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Stephanie R. Ricef, Amit Sawantc, Søren M. Bentzeng , Ivan Richter Vogeliusa and Lena Spechta

aDepartment of Oncology, Section of Radiotherapy, Rigshospitalet, University of Copenhagen, Copenhagen, Denmark; bNiels Bohr Institute,
Faculty of Science, University of Copenhagen, Copenhagen, Denmark; cDepartment of Radiation Oncology, University of Maryland School of
Medicine, Baltimore, MD, USA; dManchester Cancer Research Centre, Division of Cancer Sciences, The University of Manchester, Manchester,
UK; eClinical Trial Service Unit, Nuffield Department of Population Health, University of Oxford, UK; fUniversity of Maryland Medical Center,
Baltimore, MD, USA; gGreenebaum Comprehensive Cancer Center, Department of Epidemiology and Public Health, University of Maryland
School of Medicine, Baltimore, MD, USA

ABSTRACT
Purpose: In current radiotherapy (RT) planning and delivery, population-based dose-volume con-
straints are used to limit the risk of toxicity from incidental irradiation of organs at risks (OARs).
However, weighing tradeoffs 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 (HL) that aims to maximize overall out-
come for each patient by optimizing on tumor control and mortality from late effects simultaneously.
Material and Methods: We retrospectively analyzed 34HL patients treated with conformal RT
(3DCRT). We used published data to model recurrence and radiation-induced mortality from coronary
heart disease and secondary lung and breast cancers. Patient-specific doses to the heart, lung, breast,
and target were incorporated in the models as well as age, sex, and cardiac risk factors (CRFs). A pre-
liminary plan of candidate beams was created for each patient in a commercial treatment planning
system. From these candidate beams, outcome-optimized (O-OPT) plans for each patient were created
with an in-house optimization code that minimized the individual risk of recurrence and mortality
from late effects. O-OPT plans were compared to VMAT plans and clinical 3DCRT plans.
Results: O-OPT plans generally 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 (no CRFs). Compared to clinical 3DCRT plans, O-OPT planning reduced the
total risk by at least 1% for 9/34 cases assuming no CRFs and 11/34 cases assuming presence of CRFs.
Conclusions: We developed an individualized, outcome-optimized planning technique for HL. Some
of the resulting plans were substantially different from clinical plans. The results varied depending on
how risk models were defined or prioritized.
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Introduction

The prognosis for patients with Hodgkin lymphoma (HL)
with modern combined modality therapy (CMT) is excellent
for patients with early stage disease, with 5-year freedom
from treatment failure over 85–90% [1,2], and still good for
patients with advanced disease, with a 3-year progression
free survival (PFS) of around 75% [3]. It is well known that
radiation therapy to the mediastinum increases the risk of
second malignancies [4,5], primarily in the breasts in female
patients and in the lungs, and the risk of cardiac morbidity
and mortality [6–9]. Though modern radiotherapy (RT)
approaches such as involved site radiation therapy (ISRT)

[10–13] lead to much lower doses and smaller fields than
mantle field irradiation, which was abandoned 15–20 years
ago, minimizing the risk of serious long-term effects of RT in
each individual patient remains important.

The goal of 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, using population constraints may be unreasonable
in an individual patient due to the patient’s anatomy relative
to the target volume and patient-specific risk factors. For
example, for patients with extensive disease, doses close to or
exceeding the usual constraints may be accepted if maximum
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tumor control is prioritized. Conversely, for patients with lim-
ited 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 achiev-
able, with emphasis on the most critical organs [14]. In the
particular case of early-stage HL, it might even be clinically
preferable in some cases to accept a small compromise of tar-
get 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 tradeoff between the risks of recurrence and various
severe late effects to achieve the best overall outcome for
each patient with HL by optimizing life expectancy.

