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Evaluation of clinical advantage of a physical aperture for spot scanning proton therapy
ARy P AF v = T FRRIRICB T W a ) X — & OfF MO BE & RIS

Abstract

[ Introduction / Purpose]

In recent years, accelerators, irradiation control systems and treatment planning systems had
been improved and the result of these improvements, scanning proton therapy systems became
widely used. Scanning methods have some advantage such as require no compensator and
reduce secondary neutrons. However, the energy generated by a commercially available
accelerator for proton therapy has a lower limit at approximately 4 g/cm? water equivalent
penetration because of stability of the accelerator, beam efficiency and effective spot size. One
method to irradiate regions shallower than 4 g/cm? is the use of an energy absorber; however,
this yields a bigger lateral penumbra and worse dose distribution due to scattering. One of the
simple and feasible ways to irradiate shallower regions with good dose distribution is to use an
energy absorber and a physical aperture. The aperture shapes the irradiation field with reduced
lateral fall-off. In the present study, we verified this physical aperture with an energy absorber
for spot scanning proton beams, and evaluated its advantage by the comparison of the width of
lateral penumbra. Furthermore, we clarified clinical effectiveness of the aperture for intensity
modulated proton therapy by the reducing rates of the dose of organs at risk and 50% dose
region.

[ Methods]

In this study, we evaluated the advantage of an aperture by the comparison of the dose
distribution between with and without aperture. In order to validate the calculation of the
treatment planning system, we compared dose profiles calculated by the treatment planning
system and measured data using each type of aperture system.

For the clinical evaluation, ten head and neck tumor datasets were used in this study. We
compared intensity modulated proton therapy plan between with and without aperture. We set
the higher priority to the prescribed dose for target region and evaluate reducing rates of 50%
dose region and mean or maximum dose of the organ at risk around the target. A physical
aperture has mechanical limit, for example maximum penetration depth, field size, distance
from isocenter and collision with other devices or patient, so some fields are could not use
aperture.

[Results]

The patient-specific aperture reduced the penumbra from 30 to 70%, for example, from 34.0 to
23.6 mm at low energy and 18.8 to 5.6 mm at high energy. The calculated field width for
square-shaped apertures agreed with measurements within 2.5 mm at low energy beam and 1



mm at high energy beam. In the case of irregular shaped aperture, such as half field or U-shape
field, shows good agreement between calculations and measurements. On the other hand, higher
dose region up to 2.5% by aperture scatters shows at the shoulder of the lateral profiles. This is
attributed to scatters from the aperture that is not modeled in the treatment planning system.

In the clinical evaluation, all examples verified in this study decreased 50% dose volume and
organ at risk dose. Average, maximum and minimum decreased ratio of 50% dose volume was
15.4%, 38.9% and 1.0%, respectively. Decreased rate of maximum doses for organ at risks are
from 0.3% to 25.7%, mean doses are from 1.0% to 46.3%. Plans there are used the aperture with
more than half of the field decreased 50% dose volume or organ at risk dose more than 10%. At
the same time, our aperture system has maximum penetration depth and mechanical interference
limit so could not use aperture for all fields; therefore, some plans had only small effect.

[ Discussion / Conclusion]

The physical aperture is useful for improving dose distributions, even in the case of intensity
modulated proton therapy. Furthermore, the calculating system shows good enough agreement
with measurements. The physical aperture has the odd features of scanning systems, such as no
requirement for a compensator or aperture. Furthermore, using the physical aperture is not the
best way from the view point of the patient throughput. However, greater benefits can be
obtained in dose distributions by using the aperture and treatment with the can employ the same
procedure as in usual treatment.
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TS X, BrRREITEZRY | T CRBICHREN A RKEICEL, =¥
—IIE U T—EDRS TIEILT 5, LW I MBI R EERD, 20 X 5 2R 7o iR
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FRETIEE D AMEL & NS & Figure 1, 2 (R, A% v = 7 IREPBEE CIX. B
FHRITINERR D O H S . FRSTEEE O f B OLE R G (profile monitor) (2 AS
L. E— ORI TON D, MEREHFTORITIZ, N~V U LEFTE LI~ U
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DOALE R HEE (spot position monitor) TAR v MMElC I ENHERE SN TEBY R
FHEPIFAK 30 x 30 cm? E TERKAIRE Td 5, Figure 2 127”773 Isocenter (71 V&
Z.UUBET A Y Z T D) I3AE R, B — A X OVE R RSO (F 5 &
INERIEDHLTH Y | BEIRROIMER L 72 5720 AREOREIXT A V' ¥
ZHITAT o T2,

