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Why do we need proton CT?

IOP PUBLISHING PHYSICS IN MEDICINE AND BIOLOGY

Stoichiometric calibration Phys. Med. Biol. 57 (2012) R99-R117 doi:10.1088/0031-9155/57/1 1/R99

TOPICAL REVIEW

Range uncertainties in proton therapy and the role of
Monte Carlo simulations
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Uncertainty in proton stopping power leads to
uncertainty in where protons stop
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Why do we need proton CT?

Proton CT
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Aim to reduce stopping power uncertainty to 1%
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HADRON COMPUTED TOMOGRAPHY

A 40 years old idea
The first alpha scanner ever trialled on humans
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»:mmhwv right place, and this requires knowing
the variable specific ionisation of the
tissue through which the protons must
pass.

o HELIUM 1ONS

A. M. Cormack. Representation of a Function by lts Line
Integrals, with Some Radiological Applications. Journal of
Applied Physics, 34(9), 1963.
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K.M. Crowe et al.. Axial Scanning with 900 MeV Alpha Particles. Nuclear Science, IEEE Transactions on, 22(3):1752-1754, June 1975.
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Basics of proton CT

Entry trajectory
Exit trajectory Repeat millions of times!
\ \ Energ)’Absorbed

Entry trajectory Q Exit trajectory Energy apsorbed™ EN€rgypeqm - EN€rgypegayal

Tracker 1 Tracker 2 Calorimeter

G. Poludniowski et al., Br J Radiol 2015; 88: 201501 34.

Catego Parameter Value
gory
=200 MeV (head)
Energy
Proton beam =250 MeV (body)
Flux” =3000 protonscm *s >
Imaging dose Maximum absorbed dose” <20mGy
Spatial resolution, o ~1 mm
Image quality - -
Relative stopping-power accuracy <1%
Data acquisition time <10 min
Time
Reconstruction time <10min
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Basics of proton CT

Multi-wire Proportional Chambers
Double-Sided Strip Detectors
Scintillating Fibres Hodoscopes
Gas Electron Multiplier detectors

y
&N

Tracker 1 Tracker 2 Calorimeter V.A. Bashkirov et al., Med. Phys. 43,

Scintillator-based calorimeter
Plastic scintillator stack

/

PRaVDA

The first solid-state energy-range detector
for proton CT.

Unlike calorimeters, position sensitive
detectors allow for multiple proton tracks
to be detected in a single readout cycle
potentially reducing CT scan times.

D. Lo Presti et al., J. Inst. 9, C06012, 2014
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Detector technology

CMOS Active Pixel Sensors Silicon Strip Sensors

* 2D-positional detectors * |D-positional detectors

* Analog readout * Binary readout (in our

* kHz readout (high occupancy per R/O implementation)
cycle) * MHz readout (low occupancy per

* Moderately radiation tolerant R/O cycle)

* Mosaic tiling of edge-less sensors to cover * Radiation tolerant to LHC doses
larger areas * Dead areas when tiling to larger areas

¢ High material budget * Low material budget
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The PRaVDA proton CT system

2 tracking units i Range telescope

- 1’:;‘_:-1- == .

* 4 sets of 3 layers of
Silicon Strip Detectors
(SSD)

* Crossed at 60°
Range Telescope

* 21 layers (SSD)

* 1D tracking
Readout frequency = 26 MHz

Max hit rate = 2x108 hits/second
(uniform field)

Total data throughput = 66 Gb/s
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Why do we need a Monte Carlo simulation?

Detector design

. 2 different technologies
. SSD derived from HEP
. CMOS sensors derived from medical imaging

Radiation tolerance and shielding
Tracking algorithms (trackers and range telescope)

CT reconstruction algorithms
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Treatment
Collimator

Compensator

Phantom
7 cm diameter

N\

Strip Trackers

Range Telescope

Geant 4.10.1
Standard opt_3
QGSP_BIC

University of
Birmingham BlueBEAR
HPC cluster and GridPP

More details on beam line models in Tony Price’s talk yesterday:“Code sharing of MC beam models for advanced
radiotherapy” (ID:201) and poster “A validated model of the University of Birmingham Medical Beamline (1D:248)
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SuSi — validation results

iThemba beamline
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University of Birmingham beamline
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Proton CT reconstruction algorithm

Novel algorithm for CT reconstruction:
Back projection-then-filtering

Stopping power uncertainty <0.2%

2

Reconstructed
(perfect knowledge.)

