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Abstract: The combination of brief chemo-radiotherapy provides high cure rates and

represents the first line of treatment for many lymphoma patients. As a result, a high

proportion of long-term survivors may experience treatment-related toxic events many

years later. Excess and unintended radiation dose to organs at risk (particularly heart, lungs

and breasts) may translate in an increased risk of cardiovascular events and second cancers

after a few decades. Minimizing dose to organs at risk is thus pivotal to restrain the risk of

long-term complications. Proton therapy, with its peculiar physic properties, may help to

better spare organs at risk and consequently to reduce toxicities especially in patients

receiving mediastinal radiotherapy. Herein, we review the physical basis of proton therapy

and the rationale for its implementation in lymphoma patients, with a detailed description of

the clinical data. We also discuss the potential disadvantages and uncertainties of protons that

may limit their application and critically review the dosimetric studies comparing the risk of

late complications between proton and photon radiotherapy.
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Introduction
Lymphomas are the most common hematologic malignancies worldwide and,

despite their different disease processes and histology, have a much more favorable

outcome than solid tumors. Particularly, combined chemo-radiotherapy cures most

Hodgkin’s lymphoma (HL) patients, with roughly 70–80% of them surviving many

decades after treatment.1–4 In contrast to HL, non-Hodgkin lymphomas (NHL) have

less favorable outcomes but, in general, survival rates in the long term are better

than those of most solid tumors.5 Given their favorable outcome, the reduction of

treatment-related toxic effects is the cornerstone of recent advances in the treatment

of HL and NHL. Specially, the likelihood of long-term survival raises the issue of

long-term complications, mostly related to latent radiation injuries from combined

curative treatments.6 In particular, long-term reports of large cohorts and national

registries have produced a strong evidence that the benefits from radiation may be

counterbalanced, decades later, by increased mortality and morbidity from cardio-

vascular events and second cancers.7–9 This evidence lead hematologists and

clinical oncologists to accept increased relapse rates as a barter for omitting radio-

therapy (RT) altogether.10,11 At the same time, efforts have been done from the

whole radiation oncology community to minimize RT-related complications to

organs adjacent to the target of treatment, particularly to thoracic organs at risk

(OARs) as breasts, heart, and lungs by reducing the prescribed RT dose and
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treatment fields without compromising cure rates.12 In

particular, the new concepts of involved-site RT (ISRT)

and involved-node RT (INRT) were recently developed for

the definition of smaller treatment volumes. Despite mar-

ginal differences, in both concepts, the pre-chemotherapy

disease involvement determines the clinical target volume,

resulting in greater sparing of OARs compared to the older

volumes.13 Proton therapy (PT), with its particular ballistic

characteristics favoring a low entrance dose and a step

fall-off of the dose at the end of the beam range (“Bragg

peak”), offers a great opportunity to further minimize the

risk of long-term complication related to photon-based

radiation while keeping the increased initial cure rate

offered by RT. However, PT requires a complex treatment

planning, is more expensive than photons and still suffers

from some uncertainties. For these reasons, the decision of

PT referral should always be driven by a dosimetric com-

parison with an optimally planned photon treatment in

order to demonstrate a clinical benefit for the patient, as

already carried out for other tumors.14 In this article, 1) we

review the ability of PT in reducing dose to organs at risk

with an overview of the current techniques for treatment

delivering and of the published clinical data, 2) we

describe the actual uncertainties which may limit its appli-

cation in lymphomas, 3) and we report a detailed summary

of the radiation dosimetry literature comparing PT and

photons.

Technical Aspects For Lymphomas
And Current Techniques In Delivering
Proton Therapy
Individualized treatment planning with PT is based on

various factors including patient-specific factors such as

age, gender, previous treatment, disease location, baseline

co-morbidities, and findings from initial disease extension,

evaluated with PET/CT scan. Modern radiation planning

using ISRT techniques requires appropriate image fusion

with functional (usually pretreatment/chemotherapy) ima-

ging to identify the initial sites of involvement.13,15,16

During the CT simulation (ideally with intravenous

contrast), for cases involving the mediastinum, a 4-dimen-

sional CT scan is often utilized to determine breathing

motion and the appropriate internal target volume (ITV)

margin. Also, the deep-inspiration breath-hold (DIBH)

technique can be used to reduce the breathing motion of

the mediastinum, thus narrowing the mediastinal target,

while minimizing the exposure of lung and heart.

