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Summary 

While radiotherapy damages tumor cells, it can also harm the surrounding healthy tissue. This 

damage can lead to acute and/or late toxicities. For patients with mediastinal tumors like Hodgkin 

lymphoma and thymic cancer, this could include pneumonitis, esophagitis, secondary cancers, or 

cardiac toxicity. The purpose of this thesis was to investigate how to best apply modern techniques 

in radiotherapy to reduce the dose to normal tissue and therefore the risk of toxicity for patients 

treated for cancer in the mediastinum.  

The aims of this thesis ranged from applied to more exploratory. The first aim was to calculate the 

treatment margins for patients with mediastinal lymphoma treated at our institution with the 

modern techniques of deep inspiration breath hold (DIBH) and daily image guidance. The second 

aim was to investigate the impact of the two modern techniques of DIBH and proton therapy, 

relative to treatment in free breathing and photon therapy, for patients with Hodgkin lymphoma 

and thymic cancer. The third aim was to investigate biological uncertainties in proton therapy due 

to the linear energy transfer (LET) of the protons at the end of their range for pediatric patients 

with Hodgkin lymphoma. And finally, the fourth aim was to create photon therapy treatment plans 

that minimized the risk of both tumor recurrence and mortality from late toxicity from radiotherapy 

for patients with Hodgkin lymphoma. The methods for these aims included a retrospective analysis 

of set-up uncertainties, treatment planning comparisons for different combinations of techniques, 

Monte Carlo simulations for proton therapy plans, and using an in-house optimizer.  

For aim 1, we found that a margin of approximately 1 cm was needed to include uncertainties from 

contouring, setup, and intra-fractional motion for the lymphoma patients treated at our institution 

with DIBH and daily image guidance. For aim 2, we found that both proton therapy and DIBH 

reduced the dose to normal tissues, but the technique that had a larger impact depended on the 

patient group. For aim 3, we did not find a clinically concerning distribution of LET or impact on 

biologically-weighted dose for pediatric patients with Hodgkin lymphoma. And for aim 4, we 

created “outcome-optimized” plans, but the optimizer was sensitive to model parameters and not 

ready for clinical use. The results of this thesis can be used to inform clinical practice and future 

research for patients with Hodgkin lymphoma and thymic cancer to reduce the radiation dose to 

normal tissue, and therefore the risk of acute and late toxicity. 
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Dansk Resumé 

Mens stråleterapi er en effektiv behandling mod kræft, kan den også skade det omkringliggende 

normalvæv. Skaderne kan hos patienten manifestere sig som akutte og sene bivirkninger. For 

patienter med kræft i mediastinum (brystskillevæggen), såsom Hodgkin lymfom og thymuskræft, 

kan det være bivirkninger som stråleinduceret betændelse i lungerne eller spiserøret, sekundære 

kræftsygdomme og hjertekarsygdomme. Formålet med denne afhandling var at undersøge, om 

moderne strålebehandlingsteknikker gør det muligt at reducere stråledosis til det omkringliggende 

normalvæv og dermed reducere risikoen for behandlingsrelaterede bivirkninger hos patienter med 

kræft i mediastinum. For at opnå dette brugte vi metoder, der allerede i dag er anvendt inden for 

stråleterapien, men mere eksperimentelle metoder blev også afsøgt.    

Formålet med studie 1 var at fastsætte behandlingsmarginer for patienter behandlet i vores klinik 

med lymfom i mediastinum, når moderne strålebehandlingsteknikker som strålebehandling i dybt 

holdt åndedræt (deep inspiration breath-hold, DIBH) og daglig billedvejledning blev brugt. I studie 

2 sammenlignede vi de moderne strålebehandlingsteknikker, DIBH og protonterapi, med 

konventionel stråleterapi med fotoner i fri vejrtrækning. Formålet var at undersøge hvilken 

modalitet, der gav den største dosisreduktion til normalvævet hos patienter med Hodgkin lymfom 

og thymuskræft. Formålet med studie 3 var at undersøge den biologiske usikkerhed forbundet med 

den lineære energioverførsel (linear energi transfer, LET) i slutningen af protonernes rækkevidde 

i protonbehandling af børn med Hodgkin lymfom. Det sidste og 4. studie havde til formål at 

optimere strålebehandlingsplaner baseret på minimering af risikoen for både sygdomstilbagefald 

og risikoen for død af behandlingsrelaterede bivirkninger hos patienter med Hodgkin lymfom. 

Metoderne til at opnå ovenstående formål inkluderede en retrospektiv analyse af 

opsætningsusikkerhederne i forbindelse med strålebehandling, sammenligninger af 

behandlingsplaner for forskellige kombinationer af strålebehandlingsteknikker, Monte Carlo-

simuleringer til protonterapiplaner og brugen af et internt optimeringsprogram. 

I studie 1 fandt vi, at en margin på cirka 1 cm var nødvendig for at omfatte planlægnings-, 

opsætnings- og behandlingsusikkerheder, når patienter med Hodgkin lymfom modtager 

strålebehandling i DIBH med daglig billedvejledning. I studie 2 fandt vi, at både protonterapi og 

DIBH reducerede dosis til normalvævet, men hvilken teknik, der havde den største effekt, afhang 

af patientgruppen. I studie 3 fandt vi ikke noget klinisk bekymrende ved distribution af LET eller 

nogen påvirkning af den biologisk vægtede dosis i protonbehandling af børn med Hodgkin 

lymfom. I studie 4 udviklede vi risiko-optimerede planer, men optimeringsprogrammet var 

følsomt over for modelparametre og er ikke klar til klinisk brug. Resultaterne fra denne afhandling 

kan bruges i klinisk praksis og i fremtidig forskning til at reducere stråledosis til det 

omkringliggende normalvæv og dermed minimere risikoen for behandlingsrelaterede bivirkninger 

hos patienter med kræft i mediastinum. 
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1. Introduction 

Radiotherapy damages tumor cells, but it can also damage the surrounding healthy organs. 

Radiation damage to healthy organs can cause acute and/or late toxicities, which can sometimes 

result in serious side effects such as pain, loss of organ function, reduced quality of life, or 

premature death. Cancer patients are at a higher risk of side effects if their healthy organs are very 

close to the tumor and therefore receive a larger dose of radiation [1,2]. In addition, young patients 

are at a higher risk of side effects due to increased radiosensitivity [3], and their long life 

expectancy after treatment which gives time for late effects like secondary cancer and heart disease 

to develop [4–9]. Minimizing side effects while maintaining cure or control of the tumor is one of 

the central goals of radiotherapy and the main motivation of this work.    

In mediastinal radiotherapy, acute toxicities from radiotherapy can result from unwanted radiation 

damage to the organs in the mediastinal region. One infrequent, but important, acute side effect of 

mediastinal radiotherapy is pneumonitis, which is an acute inflammation in the alveolar spaces 

(possibly a hypersensitivity pneumonitis) generally limited to the irradiated regions of the lung 

[10–12]. It may develop within 6 to 12 weeks after completion of radiotherapy. The symptoms are 

cough, shortness of breath, fever, and pleuritic chest pain. When the diagnosis is made, patients 

are treated with steroids for some weeks followed by slow tapering. Though rare, serious cases of 

pneumonitis can be fatal. Another acute side effect of mediastinal radiotherapy is esophagitis [13]. 

Esophagitis can cause pain and difficulty swallowing. In the most serious cases, esophagitis can 

cause necrosis or fistulas, and is life-threatening. Esophagitis may lead to fibrosis and stenosis 

with stricture formation, which may necessitate dilatation [14].  

However, acute side effects are generally temporary, and the symptoms subside with time. Late 

effects do not subside and are an even greater concern after mediastinal radiotherapy since they 

are generally irreversible. Due to the proximity to the heart, patients who received mediastinal 

radiotherapy are at risk for late cardiac toxicity [5,15–17]. Life-threatening cardiac complications 

can include coronary artery disease, myocardial infarction, heart failure, valvular disease, and 

arrhythmias [5,11,15,17,18]. In addition to cardiac toxicity, patients treated with mediastinal 

radiotherapy are at risk for radiation-induced cancers in the irradiated tissues [6,19–24], such as 

breast cancer [21] and lung cancer [20]. Other factors also modify the risk of late effects after 

radiotherapy such as age at treatment and smoking status [20,25–27].  
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2. Background 

2.1 Hodgkin Lymphoma 

Hodgkin lymphoma occurs in 2.3 per 100,000 persons/year [28], with a bimodal incidence 

distribution, peaking at approximately 20-24 years and around 65-75 years of age [29,30]. Among 

adolescents and young adults, Hodgkin lymphoma is one of the most common types of cancer 

[31]. It is a cancer of the lymphoid tissue, often presenting in the neck and mediastinum (Figure 

1). Patients with early-stage classical Hodgkin lymphoma have an excellent 5-year overall survival 

of approximately 90%. Treatment with combined modality therapy (chemotherapy followed by 

consolidary radiotherapy) has been shown to be superior to either modality alone [32–37]. 

Radiotherapy for Hodgkin lymphoma has historically utilized very large radiation fields (extended 

field radiation therapy or later involved field radiation therapy), developed at a time when 

radiotherapy was the only curative treatment modality. These treatments exposed organs such as 

the breasts, heart, and lungs to high doses of radiation [38–40]. Follow-up studies from this patient 

group have shown increased risks of late effects such as of secondary cancers and heart disease 

[15–17,20,21,41,42], where both chemotherapy and radiotherapy contribute to the risks [17,42]. 

When effective chemotherapy became available, it was gradually realized that prophylactic 

irradiation of apparently uninvolved lymph node regions was no longer necessary. Modern, very 

limited radiotherapy (involved node radiotherapy (INRT) or involved site radiation therapy 

(ISRT))[43,44]) to lower doses was introduced, leading to sparing of large volumes of normal 

tissues [44–47]. Even in the modern context, protecting the healthy organs surrounding the tumor 

as much as possible remains a major priority [48–50]. 

 

 

Figure 1. Patient with Hodgkin lymphoma (stage IIA) presenting in the mediastinum, left axilla, and lower neck region (pink). 
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Figure 2. Example of historical radiotherapy for Hodgkin lymphoma (mantle field, left, prescription dose 36 Gy) compared to 

modern radiotherapy (involved node radiotherapy, right, prescription dose 30.6 Gy) showing the decrease in the amount of tissue 

treated and decrease in radiation dose [45]. The clinical target volume and planning target volume used for involved node 

radiotherapy are shown in pink and cyan, respectively. 

 

2.2 Thymic Cancer 

Thymic epithelial tumors include thymoma and thymic carcinoma, and are rare malignancies of 

the thymus gland in the anterior mediastinum, occurring in approximately 0.15 per 100,000 

persons/year [51,52]. Approximately 50% of patients are younger than 57 years old at diagnosis, 

and the disease-specific survival is 85% at 10 years [53]. The treatment is individualized depending 

on the extent of disease and may include some combination of surgery, chemotherapy, and 

radiotherapy [54], where radiotherapy has been shown to improve overall survival for patients 

with regional disease [55]. Many patients who are referred for radiotherapy have had a sternotomy 

and therefore have stainless steel wires in their sternum from the surgery (Figure 3). Prospective 

randomized clinical trials are unlikely to take place in rare disease sites like thymic cancer, and 

therefore simulated trials are a means to investigate the potential impact of new techniques. 
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Figure 3. Patient with thymoma (stage III) in the mediastinum (pink) and surgical stainless steel wire loops in the sternum 

(white). 

 

2.3 Summary of Modern Techniques for Mediastinal Radiotherapy  

2.3.1 Image Guided Radiotherapy 

Imaging has always been an integral part of radiotherapy planning, initially with X-ray films, and 

since the 1970s with computed tomography (CT) [56]. Since that time, in-room imaging for patient 

setup has been developed, beginning with two-dimensional portal megavoltage (MV) imaging 

[57], then kilovoltage (kV) imaging for better image contrast [58], and then three-dimensional 

imaging such as kV cone-beam computed tomography (CBCT) [59]. Daily image guided 

radiotherapy (IGRT) has been shown to reduce the setup uncertainty and improve patient 

positioning [60]. The current standard-of-care for IGRT at Rigshospitalet for patients with 

mediastinal Hodgkin lymphoma and thymic cancer is daily CBCT (Figure 4).  



16 

 

 

Figure 4. Planning CT (A) compared to daily CBCT (B) used for daily setup for radiotherapy for a patient with Hodgkin 

lymphoma. Patient contours from the planning CT (A) (body: green, bone: green, clinical target volume (CTV): pink, planning 

target volume (PTV): light blue) are overlayed on the daily anatomy from the CBCT (B) to show the accuracy of the daily 

position relative to what was assumed when the radiotherapy was planned. 

 

When planning how to give radiotherapy, the physician delineates the region that contains the 

visible or palpable tumor (the gross tumor volume (GTV)), and, for solid tumors, adds an 

expansion to include possible microscopic disease (the clinical target volume (CTV)). For 

Hodgkin lymphoma, the GTV is delineated both before and after chemotherapy. Based on the pre- 

and post-chemotherapy GTVs, the CTV is delineated as the tissue volume which contained 

macroscopic lymphoma before chemotherapy, and which is likely to contain microscopic disease 

after chemotherapy. If no chemotherapy is given, margins are included in the CTV to cover areas 

with high risk of microscopic disease. To ensure radiotherapy coverage of the CTV, an additional 

safety margin for uncertainties in the delivery of the radiotherapy is added (the planning target 

volume (PTV)) [61]. One consideration for the size of the CTV-to-PTV margin is the setup 

uncertainty [62], which is dependent on the IGRT technique and other factors such as patient 

immobilization. To minimize the dose to the surrounding normal tissue and therefore the risk of 

side effects, margins should be as small as achievable [63].  
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2.3.2 Proton Therapy 

Proton therapy has been used to treat cancer since 1958 [64], but commercially available systems 

have only been available since 2001 [65,66]. Since that time, proton therapy has steadily become 

more widely accessible and is currently (as of 2019) available at 81 facilities distributed over 20 

countries [67]. Denmark has recently opened the Danish Centre for Particle Therapy in Aarhus 

and has been treating patients since January 2019.  

The rationale for proton therapy is that it has the potential to reduce the radiation dose to normal 

tissues. This stems from the physics of how protons interact with tissue – they deposit some dose 

on the way to the tumor, the largest amount of dose at the end of their range (e.g. in the tumor) (at 

the Bragg peak; Figure 5), then little to no dose beyond [65,66,68]. Therefore, depending on the 

patient anatomy and the location of the tumor, it is often possible to create proton therapy treatment 

plans that spare organs at risk better than more conventional radiotherapy with photons. Treatment 

planning comparison studies and clinical series have shown advantages of proton therapy for both 

Hodgkin lymphoma [69–85] and thymic cancer [86–90]. 

 

 

Figure 5. Multiple proton Bragg peaks (black) added together to provide uniform dose coverage from approximately 21-26 cm in 

depth (red) [65] (Figure 2 from Alfred R Smith 2006 Phys. Med. Biol. 51, reprinted with permission). 

 

While proton therapy has theoretical dosimetric advantages, it also has a few uncertainties 

associated with biological effects and delivery, which are highly relevant when considering 

mediastinal irradiation [91,92]. One source of uncertainty in proton therapy is range uncertainty, 

which causes uncertainty in how deep in the body the protons deposit dose. The conversion of the 

CT number to proton stopping power has uncertainty [93], which causes some range uncertainty 

in the patient (Figure 6). In addition, patient positioning uncertainties not only impact the dose 

deposition in the direction of the patient shift (perpendicular to the proton beam), but also in depth 

in the patient due to differences in density along the proton’s path (Figure 7). Furthermore, when 

protons traverse a path parallel to an interface of high and low density tissue, scattering causes 

some of the protons to have a shorter or longer path than expected, causing range straggling [66]. 

Range uncertainties from the conversion of the CT number to stopping power and from patient 
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positioning errors can be estimated and/or mitigated in modern commercial proton treatment 

planning systems.   

 

 

Figure 6. Example of the effect of -4.5% uncertainty in the Hounsfield unit (CT number) to proton stopping power calibration 

curve (bottom) for a patient with thymoma compared to the nominal plan (top). The increase in proton range can be seen in the 

vertebra (yellow arrow), where the 1 Gy dose level is 4 mm deeper than in the nominal plan.  
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Figure 7. Example of the effect of a 5 mm lateral shift for a patient with thymoma compared to the nominal plan (top). A lateral 

shift of the patient relative to the proton beams causes the range of protons to change and exposes the patient’s right lung to a 

higher dose of radiation (yellow arrow). 

 

In addition to uncertainties in proton range, there are also uncertainties associated with the 

biological effect of proton therapy [94], which is a topic of concern for the use of proton therapy 

for disease sites such as lymphoma [91]. Proton therapy has a slightly larger biological effect than 

photon therapy for the same measured physical unit of dose [95]. Historically, a uniform correction 

over the entire proton dose distribution of 1.1 has been used [96]. However, the relative biological 

effectiveness (RBE) is known to vary with energy of the proton, increasing towards the end of the 

proton range where the proton energy is low [97]. This is because the RBE is dependent on the 

linear energy transfer (LET) of the proton (among other factors). LET can be calculated from the 

proton’s energy and is largest for low energy protons (Figure 8) [97,98]. A few studies have shown 

tissue changes on CT or MRI after radiotherapy that suggest that there might be biological changes 

that are consistent with a variable RBE [99,100]. There are radiobiological models to calculate 

variable RBE that use physical dose, LET, and properties of the tissue (alpha/beta ratio [101]) to 

estimate the RBE [102]. Some commercial treatment planning systems are beginning to allow the 

calculation and visualization of LET, but variable RBE models are uncertain and are not yet 

implemented in clinical routine. 
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Figure 8. Proton LET as a function of proton energy, showing increased LET with decreasing proton energy [97,98] (Figure 2 

from Harald Paganetti 2014 Phys. Med. Biol. 59, reprinted with permission). 

 

2.3.3 Deep Inspiration Breath Hold 

Tumors in the thorax, including the mediastinum, and the abdomen move when the patient breathes 

[103]. Various motion management techniques are available to mitigate the impact of breathing 

motion in radiotherapy [103] such as motion suppression [104,105], tracking [106,107], 

rescanning (for pencil beam scanning proton therapy) [108–110], gating with free breathing [111], 

and gating with breath hold [112,113]. One widely used motion management technique is deep 

inspiration breath hold (DIBH) [113–115]. There are multiple commercial solutions for monitoring 

breathing and breath hold, including systems that use surface scanning of the patient’s body (e.g. 

Catalyst, C-RAD; AlignRT, VisionRT), an external marker (e.g. Real-time Position Management 

(RPM), Varian Medical Systems), or the volume of air inhaled (e.g. Active Breathing Coordinator 

(ABC), Elekta; SpiroDynr’X (SDX), Oncology Imaging Systems). At Rigshospitalet, the external 

marker method (Varian RPM) is clinically implemented for DIBH monitoring, which gives visual 

feedback to the patient to assist with repeating breath holds at the same level. Patients receive 

coaching before being scanned or treated in breath hold, and are instructed to take a comfortably 

deep breath and hold it for at least 20 seconds [116]. DIBH increases lung volume and moves the 

heart inferiorly and has been shown to reduce the dose to critical organs for mediastinal tumors 

relative to treatment in free breathing [40,113,117–120]. DIBH may also improve the quality of 

the CBCT used for daily setup [121,122]. 

 

2.3.4 Biological Optimization 

Inverse optimization based on radiation dose is the current standard method for how radiotherapy 

treatment plans are created. In this type of optimization, basic properties of the treatment plan (e.g. 

number of arcs or beams, and their corresponding angles) are set manually, then constraints or 

objectives for doses to contoured regions of the body are given to the optimizer with some 
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weighting or importance. For example, typical objectives for a PTV would be to provide a 

minimum and maximum dose of just below and above the prescription dose. Typical objectives 

for organs at risk would be a maximum dose (e.g. no more than 45 Gy to the spinal cord [123]), 

or a dose-volume constraint such as no more than 20 Gy to 20% of the lungs [10]. With these 

objectives and the manually chosen properties of the plan, the optimizer chooses the details of how 

the radiation will be delivered.  

Radiation dose objectives and constraints are used for treatment plan optimization because dose 

correlates with biological effect (such as tumor control or normal tissue toxicity). It has been 

proposed that optimization could be performed directly on the estimated biological effect instead 

of on the dose [124–128]. While dose-effect relationships do contain uncertainty (and can depend 

on other patient-specific modifiers such as comorbidities or chemotherapy), this type of 

optimization could be a more direct way to achieve optimal treatment plans for the desired 

biological endpoints. In biological optimization, dose is first converted to the probability of given 

biological effects, and objectives for the effects are given to the optimizer. 

For Hodgkin lymphoma, dose-effect relationships can be found in the literature for both tumor 

control [34,129,130] and toxicity [5,15,16,20,21]. It is often difficult to prioritize between 

protecting different organs at risk for patients with Hodgkin lymphoma, and in some patients, the 

risk of treatment might outweigh the benefits. Furthermore, for some patients, dose constraints are 

easily achieved, and a plan might be accepted for treatment that could have been further improved. 

Biological optimization could take these factors into account and find the best compromise for 

each patient. A tool to evaluate biological endpoints has been developed [131], but direct 

incorporation of such models into the optimization process has not yet been explored for patients 

with Hodgkin lymphoma. 
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3. Aims 

The purpose of this dissertation was to investigate the impact of the application of these modern 

techniques, with the objective of learning how to best utilize them to reduce the risk of side effects 

for patients treated for cancer in the mediastinum. The aims of this thesis range from very applied 

to more exploratory. 

 

Aim 1: Determine the treatment margins needed for patients with mediastinal lymphoma treated  

            at our institution with DIBH and daily CBCT (Paper I). 

 

Aim 2: Investigate the impact of DIBH and proton therapy, alone and in combination, for patients  

            with Hodgkin lymphoma and thymic cancer (Papers II and III). 

 

Aim 3: Investigate biological uncertainties due to proton LET for pediatric patients with Hodgkin  

            lymphoma for different proton beam arrangements (Paper IV). 

 

Aim 4: Minimize the risk of both tumor recurrence and mortality from late effects by using an  

            optimizer to create biologically optimized plans for patients with Hodgkin lymphoma 

            (Paper V). 
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4. Summary of Methods and Results 

4.1 Aim 1 Methods and Results 

4.1.1 Aim 1 Methods: Margin Analysis (Paper I) 

Aim 1 was to determine the treatment margins needed for patients with mediastinal lymphoma 

treated with photon therapy at our institution with DIBH and daily CBCT (Paper I). To accomplish 

this aim, we sought to quantify the uncertainties in the radiotherapy process for this patient group 

at our hospital. DIBH was implemented clinically at Rigshospitalet for patients with mediastinal 

lymphoma in 2012. At that time, the standard IGRT approach was to do CBCT in DIBH weekly 

and kV images on other days. Recently, the standard IGRT approach at our hospital has 

transitioned to daily CBCT in DIBH for mediastinal lymphoma patients, but an updated margin 

analysis had not been performed. 20 consecutive previously treated patients with mediastinal 

lymphoma treated with photon therapy in DIBH between 2016-2017 were selected for this study. 

Through a retrospective offline review of IGRT CBCT scans and consulting the literature, we 

calculated the CTV-to-PTV margin for this patient group. The uncertainties we included in the 

calculation were inter-fraction positioning uncertainty, intra-fraction motion, and contouring 

uncertainty. 

 

Positioning Uncertainty 

Positioning uncertainty was assessed through comparison of online and offline registration of 

CBCTs (Clinac, Aria 13.6, Varian Medical Systems). Offline registration was performed for 4 to 

5 CBCTs for each patient spaced throughout their treatment course and compared to the online 

registration. The difference between online and offline registrations was taken as the residual error. 

Overall positioning uncertainties for all patients were calculated as the root mean square (random) 

and the standard deviation of the means for each patient (systematic) for each anatomical direction 

[62]. 

 

Estimation of Contouring and Intra-fractional Uncertainties 

Contouring uncertainty remains one of the largest sources of uncertainty in radiotherapy [132]. 

Despite this general agreement, including contouring uncertainty into margin formulas is 

controversial. Many institutions do not include contouring uncertainty in margin calculations, even 

though margin formulas are designed to incorporate it [62]. In previous work, we have estimated 

the contouring uncertainty to be 3 mm in this patient group [133]. To investigate the impact of 

different assumptions of contouring uncertainties on margins, we also considered contouring 

uncertainties of 0, 1, 2, and 4 mm. 

