4, ... for convex bodies at isotropic fluence, first discovered
by Cauchy (Vickers and Brown, 2001) are given by

F 4Vmicm . Z o Smicro
) micro— 4

LC]L -

S micro

©)

The estimate of Cy4c4at any entry point on a sphere is described in the next section. The
number of primary beam hits that V)., will receive at given Dy is a Poisson process and
for khits the probability is given as

- k
e PPP

Pk)=—% (10)

The mean primary dose, 5,1;1 to Vinicro Over all the hits at Dy £are evaluated as

eipm, P Pk

00
—p ’ m. - Amicm
Dm:ZDﬁ;kTP:CWGC]C(O)LCh v Do,pzctraCk(O)Dﬂ,F

=0 : micro (1_’]_)

where the Dﬁ,l is kD,’fLJ. Ciraci(0) is analytically calculated for a particle beam that passes
through the center of a sphere in the next section.
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2.6. Dose to sphere by analytical and stochastic approaches

If the radial profile of ED (figure S.1(a) at the Supplementary file) is known the contribution
of ED to a given radial cross section on the same plane can be calculated analytically.
Normalized radial ED (RNED) profiles of interest (1H, 3He, 12C) at given energies are
numerically calculated. The RNVED profiles will be taken as kernels for analytical dose
calculations. Figure 1(a) and 1(b) have the complementary images of spherical V/ iz
located at (0,0,0) point for analytical and stochastic presentations. The critical geometrical
parameters are the radius of the sphere, Rz and the impact parameter, 6, which is the
normal distance between the center of the sphere and the particle beam. The beam can make
a direct traversal (red solid arrow, figure 1(a)) or if there are contributions by &-rays as seen
in the volume in figure 1(b), black track structure. The blue curve indicates how the dose
drops radially from the propagation direction for each beam. For a track segment longer than
the ranges of backscattering and forward scattering distances by &-rays at the point of
interest, longitudinal electronic equilibrium is achieved (Alp et a/2015). The radial
component, RNVED function determines how source points of length Az;at points P;along
the zaxis of propagating beam contribute to total dose. The radial contributions are confined
to distances —Rpicro < Pi< Rmjcro in figure 1(a). For a direct particle traversals (red arrow)
source points P;can be inside (P;) or outside (P, the sphere. An example area surrounded
by a black circle of point P;for the outside-beam (black arrow) is also shown. Energy
deposition contribution of source points P; and Pzare numerically calculated in detail in
panels figure 1(c) and 1(d), respectively. For a finite length energy source at P; (figure 1(c)),
RNED; determines the ratio of ED in the circular area of radius r; and the beam source to
normal sphere distance by. RNED(ry o) needs to be calculated over all equally spaced
angles A6, (46=2rr/ m) where m is the number of steps and (6,=k46). RNED; on panel
figure 1(c) is calculated as;

1 m
RNED1:E§ RNED(ryp,)
P (12)

with

1.0, =b1cos(8y)+ \/b%(_1+cos2(9k))+7i% 13)

If a point source is outside the cross sectional area of interest, illustrated by the black circle
with radius rzand normal distance between the beam and the center of the circle b3 in figure
1(d), the distances rx; , and 7 4 are calculated before these distances are substituted to
RNED(ry o). Here the difference RNED(ryz ok) = RNED(ry o4) 1S proportional to final mean
value of RNED;3. The proportionality constant is @,y = 2ArcSin(r4 b3 and a .y is divided
to spieces (Aa= anaydS) to sum over ay (= kAa) with the mean value of RNED;,

S

RNED3=""N"[ RNED(r4, o) — RNED(r4s, )]
UL (14)
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Finally, the dose calculated analytically for one particle in the sphere is found as,

N
0.16LETAzY RNED;

D. _ i=1
ol sz’cm (15)

where the discrete beam length is Az= R,/ Nand Nis an integer. Comparing equation (8)
with equation (15), shows that the track contribution factor, Cyac is given by

9 N
Ctmc/czﬁ § RNED; ( )
i=1 16

where the factor of 2 in equation (16) accounts for the Az stacks from =Rz 10 Rpjcro- The

Crac(0) on equation (11) is calculated at 4= 0 to find the ﬁgl and this section covers a
generalized traversal track at any point on a sphere.

The stochastic calculations in figure 1(b) are made in a straight forward manner. A long
track segment, as discussed above, is constructed randomly out of 20 um track histories from
the RITRACKS code. The total ED to the sphere is calculated by first registering voxels
bounded by the spherical volume, then summing all the voxel energies per trial to find the
dose to sphere. Many trials (>10,000) are repeated to find mean values to compare with the
analytical results.

