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Background and purpose: Radiotherapy is an effective treatment for Hodgkin’s lymphoma (HL), but
increases the risk of long term complications as cardiac events and second cancers. This study aimed
to reduce the risk of cardiovascular events through an optimization of the dose distribution on heart sub-
structures in mediastinal HL patients with the adoption of different volumetric modulated arc therapy
(VMAT) techniques, while maintaining the same risk of second cancer induction on lungs and breasts.

Materials and methods: Thirty patients (15 males and 15 females, 15 bulky lesions) treated between 2012

ﬁiﬂwf;ﬁs{ mphoma and 2017 at our institution were selected. Disease extent was mediastinum plus neck (n=10), medi-
IMR'%/VMXT P astinum plus unilateral axilla (n = 10) and mediastinum alone (n = 10). Lungs, breasts, whole heart and

sub-structures (coronary arteries, valves and chambers) were contoured as organs at risk and included
in the optimization process. A “first-generation” multi-arc butterfly VMAT (B-VMAT) planning solution
was compared to a full-arc butterfly VMAT (FaB-VMAT) approach, consisting of a full arc plus a non-
coplanar arc. Lifetime attributable risk (LAR) of second breast and lung cancer and relative risk (RR) of
coronary artery disease (CAD) and chronic heart failure (CHF) were estimated.
Results: FaB-VMAT resulted in lower mean dose to whole heart (7.6 vs 6.9 Gy, p = 0.003), all coronary
arteries (16.1 vs 13.5 Gy, p < 0.001), left ventricle (4.2 vs 3.4 Gy, p = 0.007) and in lower V,qcy to the lungs
(15% vs 14%, p = 0.008). A significant lower RR for CAD and CHF was observed for FaB-VMAT. The risk of
second breast and lung cancer was comparable between the two solutions, with the exception of female
patients with mediastinal bulky involvement, where B-VMAT resulted in lower mean dose (2.8 vs 3.5 Gy,
p=0.03) and Vycy (22% vs 16%, 0.04) to breasts, with a significant reduction in LAR (p = 0.03).
Conclusions: FaB-VMAT significantly decreased the RR for CAD and CHF compared to B-VMAT, with
almost the same overall risk of lung and breast cancer induction. These results are influenced by the dif-
ferent anatomical presentations, supporting the need for an individualized approach.

© 2019 Elsevier B.V. All rights reserved. Radiotherapy and Oncology 138 (2019) 52-58
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The risk-adapted combination of brief chemotherapy followed
by radiation therapy (RT), nowadays represents the therapeutic
golden standard for early stage Hodgkin lymphoma (HL) [1].
Nonetheless, the role of radiation is still debated, with some con-
cerns for late toxicity (second malignancies, heart disease). Current
RT protocols combine limited radiation volumes (involved site or
involved nodal radiotherapy, ISRT/INRT) with advanced planning
and delivery techniques, such as intensity modulated RT (IMRT),
tomotherapy and proton therapy. Different IMRT solutions have
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been implemented over the years, generally obtaining superior tar-
get coverage and better organs at risk (OARs) sparing, mainly heart
and coronary arteries [2-4]. The heart sparing effect achievable by
IMRT is usually counterbalanced by a more massive breast and
lung volume receiving low or shallow radiation dose (below
5 Gy). Given this dose distribution, the appropriateness of IMRT
in young HL patients has been questioned, assuming a potential
increase in radiation-induced malignancies [5], being second can-
cers a leading cause of death among long-term survivors [6]. Sec-
ond generation comparative planning studies [2,3]| have further
optimized heart sparing, adopting various technical solutions,
and in most studies, the dose distribution on breasts and lungs
did not translate in an increased risk of secondary cancer or a
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reduction in life expectancy estimated through different predictive
models [7-11]. New epidemiological evidence also showed a very
low incidence of radiation-induced second cancer in adults
exposed to fractionated low-dose RT, with most of the tumors aris-
ing in the high-intermediate dose region [12]. The variable ana-
tomic presentation of early-stage HL may significantly affect the
risk of second cancer and heart disease of survivors on an individ-
ual basis, a factor that often steers the selection of the appropriate
planning solution. For patients with supra-diaphragmatic HL the
so-called “Butterfly” volumetric modulated arc therapy (B-VMAT)
class solution [8,13], consisting of a multi-arc beam arrangement,
was developed a few years ago. B-VMAT was primarily optimized
on breasts and lungs and secondly on the whole heart. In the first
series of anatomical presentations, this approach resulted superior
to 3D conformal radiotherapy for heart sparing, with acceptable
exposure of lungs and breasts when these structures were delin-
eated and dedicated dose constraints applied. Afterward, heart tox-
icity further emerged as a critical point, given its linear correlation
with mean heart dose [14-17]. Some studies have then investi-
gated the dose-response relationship of single heart substructures
[18,19], suggesting that full heart dose should not be anymore con-
sidered the best predictor for all types of radiation-related heart
disease, recommending accurate contouring of all substructures
(valves, coronary arteries, chambers). We partially modify the B-
VMAT solution, to further improve the dosimetric profile and the
associated risk of developing coronary artery disease (CAD) and
chronic heart failure (CHF), while keeping a similar second cancer
induction risk. The main aim of this study is thus to compare a new
IMRT approach with our previous golden standard, represented by
the B-VMAT solution, among a cohort of patients treated with ISRT
for different anatomical presentations of mediastinal HL.

