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treatment planning

Tissue determination in proton therapy




LUDWIG-

MAXIMILIANS-
LM“ UNIVERSITAT
MUNCHEN
4

. (2) nominal ——
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o " heart (OAR)
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 However, they suffer from
different uncertainties

than photons (®) “uncertain”
situation

protons (SOBP)

e Robustnessis anissue
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Knopf and Lomax Phys Med Biol 58 (2013) R131
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* Protons and ions are more
conformal
(a) “optimal”, single- (b) multi-field plan (¢) patched-field plan
field plan
v . tumor
 However, they suffer from soft tissue
different uncertainties : :f:: (045)
than photons
] ] + minimal healthy + minimal risk due to compromise:
* Ro bustneSS IS an Issue tissue dose range uncertainties moderate dose to
= highrisk for dose in = high dose to normal normal tissue,
OAR due to range tissue influence of range
uncertainties uncertainties along

the patch line

Knopf and Lomax Phys Med Biol 58 (2013) R131
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e X-ray CT measures photon
attenuation coefficient

CT # s H — Hwater . 1000

,U"water

* ux CCompton(E)Pe + Cpg(E)Z°
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e X-ray CT measures photon * Protontherapy treatment planning
attenuation coefficient requires stopping power ratio to
e water
CT # - M Hwater ) 1000
Hwater

ln(ngczﬁ’z) _BZ

1(1-p2)
* UK Ccompton(E)pe + CPE(E)Zg * SPR«x pel ( 2mec2 2 )—ﬁz

Iwater(1—B?)

1.2 — - : - ; - CT-System H,0-equiv.
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SPR
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. Ticoun eubatitute cailb. EEEEN HEEEER
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CT number
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e X-ray CT measures photon
attenuation coefficient

1 — Hwater
CT# = t

- 1000

U'water

* 1% Ccompton(E)Pe + CpE (E)Z°

1.2

1.1}

SPR
[

0.9

e Stoichiometric calib.
* Tissue substitute calib.

0.8

-150 -100 -50 (1] 50 100
CT number

* Protontherapy treatment planning
requires stopping power ratio to
water

ln(—Lz;zll _C; 23_)2) —B?

11’1( 2mec? B2 >_Bz

Iwater(1—B?)

* SPRx p,

SPR uncertainty from single energy CT
(SECT) conversion is often stated as
3.5% (95t percentile)

Yang et al. Med Phys 57 (2012)4095
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u < Ccompton(E)Pe + Cpg(E)Z°

2 equations, 2 unknowns

http://www.healthcare.siemens.com/computed-tomography/dual-source-ct/somatom-force/technical-specifications
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i < CCompton(E)Pe + Cpg(E)Z°  Dual energy CT allows to solve
for p. and Z

2 equations, 2 unknowns

Bazalova et al. Phys Med Biol 53 (2008) 2439

mass attenuation coefficient [cmzfg]

normalized photon count [a.u.]

0 50 100 150
photon energy [keV]

Van Elmpt, Landry et al. Radiother Oncol119(2016) 137

http://www.healthcare.siemens.com/computed-tomography/dual-source-ct/somatom-force/technical-specifications
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Theory
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Yang et al. Phys Med Biol 55 (2010) 1343
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Theory Experiment
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Theory Experiment
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Scanner

 SOMATOM Force
Klinikum Grosshadern

* 90kVp and 150 kVp/Sn

— Including merged 120 kVp
equivalent

— ADMIRE recon
— CTDI,, 20 mGy
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Scanner Phantoms

e SOMATOM Force e Calibration phantom
Klinikum Grosshadern

17 Gammex inserts

* 90kVpand 150kVp/Sn  « Eyaluation phantom

— Including merged 120 kVp
equivalent

— ADMIRE recon
— CTDI,, 20 mGy

7 CIRS inserts
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Scanner Phantoms Patients

e SOMATOM Force e Calibration phantom e 5trauma patients
Klinikum Grosshadern

17 Gammex inserts Head and neck scans

* 90kVpand 150kVp/Sn  « Eyaluation phantom « Mergedimage used for

— Including merged 120 kVp
equivalent

— ADMIRE recon
— CTDI,, 20 mGy

clinical routine

* Virtual tumors
7 CIRS inserts delineated by RO
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e DECT based treatment
plans

— Research TPS with pencil
beam algorithm

e Simulated brain tumors

For brain tumors a long
and short range plan was
made

Hudobivnik MSc Thesis LMU 2015
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e DECT based treatment
plans

— Research TPS with pencil
beam algorithm

o

~ Gammexinserts \
" Calculated Zet, pe, SPR [

Recalculated :

Fitting relationships

between CT# and Geant 4
i ited Zeg, pe; SPR

S
| alculated

CERR . treatment plan

e Simulated brain tumors

For brain tumors a long
and short range plan was
made

Hudobivnik MSc Thesis LMU 2015
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~ Gammexinserts

e DECT based treatment
plans

— Research TPS with pencil
beam algorithm

e Simulated brain tumors e _é_'_'_ld

Esthpated patlem SPr;i > CERR

Gl zee 558/ { [ (—;1 1

Recalculated
treatment plans.

| Fitting relationships
between CT# and
eelculated_z.q,/p., SPR

Geant 4

2D beam eye view range
treatment plan ‘every conversion

 DECT and SECT treatment
plans were compared for
relative range differences

e We used a Monte Carlo
) recalculation tool with a
For brain tumors a long . .
and short range plan was single evaluation geometry
made for all plans of a patient

Hudobivnik MSc Thesis LMU 2015
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Phantoms

SECT DECT
. RMSE 2% . RMSE 1%
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Phantoms

SECT DECT
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residuals [%]

residuals [%]

Hudobivnikl...lLandri. Med Phis 43 |2016| 495 "
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brain tumors
range dlfferences
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range dlfferences

brain tumors
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Range differences between
SECT and DECT of 1.5%
consistent with RMSE error
levels (2-3.5% vs 1%)

Hudobivnik,...