3.1. Chord length analysis of right circular cylinders

The four right circular cylinders (Cyl; to Cyly) in table 1 are investigated as sample micro-
volumes (Vcyi1 t0 Vyig) With aspect ratios (=Hl dg,) that span a range of values (0.5 to
5.0). Figure 2(a,b) shows example of stochastic beams (voxels in red) of (*H, 12C) ions and
Beamy jne as black continuous lines. A primary beam hit by a proton to Veyy (figure 2(a))
and a &-ray from a carbon ion passes through Vcyy4 (figure 2(b)). Chord length distribution,
AL cp) for each V ¢y in simulations are binned (red dots) to compare with analytical results
(black lines) that were numerical evaluated in figure 2(c—f). The maximum chord length,

L ch,max is the diagonal length of the cylinder. The f{L ) is normalized by the L cp, max and
named normalized chord length distribution, ALy p) in figure 2. Analytical form of L)
at given AR is independent of specific height or diameter values but depend on their ARs.
Analytical expression of f{L ) is worked out for convex bodies by Kellerer (1971, 1984,
1985) and an integral expression by Langworthy (1988) are used to plot the L)

numerically. The mean value of chord length, Z , for convex bodies is given by equation (9).
The standard deviations (SD) of Ly, for cylinders are calculated from numerically evaluated

L cy) and listed in table 2 (L, ,,.,,,)- The simulation results of T, (L, g, ) for the same
Vcyi and the particles (*H, 3He, 12C) are presented as deviation from the analytical value in
table 2. The two peaks on the AL ¢y n) are located at dey/ L cpmax HIL chmax (L chmax =
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(0.671, 1.562, 5.141, 4.079) um in figure 2(c—f)) and the peak amplitudes are comparable
around Hldgy~1, similar to figure 2(c,d). The peaks unify at H=d¢y; (L cpn=0.7071) and the
Aoyl L chmax peak dominates for H>dgy,in figure 2(e,f). In addition, the coefficient of
variation, CV/ (CV=SDI mean) for a right cylindrical geometry is minimum for aspect ratio of
one. Similar visual plots can be found by Mader (1980). The range of CV/(0.3536+3x107%)
is nearly equal at the aspect ratios of the cylinders studied.

3.2. Chord length analysis of spheres

Figure 3(a) shows a stochastic primary beam of 3He at 38 MeV/n and Bear; ;, 0n Vspht-
The chord length distribution #(s) for a sphere of diameter dspy, is given by (s) = 25/d5p,,2

where 0<s<ds,p. The meantSD of L ¢y for a sphere is calculated as 2/3d,, + (1/3 V2)d,

'ph

and L ¢y, max 1S dspp Table 2 lists the analytical mean chord length (L, ..., ) and deviation

of T, in simulation results as L, .. /L

Ch, Theory"
The dose deposition by &-rays was investigated as a function of impact parameter 5, normal

distance between Beam, j,. and center of the sphere (figure 3(c,d)). The Dﬁjhl points close
to Rspnzare generated by secondary electrons along the primary beam line. The &-rays

for up to about 45 um for 3He in these simulations. A linear relation as a

first approximation is sought between impact parameter and Dg;,lw. The meant SD of Di;,l,hl

contribute to D%

Sph,1

is 0.1329+0.1433 Gy. The slope on linear scale (D‘S’1 | (Gy)=constant+slope x b) fits to a

Sph,

negative slope; 0.1504 — 0.00184x 5 Gy (blue line in figure 3(c)). Similarly, the slope on log-
log scale plotted as a red line in figure 3(c), is positive valued,;

Log(D‘;’1 )=constant+slope X Log(b)= — 1.205740.05698 x Log(b). Our investigation on

Sph,1

6,1
Sph,1

all the spheres and particles did not provide conclusive evidence on how the D
distribution changes with impact parameter.

The energy per voxel increases at the end of a &-ray track as the electron energy decreases

(Cucinotta et a/ 1998). The meantSD of voxel numbers of secondary electrons, N oend g

voxr

33.14+26.35 and the high number of voxel number per hit may explain the averaging effect

over many voxels. As a result, the magnitude of Dij}_l displays a spatial distribution which is
independent of impact parameters for given V-, ranges. Cumulative dose distribution
function (CDDF(b)) as a function of impact parameter in figure 3(d) shows that 50% of

D! events takes place at 4.64 um from the surface of the sphere with a radius of 0.783 um.

