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Normal Tissue Tolerance
to Reirradiation
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patients with favourable risk/benefit ratio. A
large variety of regimens exists, which might be
associated with quite different risks of toxicity,
e.g. 2 fractions of 2 Gy for relapsed follicular
lymphoma (Heinzelmann et al. 2010) as com-
pared to repeat radiosurgery for intracranial tar-
gets (Raza et al. 2007; Holt et al. 2015) or
brachytherapy for previously irradiated prostate
cancer (Moman et al. 2009). Even radiation-
induced tumours such as glioma might be consid-
ered for reirradiation (Paulino et al. 2008).
Increasing the distance between organs at risk
and the high-dose region, e.g. by injectable or
implanted spacers, is an interesting approach
(Kishi et al. 2009), but only feasible in certain
anatomical sites and in a limited proportion of
patients. Both experimental and clinical data
have shown that a variety of normal tissues
recover from occult radiation injury. However,
decision-making on whether to reirradiate a
patient is, indeed, a complex process. Factors to
be taken into account include the type of tissue at
risk for injury, the total dose, fractionation and
interval from previous irradiation, observable
normal tissue changes resulting from previous
irradiation, the patient’s prognosis, disease extent
and so forth. The following paragraphs on experi-
mental and clinical data on reirradiation toler-
ance of various tissues summarise our current
knowledge and provide a basis for better under-
standing of the challenges associated with reirra-
diation to higher cumulative total doses.

2 Acute Reactions

2.1 Skin and Mucosa

In 1989, Terry et al. reported that the acute reac-
tions of mouse foot skin receiving reirradiation
2 months or more after receiving a single dose of
15-30 Gy were indistinguishable from those of
unirradiated skin. They also found that the toler-
ance to a second course of irradiation decreased
and the latency to manifestation of acute reactions
shortened when reirradiation was given 1 month
after a previous course or when a single dose of
34.5-37.5 Gy was given, which was sufficient to

produce a near-complete breakdown of the skin.
Simmonds et al. (1989) reported comparable
results for reirradiation of pig skin at intervals of
17, 35 or 52 weeks after single priming doses
below the threshold for inducing moist desquama-
tion. The regain in the acute tolerance of the skin
to reirradiation is likely a result of the ability of
the epidermis to respond to radiation-induced
damage by accelerated repopulation and stem cell
migration into the irradiated tissue leading to res-
toration of the original cell number and tissue
integrity. Published clinical data on reirradiation
of head and neck tumours, breast cancer, non-
small cell lung cancer and others summarised in
other chapters of this book also showed that acute
skin and mucosal reactions after reirradiation
were well within the range observed after the first
course of radiotherapy (De Crevoisier et al. 1998;
Montebello et al. 1993; Harms et al. 2004; Tada
et al. 2005; Langendijk et al. 2006; Wiirschmidt
et al. 2008; Tian et al. 2014). If the previous treat-
ment has caused persistent severe mucosal dam-
age, reirradiation might be poorly tolerated.

2.2  Intestine

There is only a single study on experimental reir-
radiation tolerance of the intestine (Reynaud and
Travis 1984). Mice received 9 or 11.5 Gy whole
abdominal irradiation, which did not cause acute
mortality but reduced the jejunal crypt number by
about 10% and caused 10% late mortality from
intestinal damage within 1 year. Single graded
doses of total body irradiation were then given
after 2, 6 or 12 months. Assessment of crypt sur-
vival 3.5 days after reirradiation showed that very
little, if any, of the initial abdominal radiation dose
was remembered by the surviving crypts, indicat-
ing a remarkable tolerance to reirradiation. In the
clinic, Haque et al. (2009) observed only one case
of acute high-grade toxicity (grade 3 or higher) in
13 patients treated with reirradiation to the abdo-
men for gastrointestinal malignancies. These
authors administered a hyperfractionated-acceler-
ated regimen, using 1.5 Gy fractions twice daily,
with a median dose of 30 Gy (range 24-48 Gy)
and in most cases concurrent chemotherapy.
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3 Late Side Effects
3.1 Epithelial and Mesenchymal
Tissues

