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Purpose: The objective of this study is to estimate radiotherapy (RT) modalities for patients

with stage I-II nasal natural killer T-Cell lymphoma (NNKTCL), including plan quality,

radiation delivery efficiency, cost of RT and excess absolute risk (EAR).

Materials and methods: Twenty-four representative patients with stage I-II NNKTCL

treated with fix-field intensity-modulated radiotherapy (FF-IMRT) were re-planned for volu-

metric modulated arc therapy (VMAT), TomoDirect (TD) and TomoHelical (TH) on the

TomoHDA system, respectively. Plan characteristics, cost of RT and EAR were compared.

Results: Compared with IMRT, TD and TH showed significant improvement in terms of D98%,

D2%, cold spot volume and homogeneity index (HI) of planning target volume (PTV), while

achievingworse Dmean and conformity index (CI). The mean dose of oropharynx, thyroid and left

salivary, and the maximum dose of right salivary by TD (249.20%, p=0.000; 52.94%, p=0.000;

160.23%, p=0.022; 122.67%, p=0.027), VMAT (15.76%, p=0.000; 23.53%, p=0.000; 34.09%,

p=0.000; 31.33%, p=0.000) and TH (250.32%, p=0.000; 58.82%, p=0.000; 120.45%, p=0.020;

117.33%, p=0.032) increased significantly compared to IMRT. VMAT reduced treatment time

(p=0.000; 0.000; 0.000) and monitor units (MUs) (p=0.000; 0.000; 0.000) obviously compared

with IMRT, TD and TH. The cost of RT for TD and TH increased 150% compared with IMRT

and VMAT. IMRTobtained the lowest EAR to oropharynx, thyroid, left and right salivary gland

in the four treatment modalities.

Conclusion: The results show that both TD and TH can achieve higher conformal target

quality while getting worse organs at risk (OARs) sparing and EAR to some organs than

IMRT for patients with stage I-II NNKTCL. IMRT delivers the lowest dose to most OARs,

VMAT requires the lower cost of RT and shortest delivery time, and TH obtained the optimal

target coverage. The results could provide direction for selecting proper RT modalities for

different cases.

Keywords: nasal natural killer T-Cell lymphoma, excess absolute risk, IMRT, VMAT,

TomoHelical

Background
Nasal natural killer T-Cell lymphoma (NNKTCL) usually occurs in Eastern Asia,

Mexicans and South Americans, and accounts for <10% of primary non-Hodgkin

lymphoma disease.1–3 Radiotherapy (RT) is recommended as the main therapy

method for stage I-II NNKTCL, and previous research have shown an overall

survival benefit in favor of RT for patients with the NNKTCL.2,4,5

To achieve better target coverage and organs at risk (OARs) sparing, and improve

the control rates and reduce the treatment morbidity subsequently, various RT methods

such as medical linear accelerator-based fix-field intensity-modulated radiotherapy

(FF-IMRT) and volumetric modulated arc therapy (VMAT), TomoHDA system-
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based TomoHelical (TH) are all used to treat NNKTCL,

showing that each method has both advantage and disadvan-

tage at target dose coverage, OARs sparing, and therapeutic

efficiency, respectively, of which the out-of-field dose also

differs significantly.3,6,7

Exposure to therapeutic doses of RT unavoidably leads

to radiation damage and toxicity for normal tissue, and

previous literature have shown therapy-related second can-

cer risk (SCR) as a late complication of treatment becomes

obvious for patients who received RT previously, although

the precise-related data remain unknown.8–10 Model

excess absolute risk (EAR) developed by Schneider can

be utilized to estimate SCR for normal tissues, which are

usually unavoidably irradiated during a radiation

treatment.11,12 Currently, advances in RT have resulted in

large cases of long-term cancer survivors, and late seque-

lae of RT are becoming the next core concern. Hence, SCR

remains studying further, especially involving younger

patients who potentially have a longer life expectancy.13,14

Clinically, selecting the optimal treatment modality for

patients with stage I-II NNKTCL has crucial importance,

previous studies showed that each modality has its own

characteristic in plan quality.3,6,7 However, the SCR and

cost of RT triggered by various RT modalities have not

studied. The purpose of this study is to compare the plan

quality, radiation delivery efficiency, cost of RT and SCR

among four treatment modalities (FF-IMRT, VMAT, TH

and TomoDirect[TD]) for patients with stage I-II

NNKTCL, and provide guide for choosing reasonable

treatment modalities.