Sph,1

3.3. Dose deposition profiles in cylindrical and spherical micro-volumes

Tables 3 and 4 include the relevant quantities obtained by simulation results for all the
Vimicro- The ratios of hits by primary beam, Rpand &-rays, Rsfor a given particle in Viizr0
provide a partition of ED events between primary and &-ray events. The ratio, RsRp
represents the number of hits by &-rays per primary particle. The mean ratio for

(*H, 3He, 12C) particles of all the V;,;c, are (0.202+0.031, 0.711+0.063, 5.024+0.313).
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Division of the mean of these ratios by the LET of the particles results in (0.112, 0.1186,
0.125) pm/keV.

The frequency mean lineal energy, 7;; energy per hit over all the hit events normalized by
chord lengths of V) are (1537, 5013, 31760) eV/um for (*H, 3He, 12C) primary beams.

Aside from the similarity of mean secondary dose per hit, E;Z;fl in tables 3 and 4 and overlap
of the cumulative dose distribution of secondary tracks (Supplementary figures S.2 and S.3),
we tested the difference of secondary electron tracks for the chord length normalized 7, the

mean number of voxel numbers for &-ray tracks normalized by the chord length, me and

the mean voxel energy for &-ray tracks, E° by one way ANOVA test for (1H, 3He, 12C)

voT

particles over all Vip;cr0. The chord length normalized 7 for secondary tracks are (1548,

1606, 1513) eV/um and these values are not different between particles by p<0.26. The N

voT

value is 30.45 voxel/um over all particles in tables 3 and 4 and the mean voxel values are not

significantly different between (*H, 3He, 12C) particles by p<0.063. Likewise, the F‘fm is

51.34 eV/voxel over all values in tables 3 and 4 and these results are not different between
the particles by p<0.009. Weighting of particle LET values of primary beam hits are

reflected by the mean number of voxels normalized by chord length, N and the mean

voT

voxel energy E’Ui)x in table 3 and 4.

3.4. Aspect ratio of cylinders modify the mean chord lengths, cross-sections, and
probability of hits

The mean chord length, L, ,,, and cross-section, A, , of a sphere are single valued
quantities (4/3Rspp nRgp/,Z). The total surface area, Sy, changes with varying aspect ratio
at constant Vcyy. The P, and P, represent the mean number of any hits by primary
(equation (3)) or &-ray (equation (3)) tracks and depend onthe 1, . . Figure 4 is based on
numerical analysis of equation (9) at given constant V., and compares the changes in
cylindrical parameters, A, P, and L, , (black line) for varying aspect ratio with
respect to constant spherical values (red line). The closest approach of cylindrical parameters
to a sphere occur at the AR=1 with a difference of 14.5%. The products of ZW or ?CU, by
L, s, at given AR are equal to the same products for spheres

(Ag X Ly sons Py X Ly s,,)- Our simulation results for different values of Rgezy

(section 2.2) confirm that the ratio P, ,/P,,. The analytical values of the mean number of
any hits to Vcy, j (i=1,2,3,4) in figure 4(b) are (1.211, 1.149, 1.435, 1.375) for the AR of

(0.5,0.833, 5, 4.167). These values are the same as L, 5, /L, ,, in table 2. Comparable
simulations results at V,,;c, averaged over (*H, 3He, 12C) are found as (1.129+0.008,
1.104+0.023, 1.410+0.021, 1.357+0.010).

3.5. Chord length distribution dictates primary beam dose deposition profiles in Viicro
The normalized chord length distributions {Lcp, a) in figure 2 and figure 3 are frequency

plots of random simulations of Ly, for uniform isotropic irradiation. The Df,;l in equation
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(8) has a linear dependence on Ly, while the Dﬁ;l profile should follow the product of
AL cr)*Lcp Analysis of figure 5 for Vcy3 and Vgpns for the case of 1H (32 MeV/n) shows
that random primary track events peak towards the peaks of L) that are shown in the

insets of figure S.2(a,b). The meantSD of Dj,DLl are (0.08976+0.08519, 0.13024+0.10193)
Gy (tables 3 and 4). The red straight lines in figure 5(a) and 5(b) are linear fits to data with
slopes of (0.12284, 0.12445) Gy/um respectively. Nearly equal slopes of the same volume
cylinders and spheres for given particle fluence are confirmed in all of the simulations.

