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Abstract

Radiotherapy with protons is
an innovative method in cancer
treatment. Besides convention-
al radiotherapy with photons,
irradiation with protons is
identified to offer considerable
advantages for treating tumors
whenever high-precision and
sparing irradiation is required.
Protons have been already
used in clinical settings since
the 1950ies. Due to their par-
ticular physical characteristics,
the dose to healthy tissues and
as a result the risk for treat-
ment sequelae and induction
of secondary malignancies can
potentially be reduced. Special
clinical and physical treatment
planning expertise as well as
complex equipment support
makes treatment extremely
elaborate and complex. Previ-
ous investigations have gener-
ated evidence for the benefit
of protons in cancer treatment.
So far, the greatest experienc-
es in proton beam therapy (PT)
were gained in treating ocular
tumors, malignancies at the
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base of skull, and prostate can-
cer. Furthermore, to date PT is
implemented as the preferred
radiation modality in pediatric
cancer. Nowadays, an increas-
ing number of additional indica-
tions receive PT, e.g. brain tu-
mors, head and neck cancers,
sarcomas and gastrointestinal
tumors in adults. However,
availability of PT is still limited
to date, but the number of
facilities in clinical operation is
continuously increasing. Up to
now, protons were safely ap-
plied with encouraging results.
Further evaluation of clinical
data is ongoing. In future, mod-
ern delivery techniques will be
increasingly established to fur-
ther improve treatment options
and extend clinical indications.

Background and Features

Proton beam therapy (PT) is a
particular method in radiothera-
py to treat tumors with high-
energy, charged hydrogen ions.
Conventional photon-based
radiotherapy applies electro-
magnetic irradiation achieving
the highest dose at the begin-
ning of the application, i.e. just
beneath the surface of the
body, followed by a continu-

Knio4eBble cnoBa: npoToHHas
ny4eBas Tepanus, paguoTepanms,
LL@>XeH1e 340P0BbIX TKaHe

Te3ucobl

PagnoTepanus ¢ NOMOLLbHO NpoTo-
HOB — 3TO MHHOBALMOHHBIA METOR,
nevenus paka. Kpome 06b14HOM
ny4eBoil hOTOHHOM Tepanun npu-
MEHSIETCS NPOTOHHOE 06/y4eHMe,
KOTOpOE UMEET 3HAUMUTEbHbIE Npe-
UMYLLIECTBA NPU NIEYEHUM ONYXONEN,
koraa TpebyeTcs BbICOKOTOUHOE

v Wwapsee obnyyeHue. MpoToHo-
Tepanust UCNoNb3yeTCs B KIMHK-
4eckon npakTuke ¢ 50-x rofoB
MoLLIIOro Beka.

Bnarogaps onpenenexHbIM huan-
YECKMM XapakTepucT1kam npo-
TOHOB, A03bl 06Ny4EHMS 3[0POBbIX
TKaHel u, cnefoBaTenbHo, PUCK
No60YHbIX 3CEKTOB M MHAYKLNS
BTOPUYHbIX 3/10KQ4ECTBEHHBIX
HOB0O06Pa30BaHN NOTEHUMANBHO
MOryT 6bITb YMeHbLLEHbI. Cheum-
anu3npoBaHHoE KIMHUYECKOE 1
(h13M4ECKOE NNaHNPOBaHKE neve-
HWS, @ TaK KOMMIEKCHOE 06CNyXH-
BaHue 060py0BaHNs AeNarT aToT
BMA paavoTeopanuu Ype3BblvaitHo
CTNOXHBIM W TPYAOEMKNM.
MpenblayLume nccneaosaxmus no-
Ka3anu NpeuMyLLecTBa NPOTOHHOM
My4eBOM TEpaniv Npu fNeyveHnn
paka. HanbombLumid OMbIT Ny4eBOi

NPOTOHHAaA ny4yesasa Tepannsa

NPOTOHHOM Tepanuy (IT) 6bin
NOMyYeH NP1 NEYEHNM rNasHbIX
0onyxornei, 3n0Ka4eCTBEHHbIX HOBO-
06pa30BaHuiA y OCHOBaHWS yepena
W paka NpeacTaTenbHOM XXenesbl.
Kpome T0ro, Ha CEerofHsWHNIA JeHb
MT cunTaeTcs NPeanoUTUTENbHBIM
METOZOM pasgnoTepanim Npu neau-
aTPUYECKOM pake.

Cenyac T npumeHrsieTcs npu Bce
60MbLUEM YMCTIE 3a00EBaHMIA:
Hanpumep, Npu ONyXonsx Mo3ra,
paKe rofioBbl 1 LUEW, CapKoMax 1
XKENYAOUHO-KULLIEYHBIX OMYXOMSX

y B3pOCAbIX NaumeHToB. OfHaKo
poctynHocTb [T no-npexxHemy
OrpaHnyeHa, XoTs KONM4ecTBo
MEAULIMHCKIMX MPOTOHHBIX LIEHTPOB
MOCTOSHHO YBENMUYMBAETCS.

[o HacTosero BpeMeHu npo-
BEfieHWe MPOToHOTEpanum 6bino
6e30MacHbIM, 1 6bIAK NONYYEHD
06HafexX1BaroLWMMK pesynbTata-
Tbl. [poaomxaeTcs AanbHemwas
OLiEHKA KMHUYECKMX AaHHbIX. B
Oynywiem 6yayT BHeApATLCS CO-
BPEMEHHbIE METOAMKN 06Ny4eHMs
AN fanbHeLwero ycoBepLUeH-
CTBOBaHMS Tepanum 1 pacLUMperms
KITMHUYECKMX MOKA3aHWIA.

O6wue cBefeHUs M 0CO6EHHOCTH
lMpoToHHas nyyesas Tepanus (1T)

ABNAETCA paanoTepaneBTN4eckum
METOZO0M FEYEeHIs OnyXonen ¢
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NPOTOHHAaA ny4yesBas Tepannsa
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Fig. 1: lllustration of depth dose curves of protons and
photons (reference: WPE)

ous, slow decrease (Fig. 1). In
contrast, protons show very
different physical characteris-
tics. The maximal energy of a
proton is precisely deposited in
the depth of the body, closely
followed by an abrupt, steep
decline. The maximum dose
peak is called bragg peak.

The distance and depth of the
proton beam inside the body
can be precisely determined

(< 1 mm) by choosing various
energy levels. Multiple bragg
peaks applied with various
energies are added up to a uni-
form plateau (spread-out bragg
peaks) to irradiate the whole
tumor. Because of the abrupt
beam-stop, healthy tissue di-
rectly behind the target volume
(tumor) does not receive any
radiation dose. This typical
behavior of the proton beam
may either allow feasibility to

increase the dose to the tumor
(dose escalation) while bet-

ter sparing adjacent, healthy,
sensitive tissues or may better
allow prevention of unaccep-
table radiation-induced impair-
ments while maintaining typical
dose levels. Furthermore, the
risk of induction of secondary
malignancies can be reduced.
Overall, the characteristics of
PT almost represent the ideal
of applying sufficient dose only
to the target volume while
sparing not affected sections
of the body.

In principle, all modern devel-
opments in radiation therapy
have this aim in common, to
improve the ratio between
dose to the tumor and unavoid-
able dose to non-target tissue.
Tolerance dose of healthy,
radiation-sensible tissues locat-
ed close to the radiation field

Puc. 1: M3o6pakenne KpubIx pacnpefeneHus [o3bl no rnybuHe
npu MPOTOHHOM W POTOHHOM 0671yueHm (McTouHUK: WPE)

MOMOLLIbHO BbICOKOSHEPIeTUUECKMX
3apsKEHHbBIX MOHOB BOJOPOA.
O6bIuHas hoTOHHAS paanoTepanms
MCNONb3YET 3NEKTPOMArHUTHOE 06-
ny4eHue, KOTOPOE AOCTUraeT MakK-
CMMarbHOW 03bl B CAMOM Hauane,
TO €CTb NPSIMO MOZ NOBEPXHOCTHH
Tena, 3aTeM CrnegyeT ee Henpe-
PbIBHOE, MEANEHHOE YMEHbLUEHWE
(puc. 1).

