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The start of the journey

• When I was a resident at UPenn 2012…
– I had no idea of the proton beam therapy

– I had very limited clinical experience in X-ray
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Why Proton doesn’t have a  rotational 
treatment technique  like VMAT? 

The first try with 3D printing bolus
• Dr. Kevin Teo: “Shall we do some projects with 3D printer?”  
• Leo: “Great idea! But where is the printer?”

– Solid water 
– Clam shell replace the stainless steel one in photon
– How about patient specific bolus? 
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First 3D printed bolus to compensate the range 
difference for passive-proton arc therapy 

1st place at Young investigator symposium in AAPM 
clinical annual meeting 2014

Three clouds
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Uncertainties

Prolonged treatment time

Large Lateral Penumbra

Three main challenges 

Pencil Beam Scanning
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• Uncertainties

– Range, setup, motion .etc.

• Long delivery time 

– Limits the beam number per fx

• Larger Penumbra (Spot size)

3D/4D Robustness 
optimization (Liu et al)

RaySearch Raystation
Varian Eclipse 13

Delivery Efficiency 
engine (Cao et al, Van 

de Water et al)

Dynamic 
Collimation 
system (Hyer et al, U of 

Iowa)

Proton Arc Therapy

Dosimetric limitations?

The next technique breakthrough? 
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The history of Proton Arc Therapy

• Sandison et al. did a chestwall phantom irradiation using 
passive-scattering technique in 1997 

• Joseph Dessy, Ryan Flynn and Miao Zhang and Thomas R 
Mackie et al. proposed distal end tracking (DET) method. 

• Seco et al. in 2012 explored the dosimetric advantage of using 
proton arc therapy for lung SBRT 
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• Principles and Practice of Stereotactic Radiosurgery by Lawrence S. Chin and William F. Regine 2015 p
87. Proton arc therapy is not feasible nor is it necessary to generate conformal plans.

• Dr. Yu: “intensity modulated proton arcs would be harder, if not impossible, to achieve with the
current spot scanning technology”.

• Dr. Paganetti:“The lack of intensity modulated proton arcs is not a limitation because the technique is
not even necessary for protons given the advanced dose shaping capabilities and small spot sizes”

Do we need proton arc therapy? 
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Proton Treatment Delivery Time

Hypothesis

• Dosimetric Plan quality:
– More freedom of optimization = better plan quality (conformity)
– More beam angles = less dosimetric impacts on the range uncertainty

• Treatment efficiency
– Layer switching is faster and faster = Proton arc with more energy layers is clinical feasible
– Finish the treatment with one arc = improve the workflow efficiency

• Optimization and calculation burden
– Iterative optimization approach to relieve the calculation burden = 360 degree proton arc 

sampling frequency optimization feasible

• Reduce acute toxicity of organ abutting the target

• Expand the proton beam therapy application to more disease sites or indications 

• Significantly increase the proton facility daily treatment capacity
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Thinking of the concept in 2015

Preliminary Result Feb 2016
AAPM Talk in Aug. 2016

1st Paper published in Aug. 2016

Dosimetric studies

Penumbra

Motion

Delivery time

Robustness

Range Shifter

Experimentally verification 
(1) fixed gantry; (2)step&shot; 
(3) continuous rotation

Clinical Implementation

QA procedure and devices
E2E Validation

LET/RBE Optimization

Machine & Treatment delivery
More innovations

Simulations

Ding et al 2016 @ IBA meeting

Spot-scanning Proton Arc Therapy

• Gantry/Couch continuous movement while
– Delivering proton beam

– Scanning proton spots 

– Switching energy layers

• Goal: Make particle therapy treatment more efficient, more 
robust, better dose conformity
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SPArc – Planning Optimization Algorithm 
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Use iterative optimization approach to increase the control point 
sampling frequency to a desired arc delivery sampling frequency

Ding & Li red journal 2016
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SPArc – Delivery Optimization Algorithm 

• Reduce the low weighting energy layers and spots

• Energy switching sequence sorting and optimization 
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Ding et al. PTCOG 2018

Deliver sequence optimizationEnergy Layers and MU distribution

Ding et al. Acta Oncologica 2019 Ding et al. PTCOG 2018

Spot-scanning Proton Arc Therapy
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A robust, delivery efficient and potential for 
continuous arc delivery

An advanced IMPT optimization algorithm

 First technique paper (IJROBP 2016)
 Advanced staged lung cancer (NA-PTCOG 2016)
 Prostate (PTCOG 2017)
 WBRT Hippocampus sparing (AAPM 2017)
 Cranial SRS (ASTRO 2017)
 Spine SRS (ASTRO 2017)
 Bilateral Head & Neck (AAPM 2017)
 Mobile tumor – interplay (AAPM 2017)
 Re-define the role of range shifter (JACMP 2018)
 Delivery sequence optimization algorithm (PTCOG 2018)
 Lung SBRT (ESTRO 2018)
 Comparison with collimator based IMPT (ASTRO 2018)
 1st Prototype Proton Arc Therapy delivery (Green Journal 2019)
 Many more to come...

