Designing pin-type ridge filters for Bragg peak FLASH proton therapy to
> maximize dose-rates and robustness to beam instabilities
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BACKGROUND

* FLASH irradiation at ultra-high dose rate (UHDR, 240 Gy s™', orders of magnitude above
standard proton therapy rates) spares normal tissue at iso-effective tumour dose-levels [1].

+ Bragg-peak FLASH requires single-energy SOBP delivery: layer-by-layer energy
selection is too slow (>80 ms per layer) for UHDR, and energy-degrading losses reduce dose
rates [2].

Pin-type ridge filters (pRFs) degrade a single beam energy into many ranges, forming an
'S0BP across a scanned field without energy switching,

Scatter and nuclear interactions in pRFs and range-shifters (RS) broaden beams and deplete
protons — limiting dose rate and broadening fields’ distal and lateral penumbra.

Critically, pRFs make the delivered depth-dose profile sensitive to beam errors: lateral
offsets change the fraction of protons traversing each pin thickness, distorting the SOBP —
asensitivity absent in conventional delivery.

METHODS

* The UCLH ProBeam beamline was matched across the clinical energy range in TOPAS; dose-
to-water scored in water phantoms and patient CTs at <2 mm voxel resolution [3].
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PRF-RS SYSTEM MATERIALS

* Lateral beam spread was assessed for pRF-RS degraded beams across the clinical energy
range. For 250 MeV degraded to 150 MeV, beryllium produced the narrowest beam (o = 8.5
mm at Bragg-peak depth), polypropylene 9.8 mm, aluminum 13.2 mm, lead ~30 mm.
Polypropylene gave the highest fluence transmission, and therefore the highest deliverable
dose rate. Range straggling (Rio-Rso = 6.8 mm) was essentially material-independent (AR~

Rec<0.4 mm, except lead +1.2 mm).

ROBUSTNESS TO BEAM PERTURBATIONS

B
100
80 1

£ g 1
I 9 60 H

~Baseine a 20T m o Systematc
|--1.0 mm Random Offset 401 [0 mm o sysematc {

20 mm Random Offset |-+02 mm & Sysematc

0.5 mm Systematic Offsel 02 mm o Systematc

temaic Offsel 20} |40z mm o Random

A ™ P —seie B
P
—Lexan o
= H " A
5 +Loran
£ Fposyere
g
o el bl i 10 0 M0 10 10 0 70 240
o o

* APRF design /as developed accounting for the
incident on each pin stack,

* Uniform pRFs and non-uniform pRFs (NURFs) representing phantom and clinical cases were
designed and investigated in-silico.

* PRF/RS materials compared in-silico: polypropylene, Lexan, water, beryllium, aluminium,
lead.

+ Dose-rate metrics: average dose rate (ADR), depth-averaged ADR (DADR), Vao (volume
fraction 240 Gy ™) [4]

+ Robustness assessed for spot offsets (<2 mm), spot-o changes (+0.2 mm), pRF rotation, and
beam divergence — across the square-pin baseline, spline-profiled pins, 2x2 pin blocks, and
RF-after-RS placement.

+ pRFs manufactured by SLA 3D printing of a polypropylene-based resin (stopping-power
ratio 1.144 +0.004), giving low lateral scatter and minimal dose-rate loss.

+ Experimental validation at UCLH with a 245 MeV beam; depth-dose profiles measured with
an 1BA Giraffe MLIC detector.

RIDGE-FILTER DESIGN

« A range of pencil-beam/pin-stack spacings was investigated to assess the effect on dose

conformity and dose rate.

« The design accounts for the summed fluence map from neighbouring pencil beams —
which varies with spot spacing — to set each pin's energy weighting correctly.
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LATERAL FIELD UNIFORMITY

+ Rs-induced lateral broadening raised the maximum spot spacing maintaining PVDR < 1.02
from ~10 mm (ESS beam) to 16-20 mm (pRF/RS beam, energy-dependent), reducing the
number of spots required per energy layer.
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. DRFs were tested in a Varian Probeam beamline, using a 245 MeV beam at standard dose

. spaual offsets and rotational misalignments were purposefully introduced to assess the
effect of potential setup errors and machine output variabilities.
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. produced the highest ADR of all materials tested, with gains of 10-68% over
aluminium, beryllium, and lead at a 215 nA nozzle current. Field size was the primary
determinant of FLASH coverage: Vao fell from 88.5% (4x4 cm?) to 8.9% (10x10 cm?) at 10
mm spot spacing. Deeper SOBPs gave modestly higher ADR due to reduced RS thickness.
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min SOBP variation (%) under each mitigaton.

« At10 mm Spnt spacing, a 1 mm lateral offset distorted the SOBP by a Max-Min range of
9.5% a 0.2 mm spot-c eror produced 13.7% distortion — sensitivities absent in
conventional scanned delivery. A 2° pRF rotation introduced 4.0% distortion; uncorrected
beam divergence at 10x10 cm? produced 4.4%, reduced to 1.2% with realignment.

+ Standard pin stacks were the most sensitive design: a 1 mm offset and £5% spot-o change
produced up to 6.1% and 15.1% Max-Min distortions, respectively. Spline-profiled pins
reduced these to 4.1% and 7.7%. Both 2x2 pin blocks and pRF-after-RS placement held
distortion below 2% under all perturbations tested.

Unperturbed

1 mm offset 6.1 4.1 15 13
Spot 0 +5% 93 48 16 17
Spot 6 -5% 15.1 77 15 15
Tabe2-

* pRFs were deslgned to maximise robustness, dose rate and dose conformity and were then
the NURF Dose

workflow is also in development to ensure accuracy and reproduci
fabrication and delivery.

Figure 7 4] Alver treatment plan simulatedin TOPAS on T with o 8) b, with the esulting dose distrbution shown. ) A
profileofthe bose planvs TOPAS dose profie.

CONCLUSIONS AND FUTURE WORK

+ The pRF pin-design methodology reproduces the intended SOBP across materials, grids

and pin shapes, and was experimentally validated in a proton beamiine.

Polypropylene is the optimal pRF/RS material: it provides the highest dose rates with the

2nd narrowest beams; choice of material governs lateral spread but barely affects range

straggling.

* PRF/RS broadening permits wide spot spacing (16-20 mm), reducing spots per energy

layer.

Delivered SOBPs are uniquely sensitive to mm-scale offsets, spot-o changes and pRF

rotation — robustness is restored to <2% by spline pins, 2x2 pin blocks, or RF-after-RS

placement.

+ The design methodology, material study and robustness analysis are integrated into a

Bragg-peak FLASH treatment-planning workflow.

A QA workflow for pin-type ridge-filters is in development.

+ Further non-uniform ridge filter experimental studies are ongoing for clinical-type cases,
as well as the developmentof adaptive pi-type ridge filters.
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