B NpoT1BONONOXHOCTL 3TOMY, NPO-
TOHbI MIMEIOT COBEPLUEHHO Apyrie
(hU3NYECKME XapaKTePUCTHKN.
MakcumanbHas SHepris NPOTOHOB
BblAenseTcs B rnybuHe Tena, nocne
4ero CregyeT ee peskoe nageHue.
MakcumanbHas paguaumoHHas
[03a 11032 HaablBaeTcs 6parros-
CKUM MUKOM.

[nnny n pa3bpoc NPOTOHHOMO
nyuka BHYTPK Tena (<1 MM) MOXHO
TOYHO 3afaTh NyTem noaéopa
PasMYHbIX YPOBHEN aHeprin. [ns
067y4eHs BCEW ONYX0NN MHO-
XKECTBEHHbIE BP3ArTOBCKUM MUKKM C

Pa3MYHbIMK YPOBHAMM SHEPTiKN
[06aBASOTCS K OGHOPOAHOMY nfa-
TO (PacCpeaoTOYEHHbIM 6ParroB-
CKWM NUKam).

/3-3a pe3Kkoro npepbiBaHmus nyyka
061y4eHs 3[0POBble TKaHW, Ha-
XOASALLMECS HENOCPECTBEHHO 3a
LieneBbIM 06bEMOM (0MyXONbio), He
nomy4atoT 403y 061y4EHNS.

Takoe CBOCTBO My4Ka NPOTOHOB
[aeT BO3MOXHOCTb YBENUYUTb
L03y 0651y4eHns Onyxomm (ocy-
LLeCTBMTb 3cKanaumto fo3bl), 1 B
TOXE BPEMS COXPAHWTb NpUnexa-
LuWe, 300P0BbIE, YyBCTBUTESbHbIE
TKaHW WM NPeoTBPATUT WX
HeAOMyCTUMbIE PaAMaLMOHHO-
WHAYLMPOBaHHbIE MOBPEXAEHNS
Np¥ NMPUMEHEHNI HEOBXOAMMOM
TepaneBTMYeCcKoi 103bl. Kpome
TOr0, MOXET BbITh CHIKEH PUCK
BO3HWUKHOBEHWS BTOPUYHBIX 3/10Ka-
4eCTBEHHbIX HOBOOBPA30BAHWA.

B uenom, xapaxrtepuctuku MT cooT-
BETCTBYHOT NPaKTUYECKM Ufeanb-
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(organs at risk) can impede
application of adequate doses
needed to achieve tumor con-
trol. Planning studies compar-
ing dose distribution of photon
versus proton treatment plans
confirm that PT reduces dose
load to normal tissues [1, 2].
Therefore, PT is predestined

to treat deep seated tumors,
adjacent to sensitive structures
or if high radiation doses are
required, particularly when
complete resection is not feasi-
ble (Fig. 2).

Previous experiences in PT
have demonstrated promising
results. However, clinical evi-
dence is rated to be still limited
due to only few prospective
data on tolerance and tumor
outcome and only relatively
small cohorts so far. Prospec-
tive clinical trials and inter-
national, large registries will
further investigate long-term
tumor outcome and reduction
of side effects when compared
to conventional photon-based
radiotherapy.

History and Availability

The potential of protons in can-
cer treatment is known for over
70 years. In 1946, the physicist
Robert Wilson of the Harvard
University, Boston was the first
to suggest the use of protons
in clinical settings due to their
unique physical properties [3].
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Originally, in physics laborato-
ries sophisticated technical de-
velopment was promoted. First
clinical experience with protons
was gathered in the 1950ies
[4], but was not the primary fo-
cus at physics laboratory-based
research proton facilities. Over
time, technical obstacles were
overcome only slowly and im-
plementation in hospital-based
environment was considered
to be difficult. Decades passed
until in 1991, the first purely
medical, hospital-based proton
facility emerged in Loma

Linda, CA, USA [5]. Devices of
modern precision therapy, like
imaging-guided radiotherapy,
and software systems to plan
treatments and calculate dose
distributions were successfully
established. The field of PT
could expand significantly. To-
day, more than 60 proton facili-
ties are in operation worldwide
to treat cancer patients, pre-
dominantly in North-America,
Asia and Europe. Additionally,
40 facilities are under construc-
tion and 21 in planning phase
[6, 71. In Europe, 17 proton
facilities are operational today
(Fig. 3). In Germany, the West
German Proton Therapy Center
Essen (WPE) is one out of six
different facilities.

Delivery and Potentials

Recent progress of proton
technologies explores new

HOMY METOJY Ny4eBOr0 NEYEHMS C
NpPUMEHeHneM J0CTaTouHON A03b
TONBKO K LieneBoMy 06bemy, npu
LL@XXEHNM BCEX OCTaNbHbIX y4acT-
KOB Tena.

B npuHuMne, BCE COBPEMEHHbIE
pa3paboTku B 06acTu paamo-
Tepanuu HanpasfeHbl Ha 3Ty e
LieMb: yNyYLiMTb COOTHOLLEHME
MeX Ay 4030¥ 061y4EHNS ONyX0nK
W HEU3BEXXHON J030i 06MyYeHNs
HeLeneBon TKaHu.

Heponyctumas 1o3a 06nyyenus
30POBbIX, PaANaLMOHHOUYBCTBM-
TENbHbIX TKaHEW, PACMONOXKEHHbIX
BOM3N paanaLmMoHHOro nons (opra-
HOB B 30HE PUCKa) MOXET 3aTpys-
HUTb UCMONb30BAHWNE afEeKBATHbIX
103, HEOOXOANMbIX AN AOCTUXE-
HUSI KOHTPOIS HAZ ONYXOTbHO.
Wccnenosannst METOAO0B NNaHu-
POBAHWS NIEYEHNs, B KOTOPbIX
CpaBHMBANOCh pacnpefenexue fo3
(POTOHHOrO 06/y4EHNS NO CpPaBHe-
HUIO C MPOTOHHbIM, NOATBEPXKAAIOT,
yto npw T cHxaeTcs nyyesas
Harpyska Ha HopMarbHble TKaHu

(1, 2). Moatomy MT npeaHasHaueHa
ANs nieyYeHns rny6oko pacnono-
XKEHHbIX OMyX0Men, NpUneratLLmx K
YyBCTBMTENbHBIM CTPYKTYpaM, Unin
€cnu TpebyroTCs BbICOKWE pasm-
aLMOHHbIE [103bl, 0CO6EHHO B Tex
Crnyyasix Korfa nonHas pesexuus
ONyXOJN HEBO3MOXKHA (pKC. 2).
[penblayLwmi onbIT NPUMEHEHNS
MT npoaeMOHCTPUPOBAN MHOMO-
obeLuaiolme pesynbTatbl. OfHAKO
KIMHUYECKMe foKa3aTenbCcTBa

Mo - MPEXHEMY OrpaHnyeHbl u3-3a
CKYHbIX MPOCMEKTUBHbIX AAHHbIX O
YyBCTBUTESNILHOCTM M MCXOAAX Ony-

NPOTOHHAaA ny4yesBas Tepannsa

XOneih OTHOCUTENBHO HEBONbLUMX
rpynn NaumeHToB.