Modern studies demonstrate that the lowest doses to the

nearby organs at risk are obtained for patients treated with

PT and DIBH (compared to photons), if clinically

available.17 Currently, there are various PT techniques

clinically available for cancer patients. This includes pas-

sive scattering technique and pencil beam scanning (PBS)

techniques.

Passive Scattering
Treatment planning goals for lymphomas with passive-

scattered proton beams are to irradiate the target with an

adequate dose while reducing the integral dose to the

patient, and the commonly utilized technique is the dou-

ble-scatter (DS) method. The relative size and heterogene-

ity of the targets can often present a challenge with the DS

techniques. Limitations of the passive-scattering delivery

technique include the following: field size (maximum),

inability to conform the dose proximally to the target,

and poor conformality distal to the target (compared to

spot scanning). Advantages to passive scattering delivery

include increased plan robustness to patient and target

motion uncertainties relative to PBS. With appropriate

margins and smearing techniques, passive scattering

plans are less sensitive to motion and density changes in

the beam path.

Most commonly, the treatment planning strategy for

passive-scattered PT is to assign the clinical target

volume (CTV) or ITV as the beam target. Many treat-

ment planning systems allow that margins be applied for

proton range uncertainties, distally and proximally,

directly in the properties of each beam. Various institu-

tions use a formula for inherent range uncertainties simi-

lar to that described by Moyers et al: (Margin = α %

Range + β mm, where α is related to uncertainties in

dose calculation).18 This margin accounts for various

factors including relative proton stopping power conver-

sion factor, beam-delivery reproducibility, treatment plan-

ning system commissioning accuracy, and compensator

design. The effects of setup errors on the proton range

are compensated by range compensator smearing (thin-

ning) calculated using Urie et al19. Additionally, collima-

tor margins for the lateral penumbra are set to the

planning target volume (PTV) or CTV with an adequate

expansion for setup variations. Appropriate margins can

be set to ensure target coverage along and perpendicular

to each beam. Uncertainties due to potential relative

biological effectiveness (RBE) variations along the

spread-out Bragg peak can be reduced by using multiple
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treatment fields, rather than single fields. For example, if

a single field is used, a single spot of potential high RBE

would be delivered to the entire prescription dose rather

than a fraction of the full prescription dose.

Plan evaluation, similarly to photons, is based on target

coverage goals, OAR dose constraints, and plan quality

indices such as integral dose and dose conformality.

Frequently, the plans are normalized to the optimal CTV

coverage, but PTV coverage requirements certainly help facil-

itate photon and proton plan comparisons. It is important to

note that the treatment time can vary from 30 to 90 mins

depending on the number of isocenters and fields being treated

each day.20

Below is a summary of the treatment planning specifics

of PT planning, specifically DS technique:

(a) 3D-conformal treatment
● Manually laborious, forward planned

(b) CTV and normal structures are delineated in the

same way as for photons.

(c) For static geometries, the plan target is the CTV,

while when the treatment area is affected by breath-

ing motion an ITV that includes CTV motion is

derived from the 4D-CT.

(d) For lateral beam shaping, expansions for setup

uncertainty and inter-fractional anatomy variability

are applied to the CTV/ITV.

(e) Patient-specific beam collimators conform the dose

laterally to the CTV/ITV with a margin for penum-

bra (1 to 10 mm). Range compensators are

designed for each beam to conform the dose dis-

tally to the CTV/ITV. “Smearing” is applied to

compensate for proton range changes due to density

changes in the beam path.

(f) Additionally, along each beam, distal and prox-

imal margins are set to the CTV/ITV to compen-

sate for proton range uncertainties as described

above.18

(g) In the current practice of scatter techniques, mar-

gins to the CTV/ITV are assigned per beam:
● Collimator margins for the lateral penumbra are

set to the PTV with an expansion for setup

variations.
● Distal and proximal margins depend on depth of

the distal and proximal edges of the target. This

is “beam-specific planning target volume.”