Material and methods

Patients

In this retrospective comparative analysis, 30 patients (15
males and 15 females) affected with mediastinal HL were included.
All patients were treated between 2012 and 2017 with ABVD (dox-
orubicin, bleomycin, vinblastine, and dacarbazine) chemotherapy
followed by ISRT. The population was divided into three homoge-
neous groups according to disease presentation at diagnosis, as
shown in Fig. 1. Male and female patients were equally distributed
in the three subgroups. Patients were selected in respect of the cri-
teria mentioned above, provided the availability of complete con-
touring of all OARs. Twenty-one patients (70%) had a stage I-II,
while the remaining 9 (30%) had a stage III-IV disease. Fifteen
patients (50%) had a bulky disease at diagnosis (>10 cm on the
maximum axis). Detailed patient characteristics are presented in
Table 1.

Table 1
Patients’ characteristics.
Characteristic Number %
Patients 30 100
Age (years)
Range 15-48
Median 25,5
Sex
Male 15 50%
Female 15 50%
Ann Arbor Stage
[ 2 7%
Il 19 63%
1 4 13%
1\ 5 17%
Bulky disease 15 50%
Involved Sites
Mediastinum alone 10 33%
Mediastinum + axilla 10 33%
Mediastinum + neck 10 33%

Radiation therapy technique

The same two radiation oncologists performed the delineation
of clinical target volumes (CTV) and OAR for all patients. CTV were
delineated as involved sites. A 5-mm isotropic margin was added
to the CTV to generate planning target volumes (PTV), considering
the use of daily cone-beam computed tomography (CT) image
guidance. Lungs, thyroid, breasts, and cardiovascular structures
(whole heart; left main, left anterior descending, circumflex and
right coronary arteries; left and right ventricles, left and right atria;
aortic, pulmonic, mitral and tricuspid valves) were defined as OARs
and delineated on axial planning CT scans, that were acquired
without intravenous (IV) contrast media injection. No auto-
segmentation tools were adopted for this procedure. Therefore,
all heart structures were manually contoured based on a slice-
by-slice delineation according to the atlas published by Feng
et al. [20], which provided a detailed description of the heart anat-
omy. The adoption of such contouring guidelines for the heart
structures allowed to compensate for the omission of IV contrast
injection; indeed, Feng et al. [20] noticed no improvement of con-
tour accuracy or dose reporting with IV contrast infusion when
their atlas was applied properly. A specific expansion margin for
coronary arteries was adopted as derived from a previous study
that estimated the displacement of coronary arteries related to
the heart motion by the use of ECG-gated CT scans. [21]. Briefly,
the isotropic expansion margin, detected through the application
of the McKenzie-van Herk formula for organs at risk, was: 5 mm
for left anterior descending and right coronary arteries, 4 mm for
circumflex and 3 mm for the left main trunk. Prescription dose
was 30 Gy in 2-Gy daily fractions for all patients. All dose con-
straints for breasts and lungs were derived from previous studies