Intra-fractional motion uncertainty was also estimated from the literature. Due to a lack of 

published data for mediastinal lymphoma, intra-fractional uncertainty was estimated from breast 

cancer patients treated in DIBH [134]. We assumed 1.6 mm and 3.0 mm for random, and 0.8 mm 

and 1.1 mm for systematic uncertainties in the lateral/anterior-posterior and superior-inferior 

directions, respectively. 
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Margin Formula 

The complex margin formula from van Herk et al [62] was used to calculate the PTV margin 

required to provide 95% dose coverage of 90% of the patients. 

𝑚𝑝𝑡𝑣 = 2.5∑ + 1.64√𝜎2 + 𝜎𝑝2 − 1.64𝜎𝑝 

where mptv represents the PTV margin from the CTV, Σ represents the systematic uncertainty, σ 

represents the random uncertainty, and σp represents the penumbra (we assumed 3.2 mm for soft 

tissue and 6.4 mm for lung tissue for 6 MV photons). The systematic uncertainty Σ included 

uncertainties from positioning (assessed with offline registration), intra-fractional motion, and 

contouring, which were added in quadrature. The random uncertainty σ included uncertainties 

from positioning (assessed with offline registration) and intra-fractional motion and were added in 

quadrature. 

4.1.2 Aim 1 Results: Margin Analysis (Paper I) 

In paper I, our main finding was that approximately 9-11 mm CTV-to-PTV margins are needed 

for mediastinal lymphoma patients treated at our institution using DIBH and daily CBCT using 

photon radiotherapy, assuming 3 mm contouring uncertainty. When other values of contouring 

uncertainties were assumed (ranging from 0 to 4 mm), the resulting margins varied greatly (Table 

1).  

 

Table 1. CTV-to-PTV margins for patients with mediastinal lymphoma treated with DIBH and daily IGRT for different assumed 

contouring uncertainties for a target abutting soft tissue (or lung tissue in parentheses). 

Assumed 

Contouring 

Uncertainty 

(mm) 

CTV-to-PTV margin (mm) 

LAT AP SI 

0 
4.2 

(3.7) 

4.0 

(3.4) 

6.0 

(5.1) 

1 
5.1 

(4.6) 

4.9 

(4.4) 

6.7 

(5.8) 

2 
7.0 

(6.5) 

6.9 

(6.4) 

8.4 

(7.5) 

3 
9.2 

(8.7) 

9.1 

(8.6) 

10.6 

(9.6) 

4 
11.6 

(11.1) 

11.5 

(11.0) 

12.8 

(11.9) 
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4.2 Methods and Results Aim 2 

4.2.1 Aim 2 Methods: DIBH and Proton Therapy for Hodgkin Lymphoma and Thymoma 
(Papers II and III) 

Aim 2 was to investigate the impact of DIBH and proton therapy, alone and in combination, for 

patients with Hodgkin lymphoma and thymoma. Denmark has recently gained access to proton 

therapy at the Danish Centre for Particle Therapy in Aarhus and there is a need to identify the 

patient groups who could benefit the most from proton therapy. It is known that the use of DIBH 

offer dosimetric benefits for patients with mediastinal tumors like Hodgkin lymphoma and 

thymoma [118,119,135], but it is unknown how the potential benefit of proton therapy would 

compare to DIBH (a much less expensive technology), or how proton therapy could benefit these 

patient groups in combination with DIBH. Therefore, we performed retrospective treatment 

planning studies for both patient groups to compare these techniques, alone and in combination. 

Differences in treatment planning techniques reflect not only the different disease sites, but also 

the collaborating institution’s practices and the years in which the studies were conducted. All 

treatment planning was completed in Eclipse (Varian Medical Systems). 

 

Paper II: DIBH and Proton Therapy for Hodgkin Lymphoma 

22 patients with early-stage mediastinal Hodgkin lymphoma from a previous prospective trial 

(Danish ethics approval H-D-2007-0069)[119] who had both free breathing and DIBH scans were 

selected for this study. 4 plans were created for each patient: intensity modulated (photon) 

radiotherapy (IMRT) in free breathing, IMRT in DIBH, proton therapy in free breathing, and 

proton therapy in DIBH. The prescription dose was 30.6 Gy (Gy (RBE) for protons, assuming an 

RBE of 1.1) in 17 fractions to the initially involved volume [44]. Clinical priorities for treatment 

planning in order of highest to lowest were 1) PTV coverage, 2) reduction of the mean dose to the 

heart and lungs, and 3) reduction of the mean dose to the breasts (for females). Additional 

objectives were used during optimization as needed for each patient to reduce the dose to normal 

tissues as much as possible. 

IMRT plans were created following the clinical procedure at Rigshospitalet and recommendations 

of the International Lymphoma Radiation Oncology Group (ILROG) [44]. CTV-to-PTV margins 

were 1.5 cm in the superior-inferior direction in the mediastinum and 1 cm in other directions for 

free breathing and 1 cm in all directions for DIBH. The number of fields was usually 5 (range 4-

7), most often with 6 MV, but occasionally supplementing with 18 MV (10 MV is not available at 

our institution). Beam angles were chosen to reduce dose to organs at risk (OARs) as much as 

possible. 

Proton plans were created with guidance from Ron Zhu, Bouthaina Dabaja, and their team at MD 

Anderson Cancer Center, Texas, USA. PTVs were used for proton planning as well; however, 

since uncertainties in positioning and CT-calibration cause uncertainties in proton range and dose 

distribution differently than for photons, special considerations were made for the proton PTVs. 

For each beam angle for each patient, the beam-specific range uncertainties were calculated 

following the formula from MD Anderson Cancer Center: 3.5% of the range to the distal edge of 

the CTV plus 3 mm. If the PTV margin was larger than the calculated beam-specific range 

uncertainty in that direction, the PTV margin was unchanged. If the PTV margin was smaller than 

the calculated beam-specific range uncertainty in that direction, the PTV was expanded to 

incorporate the uncertainty. In most cases, the PTV was unchanged, but was expanded by 1-2 mm 

in a few cases. The method of using the photon PTV or larger (but never smaller) was chosen to 
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be conservative for the comparison between proton therapy and photon therapy. An anterior-

posterior, posterior-anterior (AP PA) beam arrangement was used and spot scanning, single field 

optimization (SFO) (which aims to make the dose from each beam uniformly cover the target) was 

used for most patients. For patients with involved nodes surrounding the heart, beam-specific 

PTVs and multifield optimization (MFO) (which allows inhomogeneous contributions from 

different beams and for different beams to cover different parts of the overall target) was used to 

avoid entrance dose through the heart. Stray neutron doses were estimated and added to proton 

therapy doses manually after treatment planning [81,136]. 

We selected the most recent and most relevant studies available in the literature for risk models, 

using data for Hodgkin lymphoma patients where available. From these studies, hazard ratios 

(HRs) per Gy were estimated from the literature for heart failure [5], myocardial infarction [5], 

valvular heart disease [15], lung cancer [20], breast cancer [21] (for females) (Table S1 in Paper 

II). 

To convert doses to an estimation of the impact of the side effects on life expectancy after 

treatment, the life years lost (LYL) was calculated for each plan [137]. The LYL is the estimated 

reduction in life expectancy due to late effects from radiotherapy, and includes the age at radiation 

exposure, the patient’s sex, and the prognosis of the late effects. Heart failure, myocardial 

infarction, valvular heart disease, lung cancer, and breast cancer were included in the LYL 

calculation, following the methodology of Brodin et al [137] (calculations were performed in 

Matlab version 2016b, The MathWorks, Inc, Natick, MA). 

 

Paper III: DIBH and Proton Therapy for Thymic cancer 

21 consecutive thymic cancer patients treated with curative intent between 2012-2017 who had 

both free breathing and DIBH scans were selected for this study. 4 plans were generated for each 

patient: volumetric modulated (photon) radiotherapy (VMAT) in free breathing, VMAT in DIBH, 

proton therapy in free breathing, and proton therapy in DIBH. The prescription dose was 50 Gy 

(Gy (RBE) for protons, assuming an RBE of 1.1) in 25 fractions for all patients for the base 

analysis (a subgroup of patients with residual or unresectable disease was also planned to a higher 

dose of 60 Gy in 30 fractions). For both VMAT and proton therapy, clinical priorities and 

dosimetric constraints during treatment planning were guided by the PROthym thymoma trial in 

Sweden [138]. Priorities during planning were ranked as: 

• Spinal cord maximum dose < 48 Gy (RBE)  

• Lung (total) V20Gy(RBE) < 35% 

• Esophagus mean dose < 45 Gy (RBE) 

• CTV D98% >95% 

• PTV (if PTV used) D2%<105%, D98%>95% 

• Heart as low as possible 

Approximately 2/3 of the patients had metal wires or clips near the target, but the Hounsfield units 

(HUs) in the CT scans did not extend to the metal range. While this was not considered a problem 

clinically for photon therapy planning, proton planning is more sensitive to metal objects and large 

density changes. To address this issue, an extended range CT calibration curve was created 

[139,140], and all patient scans were duplicated and reassigned the high density calibration curve. 

The stainless steel wires in the sternum and titanium surgical clips were contoured and overridden. 

5300 HU was chosen for stainless steel, which corresponded to half the stopping power relative to 
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water [139,140]. This choice was made due to the very small diameter of the 0.8 mm wires, where 

the true thickness of the wire was not possible to contour, but twice the thickness was feasible 

using thresholding. 8066 HU was used for titanium clips [139,140], which were contoured 

manually. Intravenous contrast was also overridden and assigned a density of 50 HU. 

VMAT plans were created using a 1 cm CTV-to-PTV margin for all patients and 2 full or partial 

6 MV arcs. Acuros was used for dose calculation. VMAT plans were considered to have adequate 

coverage if D98% to the PTV was greater than 95% of the prescription dose. 

Proton plans were created with guidance from collaborators Anna Bäck and Jan Nyman from 

Sahlgrenska University Hospital, Gothenburg and Skandionkliniken, Uppsala, Sweden. Instead of 

planning to a PTV, robust optimization to the CTV was used assuming 5 mm positioning 

uncertainty and 4.5% CT calibration uncertainty. For most patients without metal, two AP oblique 

beams were used (e.g. 10 and 350 degrees), but beam angles depended on patient anatomy. For 

patients with metal wires, 3-4 beams were usually used, mostly in an anterior-oblique arrangement, 

but occasionally from lateral or posterior angles depending on anatomy or difficulty of achieving 

dose coverage of the CTV. Spot scanning using MFO with robust optimization was used and robust 

analysis was performed. Proton plans were considered adequately robust if the CTV passed the 

dosimetric criteria of D98% to the CTV receiving greater than 95% of the prescription dose for 10 

of 12 robustness test cases at the 4.5%, 5 mm uncertainty level. 

 

4.2.2 Aim 2 Results: DIBH and Proton Therapy for Hodgkin Lymphoma and Thymoma 
(Papers II and III) 

Paper II: Hodgkin Lymphoma 

In Paper II, our main finding was that proton therapy in DIBH generally yielded the lowest doses 

to OARs and lowest LYL, and that IMRT in free breathing yielded the plans with the highest doses 

to OARs and highest LYL. However, when proton therapy in free breathing was compared to 

IMRT in DIBH, the differences were not statistically significant. Therefore, when deciding 

between those two combinations of techniques, a patient-specific plan comparison could determine 

the best option for each individual patient. Average dose-volume histograms for the heart and 

lungs are shown in Figure 9, and the LYL for two example patients are shown by complication 

type in Figure 10. 
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Figure 9. Mean DVHs for all patients for each technique. In general, DIBH slightly reduced the volume of heart and lung for all 

dose levels relative to free breathing (FB) and proton therapy reduced the volume of heart and lung exposed to a lower dose 

relative to IMRT [141]. 
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Figure 10. Life years lost (LYL) by complication type for two example patients [141]. 

 

Paper III: Thymic cancer 

We compared 4 different techniques for patients with thymic cancer (VMAT in free breathing, 

VMAT in DIBH, IMPT in free breathing, and IMPT in DIBH) and found that the use of IMPT 

generally had the largest impact on reducing the doses to OARs, with both free breathing and 

DIBH (Table 2). 
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Table 2. Dose/volume metrics for the organs at risk (OARs) investigated in this study for all patients in this study for each 

technique. Breast doses are only shown for female patients. (See paper III for statistical analysis.) 

  
Technique 

Organ at 

Risk 

Dose 

Metric         

VMAT FB 

(mean (range)) 

VMAT DIBH 

(mean (range)) 

IMPT FB 

(mean (range)) 

IMPT DIBH 

(mean (range)) 

Lungs 

Mean Dose 

(Gy 

(RBE)) 

14.3 (8.2-26.6) 11.8 (6.6-20.9) 6.8 (2.3-17.6) 5.7 (2.4-13.3) 

V20Gy(RBE) 

(Fractional 

Volume) 

0.2 (0.10-0.6) 0.2 (0.07-0.5) 0.13 (0.04-0.4) 0.11 (0.03-0.3) 

V5Gy(RBE) 

(Fractional 

Volume) 

0.7 (0.5-0.99) 0.6 (0.4-0.9) 0.3 (0.09-0.7) 0.2 (0.12-0.5) 

Heart 

Mean Dose 

(Gy 

(RBE)) 

15.7 (1.8-32.5) 13.9 (0.6-33.5) 10.5 (0.7-31.2) 9.7 (0.0-29.9) 

V20Gy(RBE) 

(Fractional 

Volume) 

0.3 (0.01-0.6) 0.3 (0.0-0.7) 0.2 (0.01-0.7) 0.2 (0.0-0.6) 

Esophagus 

Mean Dose 

(Gy 

(RBE)) 

17.2 (8.0-40.1) 15.5 (5.5-42.9) 9.5 (0.2-40.6) 10.4 (0.2-35.7) 

D2cc (Gy 

(RBE)) 
32.6 (14.5-52.0) 30.4 (12.3-50.1) 23.7 (0.7-50.0) 25.7 (0.7-50.3) 

Spinal 

Cord 
Dmax (Gy 

(RBE)) 
21.1 (9.1-36.6) 18.8 (7.1-43.8) 5.6 (0.02-25.8) 8.6 (0.03-39.7) 

Breasts  

Mean Dose 

(Gy 

(RBE)) 

9.1 (2.6-16.2) 10.5 (3.3-18.6) 3.3 (0.2-10.6) 3.6 (0.3-11.8) 

Body 

Integral 

Dose (Gy 

(RBE)*L) 

150.8 (64.2-

423.3) 

160.4 (63.0-

430.5) 

69.3 (24.1-

246.0) 

76.0 (28.5-

267.4) 

Abbreviations: Volumetric modulated arc therapy (VMAT), intensity modulated proton therapy (IMPT), free 

breathing (FB), deep inspiration breath hold (DIBH), fractional volume receiving dose level x (Vx), dose to 2 cc of a 

structure D2cc, maximum dose to a structure (Dmax), liter (L). 

 

4.3 Methods and Results for Aim 3 

4.3.1 Aim 3 Methods: Proton LET and RBE for Hodgkin Lymphoma (Paper IV) 

Aim 3 was to investigate biological uncertainties due to proton LET for pediatric patients with 

Hodgkin lymphoma for different proton beam arrangements (Paper IV). While the LET and 

therefore the RBE of proton therapy is known to vary, especially at the end of range [95,142–144], 

the impact of these uncertainties, to our knowledge, has not yet been investigated for lymphoma 
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patients. We aimed to quantify the impact of this uncertainty and explore the impact of different 

beam arrangements on the result. 3 pediatric patients with mediastinal lymphoma who were part 

of the TEDDI protocol [145] (Danish protocol number H-16035870, clinicaltrials.gov identifier 

NCT03315546) were selected for this study. 

 

Treatment Planning 

3 to 4 proton plans were created for each patient to investigate how the distribution of LET or RBE 

weighted dose changed with different beam angles (Figure 11): 

• 1 beam: AP (0 degrees) 

• 2 beams: AP-oblique (+/- 10 degrees from 0) 

• 2 beams: wide AP-oblique (+/- 30 degrees from 0) (only for 1 male patient) 

• 3 beams: AP-oblique (+/- 10 degrees from 0) and PA 

 

Figure 11. Beam arrangements used for treatment planning to investigate the distribution of LET for pediatric Hodgkin 

lymphoma patients. The wide AP-oblique beam arrangement (bottom left) was only used for the male patient. The CTV is shown 

in pink. 

 

Planning was performed using spot scanning proton therapy with robust optimization to the CTV. 

SFO was used in most cases, but MFO was used for the 3-field plan for one patient who had target 

surrounding the heart. Robustness was optimized and evaluated with the assumption of 3.5% HU 

uncertainty and 5 mm positioning uncertainty. Priorities during planning were first CTV coverage, 
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then to reduce the dose to the heart and lungs as much as possible. Cardiac chambers, cardiac 

arteries, and female breasts were also contoured for analysis but were not used during optimization. 

 

LET and RBE Calculation 

The proton treatment plans created at Rigshospitalet were anonymized, exported, and imported to 

the system at Manchester in collaboration with Edward Smith and Adam Aitkenhead from the 

PRECISE research group, University of Manchester, Manchester, UK. Plans were pre-processed 

for file compatibility and exported to the AUTOMC Monte Carlo system, based in the Monte Carlo 

system Geant4 (Geometry And Tracking) [146] and the GATE (Geant4 Application for Emission 

Tomography)[147] toolkit. Monte Carlo simulations were run with an uncertainty of 1% in the 

high dose region and physical dose and dose-averaged LET were tracked. In order to convert LET 

into dose, the McNamara formula for variable RBE (vRBE) [143], with an assumed alpha/beta 

ratio of 2 Gy [101], was applied in post-processing step. Then matrices of LET, physical dose, 

vRBE, and vRBE-weighted dose were converted into DICOM format and imported back into the 

treatment planning system at Rigshospitalet for visualization and comparison. 

 

4.3.2 Aim 3 Results: Proton LET and RBE for Hodgkin Lymphoma (Paper IV) 

We found that, for the 3 pediatric patients with mediastinal Hodgkin lymphoma in our study, LET 

generally decreased as the number of beams increased (Figure 12). 
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Figure 12. Near-maximum dose-averaged LET for OARs for different beam arrangements for the 3 patients in this study. OARs 

are listed in the order: body, spinal cord (Spinal…), esophagus, lungs, heart, left ventricle (L Vent), right ventricle (R Vent), left 

atrium (L Atrium), right atrium (R Atrium), circumflex artery (Cx), right coronary artery (RCA), left anterior descending artery 

(LAD), left main coronary artery (LMCA), breasts (for females).  

 

When we converted physical dose and LET into vRBE weighted dose [143], we did not find 

clinically concerning differences for any beam arrangement. Most of the difference between the 

vRBE weighted dose and the TPS dose was from the use of Monte Carlo (Figures 13 and 14). 
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Figure 13. Dose difference distributions for patient 1 for plans with 1, 2, and 3 fields. The dose difference scale is from -2 to 2 

Gy (RBE) (regions of black or clear are beyond the scale) and the CTV is shown in pink. 
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Figure 14. Mean and near-maximum (0.01cc) dose differences between MC dose with either fixed RBE of 1.1 or vRBE and the 

TPS dose with fixed RBE of 1.1 for patient 1. OARs are listed in the order: body, spinal cord (Spinal…), esophagus, lungs, heart, 

left ventricle (L Vent), right ventricle (R Vent), left atrium (L Atrium), right atrium (R Atrium), circumflex artery (Cx), right 

coronary artery (RCA), left anterior descending artery (LAD), left main coronary artery (LMCA), breasts (for females). 

 

 

4.4 Methods and Results for Aim 4 

4.4.1 Aim 4 Methods: Biological Optimization for Hodgkin Lymphoma (Paper V) 

Aim 4 was to investigate a novel planning strategy for lymphoma, aiming to directly minimize the 

risk of both tumor recurrence and mortality from late effects by using an optimizer to create 

biologically optimized plans (Paper V). We collaborated with Arezoo Modiri and Amit Sawant 

from The University of Maryland, Baltimore, Maryland, USA who developed an in-house 

optimization algorithm [148] that could be adjusted and further developed for this study. We 

selected 34 patients with early-stage mediastinal Hodgkin lymphoma, who were older than 15 

years, treated between 2005-2010, and were part of a previous retrospective study [149,150] 

Pre-planning 

Pre-planning before biological optimization was completed in a commercial treatment planning 

system (TPS) to provide beam options to the optimizer. 16 photon beam angles were used per 

patient with 4 fields per beam angle: 1 open, 3 subfields (Figure 15). 6 MV was mostly used, but 

18 MV was used for two patients. Preliminary doses were calculated in the TPS with equal beam 
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weighting. Pre-plans and doses were exported to an in-house code for further optimization as 

described below. 

 

 

Figure 15. Beam options available to the optimizer created during pre-planning. A. Beam angles. B-E. Open and sub-fields for 

each beam angle. 

 

Previously created (3-dimensional conformal radiotherapy) 3DCRT (clinical, most often AP-PA 

beam arrangement) and 2-arc VMAT [150] plans were also used for comparison. The prescription 

dose was 30.6 Gy in 17 fractions, and all plans were normalized to 30.6 Gy to the mean of the 

CTV to provide a consistent dose level for comparison in this study. 

 

Outcome Modeling and Biological Optimization 

To model the outcome of various endpoints, we selected the most recent follow-up studies 

available for patients who were treated for Hodgkin lymphoma. Hazard ratios (HRs) per Gy were 

estimated for secondary lung cancer, breast cancer (for females), coronary heart disease, and the 

risk of recurrence.  

To model recurrence, progression free survival (PFS) at 5 years was obtained from randomized 

trials for different dose levels [34,129,130]. The hazard ratios (HRs) for 0 Gy (no radiotherapy) 

and 20 Gy were determined relative to 30.6 Gy, and the ‘ideal’ PFS at 5 years (for 30.6 Gy) was 

estimated to be 0.872. To avoid rewarding doses higher than 30.6 Gy, the dose to the CTV was 

calculated as a ‘capped’ mean dose, where any voxels above 30.6 Gy were set equal to 30.6 Gy. 

In addition, the generalized equivalent uniform dose (gEUD) concept was used for the dose to the 

CTV [151]. For the base analysis the gEUD parameter a was set to 1, but the parameter was also 

varied for sensitivity analysis.  
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To model normal tissue complications, HRs were estimated for secondary lung cancer [20], breast 

cancer [21] (for females), and coronary heart disease [16] (Table S1 in Paper V)), following a 

similar methodology to the LYL method [137] in Paper II. 

To directly optimize on these concepts and create outcome-optimized (O-OPT) plans, penalty 

functions based on the risk models were created. The penalty function for the risk of disease 

recurrence was the difference of the plan-specific PFS from the ‘ideal’ PFS. The penalty function 

for normal tissue complications was the risk of the complication modulated by a mortality factor. 

The penalty functions for disease recurrence and mortality from normal tissue late effects were 

combined into a total objective function that was a proxy for “overall outcome.” For details on 

models and penalty functions, see Paper V. 

Optimization was performed with the Maryland in-house particle swarm optimization engine, 

implemented in MATLAB (R2016a, MathWorks, Matick, MA) [148]. The output of the optimizer 

was a list of monitor unit (MU) settings for each beam which defined the O-OPT plan for that 

patient. If the optimizer created a plan that was equal in risk or higher than the clinical 3DCRT 

plan, the clinical 3DCRT plan was chosen as the O-OPT plan. 

To visualize the sensitivity of our results to model parameterization and optimization settings, we 

performed a sensitivity analysis for a few scenarios. First, an extreme value of -22 for the gEUD 

parameter was used for optimization for 9 patients to investigate the impact of setting a high 

importance on the minimum dose to the CTV. Then, for one patient, O-OPT plans were optimized 

for a range of values of the gEUD parameter and, conversely, the risk of recurrence for a range of 

values of the parameter was recalculated for when the value of 1 was assumed during optimization 

but was ‘incorrect.’ Finally, while the base analysis in this study focused on O-OPT plans that 

were optimized purely to minimize the total objective function, we also created (i) an O-OPT plan 

with a requirement that ≥90% of CTV receive the prescription dose and (ii) an O-OPT plan with 

a requirement of maximum dose of ≥40 Gy to avoid hot spots.  

