
Progress in multimodal therapy consist-
ing of radiotherapy and multiagent che-
motherapy has resulted in Hodgkin lym-
phoma (HL) being today one of the ma-
lignancies with the highest cure rates. 
The current standard of care for early HL 
in adults without risk factors consists of 
brief chemotherapy with two to four cy-
cles (depending on the presence of risk 
factors) of ABVD (adriamycin, bleomy-
cin, vinblastine, dacarbazine) followed by 
involved-field radiotherapy (IFRT) with 
doses of 20–30 Gy (depending on the risk 
factors) [14]. With most patients achiev-
ing a durable complete remission, current 
research focuses on the reduction of long-
term treatment-related complications.

Radiotherapy for HL has already dra-
matically changed over the last few de-
cades [15]. With the emergence of effec-
tive chemotherapy, treatment field size 
could be modified from encompassing 

areas of manifest disease as well as adja-
cent areas with suspected subclinical dis-
ease (extended field, EF; sometimes re-
sulting in volumes bordering on total 
nodal irradiation) to treatment fields that 
cover only the area of clinical disease (in-
volved field, IF). At the same time, treat-
ment doses could successfully be reduced 
from 40 to 20–30 Gy. Advanced diagnos-
tic imaging such as fluorodeoxyglucose 
(FDG)-positron emission tomography 
(PET)/computed tomography (CT) im-
proves the accuracy of identification of af-
fected lymph nodes [47].

While radiotherapy to these limited 
volumes with current standard doses of 
20–30 Gy is straightforward for some ana-
tomical locations, the mediastinum in par-
ticular remains a critical and complicated 
target area in HL, due to the heterogeneity 
of tumor volumes and the importance of 
many different organs at risk (OAR).

Currently, two major new paradigms 
are under investigation for HL: a fur-
ther volume reduction toward “involved-
nodes-only” radiotherapy (involved-node 
radiotherapy, INRT) [16, 22] (with in-
volved-site-radiotherapy (ISRT) repre-
senting a compromise between the two 
paradigms) and the use of highly confor-
mal techniques such as intensity-modu-
lated radiation therapy (IMRT), that is 
increasingly being delivered as rotation-
al therapy (implemented as “Tomother-
apy™,” “VMAT™,” and “RapidARC™”) 
[54]. Finally, a substantially different mo-
dality that is currently being explored is 
proton therapy.

The primary goal of INRT is to re-
duce late RT-related toxicity (cardiac dis-
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ease, hypothyroidism, and secondary ma-
lignancies such as breast and lung cancer 
[11, 19, 20]) by reducing irradiated vol-
ume, as it was demonstrated that with a 
combined modality approach relapses are 
predominantly found in initially involved 
lymph nodes [50]. This new target para-
digm is under evaluation in the current 
EORTC-GELA H10 trial or the HD17 tri-
al of the German Hodgkin Study Group 
(GHSG). Different INRT volume defini-
tions exist, however, and other volume-
reduced concepts are also being devel-
oped [36], with attempts at international 
harmonization currently being made and 
intermediate volume concepts being de-
veloped [54].

Highly-conformal radiation therapy 
has a potential role in further lowering 
toxicity rates and is now widely available 
due to the dramatically facilitated deliv-
ery and quality assurance when compared 
with historic data [29, 55]. Consequently, 
treatment times for advanced treatment 
techniques no longer require extended 
treatment slots. Several questions, how-
ever, remain around these techniques, re-
garding their relative impact for IF and 
IN targets, the character of the dose dis-
tribution (typically larger volumes treated 
to low and intermediate doses in IMRT, 
while the volume of non-target tissue 
treated to high doses is reduced) and the 
accuracy of dose calculation.

Recently, a series of studies analyz-
ing the impact of advanced radiotherapy 
techniques on the treatment of mediasti-
nal HL for different target paradigms has 
been published, addressing several of the 
questions introduced above.

This manuscript reviews the conse-
quences of this recent body of work, dis-
cussing when the use of advanced tech-
niques may potentially be particularly 
beneficial for IFRT as well as INRT and 
what issues remain with their use.