Dose frequency histograms ADose) of Vyi3 and Vgphg in figure 5(c) give rise to normalized

cumulative dose functions of DZJ (See figures S.2 and S.3 in the Supplementary file). The
mean number of hits, Ppunder the same fluence is larger for Vcy 3 than Vsppz and the ratio

of Pocyid Pespnsis 1.428. This result reflects the ratio of cross-section (A, /A, =1.435)
and the probability of hits between Vcyj3 and Vsphg in figure 4. The ADose) in figure 5(c)
for both Vy 3 and Vpp3 are normalized by the number of events in Vy3. The vertical

. . —=P —P .
black and red lines are the above reported mean doses. The ratio of mean D, , . /D . is
0.689. Taken together, the product of P, x Dﬁ;,; is expected to give the same Dy for
primary beams and the product of 1.428x0.689=0.984 is close to unity in this example.

3.6. Total voxel number and voxel energy distribution in micro-volumes follow the
distributions of ‘core’ and ‘penumbra’ of track histories

To characterize the stochastic nature of the dose deposition of particle tracks in Vo
figure 6(a—c) shows the distribution of the primary total voxel numbers, fT.V.N.) at uniform
isotropic field. The /meantSD of the primary voxel numbers, confined by V¢y3 are
(37.7422.7, 93.9+51.1, 206.5+111.2) for the (*H, 3He, 12C). These voxel numbers

normalized by L, ., and named normalized primary voxel numbers, vaoz are listed in
table 3. The increase in the primary voxel numbers is correlated with increase in the LET of
the particles. The shape of AT.V.N.) in figure 6(a—c) depends on the distribution of Ly and
stochastic nature of ED events along the primary beam in equation (8). The figure 6(d—f) are
the voxel energy distribution at the particle libraries of the (*H, 3He, 12C) confined to 100
nm along the particle tracks with mean voxel energies of (28.0, 37.5, 116.4) eV/voxel for the

(*H, 3He, 12C) beams, respectively. The anaz confined by the V¢y)3 in figure 6(a—c) are
(32.3, 39.5, 110.6) eV/voxel for the (*H, 3He, 12C). The voxel energy distributions AV.E.) in
figure 6(d—f) show larger voxel energy tails for increasing LET. Taken together, the voxel
energy distribution in Vy 3 can be sampled as the number of voxels per random primary
beam hit from column 1 in figure 6 and the energy of each voxel from column 2 to predict
dose distribution for a random beam hitting the Vcys.

The statistics of V°,_normalized by the T ., and the E°,_for &-ray hits are given in section
3.7 for all particles at energies 1 cm from the Bragg peak. The distribution of total number
of voxels of &-ray crossings in Vcy3 are (22.8+21.6, 23.8+20.5, 21.4+20.9) in figure 7(a—c).
The AV.E.) of the penumbra region obtained from the track libraries of the (*H, 3He, 12C) in
figure 7(d-f) have the mean voxel energies of (57.9, 56.8, 54.2) eV/voxel, respectively. The
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E° confined by the Veyiz are (51.9, 51.4, 50.1) eV/voxel for (*H, 3He, 12C) in table 4. The
mean voxel energies of the described core in figure 6(d—f) and the penumbra regions in
figure 7(d—f) are well separated. These results also motivate sampling of ED events in Vi,jqr0
by the distributions of voxel numbers and voxel energies of secondary electron tracks. These
distributions are quite similar at 1 cm of the BP at given initial maximum electron energies.

3.7. Dose sampling in micro-volumes at given macroscopic dose, Dg ¢

A straight forward method to sample Dy £in V¢, for given particle fluence follows the
steps of first finding the number of particles by equation (1) then, randomly picking that
number of particles by the Poisson distribution from the simulation library to generate a
stochastic dose realization in V.- The same processes are repeated many times to present

a dose distribution in V¢ at Dy £ An alternative method is to use the CDDF of both Df,;l

and Df,fl in figure S.2 and figure S.3 and the probability of Ppand Pg of hits at given Dy £
calculated by Rpand Rsthat are listed in tables 3 and 4. Briefly, the mean number of hits by
Ppand Pgare sampled by the Poisson distribution and primary and &-ray dose values are
randomly drawn from the appropriate CDDF distributions. The process is repeated many
times to obtain a dose distribution in Vjyz at Dy £and the mean dose at Vi, approaches
Dy £ Both methods give nearly identical results for the microscopic dose distribution. The
alternative method depends on the accuracy of the CDDF for primary particle and &-rays.

