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Attention:

The proposal is to have oral examination via zoom for this course

Is this procedure ok for you or does anybody have issue with online
examination?

Introduction
A The physical, biological and clinical rationale of ion beam therapy

A lon beam interaction in matter
The clinical application of ion beams
A Beam production and application
Beam gantries and the HIT worldwide first heavy ion beam gantry
Overview of clinical workflow and treatment planning
Pre-clinical beam characterization and modeling for TPS
Monte Carlo modeling
Dosimetry and quality assurance
In-vivo treatment verification for carbon ions & protons

o o Do o Do > Do

Novel imaging techniques and new trends in ion therapy
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s Heavy ions RBE

For ions variable RBE must be considered (especially for active scanning)

Relative Biological Effectiveness: RBE = D, /D;,,, at same effect.
CHO
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wene. | Options for Treatment Planning
LMU

RBE depends on:

e

ADose / Survival level, Depth in tissue, lon species (T), Tissue type

How to estimate RBE values for the
clinical situation?

/

\

HIMAC
Experimental Data
+ Clinical Neutron Experience
(,Fixed' RBE-scheme)

GSI/HIT
Biophysical Modelling
(Local Effect Model LEM)

(Variable RBE-scheme)

* For passively scattered delivery, currently adopting model called Microdosimetric
Kinetic Model (MKM) inspired by microdosimetry for active scanning
(however not yet(?) widely used in Europe)

M Scholz, GSI

30.06.2020
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Phys. Med. Biol. 57 (2012) 75437554 doi:10.1088/0031-9155/5722/7543

Dose prescription in carbon ion radiotherapy: a
planning study to compare NIRS and LEM
approaches with a clinically-oriented strategy

Prescription dose variation

100%

) RBE-weighted dose (%)

CNAO — NIRS)

FIG. 8 Clinical dose distribution of GSI {red esh) and NIRS (shade). The distribution was
originally plamed for the treatment of chordonta at GSI with paraliel opposing fields. At the
target region, clinical GvE shows about 20% difference

)
With passivebeamdelivery, RBE can be considered to be a function of depth for
eachfield for agiven doseandfractionation (on the basis of dose/eraged LET)

lonization density increases with depth,
thereby the biological effectiveness increases as
— carbon ion beams travel deeper into the body.
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With passive beam deliveryRBE can be considered to be a function of depth for
each field for a given dose and fractionation

Theclinical RBEan be replacedya LETependent RBE for in vitro dafelSG*cellg
under defined conditionsand then linked taheutron clinicaldata by an empiricaactor

Fractionated dose for clinical situation

3 — . ] SORP CLINICAL RBE
_ Clinical Dose = 2.7 GyE ]
s 28 F i ' RBE RBEC g 30 28
a 238 30 ]
§ 2F e = 40 2.6
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In connection with start of beam scanning at NIRS, their TPS ha been upgraded
include MGbased physical characterization of the beam couplethicrodosimetric
biological modeling (MKM) as well € ion clinical experience

Original system Updated system
Radiation Dose-averaged LET derived with Specific energy derived with Monte Carlo
quality 1D beam transportation calculation __simulation
Reference 200kV x-ray C-ion beam (at a center of a 60 mm SOBP
radiation C-ion beam with an energy of 350 MeVu™")
Endpoint for 10% survival of HSG tumor cell Prescribed survival of HSG tumor cell
biological RBE
Scaling for Clinical experience with neutron Clinical experience with C-ion therapy at
clinical dose therapy at NIRS NIRS

The specific energy z is de-
fined as the energy imparted divided by the mass m of the specified region:

z=¢/m (1

naniwaet al, PMB 20
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Good consistency observed between original and upgraded system

“1(a) 3.6 Gy (RBE) Y . (a) 290 MeV/u — Do
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naniwaet al, PMB 20

wue || The basic idea of
LMU e | | the LEM model

Tracks

Cell
Cell nucleus

R Locgl DoseA[Gy]

5 5
Carbon ions
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® In: D(r), in vivo Photon Dose-Effect x a, DD + 3, D?

