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Outline

* Introduce Linear Energy Transfer (LET)

* Review Relative Biological Effect (RBE)

* Review in-vitro data

* Review in-vivo data

« Examine in-vivo data with fractionation for Particle Therapy
e Summary
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* Linear Energy Transfer (LET)

* Linear energy transfer is a physical parameter that is a measure of
the mean rate of energy deposited locally along the track of a charged
particle by electromagnetic interactions. Typical units are keV/um.

* Microdosimetric detectors measure the quantity lineal energy. Lineal
energy is a stochastic quantity defined as y = ¢/1, where ¢ is the
energy deposited in a microscopic (size scale of a cell) site by a
single event (particle track), and [ is the mean chord length of the site.

* The dose weighted LET (LETd) and the dose weighted lineal energy
transfer (y,) are analogous (but not equal).
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Example to help visualize “LET"
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Another visual aid
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Research Article (3 Free Access

Microdosimetric measurements of a clinical proton beam with micrometer-sized
solid-state detector

Sarah E. Anderson , Keith M. Furutani, Linh T. Tran, Lachlan Chartier, Marco Petasecca,
Michael Lerch, Dale A. Prokopovich, Mark Reinhard, Viadimir L. Perevertaylo,
Anatoly B. Rosenfeld, Michael G. Herman, Chris Beltran

Medical Physics | Volume 44, Issue 11

First published: 14 September 2017
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Relative Biological Effectiveness (RBE):
A measure of how radiation types are different

1

» Relative Biological Effectiveness % - Reference
D 2 | Test
RBE = =% |
Dy a |

* How do we measure RBE?
» Cell survival
* Linear quadratic model:

SF = ¢~ (aD+BD?) 0t \
* Proton RBE = 1.1 g 2 i C— Dose (Gy)
* In vitro experiments, RBE ~1.1 RBE = @ — 15
— 1.7 across SOBP! 4 Gy




Relative Biological Effectiveness: Dependencies

RBE = Dose |n Gv (photons) W. Kraft Weyrather
Dose from ions
LET Dose per fraction lon species Cell/tissue type
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; Avera;ge eneagy_ * For therapeutic proton beams (65-260 MeV) across various doses,
eposited per radiation the RBE is about 1.1-1.2 in the center of the spread out Bragg peak.

deposition track length

» Most critical structures are at or just distal to the Bragg peak

« To determine this ratio, a biological endpoint has to be specified. E.g.
cell survival.
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Red line is what we
use in our system.

(a/p), = [0,3) Gy

3.0

Relative biological effectiveness (RBE)
values for proton beam therapy. Variations
as a function of biological endpoint, dose,
and linear energy transfer

Harald Paganetti

ent of Radiation Oncology. Massachusetts General Hospital. Harvard
School. 30 Fruit Street, Boston, MA 02114, USA
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Figure 6. RBE for cell survival as a function of LETy at a proton dose of 2Gy (from
left to right: (a/f), between 0Gy and 3 Gy, between 3 Gy and 6 Gy, between 6 Gy and
9 Gy, and above 9 Gy). The upper row shows all data points included in the analysis. The
lower row includes only data with LET,; values <15keV um™', the area most clinically
relevant. LET,; values are given relative to the reference photon radiation. The solid lines
are fits through the data included in each plot considering the published uncertainties.
The dashed lines show the fit results without considering individual uncertainties.
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Relative biological effectiveness (RBE)
values for proton beam therapy. Variations

Red . I I ne IS Wh at We as a f_unction of biological endpoint, dose,
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Harald Paganetti
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Figure 8. RBE for cell survival as a function of LET at a proton dose of 2Gy (left)
and 6 Gy (right). The upper row shows all data points included in the analysis. The
lower row only includes data with LET, <15keV um™!. the area most clinically relevant.
LET,; values are given relative to the reference photon radiation. The solid lines are
fits through the data included in each plot considering the published uncertainties. The
dashed lines show the fit results without considering individual uncertainties.
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Proton in-vitro cell irradiation set up and minimizing
positional uncertainty
+ 0.2mm




Characterizing proton RBE

* Cell lines: CHO, A549, T98, V79, VC8
» Dosimetric Verification: Gafchromic film (6 MV), Markus Chamber (PT)
» Reference Radiation: 6 MV X-rays

* Test Radiation: 70 MeV 160 MeV
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Chan Tseung, PhD'; Jann N. Sarkaria, MD'; Michael G. Herman, PhD'