Materials and methods
Patients and materials
Planning computer tomography (CT) datasets of 24 different

patients with stage I-II NNKTCL who were recently treated

at our Institution were used for this study. This study was

approved by the Chongqing Cancer Hospital’s ethics com-

mittee, and written informed consent was obtained from each

patient. Diversity in shape and stage of the treated NNKTCL

in the selected patients were ascertained, with 22 stage I and

2 stage II cases. The 24 patients were without distant metas-

tases and had not received prior RT.

The CT scans were acquired on a Philips Brilliance Big

Bore CT (Philips, Holland) simulation in 3 mm slice

thickness, in the supine position with the scan scope

from the inferior margin of the clavicular heads to the

vertex of the skull. Image registration and delineation of

the target and OARs were performed using the Eclipse

treatment planning system (TPS, Varian Medical Systems,

Version 11.0, Inc.). Gross tumor volume (GTV) contained

primary tumor and regional metastatic lymph nodes, diag-

nosed by magnetic resonance imaging or CT, endoscopic

examination and physical examination. Clinical target

volume (CTV) included GTV and adjacent tissues at risk

for contiguous spread. Planning target volume (PTV) was

obtained from the respective CTV expanding symmetri-

cally by 3 mm in all dimensions to offset setup errors. The

mean volume of PTV was 248.8 cm3, ranging from 60.7 to

471.3 cm3. Surrounding OARs of lenses, eyes, optic

nerves, optic chiasm, brainstem, spinal cord, parotid

glands, salivary gland, oropharynx and thyroid gland

were contoured. All CT images and delineation of the

target and OARs in the Eclipse TPS were conveyed to

the tomotherapy TPS (Tomotherapy, Madison, WI, USA).

RT plans
For each of the 24 cases, four different planning modalities

were adopted: FF-IMRT, VMAT, TH and TD. FF-IMRT

and VMAT plans were designed on the Eclipse TPS. For

all Eclipse plans, dose calculations were done with 6 MV

photon beams generated by Varian IX linear accelerator,

Progressive Resolution Optimizer and Dose–Volume

Optimizer algorithms were utilized for VMAT and FF-

IMRT optimizations, respectively.15 Anisotropic analytical

algorithm was used for final dose calculations.16

TH and TD plans were designed on tomotherapy TPS,

utilizing 6 MV photon beams, a fixed dose rate (DR) of

877 monitor units (MUs)/min and least squares optimiza-

tion method.17,18 A 0.5 cm bolus was added for all plans

optimizations, the inner edges of the paropias on both

sides were the right and left bounds of the bolus, while

the lower edge of the palate and the upper edge of the

frontal sinus were the lower and upper bounds of the

bolus, respectively.

FF-IMRT

All FF-IMRT plans owned 10 coplanar fields, where the

gantry angles were 200°, 240°, 280°, 320°, 0°, 0°, 40°,

80°, 120° and 160°, respectively. The angles of collimator

and couch rotation for all fields were set to 0°. To mini-

mize the dose to the lenses and eyes, the position of jaws

in the two fields of 0° should be adjusted. After fitting the

jaws to the structure of PTV with a margin of 6 mm, the

position of the upper jaw of one field with gantry angle 0°

was adjusted to 3 mm below the lower edge of the lenses,
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and the position of the left and right jaws of the other field

with gantry angle 0° was adjusted to keep the lenses out of

radiation field. And dynamic sliding-window IMRT deliv-

ery technique and a fixed DR of 400 MUs/min were

adopted to deliver the dose.

VMAT

All VMAT plans were set as two coplanar arcs of 360°, with

the collimator rotation of 45° and 315°, respectively, and the

couch rotation of 0°. ThemaximumDR of all plans was set to

600 MUs/min.

TH

All the TH plans were optimized with a field width of 2.5 cm,

pitch values of 0.287 and modulation factor of 3, and dose

calculated with fine dose calculation grid. In addition, the

function of complete block was adopted to protect the lenses.