Beam nozzle

Figure 1. The appearance of the scanning beam nozzle with patient-specific aperture
system. The PSAS in the figure means patient-specific aperture system.
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Figure 2. Schematic of the scanning nozzle and enlarged view of the patient-specific

aperture system.
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FAX—=PERRETHY . 2 DD 95 TR /LF—[T/KHPREET 4 - 30.6 g/em? &
2%, THEEATRE R OMEIZ, =X —0 EF & & HICEBEICEIBRAN LA 5
R L 22> TEH Y, 95 MeV LA T Tik 0.1 glem? B[R, fx K Ti% 195 MeV 2#8 2 % &
0.6 g/lcm?fHilg & 725, F7=. 0.2g9/cm? LI EOREZENH 5 = /L F—HTlid, RE
ZPGHEES 57812 0.1 - 0.5 glem? OFRFEFIEEH (range shifter) & {3 2%, AR O
LBV EEOMEGN LN ENDG ORIV XF =TT FRAH D, HifF S
a2 OEERNT 4 glem? LN OV Z S35 Z L1l Tch 5, £
D=, 4glem? LT OEWEIZ S 25681213, 4 EG FHiRiekE > ¥ —T
FRIEZ W CTWD, £, 2 A—=2 2 AWTEHAEOT U7 T, BEERE
25 DOHEBEENILN D L 285 & OBELIZ L 0 BALT 5720, BERFICITWVALELS
AYRA—FERETELZENEELY, LL, BRICITEZOERSHEER, #
BRED OIS L OTWIZ L VEST 5 2 ERRARERER G FET D, TD=®H
AR THW =2 ) A —X Efh i3 (patient-specific aperture system) (X, AR
AaEZE L, BETFORN, BENDOHEHN TV D LIENLD, ThZEN T4
FEEAERR LT, 2 ) A—FBUTITEEE A ER T 2I2H720 . a2 ) A —ZHFFFT
T ORIEFRE I EL 52 570, a ) A—2O&EE, BHRIZHONTH ML
ERLTHIRAZINZ 20N DD, AdTEEFHEHEE 2 — Tl 3 cm RO R
Al A—=2E L THNWTEY, KEMFET 15 glem? £ THEMNATREE R D720,
O Y RA—=HIEEOK G L IR DIEEOESIL0 - 15 glem? & 7p o 7=, 22U A —ZHuft
T EEE ORI ER A, Table 1 (ICF 05, BEEFORKE X1, 25 x 25 cm?
L10Xx10ecm TH D, £io. TA Vv Ehbal) A—FF TOHET 345 mm,
250 mm, 150 mm & L7z, b0zl A —2 i kE i, Table 1 1ZR /RS
HOEIZBWT, T typel,2,34 & L CAMIETIRERET S, WIUAITFRE &N
TORSINE, 4 glem? @ acrylonitrile-butadiene-styrene (ABS) #fAE#d & L |
computed tomography (CT) (Z & V0 Z DX M2 MR L7z,

Table 1. Geometry parameters of the patient-specific aperture system

Type Field size2 Distance from the isocenter (mm) Maximum range
(cm?) To aperture To absorber (mm)
1 25 x 25 345 405
2 25 x 25 150 210 150
3 10x 10 250 310
4 10x10 150 210




2-1-2  IRPRGTHIEE
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Depth dose distribution,

[Beam 2R by Tz e ] Lateral dose distribution
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[Absolute dose correction ]
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Figure 3. Procedures of beam modeling of proton scanning therapy.
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SR,
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BERNOFREF RN,
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Figure 4. The illustration of evaluation indexes used in this study.
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A L7e, 2 2T, SREETREG ARG OB & inRE B O FE 2R T,

