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Abstract For scanning transmission proton microscopy tomography, to compare cell images of the proton stopping

power and relative electron density, two cell phantoms are designed and simulated by code FLUKA. The cell images

are reconstructed by the filtered back projection algorithm, and compared with their tomography imaging. The images

of stopping power and relative electron density slightly vary with proton energies, but the internal images are of clear

with high resolution. The organic glass image of relative electron density reveals the resolution power of proton

tomography. Also, the simulation results reflect effects of the boundary enhancement, the weak artifacts, and the

internal structure border extension by multiple scattering. So using proton tomography to analyze internal structure of

a cell is a superior.
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1 Introduction

Observing the internal structure of cells is a major
issue in biology and medicine!", while biological cell
imaging is available currently’®. Scanning trans-
mission proton microscopy tomography (STPMT), as
an emerging technique of high-contrast, low-dose and
low-noise for non-destructive analysis of the cell

. 3-15
spemmen[ ]

, has an potential for producing the
structural images of cells® 131 On passing through
a sample along an approximately straight-line path of
MeV proton microbeams, energy loss of the protons
can be measured. The data can be used to reconstruct
internal structure of the cell sample and elemental
mapping can be done by particle induced X-ray
emission (PIXE)[”].

In this paper, we aim at comparing the STPMT
cell imaging using the proton stopping power with the
electron density. The proton beam imaging is
simulated by the Monte Carlo code of FLUKA. The
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proton energy loss and the electron density integral, as

the projection of CT reconstruction!'*"?, are used to
rebuild the internal structure of the cell, thus revealing

the capacity of STPMT reconstruction.

2 Principle of STPMT

The principle of proton imaging was presented with
the back projection algorithm and parallel scanning
geometries. The discrete sampling with convolution
filtering was provided for computer implementation of
this algorithm in the tomographic reconstruction.

2.1 Principle of proton imaging

The X-ray computed tomography (CT) imaging based
on the X-ray linear attenuation is characterized by
Beer Law, describing the intensity reduction as a
function of path length, X-ray energy and material
linear attenuation coefficients:

—u(E)d!

H(L)= b 0
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where ¢ is intensity of the incident X-ray, (L) is
intensity of the final X-ray at the position L, and (F)
is the linear attenuation coefficient of the X-ray in the
specimen. Then intensity ratio (S,) of the initial X-ray

versus final X-ray can be expressed as
L
S, =In(go/H(L) = [ w(E)dl - ©)

The S, is referred to as projection. The (E) is
calculated by the back projection reconstruction
algorithm.

Energy loss of the incident protons, caused by
inelastic collision of the protons with electrons in the

[9]

specimen' -, is described by Bethe-Bloch-equation,

and defined as!'”'®):

AE=E, —Ez—joLdl(dE(l)/dl) )

- JOLS(I,E(Z))dl

where Ej, is energy of the incident proton, E(/) is
proton energy at the position /, and —dE(/)/dl, or
S(L,E(])), is the linear stopping power at E(/).
Comparing Eq.(2) with Eq.(3), the energy loss
can be used to reconstruct the average stopping power
and electron density with the
reconstruction method (BPRM)™?”
distribution of relative electron density in proton beam

back projection

. In principle, the

direction is calculated by measuring the proton energy

loss.
According to Bethe-Bloch theory, the stopping
power S(/,E(])) can be expressed by as' "',
__dEW)
S(,E()) = T 4@

=n ()L, E)]
where 77.(/) is the relative electron density at the
position (/), and /(/) is the mean ionization potential of
the specimen. By disregarding the shell correction and
the density effect correction, the f/(/), E(/)] can be
calculated by Eq.(5)!'""*,

{n[ 2mc*f (E)
FE) IDI-F(E)]

SJUWD),E(D]=K ]—ﬂ2(E)}

O]
where ﬂ(E)=[1—E0/(E—EO)2]l/2 is the proton velocity
relative to the light velocity ¢ in vacuum, mec’ is the
electron rest energy, Ey =938.27 MeV is the proton rest

energy, K= 47tremeczpe,water, and 7. is the classical
electron radius (2.818x107" cm).

I(/) is unknown in STPMT. However, for
biological tissue the variation of (/) is relatively small
and the dependence of the f{/, E) on (/) is relatively
weak due to the logarithmic function. Therefore, /(/)
can be replaced by the mean ionization potential of
water ly,e=61.77¢V. The f{ILE) can be calculated for
E(]) at the position /. Eq.(4) can be integrated after

separating variables!' '

(6)
j XOUE f(lwm, )

where the left integration is performed by in- and
out-going proton energy (Ej, and Ey,) along the proton
path L. Eq.(6) is in the format of the Radon transform,
thus reconstructing the relative electron density #.(/).