To directly balance these tradeoffs during planning, the
incorporation of biological or normal tissue complication
probability (NTCP) models into treatment plan optimization
has been proposed [15–19]. Various biological optimization
methods have been explored for disease sites such as pros-
tate cancer [20–23], head and neck cancer [24,25], brain can-
cer [26], breast cancer [27], and intrahepatic tumors [28]. For
HL, a tool for evaluating biological endpoints for already cre-
ated treatment plans has been developed [29], 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 O-OPT HL RT plan-
ning 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.

Material and Methods

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) using the involved node radi-
ation therapy approach (INRT) [30]. Contours from the clinical
RT plans were used for 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 6MV. In addition, 2-arc
volumetric modulated arc therapy (VMAT) plans were also
used for comparison with O-OPT plans [31]. 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).

Preplanning beam setup

Preplanning 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 [32]. The majority of fields
were 6MV, except two patients who were planned with
18MV 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

Figure 1. Beam setup for preplanning 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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covered the target (e.g., superior, middle, and inferior), yield-
ing a total of at least 64 beams (Figure 1). Initial doses from
each beam were calculated using a commercial treatment
planning system (TPS) (AAA, Eclipse V13.6). Equal field
weighting was set in Eclipse TPS, which implies same dose
contribution to isocenter from each field (therefore, differing
monitor units). These dose matrices were exported for
optimization.

Inverse plan optimization

Inverse planning was performed by our in-house particle
swarm optimization (PSO) engine, implemented in MATLAB
(R2016a; MathWorks, Matick, MA, USA) [33]. PSO algorithm’s
highly-parallelizable, metaheuristic and global nature has
been thoroughly introduced in the literature [34,35] and
applied to various RT inverse planning studies [36–38]. PSO
searches the solution space with a group (swarm) of search
agents, called particles, that communicate with each other
while exploring the solution space individually. 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-distrib-
uted without erasing their personal bests from their memo-
ries. The output of the optimization was a list of monitor
unit (MU) values for each beam that described the O-OPT
plan. Beams with <5MU were eliminated during optimiza-
tion. 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 defined as a
summation of the probabilities of disease recurrence and the
normal tissue complications given by the equation

ptot ¼ pDR þ pCHD þ pLC þ pBC (1)

where ptot is the total penalty function, and the penalty func-
tions 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 weighted the
objective terms equally 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.

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 �40Gy as a sensitivity analysis. Hard
requirement (i) was introduced by replacing any dose matrix,
achieved by any PSO particle at any optimization iteration
that did not satisfy the required tumor coverage by a scaled
dose matrix that guaranteed the demanded coverage. In this
way, we were enforcing a continuous normalization through-
out the iterative optimization process. The details are
explained and evaluated in [37]. To enforce hard requirement

(ii), any solution not satisfying it during the optimization
search process was given an undesirable objective value
(pDR ¼1000%), forcing particles to go away from such solu-
tion in the next iteration.

Disease recurrence model

PFS at 5 years for different dose levels were obtained from
randomized trials in literature [1,2,39] assuming uniform
irradiation of the CTV. From these studies, hazard ratios (HRs)
were estimated at HR ¼ 2.44 for 0 Gy (no RT) relative to
30.6 Gy and HR ¼ 1.44 for 20Gy relative to 30.6 Gy.
Therefore, the estimated PFS at 5 years was given by

PFSðDÞ ¼ 0:872HRðDÞ (2)

where 0.872 is the observed PFS for full coverage from the
4xABVD (doxorubicin, bleomycin, vinblastine, and dacarba-
zine) þ 30Gy arm of HD11 trial [2]. HRðDÞ was calculated by
linear interpolation between HR estimates at assumed dose
levels of 0, 20, and 30.6 Gy from (1) the HD11 trial reporting
HR¼ 1.49, for 20Gy versus 30Gy [27], and (2) Herbst et al.’s
[39] review article reporting HR¼ 2.44 for no RT versus CMT.
The data from the HD11 trial reflect modern ABVD regimens,
while the data comparing chemotherapy alone to CMT
include studies of older chemotherapy regimens and may
thus slightly overestimate the effect of RT. Also note that the
HR extracted from Herbst et al. has been interpreted as rep-
resenting 0Gy versus 30.6 Gy, despite several dose regimens
in the underlying combined modality arms. The underlying
studies mostly used RT doses exceeding 30.6 Gy, except the
20Gy and 36Gy arms of the EORTC study where no differ-
ence between those dose levels was observed. In the
absence of a dose-response above 30.6 Gy we made the
pragmatic call to assume HR ¼ 2.44 for 0 versus 30.6 Gy for
the present purpose.