 

4.4.2 Aim 4 Results: Biological Optimization for Hodgkin Lymphoma (Paper V) 

In Paper V, we found that biological optimization for lymphoma patients could benefit some, but 

not all, patients in our study relative to VMAT or clinical 3DCRT plans (Figure 16). In addition, 

we found that, for patients who had a large benefit from biological optimization, outcome-

optimized (O-OPT) plans were substantially different than the clinical routine, and made large 

sacrifices to tumor coverage to lower dose to the heart and lungs (Figure 17). Furthermore, 

sensitivity analysis of our methods revealed large differences in both plan outcome (Figure 18) 

and estimated risk of recurrence, depending on which parameters were chosen during optimization 

or calculation.  
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Figure 16. Total risk (recurrence and mortality from late effects) for each patient for each type of plan: clinical (CLN) 3DCRT, 

VMAT, and O-OPT (assuming no cardiac risk factors (CRF)). Patients are sorted by VMAT risk. Total risk includes risks of 

recurrence and mortality from lung cancer, breast cancer (females), and coronary heart disease. 
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Figure 17. Example of a patient with a large benefit from outcome-optimized (O-OPT) planning compared to the clinical 

3DCRT plan, where the inferior target coverage was sacrificed to reduce the dose to the heart and lungs. The CTV is shown in 

pink and the heart is shown in yellow. 
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 Figure 18. Dose-volume histograms (DVHs) showing the difference in O-OPT plans (CRF=0 with hot-spot avoidance 

requirement) with respect to gEUD parameter choice in target model for O-OPT planning for one patient (patient 25). The DVHs 

from the clinical 3CDRT plan are shown in dotted lines. 
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5. Discussion 

This thesis was designed to investigate how we can use existing and future technologies to provide 

the best possible radiotherapy with the lowest possible doses to normal tissues for patients with 

mediastinal disease.  

In aim 1, we calculated the CTV-to-PTV margin for patients with mediastinal lymphoma treated 

at our institution with photon therapy, DIBH, and daily CBCT. A limitation of this work was the 

estimation of contouring and intra-fractional uncertainties from the literature. Contouring 

uncertainty was estimated from lymphoma patients, but in free breathing [133]. Intra-fractional 

motion uncertainty was estimated from breast cancer patients treated in DIBH [134], not 

lymphoma patients. It would have been more ideal to have used data that matched our patient 

group in both tumor type and treatment techniques, but that data was not available. The inclusion 

of contouring uncertainty into margin calculations remains controversial, and we evaluated the 

margins with a range of assumed values for contouring uncertainty (including 0 mm). We also 

recognize that margin recipes are only one approach to the issue of geometric uncertainties in 

radiotherapy, and they are designed to prioritize target coverage. An alternative approach to 

balancing target coverage and dose to normal tissue could be probabilistic planning [152,153], 

which we did not investigate here. 

In aim 2, we investigated the potential of DIBH and proton therapy to reduce the dose to normal 

tissue for patients with Hodgkin lymphoma and thymic cancer. One limitation of our methods for 

these studies was that we did not have access to 4-dimensional CT (4DCT) scans, only free 

breathing or DIBH scans. Therefore, the extent of breathing motion in free breathing was not able 

to be accounted for and internal target volumes (ITVs) could not be created. In the study with 

Hodgkin lymphoma patients, breathing motion was accounted for by using an additional 5 mm for 

the margin in the superior-inferior direction for the free breathing scans [44]. However, while a 

larger margin for free breathing is used clinically at Rigshospitalet, we felt that it might slightly 

bias the treatment planning study towards DIBH. Therefore, in our study for thymic cancer we 

opted to use a uniform 1 cm margin for both free breathing and DIBH. Both approaches have 

advantages and disadvantages, and it is unclear which approach is best. Furthermore, there are 

special considerations for moving targets and proton therapy [66,154–156]. For example, 

anatomical changes during breathing contribute to range uncertainty of the protons, which can 

further increase the dose to normal tissue. Due to lack of 4DCT scans, we were not able to model 

patient-specific breathing motion or the interplay effect for our studies, which could be a factor 

for delivering proton therapy in free breathing [110,157]. Similarly, for proton therapy in DIBH, 

we did not investigate the impact of breaking up a proton treatment field between multiple breath 

holds or the impact of intra-fractional motion, which potentially creates a type of interplay effect, 

but appears to be manageable [158].  

In aim 3, we investigated biological uncertainties in the dose from proton therapy for pediatric 

patients with Hodgkin lymphoma for different beam angles. This study was very small, with only 

3 patients, so can only be considered exploratory. One major limitation of this type of study is that 

the uncertainties of the models and parameters (e.g. the alpha/beta ratio) to calculate vRBE are 

very large, and little consensus exists on what models or parameters to use. Furthermore, multiple 

vRBE models are available in the literature [102,159,160], and more will be developed in the 

future. This type of study should be revisited if new evidence points towards a different vRBE 

model or tissue parameter. Nevertheless, while uncertainties remain, we decided that it would be 

prudent to look for any obvious issues with vRBE weighted dose or LET distribution for this 

patient group, which, at this point, we did not observe.  
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Finally, in aim 4, we designed an optimizer to create biologically optimized (photon) plans for 

patients with Hodgkin lymphoma to minimize the risk of both tumor recurrence and mortality from 

late effects. This study was the most exploratory of the thesis and produced results that were 

unusual when compared to clinical routine. While this was interesting scientifically, the tumor 

control model in our study was not built from data that included partial target coverage, which 

would be very difficult data to produce. Until a tumor control model that has been validated for 

partial target coverage becomes available, an alternative could be to require adequate target 

coverage and optimize only on normal tissue complications. In addition, large maximum doses in 

optimized plans revealed the need for more optimization objectives or constraints to protect the 

patient from acute toxicities or overdoses in regions that were not contoured as an OAR.  

One recent publication has cast a bit of doubt on a central assumption of this thesis: that reducing 

dose to normal tissue reduces the risk of late effect like secondary cancer. That study from 

Schaapveld et al. [27] found that the risk of secondary solid cancer was not lower for patients 

treated for Hodgkin lymphoma in the more recent era (1989-2000) than the earlier eras (1965–

1976 and 1977–1988). Radiation treatments have decreased in both intensity and volume of tissue 

in the more recent eras, so this was a surprising finding. However, their study did not differentiate 

between type of treatment (chemotherapy, radiation, or both) in the analysis of different eras, and 

they used death as a competing risk, even though death rates could differ between eras. The authors 

also point out that it is possible that the less intense radiotherapy regimes may not have been wide-

spread enough in the 1990s to have produced a difference in risk. A similar analysis of treatments 

from the 2000s might yield a different result, but the follow-up data from that era is not yet mature 

enough to analyze. A few subgroups did have a reduced risk: men treated in the most recent era 

were at a reduced risk of secondary lung cancer, and women who had less extensive 

supradiaphragmatic fields were at a reduced risk of breast cancer. The authors concluded that 

patients treated for Hodgkin lymphoma in the 1990s were still at a significant risk of secondary 

cancer, and that further reduction of radiation dose and avoidance of high-dose procarbazine 

chemotherapy is the best way to achieve a reduced risk of secondary cancers. Therefore, while this 

study was surprising and emphasizes the need for further detailed research to better understand 

how changes and developments in cancer therapy effect patients, we will continue to strive to 

reduce radiation dose to normal tissue in the hopes of improving long-term outcomes for cancer 

survivors. 

There are multiple ways this thesis could impact the clinical practice at Rigshospitalet. For 

example, our clinical CTV-to-PTV margin for patients with mediastinal lymphoma treated with 

DIBH and daily IGRT was already 1 cm, so while our study from aim 1 did not revise our practice, 

it provided validation and justification for its continuation. In addition, aim 2 provided insight into 

benefits of DIBH and proton therapy (alone and combined) for patients with mediastinal cancer. 

For patients with Hodgkin lymphoma, our study has inspired an interest in our clinic in proton 

therapy, but specifically in combination with DIBH. For patients with thymoma, our study has 

inspired an interest in our clinic in proton therapy with or without DIBH. We hope that our results 

will be informative when a formal procedure for referring patients with Hodgkin lymphoma or 

thymic epithelial tumors to proton therapy in Denmark is created.  
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6. Conclusions and Future Perspectives 

Through this body of work, we elucidated how to best apply current and future technologies in 

radiotherapy to reduce the doses to OARs for patients with cancer in the mediastinum.  

First, we found that the CTV-to-PTV margin needed for patients with Hodgkin lymphoma treated 

at our institution with the state-of-the-art technologies of IGRT and DIBH is approximately 1 cm. 

Using an appropriate margin for the combination of technologies and clinical practices for a 

specific patient group ensures both target coverage and that normal tissues are protected as much 

as reasonably achievable (by using no larger margin than necessary).  

Margin evaluation is a constantly evolving effort and this conclusion would need to be updated 

with changes in technology, clinical procedures, or available evidence in the literature. For 

example, if newer on-board imaging systems have improved image quality or image matching 

software, or if improvements to patient immobilization are implemented, setup uncertainty would 

need to be reanalyzed. Furthermore, the assumed values for contouring uncertainty or intra-

fractional uncertainty should be updated if data becomes available that better matches this patient 

group and the technologies applied. To address the gap in knowledge of the lack of intra-fractional 

and intra breath-hold uncertainties for this patient group, we have planned and received funding 

for a prospective protocol for patients with mediastinal lymphoma to be treated on the MR-linac. 

Cine MRI images will be acquired to evaluate the position of anatomical features like the sternum, 

heart, and diaphragm throughout the entire treatment. Finally, the concept of a PTV could be 

challenged by other concepts like risk-based or probabilistic planning to consider the probabilities 

of target coverage in balance with probabilities of normal tissue complications. These concepts are 

not dissimilar from what we investigated in aim 4, but as we discussed in that study, detailed and 

validated models must be available for that type of planning to be safe to use clinically. 

Second, we investigated the techniques of DIBH and proton therapy, compared to free breathing 

and photon therapy, for patients with mediastinal Hodgkin lymphoma and thymic cancer. While 

both DIBH and proton therapy appeared to be beneficial to some degree, our conclusions were 

different for the two patient groups. For patients with Hodgkin lymphoma, proton therapy in DIBH 

resulted in the lowest doses to OARs. When proton therapy in free breathing was compared to 

IMRT in DIBH, no statistically significant differences were observed, and there was a large 

variation between patients. For patients with thymic cancer, the use of proton therapy had the 

largest impact on the doses to OARs, and the use of DIBH compared to free breathing did not 

show statistically significant differences. Therefore, if proton therapy was available with free 

breathing (but not with DIBH), and photon therapy was available with DIBH, it is conceivable that 

the best choice between those two options could be different for the two disease sites: photon 

therapy in DIBH could be the best choice for a patient with Hodgkin lymphoma, and proton 

therapy in free breathing could be the best choice for a patient with thymic cancer. 

In my opinion, the results for proton therapy for patients with Hodgkin lymphoma and thymic 

cancers were promising enough to warrant consideration of referral to proton therapy. Therefore, 

one future direction of this work could focus on designing methods for patient selection for these 

two disease sites. To select individual patients, a model-based approach [161,162] could be used, 

and the risk of late effects could be incorporated, especially for young patients. An alternative is 

that patients with Hodgkin lymphoma and thymic cancers could be part of randomized clinical 

trials comparing proton therapy and photon therapy, but there are challenges with the ethics of 

equipoise, the accrual of enough patients for adequately powered studies (especially for thymic 

cancers), and the time before the longer-term results of the trials would be available. 
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Third, we examined one of the uncertainties associated with proton therapy: biological uncertainty 

from LET and vRBE. We investigated the distribution of LET for three patients for different beam 

arrangements and calculated vRBE-weighted dose. While there were differences between the dose 

from the TPS (assuming an RBE of 1.1) and the dose calculated with Monte Carlo with vRBE, the 

differences were not very large, and were mostly from the use of Monte Carlo, not vRBE. 

However, this issue should be revisited in the future if new data regarding vRBE model or tissue-

specific parameters become available. The incorporation of LET and vRBE calculations into 

commercial TPSs is only at the very beginning, and how to apply these models is still under 

discussion. The calculation of LET and vRBE might become routine in the near future, but based 

on our small study, it does not seem to be especially critical to implement for patients with 

mediastinal Hodgkin lymphoma. More critical would be to implement Monte Carlo dose 

calculation into commercial TPSs, which is now becoming available. 

Finally, we investigated biological optimization for patients with Hodgkin lymphoma to minimize 

both tumor recurrence and the risk of mortality from late effects. We found that we could reduce 

the risk for some patients, but there were large uncertainties and sensitivities to models and 

parameterization. Therefore, while this study did not produce a technique that is ready for clinical 

use, it provided a step towards understanding how to apply this type of technique for this patient 

group and the associated uncertainties, limitations, and areas of caution needed in future research. 

To include risk of recurrence in a clinically-viable optimization algorithm that allows partial 

coverage of the CTV, we would need build a model from data in that context. One way to collect 

data on recurrence after partial CTV coverage would be to register rare cases in which a clinician 

made the choice to leave out part if the initially involved volume due to the patient’s history, 

response to treatment, or anatomy. If these rare clinical compromises were logged and registered 

with an international organization like ILROG, it could be possible to eventually complete an 

analysis of how partial radiotherapy coverage of initially involved sites correlates with the risk of 

recurrence. 

Today, efforts to estimate the impact of reductions of dose to OARs on the risk of side effects are 

limited by crude risk models. Many models are built on estimates of mean doses to organs and 

cannot distinguish between a small dose to a large volume or a large dose to a small volume. With 

increasing storage and computing power, the utilization of big data could revolutionize 

radiotherapy risk models and provide levels of detail that could vastly improve our ability to make 

predictions about outcomes. Furthermore, the field of radiomics [163] could identify early imaging 

markers of treatment response and toxicity, and enable us to make personalized decisions about a 

patient’s ongoing treatment or follow-up care.   
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Residual errors and PTV margins for modern radiotherapy for 
mediastinal lymphoma 
 

Abstract:  Radiotherapy for mediastinal lymphoma has changed drastically throughout the years, 

with current practice being smaller volumes treated with lower doses, highly conformal 

distributions and daily imaging commonly used for positioning. In this modern context, an 

assessment of the appropriate planning target margin (PTV) is required. Therefore, we assessed 

the positioning uncertainty for 20 mediastinal lymphoma patients treated in deep-inspiration 

breath hold (DIBH) through offline registration of cone beam computed tomography (CBCT) 

images to the planning CT images. Contouring uncertainty and intrafraction motion uncertainty 

were estimated from the literature. The CTV-to-PTV margin providing 95% dose coverage for 90% 

of the patients was calculated to be approximately 9-11 mm for patients treated at our institution, 

assuming daily CBCT. The results varied greatly depending on the assumed contouring uncertainty 

(range: 3.4 to 12.8 mm margins for contouring uncertainties of 0.0 to 4.0 mm, respectively), which 

highlights the contribution of contouring uncertainty in modern treatment of mediastinal 

lymphoma. We acknowledge that uncertainties are institution-specific and advise caution when 

reducing margins to only include uncertainties from positioning and respiratory motion. 

Introduction 

Radiotherapy (RT) for mediastinal lymphoma has changed drastically throughout the years. 

Treatments have evolved from very large fields, for example mantle fields, to smaller treatment 

volumes using the involved-site (or nodes) radiation therapy (ISRT or INRT) technique 1,2. To deliver 

the RT, many departments now have the possibility to use intensity modulated radiation therapy 
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(IMRT) or volumetric modulated radiation therapy (VMAT) and conform the dose to the target while 

sparing normal tissue 3. Furthermore, the ability to accurately position the patient before each 

treatment has improved with the addition of daily image guided radiotherapy (IGRT) 4,5. And finally, 

the use of deep inspiration breath hold (DIBH) for lymphoma patients has provided a dosimetric 

benefit with respect to sparing normal tissue 6 and might improve the image quality of cone beam 

computed tomography (CBCT) scan used for IGRT 7,8. 

In this modern context, an assessment of the appropriate planning target volume (PTV) margin is 

required. The margin from the clinical target volume (CTV) to the PTV should be large enough to 

ensure coverage, but as small as possible to reduce the risk of acute and late toxicities from 

irradiating healthy tissue 1,9–12. 

The goal of this study was to estimate the residual geometric uncertainties for patients treated at 

our hospital with RT for mediastinal lymphoma in DIBH assuming daily IGRT with CBCT, which is our 

current standard of care, and estimate appropriate population-based CTV-to-PTV margins. 

 

Methods and Materials 

A. Patients 

20 sequential patients with mediastinal lymphoma treated with RT between 2016 and 2017 at our 

hospital were selected for retrospective analysis. Inclusion criteria were treatment in DIBH and 

availability of acquired CBCT scans used for IGRT for analysis. Patients were immobilized on a breast 

board (ConChest, Candor Aps, DK) and visual guidance was used for respiratory management (RPM, 

Varian Medical Systems)6,13. All patients were positioned in a breast board with no incline with their 
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arms up, except one patient who had one arm down on the side of their disease (patient 10). All 

patients had mediastinal targets and no patients had disease extending inferiorly to the apex region 

of the heart or beyond. In 15 of the patients the disease extended superiorly at least to a small 

extent into the neck region and in these patients bite blocks were used to immobilize the head and 

neck region. This study was registered with the local data protection agency, and ethics approval 

was not required by law.  

B. Positioning Uncertainty 

Positioning uncertainty was assessed through registration of CBCT images. CBCTs were acquired 

prior to the daily treatment and used for positioning correction (Clinac, Varian Medical Systems). 

Before treatment, CBCTs were rigidly registered with the automatically delineated bone structure 

chosen as the volume of interest (VOI) and the region of interest (ROI) box surrounding the target 

volume, which most often included bones of the sternum, spine, and a small amount of medial ribs 

(see Figure 1(a)). After automatic registration, manual adjustments to the registration to better align 

to the target volume were allowed. Only deviations in translations and rotation around the vertical 

axis were applied.  

For the offline analysis after treatment, 4 or 5 CBCTs for each patient were rigidly registered to the 

planning CT scans. CBCTs for offline analysis were arbitrarily selected to be spaced approximately 

equally throughout the treatment course. Offline registrations were performed in the system used 

clinically at our hospital (Aria 13.6, Varian Medical Systems). Automatic registration algorithm was 

used with the bone structure (VOI), i.e. the same as on-line, but the region of interest (ROI) box 

surrounded only the sternum, i.e. it was smaller than for the on-line procedure (see Figure 1(b)). 

This method was chosen in order to focus most on the target position in a reproducible way, where 
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the online procedure with a slightly larger ROI box was chosen for robustness with respect to breath 

hold level. As opposed to the on-line procedure, in the off-line procedure no manual edits to the 

automatic registration were allowed. For two patients, the ROI box was expanded to include part of 

the clavicle due to the proximity to the target volume. The registration corrected for lateral (LAT), 

anterior-posterior (AP), or superior-inferior (SI) direction. After offline automatic registration to 

bone, the alignment of the target and the soft tissue in the region was verified visually on all slices, 

but no manual adjustments were made. The values recorded were the differences between the 

online registration after correction and offline registration (i.e. residual errors). An example of a 

daily CBCT registered to the planning CT for one patient is shown in Figure 2. 

 

 

Figure 1. Example of the online (a) versus offline (b) CBCT registration used in this study where the region 
of interest (ROI) box is shown in red, bones and body in green, CTV in pink, PTV in cyan, and spinal cord in 

magenta. 
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Figure 2. Example of the differences in images comparing the daily CBCT (green) and the planning CT 
(magenta) after the online (a) registration before treatment and offline (b) registration. The differences 

between online and offline registrations for this example were 1 mm laterally and -1 mm superior-inferiorly 
(residual error). The body is shown in green, bones in green, CTV in pink, PTV in cyan, and spinal cord in 

magenta. 

 

 

C. Other uncertainties 

We considered contouring uncertainty as a systematic uncertainty in our margin calculations. Based 

on Aznar et al 14, 3.0 mm was expected to be a conservative starting point for contouring uncertainty 

for this patient group. We also analyzed the required PTV margins with assumptions of 0.0, 1.0, 2.0, 

3.0, and 4.0 mm contouring uncertainty. 
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Another uncertainty for this patient group is the intra-fractional motion uncertainty. Since, to the 

best of our knowledge, no published data is available for intra-fractional motion for mediastinal 

lymphoma, this was estimated using data from breast cancer patients treated in DIBH with magnetic 

sensors on the skin surface to track position 15. We assumed 1.6, 1.6, and 3.0 mm for random 

uncertainties, and 0.8, 0.8, and 1.1 mm for systematic uncertainties in the LAT, AP, and SI directions, 

respectively.  

 

D. Margin calculations 

The margin recipe from van Herk et al 16 was used to calculate the PTV margin required for 95% dose 

coverage of 90% of the patients. The complex formula was used: 

𝑚𝑝𝑡𝑣 = 2.5∑ + 1.64√𝜎2 + 𝜎𝑝2 − 1.64𝜎𝑝 

(1) 

where mptv is the margin from CTV-to-PTV, Σ is the systematic uncertainty, σ is the random 

uncertainty, and σp is the penumbra (3.2 mm for soft tissue and 6.4 mm for lung tissue). The 

systematic uncertainty Σ in this study included uncertainties from positioning, intra-fractional 

motion, and contouring, added in quadrature. The systematic positioning uncertainty was 

calculated as the standard deviation of the means of positioning errors from each patient. The 

random uncertainty σ in this study included uncertainties from positioning and intra-fractional 

motion, added in quadrature. The random positioning uncertainty was determined by taking the 

standard deviation over each patient, then calculating the root mean squared over all patients for 

each anatomical direction.  
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E. Treatment planning 

To illustrate the impact of the different margins found in this study on doses to normal tissue, 

treatment plans were created for the range of margins found in this study for one example patient 

(Eclipse, AcurosXB 13.6, Varian Medical Systems). The clinical VMAT plan (with 1 cm PTV margins) 

was copied and reoptimized for each PTV size, using a corresponding ring for optimization of dose 

fall-off. The mean dose to the lungs and heart were compared. 

 

Results 

Of the 20 patients with mediastinal lymphoma included in the study, 16 were diagnosed with 

Hodgkin lymphoma, 3 with B-cell lymphoma, and 1 with T-lymphoblastic lymphoma (Table 1). For 

17 patients, 5 CBCTs were analyzed. For 3 patients, only 4 CBCTs were available for analysis.  

 

 

 

 

 

 

 

 

Table 1. Patient characteristics and residual positioning error after offline image registration. The second to 
last row shows the mean of means and the standard deviation of the means. Abbreviations: HL: Hodgkin 
lymphoma, Frx: fractions, T-LBL T-lymphoblastic lymphoma, CTV: clinical target volume, CBCT: Cone-beam 
computed tomography, LAT: lateral, AP: anterior-posterior, SI: superior-inferior, std dev: standard deviation, 
rms: root mean squared. 
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Patient Diagnosis Frx 

CTV 

volume 

(cc) 

CBCTs 

analyzed 

Bite 

Block 

Residual Error (mm)  

mean (std dev) 

LAT AP SI 

1 HL 17 130.2 5 Yes 0.4 (0.09) 0.0 (1.4) -1.4 (0.5) 

2 HL 17 459.0 5 Yes 2.8 (1.3) 0.2 (1.6) -0.8 (1.6) 

3 HL 17 202.7 5 Yes 1.0 (0.7) 0.0 (0.7) -0.6 (0.9) 

4 HL 17 407.3 5 Yes -1.2 (0.04) -0.6 (1.5) 1.8 (0.8) 

5 HL 17 174.5 5 Yes 0.0 (0.0) -1.8 (1.3) 0.0 (1.2) 

6 HL 17 136.3 5 Yes -1.6 (1.1) -1.0 (0.7) -0.8 (1.1) 

7 HL 17 198.3 4 Yes -0.8 (0.5) 0.5 (1.0) -0.3 (0.5) 

8 HL 17 285.6 5 Yes 0.4 (0.5) 0.8 (0.4) -1.2 (1.1) 

9 T-LBL  14 147.8 5 No 0.6 (1.5) 0.2 (0.4) -0.4 (0.5) 

10 HL 17 487.2 5 Yes -0.2 (0.4) 0.0 (0.7) -0.6 (0.5) 

11 HL 10 113.3 5 Yes 0.8 (0.4) -0.2 (1.3) 2.0 (1.6) 

12 HL 17 68.6 5 Yes 0.6 (0.5) 0.0 (0.0) -1.0 (0.7) 

13 HL 17 294.1 5 Yes -1.0 (0.7) -0.8 (1.1) -0.8 (0.8) 

14 B-cell 20 216.3 5 No -0.6 (1.1) 0.2 (0.4) -0.6 (0.5) 

15 B-cell 20 508.4 4 No 0.0 (0.8) -0.5 (0.6) -0.5 (0.6) 

16 HL 17 1208.4 5 Yes 0.4 (0.9) 0.0 (1.2) -2.2 (1.9) 

17 B-cell 20 484.4 5 No -0.2 (1.9) 0.4 (0.5) -2.0 (1.2) 

18 HL 10 56.8 5 No 0.4 (1.1) -2.6 (0.9) -2.0 (0.7) 

19 HL 17 107.3 4 Yes 0.0 (0.0) 0.0 (0.0) 0.3 (0.5) 

20 HL 17 95.9 5 Yes 0.6 (0.05) -0.4 (0.5) 0.2 (0.4) 

     mean 0.1 (0.9) -0.3 (0.8) -0.5 (1.1) 

     rms 0.9 0.9 1.0 

 

 

Table 2 shows the systematic and random uncertainties that we used in the margin calculations. 