Involved-field vs. 
involved-node radiotherapy

Several publications have evaluated the 
impact of reducing target volumes from 
the IF to an IN paradigm for both 3D-RT 
and IMRT. For targets defined according 
to current and upcoming protocols of the 
GHSG [32] and the EORTC/GELA [17], 

INRT consistently achieved substantially 
better dose metrics than IFRT for almost 
all OAR parameters, i.e., dose reductions 
of 20–50 %, depending on the contouring 
guidelines followed and regardless of ra-
diotherapy technique [30, 32, 57]. Acute 
toxicity mainly attributable to RT such as 
dysphagia may be further reduced but it 
is already low for current targets and dose 
levels. These dose reductions have, how-
ever, the potential to significantly low-
er late toxicity, particularly for the heart, 
lung, and thyroid, and might further re-
duce secondary tumor risk, which is dis-
cussed in detail in a respective section be-
low. Initial reports suggest that this ap-
proach provides sufficient tumor con-
trol [7, 45]. The large ongoing random-
ized studies (i.e., H10, HD17) will assess 
its merit in the interdisciplinary treatment 
regimen in detail.

Dose distribution characteristics 
for IFRT and INRT

All volumetric or intensity-modulated 
photon techniques can today be reliably 
delivered in less than 10 min of beam-on-
time on most treatment units. Rotation-
al techniques can, depending on the de-
gree of modulation, reach beam-on-times 
of less than 3 min [17, 57]. There is there-
fore no longer the need for extended treat-
ment slots as well as no concerns regard-
ing patient compliance during treatment. 
Logistic problems are therefore not an is-
sue in departments with modern equip-
ment when choosing between conven-
tional 3D-RT and modulated treatment. 
IMRT has thus become a routine treat-
ment option in most radiotherapy de-
partments and is considered state of the 
art for prostate and head and neck cancer. 
Advantages and disadvantages of using 
IMRT in HL have only recently been in-
vestigated. Several publications have stud-
ied IMRT techniques such as Tomothera-
py™, RapidArc™, or VMAT™ on standard 
IF as well as on investigational IN targets 
and are discussed below.

Only one publication has compared all 
techniques on identical targets, but only 
in a single sample patient [8]. Neverthe-
less, a clear pattern emerges when synop-
tically looking at all available data derived 
from larger databases.

In general, all IMRT modalities—by 
using more portals and fine-tuning the 
spatial distribution of dose—produce 
better conformality of high doses to the 
target, thus reducing body and OAR vol-
umes treated to high doses, at the expense 
of larger volumes treated to low and in-
termediate doses. Models based on clinical 
data of patients treated for breast cancer 
and HL [35] suggest that reducing high 
doses to the heart may reduce long-term 
cardiac morbidity and mortality, thus 
providing a rationale for using IMRT in 
HL, although it remains an open question 
which cardiac structures are the most rel-
evant for cardiac toxicity [10], with a sig-
nificant amount of data, also recently, 
pointing to the coronary arteries as being 
critical [41].

For targets in both pediatric [30] and 
adult patients [17, 21, 26, 32, 57], across 
publications, the benefit of IMRT in the 
reduction of high doses to OAR is sim-
ilar to IFRT. Reductions of 20–50 % of 
maximum doses to the heart and > 50 % 
in volumes treated to high doses (typi-
cally defined as > 70–80 % of prescrip-
tion dose) have been reported when spar-
ing the heart was the main treatment ob-
jective [30, 32, 40, 57]. In female patients, 
the trade-off between cardiac sparing and 
moderate doses to the breasts is critical. 
While for some patients IMRT may be ad-
vantageous regarding both cardiac spar-
ing and breast dose, in other patients ex-
cessive breast doses may result from car-
diac sparing and an individual compro-
mise has to be found [12]. It must there-
fore be stressed that IMRT represents a 
continuum of possible dose distributions; 
it is thus by no means mandatory to pro-
duce a certain dose distribution, but it is, 
for example, possible to create a treatment 
plan that only moderately modifies a pre-
dominantly anteroposterior dose distri-
bution if deemed appropriate, with exam-
ples being suggested by Fiandra et al. [17].