Simmonds et al. (1989) found in a pig model that
there was no or little residual injury retained for
late ischaemic dermal necrosis (corresponding to
at most 2-7 % of the initial dose). Moreover, the
latency for development of necrosis was not dif-
ferent. The exact mechanism underlying such
recovery is not yet clearly understood. However,
clinical data related to many cancer types revealed
that late complications were more frequent than
anticipated after reirradiation to high cumulative
doses. For patients with mycosis fungoides
(n=14) receiving a second course of total skin
electron beam therapy (18-24 Gy after an initial
dose of about 30 Gy), late skin toxicities included
generalised xerosis, toenail and fingernail dystro-
phy and scattered telangiectasia (Ysebaert et al.
2004). The majority of data is derived from head
and neck cancer retreatment. For example, the
authors of a large series of 169 patients reirradi-
ated for recurrent unresectable head and neck
tumours after a median time of 33 months to a
median cumulative dose of 130 Gy (some with
concurrent chemotherapy) found 21% and 8 %
incidences of mucosal necrosis and osteoradione-
crosis, respectively (De Crevoisier et al. 1998).
Moderate late morbidity, such as trismus and cer-
vical fibrosis, developed in up to 41 % of patients.
Within their respective ranges, the reirradiation
dose, cumulative dose, reirradiated volume or
interval between the two treatment courses did
not predict the risk of severe late injury. Other fac-
tors, such as perfusion disturbance after previous
surgery or pre-existing cardiovascular diseases,
might also impact on the eventual development of
epithelial and connective tissue complications.
Lee et al. (1997) reported the data of 654 patients
with recurrent nasopharyngeal carcinoma receiv-
ing reirradiation to median initial and reirradia-
tion doses of 60 Gy and 46 Gy, respectively, with
a median interval of 2 years. The actuarial inci-
dence of symptomatic late sequelae (for all com-
plications combined) was approximately 50 % at
5 years. They found that the biologically effective

dose (BED) of the first radiation course affected
the risk of late injury significantly, the BED of
reirradiation was of borderline significance, but
the interval between both treatments was not sig-
nificant. The potential effects of volume were not
evaluated. In a later analysis, the same group
found that the major determinant of post-retreat-
ment complications was the severity of damage
during the initial course (Lee et al. 2000). A study
by Xiao et al. (2015) included 291 patients and
found that gross tumour volume was predictive
not only for the prognosis and risk of distant
metastases, but also for toxicity-related death, e.g.
resulting from massive haemorrhage. The pro-
spective study by Tian et al. (2014) also showed
that tumour volume significantly influenced the
risk of mucosal necrosis (53 % if volume >26 cc
vs. 23 % in smaller tumours). A small study of 16
patients who received amifostine together with
postoperative reirradiation and chemotherapy for
head and neck cancer did not suggest reduced late
toxicity rates with this strategy (Machtay et al.
2004). Severe toxicity occurred also after
intensity-modulated radiotherapy (IMRT) but no
prospective head to head comparison of IMRT
versus 3-D conformal RT is available (Sulman
et al. 2009). In the IMRT study reported by
Duprez et al. (2009), 84 patients were reirradiated
to a median cumulative total dose of 130 Gy
(median time interval 49.5 months, median reir-
radiation dose 69 Gy, 17 patients received concur-
rent chemotherapy). Late toxicity was scored in
52 patients with at least 6 months of follow-up.
Eight patients developed grade 3 or 4 late dyspha-
gia and three developed osteoradionecrosis.
Overall, 30 different grade 3 or 4 late complica-
tions were recorded. Osteoradionecrosis might
even develop in the cervical vertebrae, though the
most common location is the mandible (Kosaka
et al. 2010). Clearly, it is unrealistic to expect
absence of any severe late toxicity after IMRT or
other highly conformal techniques since certain
parts of the mucosal and/or connective tissues will
always be part of the planning target volume and
receive high cumulative doses. This issue is fur-
ther addressed in other chapters of this book.
Overall, the available data indicate that the
mesenchymal tissues recover from radiation
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injury less than rapidly reacting tissues like the
epidermis and mucosa, at least in the head and
neck region.