® Out: Intrinsic «, 3. for single (!) particle traversals (base dataset)

I Photon response CHO X-ray 2,67 MeV/u O+H,0
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LEM: "Lethal" Effect L = . (Z,, E,)z + B.(Zs, E,) =2 for single particle.
TPS: "Lethal" Effect L = apD + 3pD? for particle distribution.
~+ decouples intrinsic radiobiological properties from actual treatment

Classic "exact" solution:

sample local particle spectru

accumulate damage (a..3.. Zo. Es)  —In(S(zen)) = @uZen + B2
repeat 500 times to "gather statistics"  z, specific energy in cell nucleus
(PMB 45 (2000) 3319-3330)

~ time-consuming dose calculation: T;;,=T .. <1000
(Taps ~ secs..mins)

"Low Dose" approximation

o, 3, ~ ap, Op analytically; D <~ 10 GyE
ap = (1 —exp(—a.dy))/dq
Bp = (ap/az)?s.

(d1: dose for single particle traversal)
(PMB 51 (2006) 1959-1970) ¢, = CI:ETSo / Anpuel.

M Kramer, GSI

Referring to the formalism introduced above, the number of lethal lesions after the
exposure to a macroscopic dose D can be expressed as

N(D) = —In(S(D)) = apD + B, D*,

while the sequential exposure to n doses from different radiation types gives the following
number of lesions:

n n 2
N(Dy. D,.... D) =Y apiDi+ (Z \/ﬁn.lDi) :
i=1

i=1

where ap; and Bp; are the parameters for the i radiation type.

Kriimer M and Scholz M 2006 Rapid calculation of biological effects in ion radiotherapy Phys. Med. Biol. 51 1959-70




LEM: "Lethal" Effect L = o.(Z,, E,)z + 3.(Z,, E,)=* for single particle.

TPS: "Lethal" Effect L = apD + 3pD? for particle distribution.
~ decouples intrinsic radiobiological properties from actual treatment

. ?=1 op | Related to the knowledge of the
2
o =
b Z;’_l D; particle spectrum d N(T,E)/dE, stopping
B 5 power dE(T,E)/dx and pencil beam weight w

n

Bp = M ) Dose threshold after which survival
Yo D exhibits a purely exponential

behaviour at high doses

@b + D’ <b)
—In(s) = |7D _‘;IZH%D , g\ K }
Photon dose oD+ BD; + (D — Dp)smax > Dy

for same < V=In(S)/Bx + (ax/(2x))* — (@x/(2Bx))  —In(S) < —In(S))
survival S { (—=In(S) +In(S;)) /Smax + Dy —In(S) = —In(S;)

Task "Classic" "LowDose"

1-dim Dose Beams Eye View 29s 0.8s M Kramer, GSI
2-dim Dose CT Slice 2080s 105s

1-field 3D-Opt (500 cm?) 12800s 83s

Approach followed in HIT, MIT and CNAO and in
commercial treatment planning systems supporting LEM

How to characterize mixed radiation field dN/dE(  E,T) ?

30.06.2020
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Significance of nuclear fragmentation
in RT with light ions

High-energy carbon beam stopping in water

I. Pshenichnov

Exp. Investigations (physical characterization) Carbon ion therapy
— LBL Berkeley Ne 670 MeV/u 1970's W. Schimmerling 100-400 MeV/u

— NIRS/HIMAC Chiba C, lightions  1990's T. Kanai

— GSI Biophysics C, lightions  1990's

- Buildup of secondary fragments - dose-tail, lateral dose

D Schardt ~ Workshop Julich 8 Oct, 2009

Fragmentation experiments at FRS gg;’;‘t”eg;fgi B 96

¥

fragment identification
water

18,
O +Be column AE-
Pos! Pos2  AE, (IC) TOF AE. 1O plastic
AIZ=2 P
secondary beams [

- beam selection -

it

Fragmentseparator FRS
from the FRS

No } medical pro

.-;

AERIC)/channels

50

200 220 260
TOF /channels

Fig. 2. Experimental setup (in air) at the final focus of the FRS. The secondary beam particles were selected event-by-event via cnergy loss, time-of-flight

d by a large-area ionisation chamber

and position-sensitive detectors before hitting a water target of variable thickness. The fragment Z spectra were
and a plastic scintillator.

30.06.2020
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The interaction _of radiation
LMU MAXIMILIANS- with matter E a review
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Heavy charged particles: stopping power

T T T Bethe-Bloch:
Strong uE .
z-dependence ax n Carbon
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Figure 5.1: Scematic sketch of experimental setup used for measurements of the angular distribu-
tions in July 2005. The measures are not in scale. The carbon beam leaves the aceelerator tube
through a 100 pm thin aluminum foil. The beam exit window is followed by the Veto, the Start
detector and the water target. On the right side the energy loss detector, H1, is illustrated as a
black box. The measured angle is defined as the angle between beam axis and H1 detector seen
from the target center.