The benefit that is reported for INRT 
varies more across reports because it de-
pends very much on the individual pa-
tient and on the target geometry that is 
more variable than for IFRT. For INRT, 
reductions in OAR volumes treated to 
high doses are therefore on average lower 
than what is reported for IFRT, but for in-
dividual patients they may be in the same 
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range [17]. For both paradigms, the deci-
sion to use or not to use IMRT should be 
made on an individual basis after compar-
ative treatment planning. Decision mak-

ing tools currently under development 
might help with this decision [5].

Direct comparisons between the var-
ious IMRT techniques, particularly be-
tween classic IMRT with a static gantry 

during beam delivery and new rotational 
techniques (Tomotherapy™, RapidArc™, 
VMAT™), as well as single-modality re-
ports have confirmed that the general 
characteristics of the resulting dose distri-
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Abstract
Purpose. Hodgkin lymphoma (HL) is a high-
ly curable disease. Reducing late complica-
tions and second malignancies has become 
increasingly important. Radiotherapy target 
paradigms are currently changing and radio-
therapy techniques are evolving rapidly.
Design. This overview reports to what ex-
tent target volume reduction in involved-
node (IN) and advanced radiotherapy tech-
niques, such as intensity-modulated radio-
therapy (IMRT) and proton therapy–com-
pared with involved-field (IF) and 3D radio-
therapy (3D-RT)– can reduce high doses to 
organs at risk (OAR) and examines the issues 
that still remain open.
Results. Although no comparison of all avail-
able techniques on identical patient datas-
ets exists, clear patterns emerge. Advanced 

dose-calculation algorithms (e.g., convolu-
tion-superposition/Monte Carlo) should be 
used in mediastinal HL. INRT consistently re-
duces treated volumes when compared with 
IFRT with the exact amount depending on 
the INRT definition. The number of patients 
that might significantly benefit from highly 
conformal techniques such as IMRT over 3D-
RT regarding high-dose exposure to organs 
at risk (OAR) is smaller with INRT. The impact 
of larger volumes treated with low doses in 
advanced techniques is unclear. The type of 
IMRT used (static/rotational) is of minor im-
portance. All advanced photon techniques 
result in similar potential benefits and disad-
vantages, therefore only the degree-of-mod-
ulation should be chosen based on individu-
al treatment goals. Treatment in deep inspira-

tion breath hold is being evaluated. Protons 
theoretically provide both excellent high-
dose conformality and reduced integral dose.
Conclusion. Further reduction of treated vol-
umes most effectively reduces OAR dose, 
most likely without disadvantages if the excel-
lent control rates achieved currently are main-
tained. For both IFRT and INRT, the benefits of 
advanced radiotherapy techniques depend 
on the individual patient/target geometry. 
Their use should therefore be decided case by 
case with comparative treatment planning.
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Neue Strahlentherapietechniken für Involved-Field- und Involved-Node-Behandlung des  
mediastinalen Hodgkin-Lymphoms. Wann sollten sie in Betracht gezogen werden  
und welche Fragen sind noch offen?

Zusammenfassung
Hintergrund und Ziel. Das Hodgkin-Lym-
phom (HL) ist eine Erkrankung mit hohen 
Heilungsraten. Die Verringerung von Spät-
komplikationen und Zweittumoren wird da-
her immer wichtiger. Zielvolumenkonzep-
te der Strahlentherapie (RT) verändern sich 
gegenwärtig und Strahlentherapietechniken 
entwickeln sich sehr schnell weiter.
Methoden. Diese Übersichtsarbeit stellt dar, 
inwiefern die Zielvolumenreduktion hin zum 
Involved-node(IN)-Konzept und hochentwi-
ckelte Strahlentherapietechniken wie die in-
tensitätsmodulierte Strahlentherapie (IMRT) 
und Protonentherapie, im Vergleich zu Invol-
ved-field(IF)-Konzept und 3-D-konformaler 
Strahlentherapie (3D-RT), die Belastung von 
Risikoorganen (OAR) mit hohen Dosen redu-
zieren können und welche Fragen in diesem 
Kontext noch geklärt werden müssen.
Ergebnisse. Obwohl kein Vergleich aller ver-
fügbaren Techniken auf identischen Patien-
tendatensätzen existiert, entsteht folgen-
des Bild: Fortgeschrittene Dosisberechnungs-

