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Surface-guided radiation therapy: Vision RT
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Tsanenunaguiasnsailadnigi Vision RT unldsauiunisanasad lae Vision RT g ssuunmunig

o

wliaRa (surface-guided radiation therapy, SGRT) #ianils Todmsunsiageuiunuin1Talesed

a v

I@ai%ﬂwwﬁwaaqﬁuﬁwmﬁﬂwLLUU 3 41 (3D) '«a3ammmmﬂﬁaulmsumﬁumsuaqQﬂaamaaﬂmsma%’qﬁ
WU real-time fBAMMILLILETEAU sub-millimeter wazazvasliaressdidelofUisogluvouin
fituawiny mﬂr;;iﬂ’amﬂéiaulmaaﬂuaﬂmauLﬁumﬁﬁmum Vision RT agasdyanalivganisaiesed
Tneviuil Vision RT 14543 infrared #adu non-ionizing radiation siafiun1sasivaaumumianisanesad
Tneld image guided radiation therapy (IGRT) &sl¥ ionizing radiation inligUaelasusadann
N1sRTIRdRUANMLEENI1 UBNINALU Vision RT uliseninenisatededudn daanunsatanls
AyvEoUiumiwesthonousNaefadfuuamane iumislusnanie wu Wiy aues Yon du
iloifosou Asweuavane 1Hudu wagtteanmmdndulunmsviiaemnessydumisuus g
vosgtheleme

(%

AEAy: sruunmUIivdng, sEuunmUInmeduns e, NM3IRdueEie, N1IRTIRaRULUY
AABALIAT

Abstract
Vision RT is one type of surface-guided radiation therapy (SGRT) that Radiation Oncology division
of King Chulalongkorn Memorial Hospital has used for positioning during radiotherapy session.
It makes treatment more accurate by using a contact-free technique to tract the patient’s skin
surface in real-time with sub-millimeter accuracy and to ensure that radiation is only delivered
when the patient is in the correct position. If the patient moves out of tolerance margin,
the Vision RT can automatically send signal to the treatment delivery system and pause the
radiation delivery. Vision RT is considered to be safe, using infrared radiation, which is
non-ionizing radiation. It is different from checking patient’s position by using image guided
radiation therapy (IGRT) which uses ionizing radiation. Besides real-time checking, Vision RT can
be used to check the patient’s positioning before radiotherapy for many types of cancer,
such as breast cancer, brain tumor, lung cancer, liver cancer, sarcoma, head and neck cancer,
etc. In addition, the using of Vision RT can be used to substitute marks or tattoos for positioning

patients set up prior to treatment therapy.
Keyword: surface-guided radiation therapy, Vision RT, patient positioning, real-time monitoring
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5¥UUNMINIE (Image-guided Radiation Therapy,
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A X a Pl P o v
wiaeulmiiuiivesfUislu 6 ssurundeuiu laud
vertical, longitudinal, lateral, roll, yaw Lag pitch
AUANULLUENTEIU sub-millimeter N15ASIIABU
° ' . Ko o Y a & o Y]
ANLMUILUU real-time D8 utMdusideaiu
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1. daudsenauvas Vision RT
1.1 Advanced software (Align RT) (i 1)
1.2 Computer workstation, keyboard, monitor
wae keyboard video mouse (KVM)
1.3 3D camera units (Pods) lagnasusiazdd
Useneuse (nwil 2)
1.3.1 LCD Display
1.3.2 Sensor 2 #1
1.3.3 Status LEDS
1.3.4 Calibration LEDS (nwil 3)
1.3.5 Projector
1.3.6 Infrared LEDS
1.4 Calibration plate

1.5 Remote control device

2. YUABUNIININIUYBY Vision RT

Vision RT (Surface Vision RT tracking system :
Ltd, London, UK) Usgnauni8 3 camera pods
= v 4 o ! v ) o a '
Fandeenia 3 fazegluriesaneiedlay 2 daviney
o o o v a v = o 1A
Auntdavingy 30 ssmuiedUle an 1 fdaegh
Uaneifies Insumag camera pod azUsznaulunie
2 data camera, white light flash wag speckle
projector @3lsiag camera pod AEYINITUTIUAU
Tun13a319nm 3D surface image lAENABILARZF7
srdunmlunmumiadeiuluisavsaueaiunneig
fu Ing white light flash aztiuANasalung
FJuaninuiauusEUIe A1ty speckle projector
azUane infrared Nidnwauzilu speckle pattern
Mgyl data camera @uNTaAUMIAINNURILAY
MANUENTLTYeI N IULLNOUDINABIUAAL A7
Feazldanuuansisvesninngiuluusazyues

° Y 3 Aaa = v v v
ewntazas I dunin 3808 Fenesldndey
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AW 1 uans Advanced software (Align RT)

LCD Display
(underneath)

Infrared LEDs
(optional)

A 3 uans Calibration plate
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dun133n portal dosimetry unazimatialikga %gamma passing rate 141NN 95%
ffoasu: FFF mode fimnumsnzaniiozlinausumssnndmivuzsasuutrsinesutunmmneladh
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Abstract

Background: The radiotherapy treatment planning with flattening filter-free (FFF) may reduce the

treatment time because the dose rate is increased.
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Objective: To compare the treatment planning between flattening filter (FF) and FFF for
left-sided breast with deep inspiration breath hold (DIBH) using electronic tissue compensation
(ECOMP) and volumetric modulated arc therapy (VMAT) techniques.

Materials and Methods: The treatment planning for left-sided breast with DIBH of FF-ECOMP,
FFF-ECOMP, FF-VMAT, and FFF-VMAT were generated. The maximum dose rate was set at 600
and 1400 MU/min for 6 MV and 6 MV-FFF, respectively. The average dose in organs at risk (OARs)
such as heart, ipsilateral lung, contralateral lung, left anterior descending artery, and
contralateral breast was evaluated. The patient-specific QA was also checked by using the portal
dosimetry. The total monitor unit (MU) and beam on time were observed.

Results: Most of the OARs showed higher doses in FFF-ECOMP. The doses in PTV and OARs were
not significantly different between the FF-VMAT and FFF-VMAT. The total MU of the FF mode was
significantly lower than the FFF mode. The delivery time of FF-ECOMP was longer than FFF-ECOMP
by approximately 1.4 times. The %gamma passing rate of portal dosimetry for all techniques was
higher than 95%.

Conclusion: The FFF mode was suitable for left-sided breast with DIBH treatment planning.
The shortest to the longest delivery time following each technique were FFF-ECOMP, FF-ECOMP,
FF-VMAT, and FFF-VMAT, respectively. The FFF-ECOMP showed a higher dose than FF-ECOMP in
the organs at risk due to higher MU, but no difference in the VMAT for both FF and FFF modes.

Keywords: flattening filter free, volumetric modulated arc therapy, deep inspiration breath hold,
left-sided breast
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naMsaeSERldunnasusEINg FE mode way
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A15199 1 USunaussdn PTV waredensdnadealasumemaiin ECOMP vfianldwazlaliinsasansed

Structure Parameter FF-ECOMP FFF-ECOMP P-value*

PTV D1% (Gy) 51.77+ 0.84 51.54 + 0.42 0.40

D95% (Gy) 47.97 £ 0.46 48.16 + 0.60 0.24
Heart Dmean (Gy) 1.62 +1.43 240 + 2.13 <0.05
Ipsilateral lung Dmean (Gy) 7.97 + 1.56 9.64 + 2.13 <0.05

LAD region 13.90 + 3.21 17.20 + 4.32 <0.05
Contralateral lung Dmean (Gy) 0.08 + 0.03 0.10 + 0.05 0.08
LAD region Dmean (Gy) 4.58 + 1.63 7.50 + 4.92 <0.05
Contralateral breast Dmean (Gy) 0.39 + 0.54 0.11 + 0.06 0.31

* Significant relative difference tested by two-tail student pair t-test (P-value<0.05)

A1ga: PTV: planning target volume, LAD: left anterior descending artery, ECOMP: electronic tissue compensation,
FF: flattening filter, FFF: Flattening filter-free

A15199 2 USunausedn PTvuaredenzdnadsdlasumemaiia VMAT vianldwazlaldfinsosansed

Structure Parameter FF-VMAT FFF-VMAT P-value*

PTV D1% (Gy) 53.36 + 0.86 53.16 + 1.46 0.61
D95% (Gy) 47.87 + 0.45 47.96 + 0.33 0.77

Heart Dmean (Gy) 7.31 £ 1.80 7.51 £ 2.08 0.22
Ipsilateral lung Dmean (Gy) 17.10 £ 2.03 17.20 + 4.45 0.59
V20 (%) 28.10 £ 5.12 28.35 + 6.67 0.65

Contralateral lung Dmean (Gy) 7.01 £ 0.88 6.85 + 2.32 0.11
LAD region Dmean (Gy) 14.19 + 6.02 14.14 + 4.57 0.56
Contralateral breast Dmean (Gy) 7.27 + 1.10 6.60 + 1.02 <0.05

* Significant relative difference tested by two-tail student pair t-test (P-value<0.05)

Anga: PTV: planning target volume, LAD: left anterior descending artery, ECOMP: electronic tissue compensation, FF:
flattening filter, FFF: Flattening filter-free

Journal of Thai Association of Radiation Oncology
Vol. 29 No.2 July - December 2023



A1UYNABIVBILKUNITTABIINA1T TR FF-VMAT T#iein %gamma passing rate #1an Ag
portal dosimetry wuinlagadsluudazivmaila v 97.73% LansfanIgs1en 4

Na %gamma passing rate 11AN1 95% 1w

M990 3 1A MU HAZSEevIaINTaNs S8 TIl0 Ll uUnSSN¥I5Ewing FF-ECOMP fiu FFF- ECOMP uag
FF-VMAT iU FFF-VMAT