The calculated CTV-to-PTV margins are shown in Table 3 for a range of assumed contouring 

uncertainties. When the contouring uncertainty was assumed to be 3 mm, the required CTV-to-PTV 

margin was approximately 9-11 mm, depending on the anatomical direction and the type of tissue 

adjacent to the target. Figure 3 shows how the PTV changes with different assumptions of 

contouring uncertainty for one patient (patient 8: CTV volume approximately equal to the mean of 

all patients). 

Treatment plans were also created for the same patient for each PTV size with different assumptions 

of contouring uncertainty. All plans were normalized to the prescription dose of 30.6 Gy to the mean 

of the PTV. The changes in PTV volume and dose metrics for the PTV, lungs, and heart are shown in 
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Table 4. Mean doses to the lungs and heart were relatively low for all plans but increased slightly 

with increasing margin.  

  

 

Table 2. Systematic and random uncertainties calculated (c) or estimated (e) from literature for patients with 
mediastinal lymphoma treated in DIBH. 

 
Source of 

Uncertainty 

Lateral   

(mm) 

Anterior-

posterior 

(mm) 

Superior-

Inferior  

(mm) 

Systematic 

Positioningc 0.9 0.8 1.1 

Intrafraction 

Motione 0.8 0.8 1.1 

Contouringe 3.0 (0.0-4.0) 3.0 (0.0-4.0) 3.0 (0.0-4.0) 

Random 

Positioningc 0.9 0.9 1.0 

Intrafraction 

Motione 
1.6 1.6 3.0 

 

 

 

 

 

 

 

 

 

 

 

Table 3. CTV-to-PTV margins in this study for mediastinal lymphoma patients with DIBH and daily IGRT for a 
range of contouring uncertainties for a target abutting soft tissue (or lung tissue in parentheses).  
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Contouring 

uncertainty (mm) 

CTV-to-PTV margin (mm) 

LAT AP SI 

0.0 4.2 (3.7) 4.0 (3.4) 6.0 (5.1) 

1.0 5.1 (4.6) 4.9 (4.4) 6.7 (5.8) 

2.0 7.0 (6.5) 6.9 (6.4) 8.4 (7.5) 

3.0 9.2 (8.7) 9.1 (8.6) 10.6 (9.6) 

4.0 11.6 (11.1) 11.5 (11.0) 12.8 (11.9) 

 

 

Figure 3. CTV-to-PTV margins for various assumed values for contouring uncertainty for one example 
patient. The CTV is shown in pink and the PTVs are shown in white to dark blue. CTV-to-PTV margins shown 

are 4, 5, 7, 9, and 11 mm, corresponding to contouring uncertainty values of 0, 1, 2, 3, and 4 mm, 
respectively. 
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Table 4. Change in PTV volume and dose metrics for various CTV-to-PTV margins in this study for one 
example mediastinal lymphoma patient treated with DIBH and daily CBCT (patient 8).  

CTV-to-PTV 

margin (mm) 

PTV 

Volume 

(cc) 

D95% to 

PTV (Gy) 

Mean 

Lung Dose 

(Gy) 

Mean 

Heart 

Dose (Gy) 

4 481 28.9 6.5 1.9 

5 544 28.9 6.8 2.0 

7 625 29.1 7.2 2.3 

9 743 28.8 7.6 2.6 

11 870 28.5 8.1 3.1 

 

Discussion 

In this study, we found that the residual positioning uncertainties for patients treated for 

mediastinal lymphoma in DIBH were small after daily CBCT. The clinical PTV margin currently used 

at our institution is 1 cm, which, in addition to our calculated positioning uncertainties and 

estimated intrafraction uncertainties, allows for approximately 3 mm contouring uncertainty. This 

agrees well with the contouring uncertainty found by Aznar et al 14. 

1 cm is either the same as 17 or slightly larger than values used at other institutions (5-7 mm 3, 6-10 

mm 18, and 8 mm 19). Incorporating the contouring uncertainty (which is a systematic uncertainty) 

in the PTV margin, has a relatively large impact on the size of the resulting necessary margins. Many 

institutions do not include contouring uncertainty in their margin calculations. One rationale for 

omitting it is either that contouring uncertainties should be included in the CTV itself, at the 

discretion of the clinician.  However, this method also introduces individual variability and does not 

follow the CTV definition from the ICRU 20–22. The second rationale is that ensuring CTV coverage by 
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incorporating contouring uncertainties is not worth the cost in terms of increased dose to the organs 

at risk, especially in clinical situations where radiotherapy is used as an adjuvant treatment. Though 

each institution is best positioned to consider the inclusion of this uncertainty in their specific 

practice, it is worth noticing that contouring uncertainty is present and is one of the largest 

contributions to uncertainty in a modern radiotherapy context. As a result, we recommend at least 

the consideration of including the contouring uncertainty in margin calculations and weighing 

benefits and risks according to the relevance for each institution’s specific practice. 

PTV margins for this patient group were evaluated by a group at MD Anderson Cancer Center 23, 

who use in-room CT on rails for image-guidance, an in-house software for image registration, and a 

breast board with an incline for patient immobilization. An advantage of the CT on rails system is 

the ability to image the entire length of large target volumes. Their study focused on positioning 

uncertainty and did not include intrafraction or contouring uncertainties. Instead of comparing 

online and offline image registrations to evaluate positioning uncertainty, as we did in this study, 

they compared offline reference registrations and offline registrations on sub-sections of the target. 

To simulate the use of CBCT, they used the registration on the mediastinal section of the target as 

the reference registration. They found that the largest uncertainty was in the neck and the inferior 

region of heart (margins ranged from 3.6 to 11.6 mm, depending on the region and generally 

increasing with distance from the center of the mediastinum). In comparison, our results (with 0 

mm contouring uncertainty) were approximately 4-6 mm. While their image registration with focus 

on the mediastinal region was meant to simulate an on-line registration using CBCT with limited 

field of view, the superior-inferior length of the mediastinal section of the target varied in their study 

and appeared smaller than the length of a CBCT in their Figure 1a. However, details of the length of 

the mediastinal PTV sections were not reported, so it is unclear how well this method approximates 
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a true CBCT. In our study, 13/20 patients had targets that extended superiorly outside the field of 

view of the CBCT, but, unlike their study, patients with neck involvement had bite blocks to 

immobilize the head and neck. Only one of the patients in our study had a CTV that extended more 

than 1 cm inferiorly outside the field of view of the CBCT. Recently available equipment upgrades, 

with possibility of extended length CBCT, will enable imagining of the entire target, also in patients 

with large targets, hence solving the issue of limited field of view. One major difference of our 

methods compared to theirs is that we did not perform different registrations with focus on 

different parts of the target in our study. In addition, different techniques and routines for patient 

immobilization (e.g. presence or absence of bite blocks and incline boards), image acquisition and 

registration could have influenced the difference between our results.  

Our study should be understood in the context of a few assumptions. First, rotations and 

deformations were ignored, and only rigid registrations were performed. Second, positioning 

uncertainties were calculated from the difference between online and offline registrations, where 

ROI definition differed slightly, and for which intra-observer uncertainties are implicitly included.  

Furthermore, contouring uncertainties and intra-fractional motion uncertainties were estimated 

from the literature 14,15, but more data could be helpful in determining those uncertainties more 

accurately for this patient group. In the study from which we based our estimation of contouring 

uncertainty 14, the patients were imaged with positron emission tomography (PET) and CT and 

treated in free breathing, whereas the patient group in our current study was imaged (with both 

PET and CT) in DIBH and treated in DIBH. Without available data in DIBH, we have chosen to use 3 

mm from the free breathing study with the understanding that it is only an estimate. In addition, 

the positioning uncertainty values calculated in this study apply to the patients at our institution 

with our immobilization and positioning procedures for mediastinal lymphoma. Other institutions 
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might find different uncertainties for the same patient group due to site-specific factors such as 

immobilization practices, the on-board imaging system, or the software used for image registration. 

Another limitation is that the intra-fraction uncertainty referred to the surface of the patient. Intra-

fraction variations of deeper mediastinal structures, such as the heart or inferior part of the CTV are 

not well documented and would warrant further investigation. 

Another consideration when interpreting our results is that margin recipes such as the formula used 

in this study are designed to prioritize dose to the CTV above all else. In patient groups with a long 

life expectancy and where radiotherapy plays a consolidative role, it’s possible that compromising 

on CTV/PTV coverage to avoid a large dose to the heart, lungs, and breasts might have a larger 

benefit than risk. Alternatives to margin recipes such as probabilistic planning 24–26 might be ideally 

placed to deal with the risk versus benefit balance in this patient group. 

 

Conclusion 

In this study, we calculated between 9-11 mm as the appropriate margin from CTV-to-PTV for 

patients with mediastinal lymphoma treated at our institution in DIBH, assuming daily IGRT with 

CBCT and including contouring uncertainty. When contouring uncertainty was excluded from the 

calculation, margins of approximately 4-6 mm were required. We combined measurements in 

positioning deviation based on CBCTs acquired for image guidance and estimates from the literature 

to calculate our clinic-specific uncertainties for this patient group. We also showed a large 

dependence of margins for different estimates of contouring uncertainty. We acknowledge that 
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uncertainties are institution-specific and advise caution when reducing margins to only include 

uncertainties from positioning and motion. 
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a b s t r a c t

Background and purpose: Due to the long life expectancy after treatment, the risk of late effects after
radiotherapy (RT) is of particular importance for patients with Hodgkin lymphoma (HL). Both deep inspi-
ration breath hold (DIBH) and proton therapy have been shown to reduce the dose to normal tissues for
mediastinal HL, but the impact of these techniques in combination is unknown. The purpose of this study
was to compare the life years lost (LYL) attributable to late effects after RT for mediastinal HL using inten-
sity modulated radiation therapy (IMRT) in free breathing (FB) and DIBH, and proton therapy in FB and
DIBH.
Materials and methods: Plans for each technique were created for 22 patients with HL. Doses were
extracted and the risk of late effects and LYL were estimated.
Results: We found that the use of DIBH, proton therapy, and the combination significantly reduced the
LYL compared to IMRT in FB. The lowest LYL was found for proton therapy in DIBH. However, when
IMRT in DIBH was compared to proton therapy in FB, no significant difference was found.
Conclusions: Patient-specific plan comparisons should be used to select the optimal technique when
comparing IMRT in DIBH and proton therapy in FB.
� 2018 The Authors. Published by Elsevier Ireland Ltd. Radiotherapy and Oncology 125 (2017) 41–47 This

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

The majority of patients diagnosed with Hodgkin lymphoma
(HL) have a long life expectancy following treatment. HL accounts
for 12% of cancers in the 15–29-year age group [1], and treatment
is highly effective with a 5-year relative survival rate of 93.1% for
regional disease [2]. Consequently, HL survivors have a long time
span in which they are at risk of developing late effects of treat-
ment such as second cancers and cardiovascular disease [3], and
it has been shown that RT contributes to that risk [4–6]. Therefore,
it is important to minimize these risks for HL patients whenever
possible.

Both deep inspiration breath hold (DIBH) and proton therapy
have been shown to reduce the dose to normal tissues for HL
patients with mediastinal disease [7–12]; however, to the authors’

knowledge, the impact of these techniques relative to each other or
in combination has not been studied. An understanding of which of
these has the largest impact on the risk of late effects would enable
clinicians to prioritize between techniques, especially if the combi-
nation is not available.

Dose-effect models based on epidemiological data can be
employed to estimate the risk of late effects from modern treat-
ments. While such models have large uncertainty, they can be used
as a tool in the context of comparative analysis of different treat-
ment options. Our group has developed a method of risk modeling
that converts organ at risk (OAR) dose into an estimated life years
lost (LYL) from various possible late effects [13]. In this way, the
severity of different late effects can be placed on a common scale
for direct comparison.

In this study, we propose to investigate and compare the LYL
from late effects of RT for HL with mediastinal involvement using
intensity modulated radiation therapy (IMRT) in free breathing
(FB) and in DIBH, and proton therapy in FB and in DIBH.

http://dx.doi.org/10.1016/j.radonc.2017.07.033
0167-8140/� 2018 The Authors. Published by Elsevier Ireland Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Denmark.
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Material and methods

Patients

22 patients with early-stage HL were enrolled in a previous
prospective protocol to investigate the benefits of DIBH, described
elsewhere [12,14]. In summary, the study included pre-
chemotherapy positron emission tomography/computed tomogra-
phy (PET/CT) scans and planning CT scans both in FB and in DIBH.
Contouring was completed on both the FB and DIBH scans to define
the CTV by the involved node technique [15]. Treatment plans
were created on both scans, and the patients were treated with
photons in either FB or DIBH, whichever was more clinically appro-
priate for the patient. This protocol was approved by the regional
ethics committee for Copenhagen H-D-2007-0069.

Treatment planning

For the present retrospective study, four treatment plans were
generated for each patient: IMRT in FB, IMRT in DIBH, proton ther-
apy in FB, and proton therapy in DIBH. The prescription dose was
30.6 Gy in 17 fractions to the initially involved volume following
the International Lymphoma Radiation Oncology Group (ILROG)
guidelines [15]. Proton therapy doses were in Gy (RBE) (relative
biological equivalent) assuming an RBE of 1.1 for protons [16],
and 1 for photons. All plans were created using the Eclipse treat-
ment planning system (photons: AAA version 10, protons: PCS ver-
sion 13, Varian Medical Systems, Palo Alto, USA; proton beam data
from Skandionkliniken, Uppsala, Sweden).

IMRT plans were created in accordance with the clinical proce-
dure at Rigshospitalet, Copenhagen, Denmark [15]. For plans in FB,
the CTV-to-PTV margins were 1.5 cm in the superior-inferior direc-
tion in the mediastinum, and 1 cm in other directions. For plans in
DIBH, the CTV-to-PTV margins were 1 cm in all directions. The
number of fields varied between 4 and 7, with 5 fields being the
most common configuration. Whenever possible, fields were posi-
tioned to minimize entrance dose through the OARs (heart, lungs,
and breasts). In general, 6 MV energy was used, with occasional
use of 18 MV for supplementary fields.

Proton plans were created at Rigshospitalet with guidance
from the experienced investigators at MD Anderson Cancer Cen-
ter. Pencil beam scanning with an anterior-posterior and
posterior-anterior beam arrangement was used for all patients.
Beam-specific range uncertainties were calculated as 3.5% of the
range to the distal edge of the CTV plus 3 mm. In cases where
the beam-specific range uncertainties were less than the CTV-
to-PTV margins used for IMRT planning, the same PTV was used
as was used for IMRT planning (1.5 cm superior/inferior and
1 cm otherwise for FB and 1 cm for DIBH). For five patients, the
range uncertainties for the posterior beam calculated with the
formula above were 1–2 mm greater than the CTV-to-PTV mar-
gins that were used for IMRT planning in the anterior direction.
For these patients, the PTV was expanded an additional 1–2 mm
in the anterior direction to encompass the range uncertainty.
For most patients, single-field optimization was used. For five
patients with involved nodes surrounding the heart, multi-field
optimization (intensity modulated proton therapy (IMPT)) was
used to reduce dose to the heart.

During treatment planning for both IMRT and proton plans,
the clinical priorities in order of highest to lowest were 1) target
coverage, 2) reduction of the mean dose to the heart and lungs,
and 3) reduction of the mean dose to the breasts (females). Addi-
tional objectives were used during optimization as needed for
each patient to reduce the dose to normal tissues as much as
possible.

Dosimetric analysis

Dosimetric data for the target and OARs were extracted for all
plans. Specifically, the conformity index (CI; volume of body
receiving 95% of prescription dose divided by volume of the PTV)
and homogeneity index (HI; maximum dose in the PTV divided
by the prescription dose) for the PTV were extracted as a measure
of coverage of the target. The mean dose was extracted for the
heart, heart valves, left anterior descending coronary artery
(LADCA), lungs, and breasts (females). For proton plans, neutron
doses were added to the therapeutic doses using measured data
by Schneider et al. 2002 following the methods of Cella et al.
2013. 6 � 10�14 Sv/proton and 1011 protons per Gy (RBE) of thera-
peutic dose were assumed [17,18]. This corresponds to the neutron
dose equivalent in the region of the target, but it was applied to the
OARs since all OARs considered in this study were adjacent to or
overlapping with the target. Cumulative dose-volume histograms
(DVHs) were exported for the heart and lung, neutron dose added
to the proton plans, and mean DVHs for all patients for each treat-
ment technique were calculated.

To estimate the effect of uncertainties in positioning and CT cal-
ibration on the dose, robustness analysis was performed by calcu-
lating the plan uncertainty doses using the built-in tool in the
treatment planning system. A positioning uncertainty of 5 mm
for both IMRT and proton therapy and Hounsfield Unit (HU) uncer-
tainty of 3.5% for proton therapy were assumed. These uncertainty
doses represent ‘worst case’ scenarios, not an estimation of the
actual delivered dose.

Hazard ratios

Hazard ratios (HRs) per Gy relative to the unirradiated popula-
tion were estimated from the literature for various late effects. The
hazard ratios of heart failure [19], myocardial infarction [19],
valvular heart disease [20], lung cancer [21], and breast cancer
[22] (females) were estimated. Most risk models displayed a linear
dose–response relationship and as such, the mean dose to the
respective organ was used. An exception was valvular heart dis-
ease, where the equivalent dose in 2 Gy fractions (calculated from
the differential DVH) to either the mitral valve or the aortic valve,
whichever received the higher dose, was used in the risk calcula-
tion [20] (personal communication with Dr. Cutter). The risk mod-
els used are listed in Table S1.

Life years lost calculation

To convert doses to an estimation of the impact of the late
effects on life expectancy after treatment, the LYL was calculated
for each plan [13]. The LYL is the estimated reduction in life expec-
tancy attributable to late effects from RT, and takes into account
the age at exposure, the patient’s sex, and the prognosis of the pos-
sible late effects [23–25]. The endpoints included in the LYL were
heart failure, myocardial infarction, valvular heart disease, lung
cancer, and breast cancer (females). Calculations were performed
in Matlab (version 2016b, The MathWorks, Inc, Natick, MA) using
the risk models in Table S1 and the methodology and formulae
in Brodin et al. [13] to integrate over attained age and account
for mortality after an acquired late effect.

Statistical analysis

The Friedman test was used for the dosimetric and risk metrics,
with post-hoc two-sided pairwise analysis using Bonferroni correc-
tion and p-values <0.05 were considered significant. All statistical
analyses were performed in Matlab.
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Results

Four plans were created for each patient, resulting in a total of
88 plans. Example treatment plans for each technique for a repre-
sentative patient are shown in Fig. 1. Mean DVHs for the heart and
lung are plotted in Figs. 2 and 3, the individual DVHs for each
patient can be found in the supplementary material (Figs. S1 and
S2). The HI and CI values were considered clinically equivalent
for all plans (Table S2). All plans were considered to be robust with
respect to positioning and range uncertainties (Table S3).

DIBH reduced the dose to cardiovascular structures compared
to FB, regardless of whether proton therapy or IMRT was used
(Table 1). This benefit was especially observed for the heart valves,
where DIBH led to a median dose reduction of 4.7 Gy for IMRT and
2.3 Gy for proton therapy.

DIBH also reduced the mean dose to the lungs by 2.3 Gy for
IMRT and 1.2 Gy for proton therapy, although the difference for
proton therapy was not statistically significant. Nevertheless, the
lowest mean dose to the lungs was found with proton therapy in
DIBH, with a reduction of 4.6 Gy relative to IMRT in FB. Proton

Fig. 1. Coronal images of treatment plans for each treatment technique for a representative patient: intensity modulated radiation therapy (IMRT) in free breathing (FB) (top
left), IMRT in deep inspiration breath hold (DIBH) (top right), proton therapy in FB (bottom left), proton therapy in DIBH (bottom right). The contours shown are the body
(green), CTV (pink), PTV (cyan), lungs (blue), heart (yellow), and heart valves (yellow).

Fig. 2. Mean cumulative dose-volume histograms (DVHs) for the heart for intensity
modulated radiation therapy (IMRT) in free breathing (FB), IMRT in deep inspiration
breath hold (DIBH), proton therapy in FB, and proton therapy in DIBH for the 22
patients studied.
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therapy reduced the mean lung dose, but no statistically significant
difference was observed between proton therapy in FB and IMRT in
DIBH.

In contrast, a significant reduction in mean breast dose of about
3 Gy was found when proton therapy was used compared to IMRT,
with or without DIBH.

As most of the risk models used in this study displayed linear
dose–response relationships, HR followed the same trend as the
mean dose measures (Table 2). The risk of breast cancer was signif-
icantly reduced using proton therapy in FB compared to IMRT in
DIBH. However, for lung cancer and heart-related risks, no statisti-
cally significant difference in HR was seen when proton therapy in
FB or DIBH was compared to IMRT in DIBH.

When compared with IMRT in FB, the addition of DIBH and pro-
ton therapy, alone or in combination, significantly reduced the LYL,
and the lowest LYL from treatment was found for proton therapy in
DIBH. However, when proton therapy in FB was compared with
IMRT in DIBH, and when proton therapy in DIBH was compared
to proton therapy in FB, no significant differences in LYL were
found.

The total LYL was either dominated by lung cancer or valvular
heart disease for all patients, with the LYL from valvular heart dis-
ease being highly variable between patients and techniques. The
median LYL (range) for all plans was 0.33 (0.03–1.07) years from
lung cancer and 0.46 (0.002–5.35) years from valvular heart dis-
ease. The median dose (range) to the aortic or mitral valve was
26.8 (16.3–31.3) Gy for plans where valvular heart disease caused
greater than 1 year of LYL. The details of the LYL by cause are
shown in Fig. 4 for two representative patients (both had approx-
imately median-sized PTVs of about 1000 cc (range: 123–1943 cc
for all patients)). The LYL per technique per patient with 95% con-
fidence intervals are shown in Figs. S9–S13.

Discussion

In this study, we investigated the impact of DIBH and proton
therapy, individually and in combination, in a cohort of patients
with mediastinal HL. Our study suggests that if only IMRT is avail-
able, IMRT in DIBH is superior to IMRT in FB with respect to the risk
of late effects. If both IMRT and proton therapy are available in
DIBH, our study suggests that proton therapy in DIBH is superior
to IMRT in DIBH and FB. If DIBH is available to the patient in com-
bination with IMRT but not with proton therapy, our study did not
find any statistically significant difference in the LYL over the

Fig. 3. Mean cumulative dose-volume histograms (DVHs) for the lungs for intensity
modulated radiation therapy (IMRT) in free breathing (FB), IMRT in deep inspiration
breath hold (DIBH), proton therapy in FB, and proton therapy in DIBH for the 22
patients studied.
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whole cohort between the two techniques and patient-specific
comparative planning would be required to determine the optimal
technique. Our study did not find a statistically significant differ-
ence when proton therapy in FB was compared with proton ther-
apy in DIBH; however, proton therapy in DIBH did result in the
lowest estimated LYL, and, unlike proton therapy in FB, a signifi-
cant difference was seen when proton therapy in DIBH was com-
pared to IMRT in DIBH.

An earlier study was reported by Cella et al. [18] comparing
photon and proton techniques for a patient with HL, without con-
sidering DIBH. In their study, the relative risk (RR) of second can-
cers was estimated after mediastinal RT for conventional RT
compared to various intensity modulated photon radiotherapies
and proton therapy. They also found a reduction in both breast
and lung cancer risk when proton therapy was compared to IMRT,
similar to our results.

Toltz et al. [26] also found a reduced risk of breast and lung can-
cer for proton therapy in FB relative to IMRT in FB in the form of
helical tomotherapy for mediastinal HL for 20 patients. However,
unlike our study, they did not find a reduction in cardiac mortality
between the two techniques. This could in part be due to differ-
ences in the choice risk model, which predicted very small excess
absolute risks of cardiac toxicity (median of 0.05% for both
tomotherapy and proton therapy) in their study.

One strength of the present study is that we have included the
most advanced techniques available for this patient group. Plans
were created using the involved node technique, contoured using
pre-chemotherapy PET/CT acquired in the treatment position in
both FB and DIBH, with and planned with pencil beam scanning
for the proton plans. Furthermore, we compared different combi-
nations of advanced treatment techniques, so the optimal solution
can be selected depending on which techniques are available for
the patient. Though DIBH is gaining acceptance in this patientTa
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Fig. 4. Life years lost (LYL) by cause for two representative patients: patient 4
(female) and patient 10 (male) for each approach. Mean doses to organs at risk for
these two patients are given in supplementary Table S4. Abbreviations: IMRT:
intensity modulated radiation therapy; FB (free breathing); DIBH (deep inspiration
breath hold).
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group [10,27], it is rarely available in combination with proton
therapy. Hence, when referring a patient with HL for advanced
RT, the most likely treatment alternatives will be IMRT in DIBH
or proton therapy in FB.