[lanbHeiine npocnekTUBHbIE
KMMHNYECKME MCCTEA0BAHMS

N MEXXYHAPOAHbIE KPYMHbIE
PErucTpbl U3y4aT AONTOCPOUHbIN
pesynbTaT NeYeHNs Onyxonen u
YMEHbLLEHNE NOBOYHbIX AP EKTOB
MO CPABHEHMIO C 06bI4HOM HOTOH-
HOIA pagnoTepanven.

WUcTopusa u gocTynHoCcTb

lMoTeHuwan NpoTOHOB ANs NeYeHNst
paka u3BecTeH yxe 6onee 70 ner.
B 1946 ropy mank PobepT YuncoH
13 "apBapAcKoro yHuBepeuTeTa

B BocToHe nepabIM NpeanoXxun
MCMONb30BATL MPOTOHBI B KNMHUYE-
CKO¥ NPAKTUKE 13-32 NX YHUKab-
HbIX (OU3NYECKMX CBOUCTB (3).
[MepBoHaYanbHO B hU3NUECKNX
nabopaTopusix 6bINo CO3AaH0
CNOXHOE TEXHUYECKMOE 060pY-
f0BaHue. [epBbli KNMHUYECKINA
OMbIT NPUMEHEHUS MPOTOHHOMO
WU3nyyeHus Bbin nonyyeH B 1950-x
rogax (4), Ho 370 He 6bIno OCHOB-
HbIM HaNpPaBAEHNEM UCCREe[0BaHUA
B 06nacTv (hu3nku NPpoToHOB. B
TeueHue [ONroro BPEMEHN TEXHU-
yeckue npobnembl YCTPaHANUCh
0YeHb MEeJJIEHHO, W BHeJPEHNE B
KIMHUYECKYHO NPaKTUKy 061yYeHms
NPOTOHaMMW NPEACTaBAANOCh CIMLL-
KOM CTOXHbIM.

lMpowwnu gecsTku net, n B 1991
rOAY NEePBbI MEANLMHCKMIA NPOTOH-
HbIA LEHTP OTKpbIcs B Jloma-JInk-
e, KanucpopHus, CLUA (5). Bbim
YCNELUHO BHeAPEHb! yCTPONCTBa
ANst COBPEMEHHOM BbICOKOTOUHOM
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technical features. By now,
various delivery modes (scat-
tering and scanning tech-
niques) were established. Pen-
cil beam scanning modalities
were widely introduced and
enabled delivery of intensity-
modulated proton therapy
(IMPT), the most precise kind
of PT currently known [8]. Fur-
thermore, efforts were made
to optimize beam control, to
rise of capacity, and to extend
treatable indications. However,
still today, almost each current
proton facility is a prototype
and not all proton centers
provide all available modalities.
In addition, not many facilities
are able to offer PT for a high
number of patients for all indi-
cations. Moving targets, e.g.
lung or gastrointestinal tumors,
interfere with the scanning
technology and require com-
pensation techniques, like
respiratory-guided techniques
and others. Therefore, only few
centers can offer modern scan-
ning PT for moving tumors.
Even techniques requiring
large or multiple fields, e.qg.
irradiation of the craniospinal
axis, are complex and are not
offered everywhere. Therefore,
craniospinal irradiation remains
a technical and logistical chal-
lenge for many centers treating
tumors of the central nervous
system (CNS).

Modern proton facilities, such
as WPE in Germany, use differ-
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ent proton delivery modes. In-
tensity modulation resulting in
improved protection of normal
tissue and achieving individual
dose gradients in the target
area (simultaneous-integrated
boost) as well as radiotherapy
of the entire neuro-axis in

CNS tumors are routinely ap-
plied. WPE is an example of a
modern hospital-based facil-
ity, providing interdisciplinary
state-of-the-art care besides a
wide range of technical PT fea-
tures enabling to treat a broad
spectrum of clinical indications
(Fig. 4).

Technique and Equipment

Technical equipment in PT is
very complex requiring a team
of highly qualified physicists,
engineers, and software
specialists behind the clinical
scene. The protons need to be
accelerated in cyclotrons. Ac-
celerators used in PT typically
generate maximum energy
levels between 230 and 250
megaelectron volts (MeV) [9].
Thereby, for example protons
reach speeds up to 180.000
kilometer per second, which

is equivalent to approximately
60% of the speed of light. Until
reaching the patient, the beam
is guided in complex trans-
portation systems and huge
constructions, consisting of a
vacuum tube accompanied by
massive magnets, compound

paguoTepaniy, Takomkak pagmo-
Tepanus ¢ BU3yanu3aumoHHbIM
HaBeJEHWEM, U KOMMbIOTEPHbIE CH-
CTeMbI AnS NNAHUPOBAHMS NIeYeHIs
W pacyeTa pacnpeneneHus 4osbl.
O6nacTb npuMeHerus MNT Havana
CTPEMMTENBHO pacLLMpsieTcs.
CerognHs B Mupe paboTatoT 6onee
60 NPOTOHHbIX LIEHTPOB AN fe-
YEHWS OHKOMOTMYECKNX BOMbHbIX,
npenmyLLecTBeHHO B CeBepHom
Amepuike, Asumn n Espone. Kpome
TOT0, B HACTOSILLEE BPEMS CTPOUTCS
eue 40, u 21 UEHTP HaxoamMTCs Ha
CTaaum nnaHuposanus (6, 7).

B EBpone gyHKumormpytoT 17
NPOTOHHbIX LeHTPOB (puc. 3). B
'epMaHuv O4HWM U3 LLIECTM SBASET-
cst 3anafHorepMaHcKmiA LeHTp npo-
TOHHO# Tepanuu B 3ccerHe (WPE).

Cnoco6bl AocTaBKK M NOoTeHUuan
BO3[eicTBuUSA

CoBpemeHHbIA Nporpecc B 06nacTy
MPOTOHHbIX TEXHOMOT Wi 06ecneyu-
BAeT HOBOE TEXHNYECKOE 060pY-
fosaHue. K HacTosLLeMY BPeMEHN
YK€ UCMOMb3YIOTCA PasnnyHbIe
Cnoco6bl JOCTaBKM MPOTOHOB (Me-
TOAb! PACCESHNS U CKAHUPOBaHWS).
MeToz CKaHMPOBAHMS Y3KIMM My4OM
CTa LUMPOKO UCMOMb30BATLCS U
NO3BOAMA NMPOBOAUTb MPOTOHHYHO
Tepanuio ¢ MOZYNALMEN MHTEHCHB-
HocTu (IMPT), Haubonee TOUHYHO

B HacTosLee Bpems meToanky MT
(8). KpoMe Toro, 6bin1 npeanpu-
HSTbI YCUNUS AN ONTUMU3aLMK
KOHTPONS MyYKa, NOBbILLEHMS
MPONYCKHOM CNOCOBHOCTH yCTa-
HOBKM 11 paCLUMPEHNs NoKa3aHui K

NPOTOHHAaA ny4yesBas Tepannsa

neyenmio. OfHaKo, [0 HACTOSALLEr0
BPEMEHM NPaKTUHECKM KaX Iblii
MPOTOHHbI LIEHTP SBASETCS OT-
LENbHBIM OMbITHBIM BAPUAHTOM
He BO BCEX W3 HWX MPeAoCTaBNs-
t0TCS BCE JOCTYMHbIE METOANKM
neyenms. Kpome T0ro, Lub B He-
MHOMUX MOTYT NPeAnoxuTs 1T no
BCEM BO3MOXXHbIM NOKa3aHWUsM Ans
60MbLLOr0 YMCNa NALMEHTOB.
[BuxyLimnecs uenv 06nyyeHns,
HanpuMep, Onyxonn B NErkux unm
XKENyA0UHO-KULLIEYHOM TPaKTe,
3aTPYLAHSIOT TEXHOMOMMIO CKaHWPO-
BaHWs 1 TPEBYHOT [OMNHUTENbHBIX
METOLOB KOPPEKLMHN, TakMX Kak
METOANKN HABEAEHMS [IbIXaHMS U
Apyrux. M03TOMy TOMbKO HECKONBKO
LIEHTPOB MOrYT NMPEAIOXNUTb COBPE-
MeHHYHo [T ABUXYLLMXCS OnyXonei
METOAOM CKaHMPOBaHMS.