As an example of a low dose study in micro-volumes in figure 8 we consider normalized
dose distributions, fDose) at 0.2 Gy which show the extent of the dose deposition in the
(Veyin, Veyiz, Veyia, Veyia) that are irradiated by (1H, 3He, 12C) particles. The percentage
of no-hit values and the lower threshold for the highest 5% of the dose values obtained in
figure 8 listed in table 5. Because the mean dose per hit and the CDDF of the primary and &-
ray doses of protons are very similar, protons have a higher hit probability but the tail of the
high dose distribution is narrower compared to other ions. The mean dose of the primary hits
of 3He and 12C are well separated from the mean dose of &-ray hits (tables 3 and 4). This is
reflected distinctly in the dose distribution for carbon ions as the higher dose peaks are from
the primary track hits and &-ray, which are distinct. Although the highest LET particle (12C)
has the highest dose distribution values, 3He can lead to higher dose than protons and with a
higher percentage of dose deposition events than 12C at the Bragg peak of 1 cm. A similar
result (not shown) is obtained for spheres.

3.8. Fast analytical method confirms primary dose contribution calculated by stochastic
and simulation methods

There are three complementary methods to find the total mean primary dose, Ef; _in equation
(11) at a given beam absorbed dose or fluence. First the computationally intensive
‘simulation’ procedure in this paper provides primary particle CDDF (figures S.2 and S.3

and Ef,;l in tables 3 and 4). From equation (7) the EZ is equal to P, x 5ﬁ,1/DoAF using
equation (3). The other two fast methods are called ‘stochastic’ and ‘analytic’ methods that
are worked out for spheres. The stochastic method involves finding the dose by ED events of
a stochastic track passing through the center of the sphere and taking the ratio by the
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theoretical value given in equation (8). The ratio makes the distinction between energy
confined by the V.o to the total energy given to the medium by a stochastic primary
beam. The kernel of the analytical approach is obtained by figure S.1(a) and the
methodology of the ‘analytical” method is introduced in equations (12-16). The C4(0) is
calculated for the line passing thorough the center of the beam that represents the dose
confined by the V0 at uniform isotropic fluence. The results are listed in table 6. Because
the kernel of analytical method is derived from the stochastic track simulations there is a
good agreement between the two methods. The deviations in the ‘simulation’ method results

from the exact value of EZJ that can be attributed to the limited number of primary hits at
given number of trials. Although Gyack(0) is not calculated for cylindrical structures the
equivalence of ‘stochastic’ and ‘analytical’ methods paves the way for fast stochastic
method. A stochastic beam is limited by the Rgay, radius on the order of cylinder diagonal

length then 55/}1 and CDDF as in figure S.2 can be found over a number of trials in future
studies.

3.9. Cylinders as neuronal compartments and choice of segment lengths on dendrites

The spatial distribution of dose for long elongated and continuous dendrites requires a
definition of volume, hence dendritic segment length at given diameter. The choice of
cylinder length, aspect ratio, analysis of hit probability and dose per segment become
important in interpretation of dose and radiation quality in numerical studies. Figure 9 shows
an example of segmentation of dendritic branch on a pyramidal neuron. The same branch is
shown with the AR of 2 and 0.5 in figure 9(b1,b2). The segment dose per hit and probability
of hit at constant diameter can change 2.5 times between the two choices of segmentation in
this example calculated by equations (8) and (9). A constant AR along the dendrites with
varying diameter provides a dose distribution following the same normalized chord length
distribution. A large AR with elongated cylinders reduces the number of total segments per
neuron and may reduce the computation time. However, interpretation of figure 5(a) where
most of the dose deposition events take place at H#=dc,indicate that the AR should be
around one. Figure 9(c) shows the same dendritic branch with AR=1. Here segment lengths
are reduced as dendritic diameters get thinner but keeping the same dendritic branch volume
constant.