Total Monitor Delivery time
Dose rate
Plan unit (MU) p-value* (seconds) p-value*
(MU/min)
Mean + SD Mean + SD
FF- ECOMP 600 385.6 + 32.0 104.1 + 5.7
< 0.05 < 0.05
FFF- ECOMP 1400 706.9 £ 71.2 74.6 + 3.6
FF-VMAT 27171+ 729 627.69 + 55.9 1853 + 153
< 0.05 0.20
FFF-VMAT 340.7+ 158.4 782.9 £ 57.6 186.0 + 15.2

* Significant relative difference tested by two-tail student pair t-test (p-value<0.05)
A18a: ECOMP: electronic tissue compensation, FF: flattening filter, FFF: Flattening filter-free, VMAT: volumetric modulat-

ed arc therapy

M19199 4 ALRRY %gamma pass T3NSRz UNUNTINYIINN1TTARIY portal dosimetry

Plan % Gamma passing rate
(Mean + SD)
FF- ECOMP 100 £ 0.00
FFF- ECOMP 99.01 + 1.19
FFE-VMAT 97.73 + 1.47
FFF-VMAT 99.65 + 0.19

A18a: ECOMP: electronic tissue compensation, FF: flattening filter, FFF: Flattening filter-free, VMAT: volumetric
modulated arc therapy
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Abstract
Backgrounds: Radiation therapy plays an important role in rectal cancer treatment. However,
according to atomic bomb survivor studies, radiation is a risk factor for solid cancer incidence in
any tissues. Therefore, radiation therapy is relevant for an increased risk for developing secondary
cancer in treated patients.
Objective: To evaluate and compare secondary cancer risks between intensity modulated
radiation therapy (IMRT) and intensity modulated proton therapy (IMPT) for rectal cancer in terms
of organ equivalent dose (OED) and organ-specific excess absolute risk (EAR®).
Materials and methods: A male adult computational phantom with an average body size of a
68-year-old Thai male was used for IMRT and IMPT treatment planning. For IMRT, 12 fields of 6
MV flattening filter free (FFF) photon beams were used for treatment planning using the Ethos
treatment planning system (TPS) (Varian Medical System, Palo Alto, California, USA), while 2-, 3-,
and 5-field IMPT plans were calculated using matRad TPS. Dose distributions and OEDs were
evaluated for organs at risk (OARs). The calculation of secondary cancer risk was done in terms
of EAR®® using a mechanistic model for radiation-induced carcinoma and sarcoma.
Results: IMPT delivered lower doses to the OARs than IMRT. The EAR in 10,000 persons per year
(PY) for the IMPT plans ranged from 0.60 to 0.71 for the bladder, 0.07 to 0.08 for the bowel and
13.59 to 14.35 for the colon, while the EAR for the IMRT plan was 0.33 for the bladder, 0.96 for
the bowel, and 21.90 for the colon. The colon had the highest risk of secondary cancer incidence,
although the mean organ dose was much lower than those in other organs. Our result indicated
that IMPT decreased secondary cancer risks in most organs compared to IMRT, except for the
bladder, where low dose exposure by IMPT led to unfavorably high risk. Moreover, the risk of
bone and soft tissue sarcomas after IMRT and IMPT were relatively small.
Conclusion: Based on the mechanistic risk model, the estimated secondary cancer risk after IMPT
was generally lower than that after IMRT. The 2-field IMPT plan had the lowest risk among all
IMPT plans investigated.

Keywords: Rectal cancer, secondary cancer risk, IMRT, IMPT
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Introduction

Rectal cancer incidence was diagnosed as the
8" most common cancer worldwide and the 10"
leading cause of cancer deaths accounting for
3.2% of all cancer deaths™. In Thailand, the in-
cidence of colorectal cancer was diagnosed as
the 3rd most common cancer, which accounted
for 11% of all cancer cases. The most common
age group that was diagnosed with colorectal
cancer was 60-75 years for both sexes. Moreover,
40% of all colorectal cancer cases were
diagnosed with rectal cancer?.

Radiation therapy plays an important role in
rectal cancer treatment, such as, prevention of
local recurrences, improvement of survival,
downstaging the tumor and palliative treatrent™.
The state-of-the-art photon therapy, such as,
intensity modulated radiation therapy (IMRT) and
volumetric modulated radiation therapy (VMAT),
provides better dose conformality to the tumor
and reduces dose to normal tissues compared
to conventional techniques. However, beam
modulation and large beam-on time lead to
increase of head leakage, resulting in out-of-
field organ dose. Moreover, many gantry angles
are typically used, resulting in low dose to
normal tissues™”. Proton therapy is another ad-
vanced treatment modality for rectal cancer.
Proton therapy delivers low dose in the entrance
region and a dose peak at a finite range near
the end of the beam path, in the so-called Bragg
peak region. Proton therapy for rectal cancer is
used to improve local control and survival with

the ability to reduce dose to normal tissues or

organs at risk (OARs) and minimize acute and late
toxicities from radiation therapy®. The out-of-
field dose in proton therapy primarily arises from
neutrons from the interactions of primary ions
with beam-line components and patients'®.
The effectiveness of radiation therapy should
be weighed against short- and long-term adverse
effects”. Secondary cancer risk after radiation
therapy is a long-term effect commonly used to
justify treatment techniques'. Modeling of
radiation-induced cancer risk is usually based on
atomic bomb survival data characterized by low
dose radiation exposure'”. Several groups have
modeled secondary cancer risk after radiation
therapy. For examples, Wheldon et al.” and

Lindsay et al.”

used a two-stage radiation
carcinogenesis model including cellular repopu-
lation with different assumptions. This model
focused on the repopulation effect after single
irradiation. They found a bell-shape relationship
of the dose-response with the decrease of cancer
risk at high dose’®”. Similarly, Dasu et al."” used
a competition model to describe a dose-
response relationship by accounting for the
probability of DNA mutation and the probability
of cell survival in organs in the treatment area.
The dose-response relationship from Dasu’s
model were similar to the two-stage model"”.
Sachs and Brenner developed the risk model
to account for the effect of carcinogenesis,
cell killing and proliferation of irradiated cells.
They found repopulation effect tended to cause

resistance to cell killing leading to a nearly

constant risk at high dose™. The mechanistic
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7,12,13] is one

model introduced by Schneider et al.!
of the most commmonly used models. Schneider’s
model combines low dose data from the
atomic bomb survivors and the data of a
Hodgkin cohort after radiation therapy to
describe the site-specific dose-response
relationships of carcinoma and sarcoma induction
separately™”. This mechanistic model accounts
for cell killing, fractionation effect, and repopu-
lation of radiation-exposed tissues"”. Moreover,
Schneider et al. proposed the concept of organ
equivalent dose (OED) for radiation-induced
cancer™. The assumption of OED is that for any
inhomogeneous dose distributions in an organ,
the same OED causes the same radiation-induced
cancer incidence rate in that organ™®.

The aims of this study were to determine the
risk of secondary cancer after IMRT and intensity
modulated proton therapy (IMPT) for treatment
of rectal cancer and to compare secondary
cancer risks between the investigated modalities

in terms of OED, excess absolute risk (EARorg)
and risk ratio (RR)"”.

Materials and methods
Patient Selection
A male adult computational phantom of the
National Cancer Institute/University of Florida
(NCI/UCF) phantom series was used to
represent the average male rectal cancer
patient. The NCI/UCF phantoms are whole-body
computational phantoms, representing adults
[16)

and children of different weights and heights ™.
The selected phantom had the weight and height

Journal of Thai Association of Radiation Oncology
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of 70 kg and 170 cm, respectively, similar to the
average weight and height, 66.75 kg and 166.57
cm, respectively, of a 68-year-old Thai male,
who is in the age group that has the highest
incidence of colorectal cancer in Thailand
(60 — 75 years)”. Concerning anatomical realism,
each phantom has more than 100 organs
created using non-uniform rational B-spline
(NURBS) and polygon mesh (PM) surfaces"?.
The phantoms have been converted to the
DICOM-CT format with the DICOM-RT structure
set for use in commercial treatment planning
systems. The reason for using the computational
phantom instead of a patient dataset was that
further investigation of dose in organs far from
the target could be performed using a Monte
Carlo simulation, while patient images for treat-
ment planning are usually confined to the region

of therapeutic interest.

Treatment planning

The simultaneous integrated boost (SIB) IMRT
plan with 6 MV flattening filter free (FFF) beams
was calculated using the Ethos treatment
planning system (TPS) (Varian Medical System,
Palo Alto, California, USA) with the Ethos Acuros
XB (AXB) algorithm for dose calculation. In this
study, the Ethos TPS was used to generate a
12-field IMRT plan with the prescribed dose to
the PTV of 50 Gy in 25 fractions. The dose
constraints were based on QUANTEC"", RTOG
0418"%, RTOG 1203"”, RTOG 0822"%, and
EMBRACE 1I°",



Table 1 The treatment planning parameters and dose constraints for the investigated IMPT techniques

Field parameter 2-field IMPT 3-field IMPT 5-field IMPT
Bixel width or lateral spot 5 mm 5 mm 5 mm
spacing
Longitudinal spot spacing 2 mm 2 mm 2 mm

Field projections Right posterior oblique
(RPO) and left posterior

oblique field (LPO)

Gantry angles 140° and 220°

Number of pencil beams 29,086

Opposed lateral field and  Opposed lateral field, PA,

posterior-anterior field (PA) LPO and RPO

90°, 180° and 270° 90°, 140°, 180°, 220° and
270°

43,899 72,985

Target and organ at risk

Dose constraint

Clinical goal

CTV50

Bladder

Femoral heads

Small bowel

<

100%

< O

40Gy

< <

45Gy

<

40Gy

< < <<

30Gy

O

max

30Gy

30Gy

40Gy

356Gy

ma;

> 95 -97%
< 110%
< 50%
< 60%

< 5%

< 30%

< 35%
<70 cm’
<300 cm’
<350 cm’

<52 Gy

The IMPT planning was performed using
matRad, which is a multi-modality open-source
3D treatment planning tool developed for
research purposes””. MatRad did not have a
robust optimization function. Therefore,
the treatment planning was done through PTV,

by taking into account errors from organ

Journal of Thai Association of Radiation Oncology

movement and setup uncertainties in a margin
extending from the CTV. For the IMPT plans,
the prescribed dose was based on the constant
relative biological effectiveness (RBE) of 1.1.
The prescribed dose to the PTV was 50 Gy
equivalent (GyE) in 25 fractions. The dose

constraints followed the recommendation of

o)
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Parzen et al™, which was based on RTOG 0822%”.
In addition, all IMPT plans were found to comply
with the dose constraints of the 12-field IMRT
plan, because the IMPT dose constraints used in
this work were stricter than those used for the
IMRT technique. The investigated IMPT treatment
plans contained 2, 3 and 5 fields with the treat-

ment planning parameters given in Table 1.