The penalty function for risk of disease recurrence was
given by

pDR ¼ 0:872� PFS Dð Þ (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) [40]. For voxels
with dose >30.6 Gy, dose was capped at 30.6 Gy while for
voxels with dose �30.6 Gy, dose values were unchanged.
This capping of target dose was performed for the calcula-
tion of the gEUD so the model did not assume that hot
spots in the target were associated with improved
local control.

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 com-
promise 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 generalized equivalent uniform dose model suggested
by Niemierko, gEUD ¼ 1

n

Pn
i¼1 di

a� �1=a, where n is the

ACTA ONCOLOGICA 881



number of voxels in the CTV, by adjusting the model param-
eter a [41]. In this formula, setting a¼ 1 corresponds to the
mean dose model, whereas a low negative value of a gives
high importance of the minimum dose (Figure S2). In this
study, we assumed a¼ 1, but also varied the value of a in
�22,�13,�9,�5, �1, 1f g as a sensitivity analysis. Figure S2
shows that as a decreases, not irradiating the entire tumor
translates to larger pDR (and therefore larger ptot). This makes
it less probable for the optimization algorithm to choose par-
tial irradiation of target for large negative a’s.

Normal tissue complication models

Following Brodin et al. [42], 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 ¼wx�PFS�hrexcess, xðDxÞ
ð80 yr

eþ5yr

_hgen:pop:, x a, sexð Þ

� Sgenða, sexÞ
� �

da

(4)

where px is the penalty for the optimizer (coronary heart dis-
ease [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, xðDxÞ is the excess hazard
ratio for complication x, which depends on dose ðDxÞ (Table
S1). _hgen:pop:, x a, sexð Þ is the population incidence for

complication x, which can depend on age (A) and sex.
Sgenða, sexÞ is the sex-specific survival of the general popula-
tion for each age [43]. The integral is from the age at expos-
ure (e) plus 5 years to 80 years (assuming a latency of late
effects of 5 years). The risk of CHD depended on the pres-
ence of cardiac risk factors (CRFs) and all patients were opti-
mized twice using different values for hrexcess, CHD assuming
CRF ¼ 0 and CRF > 0. (For details see Tables
S1–S4 [7,8,44–51]).

Outcome-optimized planning and analysis summary

For each patient, the preplan 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 (mod-
eled 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

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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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; Figure S3). Figure S4 gives a graphical representation
of sex- and CRF-based data in Tables S5 and S6. 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 ¼ 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 modeled risk reduction, compared to
the clinical 3DCRT plans, was at least 1% for 9 patients
assuming no CRFs and for 11 patients assuming the presence
of CRFs (Figure S4(a)). Tables S5(a) and S5(b) in the supple-
mentary material summarize the differences between the O-
OPT and clinical 3DCRT plans for all patients with and with-
out CRFs, and Table S6 and Figure S4(b) summarize the dif-
ferences between the O-OPT and VMAT plans. Figure 3
shows the total risk from O-OPT plans compared to clinical
3DCRT plans (Figure S5 shows a comparison with VMAT

plans). Median and standard deviation of risk reduction in
O-OPT plans versus clinical 3DCRT plans were 0% and 2.3%,
respectively, for CRF ¼ 0; and, 0.1% and 3.5%, respectively,
for CRF > 0. Median and standard deviation of risk reduction
in O-OPT plans versus VMAT plans were 3% and 2.7%,
respectively, for CRF ¼ 0.

