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CNAO: fixed beam lines 
(h&n, pelvis, abdomen, eye,..)

2 lateral treatment rooms → fixed horizontal beam line 
central room → horizontal and vertical fixed beam lines
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CNAO: fixed beam lines 
(h&n, pelvis, abdomen, eye,..)

2 lateral treatment rooms → fixed horizontal beam line 
central room → horizontal and vertical fixed beam lines

Number of treatments with gating @ CNAO: 
september 2014 to january 2019

TOT 115

Upper abdomen 46

Thoracic, spine 48

Chest 21

Tumor type: pancreatic adenocarcinoma, HCC, 
sarcomas



4D imaging Planning DeliveryIn-room 
imaging

Re-evaluative
imaging
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• Mask -> 
abdominal & 
thoracic
compression

• 4DCT -> phase-
based
reconstruction

• External pressure 
sensor (ANZAI)

This talk: 

• Upper abdomen moving targets.

• Pencil-beam scanning carbon ion RT plans, optimized with Siemens Syngo TPS,  delivered with gating + 
rescanning.

• ITV within gating window
• Plan optimization on 0% Exp CT 

with strategies to consider intra-
fraction motion.

• Plan recalculation on expected
gate limits CTs.

• Plan recalculation on re-evaluative
CT the same day of treatment

• Gating at 0%Exp 

• Layer-rescanning 5 
times

• Plan 
recalculation
on 4DCT

• Replanning (?)

Workflow



Characteristics:

• Mask -> abdominal & thoracic compression
• 30%Ex: (0.3±0.2) cm, range (0.0 - 0.9)cm; 

• 30%In: (0.4±0.3) cm, range (0.0 – 1.0) cm; 

• Supine and prone position
• think at beam geometry (multiple ports)

• consider multiple plans

• External pressure sensor (ANZAI) -> phase-based
reconstruction

• 4DCT + 4DCT with MDC for organs delineation

• 5 (10) phases reconstructed (motion amplitude 
dependent: 0%EX, ±30%, ±50%, ±70%, 90%IN )
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Limits:

• Patient setup uncertainties

• Time consuming: n contouring + n plans + n re-
evaluative
Trust deformable registration

• Trust correlation between surrogate and internal
motion

• 4DCT describes an average breathing during
acquisition of apprx. 1 min

Characteristics:

• Mask -> abdominal & thoracic compression
• 30%Ex: (0.3±0.2) cm, range (0.0 - 0.9)cm; 

• 30%In: (0.4±0.3) cm, range (0.0 – 1.0) cm; 

• Supine and prone position 
• think at beam geometry (multiple ports)

• consider multiple plans

• External pressure sensor (ANZAI) -> phase-based
reconstruction

• 4DCT + 4DCT with MDC for organs delineation

• 5 (10) phases reconstructed (motion amplitude 
dependent: 0%EX, ±20%, ±30%, ±50%, 90%IN )
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Limits: patient setup uncertainties

Pancreatic adenocarcinoma
Planning CT  0%EX (Dec 22, Magenta)
Re-evaluative CT 0%ex (Jan 15, Green)

Planning CT acquired 1 day after the 
mask preparation?

Hepatocellular Carcinoma
Planning  (red) vs pre-treatment (green)0% EX CT

NOT treated

X [cm] y[cm] z[cm] 3D[cm]

-0.4 0.5 -1.2 1.35
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Limits: multiple setups
Pancreatic adenocarcinoma, C-ion, 57.6 Gy(RBE) 12fr/4.8Gy(RBE), 9fr supine + 3 fr prone, IMPT

Beam geometry?

• Dose costraints to OARs
• Spinal cord (prone)

• Range uncertaintes
• Duodenum, stomach

High uncertainty on dose 
summation! ->only DVH

0%EX supine

0%EX prone
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Multiple setups
Pancreatic adenocarcinoma, C-ion, 57.6 Gy(RBE) 12fr/4.8Gy(RBE), 9fr supine + 3 fr prone, IMPT

0%EX supine 0%EX prone

Beam geometry?