2-4-1  GREEA TG T HIAHR

B TR T RRIREIT . RO B — O RK P Y — 7o B0 A0 & 15 D REHE
(single field uniform dose) & kg U, BERIPN ORRESIAT OX—ME % @, JELOER
FHAR OB EAKIR 2 FTRE & 92 B HR C & 5 [14,15], Paul Scherrer Institute (2330 C
TR CHID T I S, B FRRIRR I OB, A% v = 7 IREPEEOREIZ X
V. Z< Ofisx CREIRFIHA STV 5, TREZFG-HERITEE & 220 | M
\CREVE 7o R B3 AT & 2 T T DR A Bt D 2 & T NS — el oA &
BT 5o B FRRITIEREIC I ER KM 2 AT 5720, RS TS & O 7 =Rt/
BRI O B B E A R < | A L CIHER IR R PO B O RS S S5 AT
BEE7eDd, LinL, ARy MOV 1L, MELTG iR E2 AW5EE81ch
MRS 2 B LT 2 ER L 72D, FFIZ 100 MeV % Flal 5 K 5 22K 1L — Dk
T Tl FDOAR Y MEDJRN Y B IEFEBRORENEINT D Z ENB 2 b,
WA Z AN A ITIE S DICAR Y MEBIENR D T2, Z OREBENREFIT /20 15
D, TOHT, Y A—FEHNDHZETAR Y MEOIEAVIZE D EFFREOMR
BWMZIKR 5 Z LS AREE B A DL, ABFFETIX IMPT gD = Y A —Z DA H
P DWW THRE AT 2 72,

2-4-2  VRIEE R E e & B PR A

AAFFECILBESES 10 JEFI OERFIE AR EL, 2V A—X OFMEIZ L D ES
A ORI X0 A HMEEZ G L, REEHEICB T 2 R ESM% Table 2 (2777,
a Y A—ZHFEOFEIT, TN UMM, 26 ME, BEMELE L, Table
2 (ZFE L2 IE WA IC REE DR BRI 2 W CORE Le, EROBR MR L B
ROMEBEIZEWIZTHT 5720, HEZET HICH7 0, BGHRED I AR
B, COONEELEL CREHEEZRET D0LEND D, AL TIL, RN O#
EMBRZELSE, 2 A—FOFECEFABROBRESC 25N L-, 3EMHcIX
U A7 gt DR E (R KRR &, M E) & 50%FR &l (D50) THRINDHMEDIL
N0 &AW, ZNENOEEERICOWTIE, 2 A—Z72 LoMaEfEREL LGt
BaiToTm, DM BROFHEZIT O 20, $EEER LIzlgas OB OR %
RTREREE A N7 T AE MESAKICL D B COREEZIT > 72, BEEOMK
F&. BBALITAE %~ T, AHEIT 16.33 - 260.02 cm® OFIPH TH V) | JEFHIAFE & FIALIC i
U 72 IE AR ORISR 2 51 L 72, 220 EF RISV TIE, KSR (lens),



AR (optic nerve), fixE: (brain stem), 22X (chiasm), HREK (eye) 1T K= T
M L. B FAR (parotid). & (tongue). M (brain) (T EYIHRE CTREM L 7=

SRS AR O E 2 R ET 556, HEMTHRELZER T 272D, 16K
FOBE OB RO OO TNRAE TN L RN S B[ LR eTE
INLELE END, AHFFEDOIGHRFHEIORKEIZIL, T O KD AN SITHIG LT
worst case optimize [16] % V7=, worst case optimize (% X, y. z ZILZEILDFF ]~
DONETIORENS &, CT ZHWEHRSCEEICER T 2 REORHEN I EE
BL, ZNODORMENIPRELELAICH, TEXHRVEELZMZ D X ICAR
v MEEZ LT 2 FETH D, RBFETIE X Y. z FROB & 134 HREG 1
B Z—THO TS 3 mm, CT A RN I 1HE = O SCRR[LT] 225
35%EMH L7,



Table 2. Plan information with number of field, number of patient-specific aperture system field,
gantry angle, prescribed dose, clinical target volume (CTV) and organ at risk (OAR).

Gantry Prescribed CTV

ID E:;?gzr A[;iegltct;re Ap;;e/lr;:re angle dose volume OAR
(®) (GyE) (cc)
Lens,
1 3 1 Type 2 0.120 60.8  258.9 Optic nerve
240 .
Parotid
2 3 3 Type 3,4 30,90 70.2 14.3 Parotid
140
30,65 Parotid,
3 4 3 Type 1,3,4 105,195 70.2 145.6 Tongue
Brain,
4 4 2 Type 3 55,115 70.2 58.2  Brain stem,
260,305 .
Chiasm
Chiasm,
5 3 1 Type 3 0.130 70.2 260.0 Lens,
230 .
Optic nerve
Brain,
0,100 Chiasm,
6 4 4 Type 1,4 260,300 70.2  150.5 Eve,
Optic nerve
Brain stem,
0,130 Chiasm,
7 3 2 Type 1,4 260 70.2 45.5 Eye,
Optic nerve
Brain stem,
0,110 Chiasm,
8 3 2 Type 3,4 240 70.2 60.7 Eye.
Optic nerve
0,40 Brain,
9 4 3 Type 2 180,320 70.2 1378 paroti,
Brain stem,
0,120, Chiasm,
10 3 1 Type 2 240 70.2 2115 Eye,
Optic nerve
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3.

