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In-Vivo Particle Radiobiology
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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

• 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 = 𝜀/ ҧ𝑙, where 𝜀 is the 
energy deposited in a microscopic (size scale of a cell) site by a 
single event (particle track), and ҧ𝑙 is the mean chord length of the site.

• The dose weighted LET (LETd) and the dose weighted lineal energy 
transfer (ത𝑦𝐷) are analogous (but not equal).
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Example to help visualize “LET”
Low Medium High

IAEA TRS 461
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Another visual aid

IAEA TRS 461
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Actual LET data

Collaboration with the U of 

Wollongong: Mayo PIs: Dr. Sarah 

Anderson and Dr. Beltran
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Relative Biological Effectiveness (RBE):

A measure of how radiation types are different

• Relative Biological Effectiveness

𝑅𝐵𝐸 =
𝐷𝑅
𝐷𝑇

• How do we measure RBE?

• Cell survival 

• Linear quadratic model:

𝑆𝐹 = 𝑒−(𝛼𝐷+𝛽𝐷
2)

• Proton RBE = 1.1

• In vitro experiments, RBE ~1.1 

– 1.7 across SOBP¹
¹H Paganetti. Phys. Med. Biol. 59 (2014) R419-R472

𝑅𝐵𝐸 =
6 𝐺𝑦

4 𝐺𝑦
= 1.5

Reference

Test
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Relative Biological Effectiveness: Dependencies

RBE  =    Dose in Gy (photons)

Dose from ions

• For therapeutic proton beams (65-260 MeV) across various doses, 

the RBE is about 1.1-1.2 in the center of the spread out Bragg peak. 

• 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.

LET Ion speciesDose per fraction Cell/tissue type

W. Kraft Weyrather

Average energy 

deposited per radiation 

deposition track length



©2018 MFMER  |  slide-10

Red line is what we 
use in our system.
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Red line is what we 
use in our system.
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Proton in-vitro cell irradiation set up and minimizing 
positional uncertainty

+ 0.2mm

PIs: Drs. Michelle Howard and Chris Beltran
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• 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

71 MeV = lowest energy, highest LET
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Characterizing proton RBE

Howard ME,. Int J Part Ther. 2018
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CHO

T98

A549

71MeV 160MeV
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Cell Culture Colony Counting

• A549 cells after 5 Gy from 71 MeV proton beam

D1 D2 D3 D4

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
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Note the error bars and these results are for mid SOBP
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Energy layers

• 102.1 MeV and 105 MeV for BP

• 128.5 MeV for Through

Lateral BP beams delivered with:

• the mini-pyramid filter

• Extended range shifter 45

Treatment Planning for Mouse Spinal Cord
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Anesthesia Cart

Individualized 

anesthesia 

connections

Shelf System

Experiment Set Up and Radiation Delivery
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Experimental Timeline
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In-vivo Carbon Studies
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Summary:

Proton RBE is NOT 1.1 
everywhere

• Depends on 

• cell/tissue type 

• Radiation type

• Microdosimetric energy 
deposition 

• 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

Recall: a model is not reality so proceed with caution.
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Thank you for your time

• Questions?

D1 D2 D3 D4