• Dose costraints to OARs
• Spinal cord (prone)

• Range uncertaintes
• Duodenum, stomach

High uncertainty on dose 
summation! ->only DVH

9 fr + 3 fr

Respect on OARs dose 
costraints on single 

plans
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• Multi-slice acquisition of sagittal images during free-
breathing (TrueFISP sequence, resolution: 1.33x1.33x5mm)

• 4DMRI retrospective sorting (Meschini et al. Phys Med 2019;58:107-13)

• 6 pancreas + 2 liver patients treated with gated carbon ion
therapy

• 18 4DMRI overall (repeated acquisition during the same
scan and/or after ~1 week)

4DMRI

virtual 4DCT

Reference 
3D CT

DIR

@
Average respiratory cycle
Virtual 4DCT from 4D MRI
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CT and GTV 
(0% exhale)

MRI and 
GTV

2D CINE MRI 
and GTV

[submitted manuscript]



• Targets and OARs delineated on all phases: use of DIR?

• ITV within gating window (0% to ± 30% exp)

• Plan optimization on 0% Exp:

• Beam geometry: avoid surfaces which moves
perpendicular to beam axis;

• Consider possible inter-fraction motion;

• Plan recalculation on different phases: 

• ± 30% exp: estimated gating window limits

• 100% in: worst-case scenario 

• Pre-treatment recalculation (same day)

Purpose:  robust and conformal treatment plan
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Clinical case:

Pericardial leiomyosarcoma

Carbon ion – 64Gy (RBE), 16fr/ 4 Gy(RBE)

Datasets

Respiratory-gated 4DCT (10 phases)

Cardiac-gated 4DMRI (external source)

Purpose:  robust and conformal treatment plan
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• Targets and OARs delineated on all phases: use of DIR?

• ITV within gating window (0% to ± 30% exp)

• Plan optimization on 0% Exp:

• Beam geometry: avoid surfaces which moves
perpendicular to beam axis;

• Consider possible inter-fraction motion;

• Plan recalculation on different phases: 

• ± 30% exp: estimated gating window limits

• 100% in: worst-case scenario 

• Pre-treatment recalculation (same day)



GTV 0%EX  (green)
GTV 30%EX (magenta)
GTV 30%IN

ITV=  GTV (0%EX)+ GTV(30%IN)+GTV (30%EX)
ITV manually adjusted considering 4DMRI

PTV = ITV + 5mm

Robust & conformal planning
Define the target
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ITVPTV



Colon

ITV

PRV of ITVs
(ITV + 3 mm)

Robust & conformal planning
OARs
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Stomach

ITV

PRV of ITVs
(ITV + 3 mm)
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Colon

ITV

PRV of ITVs
(ITV + 3 mm)

Robust & conformal planning
OARs



Heart
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Robust & conformal planning
OARs

Heart ITV

Heart: evaluate motion from external cardiac MRI -> SI and LL directions (3 mm). 
Heart ITV not used for plan optimization, only cardiac wall contour.
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Robust & conformal planning
Plan optimization

• Targets and OARs delineated on all phases: use of DIR?

• ITV within gating window (0% to ± 30% exp)

• Plan optimization on 0% Exp:

• Beam geometry: avoid surfaces which moves
perpendicular to beam axis;

• Consider possible inter-fraction motion;

• Plan recalculation on different phases: 

• ± 30% exp: estimated gating window limits

• 100% in: worst-case scenario 

• Pre-treatment recalculation (same day)

Vertical port

Horizontal port



NO!Colon! Intra-fraction20

Robust & conformal planning
Plan optimization

• Targets and OARs delineated on all phases: use of DIR?

• ITV within gating window (0% to ± 30% exp)

• Plan optimization on 0% Exp:

• Beam geometry: avoid surfaces which moves
perpendicular to beam axis;

• Consider possible inter-fraction motion;

• Plan recalculation on different phases: 

• ± 30% exp: estimated gating window limits

• 100% in: worst-case scenario 

• Pre-treatment recalculation (same day)

Vertical port

Horizontal port



NO!Colon! Intra-fraction

NO! Motion 
perp. to beam + 
uncertainties on 
stomach
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Robust & conformal planning
Plan optimization

• Targets and OARs delineated on all phases: use of DIR?