Fig. 1. Disease presentation of the 30 patients enrolled, equally distributed in the three groups: (A) mediastinum + neck; (B) mediastinum + axilla; (C) mediastinum alone.
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[7,22]. Dose constraints were not set for heart substructures, given
the different radiobiological features and lacking of precise limita-
tions for the several tissues that cohabit in such a complex organ.
In our opinion, a combined serial and parallel modeling might be
reasonable, as the mean and maximum dose both appear signifi-
cantly associated to ischemic disease [17,18,23]. Intending to con-
trol this process we used a biological optimization process on
Elekta Monaco Treatment Planning System, version 5.0 (Crawley,
UK), with two main cost-functions for organs at risk (serial and
parallel complication models). The XVYMC/VEF Monte Carlo algo-
rithm with a 1.5% variance was used for all cases, and dose param-
eters for organs at risk were set according to an “As Low As
Reasonably Achievable” optimization philosophy searching for
the minimum dose to each involved OAR in terms of both mean
and maximum doses.

Optimization was first directed to the coronary arteries, the left
ventricle, and the aortic valve, as these structures have been con-
sidered highly relevant from a clinical point of view. Two multi-
arc VMAT plans were then generated for each patient: the refer-
ence plan was a B-VMAT [13], consisting in 2 coplanar arcs of
60° (gantry starting angles of 150° and 330°) and 1 non-coplanar
arc of 60° (gantry starting angle of 330° and couch angle of 90°).
Beam arrangements were individually customized to provide
tumor coverage while minimizing exposure to nearby critical
organs. The guiding principle was avoiding lateral or near-lateral
beams [3] to lower the dose bath on breasts and lungs (accepting
a suboptimal conformality and PTV homogeneity). The investiga-
tional plan consisted of a complete coplanar arc of 360°, with the
addition of the same trademark non-coplanar arc of 60° (gantry
starting angle of 330° and couch angle of 90°) of the B-VMAT. For
that reason, this new VMAT approach was called “Full-arc Butterfly”
VMAT (FaB-VMAT). All patients were originally treated according
to the B-VMAT plan and the FaB-VMAT plan was afterward simu-
lated for this comparative study. Fig. 2 illustrates the two different
class solutions.

Risk estimation and statistical analysis

For the second cancer risk estimation, we evaluated the lifetime
attributable risk (LAR). Briefly, the process adopted to obtain this
parameter is: (1) first of all, to evaluate the organ equivalent dose
(OED) [24], as previously described in details [8]. OED can be calcu-
lated from the dose-volume histograms for each organ and repre-
sents the equivalent uniformly distributed dose (Gy), which causes
the same radiation-induced cancer incidence. The dose-response
relationship for each organ is derived by a combination between

'A

the low-dose component and an intermediate/high dose compo-
nent. The formula we adopted from Schneider et al. [24] to evalu-
ate OED is the following one:

OED = 1/Vr ) V(D;)RED(D;)

WithRED = exp *?/(aR) (1 — 2R + 2R?exp*”P
— (1 =R)’exp(—RD/(1 —R))