The sensitivity analysis for the target gEUD parameter is
shown in Figure 4 in an illustrative patient who had a con-
siderable (but not extreme) benefit from O-OPT planning in
the base analysis (patient 25). It is seen that by using a larger
negative gEUD parameter in the optimization process, the
resulting O-OPT plan prioritized target coverage and
approached the clinical plan. Figure 4 demonstrates the a-
dependent change in the loss of tumor control as tradeoff
for reducing fatal normal tissue complications (see also
Figure S6 for a visual demonstration of variation in dose dis-
tribution). Then, we created O-OPT plans with an extreme
value of the gEUD parameter of �22 (which heavily penal-
ized under-dosing any part of the target) for the nine
patients who had a benefit from O-OPT planning relative to
the clinical 3DCRT plans of at least 1% assuming CRF ¼ 0.
Out of these nine patients, only three had a predicted

Figure 3. Total risk for outcome-optimized (O-OPT) plans compared to clinical 3DCRT plans for all patients in two cardiac risk factor (CRF) scenarios (CRF ¼ 0 and
CRF > 0).
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benefit from the O-OPT planning with the gEUD parameter
of �22 (Table S7). Furthermore, to investigate the potential
increased risk of recurrence if the gEUD parameter was
(incorrectly) assumed to be 1 during optimization, we recal-
culated 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 unintended
increased risk of recurrence due to an incorrect assumption
during optimization could be up to 11.7%.

Finally, we performed a sensitivity analysis with additional
requirements during optimization (assuming CRF ¼ 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 (40Gy maximum). Figure S7
compares the DVHs of the clinical 3DCRT plan and the result-
ing O-OPT plans with the dosimetric requirements. Adding
requirements either for target coverage or hot spot avoid-
ance 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 differ-
ence. A relationship between benefit from O-OPT planning
and age was explored, but no relationship was found. The O-
OPT plan was more likely to reduce the risk when the doses
to the heart and lungs from the clinical 3DCRT plan or VMAT
plan were high (Figure S8). 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 opti-
mizer would entirely avoid treating the inferior part of the
CTV near the heart. Hot spots were observed in O-OPT plans
(Figure S9), which were mostly due to the overlap of sub-
fields 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.

Figure 4. Dose-volume histograms (DVHs) showing the difference in O-OPT plans (CRF ¼ 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).

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
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 ¼1 (O-OPTa-O-OPTa¼1) (%) 0.0 5.0 10.9 11.4 11.6 11.7

For this recalculation, the O-OPT plan that was analyzed was created with the assumption of a¼ 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.
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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 litera-
ture and this is a major limitation of our approach. A number
of alternative modeling approaches for TCP exist including
the Poisson model of target cell kill and more elaborate
models combining diagnostic accuracy with the original lin-
ear-quadratic cell kill formulation [52]. Unfortunately, any
such model currently will suffer from the same lack of clinical
data to establish model parameters and model uncertainty in
the presence of inhomogeneous target doses. 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 S7). Further limitations of our PFS model
were: (i) chemotherapy regimens were not uniform, and (ii)
the definition of disease-free survival might not necessarily
be uniform among the studies. However, we did every
attempt to focus our data on modern RT, and the 20–30Gy
prescription range is represented by 2� 4xABVDþ RT as
delivered in the HD10 and HD11 studies of the German
Hodgkin Study Group [1,2].