3.2 Thoracic Aorta and Carotid

Arteries

Reports of high-dose reirradiation have identified
the large arteries as critical organs at risk. Evans
et al. (2013) analysed the end point of grade 5 aortic
toxicity in 35 patients with lung cancer. The median
prescribed dose was 54 Gy in 1.8-Gy fractions and
60 Gy in 2-Gy fractions, respectively. The median
interval between the two courses was 32 months.
The median raw composite dose to 1 cc of the aorta
was 110 Gy. Toxicity developed in 25 % of patients
who received >120 Gy but not in patients irradiated
to lower cumulative doses. The issue of carotid
blowout syndrome (CBOS) has been studied by
Yamazaki et al. (2013). They pooled data from 7
Japanese CyberKnife institutions and analysed 381
patients. Of these 32 (8.4 %) developed CBOS after
a median of 5 months from reirradiation. Twenty-
two patients died (69 %). Later, a predictive model
(CBOS index) was developed, which includes
carotid invasion of >180°, presence of ulceration
and lymph node area irradiation (0-3 points)
(Yamazaki et al. 2015). A larger pooled series
included 1554 patients who received head and neck
reirradiation (McDonald et al. 2012). There were 41
reported CBOS, for a rate of 2.6, and 76 % were
fatal. The median time to CBOS was 7.5 months. In
patients treated in a continuous course with
1.8-2 Gy daily fractions or 1.2 Gy twice-daily frac-
tions, 36 % of whom received concurrent chemo-
therapy, the rate of CBOS was 1.3%, compared
with 4.5% in patients treated with 1.5 Gy twice
daily in alternating weeks or with delayed acceler-
ated hyperfractionation, all of whom received con-
current chemotherapy (p=0.002).

33 Intestine

Late toxicity data are available from a study of
palliative reirradiation for recurrent rectal cancer
(Lingareddy et al. 1997). In this study, 52 patients

were reirradiated to approximately 30 Gy (once
daily 1.8 or 2 Gy in 30 patients and bid 1.2 Gy
daily in 22 patients) after an initial course of
median 50.4 Gy. The median interval was
24 months. Twenty patients received an addi-
tional boost dose to a maximum of 40.8 Gy. Most
patients (n=47) also had concurrent 5-fluorouracil
chemotherapy with reirradiation. Grade 3 or 4
(by Radiation Therapy Oncology Group (RTOG)
criteria) small bowel obstruction occurred in nine
patients (17 %), cystitis in three patients (6 %)
and non-tumour-related fistulas in four patients
(8%). The cumulative dose, reirradiation dose
and time interval were not significantly related to
late toxicity. However, conventional fractionation
with 1.8-2 Gy resulted in more toxicity as com-
pared to hyperfractionation (hazard ratio 3.9).
The latter finding was confirmed in a follow-up
publication thatincluded 103 patients (Mohiuddin
et al. 2002). In this study, interval to reirradiation
>24 months was also associated with signifi-
cantly lower late toxicity rates. Fifteen percent of
patients developed small bowel obstruction and
2% colo-anal stricture. Persistent severe diar-
rhoea was recorded in 17 % of patients. As with
many other studies discussed in this chapter,
actuarial rates of late adverse events and detailed
dose-volume histogram analyses were not pro-
vided. Another group performed reirradiation
after omental flap transposition (OFT) in 12
patients with locoregional recurrent rectal can-
cers (Kim et al. 2010). No severe complications
of grade 3 or higher involving the small bowel or
bladder occurred. It was suggested that OFT
effectively excluded small bowel from the radia-
tion field. Intestinal complications also hampered
the benefits of high-dose reirradiation of tumours
in the female genital tract with combined external
beam RT and brachytherapy (Russell et al. 1987).
They were uncommon (one case of gastrointesti-
nal bleeding classified as grade 4 late toxicity, no
grade 3 adverse events among 13 patients) after
palliative abdominal reirradiation to a median
dose of 30 Gy given after an initial course of
median 45 Gy (Haque et al. 2009). Abusaris et al.
(2011, 2012) reported institutional dose con-
straints that also resulted in low rates of grade
3—4 toxicities, albeit in small groups of patients.
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34 Lung