algorithmen (z. B. convolution-superpositi-
on/Monte Carlo) sollten im Rahmen der Be-
handlung des mediastinalen HL zur Anwen-
dung kommen. INRT reduziert unter allen Be-
dingungen die behandelten Volumina im 
Vergleich zur IFRT, wobei die Höhe des Vor-
teils von der jeweiligen INRT-Definition ab-
hängt. Die Anzahl der Patienten, die deut-
lich von hochkonformalen Techniken wie 
IMRT gegenüber der 3D-RT hinsichtlich der 
OAR-Belastung profitiert, ist bei INRT gerin-
ger. Die Konsequenz größerer Volumina, die 
bei modernen Techniken mit eher isotroper 
Strahlanordnung mit niedrigen Dosen belas-
tet werden, ist unklar. Die Art der verwende-
ten IMRT-Technik (statisch/Rotation) ist von 
geringer Relevanz. Alle fortgeschrittenen 
Photonentechniken resultieren in den glei-
chen Vorteilen und Nachteilen. Daher muss 
nur die Modulationstiefe abhängig von den 
individuellen Behandlungszielen gewählt 
werden. Die Bestrahlung in tiefer Inspiration 
wird gegenwärtig evaluiert. Protonenthe-

rapie kann theoretisch bei hervorragender 
Hochdosiskonformalität die applizierte Integ-
raldosis reduzieren.
Schlussfolgerung. Die weitere Verkleine-
rung der behandelten Volumina reduziert die 
Risikoorganbelastung am effektivsten und 
ohne Nachteile, wenn die gegenwärtig exzel-
lenten Kontrollraten weiterhin erreicht wer-
den können. Sowohl für IFRT als auch INRT 
hängen Vor- und Nachteile der modernen 
Strahlentherapietechniken von der individu-
ellen Patientengeometrie ab. Die Entschei-
dung für die jeweils anzuwendende Tech-
nik sollte daher Fall für Fall auf Basis einer ver-
gleichenden Bestrahlungsplanung getrof-
fen werden.

Schlüsselwörter
Hodgkin-Lymphom ·  
Intensitätsmodulierte Strahlentherapie · 
Protonentherapie · Involved-node ·  
Involved-field
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butions were similar for these approaches 
when identical planning goals were cho-
sen [6, 17, 57], although in some instanc-
es specific beam orientations such as non-
coplanar small angle rotations may max-
imize the individual benefit [17]. . Fig.  1 
shows a typical example of the dose dis-
tributions created with the various tech-
niques discussed in this manuscript, il-
lustrating the fundamental difference be-
tween 3D-RT with anteroposterior beam 
orientation, the various IMRT techniques, 
and proton RT. Finally, with continuous 
acceleration of delivery techniques, treat-
ment under deep inspiration breath hold 
is becoming easier to perform, is being 
currently evaluated, and may result in fur-
ther improvements [44].

Accuracy of dose 
calculation algorithms

The majority of dose calculations in 3D 
treatment planning have until recently 
been performed with what is known as 
“pencil-beam” (PB) dose calculation al-
gorithms. These algorithms are robust 
and sufficiently precise in homogenous 

tissue and were fast enough to be clinical-
ly introduced when computer hardware 
was still slow. With faster computers now 
being widely available, advanced dose 
calculation algorithms such as point dose 
kernel-based calculation (e.g., collapsed 
cone (CC) algorithm) and Monte Carlo 
(MC) have also become clinically avail-
able [31]. Their advantage is a more pre-
cise handling of dose distributions at tis-
sue interfaces, as predominantly encoun-
tered in the thorax. This improved preci-
sion has been proven in numerous phan-
tom studies [28, 33, 51] with PB typical-
ly overestimating dose in high-dose areas 
of low-density volumes by 10–15 %, while 
advanced algorithms are typically within 
a few percent of measurements. In stud-
ies on clinical treatment planning image 
datasets, accordingly, the encompassing 
dose of the planning target volume (PTV) 
is overestimated by PB, and PB underes-
timates low doses and overestimates high 
doses in the lung, when compared with an 
advanced algorithm [28]. This issue is par-
ticularly relevant when treatment plan-
ning for IMRT is performed with an au-
tomatic inverse optimization tool (which 

today is the standard approach) because 
this tool then bases its search for an op-
timal solution on the wrong dose param-
eters. Although it is difficult to quantify 
this problem, it may lead to both inaccu-
rate and suboptimal plan results in all tis-
sues [31]. Since precise estimates of dos-
es delivered to OAR are a prerequisite for 
accurately correlating dose and clinical ef-
fects (both tumor control and long-term 
toxicity), treatment planning for medias-
tinal HL should only be performed with 
such advanced algorithms to provide a 
sound basis for radiobiologic modeling 
of clinical effects.