Second, for the base analysis in this study, no purely dosi-
metric constraints were used, and we observed dose distribu-
tions 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 weighted field was
posterior, four plans exceeded the clinical spinal cord con-
straint of 45Gy, 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 mor-
tality 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 pro-
vided the optimizer with many fields and allowed simple

modulation with subfields, the O-OPT plans were still effect-
ively 3DCRT plans. The limited degrees of freedom (com-
bined with a lack of dosimetric constraints) resulted in hot
spots in the O-OPT plans (Figure S9). 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 knowl-
edgebase used in treatment plan optimization. It demon-
strates 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 risks, explores the uncer-
tainty in our assumptions, and allows patient-level risk fac-
tors 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, computation-
ally expensive planning will become increasingly reliable in a
not too distant future. Importantly, the principles examined
in the present study for HL will be applicable to other tumor
types. However, the importance of local tumor control rela-
tive to the importance of different toxicities must be viewed
in the context of each individual tumor type as well as each
individual patient. In tumor types, e.g., head and neck can-
cer, where the relevant morbidities, although causing signifi-
cant symptoms, are rarely lethal, and where the risk of local
recurrence is higher and no curative salvage treatment is
available, the weights assigned to the different outcomes
will have to be modified accordingly.

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 sum-
mation 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 cau-
tion in future work on biologically optimized planning
for HL.

Acknowledgments

The authors acknowledge Jonas Scherman for technical assistance.

Disclosure statement

No potential conflict of interest was reported by the authors.

ACTA ONCOLOGICA 885

https://doi.org/10.1080/0284186X.2020.1733654
https://doi.org/10.1080/0284186X.2020.1733654


Funding

Amit Sawant, Ivan Richter Vogelius, Laura Rechner, and Line Bjerregaard
Stick report funding from Varian Medical Systems, but Varian did not
influence any part of this study, including writing of this manuscript.
Marianne C. Aznar acknowledges support from Cancer Research UK
[grant number 288 C8225/A21133].

ORCID

Laura Ann Rechner http://orcid.org/0000-0002-0623-4495
Søren M. Bentzen http://orcid.org/0000-0002-7444-7564
Ivan Richter Vogelius http://orcid.org/0000-0002-8877-1218
Lena Specht http://orcid.org/0000-0002-6902-2190

References

[1] Engert A, Plutschow A, Eich HT, et al. Reduced treatment inten-
sity in patients with early-stage Hodgkin’s lymphoma. N Engl J
Med. 2010;363:640–652.

[2] Eich HT, Diehl V, Gorgen H, et al. Intensified chemotherapy and
dose-reduced involved-field radiotherapy in patients with early
unfavorable Hodgkin’s lymphoma: final analysis of the German
Hodgkin Study Group HD11 trial. J Clin Oncol. 2010;28:
4199–4206.

[3] Johnson P, Federico M, Kirkwood A, et al. Adapted treatment
guided by interim PET-CT scan in advanced Hodgkin’s lymphoma.
N Engl J Med. 2016;374:2419–2429.

[4] Gilbert ES, Stovall M, Gospodarowicz M, et al. Lung cancer after
treatment for Hodgkin’s disease: focus on radiation effects. Radiat
Res. 2003;159:161–173.

[5] Krul IM, Opstal-van Winden AWJ, Aleman BMP, et al. Breast can-
cer risk after radiation therapy for Hodgkin lymphoma: influence
of gonadal hormone exposure. Int J Radiat Oncol Biol Phys. 2017;
99:843–853.

[6] Moignier A, Broggio D, Derreumaux S, et al. Coronary stenosis
risk analysis following Hodgkin lymphoma radiotherapy: a study
based on patient specific artery segments dose calculation.
Radiother Oncol. 2015;117:462–472.

[7] Travis LB, Gospodarowicz M, Curtis RE, et al. Lung cancer follow-
ing chemotherapy and radiotherapy for Hodgkin’s disease. J Natl
Cancer Inst. 2002;94:182–192.

[8] van Nimwegen FA, Schaapveld M, Cutter DJ, et al. Radiation
dose-response relationship for risk of coronary heart disease in
survivors of Hodgkin lymphoma. J Clin Oncol. 2016;34:235–243.

[9] Cutter DJ, Schaapveld M, Darby SC, et al. Risk of valvular heart
disease after treatment for Hodgkin lymphoma. J Natl Cancer
Inst. 2015;107:djv008.