Secondary cancer risk estimation

The organ-specific excess absolute risk,
EAR™®, was chosen as the measures of risk from
radiation therapy. The EAR represents the
difference between the rate of disease incidence
occurring in the exposed and unexposed
groups™?. The EAR™® in the unit of per 10,000
persons per year (PY) was calculated from the

following formula.

1
EARTE = V—TZ V(DY) Bip RED(D)p(agex, agea)
i

v, is the total volume of the organ, ¥(D) is the
volume receiving dose of the i, bin of the
dose-volume histogram (DVH), RED(D) is the risk
equivalent dose of the i, DVH bin, ﬂJP is the
initial slope of the dose-response relationship at
low dose taken from the atomic bomb survivor

data as given by Preston et al®”

and u is the
modifying function. The DVHs of organs of
interest were obtained from the treatment
planning systems.

Since ,[)’JP was defined for the population with
the age at exposure of 30 years and the attained

age of 70 years, the modifying function i was

Journal of Thai Association of Radiation Oncology
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used to adjust the EAR for the different age at

exposure and attained age, as follows.

agea

u(agex,agea) = exp (ye(agex —30) + ygn (T)>

v, and Y, are the age modifying factors, agex
is the age at exposure and agea is the attained
age. In this study, the EAR was calculated for the
age at exposure of 60 years and the attained age
of 75 years according to the incidence of

colorectal cancer in Thailand®.

The RED corresponds to the dose-response
relationship, which is proportional to the
probability of radiation-induced cancer™. In this
study, the REDs for carcinoma and sarcoma
induction were calculated separately using the

model of Schneider et al.”?, as follows.

"D

e™* a'R Fe i
RED(D) = P (1 — 2R + Rzea’n _ (1—R)2e__1fRD) or carcinoma

e“"'“ ’ _a'R D For sarcoma
RED(D) - =R 1-2R+R?e* P_(1-R)’e"T-R"-a'RD

R is the repopulation/repair parameter, and
o’ is the cell killing factor, which corresponds to
the reduction of cells as described by the linear-
quadratic model. & is calculated from the fol-
lowing formula.

o =a+pd

o and [ are the cell killing parameters of the
linear-quadratic model for the organ of interest
and d is dose per fraction. Table 2 lists all
parameters used for the calculation of the
EAR™ and the RED.



The OED was also calculated for organs of
interest that received inhomogeneous dose
distributions during radiotherapy. The OED is

13]

equivalent to the volume-averaged RED"?, given

as the following formula.

1
0ED = —Z V(D)RED (D))
Vi £
14

It is to note that the parameters for calcu-
lating the REDs for some organs, such as, the
prostate, the kidney and the spinal cord were
not available. Therefore, the REDs, and thus the
EARs and the OEDs, of these organs were not

estimated in this work.

Finally, the comparison between the different
treatment modalities for the same group of
population, age at exposure and attained age
was performed using the risk ratio™, given by the

following formula.

EAR,"®  OED,
EAR)™®  OEDg

Risk ratio =

As seen in risk ratio formula, the risk ratio
between treatment modalities for the same
group of population can be calculated by either
the ratio of EAR”® or the ratio of OED.

Table 2 The parameters used for the calculation of excess absolute risks (EARsorg).

Organ a R B y_e y_a

Bladder 0.219 0.06 3.20 -0.024 2.38

Bowel 0.591 0.09 8.00 -0.056 6.90

Colon 0.001 0.99 8.00 -0.056 6.90

Bone 0.067 0.50 0.20 -0.013 -0.56

Soft tissue 0.060 0.50 0.60 -0.013 -0.56
Results all investigated IMPT plans, using two oblique

The dose distributions from the different
treatment plans are shown in Figure 1. Table 3
summarizes the mean doses to the organs of
interest. For these organs, the mean organ doses
from IMRT were larger than those from IMPT. Of

fields (RPO and LPO) gave the lowest mean
doses to most organs, and the mean organ
doses from the 5-field IMPT plan were lower than
those from the 3-field IMPT plan, except for the

sacrum.
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Figure 1 The dose distributions of (a) 12-field IMRT, (b) 2-field IMPT, (c) 3-field IMPT and (d) 5-field IMPT.

The REDs as the functions of organ dose are Figure 4 show the examples of differential dose
plotted in Figure 2. As the organ dose increased, volume histograms, risk equivalent dose, and risk
the RED for carcinoma induction increased at low equivalent dose weighted with the dose volume
doses and decreased at high dose, while the RED for carcinoma induction in the bladder and
for sarcoma induction was negligible at low dose sarcoma induction in the pelvic bone,
and increased at high dose. Figure 3 and respectively.
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The OEDs and EARs of the organs of interest
are reported in Table 4 and Table 5, respec-
tively. The colon had the highest risk of
secondary cancer in both IMRT and IMPT plans,
although the mean colon dose was much lower
than those in the bladder, the pelvic bone, and
the sacrum. Both OEDs and EARsorg indicated
that the radiation-induced cancer risk after
radiation therapy for rectal cancer was lower
for IMPT compared with IMRT, except for the

bladder. Moreover, the EARs for sarcoma

Z

Vol. 29 No.2 July - December 2023

Journal of Thai Association of Radiation Oncology

induction, including bone and soft tissue
sarcomas, were found to be small despite the
relatively high doses received. Figure 5 shows
the risk ratios between the IMPT plans and the
IMRT plan, and between the different IMPT plans
investigated. The 2-field IMPT plan was found to
have the lowest risks in most organs except for
the bladder. The estimated secondary cancer
risks for the 3- and 5-field IMPT techniques were

relatively similar.



Table 3 The mean organ doses from various treatment planning techniques.

Mean dose (GyE)

Organ

12-field IMRT 2-field IMPT 3-field IMPT 5-field IMPT
Bladder 39.42 + 7.76 17.81 + 19.18 30.40 + 15.5 27.63 + 16.48
Bowel 8.34 + 13.36 1.49 + 6.80 171+ 7.64 1.65 + 7.37
Colon 9.51 £ 16.74 595 + 15.94 6.28 £ 16.11 6.23 + 16.09
Femoral Left 513 £ 8.06 0.19 £ 1.65 492 £ 8.75 352 +6.31
Femoral Right 5.05 + 7.99 0.21 £ 1.79 493 + 8.62 3.50 + 6.22
Pelvic bone 2578 + 17.61 15.70 + 19.73 19.41 + 18.74 18.67 + 18.66
Sacrum 20.64 + 19.34 14.56 + 20.69 14.56 + 20.26 14.70 + 20.62
Male reproductive 17.90 + 10.84 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00
Prostate 47.57 + 3.53 39.98 + 10.56 42.14 + 8.66 41.82 + 8.95
Kidney Left 0.40 £ 0.19 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00
Kidney Right 0.42 + 0.20 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00
Spinal cord 0.31 £ 0.52 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00

Table 4 The organ equivalent doses (OEDs) from various treatment planning techniques.

OED (GyE)
Organ
12-field IMRT 2-field IMPT 3-field IMPT 5-field IMPT
Bladder 0.18 0.39 0.33 0.38
Bowel 0.40 0.03 0.03 0.03
Colon 9.12 5.66 598 5.94
Femoral Left 0.43 0.01 0.49 0.26
Femoral Right 0.42 0.01 0.48 0.25
Pelvic bone 2.51 1.50 1.95 1.83
Sacrum 1.76 1.30 1.32 1.32
Male reproductive 1.74 0.00 0.00 0.00

Journal of Thai Association of Radiation Oncology
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Table 5 The organ-specific excess absolute risks (EARsorg) from various treatment planning techniques.

EAR°® (10,000 PY)*

Organ
12-field IMRT 2-field IMPT 3-field IMPT 5-field IMPT
Bladder 0.33 0.71 0.60 0.69
Bowel 0.96 0.07 0.07 0.08
Colon 21.90 13.59 14.35 14.25
Femoral Left 0.06 0.00 0.06 0.03
Femoral Right 0.05 0.00 0.06 0.03
Pelvic bone 0.33 0.20 0.25 0.24
Sacrum 0.23 0.17 0.17 0.17
Male reproductive
organs (penis and 0.68 0.00 0.00 0.00
scrotum)
25 T T T
[ Ratio of 2-field IMPT to 12-field IMRT
[ Ratio of 3-field IMPT to 12-field IMRT
Ratio of 5-field IMPT to 12-field IMRT
[ Ratio of 2-field IMPT to 3-field IMPT
2 [ Ratio of 2-field IMPT to 5-field IMPT 1
[ Ratio of 3-field IMPT to 5-field IMPT
s TS e
3
1 I u I |
o [ L ‘ |
Bladder Bowel Colon Femoral Left Femoral Right Pelvic bone Male reproductive Sacrum

Figure 5 Risk ratio (RR) of excess absolute risks for different modalities.
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Discussion

In terms of dose distributions, IMPT was found
to be superior to IMRT. Similarly, the organ-
specific EARs of IMRT plans were higher than
those of IMPT for most organs, except for the
bladder. In general, the OARs near the target
volume, which received dose higher than 2 Gy,
such as, bowel, tended to have lower secondary
cancer risks. In contrast, some OARs, such as, the
bladder, which could be exposed by both low
and high doses in the IMPT plans (see Figure 3),
had a higher secondary cancer risk than IMRT.
The contradictory result for the bladder could
be explained by the obtained differential
DVH (Figure 3) and the characteristic of the
mechanistic model for carcinoma induction
(Figure 2). Using the mechanistic model for
carcinoma, exposure to low dose was associated
with high RED, while exposure to high dose
resulted in low RED due to the cell killing
effect™. Since IMPT tended to give lower dose
exposure to the bladder than IMRT, the RED
weighted with the dose volume. Therefore, the
OEDs and EARs, became higher after IMPT than
those after IMRT. To reduce low dose exposure
to the bladder in the IMPT technique, the
beam-specific PTV definition could be useful.