Terry et al. (1988) assessed the risk of pneumoni-
tis after reirradiation in a mouse model. The
whole thorax was irradiated with a priming dose
of 6, 8 or 10 Gy, which did not cause changes in
breathing rate or lethality. One to six months
later, reirradiation was given (over a full range of
doses). The end point of this experiment was
radiation pneumonitis within 196 days after reir-
radiation. Both the size of the priming dose and
the interval had a significant impact on the
response to reirradiation. After a low priming
dose of 6 Gy, the lungs could tolerate reirradia-
tion as if they had not received previous radiation
exposure. Some occult injury remained at
1 month after an 8-Gy priming dose. Residual
damage in the order of 25-70 % persisted at all
time intervals after a 10-Gy priming dose. The
experimental set-up is different from the clinical
situation where only limited parts of the lung
receive irradiation. Moreover, the radiation dose
to the heart might also impact on lung toxicity
and late pulmonary function. Our own unpub-
lished clinical experience with palliative reirra-
diation of lung cancer is consistent with published
data, which suggest that pneumonitis is rarely
observed (Montebello et al. 1993). For example,
Jackson and Ball (1987) observed no symptom-
atic radiation pneumonitis among 22 patients
with non-small cell lung cancer reirradiated to
20-30 Gy in 2-Gy fractions after having received
a median dose of 55 Gy (median interval
15 months). A Japanese study with 15 patients
(median reirradiation dose 50 Gy in 25 fractions,
median interval 16 months) reported one case of
grade 3 radiation pneumonitis and three cases of
grade 2 esophagitis (Tada et al. 2005). After
brachytherapy, severe toxicity was uncommon
too (Hauswald et al. 2010). Apparently, the lungs
recover at least partially from occult injury.
Experimental data on trachea, bronchi or oesoph-
agus are lacking. Most clinical series did not
describe particular problems with these critical
structures, except for stereotactic treatment of
central lesions. Also after proton beam reirradia-
tion, oesophageal fistula (raw dose 136 Gy) and
tracheal necrosis (raw dose 147 Gy) have been

reported (McAvoy et al. 2013). Of note, however,
is that the median survival after moderate-dose
reirradiation was only 5-7 months and, hence,
was too short for assessment of true late damage
to the lungs and other thoracic structures. As
shown in Fig. 1, lung fibrosis might develop in
patients with longer survival. Experience with
higher reirradiation doses is still limited and typi-
cally derived from small-field stereotactic radio-
therapy series (Peulen et al. 2011; Liu et al. 2012;
Meijneke et al. 2013).

3.5 Spinal Cord

Reirradiation tolerance of the spinal cord has
been most extensively studied in animal models
using paresis, predominantly resulting from
white matter necrosis that manifests in
10-12 months in rodents, as the end point and the
median paresis dose (EDsp) for computation.
Results of two reirradiation experiments revealed
that the fractionation sensitivity of reirradiation
was similar to that of single-course irradiation
(Ruifrok et al. 1992a; Wong et al. 1993). Lower
spine reirradiation experiments (T10-L2 in adult
mice, L3-5 in adult rats, L2—6 in young guinea
pigs) showed remarkable long-term recovery if
the initial dose was limited to 50-75% of the
EDs, (Hornsey et al. 1982; Lavey et al. 1994;
Knowles 1983; Mason et al. 1993). The extent of
injury retained was highest after initial irradia-
tion to 75 % of the EDs,, but even under this con-
dition, only 30 % of injury was retained. A series
of reirradiation experiments of rat cervical spinal
cord showed that the initial dose, the interval to
reirradiation and the reirradiation dose influenced
the latency to myelopathy (Wong et al. 1993;
Wong and Han 1997). Beyond an 8-week inter-
val, there was a progressive increase in recovery
with an increasing time interval to reirradiation,
but recovery was never complete. In adult rats
main long-term recovery occurred between 2 and
6 months. For 3-week-old rats, partial recovery
took place during the first month, which increased
only slightly between 1 and 6 months (Ruifrok
et al. 1992b). In a different study, an initial single
dose of 15 Gy was administered, followed 8 or
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Fig. 1 In 1995, a 58-year-old gentleman received com-
bined chemoradiation for small cell lung cancer of the
right lung (limited disease) resulting in a cure. (a) Shows
a follow-up computed tomography (CT) scan from 2008
demonstrating slight paramediastinal radiation fibrosis. In
January 2009, the patient was diagnosed with stage I1IB
adenocarcinoma of the right lung (b). He received two
cycles of platinum-based chemotherapy and achieved a
partial response. He went on to simultaneous chemother-

16 weeks later by additional graded doses (van
der Kogel 1979). In contrast to all other studies,
separate dose-response curves were obtained for
white matter necrosis (latent period <7 months)
and vascular damage (latent period up to
18 months). Recovery between 8 and 16 weeks
was significant for the white matter necrosis end