Takxe METOAMKM C UCMONb30BAHM-
€M 60MbLLMX UM MHOXECTBEHHbIX
nonen, Hanpumep. 06ny4eHne
KPaHUOCTMHAMBHON OCH, SIBNSKOTCS
CNOXHBIMK, W HE NpeanaratoTcs
nosctofy. Moatomy KpaHuocnu-
HamnbHOE 06Ny4YeHne 0CTaeTCs
TEXHUYECKMM W TEXHONOMMYECKUM
BbI30BOM [J151 MHOTWX LEHTPOB
NIeYeHns ONyxonen LeHTPanbHO
HepaHoW cucTemsl (LIHC).
CoBpeMeHHble MPOTOHHbIE LEHTPbI,
Takue kak WPE B 'epMaHuu,
UCMONb3YHOT PasHble METOAbI
[OCTaBKM NPOTOHHOIO NyuyKa.
O6bI4HO NPAKTUKON ABNSETCS
MOZYALMS UHTEHCUBHOCTH, NMPU-
BOAALLAR K YAYYLIEHWIO 3aLLMTbI
HOPMaNbHOM TKaH U AOCTUXKEHUHO
WHAMBUAYaNbHBIX TPAANEHTOB AO03bI
B LieneBoi 061acTu (CUMynbTaHHbIA
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Fig. 2: Dose plan for proton treat-
ment of an astrocytoma grade |lI

of a 1,5-year old girl. Images from
planning system RayStation® Version
4.7.2, RaySearch, Sweden (refer-
ence: WPE)

control systems, range shifters,
other modulators, and scatter-
ers (Fig. b). The thin beam can
be delivered by passive scatter-
ing or active scanning tech-
niques needing different hard-
and software. In the treatment
room, fixed or rotatable nozzle
constructions are installed (Fig.
6). Additional patient-custom-
ized hardware devices may be
used to customize the beam to
the individual tumor geometry.
To ensure exact positioning
during treatment devices like
(head-)masks and vacuum bags
help to immobilize the patient
guided by imaging devices and
laser systems (Fig. 7).

Clinical Experiences

At the end of 2015 more than
130,000 patients in total were
treated with protons worldwide
[10]. Rationale and previous
results of PT treating the
standard and most common
diagnoses as well as promis-
ing indications are presented
below.

Proton Beam Therapy in
Ocular Tumors

Historically, treatment of ocular
tumors by radical surgery with
usually enucleation resulted in
loss of eye and vision. For ocu-
lar melanoma the successful
treatment with protons beams
was established decades ago.
Using PT, promising results
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were achieved depending on
tumor sizes while preserv-

ing the eyes and the vision in
the majority of patients. Local
tumor control rates of 95%
were reported [11]. It has been
demonstrated that especially

in large and posteriorly situated
tumors PT is favorable, in par-
ticular when tumor location is
not reachable by brachytherapy
[12].

WHTErPUPOBaHHbIN BYCT), @ Takxe
nyyesas Tepanus Bcel Henpoocu
npu onyxonsx LIHC.

WPE sBnsieTcs npuMepoM cospe-
MEHHOTO MEAULIMHCKOrO y4pex ae-
HUSI, B KOTOPOM NMOMMMO HECKOSb-
kux Bugos [T, npesocTaBnseTcs
MEXANCUMMITMHAPHAS BbICOKO-
KBanMUUMPOBaHHAs NOMOLLb, YTO
NO3BOASET NEUUTb LUIMPOKMIA CMEKTP
3abonesanuii (puc. 4).

NPOTOHHAaA ny4yesasa Tepannsa

Puc. 2: MnaH npoToHHOX Tepaniu
actpountoms! Il cTenenm y 1,5-netHeit
[eBo4KM. 306paxkeHns 13 cucTeMsl nna-
HupoBaHua RayStation® Version 4.7.2,
RaySearch, Lseuus (nctounuk: WPE)

TexHuka u o6opyaoBaHue

TexHuueckoe 060py0BaHNE ANS
[T o4eHb CNoXHoe 1 TpebyeT
06CAY>KMBAHUS C MOMOLLbIO LiENoN
KOMaH[bl CeumManicToB, BKOUako-
LLel BbICOKOKBANMMULUMPOBAHHbIX
(hM3MKOB, MHXXEHEPOB M CreLm-
anucToB B 0611aCTH NPOrPAMMHOrO
o6ecneyerms.

[MPOTOHbI YCKOPSKOTCS B LMKNOTPO-
Hax. YckopuTenu, 06bI4HO 1C-
nonb3ayemble ans 1T, reHepupytoT
MaKCcuMabHble YPOBHM SHEPr iU
mexxay 230 1 250 MerasnekTpoH-
BonbT (MaB)(9). CnepoBatensHo,
MPOTOHbI JOCTUraKOT CKOPOCTU A0
180 000 KM B CEKyHAY, YTO 3KBMBA-
NEHTHO NpumepHo 60% ckopocTy
ceeTa. [lo TOro Kak AocTUYb naum-
€HTa, Ny4OK Nyyen NpoxoanT Yepes
CNOXHYH TPAHCMOPTHYO CUCTEMY W
OrPOMHO€ YCTPOMCTBO, COCTOSALLNE
W3 BaKyyMHOW TPYBKN U MaCCUBHBbIX
MarHuTOB, @ TaKXe CIOXHYH CH-
CTeMy KOHTPOJIS, NepeknoyaTenei
ANWHbI Npo6era u Apyrux Moayns-
TOPOB M paccenBartenei (puc. 5).
TOHKMIA fly4 MOXET BbITb JOCTAB-
TIEH C MOMOLLbIO METOA0B NacCcuB-
HOrO PacCesHUs UNn akTUBHOIO
CKaHWpOBaHusl, TPEBYHOLLMX pas-
TINYHOTO KOMMBIOTEPHOTO 060pY-
[0BAHMS 1 MPOrPaMMHOro 06e-
cneyenus. B neuebHoM kabuHeTe
YCTaHOBMEHbI CTALMOHAPHBIE UK
BpALLAIOLMECS COMMOBbIE YCTPOW-
cTBa (puc. 6) .[ononnutensHoe an-
napatHoe o6ecrneyeHnn no3sonseT
HaCTpOWTb fy4 B COOTBETCTBUM

C reOMETPHEN 0MYyX0NM KAXKAOr0
nauwexTa.
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Fig. 3: Proton facilities in Europe Puc. 3: MpoTOoHHbIE LieHTPbI B EBpone

Fig. 4: Building of the WPE facility (reference: Puc. 4: Ctpoutenscto ueHTpa WPE (ncTounuk: WPE)
WPE)
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Proton Beam Therapy in
Tumors of the Base of Skull
PT serves as the standard
radiation procedure in the treat-
ment of skull-base chordoma
and chondrosarcoma. These tu-
mors are highly locally aggres-
sive. Total resections are rarely
achievable without risking
major impairments. Therefore,
additional or definite radio-
therapy is indicated to achieve
better local control rates and

to improve functional outcome
after cure. Unfortunately,
chordoma and chondrosarcoma
are highly radio-resistant and
therefore require very high
doses. Vulnerable structures in
close proximity, e.g. brainstem,
optic nerve, and temporal lobe
limit the delivery of sufficient
dose with conventional tech-
nigues. Chordoma and chon-
drosarcoma were historically
one of the first tumor types
being successfully treated with
high-precision PT [13]. By using
protons, higher doses could be
safely applied while improving
outcome. Local tumor control
rates were over 95% and 70%
for chondrosarcoma and chor-
doma, respectively [14].