In this study, we found that 2-field IMPT
yielded the lowest EARs for the OARs, compared
with the other IMPT plans. Similar results were
observed by the dosimetric analysis of Parzen et
al.” who concluded that 2-field IMPT was
superior to 3- and 5-field IMPT.

The incidence of secondary cancer after
radiation therapy is expected to occur mostly in

2 Our result

organs adjacent to target volume
was consistent with this expectation. Namely,
the EARs for the colon and the bladder, which
were located in field and near field in both IMRT
and IMPT techniques, were found to be higher
than the EARs for other organs The similar result
was observed in the study of Zwahlen et al.
for rectal cancer radiation therapy using 3D
conformal radiation therapy (3D-CRT) and
volumetric modulated arc therapy (VMAT), where
the higher excess lifetime attributable risk (LAR)
for organs close to the target volume, such as,
the colon, the sigmoid and the bladder, were
higher than those for other organs®®.

The variation of age at exposure was another
major factor associated with the variation of
the risk of radiation-induced cancer, but the
relationship between the adult exposure age
and the risk of radiation-induced cancer was

“ However, the weight of

not yet clear
epidemiological data suggested that increasing
age at exposure for adults typically did not
decrease the radiation-induced cancer risk”**”.
From the study of the Japanese atomic bomb
survivors data, the excess relative risks as a
function of age at exposure for cancer incidence
was higher in children and decreased after
around 30-40 years of age”. However, the excess
relative risk rose again at ages of more than 40
years old””. Similarly, the follow-up data of

radiation workers who were older than 45 years

old reported by Richardson et al.”” showed a
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strong association of an increased cancer
mortality rate at an older age™”. Rectal cancer is
a disease associated with old patients. In our
study, the age of exposure was defined as 60
years old, where the secondary cancer risk is
expected to increase with the age at exposure.

In general for radiation therapy, primary
radiation is the risk factors for secondary cancer
incidence®". However, secondary neutrons
generated during proton therapy was also
important and should be taken into account to
completely explain the risk of radiation-induced
cancer™. In this study, secondary radiations, e.g.,
neutrons and scattered radiations, generated
during the treatment were not yet considered.
Several methods can be performed to assess the
magnitude of secondary radiations or out-of-
field doses, such as, Monte Carlo simulations
and measurements using anthropomorphic
phantoms™.

It is to note that the mechanistic risk model
itself has intrinsic uncertainties associated with
the combination of epidemiological data from
atomic bomb survivors and the Hodgkin cohort
treated with radiotherapy data"”. Since the
mechanistic model was derived from Japanese
atomic bomb survivor data and Caucasian
Hodgkin patients, the genetic susceptibility of
these populations may be different from the
population of interest in this study. For radio-
therapy patients it is therefore more common to
use the risk model to compare between treat-
ment modalities rather than using the model to

compute absolute risks."”. Another uncertainty
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of the calculation was due to the absence
of rectal distension in the computational
phantom.

In future work, Monte Carlo simulation should
be used to incorporate neutron dose in
secondary cancer risk estimation for proton
therapy and computational phantoms or patient
CT datasets with different conditions of rectal
distension should be used to identify the
spectrum of risks associated with rectal cancer

radiation therapy.

Conclusion

This study evaluated secondary cancer risks
in terms of organ equivalent doses (OEDs) and
organ-specific excess absolute risks (EARs™)
after IMRT and IMPT for rectal cancer using a
male adult computational phantom to represent
Thai rectal cancer patients and the mechanistic
risk models of Schneider et al"™” for carcinoma
and sarcoma induction. Compared to IMRT, IMPT
delivered lower dose to the OARs and lower the
estimated secondary cancer risks in most organs,
except for the bladder. The colon was found to
have the highest risk of developing secondary
cancer, while the risks of developing secondary
bone and soft tissue sarcomas were negligibly
small. For the bladder, the low dose exposure
by IMPT was not favorable due to the associated
high risk obtained from the mechanistic model.
Of all IMPT plans investigated, 2-field IMPT had
the lowest risks, while 3- and 5-field IMPT plans
yielded the similar risks.



Acknowledgments

Oncology Department, Chulabhorn Hospital, for

providing the Ethos treatment planning system

The authors would like to thank Radiation

References

1.

Rawla P, Sunkara T, Barsouk A.
Epidemiology of colorectal cancer:
incidence, mortality, survival, and risk
factors. Prz Gastroenterol. 2019;14:
89-103.

Lohsiriwat V, Chaisomboon N,
Pattana-Arun J. Current colorectal cancer
in Thailand. Ann Coloproctol. 2020;36:
78-82.

Lidder PG, Hosie KB. Rectal Cancer:
The role of radiotherapy. Dig Surg. 2005;
22:41-9.

Kry SF, Bednarz B, Howell RM, Dauer L,
Followill D, Klein E, et al. AAPM TG 158:
Measurement and calculation of doses
outside the treated volume from
external-beam radiation therapy. Med
Phys. 2017;44:€391-429.

Hall EJ. Intensity-modulated radiation
therapy, protons, and the risk of second
cancers. Int J Radiat Oncol Biol Phys.
2006;65:1-7.

Fok M, Toh S, Easow J, Fowler H, Clifford
R, Parsons J, et al. Proton beam therapy
in rectal cancer: A systematic review and

meta-analysis. Surg Oncol. 2021;38:101638.

used for IMRT planning and the Division of Cancer

Epidemiology and Genetics at the National

Cancer Institute for providing the computational

phantom.

10.

11.

12.

Schneider U. Modeling the risk of
secondary malignancies after radio-
therapy. Genes. 2011;2:1033-49.
Wheldon EG, Lindsay KA, Wheldon TE.
The dose-response relationship for
cancer incidence in a two-stage radiation
carcinogenesis model incorporating
cellular repopulation. Int J Radiat Oncol
Biol. 2000;76:699-710.

Lindsay KA, Wheldon EG, Deehan C,
Wheldon TE. Radiation carcinogenesis
modelling for risk of treatment-related
second tumours following radiotherapy.
Br J Radiol. 2001;74:529-36.

Dasu A, Toma-Dasu |. Models for the risk
of secondary cancers from radiation
therapy. Phys Med. 2017;42:232-8.
Sachs RK, Brenner DJ. Solid tumor risks
after high doses of ionizing radiation. Proc
Natl Acad Sci USA. 2005;102:13040-5.
Schneider U. Mechanistic model of
radiation-induced cancer after fraction-
ated radiotherapy using the linear-
quadratic formula: Cancer risk for fraction-
ated radiotherapy. Med Phys. 2009;36:
1138-43.

Journal of Thai Association of Radiation Oncology

Vol. 29 No.2 July - December 2023 |



13.

14.

15.

16.

17.

18.

Schneider U, Sumila M, Robotka J.
Site-specific dose-response relationships
for cancer induction from the combined
Japanese A-bomb and Hodgkin cohorts
for doses relevant to radiotherapy.
Theor Biol Med Model. 2011;8:27.
Schneider U, Zwahlen D, Ross D,
Kaser-Hotz B. Estimation of radiation-
induced cancer from three-dimensional
dose distributions: Concept of organ
equivalent dose. Int J Radiat Oncol Biol
Phys. 2005;61:1510-5.

Lee C, Lodwick D, Hurtado J, Pafundi D,
Williams JL, Bolch WE. The UF family of
reference hybrid phantoms for compu-
tational radiation dosimetry. Phys Med
Biol. 2010;55:339-63.

Geyer AM, O’Reilly S, Lee C, Long DJ,
Bolch WE. The UF/NCI family of hybrid
computational phantoms representing
the current US population of male and
female children, adolescents, and
adults—application to CT dosimetry.
Phys Med Biol. 2014;59:5225-42.
Bentzen SM, Constine LS, Deasy JO,
Eisbruch A, Jackson A, Marks LB, et al.
Quantitative Analyses of Normal Tissue
Effects in the Clinic (QUANTEC): An
introduction to the scientific issues. Int
J Radiat Oncol Biol Phys. 2010;76:53-9.
Klopp AH, Moughan J, Portelance L,
Miller BE, Salehpour MR, D’Souza D,
et al.Hematologic toxicity on RTOG 0418:
A phase Il study of post-operative IMRT

Journal of Thai Association of Radiation Oncology

| Vol. 29 No.2 July - December 2023

19.

20.

21.

22.

23.

for gynecologic cancer. Int J Radiat Oncol
Biol Phys. 2010;78:5121.

Klopp AH, Yeung AR, Deshmukh S, Gil KM,
Wenzel L, Westin SN, et al. Patient-
reported toxicity during pelvic intensity-
modulated radiation therapy: NRG
oncology—RTOG 1203. J Clin Oncol.
2018;36:2538-44.

Hong TS, Moughan J, Garofalo MC,
Bendell J, Berger AC, Oldenburg NBE,
et al. NRG oncology radiation therapy
oncology group 0822: A phase 2 study of
preoperative chemoradiation therapy
using intensity modulated radiation
therapy in combination with capecitabine
and oxaliplatin for patients with locally
advanced rectal cancer. Int J Radiat Oncol
Biol Phys. 2015;93:29-36.