C. Nieder and J.A. Langendijk

apy and 3D-conformal reirradiation (15 fractions of
2.8 Gy). He developed grade III acute esophagitis but no
pulmonary toxicity. (¢) Shows the most recent CT scan
taken 1 year after reirradiation demonstrating increasing
radiation fibrosis in the reirradiated region (clinically
asymptomatic). At that time the patient was diagnosed
with multiple brain metastases and started palliative
whole-brain irradiation (no previous prophylactic whole-
brain radiotherapy had been given)

point but was much less for vascular damage. It
has also been shown that modification of the reir-
radiation tolerance of the spinal cord can be
obtained (Nieder et al. 2005a). In these experi-
ments, a combination of systemically adminis-
tered insulin-like growth factor-1 and intrathecal
amifostine resulted in lower incidence of myelop-
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athy after cervical spinal cord reirradiation in
rats. Such strategies were not pursued further
because of increasing availability of equipment
and software, which allows for spinal cord spar-
ing (IMRT, stereotactic RT etc.). Other pharma-
cologic strategies aiming at radioprotection in
different tissues and organs typically were exam-
ined in previously untreated animals (Greenberger
2009) although the reirradiation setting appears
attractive for studying radioprotectors.

As compared to rodent experiments, more
clinically applicable data were generated in adult
rhesus monkeys at MD Anderson Cancer Center,
Houston, USA, by Ang et al. (1995). The cervical
spinal cord of these primates was irradiated with
2.2 Gy per fraction. The control group received a
single radiation course to total doses of 70.4, 77
or 83.6 Gy. The number of animals developing
myelopathy in these 3 dose groups was 3 of 15, 3
of 6 and 7 of 8, respectively. Twelve asymptom-
atic animals in the 70.4 Gy group were retreated
2 years later to cumulative doses of 83.6, 92.4 or
101.2 Gy (four animals each). Only two devel-
oped paresis at 11 (83.6 Gy) and 8 (92.4 Gy)
months after reirradiation. Subsequently, 16
monkeys received 44 Gy in 20 fractions and
2 years later were reirradiated to cumulative
doses of 83.6, 92.4, 101.2 or 110 Gy. Only two
(one received 101.2 Gy and the other 110 Gy)
developed myelopathy. These data indicate that a
substantial amount of the occult injury induced
by the priming dose decayed within 2 years. As
published in 2001, Ang et al. confirmed their ini-
tial observations in a group of 56 rhesus mon-
keys. The dose of the initial course was 44 Gy in
all monkeys. Reirradiation dose was 57.2 Gy,
given after 1-year (n=16) or 2-year (n=20) inter-
vals, or 66 Gy, given after 2-year (n=4) or 3-year
(n=14) intervals. Only 4 of 45 monkeys complet-
ing the required observation period (2-2.5 years
after reirradiation, 3-5.5 years total) developed
myelopathy. Fitting the data with a model, assum-
ing that all (single course and reirradiation) dose-
response curves were parallel, yielded recovery
estimates of 33.6 Gy (76 %), 37.6 Gy (85 %) and
44.6 Gy (101 %) of the initial dose, after 1, 2 and
3 years, respectively, at the 5% incidence level.
Another way to look at these results is to estimate

the total cumulative dose that can be tolerated,
expressed in EQD, that is equivalent dose in
2-Gy fractions calculated using the linear-
quadratic approach. For a time interval of 1, 2
and 3 years between the treatment courses, cumu-
lative doses of 150, 156 and 167 % of the first-
line setting’s tolerance dose appear possible.