Up to 2 mm
median shift

Corresponds to
about 1.5% of the
range

CT image axial
pixels size 0.4 mm

Landry. Med Phys 43 (2016) 495
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* Motivation for DECT in proton therapy

* |s proton CT a superior alternative to DECT?

* Tissue determination in proton therapy
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e Assuming that the initial energy
is well known, we need:

— Position measurement at the
entrance/exit

— Direction measurement at the

entrance/exit -> a second position Low intensity
measurement ‘ proton beam
— Em—::rgy loss or residual energy or xlin,ylin dE xloutylout | Fout
residual range measurement at the . .
X2in,y2in x2out,y2out

exit
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Assuming that the initial energy

is well known, we need:

Position measurement at the
entrance/exit

Direction measurement at the
entrance/exit -> a second position
measurement

Energy loss or residual energy or
residual range measurement at the
exit

Tracking Planes

5-Stage Energy
‘e — Detector

Pb Fail u »/|

y Rotation Stage)
4 and Phantom |/

LLU pCT scanner prototype [H.F.-W. Sadrozinski et al.
NIM A 831 394-399 (2016)]
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Assuming that the initial energy

is well known, we need:

Position measurement at the
entrance/exit

Direction measurement at the
entrance/exit -> a second position
measurement

Energy loss or residual energy or
residual range measurement at the
exit

Single proton tracking!

LLU pCT scanner prototype [H.F.-W. Sadrozinski et al.
NIM A 831 394-399 (2016)]




LUDWIG-
MAXIMILIANS-
UNIVERSITAT
MUNCHEN

e Assuming that the initial energy
is well known, we need:

— Position measurement at the
entrance/exit

— Direction measurement at the
entrance/exit -> a second position
measurement

— Energy loss or residual energy or
residual range measurement at the
exit

LLU pCT scanner prototype [H.F.-W. Sadrozinski et al.
NIM A 831 394-399 (2016)]

 The most advanced proton CT scanner prototype (Phase Il preclinical prototype)
built and operated by the pCT collaboration (USA).

LMU Dept Med Phys became a partner last year.




MAXIMILIANS-
UNIVERSITAT

LMU

Motivation for DECT in proton therapy

Stopping power and range in proton therapy
treatment planning

Tissue determination in proton therapy




LUDWIG-
MAXIMILIANS-
UNIVERSITAT

MUNCHEN

* Activity profile for protons does not
follow the Bragg peak as nicely as for

Proton dose . . :
Carbon ions (projectile fragmentation)

distribution
from TPS * Measured PET activity can be compared
to MC prediction
p in PMMA MC PET
1.0F v Dose . -
12!
g 0.8|
o 0.6
Y i
s 04 /.
'( A IR
02, [/ S—
0 50 1C§q‘;?2ﬁ[:200 250
0.01 -

20 0 20 40 60 80 100
Penetration depth / mm

Courtesy of J. Bauer
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simulations

Simulation / CT-based
Uncertainties in MC simulation and
discrepancies to measurements due to
underlying CT# to tissue composition conversion
Carbon fraction:
White matter: 19.4%

Grey matter: 9.5%
CSF: 0%

—~—g—

No accurate distinction between brain
matter with currently available SECT
decomposition method

—~——

Use of DECT data for a different tissue
segmentation approach

PET measurement

Courtesy of J. Bauer

e
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for brain tissue segmentation

. : © CSF
Tissue assignment: 5 601 0 wMm °
. . . . @ GM
Minimal Euclidean distance between data T :
. . 40¢
pointsin DECT space and reference values <
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Air 8 20}
50 brain fluid (|
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100 3 _ — t 0
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200
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350 — Selection rule

dywm <deu<d
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450
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Berndt B, Landry G, ..., Phys Med Biol 62 (2017) 2427
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T1 MRI segmentation vs. DECT

Largestimpact is proper assignation of CSF

Validation of segmentation Il -
- MR segmentation -

Berndt B, Landry G, ..., Phys Med Biol 62 (2017) 2427
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Conclusion 1

 The SPR accuracy of DECT
is superior to SECT
— 1% vs 3.5%

* This accuracy is probably at
the level we need

* This should be sufficient to
warrant clinical
implementation
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Conclusion 1

The SPR accuracy of DECT
is superior to SECT
— 1% vs 3.5%

This accuracy is probably at
the level we need

This should be sufficient to
warrant clinical
implementation

pCT: in room imaging

Conclusion

Treatment
planning  wee  m—

G. Landry et al. Med Phys 42 (2015) 1354

In-room
imaging

38
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Conclusion 1

The SPR accuracy of DECT
is superior to SECT
— 1% vs 3.5%

This accuracy is probably at
the level we need

This should be sufficient to
warrant clinical
implementation

Conclusion 2

For specific applications
DECT tissue segmentation
may be beneficial

PET range verification
example

Prompt gamma?
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