Cheng JY, Huang EY, Hsu SN, Wang CJ.
Simultaneous integrated boost (SIB) of the
parametrium and cervix in radiotherapy
for uterine cervical carcinoma: a
dosimetric study using a new alternative
approach. Br J Radiol. 2016;89:20160526.
Wieser HP, Cisternas E, Wahl N, Ulrich S,
Stadler A, Mescher H, et al. Development
of the open-source dose calculation and
optimization toolkit matRad. Med Phys.
2017;44:2556-68.

Parzen JS, Zheng W, Li X, Ding X,
Kabolizadeh P. Optimization of field
design in the treatment of rectal cancer
with intensity modulated proton beam

radiation therapy: How many fields are



24.

25.

26.

27.

28.

needed to account for rectal distension
uncertainty? Adv Radiat Oncol. 2021;6:
100749.

Preston DL, Ron E, Tokuoka S,
Funamoto S, Nishi N, Soda M, et al.
Solid cancer incidence in atomic bomb
survivors: 1958-1998. Radiat Res. 2007;
168:1-64.

Diallo I, Haddy N, Adjadj E, Samand A,
Quiniou E, Chavaudra J, et al. Frequency
distribution of second solid cancer
locations in relation to the irradiated
volume among 115 patients treated for
childhood cancer. Int J Radiat Oncol Biol
Phys. 2009;74:876-83.

Zwahlen DR, Bischoff LI, Gruber G,
Sumila M, Schneider U. Estimation of
second cancer risk after radiotherapy for
rectal cancer: comparison of 3D
conformal radiotherapy and volumetric
modulated arc therapy using different
high dose fractionation schemes. Radiat
Oncol. 2016;11:149.

Shuryak I, Sachs RK, Brenner DJ. Cancer
risks after radiation exposure in middle
Age. J Natl Cancer Inst. 2010;102:
1628-36.

Shuryak |, Hahnfeldt P, Hlatky L, Sachs
RK, Brenner DJ. A new view of radiation-
induced cancer: integrating short- and
long-term processes. Part |: Approach.
Radiat Environ Biophys. 2009;48:263-74.

29.

30.

31.

32.

33.

Shuryak |, Hahnfeldt P, Hlatky L, Sachs RK,
Brenner DJ. A new view of radiation-
induced cancer: integrating short- and
long-term processes. Part Il: second
cancer risk estimation. Radiat Environ
Biophys. 2009;48:275-86.

Richardson DB, Wing S. Greater sensitivity
to ionizing radiation at older age:
follow-up of workers at Oak Ridge
national laboratory through 1990. Int J
Epidemiol. 1999;28:428-36.

Schneider U, Lomax A, Pemler P,
Besserer J, Ross D, Lombriser N, et al.
The impact of IMRT and proton radio-
therapy on secondary cancer incidence.
Strahlenther Onkol. 2006;182:647-52.
Schneider U, Halg R. The impact of
neutrons in clinical proton therapy. Front
Oncol. 2015;5:235.

Joosten A, Matzinger O, Jeanneret-Sozzi
W, Bochud F, Moeckli R. Evaluation of
organ-specific peripheral doses after 2-
dimensional, 3-dimensional and hybrid
intensity modulated radiation therapy for
breast cancer based on Monte Carlo and
convolution/superposition algorithms:
Implications for secondary cancer risk
assessment. Radiother Oncol. 2013;106:
33-41.

Journal of Thai Association of Radiation Oncology

Vol. 29 No.2 July - December 2023 |



Evaluation of radiation dose in computed tomography simulator
A15UsLRUUS U 9E lUNITASIBNULSIADUN LN DS
d1915UN1591889N15218598

Sarayut Kornsopa', Adilan Sahoh?, Siriyakorn Kiawbanhan? Sowitchaya Huakham®
'Radliation Therapy Unit, Radiological Department, Sakon Nakhon Hospital
“Department of Radiological Technology, Faculty of Allied Health Sciences, Thammasat University

Corresponding author

Sowitchaya Huakham

Department of Radiological Technology, Faculty of Allied Health Sciences, Thammasat University,
Pathum Thani, 12120

E-mail: sowitchaya.h@allied.tu.ac.th

AT1ENS ATlENT’, 91RaN wey’, §381ns neatuniv?, ladvyn W’
'MheFadshw nquasid@ing) lsameuiaanauas
ZnednnSednaile Auganiyrans uInedesssuaans

Jinususzauanuy

Ta3veyn Wmn

MAdnSedmalia AMganyaans InIeaesTIumans Jariauvusiil 12120
dlua: sowitchaya.h@allied.tu.ac.th

Submitted: May 13, 2023

Revised: July 6, 2023
Accepted: July 27, 2023

Journal of Thai Association of Radiation Oncology
Vol. 29 No.2 July - December 2023



Abstract

Background: Computed tomography (CT) simulator is the gold standard tool for radiotherapy
treatment planning. In CT imaging the radiation dose must be as low as possible to minimize the
patient’s risk but still sufficiently high to obtain a satisfying image quality for diagnostic and
treatment.

Objectives: To evaluate the radiation dose of patients who underwent a CT simulation for
radiotherapy treatment planning at Sakon Nakhon Hospital and to compare the radiation dose
with diagnostic reference levels (DRLs) and dose reference levels for radiotherapy CT simulation
(DRLs of RT CT).

Materials and methods: Computed tomography dose index in air (CTDlair) and volume
computed tomography dose index (CTDlvol) were measured. The measured CTDI  was then
compared with the displayed CT scanner CTDI . After that, 1-year ol and dose length
product (DLP) were retrospectively collected from patient records between October 1%, 2020
and September 30th, 2021. The data included patients of the head and neck (H&N), thorax,
and pelvis simulation protocols. The CTDI ~and DLP values obtained with parameters were
compared with the DRLs and DRLs of RT CT.

Results: The CT scanner output was 0.20 mGy/mAs. The displayed CT scanner CTDI _ was
higher than the measured CTDI . The deviations between measured and reported CTDI  of H&N,
thorax, and pelvis protocols were 7.20%, 2.14% and 1.36%, respectively. The median values of
crol and DLP were 15.97 mGy and 638.11 mGy.cm for the H&N protocol, 11.54 mGy and 487.64
mGy.cm for the thorax protocol, and 12.01 mGy and 541.25 mGy.cm for the pelvis
protocol, respectively.

Conclusion: There were no CT simulation protocols in which the radiation doses exceeded the
DRLs and dose reference levels for CT in radiation oncology. The radiation doses in computed
tomography for radiotherapy treatment planning were properly optimized following the imaging

guidelines.

Key words: computed tomography simulation, radiation dose, dose reference levels
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Introduction

Computed tomography (CT) simulator is a CT
scanner that comprises a wide gantry aperture,
flat patient couch, external or room laser, and
virtual simulation software. It is the gold standard
modality in radiotherapy treatment planning.”
It provides 3D imaging for targets and organs at
risk localization and establishes a digitally
reconstructed radiograph (DRR) for reference
imaging of patient treatment verification.
Moreover, the obtained Hounsfield units (HU)
are converted to electron density for treatment

planning and dose calculation.”

The patient
receives a relatively high radiation dose from
a CT scan. The dose depends on several
parameters, e.g., peak kilovoltage (kVp), tube
current-time product (mAs), pitch, slice thickness,
and scan range.”®

Diagnostic reference levels (DRLs) of the
used imaging procedure were reported by
international organizations like the International
Atomic Energy Agency (IAEA), the American
College of Radiology (ACR) and the International
Commission on Radiological Protection (ICRP).
Likewise, national organizations such as the
Ministry of Public Health and local institutes
have published DRLs. DRLs were presented in
terms of CTDI _ and dose length product (DLP).
The ICRP recommended that the median values
of the radiation doses in protocols were
compared for national and international DRLs.
If necessary, the dose of ionizing radiation in

imaging procedures must be revised and

optimized." " An excessive radiation dose may

affect the health of the patient and increases the
risk of radiation-induced malignancy."*"” On the
other hand, a dose that is too low may result in
image quality that is too poor for diagnosis or
medical purposes.

Previous studies in Thailand reported that
patients who underwent diagnostic CT in either
brain, head and neck (H&N), or abdomen
protocols received high radiation doses that
exceeded international DRLs.""** " Moreover,
several studies revealed that CT simulation
doses were generally higher than CT diagnostic
doses."®* To address this problem, estimation
of the radiation dose and optimization of the
radiation exposure are crucial for clinical protocol
settings. The radiation dose used in the imaging
modality should be optimized for patient safety
and image quality. In this study, the CT scan dose
in the treatment simulation procedure in our
department was investigated. The objective was
to determine and compare CT simulation
radiation doses to the diagnostic and radio-

therapy DRLs.

Materials and methods
Air kerma measurement

To verify output consistency, CT air kerma
measurement or computed tomography dose
index in air (CTDlair) was obtained by Optima
580, 16 slice CT scanner with an 80 cm bore
diameter (GE Healthcare, Milwaukee, WI).
CTDlair was performed in air at 120 kVp, 200 mAs,
1 s rotation time at 10 mm slice thickness

with axial scan mode using a RaySafe X2 100 mm
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CT ionization chamber (Unfors RaySafe AB, Billdal,
Sweden). The ionization chamber and radiation
base unit were calibrated by Secondary Standard
Dosimetry Laboratory (SSDL). An ionization
chamber was placed on the table couch by
hanging it over the top of the couch as shown in
figure 1. CTDIlair was obtained using the following
equation 1. Measurement data were collected

in triplicate.

1 (+50
CTDIak=ﬁf_50 K(z) dz (1)

Where, K(z) is radiation dose at Z direction
over a length of 100 mm, N is the number of data

slices, and T is the slice thickness.