Photon RT is constantly evolving. Alternative photon tech-
niques, such as the butterfly technique, which could reduce the
low dose bath at the expense of a slight decrease in conformity
[28], have gained interest [29,30]. One advantage of reducing
the low-dose bath is that recently published data have found that
low doses to the lung, such as the volume of lung receiving 5 Gy
or more (V5) or mean lung dose of >13.5 Gy, can be important for
the risk of radiation pneumonitis [31]. However, the treatment
planning in the present study was completed without specific
attention to the volume of tissue receiving a low dose of radia-
tion. Therefore, we think that future work could be done investi-
gating this type of photon planning and as compared to proton
planning.

Margins from the CTV-to-PTV have been shown to affect both
the dose to normal tissue and the risk of late effects [32]. The mar-
gins used in this study were based on the recommendations from
ILROG [15]. However, with the availability of daily online image
guidance, these might be reduced [33]. More research into optimal
margins for photons and protons, possibility in combination with
proton plans optimized for robustness, is warranted.

A limitation of the present study is that FB plans were generated
on FB CT datasets without four-dimensional CT information. It
should be noted that the interplay of motion and plan delivery
could affect the proton plans more than the photon plans. This
has been investigated by Zeng et al. [34] for 7 patients with medi-
astinal lymphoma, who found that when averaged over 17 frac-
tions, the proton dose to 98% of the internal target volume was
degraded less than 2%.

Additionally, the assumptions made in this work could affect
the conclusion. While the risk models were selected to be as appro-
priate as possible, very large uncertainty remains (Figs. S9–S13). In
addition, the majority of risk models used in this study were
adjusted for smoking status, and therefore estimate the risk asso-
ciated with increasing dose of radiation independent of the effect
of smoking (except for the risk model for breast cancer, where
smoking status was not taken into account [22]). While these
issues would limit the ability to accurately and precisely estimate
the risk for an individual patient, the focus of this study was on rel-
ative comparisons of techniques and not absolute risk calculations
for individual patients. Another assumption of this work was that
the RBE for proton therapy is a constant value of 1.1, without
any adjustment for the possibility of a higher RBE at the distal
end [35]. A higher RBE for proton therapy would effectively
increase the dose in that region, but detailed modeling of proton
RBE is still very uncertain and was beyond the scope of this work.
In summary, as with all modeling studies, the results and conclu-
sions of this work should be interpreted within the context of
the assumptions and limitations made in this study.

Furthermore, the LYL calculations in the present study only con-
sider mortality, but morbidity is also a major concern for patients’
quality of life. However, weighting of morbidities to a common
scale is challenging, and beyond the scope of the current work. Cor-
respondingly, another future application of this method could be to
extend model-based selection schemes for proton therapy such as
the models proposed by Langendijk et al. [36,37].

Finally, it should be noted that the results from this study are
simulated from risk models and the plans were created in the con-
text of a retrospective plan comparison study. Randomized trials
are the golden standard of medical evidence, but for assessment
of late effects, the challenge is that such a trial would require
10–15 years follow-up. Hence, modeling studies are needed to
guide current treatments.
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Abstract 
Thymic epithelial tumors are a rare type of cancer in the mediastinum, which are treated with a combination 

of chemotherapy, surgery, and radiotherapy. Both deep inspiration breath hold (DIBH) and proton therapy 

have shown promise in reducing the radiation dose to organs at risk for patients with mediastinal disease, but 

the data for patients with thymic cancers is limited. In this study, we retrospectively investigated the impact of 

both DIBH and proton therapy on doses to organs at risk, alone and in combination, relative to treatment in 

free breathing with photon therapy for 21 patients with thymic cancer. We created four treatment plans per 

patient: volumetric modulated (photon) arc therapy (VMAT) in free breathing, VMAT in DIBH, proton 

therapy in free breathing, and proton therapy in DIBH, to a prescription dose of 50 Gy (RBE). We found that 

the use of proton therapy relative to VMAT statistically significantly reduced many of the dose metrics 

analyzed; however, the use of DIBH relative to free breathing did not produce statistically significant 

differences. In conclusion, we found that the use of proton therapy was beneficial for reducing the doses to 

organs at risk for the patients in this study with thymic cancers.  

 

Introduction 
Thymoma and thymic carcinoma are rare types of cancer of the thymus gland in the anterior mediastinum, 

occurring in approximately 0.15 per 100,000 persons per year [1–3]. Treatment often includes a combination 

of chemotherapy, surgery, and radiotherapy, and radiotherapy prescription doses usually range from 

approximately 45 Gy to 60 Gy depending on the stage and degree of resection [4]. Radiation doses in this 

range in the mediastinum introduce a risk of normal tissue complications such as pneumonitis, esophagitis, 

secondary cancers, and cardiac toxicity [5–12].  

Photon radiotherapy has so far been the standard type of radiotherapy for mediastinal thymic epithelial tumors; 

however, proton radiotherapy has been used for various thoracic/mediastinal treatment sites to reduce the dose 

to organs at risk (OARs) relative to treatment with photon radiotherapy [13–19]. Thymic epithelial tumors are 

rare and therefore difficult to study, there are only a few, but promising, reports showing low doses to OARs 

and low rates of normal tissue complications after proton therapy [20–24].  

Another technique that has been shown to be beneficial for reducing doses to organs at risk (OARs) for patients 

with thoracic/mediastinal disease is deep inspiration breath hold (DIBH) [15,25–31]. In theory, DIBH should 

also benefit thymic cancer patients, but data is very limited [32].  
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The purpose of this study was to investigate the impact of proton therapy and DIBH when compared with 

volumetric modulated (photon) arc therapy (VMAT) and free breathing on doses to OARs for patients with 

thymic cancer, considering all four combinations of techniques.  

 

Methods 
21 consecutive patients with thymoma or thymic carcinoma treated with photon radiotherapy at our institution 

between 2012 and 2017 were selected for this retrospective study. Inclusion criteria were to have had 

radiotherapy planning CT-scans in both free breathing and DIBH and curatively intended treatment.  

Radiotherapy treatment planning was completed in a commercial treatment planning system (Eclipse, v15.5, 

Varian Medical Systems, Palo Alto, CA, USA). The prescription dose for this study was 50 Gy (Gy (RBE) for 

proton therapy assuming an RBE of 1.1 [33,34]). Planning goals were guided by the Swedish PROthym 

protocol and were ranked as: 

• Spinal cord: maximum dose less than 48 Gy (RBE), 

• Lung (total): V20Gy(RBE) less than 35%, 

• Esophagus: mean dose less than 45 Gy (RBE), 

• CTV: D98% less than 95%, 

• PTV: (if PTV used) D2% less than 105% and D98% less than 95%, and 

• Heart: mean dose as low as possible. 

 

Metal was contoured in the CT-images and assigned a corresponding Hounsfield Unit (HU) value and proton 

stopping power relative to that of water [35,36]. The true thickness of 0.8 mm was not possible to contour for 

the stainless steel wire in the sternum, so twice the thickness and half the stopping power was used. Titanium 

clips were manually contoured and overridden to an HU value that corresponded to titanium. When present, 

intravenous contrast in the heart and vessels was also contoured and overridden to a value of 50 HU. 

VMAT plans were created using 1 cm CTV-to-PTV margins. Two full or partial arcs were used, depending on 

patient anatomy. Three arcs were used for one patient with a very large target. Dose was calculated using the 

Acuros XB algorithm. 

Proton plans were created using proton beam spot scanning and multifield optimization, also known as the 

intensity modulated proton therapy (IMPT) technique. Instead of optimizing to a PTV, field-specific PTVs 

were used for spot placement and robust optimization to the CTV was used with uncertainty parameters of 

4.5% uncertainty in CT calibration and 0.5 cm positioning uncertainty. Beam directions depended on patient 

anatomy, but anterior-oblique fields were most commonly used. For patients without metal wires, a two-field 

arrangement was the most common (e.g. 10 and 350 degrees). For patients with metal wires, three to four fields 

were most commonly used, with the occasional use of a posterior field, depending on the difficulty of achieving 

dose coverage of the CTV. Contours of ‘cold spots’ (created by converting isodose lines to a contour) behind 

the metal wires were often used during optimization iterations to achieve better dose coverage.  

Dose/volume metrics for the heart, lungs, esophagus, breasts (for females), spinal cord, and body were 

exported and analyzed. To test for statistically significant differences, the Friedman test with post-hoc analysis 

using the Bonferroni correction was performed in MATLAB® (R2018b, The MathWorks, Inc., Natick, MA), 

with two-tailed analysis assuming a significance level for p-values of 0.05.  
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Results 
Characteristics of the patients in this study are summarized in Table 1.  

 

Table 1. Patient characteristics of the 21 patients with thymic cancer in this study. 

Patient Characteristics 

Total patients (n) 21 

 Male 9 

 Female 12 

 
Surgery (of which have metal wires 

in sternum) 
18 (14) 

 Residual or unresected disease 8 

 Thymoma 15 

 Thymic carcinoma 6 

CTV volume FB [median (range)] (cc) 70 (24-1432) 

CTV volume DIBH [median (range)] (cc) 77 (20-1491) 

Age [median (range)] (years) 55 (24-78) 

Abbreviations: number (n), clinical target volume (CTV), free breathing (FB), deep inspiration breath hold (DIBH), cubic 

centimeters (cc). 

 

VMAT and IMPT plans were created for each patient on both their free breathing and DIBH CT-scans, yielding 

a total of 84 plans. All plans achieved acceptable target coverage and robustness according to the planning 

goals. Dose distributions in a transversal CT-slice and dose volume histograms for an example patient (with 

metal wires in the sternum) who was representative with respect to CTV size and doses to the heart and lungs 

are shown in Figure 1. 



4 

 

 

Figure 1. Dose distributions in a transversal CT-slice for a representative patient (patient 6) for each technique: VMAT 

in free breathing (FB), VMAT in deep inspiration breath hold (DIBH), IMPT in FB, and IMPT in DIBH. The CTV is 

shown in pink, PTV (for VMAT) in cyan, esophagus in yellow, and spinal cord in magenta. Cumulative dose volume 

histograms for each technique are shown in the bottom pane for the CTV, PTV (for VMAT), esophagus, heart, lungs, and 

spinal cord. 

 

Dose/volume metrics were generally more favorable for IMPT when compared to VMAT, regardless of the 

use of free breathing or DIBH (Table 2) with many statistically significant differences (Table 3). Graphs 

showing mean doses to the heart, lungs, breast, and esophagus, V20Gy(RBE) to the lungs, V5Gy(RBE) to the lungs, 

and D2cc to the esophagus for all patients for all plans can be found in the appendix. No statistically significant 

differences were seen for any of the dose/volume metrics when VMAT in free breathing was compared to 

VMAT in DIBH, nor when IMPT in free breathing was compared with IMPT in DIBH. However, there was a 

large variability between patients and some individual patients benefited greatly from DIBH (appendix). For 
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the dose to 2cc (D2cc) of the esophagus, only VMAT in free breathing compared to IMPT in free breathing 

was significantly different. Dose metrics for the heart were not statistically different when VMAT in DIBH 

was compared to IMPT in FB.  

 

Table 2. Dose metrics for the organs at risk (OARs) investigated in this study for all patients and each technique.  

  Technique 

Organ at 

Risk 

Dose/Volume 

Metric         

VMAT FB  

(mean (range)) 

VMAT DIBH 

(mean (range)) 

IMPT FB 

(mean (range)) 

IMPT DIBH 

(mean (range)) 

Lungs 

Mean Dose 

(Gy (RBE)) 
14.3 (8.2-26.6) 11.8 (6.6-20.9) 6.8 (2.3-17.6) 5.7 (2.4-13.3) 

V20Gy(RBE) 

(Fractional 

Volume) 

0.2 (0.10-0.6) 0.2 (0.07-0.5) 0.13 (0.04-0.4) 0.11 (0.03-0.3) 

V5Gy(RBE) 

(Fractional 

Volume) 

0.7 (0.5-0.99) 0.6 (0.4-0.9) 0.3 (0.09-0.7) 0.2 (0.12-0.5) 

Heart 

Mean Dose 

(Gy (RBE)) 
15.7 (1.8-32.5) 13.9 (0.6-33.5) 10.5 (0.7-31.2) 9.7 (0.0-29.9) 

V20Gy(RBE) 

(Fractional 

Volume) 

0.3 (0.01-0.6) 0.3 (0.0-0.7) 0.2 (0.01-0.7) 0.2 (0.0-0.6) 

Esophagus 

Mean Dose 

(Gy (RBE)) 
17.2 (8.0-40.1) 15.5 (5.5-42.9) 9.5 (0.2-40.6) 10.4 (0.2-35.7) 

D2cc (Gy 

(RBE)) 
32.6 (14.5-52.0) 30.4 (12.3-50.1) 23.7 (0.7-50.0) 25.7 (0.7-50.3) 

Spinal 

Cord 
Dmax (Gy 

(RBE)) 
21.1 (9.1-36.6) 18.8 (7.1-43.8) 5.6 (0.02-25.8) 8.6 (0.03-39.7) 

Breasts  
Mean Dose 

(Gy (RBE)) 
9.1 (2.6-16.2) 10.5 (3.3-18.6) 3.3 (0.2-10.6) 3.6 (0.3-11.8) 

Body 
Integral Dose 

(Gy (RBE)*L) 
150.8 (64.2-423.3) 160.4 (63.0-430.5) 69.3 (24.1-246.0) 76.0 (28.5-267.4) 

Abbreviations: Volumetric modulated arc therapy (VMAT), intensity modulated proton therapy (IMPT), free breathing 

(FB), deep inspiration breath hold (DIBH), fractional volume receiving dose level x (Vx), dose to 2 cc of a structure D2cc, 

maximum dose to a structure (Dmax), liter (L). 
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Table 3. Statistical analysis showing the p-values from the Friedman test with post-hoc two-tailed analysis using the 

Bonferroni correction. Comparisons that were found to be significant (p≤0.05) are marked in bold. 

 

Lungs 

Mean 

Dose 

(Gy 

(RBE)) 

Lungs 

V20 

(Fractional 

Volume) 

Lungs V5 

(Fractional 

Volume 

Heart 

Mean 

Dose 

(Gy 

(RBE)) 

Heart V20 

(Fractional 

Volume 

Esophagus 

Mean Dose 

(Gy 

(RBE)) 

Esophagus 

D2cc 

(Gy 

(RBE)) 

Spinal 

Cord 

Max 

Dose 

(Gy 

(RBE)) 

Breasts 

Mean 

Dose 

(Gy 

(RBE)) 

Integral 

Dose 

(Gy 

(RBE)*L) 

VMAT FB vs 

VMAT DIBH 
0.3 0.5 0.4 0.3 0.3 1 1 0.6 1 1 

VMAT FB vs 

IMPT FB 
<0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.01 <0.001 <0.01 <0.001 

VMAT FB vs 

IMPT DIBH 
<0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.9 <0.01 0.04 <0.01 

VMAT DIBH 

vs IMPT FB 
<0.01 0.013 <0.01 0.2 0.2 <0.001 0.1 <0.001 <0.001 <0.001 

VMAT DIBH 
vs IMPT DIBH 

<0.001 <0.001 <0.001 <0.001 <0.001 <0.001 1 0.3 <0.001 <0.001 

IMPT FB vs 

IMPT DIBH 
1 0.5 1 0.4 0.4 1 0.14 0.2 1 1 

Abbreviations: Volumetric modulated arc therapy (VMAT), intensity modulated proton therapy (IMPT), free breathing 

(FB), deep inspiration breath hold (DIBH), fractional volume receiving dose level x (Vx), dose to 2 cc of a structure D2cc, 

maximum dose to a structure (Dmax). 

 

Discussion 
In this treatment planning study, we investigated the dosimetric impact of both DIBH and proton therapy for 

patients with thymic cancer. Reduction of doses to the lungs and heart dose is especially important in patients 

with thymic epithelial tumors because many of the patients have poorer lung function due to chemotherapy 

and surgery and impaired cardiac function due to anthracyclines.  

We found that proton therapy generally reduced the doses to OARs in comparison to VMAT. To our surprise, 

while some individual patients benefited from DIBH, we did not find a statistically significant impact of DIBH 

for either proton therapy or VMAT. This conflicts with the evidence from mediastinal Hodgkin lymphoma 

[25,26] and could be due to the slight differences in anatomical location of the different diseases. DIBH might 

still be advantageous for individual patients or as a motion management tool when considering treatment 

margins or robustness and interplay effects, an especially important consideration for proton therapy [37]. 

We found that proton therapy reduced the doses to OARs relative to VMAT, which is consistent with other 

studies. One case report [20] described reductions in mean dose to the heart, lungs, and esophagus of 8 Gy, 6 

Gy, and 20 Gy, respectively, from proton therapy when compared to intensity modulated radiotherapy (IMRT) 

for a young woman with thymoma. In a study of 10 patients comparing passively-scatter proton therapy with 

IMRT, Vogel et al. [38] reported reductions of 12 Gy, 4.5 Gy, and 17.7 Gy on average for the mean dose to 

the heart, lungs, and esophagus. Similarly, Zhu et al. [23] reported average reductions in mean dose to the 

heart, lungs, and esophagus of 36.5%, 33.5%, and 60%, respectively from passively-scattered proton therapy 

relative to IMRT. Finally, Haefner et al. [39] compared a few different modalities for 10 patients with thymoma 

and found that spot scanning proton therapy reduced doses to OARs when compared to photon therapies. In 

our study comparing spot scanning proton therapy to VMAT, we found corresponding reductions of 5 Gy 

(RBE), 7.5 Gy (RBE), and 7.7 Gy (RBE) for proton therapy (free breathing, average of paired differences). 

While these differences are not quite as large as some of the other studies, they are still quite substantial. 

In conclusion, we found that for the patients in this study with thymic cancer, IMPT generally reduced the 

dose to OARs relative to VMAT, with or without the use of DIBH.  
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Abstract 
Proton therapy has a theoretical dosimetric advantage due to the Bragg peak, but the linear energy transfer 

(LET), and therefore the relative biological effectiveness (RBE), increase at the end of range. It is unknown if 

this effect is relevant for doses to organs at risk for pediatric patients with Hodgkin lymphoma. The purpose of 

this project was to investigate these biological uncertainties for protons for pediatric patients with Hodgkin 

lymphoma and the impact of different beam arrangements on these uncertainties. We selected three previously 

treated pediatric patients with mediastinal Hodgkin lymphoma and retrospectively created 3 to 4 proton plans per 

patient with 1, 2, and 3 beams. All plans were recalculated with Monte Carlo (MC) (AutoMC, Manchester), and 

dose-averaged LET was scored. Doses with variable RBE were calculated using the McNamara model and an 

assumed alpha/beta ratio of 2. We found that the LET decreased as the number of beams increased, but that the 

differences between the MC dose with fixed RBE (1.1) and the MC dose with vRBE was small for all plans. 

Furthermore, the MC dose with vRBE was often lower than the MC dose with fixed RBE. In conclusion, while 

uncertainties remain in variable RBE models, we did not find that increased LET and therefore RBE at the end 

of range is likely to be clinically significant for doses to organs at risk for pediatric patients with mediastinal 

Hodgkin lymphoma. 

 

Introduction 
Proton therapy is an attractive modality for pediatric patients due to the dosimetric advantages of the Bragg peak 

[1,2], which often enables a reduction in the dose to normal tissue and therefore the risk of side effects [3,4]. 

Current practice in proton therapy is to use a constant relative biological effectiveness (RBE) factor of 1.1 [5,6], 

which was chosen based on radiobiological experiments [5,7]. However, it is known that a single value of 1.1 is a 

simplification, and that RBE is dependent on factors such as dose, tissue (α/β), endpoint, and linear energy transfer 

(LET) [8–11]. There are a few studies suggesting clinical evidence of a variable RBE (vRBE) effect for proton 

therapy [12,13], and there is a growing effort to model vRBE for proton therapy [14–19] and investigate its 

potential impact [20–27]. However, it is unknown how much vRBE impacts the dose for pediatric patients with 

mediastinal Hodgkin lymphoma. 

While the biological models for vRBE are quite uncertain, LET is a calculable physical parameter of the protons 

and can be scored during Monte Carlo simulations. An increase in LET corresponds to an increase in RBE [6], so 

some have proposed reviewing LET distributions and avoiding high LET in organs at risk (OARs) to reduce the 

risk of unintentional overdosage [28]. Currently, this can be achieved by manually replanning with different beam 

angles or with beam specific planning volumes to avoid protons stopping in the region of concern [29–31]. 

Moreover, incorporation of LET as an optimization parameter has been investigated [32–35].  

In this study, we investigated the LET and vRBE-weighted dose distributions for 3 pediatric patients with 

mediastinal Hodgkin lymphoma for different beam arrangements with a focus on dose to organs at risk (OARs). 

 

Method and Materials 

Patient data 
For this retrospective analysis, we selected three previously treated pediatric patients with mediastinal Hodgkin 

lymphoma. Patients were treated as part of the TEDDI protocol (radiotherapy delivery in deep inspiration for 

pediatric patients − a NOPHO feasibility study, Danish Ethical Committee H-16035870, clinicaltrials.gov 

NCT03315546) [36]. The patients were the first three consecutive patients treated with radiotherapy under the 

protocol and were adolescent at the time of treatment (ages 15, 14, and 17 years). Contours from the clinical dataset 
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were used for treatment planning and analysis and additional contours of heart substructures were completed by 

an oncologist [37]. CTVs varied in size and were 241, 30, and 194 cc, respectively. 

Treatment planning 
We created 3 or 4 proton plans for each patient to investigate how the beam arrangement affected the LET and 

vRBE distributions (Eclipse v13.7, Varian Medical Systems, Palo Alto, CA). For all patients, plans with 1, 2, and 

3 fields (0 degrees, 10 and 350 degrees, and 10, 180 and 350 degrees, respectively) were created, and for the one 

male patient (due to lack of breast tissue), a ‘wide’ 2-field plan was also created (30 and 330 degrees) (Figure 1). 

 

Figure 1. Beam arrangements for the patients in this study: 0 degrees (top left), 10 and 350 degrees (top right), 30 and 330 

degrees (bottom left, patient 3 (male) only), 10, 180 and 350 degrees (bottom right). The CTV is shown in pink. 

 

Treatment planning was performed to a prescription dose of 19.8 Gy in 11 fractions using robust optimization to 

the CTV, assuming an uncertainty of 3.5% in CT calibration and 5 mm in positioning. For most plans, single field 

optimization (SFO) was used; however, for patient 1, the target surrounded the heart and multifield optimization 

(MFO) was used for the 3-field plan to avoid entrance dose through the heart. Priorities during optimization were 

first CTV coverage, and second to reduce the dose to the lungs and the heart as much as possible. Female breasts, 

cardiac chambers, and cardiac arteries were contoured for analysis but were not used during optimization. Robust 

evaluation was performed with the same uncertainty assumptions and plans were considered acceptably robust if 

98% of the CTV received at least 95% of the prescription dose for 10/12 uncertainty scenarios. The dose grid for 

calculation in the treatment planning system (TPS) was 2.5 mm.  

LET and variable RBE calculation 
Plans were exported, pre-processed for file compatibility, and imported to the in-house Monte Carlo (MC) system 

AUTOMC (v190621ES). AUTOMC is based in Geant4 (v10.3.2) [38] and Gate (Geant4 Application for Emission 

Tomography, v8.1) (RTIon v1.0) [39] and commissioned for the ProBeam delivery system (Varian Medical 

Systems). The physics list was set to QGSP_BIC, voxels were 2 mm, and cuts were 0.1 mm for gammas, electrons, 
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and positrons, and 1 mm for protons. The QGSP_BIC physics list has been previously shown to match other well-

established physics lists used for proton therapy applications [40]. Physical dose to material was scored and 

converted to physical dose to water [41], and dose-averaged LET to water was scored using the 

‘GetElectronicStoppingPowerDEDX’ method [42]. The number of histories was scaled to achieve an approximate 

uncertainty level of 1% in dose in the high dose region. 

Post-processing of output files was completed in MATLAB (R2018b, MathWorks, Inc., Natick, MA). For plans 

with multiple beams, LET matrices from each beam were combined to one matrix using weighting factors of the 

relative dose to the voxel from each beam. LET matrices were thresholded to regions of at least 0.5% of the 

maximum dose to remove voxels containing very few particles. Then, matrices of physical dose and LET were 

used to obtain vRBE using the McNamara model [18] with an assumed α/β of 2 Gy [43]. Finally, matrices of LET, 

physical dose, vRBE, and vRBE-weighted dose were converted to DICOM format and imported back into the 

treatment planning system for visualization and analysis. 