4. Discussion and conclusions

Studies of the microdosimetry of spheres (Gersey et a/ 2002) and cylinders (Charlton et a/
19854, Ziebel et a/ 2008, Wroe et a/ 2007) have been made in the past for applications in
DNA damage induction, micro-electronics damage, and for radiation detection. A key
difference for studies of ED in neuron cells is the significant variability in volume
dimensions to be considered. This variability along with the large computational times
required for Monte-Carlo track structure simulations, especially for high energy particles,
led us to investigate methods to improve computational efficiency while considering both
spherical and cylindrical volumes. The chord length analysis of convex bodies was
extensively studied by Kellerer 1971, 1984, 1985. Cylinders and spheres are examples of
convex bodies, while large scale electronic devices (Katz et a/ 1997) or cellular structures
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(Penfold et a/2014) can be built up using these micron scale components to investigate
spatial dose deposition by charged particles (Kellerer 1985; Charlton et al 1985a, 1985b;
Nikjoo et al 1991). Focus on enzymes (Butts and Katz 1967), proteins (Davies 1987, Du and
Gebicki 2004) and DNA (Nikjoo et a/2001) structures has been used to explain cellular
damage by particle tracks of electrons, protons and heavy charged particles. An important
feature of these studies is the use of a threshold in event sizes to describe damage induction,
and the high ED events produced by the track core which suggest qualitative differences
may occur in damage induction. Similar concepts can be used in developing models of
changes to dendritic morphology.

The elongation of cylinders (either oblate or prolate) leads to deviation from an equal height
and diameter (AR=1), which exaggerates the dosimetric difference with that of spheres
(figure 4). A simple expression by Cauchy (equation (9)) provides the mean cross-section of
convex bodies including cylinders, hence mean number of hits by primary beams at uniform
isotropic fluence in equation (3). Likewise, primary track dose per hit is proportional to
chord length in equation (8). The mean number of &-ray hits in equation (4) and nearly
constant mean number of secondary ED events per micron discussed in section 3.5 extend
the same conclusions of mean number of hits and dose deposition per hit. By changing the
aspect ratio of cylinders at a constant volume and keeping the product of mean number of
hits and chord length constant, the same average macroscopic dose is obtained. Spheres
always have the larger mean dose per hit and the smaller mean number of hits than the
cylinders.

Computational time was a challenge in this study mainly arising from the requirement of
sampling over many stochastic beams at a given Rpggzn- Increases in particle energy and the
radial extent of track expand the number of particle beams as the square of Rgg,; at constant
fluence. To obtain accurate statistics of the Rsto Rpratio and probability distribution of

Df,fl necessitates capturing hits by &-rays over large radial and longitudinal distances from a
particles path. However, two observations in this study motivate a fast sampling procedure.
First, if the ratio of Rgto Rpand production of &-rays scale with the LET ratio of particles,
then a generic value can be utilized. Second, the number of &-ray hits as a function of impact
parameter decreases by power law in figure 3(d), which is also suggested by the log-linear

distribution in figure 3(c). However, the impact parameter independence of Df;:l distribution
leads to sampling at smaller Rgq 4, to create the CDDF of secondary dose in figures S.2(b)
and S.3(b).

Dose deposition by particles (*H, 3He, 12C) at given Dy, £were investigated for interest in
therapeutic implications of normal tissue damage in Hadron therapy. The ratio of total

secondary dose by &-rays to total dose deposition (D, /D, ) is defined as 1- Cy4c4(0) with
values for Cy504(0) is given in table 6. Although high LET carbon ions generate 2-fold
higher maximum initial energy electrons than protons, the mean dose deposition per &-ray

crossing, 5?,’:1 in tables 3 and 4 and CDDF profiles in figure S.2 and S.3 are very similar for
these ions. This supports that dose deposition by the &-rays is very similar for the particles
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investigated. The main difference is the number of primary particle tracks at given Dy £and
their mean number of hits inversely scales with the LET7 values in equation (3).

The biological response to particle tracks in cellular microdosimetry can be evaluated in
terms of the mean number of primary beam hit Ppand threshold of biological response to
primary beam dose deposition given in CDDF in figure S2.(a) and S.3(a). Responses should
be governed by Ppfor carbon ions, at low dose, Dy £(e.9 Dy £<0.2 Gy) and small V¢, as
in figure 8. The high ionization of carbon tracks and large could play a causal role in
dendritic pruning. The micro-compartments under proton irradiation are hit at higher
probability than 3He or 12C beams. One caveat comes from the size of stochastic ED events
along the particle tracks. As the number and ED per voxel change a constant chord length

can have varying Df;,l distribution as shown in figure 5. The presence of high ED events on
the voxel energy spectrum (e.g. >200 eV/voxel) in figure 6(d—f) could play a key role in the
radiation quality dependence observed in changes in dendritic morphology (Pariahar et a/
2015a, 2015b).