3-1 W= A—2OHMM

10x10cm? =Y A—%2 %, Bkt cal A —%ofa A2 L7
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Figure 5. Comparison of measured in-air lateral dose profiles with (w/) or without (w/0) the
aperture. Diagram (a) and (b) are for the type 1 system, and (c) and (d) are for the type 2
system of 84.7 MeV and 139.3 MeV.
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Table 3. Reduction rates in P80-20 for type 1 and type 2 systems with energy absorber.

Type Energy (MeV)  wi/o aperture (mm)  w/ aperture (mm)  Difference (%)
Type 1 84.7 34.0 23.6 -30.6
Type 2 (Range 1.5 cm) 28.3 12.0 57.7
Type 1 139.3 19.3 125 -35.3
Type2  (Range9.6cm) 18.8 5.6 70.2

w/o: without; w/: with.

3-2  VRIRETIEILEE O F RS R RE
BEARBBRGFROMESME LT, B—ox ¥ — H—ZARy hOZEKFTD
AR ME% Figure 6 12, /KH COGERRE534F % Figure 7 127897, Figure 6,7 3512,
Monte Carlo 1512 X 2t RME A EHR, FEHNIC X 2WEM%E L5 CT#qt L7z, Figure 6
IFAR Y MEEKFPREORBBREZ R L TERBY ., FRNSER D EBIIIKR % FRRFHS
R, Flo, BFRROARy MIBHAE Lo Tnb e, BERERITM (in),
FEHl 7 M (cross) O )T & RS L7-, Figure 6 725 WA Z V= 4 g/lem? LA T D58
BICRWT, ARy MENAHICIER L TWA Z ERFHmAEN D, 74 VB Z)
Ha Y A—XETOHEMENE type L ZH WA KBEWZRLF—TH D 716
MeV Tid, AR v MED K 26.7 mm & 72> 7=, Monte Carlo % & EH|DO AR >~ MR
3% 0.1 mm IN T—E L, WIAOFETZN LK 0.3 mm, 0.2 mm D7
T o7z, Figure 7 (2R IR S HIAIOREDARICE LT, FERlORKEE 100% &
L7556 @ 90%f & & 72 IR S TR 2474, 0.8 mm AN CT—E L 72, — 5 T, Figure
7 DI T — A OB E IR KB DI, R IHERO 2R D MERE DR 6 | FEHI D fx
RAERLL/NE <720, Monte Carlo (5 TIEX L W EEICHRESMZ R TE TN D 2
EBRHLNE RS T, O OFERED G Monte Carlo JAIZ X 5 FHHE 2 1R FH R
EORDEIARIZHANDE Z & & Lz,

12



30 < w/o energy absorber cross 15
O w/o energy absorber in
325 4w/ energy absorber Type 1 cross 13
520 x w/ energy absorber Type 1 in £
< ] - w/ energy absorber Type 3 cross «;11
g‘ +w/ energy absorber Type 3 in g_'
#15 o w/ energy absorber Type 4 cross @
z 29
010 ]
o N
w w 7
- e
g5 g
) 0
0 5
0 40 80 120 160 200 240 280 320 0 200 40 60 80 100 120 140 160
Range (mm) (a) Range (mm) (b)

Figure 6. Spot sizes (10) in the plane of the isocenter versus energy. Cross is short axis of the
patient position and in is long axis. Plots are measurements with (w/) or without (w/o) the
energy absorber and lines are calculations by Monte Carlo. The right panel (b) is an enlarged
view of the crowded region.

100 © 80.5 MeV
090.4 MeV
% 100.2 MeV
g x 120.6 MeV
©
v = 139.3 MeV
>
I 159 MeV
& +170.8 MeV

X 180.6 MeV

0 40 80 120 160
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Figure 7. Relative depth doses measured in water for eight representative energies with the
energy absorber. Plots are measurements and lines are calculations by Monte Carlo.