E Haettner, MSc Thesis 2006
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Fragment identification

TOF AE

Linear drive
Start detector ]

Scintillation counters

[ —

Fragment
Detector 1

295m
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2C 200 and 400 MeV/u %
E-spectra at angles -1°to +10° & o0

at 6 depth positions 6-35 cm %
T

E.Haettner, MSc thesis 2005 ?

Rad.Prot.Dosim. 122,485(2006) E
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D.Schardt  Workshop Julich 8.0ct. 2009
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 Loss of primary ions and fragment bulldﬁp ’ 0

Loss of carbon lons by
nuclear reactions Buildup of secondary fragments

R
08l cooMev/u ¢ 99 Peakxa
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0.7 § g 538
0.6} o
e e g
Zos S 051 N
X S o4l Z :\L"\wo-
= 200MeV/u 400MeV/u z ™ | 14\ Listo,
oar 1. \Be0

02 — i Y
s 1 Besll
ol f i 3
H
0.0 2 't PR L
0

5 10 15 20 25 30 3
cm H,0

-

E. Haettner et al., GSI 2005

Relative lonization

NRNEY TPSs coupled to LEM need laterally
2} - J integrated energy dependent fragment
ER A S spectra at different depths in water
U e S dN(T,E)/dE as function of depth in water
[ ]
EHSI

D.Schardt ~ Workshop Jiilich 8.0ct. 2009

LM i ,

Improved characterization of mixed radiation field via single ion detection or

microdosimetriomeasurements Low-pressuregas
Stbaseddetectors detectors(TEPC)
|

= —

12C (430MeVIu)
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= x
I B - e
g .
2 1000 £ PLATEAU
3
2 - Boron
O 100} f¥Hydrogen ™ Helium
— Electrons
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110 100
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Left Ph.D Thesis B. Hartmann, Heidelbergright Martino et al, PMB 2010
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Objective function for biological dose distribution:

Xii, = S #(Dp() — D(7))? = min.

biological dose:
D(#) = Dyiol) = RBE(7, N (7)) x Dane(#. N (7))

» -~ nonlinear problem, iterative solution
B® gradient-based methods: steepest descend, conjugated grad.s

» - Dose & RBE to be recomputed many times

M Kramer, GSI

® RBE depends on dose level

® RBE depends on location and target extension

#® Reduced effective dose for skin (different cell type/endpoint)

Chordoma/Brain

~ PhysDose
— Eff.Dose
Eff |skin dose

RBE=5.5 l

0 50 100 w0 0 50 100 w0 0 50 100 50
Depthlmml Depthlmml Depthlmm]

4 RBE=3 4

Eff skin dose

DoselGyel

RBE=4

e Eff skin dose

30.06.2020
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Biological optimization in
LMU| [ || TPS

T T T T T
Dose [6y]
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TPSfor scanned ion beams

Syngo PT TPS,
(used at HIT and CNAO)

SIEMENS

LUDWIG-

MAXIMILIANS-
UNIVERSITAT
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20 CT-number conversion
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Statisticalmethod using random numbers
% Suggested by Von Neumann adthmin 1949 for radiation transport and

AKASEtRAY3I OIFftOdA GAz2ya O2yySOGSR
name referring to the Monte Carlo casino in Monaco
x Based on random sampling from probability density functiqu)(associated

with the system and physical processes under investigation

— Analog versus condensed
LMU| i history MC

MONCHEN

Condensed history MC simulation Example of e track

x FZgr e¥NMf Ze¥elnh) em)
interactions can be grouped into
_"pelhg]rgl*]ea

x  Sample of the cumulative effect
from proper distributions of
grouped single interactions

(multiple scattering, stopping
h FiG. 1. Hlustration of a class 11 condensed history scheme for electron trans-
i h p Nk & { # port. The upper portion shows a complete electron track including secondary

electrons and photons (shown with dashed lines and not including their
interactions) with energies above the hard collision thresholds. The lower
portion is a magnified view of the shaded box.

x ¥ A Z kcbllgions (e.g., d-ray
production) can be explicitly 'TChlfféy et a'i(;ewdogahe pAR
simulated in an analog matter aSk oroup 5, ed TS 5%