(h) Beam selection and orientation depend on the

unique disease distribution for each patient.

(i) Whenever possible, the preference is to use anterior

or posterior fields, rather than both, to the same

targeted area in the mediastinum.

See below examples of treatment planning in a young

patient with classical HL using PT with and without DIBH

(Figures 1–3).

Pencil Beam Scanning (PBS)
PBS offers a dosimetric advantage over double scattering

technique with regard to conformality around OARs, par-

ticularly for irregularly shaped targets. PBS is useful when

the target volume varies markedly in depth, and also when

the target spans over a large field size. Consequently, PBS

solves many of the treatment planning complications of

DS by allowing irregular and non-contiguous targets with

homogeneous target coverage and improved sparing of

OARs. PBS allows for delivery of 3D conformal treat-

ments with 1 to 2 fields without the need for multiple

custom-built compensators and apertures, which can be a

laborious procedure.

PBS field sizes tend to be larger than DS field sizes,

thus larger targets can be easily planned. As noted above,

if requiring treatment to a large target with DS, matched

fields must be created (with separate apertures and com-

pensators), which can often result in hot or cold dosimetric

areas. Additionally, the “beam-on” time for PBS is often

longer than for DS technique, making it more difficult to

administer a DIBH method (if available). Also, there is

more skin sparing with PBS compared to DS, and thus,

overlapping beams on the skin are not a major concern.

For example, PBS is able to shape the proton beam to

conform to the shallow and deep aspects of the target, thus

allowing for a “skin-sparing” effect. In DS system, the

proton beam can only be shaped to conform to the deeper

shape of the target, thus precluding a skin sparing effect

for superficial targets. PBS beams are usually angled away

from each other to allow for improved robustness. It is

also important to note that the above-described margins for

both techniques do not protect against unpredictable,

uncommon changes that may occur during the course of

treatment such as disease progression, pleural effusions,

pneumonia (or pulmonary consolidation), or weight loss.

Overall, all of the available PT techniques are used to

maximize cure and minimize the morbidity of treatment,

and providers are encouraged to follow the current ILROG

guidelines for proton beam therapy in adult radiotherapy

programs.16 For this reason, a plan comparison between
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PT and a modern photon solution is strongly recommended

before treatment, in order to demonstrate the beneficial

role of protons. Indeed, it should be noted that the poten-

tial clinical benefit of PT over photon RT is greatly influ-

enced by the disease extension and localization. As an

example, some anatomical presentations as the lower ante-

rior mediastinum mostly benefit from a PT solution. It is

likely that if one encounters a case such as in Figure 4, in a

young patient with curable disease, PT would be of sig-

nificant dosimetric and clinical benefit.

Figure 1 Case: pre-chemotherapy PET/CT for 20 years old patient with Stage IIA cHL. Patients received ABVD x 4 cycles, achieving a complete metabolic response after 2

cycles (Deauville 3), confirmed after 4 cycles (Deauville 2). Consolidation radiotherapy was planned with a total dose of 30Gy in 15 fractions.

Figure 2 Comparative planning: proton vs photon using DIBH. Left: protons (DS) +DIBH; right: RapidArc+DIBH.
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Clinical Reports Of Proton Therapy
For Lymphomas
Modern radiotherapy for lymphomas combines smaller

fields (involved site radiotherapy, ISRT, and involved

node radiotherapy, INRT), lower doses and highly confor-

mal techniques compared to the past. Given the higher

conformal dose distribution achieved with protons, many

investigators have raised the issue of the potential

increased relapse rate, in particular at the field edge.