• ITV within gating window (0% to ± 30% exp)

• Plan optimization on 0% Exp:

• Beam geometry: avoid surfaces which moves
perpendicular to beam axis;

• Consider possible inter-fraction motion;

• Plan recalculation on different phases: 

• ± 30% exp: estimated gating window limits

• 100% in: worst-case scenario 

• Pre-treatment recalculation (same day)

Vertical port

Horizontal port



NO!Colon! Intra-fraction

NO! Motion 
perp. to beam

Ok! With ghost
structure, ok 
uncertainties on 
heart

Vertical port

Horizontal port
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Robust & conformal planning
Plan optimization

• Targets and OARs delineated on all phases: use of DIR?

• ITV within gating window (0% to ± 30% exp)

• Plan optimization on 0% Exp:

• Beam geometry: avoid surfaces which moves
perpendicular to beam axis;

• Consider possible inter-fraction motion;

• Plan recalculation on different phases: 

• ± 30% exp: estimated gating window limits

• 100% in: worst-case scenario 

• Pre-treatment recalculation (same day)



0%EX0%EX

0%EX

30%EX

30%EX

30%EX

Planned on 0%EX vs Recalc on 30%EX
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Robust & conformal planning
Plan Recalculation

• Targets and OARs delineated on all phases: use of DIR?

• ITV within gating window (0% to ± 30% exp)

• Plan optimization on 0% Exp:

• Beam geometry: avoid surfaces which moves
perpendicular to beam axis;

• Consider possible inter-fraction motion;

• Plan recalculation on different phases: 

• ± 30% exp: estimated gating window limits

• 100% in: worst-case scenario 

• Pre-treatment recalculation (same day)



0%EX0%EX

0%EX

30%EX

30%EX

30%EX

Colon

Stomach

GTV

Planned on 0%EX vs Recalc on 30%EX
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Robust & conformal planning
Plan Recalculation

• Targets and OARs delineated on all phases: use of DIR?

• ITV within gating window (0% to ± 30% exp)

• Plan optimization on 0% Exp:

• Beam geometry: avoid surfaces which moves
perpendicular to beam axis;

• Consider possible inter-fraction motion;

• Plan recalculation on different phases: 

• ± 30% exp: estimated gating window limits

• 100% in: worst-case scenario 

• Pre-treatment recalculation (same day)



Planned vs Recalc dose distribution on 0%EX

0%EX

0%EX

0%EX
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Robust & conformal planning
Plan Recalculation

• Targets and OARs delineated on all phases: use of DIR?

• ITV within gating window (0% to ± 30% exp)

• Plan optimization on 0% Exp:

• Beam geometry: avoid surfaces which moves
perpendicular to beam axis;

• Consider possible inter-fraction motion;

• Plan recalculation on different phases: 

• ± 30% exp: estimated gating window limits

• 100% in: worst-case scenario 

• Pre-treatment recalculation (same day)



GTV

Stomach

Colon

Planned vs Recalc dose distribution on 0%EX

0%EX

0%EX

0%EX

28

Robust & conformal planning
Plan Recalculation

• Targets and OARs delineated on all phases: use of DIR?

• ITV within gating window (0% to ± 30% exp)

• Plan optimization on 0% Exp:

• Beam geometry: avoid surfaces which moves
perpendicular to beam axis;

• Consider possible inter-fraction motion;

• Plan recalculation on different phases: 

• ± 30% exp: estimated gating window limits

• 100% in: worst-case scenario 

• Pre-treatment recalculation (same day)



GTV

Stomach

Colon

Planned vs Recalc dose distribution on 0%EX

0%EX

0%EX

0%EX
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Robust & conformal planning
Plan Recalculation

• Targets and OARs delineated on all phases: use of DIR?