Comparison metrics 
To compare how these distributions changed for different beam arrangements with respect to the OARs, metrics 

were extracted for the body, lungs, spinal cord, esophagus, breasts (for females), heart, heart chambers (left and 

right atria and left and right ventricle), and coronary arteries (right coronary artery (RCA), left main coronary 

artery (LMCA), left circumflex (Cx), and left anterior descending (LAD)). 

Specifically, for LET comparisons, near-maximum (D0.01cc) LET values were extracted. For dose comparisons, 

mean and near-maximum dose values were analyzed for the TPS dose with a fixed RBE of 1.1, MC dose with a 

fixed RBE of 1.1, and MC dose with vRBE. Near-maximum metrics were first extracted and then compared, so 

could be from different locations. In addition, voxel-by-voxel dose difference maps and the overlap of regions of 

80% physical dose from MC and regions of LET greater than or equal to 6 keV/μm were visually examined.  

 

Results 
All treatment plans had acceptable coverage and robustness (for the TPS dose) with the criterion of 98% of the 

CTV receiving at least 95% of the prescription dose for all uncertainty scenarios for all plans, except for the ‘wide’ 

2-field plan for patient 3, which fulfilled the criteria for 10/12 uncertainty scenarios.  

We found that LET varied slightly with beam arrangement (Figure 2). In general, more beams decreased the near-

maximum LET in OARs, but not always. Overlap of regions of 80% dose and high LET (≥6 keV/μm) were 

evaluated visually. For most plans there was no overlap. For two plans, a few voxels overlapped, but the regions 

were very small. Patient 1 had a region of overlap for the 1-field plan of 0.004 cc in muscle, and patient 3 had a 

region of overlap for the 1-field plan of 0.11 cc located in the vertebra, carina, and descending aorta. Details of 

mean and near-maximum LET for all patients can be found in the appendix (Table S1).  

 



5 

 

 

Figure 2. Near-maximum dose-averaged LET for OARs for different beam arrangements for the 3 patients in this study. 

OARs are listed in the order: body, spinal cord (Spinal…), esophagus, lungs, heart, left ventricle (L Vent), right ventricle (R 

Vent), left atrium (L Atrium), right atrium (R Atrium), circumflex artery (Cx), right coronary artery (RCA), left anterior 

descending artery (LAD), left main coronary artery (LMCA), breasts (for females).  

 

Figure 3 shows an example of the TPS dose with a fixed RBE of 1.1, MC dose with a fixed RBE of 1.1, LET, 

vRBE, and MC dose with vRBE. LET and vRBE distributions increased at the end of range. It can also be seen 

that some of the regions of high LET and vRBE in the 1- and 2-field plans near the end of range were mitigated 

in the 3-field plan that contains a posterior beam. Despite these differences, the vRBE-weighted dose distribution 

was very similar to the fixed RBE distributions for all plans due to the regions of high vRBE corresponding to 

regions of low dose.  
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Figure 3. Distributions of TPS dose (1.1 RBE), MC dose (1.1 RBE), LET, variable RBE, and MC dose with vRBE for 

patient 1 for 3 plans with 1, 2, and 3 fields, respectively. Abbreviations: Treatment planning system (TPS), relative 

biological effectiveness (RBE), linear energy transfer (LET), Monte Carlo (MC). 

A comparison of the MC physical dose distribution (no RBE factor applied) and the vRBE distribution and 

corresponding profiles for patient 1 for the 1-field plan is shown in Figure 4. The increase in vRBE to 

approximately 1.5 occurs where the dose is very low (much less than 1 Gy). 
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Figure 4. Physical dose from Monte Carlo (MC) (A, scale 1 to 21 Gy) and vRBE (B, scale 1 to 1.5) distributions and 

corresponding profiles at the location of the red anterior-posterior line for patient 1, 1-field plan. The CTV is shown in pink. 

Dose-difference distributions are shown in Figure 5 for patient 1. The differences in dose (when compared to TPS 

dose) from the use of MC (first row) are on the same order as the use of MC and variable RBE weighting (second 

row), and differences between the two MC doses are very small (third row). 
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Figure 5. Dose-difference distributions for patient 1 for plans with 1, 2, and 3 fields. The dose-difference scale is from -2 to 

2 Gy (RBE) (regions of black or clear are beyond the scale) and the CTV is shown in pink. 

 

Differences in both mean and near-maximum doses to OARs relative to the TPS dose with 1.1 were small (Figure 

6), and the MC doses with vRBE were generally less than MC doses with 1.1. Results were similar for the other 

two patients, and detailed results of the dose metrics can be found in the appendix (Tables S2-S4). 
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Figure 6. Mean and near-maximum (0.01cc) dose differences between MC dose with either fixed RBE of 1.1 or vRBE and 

the TPS dose with fixed RBE of 1.1 for patient 1. OARs are listed in the order: body, spinal cord (Spinal…), esophagus, 

lungs, heart, left ventricle (L Vent), right ventricle (R Vent), left atrium (L Atrium), right atrium (R Atrium), circumflex 

artery (Cx), right coronary artery (RCA), left anterior descending artery (LAD), left main coronary artery (LMCA), breasts 

(for females). 

 

 

Discussion and Conclusion 
In this study, we found that increasing number of beams decreased the near-maximum LET in OARs for adolescent 

pediatric patients with mediastinal Hodgkin lymphoma; however, we did not find that the distribution of LET or 

the vRBE-weighted dose was clinically concerning. The use of MC accounted for the largest differences in this 

study, not the use of fixed or variable RBE. The implementation of MC models in commercial treatment planning 

systems and clinical routine will improve accuracy for this patient group.   

Tseng et al. [44] presented results in 2018 showing similar results to ours for patients with mediastinal lymphoma. 

In their study, the doses to OARs with vRBE were slightly lower with MC and vRBE when compared to MC and 

fixed RBE. Other studies have investigated LET and vRBE in proton therapy for other treatment sites. The 

magnitude of LET values in our study agree with one of the largest studies [27], which investigated different 



10 

 

treatment sites, including thoracic patients. They found near-maximum values of LET in the OARs in the thorax 

of approximately 8-11 keV/μm on average, which agree well with our results of approximately 6-9 keV/μm. 

However, unlike our study, Ödén et al. [25] found relatively large difference in mean OAR doses (compared to 

using 1.1) for prostate cancer patients on the order of 2-3 Gy (RBE) (Table 4 in [25]) and an increased probability 

of rectal toxicity (Table 6 in [25]). Another study from Carabe et al. [21] investigated the impact of vRBE for 

prostate, brain, and liver patients, and found a large range of differences in the dose to 10% of the volume (D10%), 

ranging from differences of approximately 10 Gy (RBE) in OARs in the brain to differences as small as 

approximately 1 Gy (RBE) in the lung and healthy liver. The differences between the results in these studies and 

in ours could be explained by the anatomical location of the target and the low prescription dose for Hodgkin 

lymphoma (which is also low for adult regimens, around 30 Gy).  

One limitation of this study is the uncertainty of the variable RBE model. There is a lack of data regarding 

validation of RBE models and therefore little clinical consensus about choice of model. However, we chose a 

model that was built with experimental data from the relevant range [19], and other studies have shown that the 

McNamara model [18] is a reasonably conservative choice with respect to OARs [25,27]. Furthermore, this was a 

small study with only 3 adolescent patients, and should not be considered exhaustive, but rather exploratory. 

In conclusion, we did not find clinically significant differences in doses to OARs due to vRBE or regions of high 

LET overlapping with high dose for the pediatric patients with Hodgkin lymphoma in this study. Due to this 

negative finding, we cannot recommend any specific beam arrangement for the purpose of modulating the LET 

distribution; however, using multiple beams maybe be advantageous for other reasons such as plan robustness and 

quality. 
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Appendix 
 

Table S1. Mean and near-maximum (0.01cc) dose-averaged linear energy transfer (LET) values 

(keV/μm) for the 3 patients in this study. Abbreviations: left ventricle (L Vent), right ventricle (R 

Vent), left atrium (L Atrium), right atrium (R Atrium), circumflex artery (Cx), right coronary artery 

(RCA), left anterior descending artery (LAD), left main coronary artery (LMCA). 

 

Patient 1 1 Field 2 Fields 3 Fields 

 Mean 0.01cc Mean 0.01cc Mean 0.01cc 

Body 1.27 12.52 1.33 10.57 1.13 8.57 

Spinal Cord 4.23 10.4 4.56 9.39 2.8 4.4 

Esophagus 2.49 5.07 2.59 5.76 2.25 4.86 

Lungs 2.91 10.09 2.89 9.81 2.74 8.04 

Heart 2.68 9.06 2.73 8.24 3.1 7.98 

L Vent 2.75 9.06 2.85 8.24 2.72 7.98 

R Vent 2.91 6.1 2.99 5.98 3.14 7.32 

L Atrium 2.98 5.75 2.86 6.06 3.69 6.3 

R Atrium 2.27 4.82 2.28 4.3 4.21 7.04 

Cx 3.34 5.75 3.8 6.27 1.94 6.1 

RCA 1.48 3.71 1.55 3.67 2.91 5.31 

LAD 2.82 3.88 2.77 3.56 2.72 3.87 

LMCA 2.86 3.11 2.69 2.9 3.51 3.65 

Breasts 1.67 4.65 1.66 4.19 1.63 4.41 
 

Patient 2 1 Field 2 Fields 3 Fields 

 Mean 0.01cc Mean 0.01cc Mean 0.01cc 

Body 0.38 10.74 0.4 10.42 0.35 7.13 

Spinal Cord 4.59 7.93 4.78 8.84 2.74 4.84 

Esophagus 2.1 7.43 2.07 7.21 1.89 5.48 

Lungs 1.4 9.71 1.53 8.96 1.34 6.87 

Heart 0.78 6.78 0.78 6.78 0.68 5.65 

L Vent 0.01 3.38 0.01 3.38 0 0.02 

R Vent 0.15 3.41 0.15 3.41 0.04 3.53 

L Atrium 1.97 6.7 1.97 6.7 1.75 5.56 

R Atrium 1.6 4.88 1.6 4.88 1.41 4.55 

Cx 0.08 2.21 0.08 2.21 0 0.02 

RCA 0.47 3.14 0.43 2.55 0.06 1.48 

LAD 0.06 1.8 0.06 1.8 0 0.02 

LMCA 3.26 3.46 3.26 3.46 3.58 3.83 

Breasts 0.17 3.18 0.17 3.18 0.19 3.66 
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Patient 3 1 Field 2 Fields 2 Fields Wide 3 Fields 

 Mean 0.01cc Mean 0.01cc Mean 0.01cc Mean 0.01cc 

Body 0.71 11.53 0.78 10.28 0.9 10.19 0.71 7.21 

Spinal Cord 3.99 9.22 4.29 8.25 4.18 8.17 1.84 3.72 

Esophagus 2.05 7.67 2.03 7.58 2.02 7.19 1.69 4.06 

Lungs 1.63 11.05 1.77 9.65 2.18 9.72 1.55 6.99 

Heart 1.38 8.96 1.44 8.62 1.59 7.98 1.3 5.98 

L Vent 0.32 8.22 0.38 8.01 0.44 6.73 0.41 5.31 

R Vent 1.16 6.35 1.25 5.84 1.54 5.83 1.18 5.16 

L Atrium 2.06 8.95 2.26 8.59 2.75 7.98 1.63 4.54 

R Atrium 2.72 7.95 2.73 8.35 3.02 7.65 2.62 5.98 

Cx 1.88 5.25 2.26 6.21 2.59 5.76 1.95 3.9 

RCA 2.39 4.37 2.47 4.27 2.93 4.75 2.47 4.1 

LAD 1.73 6.05 1.62 4.6 1.88 4.3 1.56 4.08 

LMCA 4.85 5.54 4.54 4.84 3.48 3.78 3.28 3.5 
 

 

Table S2. Mean doses and near-maximum (D0.01cc) doses for patient 1 for plans with 1, 2, and 3 beams. 

Doses are in Gy (RBE), where the RBE is a fixed 1.1 for the first two columns (treatment planning 

system (TPSx1.1), and Monte Carlo (MCx1.1), and variable for the third column (MC vRBE). 

Abbreviations: left ventricle (L Vent), right ventricle (R Vent), left atrium (L Atrium), right atrium (R 

Atrium), circumflex artery (Cx), right coronary artery (RCA), left anterior descending artery (LAD), 

left main coronary artery (LMCA). 

 

 1 Field 

 TPSx1.1 MCx1.1 MC vRBE 

 Mean 0.01cc Mean 0.01cc Mean 0.01cc 

Body 2.37 21.73 2.44 23.20 2.41 23.02 

Spinal Cord 8.47 19.75 7.80 20.69 7.69 20.43 

Esophagus 12.92 20.43 13.47 21.59 13.33 21.36 

Lungs 3.86 21.69 4.18 21.48 4.15 21.26 

Heart 5.25 21.31 5.42 23.01 5.37 22.83 

L Vent 1.84 20.52 1.84 21.81 1.81 21.54 

R Vent 4.38 20.47 4.57 21.24 4.54 21.04 

L Atrium 8.80 20.23 9.15 21.28 9.09 21.11 

R Atrium 7.15 21.17 7.57 22.90 7.54 22.73 

Cx 0.87 13.14 0.92 13.25 0.91 13.03 

RCA 8.22 19.76 8.46 20.24 8.41 20.14 
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LAD 6.48 20.34 6.85 21.02 6.80 20.80 

LMCA 17.56 18.24 18.23 19.00 18.05 18.83 

Breasts 1.82 19.16 2.03 19.99 2.01 19.87 
 

 2 Fields 

 TPSx1.1 MCx1.1 MC vRBE 

 Mean 0.01cc Mean 0.01cc Mean 0.01cc 

Body 2.39 20.8 2.47 22.76 2.44 22.58 

Spinal Cord 8.07 19.17 7.32 19.29 7.22 19.01 

Esophagus 12.88 20.1 13.37 21.33 13.24 21.09 

Lungs 3.89 20.73 4.19 21.11 4.16 20.92 

Heart 5.21 20.68 5.37 22.11 5.33 21.95 

L Vent 2.02 20.2 2.02 21.1 1.99 20.86 

R Vent 4.52 20.17 4.7 20.98 4.67 20.84 

L Atrium 8.31 20.31 8.65 21.26 8.6 21.1 

R Atrium 6.44 20.31 6.83 21.8 6.81 21.65 

Cx 0.99 13.88 1.02 14.12 1.03 13.9 

RCA 8.13 20.34 8.46 20.73 8.4 20.61 

LAD 6.83 20.01 7.2 20.73 7.15 20.53 

LMCA 16.79 17.43 17.04 17.88 16.89 17.73 

Breasts 1.95 19 2.15 19.6 2.13 19.49 
 

 3 Fields 

 TPSx1.1 MCx1.1 MC vRBE 

 Mean 0.01cc Mean 0.01cc Mean 0.01cc 

Body 2.46 21.58 2.53 22.73 2.48 22.5 

Spinal Cord 9.68 19.18 9.57 19.5 9.47 19.28 

Esophagus 12.32 20.19 12.69 21.26 12.57 21.08 

Lungs 3.6 21.36 3.89 22.25 3.86 22.01 

Heart 4.37 20.49 4.31 21.35 4.25 21.12 

L Vent 1.9 20.18 1.87 20.99 1.84 20.75 

R Vent 4.05 20.13 4.11 20.83 4.05 20.63 

L Atrium 6.17 20.07 6.21 20.61 6.17 20.37 

R Atrium 3.79 18.83 3.33 18.71 3.32 18.52 

Cx 0.78 11.17 0.8 10.83 0.76 10.68 

RCA 5.26 18.01 5.25 17.75 5.19 17.56 

LAD 6.87 20.06 7.2 20.88 7.13 20.67 

LMCA 16.65 17.66 16.71 17.85 16.51 17.63 

Breasts 1.67 19.07 1.82 19.73 1.79 19.63 
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Table S3. Mean doses and near-maximum (D0.01cc) doses for patient 2 for plans with 1, 2, and 3 beams. 

Doses are in Gy (RBE), where the RBE is a fixed 1.1 for the first two columns (treatment planning 

system (TPSx1.1), and Monte Carlo (MCx1.1), and variable for the third column (MC vRBE). 

Abbreviations: left ventricle (L Vent), right ventricle (R Vent), left atrium (L Atrium), right atrium (R 

Atrium), circumflex artery (Cx), right coronary artery (RCA), left anterior descending artery (LAD), 

left main coronary artery (LMCA). 

 

 1 Field 

 TPSx1.1 MCx1.1 MC vRBE 

 Mean 0.01cc Mean 0.01cc Mean 0.01cc 

Body 0,55 21,67 0,56 22,24 0,55 21,97 

Spinal Cord 7,17 17,72 6,15 18,12 6,06 17,82 

Esophagus 5,99 20,17 5,84 20,78 5,78 20,57 

Lungs 1,33 21,65 1,52 22,01 1,49 21,75 

Heart 0,41 15,69 0,47 16,65 0,45 16,52 

L Vent 0 0,02 0,03 0,14 0 0,16 

R Vent 0 0,17 0,05 0,3 0,01 0,32 

L Atrium 0,38 6,03 0,45 6,14 0,43 6,1 

R Atrium 0,39 9,28 0,54 10,02 0,52 9,97 

Cx 0 0,02 0,04 0,12 0 0,07 

RCA 0 0,04 0,07 0,2 0,03 0,22 

LAD 0 0,02 0,05 0,12 0 0,07 

LMCA 0,06 0,11 0,2 0,24 0,23 0,27 

Breasts 0,02 5,83 0,08 7,04 0,04 7,02 
 

 2 Fields 

 TPSx1.1 MCx1.1 MC vRBE 

 Mean 0.01cc Mean 0.01cc Mean 0.01cc 

Body 0,55 21,02 0,56 22,15 0,55 21,91 

Spinal Cord 5,73 15,82 4,82 15,88 4,76 15,62 

Esophagus 5,78 19,97 5,62 20,31 5,56 20,12 

Lungs 1,37 20,73 1,55 21,56 1,52 21,31 

Heart 0,4 14,57 0,47 15,55 0,44 15,42 

L Vent 0 0,02 0,03 0,14 0 0,16 

R Vent 0 0,25 0,05 0,37 0,01 0,39 
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L Atrium 0,39 5,5 0,45 5,62 0,43 5,59 

R Atrium 0,35 8,24 0,5 8,91 0,48 8,87 

Cx 0 0,03 0,04 0,12 0 0,08 

RCA 0 0,05 0,07 0,2 0,03 0,21 

LAD 0 0,02 0,05 0,12 0 0,09 

LMCA 0,11 0,19 0,23 0,3 0,26 0,33 

Breasts 0,06 6,61 0,12 7,13 0,09 7,11 
 

 3 Fields 

 TPSx1.1 MCx1.1 MC vRBE 

 Mean 0.01cc Mean 0.01cc Mean 0.01cc 

Body 0,58 20,89 0,59 21,64 0,58 21,43 

Spinal Cord 7,98 16,76 7,27 16,7 7,21 16,51 

Esophagus 5,77 20 5,6 20,3 5,54 20,11 

Lungs 1,29 20,55 1,47 21,11 1,44 20,88 

Heart 0,33 14,41 0,38 15,49 0,35 15,34 

L Vent 0 0,02 0,03 0,11 0 0,02 

R Vent 0 0,11 0,04 0,21 0 0,23 

L Atrium 0,29 4,85 0,36 4,92 0,34 4,9 

R Atrium 0,27 7,19 0,39 7,89 0,37 7,84 

Cx 0 0,02 0,05 0,11 0 0,02 

RCA 0 0,03 0,05 0,13 0 0,09 

LAD 0 0,02 0,04 0,11 0 0,02 

LMCA 0,06 0,11 0,18 0,22 0,21 0,25 

Breasts 0,04 5,67 0,09 6,26 0,06 6,23 
 

Table S4. Mean doses and near-maximum (D0.01cc) doses for patient 3 for plans with 1, 2, 2 ’wide’, and 

3 beams. Doses are in Gy (RBE), where the RBE is a fixed 1.1 for the first two columns (treatment 

planning system (TPSx1.1), and Monte Carlo (MCx1.1), and variable for the third column (MC vRBE). 

Abbreviations: left ventricle (L Vent), right ventricle (R Vent), left atrium (L Atrium), right atrium (R 

Atrium), circumflex artery (Cx), right coronary artery (RCA), left anterior descending artery (LAD), 

left main coronary artery (LMCA). Large differences in near-maximum doses for the body for this 

patient were located in the air in the bronchi, not in tissue. 

 

 1 Field 

 TPSx1.1 MCx1.1 MC vRBE 

 Mean 0.01cc Mean 0.01cc Mean 0.01cc 

Body 1,35 21,23 1,37 26,29 1,35 26 
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Spinal Cord 3,03 13,64 2,89 14,1 2,87 13,86 

Esophagus 9,26 20,11 9,36 20,98 9,26 20,74 

Lungs 2,11 21,16 2,2 21,27 2,16 21,04 

Heart 2,28 20,37 2,39 21,22 2,34 21,02 

L Vent 0,05 10,34 0,08 10,58 0,05 10,41 

R Vent 0,35 12,85 0,51 13,93 0,47 13,81 

L Atrium 0,54 13,04 0,49 12,48 0,46 12,23 

R Atrium 6,24 20,36 6,45 21,21 6,38 21 

Cx 0,52 4,92 0,55 4,57 0,54 4,55 

RCA 2,88 15,89 3,12 16,75 3,09 16,6 

LAD 0,38 5,38 0,51 5,64 0,49 5,59 

LMCA 11,92 13,92 10,52 12,45 10,37 12,25 
 

 2 Fields 

 TPSx1.1 MCx1.1 MC vRBE 

 Mean 0.01cc Mean 0.01cc Mean 0.01cc 

Body 1,36 20,9 1,39 26,15 1,36 25,86 

Spinal Cord 2,04 11,53 1,66 10,24 1,67 10,07 

Esophagus 9,21 20,03 9,32 20,79 9,22 20,58 

Lungs 2,11 20,48 2,19 20,92 2,15 20,74 

Heart 2,35 20,26 2,47 21,12 2,42 20,92 

L Vent 0,06 10,71 0,09 11,26 0,07 11,11 

R Vent 0,39 13,9 0,55 14,94 0,52 14,81 

L Atrium 0,64 15,75 0,57 14,45 0,54 14,15 

R Atrium 6,22 20,24 6,47 21,08 6,4 20,88 

Cx 0,69 6 0,64 5,28 0,63 5,23 

RCA 2,87 16,17 3,11 17 3,07 16,86 

LAD 0,39 5,07 0,51 5,27 0,49 5,23 

LMCA 11,36 13,07 11,02 12,78 10,87 12,61 
 

 2 Fields WIDE 

 TPSx1.1 MCx1.1 MC vRBE 

 Mean 0.01cc Mean 0.01cc Mean 0.01cc 

Body 1,47 21,17 1,5 26,05 1,47 25,75 

Spinal Cord 3,18 11,89 2,91 12,18 2,89 12,01 

Esophagus 9,16 20,01 9,27 20,89 9,16 20,66 

Lungs 2,49 21,01 2,54 21,33 2,5 21,17 

Heart 2,41 20,51 2,54 21,29 2,5 21,11 
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L Vent 0,05 7,96 0,1 8,19 0,06 8,1 

R Vent 0,58 14,5 0,73 15,56 0,69 15,42 

L Atrium 0,82 13,84 0,79 13,68 0,77 13,44 

R Atrium 6,39 20,49 6,7 21,29 6,63 21,11 

Cx 1,01 7,04 1,03 6,94 1,02 6,88 

RCA 2,97 15,64 3,22 16,66 3,21 16,51 

LAD 0,58 5,52 0,72 5,68 0,69 5,64 

LMCA 11,01 12,69 11,26 12,93 11,14 12,79 
 

 3 Fields 

 TPSx1.1 MCx1.1 MC vRBE 

 Mean 0.01cc Mean 0.01cc Mean 0.01cc 

Body 1,63 20,76 1,67 26,24 1,62 25,97 

Spinal Cord 6,22 13,42 5,99 12,56 5,87 12,42 

Esophagus 9,82 19,96 9,94 20,8 9,84 20,63 

Lungs 2,3 20,65 2,39 20,87 2,36 20,65 

Heart 2,5 20,45 2,65 21,33 2,6 21,14 

L Vent 0,06 10,75 0,11 11,22 0,08 11,1 

R Vent 0,39 13,54 0,53 14,47 0,5 14,35 

L Atrium 1,95 16,69 2,02 16,05 1,99 15,81 

R Atrium 6,28 20,44 6,56 21,32 6,5 21,13 

Cx 0,93 8,06 1,03 7,66 1,01 7,6 

RCA 2,92 16,13 3,15 17,01 3,11 16,87 

LAD 0,34 4,6 0,48 4,91 0,46 4,88 

LMCA 12,71 14,75 12,52 14,69 12,39 14,54 
 

 

Example Monte Carlo Uncertainty Report (patient 1, 1-field plan) 

Median uncertainty (%) within various isodose surfaces 

 

Patient Plan Field Files SplitProgress PrimariesPerSplit  PrimariesTotal  CPU.hours 0-0.1%  0.1-1%  1-10%  10-20%  20-50%  50-70%  70-90%  90-100% 

1             1     1      27        1.000                2.0663e+05          1.3834e+08       460.157      39.90    16.63     6.04      2.05        1.25       0.89        0.86        0.73 
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Abstract 

Purpose/Objective(s):  

In current radiotherapy (RT) planning and delivery, population-based dose-volume constraints are used to limit 

the risk of toxicity from incidental irradiation of organs at risk (OARs). However, weighing trade-offs between 

target coverage and doses to OARs (or prioritizing different OARs) in a quantitative way for each patient is 

challenging. We introduce a novel RT planning approach for patients with mediastinal Hodgkin lymphoma that 

aims to maximize overall outcome for each patient by optimizing on tumor control and mortality from late effects 

simultaneously.  