Proton therapy

Protons have a finite depth penetration 
in a patient and the dose deposition oc-
curs in a modulated narrow zone called 
the Bragg peak [58].

While IMRT reduces OAR volumes 
treated to high doses at a cost (larger vol-
umes treated to low and, to a varying de-
gree, also to intermediate doses [17, 30, 
32, 57]), proton therapy has the potential 
to reduce the OAR volumes treated to all 
dose levels in HL as a result of this dose 
deposition. Proton therapy may thus ef-
fectively reduce integral dose when com-
pared with photon techniques that all re-
sult in very similar, higher integral doses 
when a central target is treated [1, 26, 30] 
(. Fig. 1). In comparative planning, pro-
tons delivered significantly lower mean 
doses to the lung, esophagus, thyroid, 
heart, and importantly breast when com-
pared with 3D-RT or IMRT [9, 27].

This has provided the rationale to ini-
tiate the clinical evaluation of proton ther-
apy in HL with initial reports of a high 
rate of complete metabolic response [34]. 
Meaningful clinical results are, howev-
er, to be expected no earlier than sever-
al years to a decade from now. Moreover, 
technical limitations, such as single-field 
proton therapy, may lead to situations 
where, for example, dose to the ipsilateral 
breast in IFRT is actually higher than for 
photon techniques [30]. Other more fun-
damental limitations include but are not 
limited to range uncertainty [42], which 
arises from dose calculation approxima-
tions, and nonrelated computational is-
sues, such as patient set-up inaccuracies, 
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Fig. 1 8 Typical dose distributions for a 3D-RT plan in the various IMRT techniques: TomoDirectTM, 
Butterfly-VMATTM (BVMATTM), full VMATTM/RapidArcTM, helical TomotherapyTM, and intensity-modulat-
ed proton RT (IMPT) in transversal, sagittal, and coronal planes for a patient with a typical planning tar-
get volume involving the mediastinal lymph nodes



beam reproducibility, and complex inter-
play effects resulting from internal mo-
tion. This emphasizes the need to explore 
more elaborate techniques and delivery 
systems that tackle these issues so as for 
protons to fully unlock their potential. 
Another issue with protons is the differ-
ent amount of neutron contamination de-
pending on the technology (passive scat-
tering vs. beam scanning). Passive scatter-
ing produces a relevant amount of neu-
tron radiation, whose effect on second-
ary tumor risk cannot yet be fully quan-
tified [24, 43]. Using a scanned beam on 
moving thoracic targets, however, is par-
ticularly subject to the aforementioned is-
sues (particularly interplay) and there-
fore requires elaborate methodology (ro-
bust treatment planning, breathing man-
agement, advanced image guidance). This 
methodology is currently being explored 
in an experimental setting but not yet ful-
ly developed for widespread clinical im-
plementation [4].

Induction of secondary cancers

With cure rates of early HL well above 
90 %, treatment toxicity and particularly 
secondary cancers as a form of treatment 
toxicity have also become a major concern 
in the development of novel treatment 
strategies. While radiation alone is a rel-
atively weak carcinogen, the combination 
of chemotherapy and radiotherapy re-
sults in secondary cancer rates of 10–30 % 
in adults after 10–20 years [23, 25], with 
young women being at a particularly high 
risk for breast cancer [11] and even higher 
rates (> 20 %) if thoracic therapy was initi-
ated in childhood [38]. These data are cer-
tainly based on extended field RT (EFRT); 
conclusive data from patients treated with 
IFRT are still elusive, although the analysis 
of the GHSG that includes patients treated 
with IFRT reports total secondary cancer 
incidences at the lower range of the spec-
trum and indicates a lower incidence with 
IFRT than with EFRT [2]. Estimating the 
impact of novel treatment paradigms or 
techniques on the incidence of second-
ary cancers in long-term survivors of HL 
is quite difficult for a number of reasons. 
Estimates are based on models, most of 
which are derived in one way or anoth-
er from the atomic bomb survivor cohorts 

