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Pro ton ther apy is a treat ment mo dal ity of in creas ing util ity in clin i cal ra di a tion on -
col ogy mostly be cause its dose dis tri bu tion con forms more tightly to the tar get vol -
ume than X-ray ra di a tion ther apy. One im por tant fea ture of pro ton ther apy is that
it pro duces a small amount of pos i tron-emit ting iso topes along the beam-path
through the non-elas tic nu clear in ter ac tion of pro tons with tar get nu clei such as
12C, 14N, and 16O. These ra dio iso topes, mainly 11C, 13N, and 15O, al low im ag ing
the ther apy dose dis tri bu tion us ing pos i tron emis sion to mog ra phy. The re sult ing
pos i tron emis sion to mog ra phy  im ages pro vide a pow er ful tool for qual ity as sur -
ance of the treat ment, es pe cially when treat ing inhomogeneous or gans such as the
lungs or the head-and-neck, where the cal cu la tion of the dose dis tri bu tion for
treat ment plan ning is more dif fi cult. This pa per uses Monte Carlo sim u la tions to
pre dict the yield of pos i tron emit ters pro duced by a 250 MeV pro ton beam, and to
sim u late the pro duc tions of the im age in a clin i cal PET scan ner.
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IN TRO DUC TION

Pos i tron emis sion to mog ra phy (PET) is po -
ten tially a very use ful and pow er ful tool for mon i -
tor ing of the dis tri bu tion of the dose de pos ited in
the pa tient from pro ton ther apy [1–6]. This method
is based on the de tec tion of the pos i tron-an ni hi la -
tiongg-rays fol low ing the de cay of the small
amounts of b+ emit ters (typ i cally 11C, 13N, and
15O) pro duced via non-elas tic nu clear re ac tion of
pro tons with the tar get nu clei of the ir ra di ated tis -
sue. Ver i fi ca tion of the ther apy can be achieved by
com par ing the PET im ages dis cern ing the b+ ac tiv -
ity dis tri bu tion with the pre dicted tar get dose dis tri -
bu tion used to plan the treat ment.

The PET im age is es sen tially the neg a tive im -
age of the tar get vol ume be cause the non-elas tic nu -

clear re ac tion cross sec tions pro vide sig nal along
most of the beam path, but di min ish at the Bragg
peak, where most of the pro ton en ergy is de pos ited
via other in ter ac tions. How ever, an ef fec tive dose
ver i fi ca tion can still be made by com par ing the ra -
dio iso tope dis tri bu tion mea sured by PET and the
yield of the pos i tron emit ters pre dicted from the
treat ment plan ning code.

The pos si bil ity of pro ton ther apy mon i tor -
ing by means of PET was in ves ti gated by var i ous
groups [1–6]. How ever, due to the lim i ta tions of
avail able non-elas tic nu clear cross sec tion data
and de tailed sim u la tion codes, most of the sim u -
la tion stud ies car ried out in the past did not ad -
dress the is sue of the low en ergy end of the pro ton
track, which is es sen tial in mon i tor ing the Bragg
peak. In this pa per, we ex am ine the po ten tial of
PET as a qual ity as sur ance method for the full en -
ergy range (0.1-250 MeV) of the pro ton. The in -
cen tive for this work was the de sign of the Rapid
Cy cling Med i cal Syn chro tron (RCMS) [7] at
Brookhaven Na tional Lab o ra tory.

POS I TRON EMIT TER PRO DUC TION

Dur ing pro ton ther apy, even though many
iso topes are pro duced through dif fer ent nu clear in -
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ter ac tions, there are only 6 ma jor chan nels pro duc -
ing the pos i tron emit ters 11C, 13N, and 15O in hu -
man tis sue. Ta ble 1 sum ma rizes these re ac tions. The 
cross sec tions shown in figs. 1 and 2 were ex tracted
from the emis sion spec tra of re coils in the data files
pro vided by the ICRU Re port 63 [8].

Ta ble 1. Rel e vant pos i tron-emit ter pro duc tion
re ac tions

Reaction
Threshold 

energy
[MeV]

Half-life
time
[min]

Positron
max. E
[MeV]

16O (p, pn) 15O 16.79 2.037 1.72

16O (p, 2p2n) 13N(a) 5.66(c) 9.965 1.19

14N (p, pn) 13N 11.44 9.965 1.19

12C (p, pn) 11C 20.61 20.39 0.96

14N (p, 2p2n) 11C(a) 3.22(c) 20.39 0.96

16O (p, 3p3n) 11C(b) 27.50(c) 20.39 0.96

(a) (p, 2p2n) is in clu sive of (p, a)
(b) (p, 3p3n) is in clu sive of (p,  apn)
(c) The listed thresh olds re fer to (p, a) and (p, apn)