Approach followed in all general purpose MC codes

30.06.2020
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LMU | |iessinis radiation transport

MC methods for

LUDWIG-
MAXIMILIANS-

MONCHEN

Accuracy and reliability of MC results depends on

X

X

X

X

X

Physical processes accounted for

Models or data on which pdfs are based

Randomness of pseudo-random event generators for sampling
Selection of energy cuts and step sizes in particle transport
Gnf [ "keh _e ¥Ndstatistms) k b1 | e

Computational time and Efficiency

X

Typical computational times for ion therapy applications are still very
expensive (hours to days depending on N), though reduced via
parallelization of runs on high performance computer clusters

Efficiency e=(s?T)! is rather independent of N, being s? (variance of
the quantity of interest) = 1/N, T (computing time) ~ N

LIVIU| | s methods in MC

Efficiency enhancing

LUDWIG-

MONCHEN

Efficiency enhancing methods

X

X

X

Variance reduction techniques (aiming to reduce the variance s ?)

- Sampling from artificial distributions, particle weights to account for bias
- Cannot reproduce physical correlations/fluctuations
- Enable faster convergence (ONLY for privileged observables)

Setting of energy thresholds and step sizes (reduce time per history)
Re-use of particle tracks (particle track -repeating algorithms)

To be used with care!

17
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— Simulation packages used
LMU | 5| | in ion therapy

MONCHEN

General-purpose condensed -history MC codes

FLUKA (www.fluka.org)

Geant4 (www.cern.ch/geant4)

MCNPX (mcnpx.lanl.gov)

PHITS (phits.jaea.go.jp)

{eZg]l] ehma”kl {

Capable to handle all ion beams of therapeutic relevance

X

X

X

X

Dedicated MC codes for proton dose calculations

x  VMCpro, Fippel and Sokoup, MP 31, 2004

% In-house PSI code, A Tourovsky et al, PMB 50,2005
% Macro Monte Carlo, M. Fix et al, PMB 2013

Treatment planning systems (TP§picallyuse analytical models

MC are increasingly used tools to support:

A Startup and Commissioning of new facilities.g., shielding calculations
beamlinemodeling, generation of TPS input da@njeas. timé

A Validation of TPS dose calculatioris:water-equivalent system and in
patient anatomy (CT)

A Dedicated applicatiopsivmaging gf secopdary gmerging radiation or
OGN yaYAGGSR SYySNHSGAO A2ya T2NJ
which we will see in next lectures

18
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Passive beam delivery @ MGH Boston, ¢
M?::Ig;u, Collimator Cu"g;;z:agcr
Wheel oty
Sas:atlenng ,7
i

Active beam delivery @ GSI Darmstadt, HI1 T, CNAO

Tumor

First magnet Second magnet First layer
horizontal vertical minimum energy \
Last layer

maximum energy

scanning scanning

Figures: http://www.advanced-cancer-therapy.org, GSI Darmstadt

e MC application to passive
LMU| |sizeers beam delivery

Geant4-based modeling of nozzle at MGH Proton Center

x MC model of the nozzle 1¥ Scatterers Range Modulator
components with Wheels
mme-accuracy -
(~1000 objects)

x MC settings (e.g., initial
beam energy, spread
and size) based on
available information
(measured or from
manufacturer) or 2" Scatterers
tuned on exp. data

1l | =
Paganetti et al, @ L
Med. Phys. 2004 %

H. Paganetti, Aperture,
MGH Boston Compensator

30.06.2020
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MC application to passive
beam delivery

LUDWIG-

Treatment Head Simulation @ MGH

LMU

Monte Carlo model of the
nozzle at the FHBPTC

2" scatterer

Paganetti et al, @ \ YA :4, 4o .l /X

Med. Phys. 2004 N ae
f\g""“"/‘ 7
NN

Y%

4D Monte Carlo: Geometry changes during the simulation
w via C++ class architecture

M

MONCHEN I 1 120

Treatment Head Simulation @ MGH

Paganetti et al, _ @
Med. Phys. 2004 Modulation wheel @

30.06.2020
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S MC application to passive
LMU| sz beam delivery

Aperture and

MC implementation
Compensator

based on milling
machine files

Treatment Head Simulation @ MGH

=
Paganetti et al, @

Med. Phys. 2004

LMU|
Parameters to characterizeéhe beamat treatment head entrance
1. Beam size and spreadC measurement)

