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Good afternoon. Thank you very much for inviting me to present my work at NIST.   


Probability (%)

Optimization in Radiation Therapy

* Maximize tumors control probability (TCP)
e Minimize normal tissue complication probability
(NTCP)

Prescription dose

Patient Anatomy
— Tumor control
— OAR complication
OAR Dose

Tumor Dose
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It is known that in conventional radiation therapy because of non-stopping tail of photons, due to their zero mass and neutral charge, we typically deal with partial exposure of normal tissues  
Thus there is a need to find an optimal dose and delivery approaches to achieve 
Maximum tumors control probability (TCP) with
Minimum normal tissue complication (NTCP)




Pros and Cons of lons (Proton/He/C/...) over Photon

e Dose fall off sharply in the distal edge
O Higher target coverage
O Protect normal tissues
 However more complex biological responses

Proton SOBP
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The optimization process includes changing in radiation modality from photons to heavy charge particles such as protons, He, C, ... 
Because of the non-zero rest-mass of these particles, they stop at a certain range in tissue 
With an appropriate design of treatment plans, it is possible to achieve a superior conformity and coverage to small targets 
     and lowering the normal tissue toxicity 
Hence particles such as proton fit well within RT applications such as stereotactic radiation surgery and pediatrics, …
However, the biological responses could be more complex and need to be under-control 




- PB-IMPT / multienergy scanning technique
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Do we know RBE accurately
in the end of proton range
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In particular implementation of new technologies based on scanning pencil beams requires incorporation quantities such as LET and RBE in TPS 
This is specifically significant in the beam distal edge where there is concentration of low energy primary or secondary particles, 
such that there is possibility in unintentional targeting normal tissues with unidentified but high LET radiation be avoided 




Variable RBE
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The variability in RBE along pencil beam is due to differences in ionization patterns that causes DNA lesions from simple to complex 
As a function of depth, the ionization grows significantly so the biological responses 


Energy deposition of primary and secondary

particles
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A detailed analysis of energy deposition indicates the presence of secondary charged particles in regions much beyond the Bragg peak


LET of primary and secondary particles
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These particles would expose the tissue with significantly high LETs



Is the current proton TPS biologically optimized?
S = exp(—[ag + a, LET4]D + B,D?)
- TCP=(1-S)N

TCP
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Dose (Gy)

LET (keV/um)

e Considering a uniform RBE 1.1 in proton therapy allows
optimization of plans and employing TPS techniques
developed in photon therapy

e |Is constant RBE a reality?
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It is known that LET convolved with dose provides RBE and TCP 
As we move along the pencil beam in tissue, LET increases, hence the optimal prescription dose decreases
Assuming a uniform RBE may lead to elevated biological dose distal to the Bragg peak and leading to complex responses such as necrosis 


Brain Necrosis in CNS Patients
- Possible Consequences of Variable RBE

40 year old male with craniopharyngioma
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This is an example of a GBM plan of a patient with the occurrence of post-treatment brain necrosis. 
The prescribed dose was 52.2 Gy in 29 fractions.
For each beam the red area indicates the high LET region. 
The location of the necrosis has been identified by post-treatment changes in MRI images at the intersection of two beams.


�



Possible Consequences of Variable RBE - Brain Necrosis in CNS Patients
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Based on these considerations, the region of necrosis appeared to be in high LET/RBE volumes.  


e Use of single energy in PMAT
vs. multi-energies in IMPT

ont -scanning Proton Modulated Arc Twpy i\ \

e Under progress Varian/UPenn

3/31/2017

ramin.abolfathf®@vyale.edu / RAbolfath@MDAnderson.org
|

11


Presenter
Presentation Notes
These effects are more pronounced in particle ARC therapy where the coverage of target is possible by a single beam energy and rotating gantry 
I should mention that Proton Modulated ARC Therapy or PMAT is under consideration by Varian 


®
A simple case study for ARC therapy applicable in H&N

TARGET
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For illustration of the optimization challenges, let’s consider a donut-shape target surrounding OAR.
This can be a classical example of protecting spine (OAR) in H&N patients
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This is a configuration of beam setup in eclipse TPS constructed for this illustration
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Here is a configuration of vertical beams stopping in the mid points in the target based on only the dose uniformity
And neglecting LET in optimization
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With an appropriate number of beams we may achieve a uniform dose distribution in the target using proton with a single energy and a dip in the center of normal tissue 
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However, inspection of LET shows that high LET particles have been unintentionally focused and elevated in the middle of normal tissue 
hence we need to account for LET and variable RBE in our optimization scheme  



To paint LET inside the target ‘J\
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By doing so the simplest thing is to choose slightly different beam arrangement, such as considering tangential beams  


How can we account for the variability in RBE?

What would be appropriate model?
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So far I just spelled out current Fundamental “Problems” such as variability in RBE
Next question would be how we address these issues and develop a reliable model to account for complexities in radio-biology  




Multi-Scale RBE Modeling: cm - ym - nm

Radio-biological response is a collective macroscopic phenomenon that is

resemblance of microscopic energy deposition events; like superconductivity and 7
. 7
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This problem is a multi-scale computational platform in nature 
From human tissues in cm to track structure in cellular level in micro-meter and DNA lesions and enzymatic repair pathways in nano-meter
Presumably clinical and biological responses are resemblance of nm-energy deposition events in the microscopic scale   




Track structures and ion coordinates calculated by MC (Geant4-DNA)

z(um)
20

10

Radiation source: electrons

Computational challenges — requires data mining
* Asingle track of 1MeV electron/proton contains ~ 50,000 ion-coordinates
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To calculate proton RBE considering DNA-lesions as the biological endpoint, we may employ a data-mining algorithm, to selectively sample DSBs by locating DNA in random positions along tracks of particle trajectories and enumerate the number of lesions such DSB, SSB, BD and any combination of them by performing first principle molecular dynamic simulations as demonstrated in the previous slide



RBE from first principle multi-scale modeling — data mining

1OP PUBLISHING PHYSICS IN MEDICINE AND BIOLOGY

Phys. Med. Biol. 58 (2013) 7143-7157 doi: 10.1088/0031-9155/58/20/7143

A molecular dynamics simulation of DNA damage
induction by ionizing radiation RBE DSB™ 4.