[10] Maraldo MV, Giusti F, Vogelius IR, et al. Cardiovascular disease
after treatment for Hodgkin’s lymphoma: an analysis of nine col-
laborative EORTC-LYSA trials. Lancet Haematol. 2015;2:e492–e502.

[11] Conway JL, Connors JM, Tyldesley S, et al. Secondary breast can-
cer risk by radiation volume in women with Hodgkin lymphoma.
Int J Radiat Oncol Biol Phys. 2017;97:35–41.

[12] De Bruin ML, Sparidans J, van’t Veer MB, et al. Breast cancer risk
in female survivors of Hodgkin’s lymphoma: lower risk after
smaller radiation volumes. JCO. 2009;27:4239–4246.

[13] Patel CG, Michaelson E, Chen YH, et al. Reduced mortality risk in
the recent era in early-stage Hodgkin lymphoma patients treated
with radiation therapy with or without chemotherapy. Int J
Radiat Oncol Biol Phys. 2018;100:498–506.

[14] Specht L. Radiotherapy for Hodgkin lymphoma: reducing toxicity
while maintaining efficacy. Cancer J (Sudbury, Mass). 2018;24:
237–243.

[15] Niemierko A, Urie M, Goitein M. Optimization of 3d radiation
therapy with both physical and biological end points and con-
straints. Int J Radiat Oncol Biol Phys. 1992;23:99–108.

[16] Brahme A, Nilsson J, Belkic D. Biologically optimized radiation
therapy. Acta Oncol. 2001;40:725–734.

[17] Markov K, Schinkel C, Stavreva N, et al. Reverse mapping of nor-
mal tissue complication probabilities onto dose volume histo-
gram space: the problem of randomness of the dose volume
histogram sampling. Med Phys. 2006;33:3435–3443.

[18] Pe~nagar�ıcano JA, Papanikolaou N, Wu C, et al. An assessment of
biologically-based optimization (BORT) in the IMRT era. Med
Dosim. 2005;30:12–19.

[19] Qi XS, Semenenko VA, Li XA. Improved critical structure sparing
with biologically based IMRT optimization. Med Phys. 2009;36:
1790–1799.

[20] Rechner LA, Eley JG, Howell RM, et al. Risk-optimized proton ther-
apy to minimize radiogenic second cancers. Phys Med Biol. 2015;
60:3999–4013.

[21] Witte MG, van der Geer J, Schneider C, et al. IMRT optimization
including random and systematic geometric errors based on the
expectation of TCP and NTCP. Med Phys. 2007;34:3544–3555.

[22] Mihaylov IB, Fatyga M, Bzdusek K, et al. Biological optimization in
volumetric modulated arc radiotherapy for prostate carcinoma.
Int J Radiat Oncol Biol Phys. 2012;82:1292–1298.

[23] Sanchez-Nieto B, Romero-Exposito M, Terron JA, et al.
Uncomplicated and cancer-free control probability (UCFCP): a
new integral approach to treatment plan optimization in photon
radiation therapy. Phys Med. 2017;42:277–284.

[24] Kierkels RGJ, Korevaar EW, Steenbakkers R, et al. Direct use of
multivariable normal tissue complication probability models in
treatment plan optimisation for individualised head and neck
cancer radiotherapy produces clinically acceptable treatment
plans. Radiother Oncol. 2014;112:430–436.

[25] Kierkels RGJ, Wopken K, Visser R, et al. Multivariable normal tissue
complication probability model-based treatment plan optimiza-
tion for grade 2-4 dysphagia and tube feeding dependence in
head and neck radiotherapy. Radiother Oncol. 2016;121:374–380.

[26] Corwin D, Holdsworth C, Rockne RC, et al. Toward patient-spe-
cific, biologically optimized radiation therapy plans for the treat-
ment of glioblastoma. PloS One. 2013;8:e79115.

[27] Ferreira BC, Mavroidis P, Adamus-G�orka M, et al. The impact of
different dose–response parameters on biologically optimized
IMRT in breast cancer. Phys Med Biol. 2008;53:2733–2752.