TD

The TD plans had nine equally distributed beam, with the

angel of 200°, 240°, 280°, 320°, 0°, 40°, 80°, 120° and

160°, respectively. The optimization and calculation set-

tings of the TD plans were the same as the TH plans.

Similarly, the function of complete block was used to

minimize the dose to the lenses.

For the PTVof all plans, the prescribed dose was 50Gy in

25 fractions, the prescribed 95% isodose covered no <95% of

the PTV, and the percentage volume of PTV receiving over

107.5% of the prescription dose was no more than 2%.7,19

Based on the Radiation Therapy Oncology Group 0615

Protocol,20 dose constraints for the four types of plans were

slightly modified. Dose constraint for OARs was defined as

follows: maximum dose (Dmax) of eyes, optic nerves, optic

chiasm and brainstem were limited to <50 Gy; Dmax of spinal

cord and lenses were limited to 45 and 15 Gy, respectively;

mean dose (Dmean) of parotid glands was limited to <26 Gy;

Dmean of salivary gland, oropharynx and thyroid gland were

limited to <40 Gy.

Treatment plan evaluation
All the data acquired from Dose–Volume Histogram

(DVH) of the 96 plans were analyzed. Figures 1 and 2

show representative dose distribution and DVHs for the

four types of modalities, respectively. The plan evaluation

focused on the items as in the following:

PTV

The dose received by 2%, and 98% (D2% and D98%) of the

PTV volume were defined as the maximum and minimum

dose of PTV, respectively. The Dmean of PTV was also used.

The percentage volumes of PTV receiving <93% of the pre-

scribed dose were defined as the cold spot volume of PTV,

which should be <1%. The homogeneity index (HI) and con-

formity index (CI) of the PTV were compared by treatment

modalities. CI was evaluated using the Paddick conformity

index, defined as CI=TV2
PTV/(TV×PIV), where TV was the

PTV volume, PIV was the body volume receiving 95% of the

prescription dose and TVPTV was the PTV volume covered by

95% of the prescribed dose. Ranging from 0 to 1, the value of

CI approaching 1 meant fine conformity of PTV. HI repre-

sented dose uniformity, calculated with D5% minus D95%,

divided by Dmean, where D5% and D95% was the minimum

dose delivered to 5% and 95% of the PTV. Lower HI indicated

better uniformity irradiation of the target volume.

Organs at risk

For all the plans, dosimetric analysis was executed for the

Dmax and Dmean of OARs, including left and right lens, left

and right eye, left and right optic nerve, left and right

parotid gland, left and right salivary gland, thyroid gland,

optic chiasm, oropharynx, spinal cord and brainstem.

MUs and treatment time

The total MUs and treatment time were compared for the

four kinds of modalities. Treatment time was calculated

only from beam-on to the end of total MUs delivery,

including the time of gantry rotation and dose delivery.

Cost of RT
The cost of RT through the whole radiation treatment process

includes the expense of simulation, delineation, dose calcula-

tion, treatment delivery and quality assurance. In People's

Republic of China, different provinces have different RT

costs. In our western region, under the policies regulation

of the Chongqing price bureau, the four treatment modalities

only have different cost of treatment delivery in our institute,

so we only compare the cost of treatment delivery among

four treatment modalities in this study.

EAR calculations
For a person exposed to a radiation dose, the SCR of an

organ can be obtained from Equation (1) utilizing the EAR

model.11,21

EARorg ¼ 1

VT
∑
i
V Dið ÞβEARRED Dið Þμ x; að Þ (1)

where VT represented the total organ volume, V Dið Þwas the
organ volume to receive a doseDi, and βEAR represented the
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slope of the dose–response curve at low dose. RED Dið Þwas
the dose–response mechanistic model which accounts for

cell killing and fractionation effects described as Equation

(2), μ x; að Þ was the modifying function given by

Equation (3).