where of =« + pd, o and B denoting the linear quadratic model
parameters for the organ of interest and d dose per fraction. D is
the total dose and R is the parameter of population/repair.
a/p =3 Gy was used for calculation. For the risk of secondary tumor
of breast and lung cancers the parameter of « = 0.067; 0.042 Gy !
and R=0.62; 0.83 were used respectively. RED (risk equivalent
dose) and OED were calculated from the relative dose-volume his-
tograms. (2) From OED, we estimated the excess absolute risk (EAR)
for a western population for each organ. (3) EAR was then trans-
lated to LAR, which is determined by the combination of age at
exposure and life expectancy for each patient. Individual LAR values
were calculated according to the equations previously published by
Schneider et al. [25] and by Kellerer et al. [26]. For studies including
subjects with limited follow-up time, Schneider et al. [25] sug-
gested using a follow-up time interval instead of the life expectancy
(estimated from the general population of the same age), and we
used a 30-year time interval from radiation treatment. The model
for the risk estimation of CAD was adopted from the publication
by van Nimwegen et al. [17] for HL survivors. This risk model
demonstrates a linear dose-response relationship between mean
heart dose (MHD) and CAD risk, with an excess relative risk (ERR)
for coronary events of 7.4% per Gy, and was first observed by Darby
et al. [27] on breast cancer patients. We applied this dose-response
relationship to the mean dose of the “overall coronary volume”,
defined as the sum of all the coronary tree. The choice was arbitrary,
as no definitive data are available on dose-response relationship for
coronary arteries. In our opinion, it was a realistic attempt to relate
and to focus the risk of ischemic disease to the dose received by the
endothelial heart tissue. For CHF estimation, we exploited the risk
model recently published by van Nimwegen et al. [28], which found
a linear dose-response relationship between mean left ventricular
dose and CHF risk, with an ERR for clinical events of 9.0% per Gy.
Based on the models mentioned above, relative risk (RR) was eval-
uated for both CAD and CHF. We then compared dosimetric param-
eters, mean values of LAR for second cancer risk and RR for CAD and
CHF risk between B-VMAT and FaB-VMAT. The major parameters

Fig. 2. Illustration of the two VMAT solution: (A) Butterfly VMAT (B-VMAT), consisting in 2 coplanar arcs of 60° (gantry starting angles of 150° and 330°) and 1 non-coplanar
arc of 60° (gantry starting angle of 330° and couch angle of 90°); (B) Full-arc Butterfly VMAT (FaB-VMAT), consisting of a full coplanar arc of 360°, with the addition of the

same non-coplanar arc of 60° (gantry starting angle of 330° and couch angle of 90°).
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we measured were found to have a normal distribution, evaluated
by means of the Shapiro-Francia test for normal distribution. There-
fore, we used the Student paired t test, with a two-tailed signifi-
cance level of 0.05, to perform the dosimetric comparison
between B-VMAT and FaB-VMAT. Dose to 0.035 cc (Dax) and mean
dose (Dmean) Were reported for each OAR. We also assessed lung vol-
ume receiving 5 Gy (V5¢y), 10 Gy (V10gy), 20 Gy (V20gy) and breast
volume receiving 4 Gy (V4gy). All statistical analyses were per-
formed using STATA version 13.1 statistical software (Stata Corpo-
ration, Texas, USA).

Results

Diax» Dmean and most significant volumetric parameters are
reported for each structure and are summarized in Table 2.

A significant dosimetric difference between B-VMAT and FaB-
VMAT was evident in favor of the latter one for lung Vaogy (14%
vs 15%, p=0.008) and mean heart dose (6.9Gy vs 7.6 Gy,
p =0.003), while mean breast dose (2.8 Gy vs 3.5Gy, p=0.03)

Table 2

and breast Vg (16% vs 22%, p = 0.04) were slightly inferior with
B-VMAT approach. Mean and maximum doses received by all the
coronary arteries and by the left ventricle were significantly lower
with FaB-VMAT, compared to B-VMAT. Fig. 3 shows the different
dose distribution achievable with the two different VMAT
approaches in a sample patient.

In the overall population, the dosimetric gain to the coronary
arteries and the left ventricle translated in a lower relative risk
(RR) for CAD (2.0 vs 2.2, p<0.01) and CHF (1.3 vs 1.4, p=0.01),
respectively, with FaB-VMAT compared to B-VMAT. Moreover,
FaB-VMAT provide a significant reduction in the risk in developing
CAD to all subgroups of patients, regardless of disease presentation
and gender, while conferred a significant lower risk of CHF to male
patients (p = 0.02) and to those with bulky lesion (p = 0.04) or with
mediastinal + axillary involvement (p=0.04) and a marginal
reduced risk in all other subgroups. On the other hand, LAR for
breast and lung cancer did not differ between the two VMAT solu-
tions. Relative risks (for CAD and CHF) and LAR (for lung and breast
cancer), stratified for disease presentation and gender, are summa-
rized in Table 3. With FaB-VMAT, LAR for breast cancer were

Dose parameters to PTV and organs at risk for all 30 patients with B-VMAT and FaB-VMAT. Dosimetric parameters are presented as mean values + SD.