Reconstructed (less
perfect knowledge)

----- Soft Tissue ICRU
----- Bone Compact ICRU
..... PMMA

Relative Stopping Power

0 20 40 60 80 100
Pixel

Poludniowski, G., Allinson, N.M. and Evans, PM., 2014. Proton computed
tomography reconstruction using a backprojection-then-filtering
approach. Physics in medicine and biology, 59(24), p.7905.
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The PRaVDA CMOS imager

Design specifications: <.
o 0.35 um technology gl
o 5 cm x10 cm imaging area 2 [ -‘é, H Pixel array
o 3-side buttable § — =
o 194 um pixel >0 O
o 150 e- noise floor 1 [
o IkHz frame rate (I | bits) [TTTTTTTTTT]
o Column pre-amps + S/H stage
ower
wpmtes+ | TITTTTTTTIT]
bias control Column ADC + registers
HEEEEEEREEEN
Patient collimator 29 MeV pro’rons signql Temp sensor| X-address decoder + multiplexing
spectrum [ [ 1 [ |
1800
1600
1400

LVDS output drivers

Frequency

Further readings:

M. Esposito et al, . Inst 2015; 10 (06), C06001
T. Price et al., ]. Inst. 2015;10 (05), PO5013

0 oy G. Poludniowski et al., Phys. Med. Biol. 59
(2014) 25692581
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Charge sharing model

Charge
generation

Charge
collection

Parametric
charge sharing

Charge diffusion Digitisation

Geant4-based simulations of charge
collection in CMOS Active Pixel Sensors,
M. Esposito et al., Jinst 12 P03028,2017
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Integration into the Geant4 toolkit

—______\

CMOS I ‘
|

specifications Radiation field

(pixel size, noise, I (proton beam,
gain, epi layer CMOS charge X-ray tube etc.)
etc.) . Geant4
. 1 sharing model —
User-specified I
parameters set up I i
through a macro system Ad-hoc CMOS classes are complied together
with standard Geant4 classes to produce a l
#H0S Eps. e . Geometry
e single executable
Jtantenstra/setEpisizex. o016 mn —_— e am s s s o (phantom,

detectors etc.)

#CMOS  Substrate

/testem/det/setSubMat Silicon ‘
/testem/det/setSubSizeX 0.753 mm

/testem/det/setSubSizeYZ 10 cm

/testem/tra/setSubSizeX 0.753 mm

A CMOS image

Each pixel value corresponding to the
expected DN, given the experimental
parameters and the detector specifications

Flexible tool which can simulate
commercial CMOS sensors for any

medical application (radiography, portal
imaging etc.)
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PRaVDA proton CT

R 0]

X-ray CT pCT

i)
(%]
(18]
far
C
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% Material | Density | Expected | pCT | Percent
— [g/cm?3] RSP RSP | error
N pvma | 116 145 [ 115 ] 0.0
& AP7 0.92 095 | 094 | -07
e 1.00
o WT1 1.00 0.98 -1.6
O 1.40
< RB2 1.21 1.22 1.2
20 1.84
T SB5 ' 1.63 1.62 -0.4

in1o [ 0290391 905 |020%| -
8 AR 0.00 0.00 |009*| -
©
]
° *The image slices containing the LN10 insert and air cavity
= manifest streak artefacts that compromise quantitative
accuracy. For that reason, percentages error is not shown for
these two materials.
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Conclusions

* PRaVDA has developed 2 solid-state technologies for proton CT
* Design heavily relied on MC simulations
 Simulation of charge sharing in CMOS Active Pixel Sensors
* Model of a multi-step process from e/h pair generation to digitalisation
* Flexible tool to be integrated into Geant4
* Developed for proton CT but can be seamlessly extend to:
* Different commercial CMOS sensors (just setting sensor specs)
 Different radiation field/geometry
* E.g. radiography, mammography, portal imaging, fluoroscopy etc.
* Happy to share the code for different applications/experiments

mesposito@lincoln.ac.uk

* On our first proton CT stopping power uncertainty equal or lower of 1.6% -
preliminary analysis
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