Even other malignancies locat-
ed at or with infiltration of the
skull-base, i.e. brain tumors,
head and neck cancers, and
other sinonasal malignancies
were successfully treated with
protons. Prior plan comparisons
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to photon-based radiotherapy
demonstrate better dose
distribution, target coverage,
and sparing of organs at risk.
However, more clinical data are
required to fully establish PT on
a broader basis [12].

Proton Beam Therapy in
Childhood Cancer

In order to reduce the risk of
radiation sequelae, PT was
introduced to the multidisci-
plinary treatment concepts

of solid tumors in childhood
already some time ago. In
general, overall survival rates in
childhood cancer are excellent
(approximately 80%). However,
survivors of childhood can-

cer diagnosis are particularly
susceptible for radiation injury
and secondary malignancies
significantly affecting normal
life or impairing quality of life.
Children are very vulnerable to
radiation-induced late toxicities
due to their immature tissue.
Furthermore, childhood cancer
patients often experience a
multimodality treatment bur-
den due to surgery, and multi-
drug chemotherapy besides
irradiation. Therefore, advan-
tages of PT are increasingly
utilized to safely and effectively
treat pediatric cancers and to
reduce the stress of treatment.
Published data on clinical out-
comes in children are encour-
aging [15, 16]. Acute and late
sequelae were acceptable and

[ins ob6ecneyeHns TO4HOro nNosu-
LIMOHMPOBaHMS NaLMeHTa BO BPEMS
NEYEHUs UCTIONb3YHOTCS MACKM U
BaKyyMHbIE MELLKM, KOTOPbIE MOMO-
raloT IMMOBMN30BATL NaUMeHTa
noJ KOHTPOMNEM BU3yann3aumoH-
HOro 060pyA0BaHNS M Na3ePHbIX
CUCTEM (puC. 7).

KnuHunyeckwuia onbIT

B koHue 2015 rofa B o6Lueit
CTNOXHOCTN B MUPE C NOMOLLbHO
MPOTOHHOW Tepanuu 61510 Npo-
neyeHo 6onee 130 000 nauneHTos
(10). O6ocHoBaHME 1 MpeablayLLMe
pesynbTathl [T Npu cTaHAAPTHBIX U
Haubonee pacnpoCTpaHEHHbIX Ana-
HO3aXx, & TaKXXe NepcreKkTUBHbIE
NOKa3aHusIX NPUBOASTCS HUXE.

MpoToHHas nyyesas Tepanus
Npu rAasHbIX ONyXonsx
WcTopuyeckun neyenune onyxonei
rnasa nyTem paaukanbHon Xvpyp-
UK C 3HYKIeaumei NpuBoANNO K
noTepe opraHa v 3peHus. Ho yxe
[ECATUNETUS MENaHoMY rnasa
YCMELLHO NeYaT ¢ NOMOLLbO NPo-
TOHHOrO 061y4eHus.

Mpu nposeaeHuu 1T, B 3aBUCUMO-
CTW OT pa3mepoB Onyxonn,6biau no-
nyYeHbl MHOroo6eLLaroLLne pesysb-
TaTbl, ¥ NPK 3TOM Yy 60MbLUMHCTBA
NauneHToB Bbln COXpaHEHbI rnasa
1 3penue. Takxe coobLianock, 4To
nokasaarenb KOHTPOAS onyXonu
coctasnsan 95% (11).

BbI10 NPOAEMOHCTPUPOBAHO Npe-
UMYLLIECTBO B Cy4ae 60MbLUMX 1
PacMonoXeHHbIX C3aAn OT rnasa
onyxosen, 0coBeHHO KOora HOBOOG-

NPOTOHHAaA ny4yesBas Tepannsa

pa3oBaHue 6bina HeAOCTYMHO AN
Opaxutepanuu (12).

MpoToHHas nyyesas Tepanus
Mpu ONyXonsix OCHOBaHMs
Yyepena

[T aBnseTcs cTaHgapTHON paamo-
TepaneBTUYECKO MPoLEeLypon

NPV NEYEHNM XOPLOMbI M XOHLPO-
CapKOMbI OCHOBaHWS Yepena. JTu
ONyX0mnu OTINYAKOTCS NOKASb-

HOW arpeccuBHOCTLHO. [103TOMY
BbINOMHUTL MONHYHO PE3EKLMIO
NPakT14ECKN HEBOSMOXHO 6e3
pucKa Cepbe3HbIX HEBPONOrNUECKMX
HapyLueHui. [103TOMy B 9TUX Cryya-
X NOKa3aHa AONONHUTENbHAS UK
OCHOBHas NlyyeBas Tepanus ans
LOCTWXXEHWUS NyuLLIMX noKasaTenen
MECTHOrO KOHTPOMS M YyULLIEHMS
(hYHKUMOHATNBHOTO pesynbTaTa no-
cne neyeHus. K coxaneHuto, xop-
[0Ma 1 XOHApocapkoma obnagaiot
BbICOKOW PaAMOPE3NCTEHTHOCTBIO U
MO3TOMY TPEBYHOT O4EHb BbICOKMX
L03.

Y43BUMbIE CTPYKTYPbl B HEMOCPEL-
CTBEHHON 6/IM30CTH OT ONYXOMH,
Hanpumep, MO3roBoi CTBOM,
3pUTENbHbIN HEPB 1 BUCOYHAS A0NS
FONOBHOMO MO3ra, OrpaHN4NBatT
NpUMEeHeHne [OCTaTOuHON 03kl C
MOMOLLbHO 06bIYHBIX paanoTepanes-
TUYECKMX METOLOB.

Xopaoma 1 xoHapocapkoma UeTo-
PUYECKM CTanW OAHUMM U3 NEPBbIX
TMNOB OMyXONEW, KOTOpbIE YCMELHO
NEYMIN C NOMOLLBIO BbICOKOTOY-
Hoi T (13). Mpw ncnonb3oBaHum
MPOTOHHOrO 06/1Y4eHUs CTaNno
BO3MOXXHbIM 6€30MacHO MPUMEHSTb
6onee BbICOKME A03bI MPW OAHOBPE-
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tumor control rates compara-
ble to photon-treated cohorts.
Recently, data on endocrine
function and quality of life in
brain tumor patients suggest
advantages when applying PT
[17]. In future, more data on
post-therapeutic quality of life
and neurocognitive function
will emerge.

In Germany, PT is widely im-
plemented into the interdisci-
plinary concepts of the Soci-
ety of Pediatric Oncology and
Haematology (GPOH) and the
European Society of Pediatric
Oncology (SIOPE). In localized
brain and sarcomatous tumors,
treatment with protons was
successfully established, espe-
cially with regard to very young
ages. However, any radiation
therapy in young children re-
quires particular expertise and
logistics. For infants and very
young children, sedation may
be required to guarantee exact
position in daily treatment. A
multidisciplinary team has to
ensure the well-being of the
children to administer concomi-
tant chemotherapy and to man-
age emergencies. Despite all
efforts, many centers are ready
to take on childhood cancer
patients due to the expecting
benefit. In Europe, the num-
ber of children treated with
protons has doubled in the

last two years, to up to now
over 400 children per year. It is
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estimated that two out of three
are treated in Germany. The
WPE in Germany is specialized
in treating children and offers
the most significant pediatric
program in Europe. A team
consisting of pediatricians,
experienced radiotherapists,
anesthetists and nurses, which
are specialized in infant care,

is well established and has
gained an enormous experi-
ence. Additionally, at WPE a
child life specialist provides
age-appropriate preparation for
medical procedures and sup-
ports the whole family.