Stochastic simulations and numerical analyses highlighted a methodology to find primary
beam and &-ray dose depositions in micro-volumes. Three parameters are needed for

statistical sampling of ED for a given V/,;.,: dose distribution of primary th1 and &-rays

Df,’:l per particle, and ratio of electron tracks (Rs/Rp) per particle beam. In addition, the
frequency of &-ray hits to a given V;;qr0as a function of impact parameter (figure 3(d)) can

be further investigated. A fast computational method to extract the CDDF of D,};l in figure
S.2(a) and S.3(a) would be to place the target volume in an area were the radius is scaled by

the diagonal length of V.. At first, the CDDF of Df,fl seems to require computational
intensive sampling in a volume that scales with Rggz,,. However, the impact parameter

independence of Df;:l in Fig. 3(c,d) supports that smaller values of Rg.;, can be considered.
Because the highest electron energies increases with the particle energy, higher energy

particles of interest for space radiation studies, may have impact parameter an Df;jl

dependence (or CDDF) for Df;:l that depends on the initial electron energies. These
questions can be tested with similar Monte-Carlo simulations as considered here.

A question arises on how to segment a continuous tube-like structure like the dendrites on a
neuronal tree to sample the spatial dependence of ED events. Features of dendrite arbors
include branching, spanning in 3D-space, and reduction in diameter toward to tips of
branches. These features suggest dendrites to be represented as cylinders in a mathematical
reconstruction. We showed that the microscopic dose and probability of hit in micro-
volumes at given fluence depend on the elongation of cylindrical structures. As a first
approximation, a long dendritic segment can be kept as a long, constant diameter segment
with large aspect ratio. Alternatively much shorter segments with slowly changing diameter
and rotation in space may capture detailed 3-D features of the biological structure. The
differences in ED events between a long segment volume and smaller segment volumes are
the higher probability of hit and lower dose per segment to the larger volume segment.
Because the diameters of dendrites are constrained by the biology of their formation and
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regulation, we suggest the segment lengths for modeling damage should be on the order of
its diameter. In addition, having the same aspect ratio for segmentation facilitates a
consistent dose prediction of dendritic branches in different neurons or neuron types that can
be compared for irradiation response. Neuronal spines are protrusions from dendritic
branches with variable sub-micron volumes and diffusion limited neck structures (Alp et al,
2015). Therefore, their segment sizes can be distributed as cylinders with different aspect
ratios with the statistics of distributions are being confirmed by experimental observation.

Biological damage could arise from multiple hits and accumulated total dose in the same
segment or a global response to uniform dose deposition along the segments of dendritic
branches. For the former case, we note that changes in dendritic morphology described by
changes in total dendrite length could reflect multiple pruning sites along the dendrite which
contribute to observed changes in morphology (Chakraborti ef /2012, Parihar et a/ 2015a,
2015b). Therefore, the dendritic damage profile under low LET maybe similar to random
pruning sites, while high LET radiation could lead to a pruning site distribution reflective of
the particle track structure. These possibilities will be considered in future work with the
methods developed here, including calculations for particles of higher kinetic energy and
charge numbers such as 28Si and 56Fe.
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Refer to Web version on PubMed Central for supplementary material.
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Highlight

. Exposures to protons and heavy ions may harm patients and astronauts by
altering cognition and memory

. Risk assessment must consider ground based research using animal models in
order to project the risk to humans

. We describe methods to evaluate microscopic energy deposition in dendrites
and spines that comprise neuron cells

. This work supports the understanding cognitive changes caused by protons
and heavy ions
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Log( Dusc(?%

() (d)

Figure 1.
Analytical (a) and (b) stochastic dose calculation in a sphere of particle track beams. The

track structure is presented for 12C at 59 MeV/n with a sphere of radius 3 pm (a), (b). The
analytical dose calculation described in the text and its derivation from the stochastic
simulation, Cycis calculated for the cases if track source point is inside (c) and outside (d)
the segment of the sphere.
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Figure 2.

(a) Primary beam and (b) secondary electron tracks pass through the target cylinders and the
chord length distribution of primary beam tracks normalized by the maximum length,

AL cp n) are plotted for cylinders with different ARs (c—f). The red dots on (a,b) represents
voxel coordinates and central black line is the line approximation of the same track. Black
lines of A{Lcx a) are analytical and red dots are the binned simulation results (c—f) for IH at
32 MeV.
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Figure 3.