2. Beam angular spread(manufacturer info)

3. Beam energy (range!jcontrol system)

4. Beam energy spread (manufacturemfo, measuregd

Treatment Head Simulation

Paganetti et al,
Med. Phys. 2004

21
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o, Experimental validation of
MAXIMILIANS-
M the Monte Carlo
Lneopej
100 A
80 1
3
e 60 4
[
3
@ v%ﬁ‘/.u NS
20 A
0
0 5 10 15
Depth [cm]

Paganetti et al, Phys. Med. Biol. 53, 2008

25 30

LMU

N Experimental validation of

MAXIMILIANS-
UNIVERSITAT

MONCHEN the Monte

Carlo

Dose [%]

Spread-out

Bragg peaks

0 2 4 6 8 10
Depth [em]

12 14 16 18

Paganetti et al,
Med. Phys. 2004

30.06.2020
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s Example: Quality Assurance
LIVIU| | s Tolerance Studies

MONCHEN

Alignment of second scatterer

Q 10
&)
c 80
(.5 '@ ,\? 80
= %’ 60 =)
? : g -
17 o w a .
< w .
> second scatterer aligned
= 0 o
('_U [ 20 40 60 80 100 120 140 160 a0 o0 40 20 ° L “ 60 0
> Depth [mm] Lateral distance to isocenter [mm]
o
o
= _—
ST, =
g g -
a w 8
o a0
20 2
second scatterer tilted by 5°
0

0 20 20 60 80 100 120 140 160 0 w " 2 o » P & w

Depth [mm] Lateral distance to isocenter [mm]

Paganetti, MGH

Dcal é:Gy %)
Output- Factor @ g A/IUQ

IC

PaganettMGH
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Universal IBA nozzle can also enable scanning beam delivery

IBA Universal Nozzle

Range Modulator

Scanning Magnets

Variable Collimators

Scanning Magnet simulation
be model edd ofrg eva nae

PaganettMGH

24
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Active ion delivery @ ' G
GSI/HIT / CNAO |

The generation of accelera
library " ¥ EB; <| #e

LUDWIG-
Prior to beam production
Accelerator library for p /12C
- 255 Energies (2-32 cm in water)
- 4 Foci (4 -10mm FWHM)
Modeling based on FLUKA
Monte Carlo (MC) code
Carbon ion energy (MeV/u)
200 0

35190 300 400
—Nominal F1

= %0 Protons © Measured F1
E 25 \ —---Nominal F2
s ==-Nominal F3
I 20 Nominal F4 GSI, HIT, Siemens AG
Z 15
p .
2 10
o
(NN

5

0 y - . L

50 100 150 200

Proton energy (MeV/u)

Parodi, Mairani et al PMB 2012
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The FLUKA MC code for ion therapy:
an example of benchmarking

Protons (183 MeV/u) in water 12C jons (400 MeV/u) in water
9F
1t E
[ 8F
O Exp.Data(HT) E
08 —— FLUKA 2005 3b 7 E
g g
gos ; Sf
I [
s 3 4F
2 04 :E /
3: F",#J' }
02 2; P —i pﬂma@ eam
E secondary fragments o W
i ™ :
% s 100 150 w20 S0 00 450 200 250 300 30 a0
Depth in Water (mm) Depth [mm]

Exp. Data (points) taken at HIT: D. Schardt, Exp. Data (points) taken at GSI:
P. Steidl, K. Parodi, S. Brons Haettner et al, Rad. Prot. Dos. 2006

MC for generation of input data for TPS (1)

Depth -dose profiles " &dd; # gvater w/wo ripple filter ( RiFi)
for all the 255 energies delivered by accelerator for p and 12C =

o Meas; - MC with acceptance corr; - MC Database @ HIT

1000

00
60

&00

700 N

p without RiFi

b 12C with 3mm RiFi

600
500
400

300

lonization (MeV cm? [ g)
lenization (MeV cm? / g)

200

100 -

I 0 100 (T T
Depth in water (mm) Depth in water (mm)

Advantage of MC (1): reduction of expensive beam time

Parodi, Mairani et al PMB 2012
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e MC for generation of input

MAXIMILIANS-

LMU | i | | data for TPS (1)

0 Meas; - MC with acceptance corr; - MC Database @ HIT

300

20

250

p without RiFi

lonization (MeV cm? { g)
lonization (MeV em® / g)

[t} 55 WDID WE;D 20‘0 25‘:0 30‘0 35;0 400 1} EID 1DID 15‘0 EDID 25‘D SD‘D 380
Depth in water (mm) Depth in water (mm)

Advantage of MC (2): Eliminate influence of detector response

Parodi, Mairani et al PMB 2012
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Detailed modeling of the ripple filter (  RiFi) element
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MC data normalized to meas., but relative scaling with/ WO  RiFi is PRESERVED!