Proton Beam Therapy in
Prostate Carcinoma
Radiotherapy is one standard
treatment option for prostate
carcinoma. It is well under-
stood, that relatively high
radiation doses (over 70 Gy)
are necessary to successfully
treat localized prostate carci-
noma. Due to its particularly
physical characteristic, PT is
an appropriate tool to escalate
radiation doses while reducing
radiation-induced gastrointes-
tinal and urogenital sequelae.
A very early randomized study
investigated the feasibility of
PT applying a dose escalation
and demonstrated the success-
ful use of protons by irradiating
prostate cancer [18]. However,
superiority of PT when com-
pared to other modern high-
precision radiotherapy tech-

MEHHOM YNyYLLIEHWM Pe3ynbTaTos.
MecCTHble YPOBHM KOHTPONS OMyX0-
nm cocTtasnsnv 6onee 95% u 70%
AN XOHAPOCAPKOMbI 1 XOPAOMbl,
COOTBETCTBEHHO (14).

Takxe fpyrve 3n0Ka4ecTBEHHbIE
OmMyX0nu, PacronoXeHHbIE B
0611acT OCHOBaHUS Yepena unm
WHAUIBTPUPYIOLLME 3Ty 061aCTb
— ONYX0AM FON0BHOTO MO3ra, pak
FOMOBbI W LLEW 1 [IPYTUe CUHO-
Ha3anbHble 3N10Ka4YeCTBEHHbIE
HOBO06PA30BaHus, bbln YCMELLHO
WN3NeyeHbl C NOMOLLbHO NMPOTOHOB.
CpaBHeHue npeBapuTENbHOMO
nnaHa T ¢ TakoBbIM NPy HOTOH-
HOi pagnoTepanuu LEMOHCTPUPYET
nyyluee pacnpenenexue fo3bl, Le-
NeBON OXBAT W LUAXEHWE OPraHoB B
30He pucka. OaHako Ans Toro, YTo-
6bl NpumeHsTb MT 6onee Wupoko,
TpebyeTcst 60NbLIE KIMHUYECKMX
LaHHbIX (12).

MpoToHHas ny4yeBas Tepanus
pakay peTeii

HekoTopoe Bpems Ha3ag, C Lenbto
YMEHbLUEHNS pUCKa PaanaLmMOHHbIX
0CnoXXHeHwiA, MT 6bina BKNKYeHa B
MYNbTUAMCLMMIMHAPHYHO KOHLEN-
LMK NEYEHUS CONMAHBIX ONyXOnei
y netein. B uenowm, B HacTosiLee
BPEMSI MoKasaTenb 06LLen Bbl-
XXMBAEMOCTM MPY [ETCKOM pPake
A0CTATO4HO BbICOKMIA (MPUMEPHO
80%).

Tem He MeHee, [eTH, NepeHecLLne
paK, 0CO6EHHO NPepacnoNoXeHbl
K paamaLmoHHOMY NOBPEXAEHMIO

1 BTOPWYHBIM 3110KA4ECTBEHHbBIM
06pa30BaHMsM, CYLLECTBEHHO
BNMSIOLLMM HA HOPManbHYH XU3Hb

NPOTOHHAaA ny4yesasa Tepannsa

W yXyaLatoLmm ee Ka4ecTso. OHu
04€eHb BOCTPUUAMYMBLI K NO3AHEN
paanauMoHHO-MHAYLMPOBAHHOM
TOKCMYHOCTM M3-32 HE3PENOCTH
TKaHEM.

KpoMe Toro, naumeHTbl ¢ OHKONO-
rM4eckuMm 3a60NeBaHMAMM HaCTo
WCTIbITBIBAKOT TSXKENOE Bpems
MYNbTUMOAANBHOW TEpanum, KoTo-
pasi BKI04aeT, NOMUMO 06My4eHms,
XMPYPruveckoe BMELLaTenbCTBo 1
MHOTOKOMMOHEHTHYO XUMMOTepa-
nuto. Takum 06pa3om, npenmyLue-
ctea [1T BCe yaLlie ucnonb3ayroTes
Ans 6e30nacHoOro 1 3chPEKTUBHOTO
NEYEHMs NeanaTpUYeCcKoro paka u
CHUXKEHWS CTPECCa NIeYeHNs.

Ony6nnKoBaHHbIE JaHHbIE O
KIMHUYeCKMX pesynbTartax y AeTen
obHagexwvBaroT (15, 16). OcTpble
W NO34HWE OCNOXXHEHNS Bbln [oMy-
CTUMbIMM, @ MOKA3aTENM KOHTPONS
0nyxomu BbIM CONOCTaBMMbI C
TaKOBbIMM B rpynnax naumeHToB,
KOTOpPblE NoNyyany OTOHHYIO
paguoTepanuo.

HepnasHO nosly4eHHbIE AaHHbIE 00
SHAOKPUHHOM (hYHKLIMM M Ka4ecTBe
XKM3HW NALMEHTOB C OMyXONsAMU
FONOBHOIO MO3ra yKasblBatoT Ha
npeumyLectsa MT. B 6yaywiem no-
SBUTCS 60/IbLLE JaHHbIX O NOCTTE-
PaneBTMYECKOM KaYeCTBe dKN3HM
1 COXPaHHOCTW HEMPOKOrHUTUBHO
yHKUMm (17).

B epmanum T BKNKOUEHA B MEX-
AMCUMNNMHAPHbIE KOHLENUWM Te-
panuv ObLyecTsa neamaTpuyeckon
OHKonorum n rematonorin (GPOH)
v EBponeiickoro 06LiecTsa neau-
aTpuyeckoi oHkonoruu (SIOPE).
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Fig. b: View on beamline and cyclotron (reference: iba)

nigues being available today
was not demonstrated yet, and
is still controversially discussed
[12]. There is no doubt that
dose load to rectal wall volume
can be reduced with protons.
Application of protons might be
particularly beneficial if extend-
ed radiation volume is required
for higher stage prostate
cancer patients. For example, if
radiation of seminal vesicle or
lymph nodes has to be cov-
ered by radiation, PT may have
significant advantages over
conventional techniques to
spare normal tissue.

Proton Beam Therapy in
Brain Tumors, Sarcomas, and
Head and Neck Cancers

Brain tumors (e.g. glioma,
meningeoma), head and neck
cancers (e.g. nasopharyngeal
carcinoma), and sarcomas in
adults are already routinely
treated with protons in facilities
to date.

PT is particularly advantageous
for tumors of the CNS due to
their precise, local high-inten-
sity without spreading widely
low and medium doses result-
ing in sparing critical structures

[MpoToHoTepanus 6bina yenewHo
MPUMEHEHA MPKW NOKANM30BAHHbIX
MO3rOBbIX 1 CAPKOMATO3HbIX OMyX0-
nsiX, 0CO6EHHO y AeTelt MnajLero
Bo3pacTa. OfHako nto6as nyyesas
Tepanus y ManeHbKux nauneHToB
TpebyeT 0coboi KBanudmKauum u
obecneyeHms.

lMoapocTkam 1 ManeHbKM AeTsam
MOXXET NnoTpeboBaTLCs Cefa-

Lmsi, YTOBbI 06€CNEUNTD TOUHOE
MONOXXEHUE NPN eXXEeHEBHBIX
ceaHcax npoToHoTepanuu. Mex-
ANCUMNANHAPHAS KOMaHAA AOMKHA
obecrneunTb 6narononyyne aeTei
BO BPEMs IPOBEAEHNs CONYTCTBYHO-

NPOTOHHAaA ny4yesBas Tepannsa

Puc. 5: Bug Ha NMHKIO Nyya v UMKNOTPOH (MCTOYHKK: iba)

LLeA XMMUOTEPANMUM 1 MOMOLLb MPK
OCTPbIX OCAIOXKHEHNSIX.