(a) A primary beam track, (b) the chord length distribution of primary tracks normalized by

the maximum length, fLcx ), (C) Di;jm as a function of impact parameter, 6 and (d)

CDDF(b) of impact parameter are plotted for spherical target volumes. The results are
presented for 3He beam and Vsph1 (dsph=0.545 um) in (a,b) and Vgph3 (dspn=2.210 pm) in
(c,d). The blue line in figure 4(c) shows the slope on linear scale

(D‘S’1 (Gy)=constant+slope x b)which fits to a negative slope; 0.1504 — 0.00184x b Gy.

Sph,1
Similarly, the slope on log-log scale plotted as a red line in figure 3(c), is positive valued;

Log(D%' Y= constant+slope x Log(b)= — 1.2057+0.05698 x Log(b).

Sph,1
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Figure 4.

(a) Mean cross-section, A, , mean number of hits, P, and (b) mean chord length L, ., in
cylinders depend on the aspect ratio, AR. The red lines are constant valued quantities for
spheres at given V-, and black curves for cylinders are plotted by changing the AR and

keeping the same V., values.

yl
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Figure 5.
The dose distribution of primary beam hits follow the product of chord length and chord

length distribution in cylinders and spheres. The insets in (a, b) are the AL cp) of the Vcyi3
and Vsphs. The linear slopes to the data sets, red lines are nearly equal in (a) and (b). The
dose-frequency plot in (c) that is normalized by the number of events in the cylinder volume
under the same fluence is plotted for the data sets on (a, b). The vertical black and red lines
are the mean dose.
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Figure 6.
Total voxel number (first column) and voxel energy distribution (second column) of primary

beams in Vcyi3 (&, b, ¢) and the core of voxel energy distribution for (*H, 3He, 12C) (d, e, f).
The AT.V.N.) is the distribution of total voxel numbers and the AV.E.) is the voxel energy
distribution of the core region defined as the inner 100 nm radial distance of (*H, 3He, 12C)
at (32, 38, 59) MeV/n.
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Figure 7.

Total voxel number (a, b, ¢) and voxel energy distribution (d, e, f) of &-rays confined to
Veys for (*H, 3He, 12C). The voxel energy distributions, fV.E) (d, e, f) are obtained for
voxels outside the 100 nm radius of 20 pm tracks generated by the RITRACKS code.
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0.8
0
0 0.5 1
0.002
0
0.001 0 0.2 0.4

Dose(Gy)

Normalized dose distribution ADose) at Dy 0.2 Gy in cylinders (Vcyi1, Veyiz, Veyias
Vcyia) (column 1 to 4) for (*H, 3He, 12C) particles (row 1 to 3) sampled over generated
libraries. A large percentage of volumes get no-hits by primary beam or scattered electrons.
Higher dose values in the dose distribution come from either primary beam hits like in 12C
in (c) or combinations of primary particles and &-rays crossing the volumes for H in (a).
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Figure 9.
(a) A pyramidal neuron and (b) its continuous dendritic branch is segmented to different

segment lengths (c) to find segment’s doses under 3He (38 MeV/n) irradiation. The
segments have the aspect ratio of (0.5, 2, continuous, 1) (b1, b2, b3, c) on the panels.
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Table 1
Geometric factors of the micro-volumes.
Geometric Descriptor Vmicro,1 Vmicro.2 Vmicro.3 Vmicro4
Vmicro (MM3) 0.085 1.131 2.011 5.655
Sphere: dgpp (M) 0.545 1.293 1.566 2.210
Cylinder: (H, dcy) pm, H/deys | (0.3,0.6),0.5 | (1,1.2),0.833 | (4,0.8),5 | (5,1.2),4.167
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Table 2

Analytical and simulation results of mean chord lengths, Z .

L

Ch,Sim /L Ch, Theory

Cylinder:

Geometric Descriptor Vmicro,1 Vmicro,2 Vicro,3 Vicroa
— 0.363+0.129 | 0.862+0.305 | 1.044+0.369 | 1.474+0.521
Sphere: LC}uThwy, mean+SD pm
— 0.300+£0.163 | 0.750+0.385 | 0.727+0.356 | 1.071+0.552
Cylinder: L Ch, Theory, mean+SD pm
— — 1.211 1.149 1.435 1.375
LC}L,Sph/L Ch, Cyl
— — 0.995+0.003 | 1.003+0.015 | 0.997+0.008 | 1.002+0.023
Sphere; LOhA,Sim/L Ch, Theory
1.020+0.001 | 1.004+0.028 | 0.993+0.010 | 0.992+0.012

Lc;L,Thw,,y; Analytical result

Lcn,sm; Simulation result
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