"Department of Radiation Oncology, Mayo Clinic, Rochester, MN, USA

ournal of
Radiation

Journal of Radiation Research, 2017, pp. 1-6
doi: 10.1093/jre/rrx0 18
Regular Paper

RResearch OXFORD

N

Characterization of relative biological effectiveness

for conventional radiation therapy: a comparison
of clinical 6 MV X-rays and '*’Cs
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*Corresponding authr. Department of Radiation Oncology, Mayo Clinic, 200 First Street SW, Rochester, MN $$905, USA.
Tel: 1-507-293-2841; Fax: 1-507-293-2670; Email: Howard michelle|@mayo.edu
Received Septamber 21, 2016; Revised December 23, 2016; Editorial Decision March 25, 2017




Cell Culture Colony Counting

* A549 cells after 5 Gy from 71 MeV proton beam

Howard ME,.
Int J Part Ther. 2018
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There is a lot of pre-clinical data that suggest the RBE
near the Bragg peak is >1.1

e®e,
0 . e®e.

‘TROC MD £ -’:.I ROC’ MD Anderson Tel: 713-745-8989

IMAGING AND

IMAGING AND
RADIATION ONCOLOGY CORE IROC Houston ;
bl Lewirs in Clice il Qualiy Assrance RADIATION ONCOLOGY CORE IROC Houston Quality Assurance Center
Global Leaders in Clinical Trial Quality Assurance
e e i Mo o fuc s Vi Newira Home Credentialing  Participating Institutions New Participant Demographics Form Facility Questionnaire

- = 6. The IAEA TRS 398 protocol in conjunction with ICRU 78 recommendations are recommended for beam
Guidelines for the Use of | ;ibration and dose specification.

in NCI-Sponsored Cooper
Updated Sept¢f 7. Currently, proton doses shall be expressed in units of Gray (Gy(RBE)), which is equal to the absorbed

dose times the conventional scaling factor of 1.1. The radiobiological effective dose is a complex biological

function. The NCI expects this aspect of dose to be under active investigation (e.g. linear energy transfer

(LET) optimization, molecular biology-based modeling, and other areas of advanced radiobiology research)
The earlier proton radiation therapy (PRT) guidelines w | and has the long-term goal of moving the scaled physical dose prescription to a robust biological dose
2007, 2010, and 2012. This document represents the | [ prescription.

patients from PRT but substantial concerns persist as g
uncertainties in the processes of planning and deliverir| 8. The mathematical function(s) and process for converting the institutional CT-based treatment planning

approvals, protocol-specific credentialing, and quality ¢/ system “CT number” (for the institution- and protocol-specific CT scanners and parameters used for proton
guidelines below are intended to ensure that PRT is enr| dose calculation) to proton “relative stopping power” must be established and documented at each
institutional cooperative group clinical trials so that nei  institution. The institution must have implemented a QA program for its CT imaging system(s). This process
These guidelines only specify the requirements for any | may be reviewed during the IROC Houston site visit or by remote review of the written procedures and
applicable NCI-supported clinical trial. They are not to records. For new patient imaging modalities (e.g. dual-energy CT, proton radiography, synthetic MR), a

Other hadron therapies will be treated in a similar fash | separate review is required.
=)
. )

data support their use.




BIOLOGY CONTRIBUTION

RELATIVE BIOLOGICAL EFFECTIVENESS (RBE) VALUES FOR PROTON
BEAM THERAPY

Hararp Pacanertt. Pu.D..*" Axprzes Niemierko, Pu.D..*" Marex Axcukiewicz, Pu.D..*
Leo E. Gerweck, Pu.D..*" Micuarr Gorrery, Pr.D..*" Jay S. Loerrier, M.D.*7 axp
Hermax D. Surr, M.D., D P **

*Department of Radiation Oncology. Massachusetts General Hospital, Boston, MA: "Harvard Medical School, Boston, MA
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Fig. 2. Experimental proton RBE values (relative to °°Co) as a function of dose/fraction measured iz vivo in the center
of a SOBP. Closed symbols show RBE values for jejunal crypt cells. open symbols stand for RBEs for all other tissues.
Circles represent RBEs for <<100-MeV beams and triangles for =>100-MeV beams.