RED Dið Þ¼ e�α0Di

α0R
1� 2RþR2eα

0
Di� 1� Rð Þ2e�α

0
R

1�RDi

� �

(2)

where R was the repopulation/repair parameter, which

characterized the repopulation/repairability of the tissue

between two dose fractions, and α
0

was given by

Equation (4).

μ x; að Þ¼e γe x�30ð Þþγaln a=70ð Þ½ � (3)

where γe and γa were the age modifying parameters.

α
0¼ αþ βd ¼ αþβDi=DTdT (4)

where DT and dT represented the prescribed dose to the

target volume with the corresponding fractionation dose,

respectively.

The EAR has been investigated to the organs of oro-

pharynx, thyroid, left and right salivary gland. The reported

values of α and α/β22–25 were applied in this study. As far as

we know, there is no published value of R for thyroid,

therefore, we set R=0.5 which represented intermediate

repopulation just like the previous literature did.26 All

other parameters utilized in EAR calculations in this study

were selected from published research.21 All the parameters

are shown in Table 1.

Statistical analysis
Utilizing the SPSS statistical software (SPSS, Chicago, IL,

USA), paired t-test was carried out for determining if there

was a significant difference in each of the pair parameters.

A p<0.05 was considered statistically significant.

Results
PTV coverage
D98%, D2%, Dmean, cold spot volume, CI and HI were

compared for assessing the quality of PTV coverage. TD

and TH could provide better D98% and D2% than IMRT and

VMAT (p<0.05), while achieving worse Dmean than IMRT

and VMAT (p<0.05). Compared with IMRT, cold spot

volume (%) of PTV with TD, VMAT and TH decreased

by 68.45% (p=0.000), 53.57% (p=0.000) and 76.79%

(p=0.000). The CI was worse with TD (0.830±0.007) and

TH (0.850±0.008) than with IMRT (0.905±0.004) and

Figure 1 Example of the dose distribution using IMRT, TD, VMAT and TH for the same patient.

Abbreviations: IMRT, intensity-modulated radiotherapy; TD, TomoDirect; VMAT, volumetric modulated arc therapy; TH, TomoHelical.
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VMAT (0.920±0.004), while achieving better HI than

IMRT and VMAT (p<0.05). The findings on PTVare listed

in Table 2.

OARs
The radiation dose to the OARs is listed in Table 3. In

comparison with TD and TH, IMRT and VMAT reduced

the maximum and the mean dose of optic chiasm (p<0.05),

left and right optic nerve (p<0.05) and spinal cord (p<0.05).

Similarly, compared with TD, VMAT and TH, the maxi-

mum to right eye with IMRT was decreased by 5.04%,

4.35% and 6.28% (p=0.028; 0.019; 0.014). Compared

with TH, the maximum dose to left lens with IMRT, TD

and VMAT were significantly decreased by 11.65%,

28.19% and 9.13% (p=0.021; 0.000; 0.000), the mean

dose to left lens with TD and VMAT were decreased by

26.62% and 15.82% (p=0.000; 0.001), and the maximum

dose to right lens with TD and VMAT were decreased by

28.15% and 13.96% (p=0.000; 0.035). In comparison with

IMRT, the mean dose to oropharynx with TD, VMAT and

TH were significantly increased by 249.20%, 15.76% and

250.32% (p=0.000; 0.000; 0.000), the mean dose to thyroid

with TD, VMAT and TH were significantly increased by

52.94%, 23.53% and 58.82% (p=0.000; 0.000; 0.000), the
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Figure 2 DVH for (A) IMRT, (B) TD, (C) VMAT and (D) TH plans for the same patient.

Abbreviations: DVH, Dose–Volume Histogram; IMRT, intensity-modulated radiotherapy; TD, TomoDirect; VMAT, volumetric modulated arc therapy; TH, TomoHelical.

Table 1 All the parameters utilized in EAR calculations in this study

Site βEAR γe γa α α/β R

Oropharynx 0.56 −0.024 2.38 0.043 10 0.97

Thyroid 1.2 −0.046 0.6 0.033 3 0.5

Salivary gland 0.56 −0.024 2.38 0.087 3 0.23

Abbreviation: EAR, excess absolute risk.
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mean dose to left salivary with TD, VMAT and TH were

significantly increased by 160.23%, 34.09% and 120.45%

(p=0.022; 0.000; 0.020), and the maximum dose to right

salivary with TD, VMAT and TH were significantly

increased by 122.67%, 31.33% and 117.33% (p=0.027;

0.000; 0.032).