[28] Thomas EE, Ten Haken RK, Chapet O, et al. The use of biological
parameters (EUD and NTCP) in IMRT optimization and its impact
on the maximum safe dose deliverable to intrahepatic tumors.
Int J Radiat Oncol Biol Phys. 2004;60:S179–S180.

[29] Brodin NP, Maraldo MV, Aznar MC, et al. Interactive decision-sup-
port tool for risk-based radiation therapy plan comparison for
Hodgkin lymphoma. Int J Radiat Oncol Biol Phys. 2014;88:
433–445.

[30] Specht L, Yahalom J, Illidge T, et al. Modern radiation therapy for
Hodgkin lymphoma: field and dose guidelines from the inter-
national lymphoma radiation oncology group (ILROG). Int J
Radiat Oncol Biol Phys. 2014;89:854–862.

[31] Maraldo MV, Brodin P, Aznar MC, et al. Doses to carotid arteries
after modern radiation therapy for Hodgkin lymphoma: is stroke
still a late effect of treatment?. Int J Radiat Oncol Biol Phys. 2013;
87:297–303.

[32] Voong KR, McSpadden K, Pinnix CC, et al. Dosimetric advantages
of a “butterfly” technique for intensity-modulated radiation ther-
apy for young female patients with mediastinal Hodgkin’s lymph-
oma. Radiat Oncol. 2014;9:94.

[33] Modiri A, Stick LB, Rice SR, et al. Individualized estimates of over-
all survival in radiation therapy plan optimization – a concept
study. Med Phys. 2018;45:5332–5342.

[34] Eberhart R, Kennedy J. editors. A new optimizer using particle
swarm theory. Proceedings of the Sixth International Symposium
on Micro Machine and Human Science, 1995 (MHS ’95); 1995 Oct
4–6. 1995.

[35] Eberhart R, Shi Y, Kennedy J. Swarm Intelligence. The Morgan
Kaufmann Series in Artificial Intelligence. San Francisco (CA):
Morgan Kaufmann; 2001.

886 L. A. RECHNER ET AL.



[36] Li Y, Yao D, Yao J, et al. A particle swarm optimization algorithm
for beam angle selection in intensity-modulated radiotherapy
planning. Phys Med Biol. 2005;50:3491–3514.

[37] Modiri A, Gu X, Hagan A, et al. Radiotherapy planning using an
improved search strategy in particle swarm optimization. IEEE
Trans Biomed Eng. 2016;PP:1–1.

[38] Yang J, Zhang P, Zhang L, et al. Particle swarm optimizer for
weighting factor selection in intensity-modulated radiation ther-
apy optimization algorithms. Physica Med. 2017;33:136–145.

[39] Herbst C, Rehan FA, Brillant C, et al. Combined modality treat-
ment improves tumor control and overall survival in patients
with early stage Hodgkin’s lymphoma: a systematic review.
Haematologica. 2010;95:494–500.

[40] Sovik A, Ovrum J, Olsen DR, et al. On the parameter describing
the generalised equivalent uniform dose (gEUD) for tumours.
Phys Med. 2007;23:100–106.

[41] Niemierko A. Reporting and analyzing dose distributions: a con-
cept of equivalent uniform dose. Med Phys. 1997;24:103–110.

[42] Brodin NP, Vogelius IR, Maraldo MV, et al. Life years lost–compar-
ing potentially fatal late complications after radiotherapy for
pediatric medulloblastoma on a common scale. Cancer. 2012;118:
5432–5440.

[43] CDC. Centers for Disease Control and Prevention – relative cancer
survival. Available from: https://www.cdc.gov/cancer/npcr/uscs/
technical_notes/stat_methods/survival.htm

[44] Travis LB, Hill DA, Dores GM, et al. Breast cancer following radio-
therapy and chemotherapy among young women with Hodgkin
disease. JAMA. 2003;290:465–475.