Structure Parameters B-VMAT FaB-VMAT p-value
PTV Dinean (GY) 304+1.9 304+1.8 0.7
Dimax (Gy) 34.7+2.1 346+1.8 0.5
V95 (%) 943 +5.2 94.6+29 0.8
V1074 (%) 2.0+1.0 2015 0.8
Lungs Dimean (GY) 75+1.9 75+1.7 0.9
Dmax (Gy) 334+22 33.7+1.9 0.4
V5¢y (%) 39.8+9.5 411+74 0.2
V10gy (%) 279+73 275+7.1 0.4
V20¢y (%) 15459 144+54 0.008
Breasts Dimean (GY) 28+30 35+2.7 0.03
Dmax (Gy) 27.2+9.5 27.7+94 0.5
Vg (%) 16.6 + 16.1 22.2+155 0.04
Heart Dimean (GY) 7.6%5.1 6.9+48 0.003
Dmax (Gy) 32.8+3.6 325+43 0.3
Coronary arteries
1) Left main coronary Diean (GY) 195+7.7 159+75 <0.001
Dmax (Gy) 258+5.9 216+74 <0.001
2) Left anterior descending Dimean (GY) 15.6 £9.0 13.2+89 <0.001
Dimax (Gy) 26.2+8.5 21.9+106 <0.001
3) Left circumflex Dinean (GY) 14.0+ 8.6 10.7+7.8 <0.001
Dmax (Gy) 22.7+79 17.9+9.0 <0.001
4) Right coronary Dmean (Gy) 17.0+11.4 15.8+11.6 0.005
Dimax (Gy) 23.1+115 20.9+12.6 0.006
5) Coronary sum (overall) Dimean (GY) 16.1+9.3 13.5+89 <0.001
Dmax (Gy) 29.6+5.9 273+82 0.002
Heart chambers
1) Left atrium Dimean (GY) 13.1+6.7 11.1+6.6 0.4
Dmax (Gy) 29.2+6.0 284+7.1 0.8
2) Left ventricle Dinean (GY) 42+47 3.4+3.7 0.007
Dmax (Gy) 256+9.8 219+11.1 <0.001
3) Right atrium Dimean (GY) 126+7.3 119+7.7 0.09
Dmax (Gy) 30.8+5.5 30.7+53 0.9
4) Right ventricle Dimean (GY) 73+6.2 7.0+6.1 0.2
Dmax (Gy) 31.1+5.7 30.2+6.9 0.08
Heart valves
1) Aortic valve Dmean (GY) 15.7+£9.0 13.2+8.7 <0.001
Dmax (Gy) 233+9.1 22.8+10.0 0.4
2) Pulmonic valve Dimean (GY) 199+7.7 18.7+79 0.2
Dmax (Gy) 283+6.4 26.7+7.1 0.1
3) Mitral valve Dmean (GY) 9.0+4.9 88+75 0.9
Diax (Gy) 19.9+6.0 149+104 0.2
4) Tricuspid valve Dimean (GY) 9.7+85 9.4+9.7 0.8
Dmax (Gy) 16.8 £10.8 15.0+11.7 0.07

Abbreviations: B-VMAT = butterfly volumetric modulated arc therapy; FaB-VMAT = full-arc butterfly modulated arc therapy; Dmean = mean dose; Dp.x = maximum dose; Vx

(%) = percentage of the target receiving X Gy.
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Fig. 3. Comparison between B-VMAT (A) and FaB-VMAT (B) in an enrolled patient
(axial view). Notice the lower conformity of B-VMAT, generating hotspots in cardiac
structures close to PTV (left main trunk in purple and circumflex in pink).

Table 3
Relative risks (for CAD and CHF) and LAR (for lung and breast cancer) in the overall
population and stratified for disease presentation and gender.