The reliability of CT scanner dose report
The deviation between the measured

radiation dose and the dose displayed by the

CT scanner was determined prior to patient
radiation dose analysis to validate the accuracy
of the CT scanner dose report. The volume
computed tomography dose index (CTDIvol)
dose reports of the head and neck (H&N), thorax,
and pelvis protocols were compared with
CTDIVoL dose measurements. An ionization
chamber was inserted in the center and
peripheral holes of a phantom of 32 cm
diameter to obtain the data for calculation of
the weighted computed tomography dose
index (CTDIw) as shown in figure 1. The measure-
ment parameters were set to 120 kVp, varied
mAs (H&N = 200 mAs, thorax = 275 mAs and
pelvis = 250 mAs), 1 s rotation time at 10 mm
slice thickness with axial scan mode. CTDIw and
CTDI | were calculated by following equations 2
and 3. Data were collected from three dose

measurements.

Figure 1. The setting of air kerma measurement (left), and CTDIw and CTDIvol measurements (right)
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CTDl = 1/3 CTDI10 o 2/3 CTDI 2)

0, cente 100, periphery

Where CTDI is the obtained value of cTol
at the central hole of body phantom, and

center

CTDI , is the average value of CTDI
100, periphery

measured at 3, 6, 9, and 12 o’clock positions of

body phantom.

C'I'DIVoL = CTDIw/pitch (3)

The difference between the measured radiation
dose and dose displayed by CT scanner was

[71

acceptable within +20%." The difference was

calculated by following equation 4.

The percentage difference =

displayed CTDI - measured CTDI (4)
—vol —vol
x 100

measured CTDI_

Patient data collection

In this retrospective study, medical imaging data
recorded on an Optima 580 CT scanner were
collected. Data from a total of 817 adult patients
(218 years old) were gathered from October 1%,
2020 to September 30", 2021. The data sample
sizes were calculated following by Taro Yamane
Formula (Yamane, 1973). The three non-contrast
media CT protocols (H&N, thorax, and pelvis) in
our radiation therapy department were gathered.
The selected patient data that fitted the three
protocols comprised records from 89 patients of
H&N protocol, 153 patients of thorax protocol,
and 146 patients of pelvis protocol. The
parameters used in the CT simulation protocols
at the Radiation Therapy Unit, Radiology
Department, Sakon Nakhon Hospital, Thailand

are shown in Table 1. The research was approved
by the Human Research Ethics Committee of

Sakon Nakhon Hospital, SKHREC No.073/64.

CT simulation radiation dose analysis

The CT simulation doses were calculated and
reported by the CT simulation scanner. All of
CTDI  reported for H&N, thorax and pelvis pro-
tocols were obtained using a reference
phantom of 32 cm diameter. CTDI and DLP
were displayed on the CT scanner monitor.
The radiation doses were collected for data

analysis.

Statistical analysis

Statistical analysis was performed in
Microsoft Excel v. 16.90. The quantitative variable
is shown as mean + standard deviation, median,
and 75" percentile. The dose deviation is shown
in percentage difference. The median CTDI _ and
DLP were compared with local, national and
international DRLs and dose reference levels for

CT in radiation oncology.

Results
Air kerma measurement

The CT scanner output was 0.20 mGy/maAs.
The air kerma measurement revealed output
consistency in comparison with the baseline

(0.20 mGy/mAs).

The reliability of CT scanner dose report
The measured CTDI  and displayed CTDI
are shown in Table 2. The differences between

the measured radiation dose and the reported
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Table 1 The CT simulation protocols at the Radiation Therapy Unit, Radiology Department, Sakon
Nakhon Hospital, Sakon Nakhon, Thailand.

Parameter H&N Thorax Pelvis
kVp 120 120 120
Auto mA Yes Yes Yes
Smart mA Yes Yes Yes
mA range 100-300 200-350 100-400
Noise index 9.10 10.31 12.69
Slice thickness (mm) 2.5 2.5 2.5
Pitch 0.938 1.375 1.375
Collimator (mm) 10 20 20
Rotation time (sec) 1 0.6 0.8
Detector row 16 16 16
Dose reduction (%) 20 20 40
Image reconstruction 20% lterative 20% lterative 40% lterative
reconstruction reconstruction reconstruction

80% Back projection 80% Back projection 60% Back projection

Scan range Vertex to laminar Chin tip to the 2™ of The 1% of lumbar
bifurcation lumbar vertebrae vertebrae to greater
trochanter

Table 2 The summary of measured CTDIvol, displayed CTDIvol and percentage deviation of dose for

H&N, thoracic and pelvis simulation protocols.

Protocol Displayed CTDIVOl Measured CTDIVOl Dose difference (%)
(mGy) (mGy)
H&N 14.30 13.34 7.20
Thorax 12.89 12.62 2.14
Pelvis 15.63 15.42 1.36

Journal of Thai Association of Radiation Oncology
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dose by the CT scanner for H&N, thorax, and
pelvis were 7.20%, 2.14% and 1.36%, respec-
tively. The deviations were less than £20% and
acceptable. Therefore, the results revealed that

the CT scan doses were accurate and reliable.

CT simulation radiation dose analysis

Patient data comprised 716 records from 360
males and 457 females. The median age of the
patients was 57 years (age range 19-86 years).
The radiation dose data showed normal distribu-
tion. The mean, median, 75" percentile, standard
deviation values of CTDlvol, patient scan length,
and DLP for H&N, thoracic, and pelvis simulation
protocols are shown in Table 3.

Table 4-5 show a comparison of radiation
dose received by patients undergoing CT
simulation with local DRLs (LDRLs) in Thai cancer

hospitals, national, and international DRLs.

For the H&N protocol, the CTDI _ was lower than
in Thai cancer hospitals whereas the DLP value
was slightly higher. For the thoracic
protocol, our data showed that CTDI | did not
exceed Thai cancer hospitals, national, and
international DRLs. Interestingly, our data
revealed that the DLP value of the thoracic
protocol was slightly higher than the national
Thailand, ACR, and the UK whereas the DLP
value was slightly lower than Thai cancer
hospitals, and Japan.

Table 6-7 show a comparison of patient
radiation doses with dose reference levels
for CT in radiation oncology. All ol and DLP
values from the three investigated CT simulation
protocols in this study did not exceed dose
reference levels for radiotherapy CT simulation

(DRLs of RT CT).

Table 3 The data of CTDIvol, scan length and DLP for H&N, thoracic, and pelvis simulation protocols.

H&N Thorax Pelvis
CTDI Scan DLP CTDI Scan DLP CTDI Scan DLP
Protocol vol vol vol
(mGy)  length  (MmGy-cm) (mGy) length  (MGyscm)  (mGy) length  (mGy-cm)
(mm) (mm) (mm)

Minimum 12.54 315.00 449.62 8.08 360.00 339.84 5.02 350.00 203.14
Maximum 21.68 415.00 934.69 13.90 460.00 632.28 21.33 485.00 964.84
Mean 16.08 375.75 632.05 11.18 406.63 485.89 12.04 422.31 546.80
Median 15.97 382.25 638.11 11.54 402.50 487.64 12.01 425.00 541.25
75" percentile 16.65 392.50 669.53 11.54 425.00 519.61 14.87 441.94 676.02
Standard deviation 1.60 24.26 80.61 0.94 25.45 51.04 3.54 28.28 166.16
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Table 4 The comparison of CTDIvol with local, national, and international DRLs.

CTDI  (mGy)

Protocol  This study Thai cancer hospitals Thailand Japan

ACR UK

(2021)"" (202" (2020)*"  (2018)*"  (2022)*"
H&N 15.97 19.20 N/A N/A N/A N/A
Thorax 11.54 24.30 18.00 13.00 12.00 8.50
Pelvis 12.04 N/A N/A N/A N/A N/A
N/A - Not Available
Table 5 The comparison of DLP with local, national, and international DRLs.
DLP (mGy.cm)
Protocol  This study Thai cancer hospitals Thailand Japan ACR UK

(2021)" (2021)""  (2020)""  (2018)*”  (2022)*"
H&N 638.11 541.90 N/A N/A N/A N/A
Thorax 487.64 771.84 417.00 510.00 443.00 290.00
Pelvis 541.25 N/A N/A N/A N/A N/A

N/A - Not Available

Table 6 The comparison of CTDIvol with DRLs of RT CT.

CTDI _ (mGy)

Protocol  This study RT India RT Croatia RT Slovenia  RT Ireland RT UK

(2022)% (2022)"* (2020)"2" (2018)"* (2018)"2"
H&N 15.97 17.60 N/A 22.60 21.00 N/A
Thorax 11.54 N/A 17.00 19.20 N/A 14.00
Pelvis 12.04 17.60 20.00 17.90 N/A N/A

N/A - Not Available
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Table 7 The comparison of DLP with DRLs of RT CT.

CTDI _ (mGy)

Protocol  This study RT India RT Croatia  RT Slovenia  RT Ireland RT UK
(2022)%? (2022)% (2020)%" (2018)% (2018)"
H&N 638.11 790.65 N/A 969.20 882.00 N/A
Thorax 487.64 N/A 865.00 832.40 N/A 550.00
Pelvis 541.25 999.70 1,133.00 677.10 N/A N/A

N/A - Not Available

Discussion

Nowadays, the CT simulator is the primary
modality in radiotherapy simulation. The
radiation dose of CT simulation must be
investicated and properly optimized following
imaging guidelines. This study investigated the
radiation dose in CT simulation in three
simulation protocols and compared the results
with national, and international DRLs and the CT
dose reference levels for treatment planning.