Figure 8 |2, JRIRFHIEEE OF R & BHIO AR v MEOEREZRT, ARy MEIX
WURDALE I EBIND -0, b T A Ve ERURSEENS type 1 &, &
HITS< type 4 OFERATTHEH Lz, ZROKE XX, Klhdim & &l 56 TR
BT, ETOMEIZBNTLEmm U F T L7,

Figure 9 (213, 4R TRIBEE L ¥ —CHREL L THVWTWD 7 T3 /LX—
(77. 84.7. 100.2, 120.6. 139.3, 159, 170.8 MeV). Kix 72 K & & DIRHEF (2x 2 - 20
x20cm?) IZBWT, 2em R, ARFREE, € OWHES ORI B R A FHE & F2H)
TG L7 fE R AR T, Type 1 & type 2 O HEERZBEY, —xL¥— ThZ
NEREIE LCE D, BEBENRRESRDICONWTERDIEND Z L HHEHET
X, TRV XZL DY ITA LN o7, 37 (mean value = SD) [T type 1 C
-0.17 + 0.57% ( -1.7% - +1.2%). type 2 T -0.39% + 0.78% (-2.5% - +1.4%) TH -7,
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INHDORERNG, 2l A= EZHNWRWEEIZB W T, IBRGHEEE O R E
MERENEDTHD I EBHERTETI,

10X 10cm? D =2 U A —4 % Fu 7= G20 & G E oo G805 B oo bhigs it S % Figure
10 {Z7~r9°, P80-20 & W50 iZZ4Z41 0.1cm, 0.08cm ANDFRZET—E L 7=,
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Figure 8. Differences between in-water spot sizes calculated by the VQA and those measured
with type 1 (a) and type 4 (b) systems without aperture. Solid lines: in line, dashed lines: cross

line results.
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Figure 9. Percentage differences between calculated and measured field size factors with the
energy absorber for monoenergetic fields at three depths as a function of field size (a), (b) and
energy (c), (d). Figure (a) (c) are for type 1 and (b) (d) are for type 2 without aperture. Positive
values in percentage differences indicate that calculated field size factors were larger than the
measured ones.
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Figure 10. Comparison of calculated and measured in-air lateral dose profiles with (w/) or
without (w/0) the aperture. Line profiles were calculated by the VQA and plots are measured

profiles. Diagram (a) and (b) are for the type 1 system, and (c) and (d) are for the type 2
system of 84.7 MeV and 139.3 MeV.
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Figure 11. In-air profiles using half-field apertures for type 1 and type 2 systems at the

isocenter plane and at 10 cm proximal or distal to the aperture. Diagrams (a) and (b) are for the
type 1 system, and (c) and (d) are for the type 2 system of 84.7 MeV and 139.3 MeV. Line
profiles were calculated profiles by the VQA and dots were measured profiles.
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Figure 12. Differences between measured and calculated in-air W50s as a function of distance

from the isocenter for 84.7 MeV (a) and 139.3 MeV (b) of type 1 and type 2 aperture systems

with aperture.
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Figure 13. Differences between measured and calculated in-water W50s as a function of depth
for 84.7 MeV and 139.3 MeV of type 1 and type 2 aperture systems with aperture.
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Figure 14. In-air profiles of 139.3 MeV using the U-shape aperture for type 1 [(a) (c)] and type
2 [(b) (d)] systems. Diagrams (a) and (b) indicate 2D dose distributions, and (c) and (d)
indicate dose profiles at arrow-marked shapes on diagrams (a) and (b).
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Figure 15. Relative depth doses with (w/) and without (w/0) the aperture for type 3 (a) (c) and
type 4 (b). The maximum range was 14.5 cm (a), 9.0 cm (b), and 3.0 cm (c). Line profiles
were calculated profiles by the VQA and dots were measured profiles.
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Figure 16. Examples of dose volume histograms of the poor effectiveness case (left) and the
good effectiveness case (right). Left example is plan ID 4 and right example is plan ID 6. Solid
lines are without aperture and dashed lines are with aperture.

Figure 17. Examples of dose distribution of the poor effectiveness case (upper) and good
effectiveness case (lower). Upper example is plan ID 4 and lower example is plan ID 6. Right

side of each case is without aperture and left side is with aperture. There are same plans with
examples shown in Figure 16.
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Figure 18. Relative difference of 50% dose volume and maximum or mean doses of each
organ at risk compared with aperture plan to without aperture plan.
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