HecMOoTps Ha BCe CNOXHOCTU, MHO-
rue NPOTOHHBIE LIEHTPbI, Y4UTbIBAS
0>KWJaeMble XOPOLLME pe3ynbTaThl
Tepanuu, roToBbI NPUHUMATL feTeN
C pakoM Ha nevenve. B Eepone
YnCAO AEeTeM, KOTOPbIE NEYMIUCH C
MOMOLLbIO MPOTOHHOM Tepanuu, 3a
nocnefHve fBa roaa yaBoumoc,

W B HACTOSILLEE BPEMS COCTaBNISIET
6onee 400 peteit B rop. o ouex-
Kam, ABOe U3 Tpex AeTei neyartcs B
epmaHum.

WPE 8 ['epMaHum Takxe cneuu-
anu3npyeTcs Ha NeYeHun aeTei 1
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Fig. 6: Treatment room with rotatable gantry (reference: WPE)

and reducing overall brain dose
[19]. At WPE, most treated
diagnoses in adult patients
were CNS malignancies (36%),
followed by sarcomatous tu-
mors (29%) and head and neck
cancers (19%).

Previous analyses of the in-
house, prospective register
showed promising results sup-
porting safety, good tolerance,
and excellent feasibility of PT.

Proton Beam Therapy in
Gastrointestinal Tumors
Moreover, patients with

other malignancies could
benefit from advantages of

PT. In several gastrointestinal
tumors (e.g. liver, esophageal,
and pancreatic cancer) PT is
promising due to possibility of
safe dose escalation for achiev-
ing sufficient curative radiation
doses and of avoiding radiation-
induced toxicity to sensitive

npeanaraeT camyto 60MbLLYH0 neau-
aTpuyeckyto mporpammy B EBpone.
KomaHpa cocTosias U3 neauma-
TPOB, OMbITHBIX PAANOTEPANEBTOB,
aHeCTe3uonoroB u MeacecTep,
MMEIOLLMX KBanmMChUKaLMKO MO yXomy
3a leTbMW, XOPOLLIO pacrnonaraeT
OrpOMHbIM OnbIToM. Kpome Toro,

B WPE peTckunid ncuxonor obe-
CrneyrBaeT nauMeHTam cooTBeT-
CTBYIOLLYIO BO3PACTy NOLATOTOBKY

K MEAMLMHCKWM MpoLieaypam 1
MoAAEPXKKY BCEN CEMbU.

Puc. 6: KomHaTa ans neyexus ¢ spaiarommes reHtpu (uctouHnk: WPE)

MpoToHHas nyyeBas Tepanus
NnpU KapuMHOMe NpeAcTaTenbHO
xenesbl

PagnoTtepanus SBNSETCS OAHUM

W3 CTaHAAPTHbIX METOLOB JIEYEHNS
paka npeacTaTenbHON Xenesbl. Xo-
POLLIO M3BECTHO, 4TO ANs achdpek-
TMBHOIO fle4eHst NIOKann30BaHHoM
KapuMHOMbI NPOCTaThbl HEOOXOAUMbI
OTHOCUTENBHO BbICOKWE A03bI 06-
nyyenus (6onee 70 I'p).

Bnaronaps 0co6eHHbIX hnan-
YeckuM xapakTepucTtukam, MT
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tissues of the gastrointestinal
and genitourinary system. Until
now, the number of patients
with gastrointestinal malignan-
cies treated with protons is
already small. However, the
majority of ongoing clinical
trials focus on gastrointestinal
tract tumors [20]. Most previ-
ous experiences using protons
are made in treating hepatocel-
lular carcinoma resulting in high
local tumor control rates of
80-95% with low hepatotoxic-
ity [21].

Conclusion and Outlook

Physical advantage of PT
enables exactly tailored ir-
radiation while reducing risk for
radiation-induced toxicities and
secondary malignancies. Since
decades, proton beams are
successfully applied to treat
tumors at difficult sites nearby
sensitive normal structures. In
particular, ocular malignancies,
base of skull tumors, and pedi-
atric cancers are already widely
accepted as standard indica-
tions for PT. Moreover, protons
are applied in radiotherapy of
prostate carcinoma since dec-
ades. Additionally, adult CNS
tumors, sarcomas, and head
and neck are routinely treated
by now. Even further diagno-
ses, e.g. gastrointestinal tu-
mors are increasingly referred
to PT. However, in Europe only
a few facilities are equipped to
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offer PT for a wide spectrum
of indications, depending on
technical equipment and clini-
cal focus. Therefore, in future,
an increasing use of protons
have to be expected in new
indications also covering mov-
ing targets like breast cancer
or lung. Intensity modulation
and complex treatments are
available nowadays in several
modern centers, like the WPE
in Germany. Gantry design,
treatment delivery, clinical im-
aging, and treatment planning
systems of proton facilities are
continuously optimized and will
expand clinical portfolio of PT.
Clinical research is ongoing.
International trials and regis-
tries collect prospective data,
analyze feasibility and clinical
long-term effectiveness as well
as reveal most suitable patient
groups for PT.

SBNSETCA NOAXOAALMM UHCTPY-
MEHTOM s 06eCneyeHms BbICOKOM
L03bl 06/1y4EHNS NPU YMEHBLIEHUM
paaMaLMOHHOMHAYLIMPOBAHHbIX
XKENYAOUHO - KULIEYHbIX W YPOreHn-
TanbHbIX OCNIOXHEHWHA.

Bo Bpemst paHAOMU3MPOBAHHOMO
UCCneLoBaHNs, B KOTOPOM WU3yya-
nock npumerene MNT ¢ akckana-
Lmeii £o3bl, 661110 NPOJEMOHCTPH-
POBAHO yCNELIHOE MCMONb30BaHWe
MPOTOHOB Mpu 06My4eHun 3noKaqe-
CTBEHHOW OMyX0MW NpeacTaTeb-
HOM xenesbl (18).

OpnHako, npesocxoactso PT no
CPaBHEHWIO C APYr1MW COBPEMEH-
HbIMW BbICOKOTOYHbLIMW METOAAMM
Ny4eBOM Tepanum eLle He 6bIno
NPOLEMOHCTPUPOBAHO, W [0 CUX
nop ABNSAETCS NPEAMETOM JuC-
Kyccuid (12). Ho y>Ke HET COMHEHwi
B TOM, YTO NPV NPOTOHOTEPANMM
paguaumoHHas 4o3a Ha 0bnacTb
MPAMON KMULLIKK MOXET BbITh
yMeHbLUeHa. [pumeHeHne npoTo-
HOTepanuu MOXET BbITb 0COBEHHO
LienecoobpasHbIM y NaLUMeHToB

C pacnpoCTpPaHEHHbIM PakoM
NpeAcTaTenbHO Xenesbl, Koraa
TpebyeTcs yBenuueHue obbema
06nyyeHus. Hanpumep, ecrnn He-
06X04MMO 06Ny4eHNe CEMEHHbIX
Ny3bIPbKOB UK NMMMATUHECKNX Y3-
no., MT MOXET UMETb 3HAYUTENb-
Hble MPEUMYLLECTBA NO CPABHEHNIO
C 06bI4HbIMY METOAAMM, MOCKOIBKY
LaauT HOPManbHYH TKaHb.

MpoToHHas nyyeBas Tepanus
NPy ONyXonsix roNoBHOr0 MO3ra,
capKoMax 1 pake rosoBbl U Len
Onyxomu ronoBHOTO Moara (Hanpu-

NPOTOHHAaA ny4yesBas Tepannsa

Mep, TIMOMY, MEHUHIEOMY), paK
FONOBbI W LEN (HanpuMep, HOCOrno-
TOYHY0 KapLWHOMY) 1 CapKOMbI Y
B3POCIbIX MALMEHTOB Y>Ke HEPEaKO
neyaT ¢ NOMOLLbK MPOTOHHOM
Tepanuu B CeLManmavnpoBHHbIX
LieHTpax.