Target Mean value (+SD)
B-VMAT FaB-VMAT p-value
CAD (relative risk)
-Overall population 22+0.6 20+06 <0.01
-Mediastinum + axilla 1.9+0.5 1.7+04 <0.01
-Mediastinum + neck 2.1+0.7 19+0.7 <0.01
-Mediastinum alone 26+04 23+03 <0.01
-Mediastinal Bulk (>10 cm) 26+04 24+04 <0.01
-Male gender 22+06 2.1+06 <0.01
-Female gender 2.1+06 1.9+0.6 <0.01
CHF (relative risk)
-Overall population 1.4+0.8 1.3+0.6 <0.01
-Mediastinum + axilla 1.2+0.2 1.2+02 0.04
-Mediastinum + neck 1.5+0.7 1405 0.08
-Mediastinum alone 14+0.2 13+0.2 0.1
-Mediastinal Bulk (>10 cm) 1.6+0.5 1.5+04 0.04
-Male gender 1.4+0.2 1.3+0.2 0.02
-Female gender 1.4+0.5 13+04 0.08
Second Lung Tumor (LAR)
-Overall population 233.0+63.9 245.0+42.5 0.1
-Mediastinum + axilla 249.2 +58.6 251.1+48.4 0.8
-Mediastinum + neck 2185514 227.1 +48.0 0.2
-Mediastinum alone 231.6 +81.1 259.0+23.2 0.3
-Mediastinal Bulk (>10 cm) 239.6 +67.7 257.2+28.9 0.3
-Male gender 235.5+40.1 234.5+384 0.8
-Female gender 230.8 +82.7 257.2+445 0.1
Second Breast Cancer (LAR)
-Overall population 63.3 £51.1 77.0 £35.1 0.1
-Mediastinum + axilla 96.7 £ 66.5 87.9+39.3 0.7
-Mediastinum + neck 304 +£16.9 51.9+32.7 0.08
-Mediastinum alone 62.7 £40.9 91.2+225 0.07
-Mediastinal Bulk (>10 cm) 59.6 +37.4 88.5+21.1 0.03

Abbreviations: SD = standard deviation; B-VMAT = butterfly volumetric modulated
arc therapy; FaB-VMAT = full-arc butterfly modulated arc therapy.

CAD = coronary artery disease; CHF = chronic heart failure; LAR = life attributable
risk.

Bold terms= statistically significant p values (< 0.05).

significantly higher (88.5 vs 59.6, p = 0.03) and breast V4 margin-
ally higher (17% vs 27%, p = 0.08) in the subgroup of patients with

bulky involvement at baseline. Moreover, with FaB-VMAT we
observed a marginal increase in breast LAR also for patients with
disease presentation in the mediastinum alone (p = 0.07 for each
value) and in those with mediastinal + neck involvement
(p=0.08 for each value). When comparing LAR for breast cancer
in female patients with axillary disease presentation, we found a
similar risk between FaB-VMAT and B-VMAT. The risk of secondary
lung cancer was almost identical for B-VMAT and FaB-VMAT across
all subgroups.

Discussion

This study aimed to assess the ability of a new VMAT (FaB-
VMAT) class solution to reduce the risk of CAD and CHF while
maintaining a similar risk of developing second cancer in patients
with mediastinal HL, also considering the potential impact of gen-
der and different anatomical presentations. Our study has some
relative strengths. First of all, we selected a cohort of patients with
the most frequent anatomical presentation, including bulky and
axillary involvement. Secondly, we treated all patients according
to the ISRT concept, including only the lymphatic sites initially
involved by macroscopic disease. Moreover, we outlined different
heart structures and applied a specific margin for coronary arteries,
compensating for motion. Finally, we adopted a biological opti-
mization process working on multiple heart structures through
an equivalent uniform dose based process, with dose constraints
on breasts and lungs.