[13, 39, 49], although they are now more 
frequently aligned with clinical HL survi-
vor series [56]. The data provided by such 
models, however, are fraught with consid-
erable insecurities based on the fact that 
dosimetry for the atomic bomb survivors 
is only a rough estimate, exposure was to 
the total body, and only a narrow dose 
range could be analyzed [46]. A large part 
of such models is therefore based on as-
sumptions. Different models with differ-
ent assumptions may lead to different re-
sults that are at times counterintuitive (a 
particular model counterintuitively esti-
mates a higher secondary cancer risk for 
INRT than for IFRT) [56]. In addition, the 
synergy between radiation and chemo-
therapy cannot yet be modeled with suf-
ficient accuracy, since follow-up in stud-
ies that might help to quantify this inter-
action is not yet sufficient [37].

While models typically predict a re-
duced secondary cancer risk with IFRT 
vs. EFRT [25] and thus also with INRT 
vs. IFRT [18], and an increased secondary 
tumor risk for IMRT as a consequence of 
larger volumes irradiated to low doses [30, 
56], the few available clinical data do not 
necessarily support these estimates. Filip-
pi et al. [18] observed no difference in sec-
ondary breast cancer risk using the or-
gan equivalent dose (OED) method when 
comparing 3D-RT and VMAT, both for 
IFRT and INRT. With secondary cancers 
being observed mainly in the areas ex-
posed to higher doses, the impact of mod-
ulated therapy with reduced healthy tissue 
volumes exposed to high doses is not clear 
despite the modeling data [52, 59].

Long-term clinical follow-up in other 
disease entities has in fact recently indi-
cated that secondary cancer risk from ra-
diotherapy alone or in combination with 
less aggressive chemotherapy in adults 
may indeed be rather lower than expect-
ed from current models [53], particular-
ly the BEIRVII risk model [3], and early 
clinical reports show no indication of el-
evated secondary cancer risk with IMRT 
in comparison with brachytherapy [60]. 
Clinical data from studies with long fol-
low-up will be needed to assess the relative 
importance of heart protection and sec-
ondary cancer risk when using these new 
techniques.

Accordingly, current models predict 
reduced secondary cancer risk for proton 
therapy on identical target volumes [30, 
43, 49], providing a rationale to initiate 
clinical evaluation of proton therapy al-
so in adults with HL that typically have 
a long life expectancy after the primary 
disease is cured. Early data reporting the 
clinical incidence of secondary tumors af-
ter proton radiotherapy in pediatric pa-
tients are so far inconclusive [48].

Conclusion

Reducing target volumes (IN instead of 
IF) is the most effective intervention to 
reduce radiation doses to OAR. Ongo-
ing studies are assessing the feasibility of 
this approach that still has to be consid-
ered investigational, especially in view 
of the optimal imaging that is needed to 
implement a safe INRT approach. In the 
future, ISRT could represent a good com-
promise between the classic IFRT defini-
tion and the true INRT concept. IMRT re-
duces high doses to OAR to a varying de-
gree depending on the prescription strat-
egies and target paradigm at the cost of 
larger volumes irradiated with low/inter-
mediate doses. The choice of the specif-
ic IMRT technique (static vs. various ro-
tational approaches) is of minor impor-
tance. The relative importance of heart 
protection on one hand and a potential-
ly elevated secondary cancer risk when 
using these new techniques cannot yet 
be quantified and requires long-term fol-
low-up for a reliable assessment. The de-
cision to use IMRT should be made on an 
individual basis after comparative treat-
ment planning, with the largest benefit 
to be expected in patients with medias-
tinal targets. Proton therapy for thorac-
ic tumors seems to have the potential to 
reduce both high doses to OAR and in-
tegral dose, but requires complex meth-
odology to fully unlock its potential and 
meaningful clinical data are not yet avail-
able.
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