Ramin M Aboelfath, David J Carlson, Zhe J Chen and Ravinder Nath

Department of Therapeutic Radiology, Yale University School of Medicine, New Haven,
CT 06520-8040, USA
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Our results published in 2013 revealed that the RBE of proton may increase up to 4-5 times of the RBE in the entrance
Our theoretical prediction has been confirmed experimentally by people in MD Anderson in 2015
Darshana is going to present the experimental setup in more details, however, I would like to highlight some aspects of the experiment related to this presentation



Spatial Mapping of the RBE of Scanned Particle Beams
High Precision, High Throughput Experiments (Guan, et al 2015)

96-well plates

Relative Dose
(5]

-
|

=
i L

-
1

L]
1

LET/ keV pim’"

S e e
AN LN e o G e ) e bk e 4]
2 3 4 5 6 7T 8 9 10 11 12
Well Golumn Number

AN WD LREST

."
1

SCIENTIFIC " O>W 3
REPLIRTS tattans @)

OPEN

SUBJECT AREAS:

BIOLOGICAL
TECHNIGUES

RADIOTHERAPY

Received
1 Cetober 2014

Accepled
18 March 2015

Published
18 May 2015

Spatial mapping of the biologic
effectiveness of scanned particle
beams: towards biologically optimized
particle therapy

Fada Guan'*, Lawrence Bronk®, Uwe Titt!, Steven H. Lin®?, Dragan Mirkovic', Matthew D. Kerr',
X. Renald Zhy', Jel'FrEy Dinh?, Mary Sobieski®, Clifford Shephun‘, Christopher R. Peeler', Reza Taleei',
Radhe Mohan' & David R. Grosshans®*

D Rodiation Physics, “Experi Oncology, *Radiation Oncalogy, The University of Texas MD Andarsan
Cancer Center, Houston, Texas, U.S ., “Canter for Translafional Cancer Ressarch, Texas A&M Health Science Center, Insiitute of
Biosciences a nd Technology, Housian, Texas, U.5.A.



Presenter
Presentation Notes
A graded phantom for spot-scanning beam of proton has been designed in MDACC. 
Lucite material is in grey, and culture media is in red. Protons are incident from the bottom of the jig.
The thicknesses of the twelve steps in the jig (shown by circles) were selected according to the variations of dose and LET along the depth, computed by MC. 
By putting the cell culture on the top of the phantom, the cells were irradiated with specific LET.
This allows differentiation of the cell survival on the pencil-beam as a function LET.  
Thus both dose and LET vary independently across the same sample. 
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Here is the result of Cell Survival published in 2015. 
The y-axis represents the experimental data from cell-culture 
The dose is shown in x-axis 
And each curve correspond to specific LET
From this data it is clear that 𝛼 and 𝛽 are non-linear functions of LET. 



Fitting the experimental data — Global 3D surface fitting
e Making correlation among the curves

Cell survival fraction for low (left panel) and high (right
panel) LETs. The blue dots are the experimental data.
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The polynomials shown for alpha and beta in previous slide, were extracted from the global fitting of a 2D surface in a 3D space spanned by dose, LET and SF 
The experimental points are shown by blue dots. 




Non-linearity in RMF model
Diagrammatic Representatlon of non-linear LETs terms; perturbatlve expansion
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The interpretation of these polynomials in repair-misrepair fixation model lead to a perturbative expansion in higher order chromosome end-joining 
Hence the increase in complexity in chromosome aberration along the scanning pencil-beam may explain a non-linear behavior of RBE as a function of LET  


Summary
Limitations of Current Proton RBE Models

* Based on insufficient and inconsistent data

¢4

and fitting procedures J 5

* Assumption of RBE
as linear (or near linear) |
function of LET A I IBfagg Peak

LET [keVium]

e LET dependence on averaged dose or
fluence

Current Models Likely Underestimate RBE
Especially at Points Around the Bragg Peak
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In summary I showed that there are limitations of current proton and other particles RBE models
These are based on insufficient and inconsistent physical, biological and clinical data 
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Recommendation if
RBE # 1.1; variable RBE

Avoidance of beam directions for which distal edge is in or close to a
sensitive critical normal structure

Deliver conformal dose and LET distribution within the target
To achieve these goals direct measurement of LET is needed

A direct measurement and modeling to establish accurate correlation
between RBE and LET
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In the current optimization approaches in TPS if RBE is not equal to 1.1, we recommend
Avoiding beam directions for which distal edge is in or close to a sensitive critical normal structure and perform multi-objective optimization on D and LET/RBE  
To achieve these goals direct measurement of LET is needed, at least the LET measurement should be added as a routine to a patient-QA program 
And finally accurate modeling of RBE is needed to establish the correlation with LET
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Our work submitted recently to Sci. Rep. is available
Ramin.Abolfath@StVincents.org

A model for relative biological effectiveness of therapeutic proton beams based
on a global fit of cell survival data
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Finally, our recent computational model has been submitted to Sci. Rep. 
It is available if someone is interested, please contact me
Ramin.Abolfath@StVincents.org 
I would be happy to answer the questions
Thank you very much
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