First, clinical reports were therefore focused on this

question, as the main scope was to demonstrate the ability

of PT to obtain the same cure rates of modern photon

techniques. With this background, University of Florida

conducted a phase II pilot study on 15 stage I–III HL

patients, treated with involved-node PT between 2009 and

2013.21 With a median follow-up of 37 months, the 3-year

relapse-free survival (RFS) rate was 93%, absolutely simi-

lar to the outcome obtained with modern photon radiother-

apy in HL. Some clinical reports were subsequently

published, with most of them focusing on HL patients

with mediastinal involvement. The Proton Collaborative

Group Registry reported on a cohort of 50 patients treated

with consolidation proton ISRT and followed-up prospec-

tively (median follow-up time: 21 months).22 Most patients

were adults (64%), with a high prevalence of mediastinal

involvement (93%) and of bulky lesions (65%). The overall

outcome was good, with a 2-year RFS of 85%. There were

only 3 relapses: two were infield, within bulky mediastinal

lesions treated with 21 Gy, and one was marginal, superior

to the treatment field and to the clinical target volume and

for such reason would have been missed with a photon plan

as well. Very recently, a collaborative group first reported

the clinical results of a cohort of 21 adult HL patients

treated with deep inspiration breath-hold PBS-PT.23 All

patients were treated at 30 Gy in 15 fractions. With a

median follow-up time of 24 months, no patient relapsed

and all were alive. Treatment was well tolerated and no

severe toxicities were reported.

Although most studies enrolled HL patients, few

reports on small series of NHL patients are available.

University of Florida first described their outcome with

PT in a group of 11 NHLs, which included patients

affected with a variety of different histologies.24 Three-

year PFS and OS were 91%, with only one case of in-field

relapse in a patient treated for a natural killer/T cell lym-

phoma. No severe toxicities (Grade >2) were reported.

Afterward, Plastaras et al25 reported their experience

with PT in a cohort of nodal NHLs with mediastinal

involvement or primary mediastinal B cell lymphomas.

Overall, 24 patients were enrolled, with a high predomi-

nance of bulky lesions at baseline (87%). The median

follow up was 28 months and 2-year PFS and OS were

87% and 96%, respectively. Only one patient relapsed in-

field and none had grade 2 or higher radiation pneumoni-

tis. A recent publication from a German group26 enrolled

Figure 3 Comparative planning proton vs photon in free-breathing. Left: protons (DS); Right: RapidArc.
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20 patients affected with either HL (9) or NHL (11). The

outcome was, again, impressive with a 2-year PFS and OS

of 95% and 100%, respectively. The toxicity profile was

good as well, with a good tolerance to PT and no events of

grade 3 or higher.

The adoption of PT is even more promising in the setting

of relapsed/refractory disease, when peri-transplant radia-

tion is frequently omitted despite its valuable effect for the

concerns related to toxicity –mainly grade 2–3 pneumonitis

– after photon RT. Tseng et al27 enrolled in a multi-institu-

tional study 51 patients treated with PT for a relapsed/

refractory HL or NHL. All patients were heavily pretreated

and one third received peri-transplant PT. With a median PT

dose of 36 Gy (range 25.2–54 Gy) and a median follow-up

of 21 months, the 2-year progression-free survival (PFS)

and overall survival (OS) were 69% and 87%, respectively.

Obviously, HL patients had a better outcome compared to

NHL patients in terms of both PFS (78% vs 46%) and OS

(88% vs 82%). Only 6 patients (12%) developed a sympto-

matic grade 2 pneumonitis (no grade 3> toxicity event

reported), which is lower compared to historical controls

treated with photon RT. These preliminary results, that need

to be confirmed in larger cohorts, seem to favor PT over

photon RT in this setting, given the more conformal dose

distribution of protons and ability to better spare fundamen-

tal organs at risk as lungs and heart.

Despite the brilliant clinical results, all the studies men-

tioned above included a small number of patients, mostly

within a mono-institutional accrual, and thus a careful

extrapolation is mandatory. To date, the largest multi-insti-

tutional case series of lymphoma patients treated with PT

was published by Hoppe et al28 in 2017. The authors

included 138 pediatric and adult HL patients. With a median

follow-up of 32 months, the 3-year RFS rate was 92% for all

Figure 4 When the target spans down in front of the heart, protons can be very useful. (A) Sagittal view; (B) axial view.

Ricardi et al Dovepress

submit your manuscript | www.dovepress.com

DovePress
OncoTargets and Therapy 2019:128038

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


(96% for adults, 87% for pediatric patients), with none

marginal relapse. The accompanying editorial for this

study29 celebrated the excellent clinical results, similar to

those obtained with modern photon radiotherapy in HL.