2.2 Tomography reconstruction

The Dback projection algorithm for imaging
reconstruction of the parallel proton beam is described
as follows'! Deﬁnmg g(s,0) as the parallel projection
of an image G(x,y) at the location (s,/) in a polar
coordinate system, Eqs.(3) and (6) can be combined

into Eq.(7),
AE

J‘ne(l)dl J‘ dE (7)

Fou f([waler’ )

g(s,0)=

The filtered projection at the sampled points is
calculated by the discrete convolution in Eq.(8).

(M-1)/2
G'(d,nA0)=d >

m=—(M-1)/2

g(md,nAO[(I -m)d] (8)

where, G’(Id,nA6) is the filtered projection at the point
(ld,nA6), A@is the angular sampling interval in 2n, AG
= 2a/N (radians/sample), d is the sampling interval
length, / is the discrete number of the sampling
distance s, /=s/d, M is the total number of the sampling
points, and A[(/-m)d] is the transfer function of a filter
with which the projection must be processed. The
h[(I-m)d] is given by,

W1 -m)d] =2/ {md*[1-4(1 -m)’]}

| l-m| <(M-1)/2 )
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Given the filtered projection, the image G(x, y)
is reconstructed by the discrete Eq.(10),

G(x.y) = G(ld.nA0) = [ G'(ld,nA0)I0
» (10)
~ A0 G'(ld,nA0)
n=0

According to the Eqgs.(7), (8) and (10), the
proton energy loss can be used to reconstruct S(Z,E([))
and 7.(/) distribution in a cell.

3  Simulation models

3.1 Cell models for STPMT

Two cell models, and the experiment configuration,
are used to analyze characteristics of STPMT by
Monte Carlo simulation, using S(/,E(/)) and 7.(/) to
simulate the proton transport process in cells. The cell
model referred as PMMA is a @100 pmx100 pm water
cylinder containing four PMMA cylinders (Fig.1)
suitable for examining spatial resolution of STPMT.
With a density of 1.18 gem>, PMMA is also a
suitable choice for the density resolution against water.
Another cell model of the same geometry has four
small cylinders of calcium. Referred as Calcium, it is
of greater density, so as to observe contrast image of
STPMT. In geometric sizes that are comparable to
biological cells, the two models can be used to assess
the characteristics of STPMT.

Fig.1 The cell model with four 100-pm cylinders (PMMA or
calcium) of @5 um (a), @10 um (b), @20 um (c) and P40 pm in
a water cylinder of @100 umx100 pm (e).

3.2 Simulation setup

The average energy loss of the in-going proton is
obtained by the code FLUKA, and the filtered back
projection algorithm is used to reconstruct cell images.
Proton beams of 120 pmx120 pwm in beam spot and 3,

5 or 7 MeV in energy, enough to cover and penetrate
the two models, are rotated around the cell model
center, with an angular interval of 1°, to record the
projection images. The projection images of 120 pm x
120 pum are divided into 600x600 detector pixels. The
sampling number of incident protons for each beam
angle is 10°.

4 Results and Discussion

4.1 Comparison of projection

The 300" segments of the simulated proton energy
loss are extracted (Fig.2). Briefly, the contrast of
proton energy loss in PMMA cell decreases with
increasing incident proton energy. For such an
experimental configuration, using energy loss of 3
MeV protons can achieve better imaging results of the
models. At 3 MeV, the energy loss contrast is clear
(Fig.2a), while the contrast is not so obvious at 5 and 7
MeV (Figs.2b, and 2c). From Fig.2(g) of a 180°
scanning, the contrast at 3 MeV well reflects structures
of the PMMA cylinders due to different levels of
energy loss contrast. This shows a strong resolution
capability of the energy loss to distinguish materials in
densities close to water.

For calcium cell, the contrast of the proton
energy loss on scanning is similar with the PMMA cell
at 3, 5 and 7 MeV, as shown in Figs.2(d), (e), (f) and

().

4.2 Comparison of reconstruction imaging

Fig.3 shows the tomography images of the two cell

models, and their internal structures were

reconstructed with the filtered back projection
principle, based on the proton stopping power and the
relative electron density.

