Dosimetric comparison of intensity modulated proton therapy and
intensity modulated radiotherapy in primary mediastinal B-cell lymphoma
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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
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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
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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
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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
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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

7 8 9 10 1 12

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

Mean Lung Dose
B MPT B IMRT
2500.00

2000.00

1500.00

1000.00
500.00
0.00

1 2 3 4 5 6 7 8 9 10 11 12

Figure 4 Comparison of lung dose (cGy) between IMPT and IMRT in each patient,
and QUANTEC threshold of 13 Gy
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Mean Esophagus Dose
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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

Journal of Thai Association of Radiation Oncology
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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

Journal of Thai Association of Radiation Oncology
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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

References

1.

Shankland KR, Armitage JO, Hancock BW.
Non-Hodgkin lymphoma. Lancet. 2012;
380:848-57.

Ward E, DeSantis C, Robbins A. Childhood
and adolescent cancer statistics, 2014.
CA Cancer J Clin. 2014; 64:83-103.
Gagliardi G, Constine LS, Moiseenko V.
Radiation dose-volume effects in the
heart. Int J Radiat Oncol Biol Phys. 2010;
76:77-85.

Ratosa |, Ivanetic Pantar M. Cardiotoxicity
of mediastinal radiotherapy. Rep Pract
Oncol Radiother. 2019; 24:629-43.
Dunleavy K, Pittaluga S, Maeda LS, et al.
Dose-adjusted EPOCH-rituximab therapy
in primary mediastinal B-cell lymphoma.
N Engl J Med. 2013; 368:1408-16.
Maraldo MV, Brodin NP, Vogelius IR. Risk
of developing cardiovascular disease after
involved node radiotherapy versus
mantle field for Hodgkin lymphoma. Int
J Radiat Oncol Biol Phys. 2012; 83:1232-7.

Volume (PTV). In situations where RT is the

primary treatment, larger margins must be

applied to encompass subclinical disease.

10.

Koh ES, Tran TH, Heydarian M. A
comparison of mantle versus
involved-field radiotherapy for Hodgkin’s
lymphoma: reduction in normal tissue
dose and second cancer risk. Radiat
Oncol. 2007; 2:13.

Dabaja BS, Hoppe BS, Plastaras JP. Proton
therapy for adults with mediastinal
lymphomas: the International Lymphoma
Radiation Oncology Group guidelines.
Blood. 2018; 132:1635-46.

Tseng YD, Cutter DJ, Plastaras JP.
Evidence-based Review on the Use of
Proton Therapy in Lymphoma from the
Particle Therapy Cooperative Group
(PTCOG) Lymphoma Subcommittee. Int J
Radiat Oncol Biol Phys. 2017; 99:825-42.
Illidee T, Specht L, Yahalom J. Modern
radiation therapy for nodal non-Hodgkin
lymphoma-target definition and dose
guidelines from the International
Lymphoma Radiation Oncology Group.
Int J Radiat Oncol Biol Phys. 2014;
89:49-58.

Journal of Thai Association of Radiation Oncology

Vol. 29 No.2 July - December 2023 |



11.

12.

13.

14.

15.

16.

17.

Pathak P, Vashisht S. A quantitative
analysis of intensity-modulated radiation
therapy plans and comparison of
homogeneity indices for the treatment
of gynecological cancers. J Med Phys.
2013; 38:67-73.

Paddick I. A simple scoring ratio to index
the conformity of radiosurgical treat-
ment plans. Technical Note. J Neurosurg.
200;93

Ho CK, Flampouri S, Hoppe BS. Proton
therapy in the management of
lymphoma. Cancer J. 2014; 20:387-92.
Swerdlow AJ, Higgins CD, Smith P.
Myocardial infarction mortality risk after
treatment for Hodgkin disease: a
collaborative British cohort study. J Natl
Cancer Inst. 2007; 99:206-14

Hoppe BS, Flampouri S, Su Z.
Consolidative involved-node proton
therapy for stage IA-IlIB mediastinal
Hodgkin
dosimetric outcomes from a phase |l
study. Int J Radiat Oncol Biol Phys. 2012;
83:260-67.

Li J, Dabaja B, Reed V. Rationale for and

preliminary results of proton beam

lymphoma: preliminary

therapy for mediastinal lymphoma. Int
J Radiat Oncol Biol Phys. 2011;
81:167-74.

Andolino DL, Hoene T, Xiao L.
Dosimetric comparison of involved-field

three-dimensional conformal photon

Journal of Thai Association of Radiation Oncology

| Vol. 29 No.2 July - December 2023

18.

19.

20.

21.

22.

radiotherapy and breast-sparing proton
therapy for the treatment of Hodgkin’s
lymphoma in female pediatric patients.
Int J Radiat Oncol Biol Phys. 2011;
81:667-671.

Maraldo MV, Brodin NP, Aznar MC.
Estimated risk of cardiovascular disease
and secondary cancers with modern
highly conformal radiotherapy for
early-stage mediastinal Hodgkin
lymphoma. Ann Oncol. 2013; 24:
2113-18.

van Nimwegen FA, Schaapveld M, Cutter
DJ. Radiation Dose-Response Relationship
for Risk of Coronary Heart Disease in
Survivors of Hodgkin Lymphoma. J Clin
Oncol. 2016; 34:235-43,

Lewis GD, Agrusa JE, Teh BS. Radiation
pneumonitis in pediatric Hodgkin
lymphoma patients receiving radiation
therapy to the chest. Pract Radiat Oncol.
2018; 8:364-368.

Koh ES, Sun A, Tran TH. Clinical
dose-volume histogram analysis in
predicting radiation pneumonitis in
Hodgkin’s lymphoma. Int J Radiat Oncol
Biol Phys. 2006; 66:223-8.

Deluca P. Jones D. Gahbauer R, et al.
Prescribing, recording, and reporting
photon-beam intensity-modulated
radiation therapy (IMRT). Journal of the
ICRU. 2010; 10:1-106.



