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Motivation

» Cancer treatment:
surgery,
chemotherapy,

radiotherapy,
immunotherapy

e Radiotherapy:
uses ionizing
particles
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surgery, chemothérapy,

radiotherapy,
immunotherapy

Radiotherapy: uses
ionizing particles

What kind of particles?
> Photons

> Protons
> Heavy ions

; treatment

room 1
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Problems with imaging - and the solution

a protonCT

e protonCT

X-ray CT vs. proton CT

b X-raycCT

Today X-ray CT is used

We need to know the range of the
protons — Relative Stopping Power
(RSP): how much does it slow down in
a material compared to water

Difference between the absorption of
photons and the energy loss of protons
— conversion is not accurate between
Hounsfield units* and RSP

Solution: let’'s do the imaging with
protons! = proton CT

*The quantitative scale of X-ray absorption
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The Bergen pCT Collaboration

Irradiating the phantom
with high energy (~100
MeV) protons

.

Detector system senses
the signals

.

Processing the
signals

» Based at the o B
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B | umummumu'

il
University of Bergen |||||||l|1|HWI|I|

Goal: to build a \‘ N ]..m
proton CT based on
the high-energy
particle detectors
used in the CERN
ALICE collaboration
(technology transfer)

The detector system
is based on the
ALPIDE chip
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The cross-sectional image (A) and the photograph (B) of the
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Image reconstruction
techniques

N\

Integral transformations = Radon, Inverse Radon Iterative reconstruction techniques

> Cannot be used for proton CT (due to nuclear > Model the problem as a linear equation
scattering of protons) system

Projections

Object <
I'“ crsion = A : X = y
‘ _ Matrix that contains / ~—

Source

D interaction coefficients Vector that contains
B between protons and the known WEPL
Original Radon Transform Reconstruction plXGIS/ voxels

) values of the
Vector that contains  protons

estimated proton
RSP values
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Initial image
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Iterative methods for image reconstruction

Initial
image

>

- Corrections
A

Corrected
image
\ 4
N Corrections
iterations

Corrected
image <
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Iterative methods for image reconstruction

Initial
image

>

- Corrections
A

Corrected

Satisfactory
image
image
Converged
corrections

\4

N Corrections

iterations

Corrected
image <
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Number of

. . iterations
The Richardson-Lucy algorithm Vector containing
/ WEPL values
« Statistical iterative algorithm - /
* Maximum Likelihood - 1 Ui
Expectation Maximization :CifC+1 = ZUf Z L 2 Az’,j
(ML-EM) Zj A j j Zz Al’jxj
* Originally used in optics 4 Positiont
* Input data: from detector or A phantom oy
Monte Carlo 5 I
e MLP calculation _ w&_@om,em) ;
« RSP-distribution calculation /?M | K
£ o W
Very difficult technically (~millions of proton ] /
trajectories) " ot = (o gl Youta = (foua fow a1
> Using GPU (CUDA) : :
> Goal: Finding optimization regarding the ++— Gentry—>¢— WETpranton >4 ety ——n
number of iterations and protons = U Uog Deptha
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Development of the framework

Steps of the framework

Generating data with
Monte Carlo

H Simulations with Geant4 & Gate =9 Very time-consuming!

\ 4

Adding simulated
measurement errors

1.3 MeV (based on studies) & .
-3 uncertainty for the kinetic energy Parallelization
of the protons

v

3-sigma filtering

Filtering directions and
> WEPL values of the Shorter runtime

\ 4

protons (hours = minutes)
(~10¢ protons)

MLP calculation

Calculating the most likely position of
> protons going in and coming out of
the cylinder around the phantom

with Richardson-Lucy

Calculating RSP distribution

C++ code accelerated with GPU (using CUDA): different parts
run in the GPU kernels (WSCLAB) = Nvidia GTX 1080 Ti

GPU, 32 GB RAM
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Development of the framework

Calculating RSP distribution with

Richardson-Lucy

« Data to be processed is grouped in batches
« The consecutive iterations are compared
« |f MSE < given threshold before the 10

iteration, threshold gets divided by 2,
otherwise iterations stop in that batch

2

Significant speed-up in runtime

Processing data in
one batch

MSE < given
threshold

MSE > given
threshold

i

Processing data in
next batch
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Evaluating the algorithm - phantoms

Derenzo phantom CTP404 phantom
« 200 mm diameter water cylinder with 6 « 150 mm diameter epoxy cylinder with 8 different
rods » Used for measuring reconstruction accuracy for
* Used for measuring spatial resolution RSP
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Spatial resolution with Derenzo phantom

Particles & Plasmas
Symposium, 2024

16



Object
Modulation Transfer Function (MTF)

Image Space .
MTF
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Spatial resolution with Derenzo phantom

Determination of the MTF0%

1. Get the (avg) PSF from each rod size (that is still
distinguishable?)

i. Subtract the mean background
ii. Rotate and cut the Area Of Interest (AOI)
iii. Try to search for the unique blobs
iv. Avg. the blobs
2. Get the MTF from the PSF
i. 2d Fourier transform of the PSF
ii. Radial profile
iii. Sigmoid fit
iv. Take the 10% value

Zso6fia Jolesz
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1.04

0.0

2.0 * 10° protons

e 6.0 mm: MTF10=0.86
® 5.0 mm: MTF10=0.92

Frequency [lp/cm]
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0.0

1.22 * 10° protons

e 4.0 mm: MTF10=1.93
e 6.0 mm: MTF10=1.36
5.0 mm: MTF10=1.53

Frequency [lp/cm]
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Average MTF10% [Ip/cm]
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RSP reconstruction accuracy with CTP404 phantom

2 - 10*proton

5 - 10°proton

10° proton

7 - 10°proton
sofia Jolesz
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2 - 10° proton

1.1 - 10°proton
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RSP reconstruction accuracy with CTP404 phantom

Ground truth

Gaussian blur
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2 - 10*proton 3.4 - 10°proton
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Comparison to other results in the literature

MTF10% values
Reference - Reference -
ideal realistic
MTF10% 2.6-3.7 2.4-3.0
[lp/cm]

Solie et al., 2020

RSP reconstruction accuracy

e ~1% for Wang et al., 2010,
runtime is more (Bayesian
interference-based proton path
probability map for MLP
calculation)
» ~6% for our research, runtime is . .
less (Cubic spline fitting for MLP paréif;@aﬂﬁizmas

calculation) Symposium, 2024
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Summary of achievements and future plans

* | have optimized a framework that utilises the Richardson-Lucy algorithm for pCT
image reconstruction

» Tested the framework on two phantoms
 TDK Thesis = 3™ place

e Algorithm needs further developments for clinical usability = MLP calculation,
shorter runtime, realistic phantoms, etc.

e MSc Thesis
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