Parodi et al, PMB 2012
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Ma ~ddd¥ e Fbagic data for HIT-TPS
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In clinical use since November 2009

Parodi, Mairani et al PMB 2012

MC for generation of input data for TPS (Il)

Benchmarking FLUKA against thick -target (water) fragmentation data from GSI

12C ions (400 MeV/u) on water
Carbon Beam Attenuation Build -up of secondary fragments
T T T o'BE H Exp. Data (STARS) Lo
1 | Exp. Data (Points) o7f. He FLUKA (POINTS - LINE) *
| FLUKA (Solid line) E
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2 R R S N "~ 3 r
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................... 'S g
(] 02
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Depth [mm)] R
Exp. Data from Haettner et al, Rad. Prot. Dos. 2006, now available in IAEA database

MC models reliable (compared to uncertainties of exp. and biol. data)
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MC for generation of input data for TPS (II)

Fragment spectra  dN/dE(AgZg) in water w/wo ripple filter (RiFi) for 12C
(80 E 440 MeV/u in steps of 10 MeV/u)

12C jons (80 - 400 MeV/u)
Beam attenuation profiles

12C jons (400 MeV/u)

Energy Spectra at 25 cm
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with 3mm RiFi

In clinical use since November 2009

Parodi, Mairani PMB 2012

MC for generation of input data for TPS (lll)

MC database of experimentally validated lateral profiles for improved
beam modeling in TPS against single Gaussianassumption to account for

§ Large angle scattering in beamline
§ Large angle emission of nuclear secondaries/ fragments
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10D 3 o Meas
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10, : DoubleGauss \ . 10
i [ . Lt A
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Lateral position (mm)

Lateral profiles in water at ~16cm shortly before the Bragg Peak

Lateral position (mm)

Meas: Schwaab BSc Thesis 2010, Schwaab& { Rarodi, PMB 2011; MC: Parodi et al, J Rad Res 2013
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MC for generation of

MAXIMILIANS- |npUt data for TPS (”I)
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The double Gauss parametrization for TPS beam model
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In clinical use since July 2011 (and also transferred to CNAO)

Parodi, Mairani and Sommerer, JRR, 2013

The impact of double Gausson TPS plan verification

Old TPS (Variable Single Gauss)

Small cube (3cm side) in 20 cm depth in water

New TPS (Double Gauss with MC data)
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Henkner et al, to be published; Courtesy of HIT Med. Phys. Team
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Scanning Magned A Ydzf | GA2Y QAL

Modeling of pencit
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magnet magnet
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(F. Sommerer et al, EWG-MCTP Workshop, Ghent 2006;

Parodi, Mairani, Sommerer PMB 2011, 2012)

MC application to active beam delivery @ HIT

FLUKA dose calculations of irradiated scanned fields for comparison with
measurements and TPS calculation to support TPS-dosimetric tests

[ Measured dose
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Parodi et al PMB 2012

38§

30.06.2020

31



Dose (Gy)
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MC application to active beam delivery @ HIT

FLUKA dose calculations of irradiated scanned fields for comparison with
measurements and TPS calculation to support plan verification
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Parodi et al PMB 2012
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Fromdose inwater to

Fromlecture VII
H,0-equiv.

CT-System

Kramer et al, PMB 2000

Physically: Stopping
power ratio in tissue

IC2

relative to water gy &
Sam le
Beam =
a
“ D.
[ 2
32
o
(0]
(@]
2,
T

Rietzel et al, Radiat Oncol 2008

Import of planning CT

The typical TPS approach
Scale dose-to-water according
to radiological path length
deduced from semi-empirical
CT-range calibration curve

CT Number = Hounsfield Unit
HU = 1000 (m-,mle) / lmlzo

CT-number conversion
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2C (270 MeV/u) on CT phantoms
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MCversus TPS dose for passive delivery @ MGH
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