Methods and Materials:  

We retrospectively analyzed 34 Hodgkin lymphoma patients treated with conformal RT (3DCRT). We used 

published data to develop risk models for recurrence and radiation-induced mortality from coronary heart 

disease and secondary lung and breast cancers. Patient-specific doses to the heart, lung, breast, and tumor target 

were incorporated in the models as well as age, sex and cardiac risk factors (CRFs). Pre-plans were created with 

16 co-planar gantry angles and 4 beam options per gantry angle. Beam doses were calculated in a commercial 

treatment planning system and monitor units were optimized in an in-house, particle swarm optimization code 

to create outcome-optimized (O-OPT) plans. O-OPT plans were compared to VMAT plans and clinical 3DCRT 

plans.  

Results:  

In general, O-OPT plans had the lowest risk, followed by the clinical 3DCRT plans, then the VMAT plans with the 

highest risk with median (maximum) total risk values of 4.9 (11.1), 5.1 (17.7), and 7.6 (20.3)%, respectively 

(assuming no CRFs). Compared to clinical 3DCRT plans, O-OPT planning reduced the total risk by more than 1% 

for 9/34 patient cases assuming no CRFs and 11/34 patient cases assuming presence of CRFs. 

Conclusions:  
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We developed an individualized, outcome-optimized planning technique for Hodgkin lymphoma. Some of the 

resulting plans were substantially different from clinical routine plans. The results varied depending on how risk 

models were defined or prioritized.  

 

Introduction 

Follow-up studies of long-term Hodgkin lymphoma (HL) survivors with mediastinal disease have documented an 

excess risk of cardiac disease and secondary cancers [1,2] compared with population controls. The goal of 

radiotherapy (RT) planning is to optimize the therapeutic ratio, and population-based dose-volume constraints 

are used in current clinical practice to limit the risk of adverse effects. However, this method’s capability to take 

the patient’s specific anatomy and extent of the tumor into account is limited. For example, for patients with 

extensive disease, doses close to or exceeding the usual constraints may be accepted if maximum tumor control 

is prioritized. Conversely, for patients with limited disease, the conventional dose constraints may lead to 

acceptance of plans that are suboptimal. Ideally, doses to all normal structures should be kept as low as 

reasonably achievable, with emphasis on the most critical organs [3]. In the particular case of early-stage HL, it 

might even be clinically preferable in some cases to accept a small compromise of target coverage in order to 

reduce the dose to a critical OAR and the associated risk of late effects. However, most treatment planning 

systems are not suited to this scenario, and those compromises are performed subjectively. To this end we need 

a flexible dose-planning tool that allows us to optimize the trade-off between the risks of recurrence and various 

severe late effects to achieve the “best deal” for each patient with HL.  

To directly balance these trade-offs during planning, the incorporation of biological or normal tissue complication 

probability (NTCP) models into treatment plan optimization has been proposed [4-8]. Various biological 

optimization methods have been explored for disease sites such as prostate cancer [9-12], head and neck cancer 
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[13,14], brain cancer [15], breast cancer [16], and intrahepatic tumors [17]. For HL, a tool for evaluating biological 

endpoints for already created treatment plans has been developed [18], but the direct application of biological 

models in RT plan optimization, to the authors’ knowledge, has not yet been investigated. In addition, most 

reports focus on the probability of a side effect, without considering that the severity/mortality burden is greater 

from some than others (e.g. second lung cancer vs second breast cancer). The goal of this study was to explore 

the potential benefit of an individualized outcome-optimized (O-OPT) HL RT planning approach which considers 

the dose-response effect of radiation on tumor control and mortality from late effects of treatment 

simultaneously. We also investigated the sensitivity of the O-OPT plan result to model parameters. 

 

Methods and Materials 

Patients 

CT datasets from 34 patients (17 male, 17 female) with biopsy proven mediastinal HL and median age 33.5 years 

(range 16-76), were selected for this retrospective study. All patients were treated between 2006 and 2010 

(Figure S1 in the supplementary material) [19]. Contours from the clinical RT plans were used for outcome-

optimized (O-OPT) planning, and the clinical plans were used as a reference for comparison with O-OPT plans. 

The clinical plans were 3D conformal radiation therapy (3DCRT), mostly with anterior-posterior posterior-

anterior (AP-PA) beam setup with energy of 6 MV. In addition, 2-arc volumetric modulated arc therapy (VMAT) 

plans were also used for comparison with O-OPT plans [19]. All clinical 3DCRT and VMAT plans were renormalized 

to a mean dose of 30.6 Gy to the clinical target volume (CTV) (1.8 Gy/fraction) for this study (AAA, Eclipse V13.6 

Varian Medial Systems, Palo Alto, CA). 

 

Pre-planning beam setup 
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Pre-planning was performed by creating a set of beams from which the optimization algorithm could choose for 

the O-OPT plans. Sixteen co-planar gantry angles (0, 10, 20, 45, 90, 135, 160, 170, 180, 190, 200, 225, 270, 315, 

340 and 350 degrees) were considered in addition to the clinically used angles if not listed. The higher resolution 

of angles in the AP-PA regions was chosen to mimic a “butterfly” technique as an option in the solution space 

[20]. The majority of fields were 6 MV, except two patients who were planned with 18 MV fields, following their 

3DCRT clinical plans. To allow basic dose modulation, four fields were created for each angle: one open field and 

three subfields that together fully covered the target (e.g. superior, middle, and inferior), yielding a total of at 

least 64 beams (Figure 1). Initial doses from each beam using equal field weighting were calculated using a 

commercial treatment planning system (TPS) (AAA, Eclipse V13.6) then exported for optimization. 

 

Figure 1. Beam setup for pre-planning before optimization with 16 beam angles surrounding the patient 
(A) and examples of open and partially closed subfields that were created for each beam angle (B-E). 

The CTV is shown in red. 
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Inverse plan optimization 

Inverse planning was performed by our in-house particle swarm optimization (PSO) engine, implemented in 

MATLAB (R2016a, MathWorks, Matick, MA) [21]. PSO algorithm’s highly-parallelizable, metaheuristic and global 

nature has been thoroughly introduced in the literature [22,23] and applied to various RT inverse planning 

studies [24-26]. In this study, a swarm of 30 particles were used over 30 iterations, and a perturbation was 

applied at iteration 20 to avoid local minima. At each perturbation step, the particle with the best solution was 

kept, while the others were randomly re-distributed without erasing their personal bests from their memories. 

The output of the optimization was a list of monitor unit (MU) values for each beam that described the O-OPT 

plan. Beams with <5 MU were eliminated during optimization. If the optimization algorithm created a plan that 

was equal in risk with the clinical 3DCRT plan, the clinical 3DCRT plan was chosen. The objective function was a 

proxy for “overall outcome” defined as a summation of the probabilities of disease recurrence and the normal 

tissue complications given by the equation 

𝑝𝑡𝑜𝑡 = 𝑝𝐷𝑅 + 𝑝𝐶𝐻𝐷 + 𝑝𝐿𝐶 + 𝑝𝐵𝐶                                                  (1) 

where 𝑝𝑡𝑜𝑡  is the total penalty function, and the penalty functions for disease recurrence, mortality due to 

coronary heart disease, mortality due to secondary lung cancer, and mortality due to secondary breast cancer 

are given by 𝑝𝐷𝑅 , 𝑝𝐶𝐻𝐷 , 𝑝𝐿𝐶  and 𝑝𝐵𝐶 , respectively. We equally weighted the objective terms to indicate the 

seriousness of both a recurrence and a fatal late normal tissue complication, but, in a prospective scenario, the 

priorities of these terms can be adjusted according to the clinician’s or patient’s preference. The models for each 

penalty function are described below. 
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While the base analysis in this study focused on O-OPT plans that were optimized purely to minimize 𝑝𝑡𝑜𝑡, for 

one patient we also created (i) an O-OPT plan with a hard requirement for ≥90% of CTV receiving the prescription 

dose and (ii) another O-OPT plan with a hard requirement of avoiding hot spot ≥40 Gy as a sensitivity analysis. 

 

Disease recurrence model 

Progression free survival (PFS) at 5 years for different dose levels were obtained from randomized trials in 

literature [27-29] assuming uniform irradiation of the CTV. From these studies, hazard ratios (HRs) were 

estimated at HR=2.44 for 0 Gy (no RT) relative to 30.6 Gy and HR=1.44 for 20 Gy relative to 30.6 Gy. Therefore, 

the estimated PFS at 5 years was given by 

𝑃𝐹𝑆(𝐷) = 0.872𝐻𝑅(𝐷)                                                                         (2) 

where 0.872 is the ‘ideal’ 𝑃𝐹𝑆 (for dose D=30.6 Gy) and 𝐻𝑅(𝐷) is calculated by linear interpolation between the 

0, 20 and 30.6 Gy estimates above.  

 

The penalty function for risk of disease recurrence was given by  

𝑝𝐷𝑅 = 0.872 − 𝑃𝐹𝑆(𝐷).                                                                                       (3) 

In the more general case of a non-uniform target dose, the mean dose to the CTV in equation 2 was calculated 

as generalized equivalent uniform dose (gEUD) [30]. For voxels with dose >30.6 Gy, dose was ‘capped’ and set 

to 30.6 Gy while for voxels with dose ≤30.6 Gy, dose values were unchanged. This capping of target dose was 

performed for the calculation of the gEUD so the model did not assume that ‘hot spots’ in the target were 

associated with improved local control.  
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To explore and quantify the common clinical challenge of tradeoffs between target coverage and normal tissue 

dose, we allowed the O-OPT technique to suggest a target compromise to spare critical risk organs. One approach 

is to assume that tumor control is a function of mean dose over the target volume. Another common hypothesis 

is that the minimum dose to the target drives the risk of recurrence. Both situations can be modeled within the 

formulation of the gEUD model suggested by Niemierko by adjusting the model parameter a (gEUD = 

(
1

n
∑ di

an
i=1 )

1 a⁄

), where n is the number of voxels in the CTV) [31]. In this formula, setting a =1 corresponds to 

the mean dose model, and setting a equal to a large negative value corresponds to a high importance of the 

minimum dose (Figure S2). In this study, we assumed a=1, but also varied the value of a as a sensitivity analysis.  

 

Normal tissue complication models 

Following Brodin et al. [32], the penalty functions for normal tissue late effect 𝑥 were assumed to depend on 

mean dose to the relevant organ (and other patient-specific factors):  

𝑝𝑥 = 𝑤𝑥 ∗ 𝑃𝐹𝑆 ∗ ℎ𝑟𝑒𝑥𝑐𝑒𝑠𝑠,𝑥(𝐷𝑥) ∫ ℎ̇𝑔𝑒𝑛.𝑝𝑜𝑝.,𝑥(𝑎, 𝑠𝑒𝑥) ∗
80 𝑦𝑟

𝑒+5𝑦𝑟
(𝑆𝑔𝑒𝑛(𝑎, 𝑠𝑒𝑥))𝑑𝑎                              (4) 

where 𝑝𝑥  is the penalty for the optimizer (coronary heart disease [CHD], lung cancer [LC], or breast cancer [BC]). 

𝑤𝑥 is the weighting factor for the mortality associated with 𝑥. 𝑃𝐹𝑆 is calculated in equation 2. ℎ𝑟𝑒𝑥𝑐𝑒𝑠𝑠,𝑥(𝐷𝑥) is 

the excess hazard ratio for complication 𝑥, which depends on dose (𝐷𝑥) (Table S1). ℎ̇𝑔𝑒𝑛.𝑝𝑜𝑝.,𝑥(𝑎, 𝑠𝑒𝑥) is the 

population incidence for complication 𝑥, which can depend on age (ɑ) and sex. 𝑆𝑔𝑒𝑛(𝑎, 𝑠𝑒𝑥) is the sex-specific 

survival of the general population for each age [33]. The integral is from the age at exposure (e) plus 5 years to 

80 years (assuming a latency of late effects of 5 years). The risk of CHD depended on the presence of cardiac risk 

factors (CRFs) and all patients were optimized twice: assuming CRF=0 and CRF>0. (For details see Tables S1-S4 

[34-43].) 
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Outcome-optimized planning and analysis summary 

For each patient, the pre-plan created in the TPS was exported to the in-house PSO engine where the optimal 

combination of beams and MUs was determined through minimization of the summed risk of adverse outcomes 

(modeled as 𝑝𝑡𝑜𝑡 in equation 1). The clinical 3DCRT, VMAT, and O-OPT plans were compared based on their 𝑝𝑡𝑜𝑡 

values as well as dosimetric results; i.e.; dose volume histograms (DVHs) and mean doses to the CTV and the 

OARs. 

 

Results 

O-OPT plans were created for 34 patients and compared with clinical 3DCRT plans and VMAT plans. In general, 

O-OPT plans had the lowest risk, followed by the clinical 3DCRT plans, then the VMAT plans with the highest risk 

with median (maximum) total risk values of 4.9 (11.1), 5.1 (17.7), and 7.6 (20.3)%, respectively (assuming no 

CRFs) (Tables S5 and S6 and Figure S3). Figure 2 shows a comparison between the clinical 3DCRT, VMAT, and O-

OPT plans for a patient that had a large modeled benefit from O-OPT planning. O-OPT plans did not provide a 

risk benefit beyond the clinical 3DCRT plans for 19 of the 34 patients assuming no cardiac risk factors (CRF=0) 

(and 13 of 34 assuming CRF>0), so for those patients the clinical 3DCRT plan was determined to be optimal and 

chosen as the O-OPT plan. The total modeled risk benefit was greater than 1% for 9 patients assuming no CRFs 

and 11 patients assuming the presence of CRFs when compared to the clinical 3DCRT plans. Tables S5a and S5b 

in the supplementary material summarize the differences between the O-OPT and clinical 3DCRT plans for all 

patients with and without CRFs, and Table S6 summarizes the differences between the O-OPT and VMAT plans. 

Figure 3 shows the total risk from O-OPT plans compared to clinical 3DCRT plans (Figure S4 shows a comparison 

with VMAT plans).   
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Figure 2. Comparison of beams and dose distributions for clinical 3DCRT, VMAT, and outcome-optimized 
(O-OPT) plans for an example patient with a large benefit (patient 3 in Table S5). The CTV is shown in 

pink and the heart is shown in yellow. The PTV is shown in cyan for the VMAT plan. 
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Figure 3. Total risk for outcome-optimized (O-OPT) plans compared to clinical (CLN) 3DCRT plans for all 
patients in two cardiac risk factor (CRF) scenarios (CRF=0 and CRF>0).  

 

 

For sensitivity analysis of our method and models, O-OPT planning with different scenarios was completed. We 

conducted a sensitivity analysis of the effect of the choice of gEUD parameter in our target. In an illustrative 

patient who had a considerable (but not extreme) benefit from O-OPT planning in the base analysis (patient 25), 

it was seen that as the gEUD parameter became a larger negative number, the resulting O-OPT plan prioritized 

target coverage and approached the clinical plan (Figure 4). Then, we created O-OPT plans with an extreme value 

of the gEUD parameter of -22 (which heavily penalized under-dosing any part of the target) for the 9 patients 

who had a benefit from O-OPT planning relative to the clinical 3DCRT plans of more than 1% assuming CRF=0. 

Out of these 9 patients, only 3 had a predicted benefit from the O-OPT planning with the gEUD parameter of -22 
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(Table S7). Furthermore, to investigate the potential increased risk of recurrence if the gEUD parameter was 

(“incorrectly”) assumed to be 1 during optimization, we recalculated the risk of recurrence for various (“true”) 

values of the gEUD parameter (Table 1) while keeping the plan and dose distribution constant. We found that 

the increased risk of recurrence due to an incorrect assumption during optimization could be up to 11.7%. 

 

Figure 4. Dose-volume histograms (DVHs) showing the difference in O-OPT plans (CRF=0 with hot-spot 
avoidance requirement) with respect to gEUD parameter choice in target model for O-OPT planning for 

one patient (patient 25). The DVHs from the clinical 3CDRT plan are shown in dotted lines. 

 

 

 

Table 1. Recalculation of the term 𝑝𝐷𝑅  (risk of disease recurrence) for various values of the gEUD parameter a for 
one patient (patient 25). For this recalculation, the O-OPT plan that was analyzed was created with the assumption 
of a=1. Then, the plan was kept constant and 𝑝𝐷𝑅  was recalculated to see the impact of a different “true” value of 
a if 1 was assumed during optimization but was incorrect. 

gEUD parameter a 
(for recalculation, not optimization) 

1 -1 -5 -9 -13 -22 

Recalculated 𝑝𝐷𝑅 for clinical 3DCRT plan 
(%) 

0.04 0.05 0.05 0.06 0.06 0.07 
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Recalculated 𝑝𝐷𝑅 for O-OPT plan (%) 3.0 8.1 13.9 14.4 14.6 14.8 

Increase in 𝑝𝐷𝑅 for the O-OPT plan relative 
to clinical 3DCRT plan for each value of a  
(O-OPTa-3DCRTa) (%) 

3.0 8.0 13.9 14.4 14.5 14.7 

Increase in 𝑝𝐷𝑅 for the O-OPT plan for 
each value of a relative to O-OPT plan with 
a =1 (O-OPTa-O-OPTa=1) (%) 

0.0 5.0 10.9 11.4 11.6 11.7 

 

Finally, we performed a sensitivity analysis with additional ‘requirements’ during optimization (assuming CRF=0) 

for the same patient as the other sensitivity analyses (patient 25). Three O-OPT plans were created for this 

patient: (1) O-OPT plan (with no extra optimization requirements), (2) O-OPT plan with a target coverage 

requirement (≥90% of CTV receiving 100% prescribed dose) and (3) O-OPT plan with hot-spot avoidance 

requirement (40 Gy maximum).  Figure S5 compares the DVHs of the clinical 3DCRT plan and the resulting O-OPT 

plans with the dosimetric requirements. Adding requirements either for target coverage or hot spot avoidance 

reduced the benefit achievable by O-OPT planning.  

 

Discussion  

In this retrospective study, we investigated the potential of a novel planning approach for patients with 

mediastinal HL and created individualized plans that aimed to provide the best outcome for the patient by 

simultaneously optimizing the risk of disease recurrence and mortality due to normal tissue complications. The 

ultimate aim of this study was not a planning comparison in the traditional sense of the term, but rather to show 

that including the risk of recurrence and mortality from late toxicity within the optimization function can 

drastically alter the resulting optimal dose distribution in some patients. While the study contained equal 

numbers of males and females, 8 of the 9 patients with a benefit >1% from O-OPT planning were male. It is 

possible that the lack of objectives for breast, or the difference in background rates of complications (Tables S2 

and S3) influenced this difference. The O-OPT plan was more likely to reduce the risk when the doses to the heart 
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and lungs from the clinical 3DCRT plan or VMAT plan were high (Figure S6). For the patients with the largest 

doses to the heart and lungs from the clinical 3DCRT plan and largest benefit from O-OPT planning (>1%), the 

optimizer would entirely avoid treating the inferior part of the CTV near the heart. Hot spots were observed in 

O-OPT plans (Figure S7), which were mostly due to the overlap of subfields with collimator rotation from different 

beam angles or from heavy field weighting from one direction. The total number of beams was comparable in 

both clinical 3DCRT and O-OPT plans for most patients, so the O-OPT plans would be feasible with respect to 

delivery time. 

 

These results should be understood within the context of the assumptions and limitations of this study. 

First, all risk models reflect our current best evidence regarding dose-risk relationships.  Other risk models exist, 

and more detailed models could become available in the future. Substantial compromises to target coverage 

were observed in our results. They are, however, driven by our choice of a mean dose model for tumor control 

probability after an inhomogeneous dose distribution. While we performed a sensitivity analysis of the gEUD 

model parameter, PFS data after partial target compromise are not available in the literature and this is a major 

limitation of our approach. Therefore, while this study is a first step in demonstrating the potential of this type 

of optimization, clinical use should await improved models that account for partial coverage of the CTV. An 

alternative to including PFS in O-OPT planning would be to constrain the optimizer to provide adequate CTV 

coverage and only optimize on normal tissue biological endpoints (Figure S5).  

 

Second, for the base analysis in this study, no purely dosimetric constraints were used, and we observed dose 

distributions and maximum doses that were different from usual clinical practice. For example, large maximum 

doses were seen from subfield overlap and heavy weighting of fields from one direction. When the heavily 
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weighted field was posterior, four plans exceeded the clinical spinal cord constraint of 45 Gy, which may not be 

acceptable for treatment. Additional optimization objectives might be needed to achieve dose distributions that 

are also acceptable for the risk of acute toxicity. 

 

Third, the prioritization and weighting were selected to consider disease recurrence to be as equally important 

as mortality from radiation-induced coronary heart disease, lung cancer, and breast cancer. As the impact of a 

recurrence on a patient’s quality of life and the high associated risk of mortality might occur earlier than the 

mortality from a late effect, disease recurrence could theoretically have a time-modulated weighting factor 

during optimization. Furthermore, non-fatal normal tissue complications could have effects on morbidity and 

quality of life, which were not modeled here.  

 

Finally, the planning technique limited the degrees of freedom available to create the O-OPT plans. While we 

provided the optimizer with many fields and allowed simple modulation with subfields, the O-OPT plans were 

still effectively 3DCRT plans. The limited degrees of freedom (combined with a lack of dosimetric constraints) 

resulted in hot spots in the O-OPT plans (Figure S7). This O-OPT strategy could be directly integrated with the 

TPS and combined with VMAT or intensity modulated radiation therapy (IMRT), where it might find more 

complex solutions with even lower risks.  

 

Despite the above caveats, the approach used in this study, allows a critical examination of the empirical 

knowledgebase used in treatment plan optimization. It demonstrates the complexities of plan optimization, 

which is at present carried out in the clinic by crude, semi-quantitative or qualitative methods. Specifically, this 

individualized dose planning approach represents a framework for considering quantitative estimates of multiple 
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risks, explores the uncertainty in our assumptions, and allows patient-level risk factors to be taken into account. 

With current capabilities in storing, analyzing, and linking dose plans with treatment outcomes, it is likely that 

this type of complex, computationally expensive planning will become increasingly reliable in a not too distant 

future. 

 

In conclusion, we investigated an RT planning strategy where we directly optimized on a metric for patient-

specific outcome. Total risk was defined as an equally-weighted summation of risks of disease recurrence and 

mortality due to radiation-induced coronary heart disease and secondary lung and breast cancers. Our technique 

reduced the maximum total risk considerably for patients who had large OAR doses in their VMAT plans or clinical 

3DCRT plans; however, for patients with relatively low OAR doses in clinical 3DCRT plans, there was no 

improvement achieved through O-OPT planning. Sensitivity analyses investigating dependence of our results on 

the TCP model (the gEUD parameter) and dosimetric requirements revealed large variation in both plan result 

and risk of recurrence, demonstrating a need for caution in future work on biologically optimized planning for 

HL. 
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Figure S1: Flowchart of patient inclusion in this study [7]. 

 

 

Included: 34 patients  

Not early stage, classical Hodgkin lymphoma (HL) 
Exclusion: 30 patients 
 17 not HL 
 8 Lymphocyte predominant histology 
 1 Uncharacteristic disease  
 2 Relapsed/refractory HL  
 1 Advanced HL 
 1 Pediatric 

Non-mediastinal disease 
Exclusion: 33 patients 

28 infradiaphragmatic 
1 epitrochlear localization 
9 neck, axillary, or clavicular location 

Not suitable for the study 
Exclusion: 16 patients 

1 initial RT as modified mantle field 
3 received simultaneous integrated 
boost 
12 planning CT inadequate in length 

118 patients located in database from Jan 

2005 to Aug 2010 
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Figure S2. Illustration of the impact of using gEUD [18,19] with various parameter (𝑎) values in recurrence risk 
calculation (PDR is the penalty for disease risk). A 100-voxel tumor model is considered for this example. 