Interestingly, there were no marginal relapses potentially

related to the rapid dose fall-off of the Bragg peak. This

observation was extremely important, given that the com-

bination of steep dose-gradient techniques with the modern

definition of limited target volumes (INRT and ISRT) raises

many concerns on the potential increase of relapses. More

studies with similar or possibly larger numbers are manda-

tory to strengthen these preliminary observations and to

increase the robustness of the information on the role of

PT in lymphoma patients. Table 1 summarizes all clinical

studies investigating the role of PT in this setting.

Uncertainties Of Proton Therapy
The most relevant challenges associated with PT, com-

pared to photons, are the uncertainties related to the dif-

ferent beam penetration range in tissues and to the changes

in the magnitude of the relative biological effect (RBE)

along the beam path.16 Herein below, we briefly describe

these uncertainties and the possible ways to mitigate them.

Relative Biologic Effectiveness (RBE)
RT prescription and constraints are based on dose para-

meters and dose–response relationships, which are basi-

cally derived by photon therapy. Different radiation

modalities may produce different dose responses, and

this aspect is relevant also in the comparison between

photon (the reference radiation by definition) and protons.

This discrepancy is evaluated through the relative biologi-

cal effect (RBE), which is the ratio of the absorbed dose

that produces the same biological effect between photons

and protons.34 The currently used RBE in clinical practice

is 1.1, but some studies have demonstrated that this para-

meter depends on many factors as proton energy, dose per

fraction, tissue and cell type, oxygenation and other

aspects that may influence the radiosensitivity of the

tissue.35,36 Moreover, RBE estimation of protons is

derived by in vitro studies, but in vivo studies are still

missing.37 Furthermore, actual data suggest that RBE may

change along the beam path, with a significant increase at

the beam tail in the proximity of the Bragg peak. This

aspect is related to the increase of the linear energy trans-

fer (LET) of the proton beam at the distal edge and raises

many concerns on the estimation of the dose received by

the target of treatment and, particularly, by organs at risk

located in its close proximity. In fact, the increase in RBE

at the beam tail may extend the beam range by 2–4 mm,

depending on the depth in the target tissue and on the

beam energy.38 This leads to a potential extension of the

high-dose region beyond the target volume and may end

up in organs at risk located behind the tumor.39

Paradoxically, this aspect may lead to the creation of hot-

spots in those structures that should be better spared with

protons (i.e. heart and breasts) when treating mediastinal

lymphomas. Given that RBE-based or LET-based planning

is not available to date, precautions should be adopted to

protect healthy tissues as the use of multiple fields to dilute

the effect, or reduction of the physical dose to organs at

risk located in the proximity of the distal edge.16

Uncertainties Due To Density Variations

And Organ Motion
Protons are particle therapies with mass and, therefore,

density of the tissues and organs encountered by the

beam path greatly influences the dose deposited. Any

anatomic variation in term of position and size – of both

patient and tumor – could affect the dose distribution.

Particularly, the axial deviations may translate in range

uncertainties; in fact, the range of PT is related to every

single voxel of the planning imaging and any minimal

change of the patient anatomy (and consequently of the

mass density and of the related voxel) will modify the

range of all protons crossing that/those specific voxel.16,37

Strategies to mitigate this dosimetric uncertainty are

strongly recommended, through the adoption of tracking

techniques40 or a 4-dimensional CT scan to compensate

for organ motion (mainly lungs).41 Moreover, large mar-

gins should be applied to account for the uncertainties due

to the inevitable differences in tissue across the proton

track. A compensatory margin could be considered also

to “protect” very small and critical OARs as the coronary

arteries, whose physiologic movement during the cardiac

cycle is unavoidable.42 When the sparing of critical organs

is mandatory, all these issues should be kept in mind and a

comparative planning would be strongly recommended not

only between different PT plans, but also with modern and

highly conformed photon solutions as intensity-modulated

RT (IMRT) and optimized volumetric arc therapy

solutions.43 Indeed, in some particular anatomical situa-

tions (even in some patients with mediastinal involve-

ment), the gradual fall of the dose around the target

volume may favor IMRT, given the high risk of a “full-
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dose” extension to the organs at risk with PT for all the

issues mentioned above.39 Therefore, patient selection is

fundamental to estimate who might benefit mostly from

the offer of a PT plan. A well-balanced planning compar-

ison with a modern and optimized photon RT solution29 is

thus mandatory, taking in to account PTV coverage and

doses received by organs at risk. Figure 5 shows a dose-

volume histogram, comparing a photon and a proton

solution.