MUs and treatment time
The MUs and treatment time of the four treatment mod-

alities are shown in Table 2. The mean MUs of IMRT, TD,

VMAT and TH were 1191.08, 3415.33, 451.42 and

3441.42. Compared with VMAT, the mean MUs of

IMRT, TD and TH were significantly increased by

163.85%, 656.57% and 662.35% (p=0.000; 0.000;

0.000). The mean treatment time of IMRT, TD, VMAT

and TH were 421.66, 327.10, 189.27 and 245.46 s. In

comparison with VMAT, the mean treatment time of

IMRT, TD and TH were significantly increased by

122.78%, 72,82% and 29.69% (p=0.000; 0.000; 0.000).

Cost of RT
The cost of per treatment delivery for IMRT and VMAT

are ~1200 RMB, and for TH and TD are ~3000 RMB,

respectively. For all RT plans, the prescribed dose was 50

Gy in 25 fractions, so the total cost of treatment delivery

for IMRT and VMAT are ~3000 RMB, while TD and TH

are ~75,000 RMB, enhancing 150% compared to IMRT

and VMAT.

EAR calculations
The EAR to the organs of oropharynx, thyroid, left and

right salivary gland with four treatment modalities are

shown in Table 4. Compared with IMRT, the EAR to the

organs of oropharynx with TD, VMAT and TH were

increased by 83.67%, 14.97% and 82.31% (p=0.000;

0.000; 0.000), the EAR to the organ of thyroid with TD,

VMAT and TH were increased by 36.36%, 18.18% and

36.36% (p=0.002; 0.000; 0.001), the EAR to the organ of

left salivary gland with TD, VMAT and TH were increased

by 38.71%, 29.03% and 41.94% (p=0.000; 0.000; 0.000)

and the EAR to the organ of right salivary gland with TD,

VMAT and TH were increased by 35.48%, 29.03% and

35.48% (p=0.000; 0.000; 0.000).

Discussion
The study concerning estimation of various RT modalities

for stage I-II NNKTCL is rare, hence, this study reporting

a comparison about plan quality, radiation deliveryT
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efficiency, cost of RT and SCR among IMRT, TD, VMAT

and TH for treating stage I-II NNKTCL is significant. The

purpose of the study is to estimate the properties of four

types of RT modalities, and further provide guidance for

selecting the optimal RT modality in clinical practice for

stage I-II NNKTCL.

The reported researches confirmed that IMRT therapy

has demonstrated excellent target dose distribution and

OARs sparing in stage I-II NNKTCL.3,6,7 Compared with

IMRT, TD, VMAT and TH were the hotter issues in recent

years. VMAT therapy in stage I-II NNKTCL has demon-

strated excellent target coverage quality, improvements in

OARs sparing and delivery time.3,7 TH therapy in stage I-

II NNKTCL also has demonstrated its advantages in target

coverage quality.3,17 However, only this study utilized TD

for stage I-II NNKTCL up to present. In the study, we

generally found that TD, VMAT and TH offered better

D98%, cold spot volume and HI than IMRT, and TH plan

had the optimal cold spot volume and HI, while CI with

IMRT was slightly superior to with TD and TH. VMAT

provided the optimal MUs and radiation delivery time,

which has confirmed in previous studies.3,7

However, the unexpected results showed that IMRT

obtained the optimal sparing of OARs in current study,

and TD, VMAT and HD had higher maximum and mean

radiation dose in most OARs. But previous researches con-

firmed that VMAT and HT offered improved OARs sparing

compared with IMRT, and especially reduced side effects of

parotid glands.27,28 The opposite findings about OARs spar-

ing could be caused by the different spatial relationship of

OARs and PTV. In general, the target volume of NNKTCL

is not just close to lenses, optic nerves, optic chiasm and

eyes, but also surrounded by them in space. Once TD,

VMAT and TH pursue deceased cold spot volume or

improved HI in target volume, the radiation dose to OARs

would unavoidably increase. This implies that a good treat-

ment plan should achieve a balance between target coverage

and critical organ protection.

