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Hadrontherapy
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Range sensitivity: Small changes in patient
anatomy significantly shift the Bragg Peak position
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Challenge: Develop real-time range

verification methods to ensure accurate dose
administration Comparison of the energy loss of protons, carbons and X-rays in water. The

Bragg peak is clearly visible for protons and carbons, while X-rays show a
continuous energy loss (Durante et al. 2016).




The Prompt Gamma Time Imaging (PGTI) project

TIARA detector: Beam monitor + Prompt gamma detectors

Physics Principle: Protons interact with patient

nuclel, emitting Prompt Gammas (PG) along their
path

Mechanism: PGTI project develops the TIARA
detector to measure Time-Of-Flights (TOFs)

Encoded Information: TOF depends on two

unknowns: the emission position and the proton
velocity

Beam
(100 MeV)
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2. Setting of the problem



Setting of the problem

For one prompt Gamma emitted A, the total Time of flight reads:

(4, v) + Tpr(A)

Tec Pixel detector

Beam monitor ’ (X, tstOp) T(/I V) — pl" olon
(tstart)

5 J Ll
v(s) C

PG vertex "
(A) Where:

c: speed of light
v: the velocity of the proton

For n prompt gammas, the emission positions are denoted by 4 = [4,,..,4 ] € R"
1.
I(A,v)=| ——dsH : VO<i<n
o V() C
The proton mean velocity, discretized on spatial dimension, is givenby v = [v,,.., v, ] € RY, Let's take y=1[1/v,...1/v)] € R4
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Setting of the problem

For n prompt Gammas emitted A = [4,..,4 ] € R", the total Time

of flight reads:
Tpc Pixel detector J

e TG 7) = Typon 1) + Tyl
— A7+ [A—x|

sEEshEaEsEEsEEEEEEEEEEEEEEEEEEEEEEEESE » C
0
PG vertex Where:

A
(4) C:. speed of light

Beam monitor
(tstart)

X = [x;,..x,] €R" the detected position of prompt gammas

n-

Y =17, --,74] € RY the velocity of the proton

Objective: rind 1crycRr?

| |
minJ(A,7) = — || t = T(A,y) ||

Ay 20 2

Where: =t

stop l

start




settlng Of the prOblem For n prompt Gammas emitted A = [4,,..,4 ] € R", the total Time

of flight reads:

. Tpc Pixel detector -
Bear?t mo)nltor 4 (X, torop) T (A,, }') =1 proton(/l’ }’) + T PG(A‘)
start
[A—x]]
= AD)y+—
SEEEjfEEsEEEEEEEEEEEEEEEEEEEEEEEEEEEEE >
PG vertex s VWhere:
() c: speed of light
X = [x,..x,] €R" the detected position of prompt gammas

Yy =1y, .-.74] € R? the velocity of the proton

Objective: Fina 1R 7R’
i » ill-posed problem !!!

minJ(A,y) = —
Ay 202
NON-CONVEXITY

Where: [ = tstop o tstart
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An alternating minimization approach ?

Tpc. Pixel detector
Beam monitor *  (x tstop)

(tstart)

PG vertex Y

Requires Bi-Convexity! ™
. 1
minJ(4,y) = > |t =T, 7) ||? TA,y) = Tpmmn(}h’ 7) + Tpe(A)
Ay 20
[ = tstop o tstart

t=1I1,..,1,] € R

y=[yl,..,yd]€Rd 10



An alternating minimization approach ?

v

Requires Bi-ConveXxity!

minJ(A,y) =
Ay

=1

stop l

start
Step 1: Fix y

A

Step 2: Fix A
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Tpc Pixel detector
Beam monitor ® xt.,)
s *stop

(tstart)

PG vertex °

(M)

T(AW y) — Tproton(ﬂﬂ y) T TPG(A')
_ Ay
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An alternating minimization approach ? —> Requires Bi-Convexity!

. 1
minJ(A,y) = — || t = T(A,7) ||?

: 202
Assume that the proton mean velocity is known w °

. 1 2 &i‘
min J;(4,y) = - |t —=T(A,7) |
AER" 20

\_ w,

Proposition: 4 — J;(4,.) is quasi-convex on [4

min’® max]

1
o /(1) = ') — 1(4))

G2

1
o Ji(D) = — (T4 = T' (W)t = T(2)

J, has global minimum at A* = T~(?)
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max]
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An alternating minimization approach ? —> Requires Bi-Convexity!

( N
| 1
. 1 ln](/lal’):ﬁ It —TAp) |I°
*Assume that the proton mean velocity is | minJ,1,7) = — 1£=TG. ) A | * c
AER"
known k - ° J

Proposition: A — J;(4,.) is quasi-convexon [A_ . A ] \V

cAssume that the distribution of prompt gammas is known

( 1 h
minJ,(4,7) = — || b—Ay ||
m, (A7) = 1 b=A7 |
Proposition: y — J,(.,y) is convex Vy v
J5(y) = Al(b — Ay)
J(y) =A'A

°Jé’(}') > 0 13



An alternating minimization approach ?

Alternating algorithm

g . " 1
Initialisation JiA, 1) === lt—T@A,7) |4

For I = Oa'-aNmax jz(A'a },) —

1 [ [ 2 2
s WAB=A"AY I + 1 7]
A, =argmin J,(4,7,) —

Regularization term

AER"
Yi+] = argmin J (A 15 77)
yeR? o I, = diag(A'A)
Update » Accounts for local sensitivity
Vi = Vi1 » Improves stability of the inverse problem

Ai = Ay
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4. Numerical results



Estimating Both Unknowns via an Alternating Algorithm
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Reconstruction of the GP position
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Counts

Estimating Both Unknowns via an Alternating Algorithm - Empty sinus
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Counts

Estimating Both Unknowns via an Alternating Algorithm - Empty sinus
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Counts

Estimating Both Unknowns via an Alternating Algorithm

Full sinus case

Reconstruction of the GP position
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Counts

Estimating Both Unknowns via an Alternating Algorithm - Full sinus

Noisy Data
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Preliminary Results



Counts

Estimating Both Unknowns via an Alternating Algorithm
(Experimental Data- ES case )
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Counts

Estimating Both Unknowns via an Alternating Algorithm
(Experimental Data- FS case )
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9. Perspectives



Perspectives

* Using Al In combination with the alternating algorithm to improve result accuracy

» Extending the reconstruction approach to full 3D geometries
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