 

 

Figure S3. Total risk (recurrence and mortality from late effects) for each patient for each type of plan: clinical (CLN) 
3DCRT, VMAT, and O-OPT (assuming CRF=0). Patients are sorted by VMAT risk. 
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Figure S4. Total risk for outcome-optimized (O-OPT) plans compared to VMAT plans for all patients (CRF=0).  

 

 

 

Figure S5. Change of dose-volume histogram (DVH) with respect to target coverage and hot-spot avoidance 
requirements in outcome-optimized (O-OPT) planning (CFR=0) for one patient. The total risk for each is listed in the 

legend. Clinical plan for comparison is the 3DCRT plan. 
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Figure S6. The total risk benefit from O-OPT planning compared to the mean dose to the heart or lungs from the 
clinical 3DCRT plan (left) or VMAT plan (right), (CRF=0).  

 

 

Figure S7. Dose-volume histograms for the clinical 3DCRT plan (dashed) compared to the O-OPT plan (solid) for CRF=0 
for the 9 patients with benefit >1%. 

Patient 3 Patient 8 Patient 21 

Patient 22 Patient 23 Patient 25 

Patient 26 Patient 29 Patient 31 
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Table S1. The risk models used to calculate the excess hazard ratios (ℎ𝑟𝑒𝑥𝑐𝑒𝑠𝑠) of the normal tissue complications in this 
study. Abbreviations: MHD: mean heart dose (Gy), MLD: mean lung dose (Gy), MBD: mean breast dose (Gy) of glandular 
tissue, CRF. Cardiac risk factor. 

Complication (x) 𝒉𝒓𝒆𝒙𝒄𝒆𝒔𝒔,𝒙(𝒎𝒂𝒍𝒆) 𝒉𝒓𝒆𝒙𝒄𝒆𝒔𝒔,𝒙(𝒇𝒆𝒎𝒂𝒍𝒆) Reference 

Coronary Heart Disease 
(CHD) 

0.070*MHD (CRF=0) 
0.097*MHD (CRF>0) 

0.070*MHD (CRF=0) 
0.097*MHD (CRF>0) 

van Nimwegen et al 
2016 [36] 

Lung Cancer (LC) 0.141*MLD 0.141*MLD Travis et al 2002[34] 

Breast Cancer (BC) N/A 0.149*MBD Travis et al 2003[35] 

 

 

 

Table S2: Background death rates from all heart disease (HD) [37] 

Age range (a) 

(years) 

�̇�𝒈𝒆𝒏.𝒑𝒐𝒑.,𝑯𝑫(𝒂, 𝒎𝒂𝒍𝒆) 

(rate per year %) 

�̇�𝒈𝒆𝒏.𝒑𝒐𝒑.,𝑯𝑫(𝒂, 𝒇𝒆𝒎𝒂𝒍𝒆) 

(rate per year %) 

15-24 0.0027 0.0016 

25-34 0.0103 0.0050 

35-44 0.0348 0.0164 

45-54 0.1135 0.0475 

55-64 0.2681 0.1093 

65-74 0.5257 0.2617 

75-84 1.3548 0.8548 

 

The ratio between the death rates of coronary heart disease (CHD) and death rates of all heart disease (HD) was calculated 
by assuming that this ratio is not age dependent [38]: 

𝑤𝐶𝐻𝐷(𝑚𝑎𝑙𝑒) =
𝑑𝑒𝑎𝑡ℎ 𝑟𝑎𝑡𝑒 𝑜𝑓 𝐶𝐻𝐷

𝑑𝑒𝑎𝑡ℎ 𝑟𝑎𝑡𝑒 𝑜𝑓 𝐻𝐷
=

133.5

210.9
= 0.63 

𝑤𝐶𝐻𝐷(𝑓𝑒𝑚𝑎𝑙𝑒) =
𝑑𝑒𝑎𝑡ℎ 𝑟𝑎𝑡𝑒 𝑜𝑓 𝐶𝐻𝐷

𝑑𝑒𝑎𝑡ℎ 𝑟𝑎𝑡𝑒 𝑜𝑓 𝐻𝐷
=

71.6

131.8
= 0.54 
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Table S3: Background rates of lung cancer [39,40]  

Age range (a) 
(years) 

�̇�𝒈𝒆𝒏.𝒑𝒐𝒑.,𝑳𝑪(𝒂, 𝒎𝒂𝒍𝒆) 

(% per year) 

�̇�𝒈𝒆𝒏.𝒑𝒐𝒑.,𝑳𝑪(𝒂, 𝒇𝒆𝒎𝒂𝒍𝒆) 

(% per year) 

20-29 0.000 0.001 

30-39 0.002 0.002 

40-49 0.014 0.014 

50-59 0.067 0.056 

60-69 0.190 0.146 

70-79 0.344 0.263 

The weighting factor for mortality for lung cancer was 1 minus the 5 year survival of lung cancer [41]:   

wLC = 1-0.177 = 0.823. 

 

 

Table S4. Background rates of breast cancer [42] 

Age range (a) 
(years) 

�̇�𝒈𝒆𝒏.𝒑𝒐𝒑.,𝑩𝑪(𝒂, 𝒇𝒆𝒎𝒂𝒍𝒆) 

(% per year) 

20-29 0.006 

30-39 0.045 

40-49 0.147 

50-59 0.230 

60-69 0.347 

70-79 0.395 

The weighting factor for mortality for breast cancer was 1 minus the 5-year survival rate of breast cancer [43]: 

wBC = 1-0.897 = 0.103. 
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Table S5(a). Dosimetric and risk comparison between the clinical (CLN) 3DCRT plans and outcome-optimized (O-OPT) plans 
for no cardiac risk factors (CRF=0).  

Patient Info 
Heart Dmean 

(Gy) 
Lung Dmean 

(Gy) 
Breast Dmean 

(Gy) 
CTV Dmean 

(Gy) 
Total Risk 

(%) 

Risk 
Benefit 

(%) 

CLN 
3DCRT 

plan 
chosen 

as O-OPT 
ID sex age 

CTV 
(cc) 

CLN 
3DCRT 

O-OPT 
CLN 

3DCRT 
O-OPT 

CLN 
3DCRT 

O-OPT 
CLN 

3DCRT 
O-OPT 

CLN 
3DCRT 

O-
OPT 

3DCRT – O-
OPT 

1 F 24 106.6 6.41 5.80 6.60 5.98 1.74 1.17 30.60 30.24 4.4 4.0 0.4  

2 M 22 298.9 3.66 3.66 7.66 7.66 0.00 0.00 30.60 30.60 5.2 5.2 0 X 

3 M 32 561.4 19.73 0.54 15.12 5.79 0.00 0.00 30.60 18.51 15.7 9.1 6.6  

4 F 22 44.2 0.06 0.06 0.93 0.93 0.04 0.04 30.60 30.60 0.4 0.4 0 X 

5 M 46 70.5 0.26 0.26 1.51 1.51 0.00 0.00 30.60 30.60 0.8 0.8 0 X 

6 M 41 61.3 0.21 0.21 2.34 2.34 0.00 0.00 30.60 30.60 1.2 1.2 0 X 

7 M 76 122.8 2.43 2.43 7.18 7.18 0.00 0.00 30.60 30.60 0.0 0.0 0 X 

8 F 22 161.2 8.42 0.65 9.27 5.26 10.2 2.39 30.60 28.79 7.2 4.8 2.4  

9 F 36 39.5 5.92 4.16 4.20 3.66 0.58 0.42 30.60 29.58 3.1 2.8 0.3  

10 F 25 130.8 1.16 1.16 5.51 5.51 0.15 0.15 30.60 30.60 2.5 2.5 0 X 

11 M 63 174 5.44 5.44 7.24 7.24 0.00 0.00 30.60 30.60 3.3 3.3 0 X 

12 F 43 644.7 15.46 3.41 12.67 9.13 3.89 5.90 30.60 23.72 8.7 8.6 0.1  

13 F 27 197 0.85 0.85 4.48 4.48 0.13 0.13 30.60 30.60 2.0 2.0 0 X 

14 F 35 123.5 1.77 1.77 6.39 6.39 6.86 6.86 30.60 30.60 3.9 3.9 0 X 

15 F 18 1097 3.87 2.68 9.23 8.13 13.20 12.63 30.60 29.83 6.5 6.0 0.5  

16 F 27 160.9 9.50 5.73 8.98 7.71 3.60 3.67 30.60 27.72 6.3 6.3 0 X 

17 M 22 85.8 0.50 0.48 5.27 4.19 0.00 0.00 30.60 30.31 2.7 2.3 0.4  

18 M 31 213.6 5.84 5.84 8.08 8.08 0.00 0.00 30.60 30.60 6.3 6.3 0 X 

19 F 30 28.6 0.10 0.10 1.08 1.08 0.08 0.08 30.60 30.60 0.5 0.5 0 X 

20 F 43 197.5 7.52 7.52 7.61 7.61 3.54 3.54 30.60 30.60 5.0 5.0 0 X 

21 M 52 777.6 26.81 1.25 15.37 8.55 0.00 0.00 30.60 20.38 16.3 8.1 8.2  

22 M 16 584.4 20.67 0.94 11.66 8.00 0.00 0.00 30.60 21.42 14.7 9.4 5.3  

23 M 17 277.1 12.65 0.46 8.10 5.67 0.00 0.00 30.60 23.24 9.5 5.7 3.8  

24 M 36 325.2 13.01 13.01 10.46 10.46 0.00 0.00 30.60 30.6 10.5 10.5 0 X 

25 M 44 227.1 13.61 1.88 12.87 8.66 0.00 0.00 30.60 23.8 11.5 8.1 3.4  

26 M 22 415.7 14.1 0.42 9.39 5.5 0.00 0.00 30.60 20.93 11.0 8.3 2.7  

27 F 40 117 8.13 8.13 8.45 8.45 0.31 0.31 30.60 30.60 5.2 5.2 0 X 

28 F 51 96.1 4.20 4.20 5.89 5.89 1.27 1.27 30.60 30.60 3.1 3.1 0 X 

29 M 38 330.4 10.46 2.12 10.12 8.02 0.00 0.00 30.60 25.52 9.2 7.0 2.2  

30 F 17 138.2 11.36 0.26 6.95 3.96 0.75 0.08 30.60 23.30 5.5 5.3 0.2  

31 M 35 1559 20.27 0.41 19.18 7.38 0.00 0.00 30.60 17.00 17.7 11.1 6.6  

32 F 76 136.4 6.16 6.16 10.11 10.11 0.44 0.44 30.60 30.60 0.0 0.0 0 X 

33 M 64 219.1 0.69 0.69 5.25 5.25 0.00 0.00 30.60 30.60 1.5 1.5 0 X 

34 F 18 113.1 0.73 0.73 3.37 3.37 0.13 0.13 30.60 30.60 1.6 1.6 0 X 

median 33.5 167.6 6.04 1.51 7.64 6.19 0.02 0.02 30.6 30.6 5.1 4.9 0  

stdev 16.3 324.6 7.05 2.99 4.13 2.48 3.05 2.65 0.0 4.2 5.0 3.2 2.3  
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Table S5(b). Dosimetric and risk comparison between the clinical (CLN) 3DCRT plans and outcome-optimized (O-OPT) plans 
for cardiac risk factors present (CRF>0). 

Patient Info 
Heart Dmean 

(Gy) 
Lung Dmean 

(Gy) 
Breast Dmean 

(Gy) 
CTV Dmean 

(Gy) 
Total Risk 

(%) 

Risk 
Benefit 

(%) 

CLN 
3DCRT 

plan 
chosen 

as O-OPT 
ID sex age 

CTV 
(cc) 

CLN 
3DCRT 

O-OPT 
CLN 

3DCRT 
O-OPT 

CLN 
3DCRT 

O-OPT 
CLN 

3DCRT 
O-OPT 

CLN 
3DCRT 

O-
OPT 

3DCRT – O-
OPT 

1 F 24 106.6 6.41 6.05 6.60 5.94 1.74 0.71 30.60 30.32 4.9 4.5 0.4  

2 M 22 298.9 3.66 3.66 7.66 7.66 0.00 0.00 30.60 30.60 5.8 5.8 0 X 

3 M 32 561.4 19.73 0.46 15.12 5.89 0.00 0.00 30.60 18.59 19.1 9.2 9.9  

4 F 22 44.2 0.06 0.06 0.93 0.93 0.04 0.04 30.60 30.60 0.4 0.4 0 X 

5 M 46 70.5 0.26 0.11 1.51 0.70 0.00 0.00 30.60 11.54 0.8 0.7 0.1  

6 M 41 61.3 0.21 0.21 2.34 2.34 0.00 0.00 30.60 30.60 1.2 1.2 0 X 

7 M 76 122.8 2.43 2.43 7.18 7.18 0.00 0.00 30.60 30.60 0 0 0 X 

8 F 22 161.2 8.42 0.33 9.27 5.02 10.2 2.13 30.60 25.34 8.1 5.4 2.7  

9 F 36 39.5 5.92 5.71 4.20 3.42 0.58 0.58 30.60 30.52 3.6 3.0 0.6  

10 F 25 130.8 1.16 1.16 5.51 5.51 0.15 0.15 30.60 30.60 2.6 2.6 0 X 

11 M 63 174 5.44 5.44 7.24 7.24 0.00 0.00 30.60 30.60 3.8 3.8 0 X 

12 F 43 644.7 15.46 8.71 12.67 9.88 3.89 3.43 30.60 25.68 10.0 9.0 1  

13 F 27 197 0.85 0.85 4.48 4.48 0.13 0.13 30.60 30.60 2.1 2.1 0 X 

14 F 35 123.5 1.77 1.77 6.39 6.39 6.86 6.86 30.60 30.60 4.0 4.0 0 X 

15 F 18 1097 3.87 2.58 9.23 9.07 13.20 9.53 30.60 30.40 6.8 5.9 0.9  

16 F 27 160.9 9.50 9.50 8.98 8.98 3.60 3.60 30.60 30.60 7.1 6.9 0.2  

17 M 22 85.8 0.50 0.49 5.27 4.26 0.00 0.00 30.60 30.38 2.8 2.4 0.4  

18 M 31 213.6 5.84 5.84 8.08 8.08 0.00 0.00 30.60 30.60 7.3 7.3 0 X 

19 F 30 28.6 0.10 0.10 1.08 1.08 0.08 0.08 30.60 30.60 0.5 0.5 0 X 

20 F 43 197.5 7.52 7.52 7.61 7.61 3.54 3.54 30.60 30.60 5.7 5.7 0 X 

21 M 52 777.6 26.81 1.41 15.37 10.48 0.00 0.00 30.60 23.76 20.1 9.2 10.9  

22 M 16 584.4 20.67 3.69 11.66 9.19 0.00 0.00 30.60 23.68 18.3 8.9 9.4  

23 M 17 277.1 12.65 0.55 8.10 4.78 0.00 0.00 30.60 24.38 11.7 6.7 5  

24 M 36 325.2 13.01 13.01 10.46 10.46 0.00 0.00 30.60 30.6 12.7 12.7 0 X 

25 M 44 227.1 13.61 1.89 12.87 8.68 0.00 0.00 30.60 23.82 13.7 8.4 5.3  

26 M 22 415.7 14.1 0.37 9.39 5.16 0.00 0.00 30.60 19.40 13.5 8.7 4.8  

27 F 40 117 8.13 8.13 8.45 8.45 0.31 0.31 30.60 30.60 5.9 5.9 0 X 

28 F 51 96.1 4.20 4.20 5.89 5.89 1.27 1.27 30.60 30.60 3.4 3.3 0.1  

29 M 38 330.4 10.46 2.86 10.12 7.08 0.00 0.00 30.60 25.69 11.0 7.5 3.5  

30 F 17 138.2 11.36 10.85 6.95 6.41 0.75 0.64 30.60 30.25 6.5 5.5 1  

31 M 35 1559 20.27 0.98 19.18 9.14 0.00 0.00 30.60 17.65 21.2 10.5 10.7  

32 F 76 136.4 6.16 6.16 10.11 10.11 0.44 0.44 30.60 30.60 0.0 0.0 0 X 

33 M 64 219.1 0.69 0.69 5.25 5.25 0.00 0.00 30.60 30.60 1.6 1.6 0 X 

34 F 18 113.1 0.73 0.73 3.37 3.37 0.13 0.13 30.60 30.60 1.7 1.7 0 X 

median 33.5 167.6 6.04 2.51 7.64 6.40 0.02 0.06 30.6 30.6 5.8 5.5 0.1  

stdev 16.3 324.6 7.05 3.51 4.13 2.94 3.05 5.50 0.0 6.6 6.1 3.5 3.5  
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Table S6. Dosimetric and risk comparison between the VMAT plans and outcome-optimized (O-OPT) plans for no cardiac 
risk factors (CRF = 0). 

Patient Info 
Heart Dmean 

(Gy) 
Lung Dmean 

(Gy) 
Breast Dmean 

(Gy) 
CTV Dmean 

(Gy) 
Total Risk (%)  

Risk 
Benefit 

(%) 

CLN 
3DCRT 

plan 
chosen 

as O-OPT 
ID sex age 

CTV 
(cc) 

VMAT 
O-

OPT 
VMAT 

O-
OPT 

VMAT 
O-

OPT 
VMAT 

O-
OPT 

VMAT O-OPT 

1 F 24 106.6 6.82 5.80 9.84 5.98 4.56 1.17 30.6 30.2 7.0 4.0 3.0  

2 M 22 298.9 4.53 3.66 9.65 7.66 0.00 0.00 30.6 30.6 8.1 5.2 2.9 X 

3 M 32 561.4 16.7 0.54 17.4 5.79 0.00 0.00 30.6 18.5 16.0 9.1 6.9  

4 F 22 44.2 0.16 0.06 2.17 0.93 0.20 0.04 30.6 30.6 1.1 0.4 0.7 X 

5 M 46 70.5 0.43 0.26 2.28 1.51 0.00 0.00 30.6 30.6 1.3 0.8 0.5 X 

6 M 41 61.3 0.38 0.21 4.41 2.34 0.00 0.00 30.6 30.6 2.4 1.2 1.2 X 

7 M 76 122.8 4.36 2.43 8.81 7.18 0.00 0.00 30.6 30.6 0.0 0.0 0.0 X 

8 F 22 161.2 9.4 0.65 10.5 5.26 8.56 2.39 30.6 28.8 9.0 4.8 4.2  

9 F 36 39.5 6.75 4.16 6.50 3.66 4.04 0.42 30.6 29.6 3.2 2.8 0.4  

10 F 25 130.8 6.74 1.16 6.49 5.51 4.04 0.15 30.6 30.6 5.5 2.5 3.0 X 

11 M 63 174 4.60 5.44 8.42 7.24 0.00 0.00 30.6 30.6 3.9 3.3 0.6 X 

12 F 43 644.7 17.2 3.41 16.2 9.13 11.0 5.90 30.6 23.7 15.2 8.6 6.6  

13 F 27 197 1.30 0.85 6.72 4.48 0.89 0.13 30.6 30.6 3.6 2.0 1.6 X 

14 F 35 123.5 2.79 1.77 9.43 6.39 7.77 6.86 30.6 30.6 5.9 3.9 2.0 X 

15 F 18 1097 12.78 2.68 16.50 8.13 13.03 12.63 30.6 29.8 14.9 6.0 8.9  

16 F 27 160.9 11.3 5.73 11.3 7.71 7.59 3.67 30.6 27.7 9.5 6.3 3.2 X 

17 M 22 85.8 0.97 0.48 5.38 4.19 0.00 0.00 30.6 30.3 3.4 2.3 1.1  

18 M 31 213.6 5.61 5.84 10.66 8.08 0.00 0.00 30.6 30.6 9.3 6.3 3.0 X 

19 F 30 28.6 0.16 0.10 1.58 1.08 0.35 0.08 30.6 30.6 0.8 0.5 0.3 X 

20 F 43 197.5 8.24 7.52 11.40 7.61 8.65 3.54 30.6 30.6 8.2 5.0 3.2 X 

21 M 52 777.6 19.8 1.25 16.3 8.55 0.00 0.00 30.6 20.4 15.5 8.1 7.4  

22 M 16 584.4 18.3 0.94 13.4 8.00 0.00 0.00 30.6 21.4 17.2 9.4 7.8  

23 M 17 277.1 11.7 0.46 10.9 5.67 0.00 0.00 30.6 23.2 12.3 5.7 6.6  

24 M 36 325.2 14.79 13.01 13.92 10.46 0.00 0.00 30.6 30.6 16.0 10.5 5.5 X 

25 M 44 227.1 13.2 1.88 13.9 8.66 0.00 0.00 30.6 23.8 12.2 8.1 4.1  

26 M 22 415.7 14.0 0.42 13.0 5.5 0.00 0.00 30.6 20.9 12.8 8.3 4.5  

27 F 40 117 6.54 8.13 8.96 8.45 0.88 0.31 30.6 30.6 6.3 5.2 1.1 X 

28 F 51 96.1 3.09 0.52 7.60 4.57 3.84 0.50 30.6 30.6 4.1 3.1 1.0 X 

29 M 38 330.4 11.6 2.12 12.7 8.02 0.00 0.00 30.6 25.5 11.3 7.0 4.3  

30 F 17 138.2 10.15 0.26 9.74 3.96 2.58 0.08 30.6 23.3 8.3 5.3 3.0  

31 M 35 1559 16.1 0.41 19.1 7.38 0.00 0.00 30.6 17.0 20.3 11.1 9.2  

32 F 76 136.4 7.06 6.16 10.71 10.11 1.30 0.44 30.6 30.6 0.0 0.0 0.0 X 

33 M 64 219.1 1.44 0.69 8.81 5.25 0.00 0.00 30.6 30.6 3.3 1.5 1.8 X 

34 F 18 113.1 1.67 0.73 5.64 3.37 0.50 0.13 30.6 30.6 3.2 1.6 1.6 X 

median 33.5 167.6 6.79 1.51 9.79 6.19 0.10 0.02 30.6 30.6 7.6 4.9 3.0  

stdev 16.3 324.6 5.94 2.99 4.38 2.48 3.69 2.65 0.0 4.2 5.7 3.2 2.7  
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Note that 0% risk values in Tables S5 and S6 resulted from two patients who were 76 years old at treatment and were 

beyond the age at which the risk of late effects would contribute to 𝑝𝑡𝑜𝑡. 

 

Table S7. Dosimetric and risk comparison between the O-OPT 3DCRT plans for CRF=0 with gEUD parameter of 1 and -22 
for the 9 patients who were found to have a benefit >1% when O-OPT 3DCRT plans were compared to clinical 3DCRT plans 
in this study (Table S1a).  

Patient Info 
O-OPT  

Heart Dmean (Gy) 
O-OPT  

Lung Dmean (Gy) 
O-OPT  

Breast Dmean (Gy) 
O-OPT  

CTV Dmean (Gy) 
O-OPT  

Total Risk (%) 
CLN 

Total 
Risk 
(%) 

ID sex age 
CTV 
(cc) 

gEUDp 
= -22 

gEUDp 
= 1 

gEUDp 
= -22 

gEUDp 
= 1 

gEUDp 
= -22 

gEUDp 
= 1 

gEUDp 
= -22 

gEUDp 
= 1 

gEUDp 
= -22 

gEUDp 
= 1 

3 M 32 561.4 13.62 0.54 12.71 5.79 0.00 0.00 27.16 18.51 13.2 9.1 15.7 

8 F 22 161.2 8.42 0.65 9.27 5.26 10.2 2.39 30.60 28.79 7.2 4.8 7.2 

21 M 52 777.6 16.32 1.25 14.41 8.55 0.00 0.00 29.32 20.38 13.1 8.1 16.3 

22 M 16 584.4 13.13 0.94 10.42 8.00 0.00 0.00 28.27 21.42 12.9 9.4 14.7 

23 M 17 277.1 12.65 0.46 8.10 5.67 0.00 0.00 30.60 23.24 9.5 5.7 9.5 

25 M 44 227.1 13.61 1.88 12.87 8.66 0.00 0.00 30.60 23.8 11.5 8.1 11.5 

26 M 22 415.7 12.96 0.42 10.31 5.5 0.00 0.00 30.60 20.93 11.0 8.3 11.0 

29 M 38 330.4 10.46 2.12 10.12 8.02 0.00 0.00 30.60 25.52 9.2 7.0 9.2 

31 M 35 1559 20.27 0.41 19.18 7.38 0.00 0.00 30.60 17.00 17.7 11.1 17.7 
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