With the rising cost of RT, the cost-effectiveness of the

treatment modality must be concerned.29 In this study, we

only compare the cost of treatment delivery among the

four treatment modalities, and find that the total cost of TD

and TH dramatically increased 150% compared with

IMRT and VMAT. Andrea Peeters et al30 evaluated the

cost of external beam RT with carbon-ions, protons and

photons and illuminated the higher cost of particle therapy,

which might reduce by fewer fractions. However, in our

study, the four treatment modalities had the same

prescribed dose of 50 Gy in 25 fractions, the difference

of RT cost for the four treatment modalities was deter-

mined by the cost of per treatment delivery.

For decades, improving curative effects in RT results in

longer survival time for cancer patients, the assessment of

SCR caused by RT has become increasingly important.14

The second cancer exists highly for patients who received

RT, which have demonstrated by numerous clinical stu-

dies, and usually occur in volumes receiving total dose

irradiation or nearby areas radiated with the doses from 2

to 50 Gy.31,32 Thyroid is known to have a low dose thresh-

old for radiation-induced cancer, which is as low as 0.05

Gy in children and young adults.33,34 Hence, in RT treat-

ment, second cancer for thyroid or other organs may be

affected by out-of-field dose, which is likely to be highly

associated with treatment facility due to leakage and scat-

tering from head and accessories.35 Featured with more

field and MUs, intensity-modulated techniques will

increase leakage and scattering radiation unavoidably.36

Recently, particle therapy is introduced into clinical rou-

tine, which can often obtain excellent target converge

while delivering minimal dose to normal tissue nearby

tumor targets, and significantly decrease the risk of second

cancer.37 However, due to the high cost of the particle

therapy confirmed by Andrea Peeters et al,30 the total

benefit still needs to be discussed.

For predicting cancer induction, based on the DVH data

of the RT plan and some parameters, model EAR and model

excess relative risk or a mixture of the two models were

developed to calculate SCR.11,38,39 Previous literature26,40

compared SCR of RT modalities in whole-breast irradiation

and rectal cancer and showed that RT modalities had obvious

difference in SCR to some organs, but similar study was rare

in head and neck cancer. In this study, owing to the insuffi-

cient data of survival rate for NNKTCL, we used EAR to

determine SCR. Our study showed that IMRT obtained the

lowest EAR to the organs of oropharynx, thyroid, the left and

right salivary gland, hence, IMRTwas suitable for the young

patients who probably have a longer life expectancy.

However, uncertainties inevitably existed in the accuracy of

the commercially TPSmodels and the riskmodels, the results

about EAR evaluating carried with inherent limitation.

In general, each RT modality had its own characteristics,

adapting to individualized patient treatment. The optimal treat-

ment modality for every individual patient depended on the

balance between all relevant factors, such as target converge,

normal tissue damage, economic aspects and long-term risk

effects.
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Conclusion
Both TD and TH showed slight improvements in target

quality compared with IMRT for stage I-II NNKTCL.

However, IMRT could offer lower cost of RT, lowest

EAR in some organs and lowest dose to most OARs, and

VMAT featured with lower cost of RT, lowest MUs and

shortest delivery time. Each treatment modality has its

own advantage, so selecting appropriate RT modality for

individualized patient is necessary.

Abbreviation list
RT, radiotherapy; NNKTCL, nasal natural killer T-Cell

lymphoma; EAR, excess absolute risk; FF-IMRT, fix-

field intensity-modulated radiotherapy; VMAT, volu-

metric-modulated arc therapy; TD, TomoDirect; TH,

TomoHelical; HI, homogeneity index; PTV, planning tar-

get volume; CI, conformity index; MUs, monitor units;

OARs, organs at risk; SCR, second cancer risk; TPS,

treatment planning system; CT, computer tomography;

GTV, gross tumor volume; CTV, clinical target volume;

DR, dose rate; DVH, Dose–Volume Histogram.
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