“In Silico” Comparison Of The
Radiation Late Effects Between PT
And Modern Photon RT
In a current radiation treatment, the difference between

modern delivery techniques is characterized by a difference

in the spatial distribution of radiation dose. Therefore, in

lymphoma, there is a large variation in the normal tissue

exposure among patients who nominally receive the same

form of radiotherapy due to the individual differences in

field size as well as in anatomical site of disease. Also, late

effects most often occur decades following treatment and

the excess risks reported in the literature are consequences

of now outdated treatment regimens and should not be

extrapolated to patients of today. Instead, the choice of an

optimal treatment strategy can be guided by comparative

dose planning and modeling studies.

Fourteen studies have evaluated the difference in organ

at risk (OAR) exposure with involved node/site PT versus

photon therapy in lymphoma (Table 2 for an overview).

The studies compare PT delivered with either passive

scatter (6 studies) or pencil beam scanning (7 studies)

techniques to modern radiotherapy photon planning using

3-dimensional conformal RT (3DCRT, 12 studies) with

anteroposterior-posteroanterior fields as well as to more

conformal photon planning with IMRT (7 studies), volu-

metric modulated arc therapy (VMAT, 5 studies), or

Helical Tomotherapy (2 studies). Three recent studies44–46

have also compared the benefits of deep inspiration breath-

hold (DIBH) in different combinations with PT and IMRT.

Importantly, several aspects should be carefully con-

sidered in the individual publications: 1) The patient popu-

lation: what are the no. of patients, HL vs NHL histology,

children vs adults, clinical stage, and primary vs relapsed/

refractory disease, 2) Where is the target localized and

how it is defined? Upper vs lower mediastinal presentation

and initial vs residual post-chemotherapy disease, 3) Is

information provided on photon planning field set-up,

optimization priorities and plan evaluation? and 4) Do

the authors have any proton planning experience? Is

robustness and dose and range uncertainties accounted

for? Among the 14 studies, three include HL and non-

HL patients,26,46,47 one report only on pediatric patients,48

three include both primary and relapsed/refractory

Figure 5 Dose volume histogram (DVH), representing the dose per volume received by the target of treatment (PTV) and organs at risk (OARs). In detail, a comparison

between PT plan and IMRT plan with RapidArc for a male patient affected with mediastinal Hodgkin lymphoma. Horizontal axis: dose of radiation (cGy); vertical axis: total

structure volume (%).
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patients,49–51 five origin from centers without proton

facilities,45,52–55 and two provide very limited clinical

information.46,56 Also, two studies define the target

volume as residual disease following chemotherapy47,57

and cannot be said to adhere to the INRT/ISRT concept.

A summary of estimated doses to thoracic OARs in med-

iastinal lymphoma is provided in Table 3; however, due to

the caveats mentioned above, considerable uncertainties

apply for the reported absolute values.

The following sections focus on primary mediastinal

stage I–II HL where data are most robust. In free-breathing

(FB), the mean doses to the heart, lungs and female breasts

are estimated to decrease with PT compared to 3DCRT and

modern RT (mRT). Interestingly, with DIBH-mRT, the

estimated mean dose to the heart is even lower, almost

similar for the lungs, and higher for female breasts which

may be due to the low dose bath associated with rotational

therapy and/or that most comparative dose planning stu-

dies in PT prioritize the female breasts the highest during

planning. When PT is combined with DIBH, a further dose

reduction may be achieved, especially for the mean dose to

the heart, compared to FB-PT and DIBH-mRT. It is impor-

tant to mention that this comparison cannot consider the

differences in the high- and low-dose distributions

between the individual studies which are equally important

when choosing the optimal treatment plan. Also, all stu-

dies report large individual differences in dose estimates,

and the importance of individualized treatment planning is

highlighted universally.