MONTE CARLO SIM U LA TION

SRNA-BNL soft ware pack age was used in
this study. It was orig i nally de vel oped by R. D. Ili}
(SRNA-2KG) [9], and was mod i fied for this work
to in clude also the pro duc tion of pos i tron emit ter
nu clei. SRNA-2KG is a Monte Carlo code for use in 
pro ton trans port, ra dio ther apy, and do sim e try. Pro -
tons within an en ergy range of 100 keV to 250 MeV 
with pre-spec i fied spec tra are trans ported in a 3D
ge om e try through ma te rial zones con fined by
planes and sec ond or der sur faces. SRNA-2KG can
treat pro ton trans port in 279 dif fer ent kinds of ma -
te ri als in clud ing el e ments from Z = 1 to Z = 98 and 
181 com pounds and mix tures.

The sim u la tion of pro ton trans port is based on 
the mul ti ple scat ter ing the ory of charged par ti cles
and on a model for com pound nu cleus de cay af ter
pro ton ab sorp tion in non-elas tic nu clear in ter ac -
tions. For each part of the range, an av er age loss of
en ergy [10] is cal cu lated with a fluc tu a tion from
Vavilov’s dis tri bu tion and with Schulek’s cor rec tion 
[9]. The de flec tion an gle of pro tons is sam pled from
Mo liere’s dis tri bu tion [9]. SRNA-2KG has been
benchmarked with the well know pro grams
GEANT-3 [11] and PETRA [12]. Very good agree -
ment was reached un der the same con di tions. Fig -
ure 3 shows the re sults com par i son of a 250 MeV
pro ton pen cil beam in wa ter phan tom from
SRNA-2KG and GEANT-3.

In SRNA-BNL soft ware pack age, the pos i -
tron emit ters 11C, 13N, and 15O are cre ated through
the de cay pro cesses of com pound nu clei which in -
clude emis sion of pro tons, deu ter ons, tritons, al pha
par ti cles, or pho tons. The de cay prod ucts are sam -
pled us ing Pois son’s dis tri bu tion with ap pro pri ate
av er age mul ti pli ca tion fac tors for each par ti cle. En -
ergy and an gle of par ti cle emis sions, and the mul ti -
pli ca tion fac tors are ob tained from com par ing the
di rect cross sec tions avail able for reach ing the
daugh ter nu clei with that from the in te gra tion of
dif fer en tial cross sec tions [8] for non-elas tic nu clear
in ter ac tions. En ergy and an gle of sec ond ary neu -
tron emis sion are sam pled from emis sion spec tra.
Trans port of sec ond ary pro tons fol lows that of pri -
mary pro tons of that par tic u lar en ergy. Spa tial lo ca -
tion and an gle of neu tron and pho ton are re corded,
but not fur ther treated. Emit ted deu ter ons, tritons,
and al pha par ti cles are as sumed to be ab sorbed at
the lo ca tion of their cre ation.

In or der to as sess the fea si bil ity of ef fec tively
im ag ing the re sult ing pos i tron emit ter dis tri bu tion,
a re al is tic PET scan was then sim u lated us ing the
SimSET Monte Carlo PET sim u la tion pack age
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Fig ure 1. Cross sec tions of nu clear re ac tions
16O (p, 3p3n) 11C, 14N (p, 2p2n) 11C, and 12C (p, pn) 11C
vs. the ki netic en ergy of pro tons

Fig ure 2. Cross sec tions of nu clear re ac tions
16O (p, 2p2n) 13N, 14N (p, pn) 13N, and 16O (p, pn) 15O
vs. the ki netic en ergy of pro tons



[13]. The soft ware tracked each pos i tron de cay
which oc curred dur ing a sim u lated 60-min ute
post-ther apy scan. SimSET han dles the most im -
por tant as pects of the im age for ma tion pro cess, in -
clud ing pho ton at ten u a tion and scat ter, ge om e try
and pho ton ac cep tance of the tomograph, and
binning of the co in ci dence data. The clin i cal
whole-body Siemens/CTI HR+ tomograph was
sim u lated with the pro ton beam di rec tion aligned
with the scan ner axis. The binned pro jec tion data
was re con structed into vol u met ric im ages us ing the
stan dard fil tered back-pro jec tion tech nique.

RE SULTS

A 250 MeV pro ton beam with 2 mm di am e ter 
and a zero an gle of di ver gence was trans ported in a
hu man tis sue us ing the SRNA-BNL sim u la tion
code. The soft tis sue (ICRU 4-com po nent) used in
the sim u la tion had a 0.55 ra tio of the av er aged
atomic num ber to atomic mass (Z/A), and a den sity 
of 1.0 g/cm3. The el e men tal com po si tion of the tis -
sue was 10.11% hy dro gen, 11.11% car bon, 2.60%
ni tro gen, and 76.18% ox y gen. The num ber of pro -
tons used in each set of the sim u la tions was 4×106.
This pro ton beam was es ti mated to pro duce an av -
er age ab sorbed dose of 2 Gy in the last 8.5 cm of its
track, which is an ap pro pri ate es ti mate for treat ing a 
tar get vol ume 8.5 cm in di am e ter.