If true in humans, an initial exposure equiva-
lent to 46 Gy in 2-Gy fractions (arbitrarily
selected to represent 100 % of the tolerance dose
at the 5% myelopathy risk level because many
institutions limit the spinal cord dose to lower
levels than true tolerance (Kirkpatrick et al.
2010)) might be followed by an additional
23-24 Gy in 2-Gy fractions (50 % of the toler-
ance dose) 1 or 2 years later. Clinical data from
different institutions supporting this interpreta-
tion have been published (Schiff et al. 1995;
Grosu et al. 2002). Most patients were treated
with palliative reirradiation and therefore follow-
up was often limited. In patients with better prog-
nosis, the cumulative spinal cord dose often was
kept at very low levels, e.g. in the RTOG head
and neck cancer reirradiation protocols (Langer
et al. 2007). Nevertheless, data from patients with
longer follow-up have been published, e.g. five
patients with recurrent Hodgkin’s disease who
were followed for more than 5 years after reirra-
diation (Magrini et al. 1990). The first spinal cord
dose was 30 Gy in 1.7 Gy fractions (plus chemo-
therapy) and 1-3 years later up to 40 Gy in 2-Gy
fractions was administered (two to three vertebral
segments) without causing myelopathy. The
cumulative EQD, of this treatment is slightly
lower than 150 %. All available data from differ-
ent published series including those reporting on
myelopathy (Wong et al. 1994) were analysed by
Nieder et al. (2005b, 2006a). Seventy-eight
patients were included and a risk prediction
model was developed, based on time interval,
cumulative dose and presence or absence of any
treatment course resulting in quite high spinal
cord exposure. Besides cumulative dose, interval
<6 months and total dose equivalent to >50 Gy in
2-Gy fractions in one of the two courses increases
the risk of myelopathy. Low-risk patients had
<5% risk of myelopathy and intermediate
risk patients approximately 25%. However,
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unpublished cases treated after 2006 in the
author’s institution in Bodg, Norway, all remained
free from myelopathy, suggesting that the actual
risk might be lower than previously anticipated.
Chapter “Fractionation Concepts” of this book
contains a table showing calculations of the
myelopathy risk based on this model (Table 3).
The introduction of stereotactic body radio-
therapy has resulted in new challenges as such
treatment typically is administered with few
high-dose fractions or even single doses. Rather
than irradiating complete spinal cord cross sec-
tions with homogeneous doses, small areas are
exposed and steep dose gradients achieved.
Medin et al. (2012) developed a swine model
where a 10-cm length of the spinal cord (C3-T1)
was uniformly irradiated to 30 Gy in 10 fractions
and reirradiated 1 year later with a single radio-
surgery dose centred within the previously irradi-
ated segment. Radiosurgery was delivered to a
cylindrical volume approximately 5 cm in length
and 2 cm in diameter, which was positioned later-
ally to the cervical spinal cord, resulting in a dose
distribution with the 90 %, 50% and 10 % iso-
dose lines traversing the ipsilateral, central and
contralateral spinal cord, respectively. Follow-up
after reirradiation was 1 year. Summarised
briefly, pigs receiving radiosurgery 1 year follow-
ing 30 Gy in 10 fractions were not at significantly
higher risk of developing motor deficits than pigs
that received radiosurgery alone. Limited data on
reirradiated patients are available. Damast et al.
(2011) reviewed the records of patients with in-
field recurrence after previous spine radiation
(median dose 30 Gy) that received salvage IMRT
with either five 4-Gy (20-Gy group, n=42) or
five 6-Gy (30-Gy group, n=55) daily fractions.
The median follow-up was 12 months (range,
0.2-63.6 months). Maximal point dose to the spi-
nal cord and cauda equina were limited to 14 Gy
and 16 Gy, respectively. Neither previous cord
dose from first radiotherapy nor interval between
first and second course had bearing on these dose
constraints. There was no incidence of myelopa-
thy. Notably, there were nine vertebral body frac-
tures and one benign oesophageal stricture after
IMRT, which was potentially attributable to radi-
ation. In 36 patients treated with helical tomo-