PT nmeeT npenmyLLecTsa npu
neyeHnn onyxonei LIHC 3a cuet
€€ TOYHOCTW,MECTHON BbICOKOM
WHTEHCMBHOCTYM 6€3 LUMPKOrO pac-
MPOCTPAHEHMS HUBKUX U CPELHMX
[103, YTO COXpaHsieT 6am3Kopacno-
NOXKEHHbIE XWU3HEHHO BAXHbIE
CTPYKTYPbI U CHUXKAET 06LLYH JO3Y
067y4eHus Ha ronosHoOM Mo3r (19).
B WPE y B3pocrbix naumeHTos
yalLe BCero npoBOAMNIOCh NeYeHNe
Mo NoBOAY 3110KA4YECTBEHHbIX HOBO-
o6pasosaHuii LIHC (36%), capko-
MaTo3HbIX Onyxonen (29%) u paka
ronosbl v wen (19%).
lMpeabipywmin aHann3 cob6CTBEH-
HOrO MPOCNEKTUBHOrO permcTpa
nokasan MHoroo6eLlatoLLme
pesynbTathl, 06ecneumsaroLLme
6e30MacHOCTb, XOPOLLYH NEPEHOCH-
MOCTb W LienecoobpasHocTb [1T.

MpoToHHas ny4yeBas Tepanus
Npu ONYXonsX Xenyao4Ho-
KULIEYHOro TpaKTa

lMaumeHTbI ¢ ApyrMm 3nokade-
CTBEHHbIMW HOBOOOPA30BAHUSAMM
npu nposedexnm MT Takxe MoryT
nomny4uTb psij NpeumMyLLecTs. Mpu
HEKOTOPbIX XXENYAOUHO-KMLLIEUHBIX
ONYXONsIX, HANPUMEP, NeYeH!,
NULLEBOAA W NOLXENYA0UHON Xe-
ne3bl, T sBngeTCS MHOroobeLato-
MM METOJOM 3a CHET BO3MOXKHO-
cTi 6€30MacHOK aKcKanaumm fo3bl
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ANS [OCTVXKEHUS AOCTATOYHOM

TepaneBTNYeCKon [03bl 00Ny4eHus,

W B TOXE BPEMS MPeLOTBPaLLEHMs!
PaAMALMOHHOM TOKCUYHOCTM YyB-
CTBMTENbHBIX TKAHEN Xenyfo4HO-

KMLLIEYHOW 11 MOYErnOSIOBON CUCTEM.

B HacTOsILLMI MOMEHT YKcno naum-
€HTOB C XenyL04YHO-KMLLEYHbIMM
3110Ka4eCTBEHHbIMU HOBOOOPA30-
BaHWSIMU, KOTOPbIE NIEYUIIUCK C MO-

moLwbto MNT, ewe HeBennko. OpHako

OOMbLUMHCTBO TEKYLUNX KIUHUYE-
CKVUX MCCrEeA0BaAHUA 3TOro MeToAa
paaunoTepanin hokycupyroTcs Ha
ONYXONSX XENYLOUYHO-KULLIEYHOTO
TpakTa (20).

B ocHOBHOM npefblayLLuii OnbIT
Takoi Tepanuu 6bin NoayYeH Npu
NeYEHUN renaToLentonapHON

KapUMHOMbI 1 NPOAEMOHCTPUPOBAN

BbICOKWIA NOKA3aTesb NOKaNbHOro
KOHTpOns onyxonu 80-95% npw
HU3KOW renaToToKCUYHOCTY (21).

3aknioyeHne U NepcneKTUBbI

®uanyeckune npenmyluectsa MT
MO3BONSOT TOYHO NOAOBPATHL
[03y 06/Ty4YEHNS NPN CHYKEHUM
pUCKa pafnaLMOHHON TOKCUYHOCTH
W BTOPUYHbIX 3/10KAYECTBEHHbIX
HoBOOGpa3oBaHwit. B Teuerne
LeCSTUNETWIA NPOTOHHAS Ny4eBas
TEpanus yCreLHo NPUMEHSIETCS

ANS NIEYEHNS OMyXONEW CO CNOXKHO

nokanu3aumein B6inM3n YyBCTBY-
TeNbHbIX HOPMATbHbIX CTRYKTYP.

B vacTHocTH, onyxomnu rnasa, OCHo-

BaHWs Yepena u 3110Ka4eCTBEHHbIE
ONyX0mnu y [eTei yXXe NPU3HaHb! B
KayeCcTBe CTaHAAPTHbIX NOKA3aHWi

University Hospital Essen
Clinic for Particle Therapy
West German Proton Therapy
Center Essen (WPE)

West German Cancer Center
45157 Essen, Germany
www.wpe-uk.de
wpe@uk-essen.de

NPOTOHHAaA ny4yesasa Tepannsa

ans IT. Kpome T0ro, NpoToHoTepa-
nus y>xe Bonee 4ecaTu neT npuMe-
HAETCS NpW pake NpeacTaTeNbHOM
Xenesbl.

Tak>xe B HacTosLLEE BpeMs Npo-
TOHOTEPANMS cTana PyTUHHBIM
MEeTOZAOM Nevenns onyxonei LIHC,
CapKOM T0J10BbI W LU Y B3POCIbIX
naumeHToB. [laxxe Takue 3abonesa-
HWS KaK, HanpPUMEp. XXenyA04HO-KK-
LUEeYHbIE OMyXOMu, BCE Yalle nevat
¢ nomolbto T1T.

OnHako B EBpone ToNbko HECKOb-
KO LIEHTPOB C COOTBETCTBYHLLMM
060pyA0BaHMEM MPeAnaraorT,

B 3@BMCMMOCTM OT TEXHUYECKO-

[0 OCHALLEHNS 1 KIMHUYECKOM
cneumranuaaumu, MT Ans LWwrpokoro
CreKTpa nokasaxuid. B ByyLuem
CrefyeT 0XnaaTb UCNONb30BaHMS
NPOTOHOTEPANUKM NPY OMyXONSX,
CBA3AHHbIX C ABIXKYLUMMMCS
opraHamu, Hanpumep, Npu paxke
MOJIOYHOM XKeneabl unn nerkux. Mo-
LyNSILMS MHTEHCUBHOCTM W pyrue
CTNOXHble TEXHONOrNM JOCTYMHbI B
HaCTOsILLeE BPEMS! B COBPEMEHHbIX
MPOTOHHbIX LEHTPAX, TaKMX Kak
WPE 8 ['epmaHuu.

YCTPOWCTBO reHTpu, MeToabl 061y-
YeHns, KIMHUYecKas Bu3yanuaaums
W CUCTEMBI NNIAHMPOBAHMS NIeYEHNs
B LIEHTPax NPOTOHHOM Tpanum
MOCTOSHHO ONTUMU3NPYHOTCS, YTO
PaCLUMPSAIOT KIMHUYECKOe NopTgo-
o MNT. MpoponxatTes KNuHuye-
CKME UCTbITaHMS.

Me>xayHapoaHble uccneaoBaHns

W PEECTPbI COBMPAIOT NPOCTeK-
TUBHbIE JaHHblE, aHANW3MPYIOT
LienecoobpasHOCTb M KIIMHUYECKYHO
LONTOCPOYHYH 3(h(PEKTUBHOCTD, a
TakXXe BbISBNAOT Hanbonee noaxo-
Aslume rpynnbl nauneHTos ang MT.
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Fig. 7: Customized mask to ensure precise radiation of the head (reference:  Puc. 7: UHanBuayanbHas Macka Ans 06ecneyeHns TOYHOro 061y4eHns ronosb (c-
WPE) TouHuK: WPE)