The pos i tron emit ter spa tial dis tri bu tions
were sim u lated with the cross-sec tions shown in
figs. 1 and 2. The re sults of lin ear pro duc tion den -
si ties of 11C, 13N, and 15O are pre sented in fig. 4.
In or der to ob serve the de tails close to the Bragg
peak, data were pre sented in the depth range of
250-400 mm. The lin ear pro duc tion den si ties re -
main nearly con stant at the depth un der 250 mm
due to the nearly con stant val ues of the cross sec -
tions at pro ton en er gies above 100 MeV. In or der

to re duce the ran dom noise, the val ues are ob -
tained from av er ag ing 225 sets of sim u la tion data. 
The to tal en ergy ab sorbed by the tis sue is su per -
im posed with a right-side ver ti cal scale in the
same fig ure for depth com par i son.

Fig ure 5 is a co ro nal slice from the re con -
structed PET im age. De spite less than 3000 co in ci -
dence counts in the en tire im age, the nar row
trans-ax ial dis tri bu tion and lack of back ground ac -
tiv ity gives suf fi cient con trast to pro vide a rea son -
able def i ni tion of the dis tri bu tion. The depth dis tri -
bu tion of in duced ac tiv ity as de ter mined from PET
im age is plot ted in fig. 6.
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Fig ure 3. Com par i son of sim u la tion re sults ob tained
from SRNA-2KG and GEANT-3 (Cour tesy of Dr. R. 
D. Ili})

Fig ure 4 The sim u la tion re sults of lin ear pro duc tion
den si ties of 11C, 13N, and 15O vs. depth in soft tis sue.
The ab sorbed en ergy by the tis sue is su per im posed us -
ing a right-side ver ti cal scale for depth com par i son

 

Fig ure 5. A 0.8 mm slice through the ac tiv ity dis tri bu -
tion of the 3-dimentional PET im age. The beam en tered 
from the left. Hor i zon tal (ax ial) di men sion is 15 cm (full 
scan ner FOV) and pixel size is 2.4 ´ 0.8 mm2

Fig ure 6. Depth dis tri bu tion of in duced ac tiv ity as
de ter mined from PET im age



DIS CUS SION AND CON CLU SION

The sim u la tions dem on strate that, for 250 MeV 
pro tons and a typ i cal ra dio ther apy dose of 2 Gy to the
tar get vol ume dur ing a ther apy ses sion, a sub se -
quently ac quired PET im age will have suf fi cient sig -
nal-to-noise ra tio to de ter mine the depth pro file of the 
in duced ac tiv ity dis tri bu tion. Fur ther work will be
nec es sary. The ul ti mate goal is the ver i fi ca tion of the
mea sured PET im age with a sim u lated PET im age.
Match ing of these two im ages im plies that the treat -
ment was ac cord ing to the plan. For treat ment in volv -
ing mul ti ple ports in clud ing some op pos ing an gles, in
ad di tion to the above ef fect, the cen troid of the tar get
dose can be com puted with that of the PET im age.
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PET VIZUELIZACIJA  RASPODELE  DOZE  U  LE^EWU
RAKA  PROTONSKIM  SNOPOM

U klini~koj radijacionoj onkologiji sve vi{e se koristi le~ewe protonima, pre svega
{to se raspodela doze mnogo boqe sla`e sa zapreminom mete nego pri le~ewu X-zra~ewem. Jedna
zna~ajna osobina protonske terapije je da neelasti~nim nuklearnim interakcijama protona sa
jezgrima mete, na primer, 12C, 14N i j16O, du` puta snopa nastaju male koli~ine izotopa koji emituju
pozitrone. Ovi radioizotopi, uglavnom 11C, 13N i 15O, omogu}avaju vizuelizaciju raspodele
terapijske doze kori{}ewem pozitronske emisione tomografije – PET. Obrazovana PET
vizuelizacija predstavqa mo}no sredstvo za osigurawe kvaliteta postupka, posebno kada se le~e
nehomogeni organi, plu}a ili glava sa delom vrata, kada je prora~un raspodele doze u planirawu
le~ewa veoma te`ak. U radu se koristi Monte Karlo simulacija radi procene prinosa
pozitronskih emitera proizvedenih protonskim snopom energije 250 MeV, kao i radi predvi|awa
obrazovawa slike na klini~kom PET skeneru.

Kqu~ne re~i:  le~ewe protonima, pozitronska emisiona tomografija, Monte Karlo simulacija