Prior to the CT simulation radiation dose
study, this study performed CTDI in air to confirm
CT output consistency because CTol depends
on machine output. The data confirmed
consistent CT output as referenced by the user
baseline and the standard government
organization baseline of the Bureau of Radiation
and Medical Devices, Department of Medical
Sciences, Ministry of Public Health, Thailand.
Forss et al.”” suggested that the radiation dose
display and the measured dose should be

validated before radiation dose studies. The

Journal of Thai Association of Radiation Oncology

radiation dose report was validated to ensure the
correctness of the radiation dose from the
scanner. The result indicated that the reported
scanner doses were slightly higher than
the measured doses, as observed by other
authors.”® ?" The differences were acceptable
and safe for the patients during the CT
procedure. Regarding comparing our data with
DRLs,"""* 2! for the H&N protocol, the result
could compare only the LDRLs in Thai cancer
hospitals. Furthermore, it was not possible to do
this for the pelvis protocol due to a lack of
published crol and DLP values. For the
thoracic protocol, the CTDIvol and DLP were
slightly lower than the other protocols. The
result showed that CTDIVol did not exceed local,
national, and international DRLs except the UK.
Interestingly, the DLP value of the thoracic
protocol was slightly higher than the DLPs of
Thailand, ACR, and the UK, whereas the DLP
value was lower than Thai cancer hospitals and

Japan. LDRLs in Thai cancer hospitals had the

m=n
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highest cTol and DLP among the published
DRLs. DLP depends on CTDI  and scan length.
The radiation therapy scan length is generally
greater than the diagnostic scan length.
Approximately 10 cm must be acquired by
extending 5 cm superior and inferior to the
border of the treatment volume. The greater scan
length was obtained for the accuracy of the
calculation dose for treatment planning.””

CT diagnostic reference levels are not
applicable in radiotherapy because radiotherapy
CT doses are higher."® " Moreover, there are no
international guidelines concerning DRLs for
computed tomography in radiotherapy. There
are a few differences between therapeutic and
diagnostic CT modalities. The wide aperture of
the CT scanner for the radiotherapy simulator
provides a long source-to-patient distance. The
scan parameters must be adjusted to combine
a suitable radiation dose with a satisfying image
quality.”® In addition, extended target coverage
and full scattering conditions create a high
radiation dose technique in CT localization
simulation.

Therefore, several studies published dose
reference levels for radiotherapy CT simulation.
Rao et al.”” reported DRLs for H&N, and pelvis
protocols in CT radiation therapy in India.
CT images in treatment planning were obtained
on a Philips 16 slice big bore CT scanner. All
CTol values in our study were lower than the
reported by Rao et al. Moreover, the DLP value
in our study was slightly lower in the H&N

protocol and significantly lower in the pelvis

Journal of Thai Association of Radiation Oncology
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protocol than the results from India. When
comparing to European data from Croatia,
Slovenia, Ireland, and the UK, all CTDIVol and DLP
values in our study were lower than in those
studies.”"* The differences in the doses were
due to the greater mean weight and height of
the European patients. These body parameters
also led to different mAs and scan length settings.
For the H&N protocol, this study could not
compare with Croatia and the UK because of the
different size of CT dosimetry phantom. Those
data base on the 16 cm diameter phantom. On
the other hand, our study indicated cTo and
DLP of H&N were based upon 32 cm diameter
phantom. Croatia reported CTDI and DLP for
the H&N were 35.0 mGy and 1,444.0 mGy-cm,
respectively. The UK published CTDI _and DLP
for the H&N were 49.0 mGy and 2,150.0 mGyecm,
respectively.

This study had some limitations; for example,
all data were manually gathered and there were
no data on patient weight or BMI. Our study only
focused on H&N, thorax, and pelvis CT simulation
doses and did not investigate radiation doses for
brain and abdomen. Furthermore, there was no

data on the 4D gating CT simulation dose.

Conclusions

The median cror for the thoracic simulation
protocol was lower than the local, national,
and international DRLs. Moreover, the median
crol and DLP values for all three non-contrast
media simulation protocols did not exceed the

DRLs of RT CT. The radiation doses in computed



tomography for radiotherapy treatment planning
were properly optimized following the imaging

guidelines.
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Abstract
Backgrounds: Non-Hodgkin lymphoma is a hematologic disease with excellent outcome after
chemotherapy and radiotherapy. However, a patient undergoing radiotherapy is at risk of
developing late toxicities such as myocardial infraction, congestive heart failure and radiation
pneumonitis which varies according to radiation doses to organs at risk. This study compares the
dosimetry of intensity modulated proton therapy (IMPT) with the intensity modulated radiation
therapy (IMRT).
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Objective: To compare the dosimetry between IMPT and IMRT in patients with primary
mediastinal B-cell lymphoma (PMBCL) and measure the difference in target dose coverage,
heterogeneity, conformity, and doses to organs at risks.

Material and Methods: Computed tomography (CT) of 12 patients with PMBCL were re-planned
with IMRT and IMPT techniques with the prescribed dose of 45 Gy in 25 fractions, which required
to covered 95% of PTV in IMRT and 98% of CTV in IMPT. Both plans were compared and
evaluated.

Result: Both plans achieved adequate target coverage (98% of CTV for IMPT and 95% of PTV for
IMRT). IMPT minimized mean heart, lung, and esophagus doses, with the mean heart and lung
dose staying within the QUANTEC threshold. Additionally, IMPT showed better homogeneity but
worse conformity when compared to IMRT.

Conclusion: IMPT reduced the radiation doses to organs at risk while achieving adequate target

coverage, which might translate to lower acute and late toxicities.

Key words: Dosimetric study, Non-Hodgkin’s lymphoma, Proton therapy, IMPT

J Thai Assoc Radiat Oncol 2023; 29(2): R46-R

Introduction

Lymphoma is a solid tumor of the immune
system, divided into Hodgkin lymphoma (HL) and
non-Hodgkin lymphoma (NHL). NHL, which
accounts for 90% of lymphoma, is the fifth
most frequently diagnosed cancer in the UK and
the ninth in Thailand™?. With the current
treatment consisting of chemotherapy and
radiotherapy, patients with primary mediastinal
B-cell lymphoma (PMBCL) have much improve-

ment in overall survival (OS) and progression free

R48 Journal of Thai Association of Radiation Oncology
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survival (PFS). Especially in younger patients,
which after standard treatment, have 10-year OS
rate up to 93% in HL and 77% in NHL™".
However, survivors of thoracic lymphoma who
underwent radiation therapy are at risk of
developing late effects, such as myocardial
infarction, pericardial effusion, congestive heart
failure and radiation pneumonitis™*.

Radiation dose reduction is an effective
method to reduce late toxicities. HL and NHL

with complete response (CR) after chemotherapy



are irradiated with radiation dose 30-36 Gy.
However, NHL with partial response (PR) after
chemotherapy is irradiated with radiation dose
40-50 Gy. Radiotherapy can be omitted in PMBCL
with negative PET-CT scan after rituximab
combined with dose adjusted-EPOCH chemo-
therapy (R-DA-EPOCH)'®. PET-CT scan and
R-DA-EPOCH chemotherapy are generally not
available in Thailand; therefore, high radiation
dose is still prescribed.

Other methods to reduce late toxicities are
radiation volume reduction and new radio-
therapy techniques such as the adoption of
involved-field radiotherapy and involved-nodal
radiotherapy. When compared to mantle-field
radiotherapy, involved-field radiotherapy
reduced radiation dose to the total heart by
29%". Proton therapy is a new emerging
technique involving accelerating the proton, a
positively charged particle, to treat cancer
instead of using conventional ionization radiation,
such as x-ray. Proton has a characteristic physical
property called “Bragg peak” that, with the
appropriate energy level, will cause the proton
to deposit most of its energy at the tumor
without transmitting energy further, which
minimized the energy released to the
surrounding tissue®®. Nine published studies
evaluating the benefit of proton therapy
compared to photon therapy, seven of the
studies showed improvement in heart’s radiation
dose and lowered the expected risk of long-term

cardiotoxicity™.

This study compares the dosimetry of
intensity modulated proton therapy (IMPT) with
the intensity modulated radiation therapy (IMRT),
which uses high energy photons to decrease the

radiation energy affecting the surrounding tissue.

Materials and methods

Under institutional review board approval
(IRB 044/64), patients with early-stage PMBCL
undergoing standard chemotherapy followed
by radiotherapy treated between June 2015 -
May 2021, who had evidence of residual disease
by CT scan after chemotherapy, were included
and the data from the CT simulator database
server was retrieved. All patients who underwent
CT simulation with 3-5 mm slice thickness were
in supine position and immobilized with thermo-
plastic long mask to maintain position reproduc-
ibility and accuracy. All patients breath normally
during CT simulation procedure, no motion
restrictions were applied.

The clinical target volume (CTV) and organs
at risk (OARs), including heart, lungs, and
esophagus, were contoured based on Interna-
tional Lymphoma Radiation Oncology Group
(ILROG)' and reviewed by radiation oncologist
who specializes in lymphoma irradiation and
optimization. The planning target volume (PTV)
was CTV plus 1 cm margin to account for patient
breathing motion.

The IMPT with pencil beam scanning tech-
nique was created using 3 fields; anteroposterior

field (0°) left anterior oblique (30-45°) and right

Journal of Thai Association of Radiation Oncology
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anterior oblique (30-45°). Robust optimization
was performed on the CTV structure using 5 mm
setup uncertainty and a 5% range uncertainty
and normalized so that CTV received at least
98% of the prescription dose. The IMRT was
created with 6 MV photon beams with 7 or 9
beam angles and optimized so that PTV received
at least 95% of the prescription dose. All plans
were optimized with the same radiation physicist
and the prescription dose was set to 45 Gy in 25
fractions in both plans.

The radiation doses’ data of the CTV (for
IMPT), PTV (for IMRT) and OARs (mean dose, V5
to V40) had been investigated and compared.
The heterogeneity index (HI) and conformity
number (CN) were also investigated and
compared. The HI according to ICRU 83" was
defined as (D2% - D98%) / prescribed dose (4500

cGy) and CN, according to RTOG definition"?,
was defined as (TVRI / TV) x (TVRI / VRI) as shown

in Figure 1.

Paired T-test (for normally distributed data) and
Wilcoxon match pair signed-rank test (for
difference in dose volume histogram) were used
to compare the result between IMPT and IMRT.
All tests were 2-sided with p-value < 0.05 for

significant level.