[45] CDC. Centers for Disease Control and Prevention – age-adjusted
death rates for selected causes of death, by sex, race, and

Hispanic origin. Available from: https://www.cdc.gov/nchs/data/
hus/2017/017.pdf

[46] CDC. Centers for Disease Control and Prevention – death rates
for diseases of heart, by sex, race, Hispanic origin, and age.
Available from: https://www.cdc.gov/nchs/data/hus/2017/022.pdf

[47] NIH. SEER Cancer Statistics Review 1975–2013 – Table 15.19 –
cancer of the lung and bronchus in males. National Cancer
Institute Surveillance, Epidemiology and End Results Program.
Available from: https://seercancergov/csr/1975_2013/browse_
csrphp?sectionSEL=15&pageSEL=sect_15_table19html

[48] NIH. SEER Cancer Statistics Review 1975–2013 – Table 15.20 –
cancer of the lung and bronchus in females. National Cancer
Institute Surveillance, Epidemiology and End Results Program.
Available from: https://seercancergov/csr/1975_2013/browse_
csrphp?sectionSEL=15&pageSEL=sect_15_table20html

[49] NIIH. SEER Cancer Stat Facts: lung and bronchus cancer. National
Cancer Institute Surveillance, Epidemiology and End Results
Program. Available from: https://seercancergov/statfacts/html/
lungbhtml

[50] NIH. SEER Cancer Statistics Review 1975–2013, Table 4.17, cancer
of female breast (invasive). National Cancer Institute Surveillance,
Epidemiology and End Results Program. Available from: https://
seercancergov/csr/1975_2013/browse_csrphp?sectionSEL=4&
pageSEL=sect_04_table17html

[51] NIH. SEER Cancer Stat Facts: female breast cancer. National
Cancer Institute Surveillance, Epidemiology and End Results
Program. Available from: https://seercancergov/statfacts/html/
breasthtml

[52] Alber M, Thorwarth D. Multi-modality functional image guided
dose escalation in the presence of uncertainties. Radiother Oncol.
2014;111:354–359.

ACTA ONCOLOGICA 887

https://www.cdc.gov/cancer/npcr/uscs/technical_notes/stat_methods/survival.htm
https://www.cdc.gov/cancer/npcr/uscs/technical_notes/stat_methods/survival.htm
https://www.cdc.gov/nchs/data/hus/2017/017.pdf
https://www.cdc.gov/nchs/data/hus/2017/017.pdf
https://www.cdc.gov/nchs/data/hus/2017/022.pdf
https://seercancergov/csr/1975_2013/browse_csrphp?sectionSEL=15&pageSEL=sect_15_table19html
https://seercancergov/csr/1975_2013/browse_csrphp?sectionSEL=15&pageSEL=sect_15_table19html
https://seercancergov/csr/1975_2013/browse_csrphp?sectionSEL=15&pageSEL=sect_15_table20html
https://seercancergov/csr/1975_2013/browse_csrphp?sectionSEL=15&pageSEL=sect_15_table20html
https://seercancergov/statfacts/html/lungbhtml
https://seercancergov/statfacts/html/lungbhtml
https://seercancergov/csr/1975_2013/browse_csrphp?sectionSEL=4&pageSEL=sect_04_table17html
https://seercancergov/csr/1975_2013/browse_csrphp?sectionSEL=4&pageSEL=sect_04_table17html
https://seercancergov/csr/1975_2013/browse_csrphp?sectionSEL=4&pageSEL=sect_04_table17html
https://seercancergov/statfacts/html/breasthtml
https://seercancergov/statfacts/html/breasthtml

	Abstract
	Introduction
	Material and Methods
	Patients
	Preplanning beam setup
	Inverse plan optimization
	Disease recurrence model
	Normal tissue complication models
	Outcome-optimized planning and analysis summary

	Results
	Discussion
	Acknowledgments
	Disclosure statement
	References