Note the error bars and these results are for mid SOBP

MAYO
CLINIC

N




Treatment Planning for Mouse Spinal Cord

Energy layers
 102.1 MeV and 105 MeV for BP

« 128.5 MeV for Through

Lateral BP beams delivered with:
* the mini-pyramid filter

SPINAL CORD

BRAGG PEAK
LETd ~ 8 KeV/um

ENTRANCE PROTONS
LETd ~ 1.2 KeV/um

LETd (KeV/um)

« Extended range shifter 45
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Experiment Set Up and Radiation Delivery

Anesthesia Cart

Individualiz_ed Shelf System
anesthesia

connections




Experimental Timeline
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RADIATION TREATMENTS

Proton Bragg Peak, Proton Entrance, Photons

Curve point #

Dose [Gy]

1 2 3 4 5 6

10

11

AIM 1 110 mice per 330 DNA Damage (4,8,24 hrs)
treatment mice Motor function, Latency & Histology 7 7 7 7 7 7 7 7
24 mice per 72 .
AIM 2 treatment mice MR Imaging 6 6 6 6
MULTI FRACTION TREATMENTS (18x) — YEAR 2
110 mice per 330 DNA Damage (4,8,24 hrs) 3 3 3 3 3 3 3 3
AIM 1 treatment mi
ice Motor function, Latency & Histology 7 7 7 7 7 7 7 7
732 mice

Complication Probability [%]
1

PROTONS .
Bragg peak "

PHOTONS .
VIV

PROTONS 5
Entrance '




Int. J. Radiation Oncology Biol. Phys.. Val. 66, No. 3., pp. 1488-1497, 2006
Copyright © 2006 Elsevier Inc.

Printed in the USA. All rights reserved

0360-3016/06/$—see front matter

il
ELSEVIER doi:10.1016/j.ijrobp.2006.08.045

In_VIVO Carbon StUdIeS BIOLOGY CONTRIBUTION

RADIATION TOLERANCE OF THE RAT SPINAL CORD AFTER 6 AND 18
FRACTIONS OF PHOTONS AND CARBON IONS: EXPERIMENTAL RESULTS
AND CLINICAL IMPLICATIONS

CHRISTIAN P. KARGER, PH.D..* PETER PESCHKE, PH.D.." RITA SANCHEZ-BRANDELIK, PH.D.*
MicHaEL Schorz, Pu.D..¥ anp JURGEN DEus, M.D., Pu.D.1

Table 2. Values for D5, and RBE for the complete series of experiments

Photons Dy, = SE Carbon ions D, = SE Measured RBE * SE
Setup (90% CL) [Gy] (90% CL) [Gy] (90% CL) Calculated RBE'

Plateau (13 keV/pm)

1 Fx* 245+08(233-267) 171 =0.7'(—) 1.44 + 0.08 (1.32— 1.57) 1.14 (1.12-1.16)
2 Fx* 343 +0.7(32.9-36.6) 249 = 0.77(—) 1.37 £ 0.05 (1.30 — 1.46) 1.19 (1.17-1.21)
6 Fx 57.0 = 0.77(—) 429 £ 0.5(42.0-44.00\ 1.33 £0.02(1.29-1.37) 1.37 (1.35-1.39)
18 Fx 88.6 = 0.7 (87.0-89.9)  62.2 = 0.9 (60.6 — 64.5) 1.72 (1.65-1.77)
Peak (125 = 25 keV/um)
1 Fx* 245+08(233-267) 139 =02'(—) 1.77 = 0.06 (1.66 — 1.87) 1.28 (1.26-1.30)
2 Fx* 343 +0.7(329-366) 158 = 0.27(—) 2.17 + 0.06 (2.08 — 2.26) 1.61 (1.57-1.65)
6 Fx 57.0 = 0.7°(—) 192 +0.2(18.6—197)\ 297 * 0.05 (2.89 — 3.06) 2.35 (2.25-2.44)
18 Fx 88.6 = 0.7 (87.0-89.9)  17.6 = 0.2'(—) 5.04 = 0.08 (4.90-5.17) 3.80 (3.50-4.20)

Abbreviations: CL = confidence limits; RBE = relative biologic effectiveness; SE = standard eTTor,

* Previously published experiments [1]; the D;-values were recalculated using the model of eq. 1 (see text)
Estimated standard error, confidence limits could not be determined (see text)
* Based on the LEM [21] using a/B=2%*1 Gy for photons
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Summary:

Proton RBE is NOT 1.1
everywhere

« Depends on
- cell/tissue type
+ Radiation type

- Microdosimetric energy ~ Recall: a model |s not realltv SO proceed W|th caution.
deposition LT e 3

* Dose per Fraction

* Number of Fractions
* End Point

+ Oxygenation Status
* Repair deficiencies
* Drug interactions
Immunotherapeutic response

Creating a model seems like a futile effort
» does not mean it should not be undertaken
- We can still learn and create better and safer treatments
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Thank you for your time

* Questions?
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