At the

reconstructed images of the stopping power and the

same proton energy loss, the
relative electron density are similar, revealing the four
small cylinders and their sharp edges, with the image
boundaries having obvious enhancement to improve
their perceived sharpness or acutance. At 3 MeV, the
artifacts of the relative electron density image are
more obvious (Fig.3a, and 3g). The artifacts, however,
can be possibly filtered by some type of image

smoothing filters or corrected.
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At the same incident energy and energy loss of
the protons, the stopping power images are of higher
contrast than the electron density images. The higher
energy protons have smaller d£/dx in the model, hence
the decreased contrast of the reconstructed images. At
7 MeV, the normalized images of the stopping power
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and the electron density are almost the same, for either
PMMA or calcium, as shown in Figs.3(c), (f), (i) and
(1). Figs.3(a) to 3(c), or 3(d) to 3(f), show that the
image contrast decreases with increasing energies,

with reducing artifacts.
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Fig.2 Energy loss of 3, 5 and 7 MeV protons and the 180° scanning for the PMMA model (a, b, ¢ and g); and energy loss of 3, 5 and
7 MeV protons and 180° for the Calcium model (d, e, f and h). A low gray scale indicates low energy loss of proton.

Fig.3 Reconstructed images of relative electron density for the PMMA model with proton beams at 3, 5 and 7 MeV (a, b, and c),
and for the Calcium cell with proton beams at 3, 5 and 7 MeV (g, h and i); and reconstructed images of stopping power for PMMA at
3,5and 7 MeV (4, e, and f) and Calcium at 3, 5 and 7 MeV (j, k and 1).

In Fig.4, the profiles along the horizontal
central line are extracted by comparing the similarity
of Figs.3(i) with (1), indicating the high contrast in
smooth areas and image enhancement effect in the
edge of the cell internal structures. The normalized

data for the pixel distribution is a significantly
difference between the stopping power and the relative
electron density, and the electron density image at
location 1 and 4 has a better symmetry.
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Fig.4 Profiles from the reconstructed images presented in
Figs.3 (i) and (1) along the horizontal central line.

4.3 Size analyzing of the cell internal structure

The reconstructed images above are very similar,
without size difference of the internal structure.
Diameters of the four small cylinders can be calculated
by extracting their center image data, by defining the
pixel pitch at the difference of relative 50% height as
the cylinder diameter (Table 1). Each cylinder keeps
almost constant diameter at different energies, except
the 0.2 um difference with one pixel for the Calcium,
indicating that the two kinds of reconstruction images
do not differ in geometric size. The internal structures
in the images are 0.4—0.6 um (2-3 pixels) larger than
those of the actual cylinders, due to the multiple
coulomb scattering effects in the proton tracks. This
occurs especially near the materials interface, where

the protons change their direction and fluence density.

Table 1 Cylinder diameters in reconstruction images in profiles along the horizontal central line*.

Materials Energy / MeV S pm $10 pm $20 pm $40 pm
¢S ¢red ¢S ¢red ¢S ¢red ¢S ¢red
PMMA 3 5.4 5.4 10.4 104 20.6 20.6 40.4 40.4
PMMA 5 54 5.4 10.4 10.4 20.6 20.6 40.4 40.4
PMMA 7 5.4 5.4 10.4 10.4 20.6 20.6 40.4 40.4
Calcium 3 5.4 5.4 10.4 10.4 20.6 20.6 40.4 40.4
Calcium 5 54 5.4 10.4 10.4 20.6 20.6 40.4 40.4
Calcium 7 52 5.4 10.6 10.4 20.6 20.6 40.4 40.4
Average value = — 5.4 54 10.4 10.4 20.6 20.6 40.4 40.4
Absolute error — 0.4 0.4 0.4 0.4 0.6 0.6 0.4 0.4

* ¢, cylinder diameter from stopping power imaging; ¢.q, cylinder diameter from relative electron density imaging.

5 Conclusions

From the above simulations, the proton energy loss
and relative electron density integral can be used to
reconstruct internal structures of a cell, thus obtaining
their correct geometry scales. Except for slight image
noise increase in the same cell body, the lower the
incident proton energy is, the higher the contrast of the
reconstructed image is. Also, the clear lines around the
internal structures of the cell can be used to analyze
the reconstruction image due to the edge enhancement
effect. The PMMA density can be clearly distinguished
from water by the proton beam, indicating the density

resolving power of the cell imaging in the micro-probe.

Therefore, STPMT is a good non-destructive imaging
method for cell with low image noise and high image

contrast, thus providing a more competitive tool for

cell analysis.
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