• ITV within gating window (0% to ± 30% exp)

• Plan optimization on 0% Exp:

• Beam geometry: avoid surfaces which moves
perpendicular to beam axis;

• Consider possible inter-fraction motion;

• Plan recalculation on different phases: 

• ± 30% exp: estimated gating window limits

• 100% in: worst-case scenario 

• Pre-treatment recalculation (same day)

Target coverage: ok
Safety on OAR: ok
Is this too much?  



• Gating at end-exhale phase.

• Adjustable flat-top time + spill extraction synchronized 
with gate on

• gate window ≈ 1 s

• 5-times layer rescanning

• 5 is a compromise: 

• same number of minimum n° particles per spot as
a standard plan, for each rescan

• more rescans -> higher threshold -> less conformal
dose

• Fractionation helps vs interplay effect

Delivery: gating + layer rescanning
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Physica Medica, 2016



Treatment duration: simple stats

9 patients, 27 irradiated fields

Average treat. time ≈ 9 min -> gating + rescanning

average QA time ≈ 5 min -> only rescanning

Treat Time

QA Time
≈ 2.3
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• Monitor treatment on daily
imaging (CBCT, etc.) and/
or re-evaluative 4DCT;

4D imaging Planning DeliveryIn-room imaging Re-evaluative
imaging
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Re-evaluative 4DCT on the 2° week

Pericardial leiomyosarcoma
Carbon ion – 64Gy (RBE), 16fr/ 4 Gy(RBE)

Planned vs Recalc dose distribution on 0%EX after 5 fractions

0%EX

0%EX 0%EX

0%EX

Difference 
in density 

and position

• Monitor treatment on daily
imaging (CBCT, etc.) and/
or re-evaluative 4DCT;



Planned vs Recalc dose distribution on 0%EX after 5 fractions

0%EX

0%EX 0%EX

0%EX

Stomach

Colon
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Re-evaluative 4DCT on the 2° week

Pericardial leiomyosarcoma
Carbon ion – 64Gy (RBE), 16fr/ 4 Gy(RBE)

• Monitor treatment on daily
imaging (CBCT, etc.) and/
or re-evaluative 4DCT;



• Monitor treatment on daily
imaging (CBCT, etc.) and/
or re-evaluative 4DCT;

Re-evaluative 4DCT on the 2° week

Pericardial leiomyosarcoma
Carbon ion – 64Gy (RBE), 16fr/ 4 Gy(RBE)

Planned vs Recalc dose distribution on 0%EX after 5 fractions

0%EX

0%EX 0%EX

0%EX

Stomach

Colon

Target coverage: ok
Safety on OAR: ok

Is this too much? enough?
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New 4DCT on the following day

Replanning



Commercial TPS with tools for robust planning: 

• with protons (Raystation, Eclipse...)

• with carbon ions (Raystation v.8b)

The TPS simulates scenarios of setup and range uncertaintes, or organ motion as 
represented by a 4D set, and optimize a robust plan.

Under development  (1): robust planning
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Commercial TPS with tools for robust planning: 

• with protons (Raystation, Eclipse...)

• with carbon ions (Raystation v.8b)

The TPS simulates scenarios of setup and range uncertaintes, or organ motion as 
represented by a 4D set, and optimize a robust plan.

Under development  (1): robust planning
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Under development  (1): robust planning
Set robustness parameters (density, setup 

errors + 4d images) for optimization

Evaluate robustness on calculated 
dose distribution 
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Robust planning
Lung adenocarcinoma, P, 60 Gy(RBE) 10fr/6Gy(RBE),  IMPT

Recalculation with 
setup and range 

uncertaintes

Recalculation on 
30%EX resp. phase

robust planning

GTV
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[submitted manuscript]

CIRT plans optimized on end-exhale CT, recomputed 
on other phases and on virtual 4DCT

On development  (2): use of MRI
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On development  (3): delivered dose fraction
estimation

• From machine log-file: time point each spot 
is delivered at which geometric position;

• From gating system: which was the patient
anatomy at the delivery of a particular spot
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Retrospective evaluation of dose 
degradation per fraction
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Thanks!

…. and questions
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