The risk of late effects from modern treatment can

be estimated through normal tissue complication prob-

ability (NTCP) models which describe the probability of

a certain endpoint occurring as a function of radiation

dose. For INRT/ISRT, only one NTCP study has been

published,44 although, Knäusl et al48 calculate the organ

equivalent dose which is as a measure of the biological

effect of absorbed dose in pediatric patients. However,

many photon-based NTCP models have been published

to date for lymphoma patients.43,53,59–63 which can be

extrapolated to calculate the clinical significance of a

dosimetric benefit with PT. In the single PT-based mod-

eling study available to date,44 the estimated reduction

in life expectancy attributable to late effects from RT

(from heart failure, myocardial infarction, valvular heart

disease, lung and breast cancer) is quantified by the Life

Years Lost (LYL) measure which accounts for age at

exposure, patient sex, and the prognosis of the indivi-

dual late effects. The authors report a LYL of 2.1, 1.3,

0.9, and 0.7 with FB-mRT, FB-PT, DIBH-mRT, and

DIBH-PT, respectively, and the LYL is primarily driven

by the risk of death from lung cancer and valvular

disease. Interestingly, there is no significant difference

in the LYL for FB-PT vs DIBH-mRT and FB-PT vs

DIBH-PT, respectively. Again, modeling studies are

Table 3 Mean Dose [Gy] To Thoracic Organs At Risk. Reported Mean Doses Based On Results In42,50,51,53,56 For Early-Stage

Mediastinal HL And On Results In24,44,46,54 For Stage I–IV Primary Mediastinal Hodgkin/non-Hodgkin Lymphoma (including Pediatric

Patients) Are Normalized To A 30 Gy Prescription Dose And Weighted According To Number Of Patients In Each Publication. Data

Do Not Allow For Reporting Of Dosimetric Parameters Other Than Mean Dose

Heart Lungs Breasts Esophagus Thyroid

Early-stage mediastinal HL

FB-3DCRT 10.3 8.4 3.5 16.1 15.0

FB-mRT 8.9 10.0 5.5 16.1 19.0

FB-PT 7.2 6.8 1.4 13.9 15.1

DIBH-mRT 3.5 7.8 4.5 N/A N/A

DIBH-PT 1.6 5.6 1.6 N/A N/A

Stage I–IV mediastinal HL/NHL

FB-3DCRT 8.3 18.8 7.4 N/A N/A

FB-mRT 10.1 12.1 6.8 14.0 21.3

FB-PT 5.9 6.0 3.0 11.2 22.3

DIBH-mRT 11.4 9.4 4.4 18.0 24.4

DIBH-PT 7.2 5.7 2.1 14.5 22.2

Abbreviations: 3DCRT, 3-dimensional conformal radiotherapy; DIBH, deep inspiration breath-hold; FB, free-breathing; mRT, modern radiotherapy; N/A, not available; PT,

proton therapy.
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limited by the same uncertainties as are dose planning

studies as well as by the inherent simplifications of the

modeling situation.

Conclusion
PT is an attractive modern radiation modality, with unique

properties that may significantly reduce the dose to OARs

and potentially spare late toxicity compared to modern

photon techniques in patients affected with lymphomas, par-

ticularly for those patients with a mediastinal involvement.

However, the potential benefit is variable and is based on

individual factors as gender, age and disease distribution that

should be taken into account on a “case-by-case” accurate

analysis. Given the limited number of PT facilities, the addi-

tional costs of protons compared to photons, the few clinical

reports available to date and some pending issues concerning

the biological effect, and the physical properties, it seems

reasonable to offer a proton treatment to lymphoma patients

only after the achievement of a good competency in the field.

Lastly, a careful selection of patients who may benefit from

PT, after a proper plan comparison with modern photon

therapy, might be a significant step towards further optimized

and a more safe RT delivery in hematological diseases.
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