therapy, radiation myelopathy was not observed
(Sterzing et al. 2010). The most common initial
regimen was 10 fractions of 3 Gy. All patients
had low cumulative EQD, and thus belonged to
the low-risk group. Choi et al. (2010) retrospec-
tively reviewed 51 lesions in 42 patients whose
spinal metastases recurred in a previous radiation
field (median previous spinal cord dose of 40 Gy)
and were subsequently treated with stereotactic
radiosurgery to a median marginal dose of 20 Gy
(range, 10-30 Gy) in 1-5 fractions (median, 2).
The median follow-up was 7 months (range,
2-47 months). The median spinal cord maximum
total dose and dose per fraction from reirradia-
tion were 19.3 Gy (range, 5.1-31.3 Gy) and
7.2 Gy (range, 2.9-19.3 Gy), respectively. One
patient (2 %) experienced grade 4 neurotoxicity.
Having received 39.6 Gy in 1.8 Gy fractions
(total spinal cord dose of 40 Gy) to the T4 to L1
vertebral bodies 81 months before receiving reir-
radiation, she received 20 Gy in 2 fractions to
treat a TS recurrence. Treatment was prescribed
to the 80 % isodose line. The maximal spinal cord
dose from reirradiation was 19.25 Gy, which is
equivalent to 56 Gy in 2-Gy fractions. Therefore,
this patient would be predicted to have a high
likelihood of myelopathy by the aforementioned
risk score (Nieder et al. 2006a). A case with com-
parably high reirradiation dose (maximum
20.9 Gy in 2 fractions to the thecal sac at T1)
resulting in myelopathy 5 months after retreat-
ment has been reported by Sahgal et al. (2012).
Previous treatment was only 25 Gy in 28 frac-
tions (interval 70 months). A third case was also
reported in the same paper. Here, initial treatment
was close to tolerance, i.e. equivalent to 52 Gy in
2-Gy fractions. The maximum reirradiation dose
to the thecal sac was 14.7 Gy in one single frac-
tion (level T10, interval 12 months). Myelopathy
developed after 3 months. In a fourth case, initial
treatment was equivalent to 50 Gy in 2-Gy
fractions and reirradiation dose maximum to the
thecal sac was 32.6 Gy in 3 fractions (level C1/
C2, interval 18 months). Myelopathy developed
after 8 months. In their report, Sahgal et al.
(2012) provided a recommendation of reasonable
stereotactic reirradiation doses after initial con-
ventional radiotherapy (interval at least
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5 months). A thecal sac point maximum P(max)
EQD, of 20-25 Gy appears to be safe provided
the total P(max) EQD, does not exceed approxi-
mately 70 Gy, and the SBRT thecal sac P(max)
EQD, comprises no more than approximately
50 % of the total normalised biologically equiva-
lent dose. The feasibility of salvaging spinal
metastases initially irradiated with SBRT, who
subsequently progressed with imaging-confirmed
local tumour progression, with a second SBRT
course to the same level has recently been con-
firmed (Thibault et al. 2015).

3.6 Brain

Reirradiation of brain tumours is often performed
on an individual case-by-case basis and not yet
based on the highest level of evidence (Veninga
et al. 2001; Schwartz et al. 2015). In fact, no large
randomised phase 3 trials have been published so
far. It seems, however, that the selection criteria
employed by experienced clinicians allow for
retreatment, e.g. of glioblastoma with fraction-
ated stereotactic radiotherapy, with low to mod-
erate risk of late toxicity and encouraging median
survival (Nieder et al. 2006b, 2008; Fogh et al.
2010). True long-term survival after reirradiation
of brain tumours is unlikely and differentiation
between tumour- and treatment-related deficits
might be challenging. Therefore the actual rates
of toxicity are difficult to estimate (Mayer and
Sminia 2008; Sminia and Mayer 2012). In fact,
toxicity risk might differ between brain regions
with highly collateralised blood supply and those
perfused by only few small branches. Importantly
and in contrast to spinal cord and other organs, no
animal experiments on reirradiation of the brain
are available. Flickinger et al. (1989) published a
series of nine patients with suprasellar or pitu-
itary tumours having more than 5 years of follow-
up after receiving two series of radiotherapy.
Doses varied between 36 and 54 Gy for the first
and 35-50 Gy for the second course. The median
interval was as long as 7.5 years. The cumulative
dose varied from 70 to 89 Gy in 2-Gy fractions
with three patients receiving at least 86 Gy. Only
one patient who was treated to 86 Gy developed