Ding X & Li X IJROBP 2016

Dosimetric Studies
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Dosimetric Studies
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Whole Brain Radiotherapy with Hippocampal and cochlea sparing

Figure: A representative CT slice of a patient contours and dose distribution and DVHsDing et al. Acta Oncologica 2019

Brain SRS
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Ding et al. PTCOG 2017
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Dosimetric Studies

Do we need REALLY range shifter?
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Bilateral HNC
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About 30% reduction in 
the parotid mean dose

Gang et al. (in revision)
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Bilateral HNC
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Fig 5. Normal tissue complication probability (NTCP) model for parotid salivary flow (solid curve). The NTCP value denotes the

probability of a reduction in salivary flow to <25% of the pretreatment flow at ≤ 6 months after radiotherapy.

Gang et al. (in revision)

Dosimetric Studies

Interplay effects for proton therapy

• The motion of the beam could interfere with 
the motion of target

• May result in distortion of the planned dose 
distribution, local over- and under- dosage 

• One of the major concerns for treating lung 
cancer with scanning beam proton

27
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Single-fraction 4D dynamic dose
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SPArc IMPT

Patient 6, ITV volume of 402cc, S-I motion of 1.2 cm Li et al. Radiation Oncology 2018

Effectiveness of mitigating Interplay Effect
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Gang et al. Young Investigator award in PTCOG 2019

A digital target 4DCT imaging set Compared to the volumetric repainting technique 
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Breast Cancer

• Limited field size of a compact gantry
– 20cm x 24 cm 

– Multi-field matching and multi-iso shifts takes significant time
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Ding et al. ESTRO, 2019

Single iso
Easier clinical workflow
Better conformality
Better Heart and lung sparing

Dosimetric Studies

SPArc for prostate cancer
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Ding et al. Acta Oncologica (2017)
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SPArc could offer more treatment options

• SBRT/SRS

• Mobile tumor treatment

• Dose escalation 

• LET/RBE painting
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Li et al. 

Have we reached dosimetric limitation yet? 

• Let’s spin our gantry first
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PTCOG 2018

On August 29th 2018, 2:30am EST
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IBA CONFIDENTIAL

World first SPArc Treatment Delivery at Beaumont PTC on IBA 
ProteusONE system

Target volume: 123 cc
Target diameter: 9.5 cm
Target thickness: 3 cm

Target dose: 6 Gy
Number of spots: 2624
Number of energy layers: 58

Delivery time: 4m27’
Minimum energy: 100 MeV
Maximum energy: 166 MeV

Simulation Irradiation on a Gafchromic 
film

Basic Proton Arc Delivery Characteristics 1 

• Central spot position check 

– Energy range (70-227.7MeV)

– 2D cone shaped scintillator 
detector

– Tolerance:  1mm

Li et al.  Green journal 2019

Basic Proton Arc Delivery Characteristics 2 

• Central spot profile check 

– Static vs Arc delivery

– Energy range (70-227.7MeV)

– 2D scintillator detector with  a 
gantry mount

– Tolerance:  1.5%

Li et al.  Green journal 2019

Li et al. 
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SPArc patient specific plan

SPArc IMPT

Patient specific SPArc QA

• The brain SPArc plan was delivered in PDAD mode

• The iso-dose was measured using MatrixxOne mounted to 
the gantry with 2 cm buildup

• The Gamma index (3%/3mm) criteria was used analyze the 
measurement

• The delivery time is 5 mins compared to 11 mins for the 
IMPT plan.

• The Gamma index reached 98.6%

Delivered dose reconstruction

• The actual spot delivered angle position, MUs were 
imported back to TPS to calculate the delivered 
dose

• The maximum dose difference in the target is 0.2%

• The Gamma index (1mm/1%) reached 98.3%
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Thinking of the concept in 2015

Preliminary Result Feb 2016
AAPM Talk in Aug. 2016

1st Paper published in Aug. 2016

Dosimetric studies

Penumbra

Motion

Delivery time

Robustness

Range Shifter

Experimentally verification 
(1) fixed gantry; (2)step&shot; 
(3) continuous rotation

Clinical Implementation 

QA procedure and devices
E2E Validation

LET/RBE Optimization

Machine & Treatment delivery
More innovations

Simulations

Ding et al 2016 IBA user meeting

Conclusions
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• SPArc addressed three main challenges in the proton beam therapy

– Plan Robustness

– Treatment Delivery efficiency 

– Dosimetric Conformity

• The SPArc could release power of PBS optimization via more degrees of freedom

• The SPArc delivery is compatible with the existing clinical proton system

• Expand the proton beam therapy application to more disease sites or indications. 

• Potentially reduce acute toxicity of organs abutting the target

• Increase the proton facility daily treatment throughput

Questions

45
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