On these premises, the FaB-VMAT solution we tested did pro-
vide a higher beam conformation, compared to B-VMAT, in reason
of the 360° arc, thus reducing hotspots to adjacent OARs. Our find-
ings indicated that FaB-VMAT significantly decreases the maxi-
mum and mean dose received by the coronary arteries when
compared to B-VMAT, and this dosimetric gain translated in a
reduced risk of CAD. In the meantime, the risk of secondary breast
and lung cancer was not statistically different between the two
solutions in the overall population. After subgroup analysis, the
impact of gender and anatomical presentation was not evident
on dose distribution. The superiority of FaB-VMAT in sparing coro-
nary arteries and in reducing the RR of CAD was then confirmed
after stratification for these clinical factors. We noted a tendency
toward an estimated slightly higher risk for breast cancer induc-
tion for FaB-VMAT for female patients with mediastinal involve-
ment alone, but the limited sample size and the considerable
heterogeneity in anatomical presentation hampers a valid compar-
ison. A novelty of our study was the adaptation of the van Nimwe-
gen model [17] to the mean dose of the “overall coronary volume”
in replacement of the mean heart dose. The majority of studies
have indeed shown a clear relationship between mean heart dose
and all-cause heart toxicity [14,17,27,29], and there are uncertain-
ties on the potential contribution of coronary arteries’ dose-vol-
ume variables in risk estimation of heart disease. However, our
results are consistent with a recent publication from the Princess
Margaret Hospital Cancer Centre in Toronto [30], where firstly it
has been shown that a risk model for ischemic disease including
coronary artery variables is superior to a model purely based on
the mean heart dose. On the other hand, the authors noticed that
mean heart dose is still a sufficient parameter for the prediction
of all-cause cardiac events. Unfortunately, van Nimwegen et al
[17] did not evaluate coronary dose in their large cohort of long-
term HL survivors. However, both a French [18] and a Swedish
[31] group showed that the higher the dose, the greater was the
damage to the coronary segments, suggesting the need for the inte-
gration of coronary dose parameters in the plan modeling. Likely,
different heart substructures have different dose-risk relation-
ships. Therefore plan optimization and adoption of dedicated dose
constraints for each structure may be the best strategy to reduce
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heart toxicity. However, despite an accurate contouring of all
structures and the attempt to create dedicated risk-modeling, the
estimation of cardiac events is still extremely complex, as many
non RT-related factors such as the use of anthracyclines [29]
and/or concomitant cardiovascular risk factors (hypertension, dia-
betes, dyslipidemia and obesity) [17,27] may have an impact. We
also observed that the higher conformation provided by
FaB-VMAT translates in a reduced risk of CHF in long-term
survivors (p=0.01), in reason of a better sparing of the left
ventricle. This gain was maintained, at least marginally, across all
groups of patients regardless of gender and disease presentation.

A limitation of our study is that the individual variations are
substantial, and experiments comparing average doses or average
risk estimates for different techniques may carry important limita-
tions in describing what may happen in individual patients. Second
cancer induction risk could also be dependent on factors such as
inter-observer variability in target volumes and OAR delineation,
margins around CTV and dose calculation uncertainty. Moreover,
we may see a substantial difference in results when different radio-
biological models are used. A systematic review of all published
studies for secondary solid tumors after conventionally fraction-
ated RT showed an overall tendency for a linear dose-response
relationship, with the only exception of a downturn for thyroid
cancer after 15-20 Gy, supporting the theoretical model we used
[32]. Another limitation of our study is that we did not apply any
form of breath motion control; this reflects our clinical practice
at the time of study design (that is currently under review). The
use of gating techniques, combined with daily image-guidance,
has been shown to provide dosimetric benefits on heart and lungs
when compared to free-breathing, and we may argue that when
applying the same methods for breath control to different VMAT
solutions, the full benefit of our full-arc approach would be maxi-
mized. A new research project is ongoing, introducing this further
advancement in our workflow.

In conclusion, we here propose a FaB-VMAT solution that
should be applicable to a large proportion of HL patients and that
could be compared to other solutions to achieve the desired dose
distribution on every single patient. Among a heterogeneous
cohort of mediastinal HL patients, reflecting the most frequent
clinical presentations, this novel FaB-VMAT solution significantly
decreased the RR for CAD and CHF compared to B-VMAT, particu-
larly in male patients, with similar breast and lung cancer risks in
the overall population.
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