Results

From June 2015 - May 2021, 21 patients with
PMBCL were sent to Division of Radiation
Oncology, King Chulalongkorn Memorial Hospital,
Thai Red Cross Society, Thailand. Nine patients
had complete response of bulky disease after

standard chemotherapy, were irradiated with

Target Volume

Volume of
reference isodose

TVRI = target volume covered by the reference isodose

TV = target volume

VRI = volume of the reference isodose

Figure 1 Conformity number according to RTOG definition
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radiation doses of 30-36 Gy and excluded from

this study. Twelve patients with residual disease

by CT scan were included in this study and 24

plans were created. The median PTV size was

763.91 ml, at least 98% of CTV in IMPT plan and

Table 1: The dose to CTV, PTV, OARs, HI and CN

95% of PTV in IMRT plan received the prescribed
dose (45 Gy in 25 fractions). The dose to CTV,

PTV, OARs, mean integral dose to whole body,

HI and CN were shown in Table 1.

Parameter Toxicity end point MPT MRT P-value
(Mean + SD) (Mean + SD)
95% of PTV (Gy) 30.16 (+ 9.55) 45.15 (+ 0.16)
98% of CTV (Gy) 45.11 (+ 0.61) 46.51 (+ 0.63)
Heart (mean) Myocardial infraction, 4.43 (+ 3.08) 10.77 (+ 8.47) 0.013
Pericarditis,
Congestive heart failure
Heart (V25) Long term cardiac mortality ~ 7.58% (+ 5.55)  16.57% (+15.6) 0.022
Heart (V30) Pericarditis 6.13% (+ 4.60)  14.1% (+ 13.9) 0.022
Lung (mean, Gy)  Symptomatic pneumonitis 7.12 (x 2.74) 14.05 (+ 2.94) 0.011
Lung (V20) Symptomatic pneumonitis 13.03% (+ 5.9)  27.0% (+ 10.0) 0.011
Esophagus Esophagitis 18.88 (+ 9.00) 23.02 (+ 8.84) 0.011
(Mean,Gy)
Mean integral 282.66 647.12 0.011
dose to whole
body (Gy)
HI (CTV for IMPT 0.10 0.14 0.038
and PTV for IMRT)
CN (CTV for IMPT 0.53 0.78 < 0.001

and PTV for IMRT)

Abbreviation: PTV=planning target volume, CTV= clinical target volume, Vx = volume of organ received

x Gy, IMPT= intensity modulated proton therapy, IMRT= intensity modulated radiation therapy,

Hl= heterogeneity index, CN= conformity number

Journal of Thai Association of Radiation Oncology
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The mean heart doses were significantly
decreased from 10.77 Gy in IMRT to 4.43 Gy in
IMPT (absolute difference of 6.34 Gy, HR 0.411,
p-value = 0.013) as shown in Figure 2. The heart’s
V5-V40Gy in IMPT were significantly lower than
IMRT as shown in Figure 3. The V25Gy was
within the QUANTEC threshold of 10% and may
translate to long term cardiac mortality of less
than 1%.

Mean Heart Dose

The advantages of IMPT over IMRT were
also observed in mean lung doses (7.12 Gy vs
14.05 Gy, HR 0.507 p-value 0.011) as shown in
Figure 4. The mean lung dose in IMPT was
within the QUANTEC threshold of 13 Gy, which
might produce less than 10% of symptomatic
pneumonitis. Moreover, the advantages of IMPT
over IMRT were also observed in mean
esophagus doses (18.88 Gy vs 23.02 Gy) as shown
in Figure 5, both techniques were within the
QUANTEC threshold (mean esophagus dose less
than 34Gy)

B MPT | IMRT

3000.00

2000.00

1000.00

0.00
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Figure 2 Comparison of mean heart dose (cGy) between IMPT and IMRT in each patient
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Figure 3 Mean dose volume histogram of heart dose (Gy) between IMPT and IMRT
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Figure 4 Comparison of lung dose (cGy) between IMPT and IMRT in each patient,
and QUANTEC threshold of 13 Gy
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Figure 5 Comparison of esophagus dose (cGy) between IMPT and IMRT in each patient

Discussion

Radiotherapy is an essential part in the treat-
ment of bulky disease or partial response NHL
after chemotherapy. Due to excellent outcome
with the current treatment, minimizing chemo-
therapy and reduction of radiation dose to the
OARs are necessary to diminish the late toxicities.
Decreasing radiation dose in PMBCL’s patients is
challenging due to proximity of critical OARs
(heart, lung, and esophagus).

IMPT is one of the novel techniques used to
mitigate radiation dose to other organs due to
less entrance dose and minimal exit dose, while

providing equivalent or better coverage to the
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% From this study we observed

target volume
the reduction in mean heart, lung and esophagus
dose which contributed by the reduction of low
to intermediate dose volume.

Cardiovascular disease, including myocardial
infraction, coronary artery disease, vascular
disease and pericarditis is one of the main
mortalities in long term lymphoma survival™®.
Several studies comparing proton therapy with
3D-CRT, IMRT and VMAT in patients with HL

demonstrated reduction in mean heart dose "¢,

19 conducted a case-control

Nimwegen et al.
studies and report a linear radiation

dose-response relationship between mean



heart dose and risk of coronary heart disease,
which increased by 7.4% for 1 Gy (46.9% when
applied with the data from our study)

Radiation pneumonitis is also another
potentially fatal toxicity, which affects quality of
life in patients receiving mediastinal radiotherapy.
According to QUANTEC threshold, if mean lung
dose is less than 13 Gy, rate of symptomatic
pneumonitis would be expected to be less
than 10%. This threshold was also in line with
previous studies, Lewis et al.”” demonstrated
that radiation pneumonitis was seen only in
patients with mean lung dose over 12.4 Gy and
purposed mean lung dose of 13.5 Gy to be
predictive threshold of radiation pneumonitis.
Koh et al.” also found that mean lung dose of
over 14.2 Gy was related to symptomatic
radiation pneumonitis.

IMPT also achieved better homogeneity but
showed worse conformity when compared to
IMRT. However due to difference in volume of
interest used for calculating homogeneity index
and conformity number (CTV for proton and PTV
for photon) comparing IMPT and IMRT in this
aspect may have some limitation.

This study exhibits several limitations. Firstly,
due to its dosimetric nature, there is a need for
a clinical study to validate its clinical significance.
Secondly, the study included only 12 patients
with PMBCL, which is a relatively small sample
size; including a larger number of patients may
yield more reliable data. Finally, considering the
existence of similar studies, the degree of

innovation in this study is somewhat constrained.

Conclusion

IMPT maintains the dose coverage to the
target volume while minimizing the mean dose
received by the OARs, which potentially results
in lower acute and late toxicity compared to

those treated with the photon therapy.

Appendices
1. Terminology™

Gross Tumor Volume (GTV): GTV represents
the observable extent and location of the tumor.
In cases treated with radiation therapy (RT) alone,
it includes radiologically evident lesions
(typically PET-positive) present at the time of
diagnosis. In combined modality therapy,
“prechemo” GTV signifies visible lesions before
systemic treatment, while “postchemo” GTV
signifies radiologically evident or biopsy-proven
disease sites after systemic therapy.

Clinical Tumor Volume (CTV): CTV
encompasses GTV and/or a volume containing
subclinical malignant disease that has a certain
probability of occurrence and is relevant for
therapy. In cases of RT alone, this volume
includes GTV and adjacent lymph nodes. In
combined-modality therapy, it includes any
“postchemo” GTV, as well as the tissue volume
that initially contained involved lymph nodes
and sites of infiltrative disease (i.e., the
“prechemo” GTV), which may have become
PET-negative or normalized on structural imaging
after systemic therapy. Depending on specific
clinical contexts, CTV may also include sites

considered at particular risk based on the
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understanding of natural disease progression and
spread patterns. The inclusion of equivocal
nodes in GTV or CTV depends on the clinical
context.

Equivocal Nodes: Equivocal nodes are lymph
nodes near definite disease sites that are either
enlarged (>1 cm) but PET-negative, normal in size
with equivocal FDG uptake, or present in an
increased number or with an asymmetrical
distribution. The decision to include equivocal
nodes in GTV or CTV depends on the clinical
context.

The Internal Target Volume (ITV) and Planning
Target Volume (PTV) should be determined

following institutional practice.

2. Involved-Site RT""!

Involved-Site Radiation Therapy (ISRT) is
based on the concept that the prechemo-
therapy GTV determines the CTV. This concept
assumes that chemotherapy eradicates
microscopic disease adjacent to or within
regional lymph nodes, and ISRT targets the
identifiable prechemotherapy disease. ISRT
results in a smaller irradiated volume compared
to involved-field RT because it intentionally
spares adjacent lymph nodes that appear
grossly uninvolved. However, ISRT is suitable for
cases where optimal prechemotherapy imaging,
particularly high-quality imaging in the
treatment-planning position, is not available to
the radiation oncologist. In ISRT, clinical
judgment, combined with the best available

imaging, is used to contour a CTV that
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accommodates uncertainties in defining the
prechemotherapy GTV for each individual case.
Therefore, ISRT typically encompasses a slightly
larger irradiated volume than involved-node RT.

In situations where prechemotherapy
imaging of all initially involved lymphoma sites
is available but image fusion with post-chemo-
therapy planning CT is not feasible, the radiation
oncologist must contour the target volume on
the planning CT scan using prechemotherapy
images. This should account for contouring
uncertainties and differences in positioning by
including a larger volume in the CTV, with the
extent of enlargement determined by the level
of uncertainty.

When no prechemotherapy imaging is
available (e.q., patients presenting with neck
disease but lacking neck imaging in the initial
staging), the radiation oncologist faces a more
challenging scenario. Gathering as much clinical
information as possible regarding the pre- and
post-chemotherapy location of pathological
lymph nodes is crucial. The CTV should be
contoured based on this information, with
generous allowances made for the numerous
uncertainties involved.

3. Clinical Target Volume™”

The Clinical Target Volume (CTV) includes
the original lymphoma volume adjusted to
account for normal tissue boundaries and
expanded to accommodate uncertainties in
determining the prechemotherapy volume, as

outlined above.



The Internal Target Volume (ITV) should only

be added to the CTV when there is concern

about internal organ movement. The CTV is then

further expanded to create the Planning Target
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