a severe complication, namely, optic neuropathy.
Of 32 patients treated by Dritschilo et al. (1981),
11 were alive at the time of analysis. Eight were
experiencing productive lives and three were suf-
fering from severe neurological damage includ-
ing two cases of radionecrosis. Temporal lobe
injury after treatment of nasopharynx cancer is
not uncommon (Liu et al. 2014), and more details
about this topic can be found in the chapter
reviewing this particular tumour type.
Reirradiation of glioma with fractionated ste-
reotactic radiotherapy (5 fractions per week,
5 Gy per fraction) after a median dose of 55 Gy
was reported by Shepherd et al. (1997). All
patients treated with more than 40 Gy developed
late toxicity whereas only 25% of those who
received 30-40 Gy developed such adverse
events. Several institutions have used reirradia-
tion doses of 3040 Gy with fraction sizes below
4 Gy with acceptable rates of toxicity (Combs
et al. 2005; Fogh et al. 2010), and there is now
also a prospective trial in progress (Combs et al.
2010). Radiosurgery was systematically studied
by the RTOG (Shaw et al. 1996, 2000). Adults
with cerebral or cerebellar solitary non-brainstem
tumours <40 mm in maximum diameter were eli-
gible. Initial radiosurgical doses were 18 Gy for
tumours <20 mm, 15 Gy for that 21-30 mm and
12 Gy for that 31-40 mm in maximum diameter.
Dose was prescribed to the 50-90 % isodose line.
Doses were escalated in 3-Gy increments provid-
ing the incidence of irreversible grade 3 or any
grade 4 or 5 RTOG central nervous system toxic-
ity was <20 % within 3 months of radiosurgery.
Between 1990 and 1994, 156 analysable patients
were entered, 36 % of whom had recurrent pri-
mary brain tumours (median prior dose 60 Gy)
and 64 % recurrent brain metastases (median
prior dose 30 Gy). The median interval was
11 months, minimum 3 months. The maximum
tolerated doses were 24 Gy, 18 Gy and 15 Gy for
tumours <20 mm, 21-30 mm and 31-40 mm in
maximum diameter, respectively. However, for
tumours <20 mm, investigators’ reluctance to
escalate to 27 Gy, rather than excessive toxicity,
determined the maximum tolerated dose. The
actuarial incidence of radionecrosis was 5%,
8%, 9% and 11% at 6, 12, 18 and 24 months
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following radiosurgery, respectively. Unacceptable
toxicity was more likely in patients with larger
tumours. Sneed et al. (2015) reported that radio-
surgery followed by a second radiosurgery for
recurrent brain metastases resulted in a 20%
l-year cumulative incidence of symptomatic
adverse radiation effect (median reirradiation
dose 18 Gy, n=72, crude risk 14 %). Compared
to patients who had not received prior radiosur-
gery to the same lesion, the hazard ratio for any
adverse radiation effect was 5.05 (95 % confi-
dence interval 1.9—-13.2).

3.7 Heart

Wondergem et al. (1996) assessed reirradiation
tolerance of the heart at intervals of up to
9 months in a rat model by measuring cardiac
function ex vivo 6 months after reirradiation. The
cardiac tolerance dose was arbitrarily defined as
the dose causing at least a 50 % function loss in
one-half of the treated animals (EDsy). Up to a
6-month interval, the reirradiation EDs, was close
to the single-course EDs, but dropped signifi-
cantly when the interval was longer than
6 months. The reirradiation tolerance also
decreased with an increasing priming dose. A
slow progression of damage induced by the prim-
ing dose is a plausible explanation for the
decrease in tolerance with increasing time from
the initial course. Systematic clinical data are not
available.

3.8 Bladder

Stewart et al. (1990) studied whole bladder irra-
diation in mice. Priming doses were 8 Gy, which
did not induce any observable functional bladder
damage, and 16 Gy, which corresponded to 60 %
of a full tolerance dose and produced a moderate
level of damage starting from about 30 weeks.
Reirradiation was given after approximately 13
or 39 weeks. Acute toxicity, manifesting as
increased urination frequency, was mild when
reirradiation was delivered 13 weeks after both

priming dose levels but was amplified in the
group receiving reirradiation 39 weeks after a
priming dose of 16 Gy. However, with respect to
late bladder damage (end point defined as >50 %
reduction in bladder volume, increased urination
frequency at >27 weeks after reirradiation), no
long-term recovery was observed in up to a
9-month interval. Unfortunately, neither experi-
mental data for partial organ reirradiation nor
larger clinical studies on bladder re-exposure are
available.

3.9 Kidney

Studies on mouse, rat and pig kidney suggested
that radiation-induced toxicity progresses rather
than recovers with time (Robbins et al. 1991;
Stewart et al. 1994). For example, mouse experi-
ments performed by Stewart et al. (1994) showed
that reirradiation tolerance was inversely related
to the priming dose, and tolerance decreased
rather than increased significantly with increas-
ing time interval. Analysis of the data on reirra-
diation at 26 weeks after lower priming doses
using the linear-quadratic model gave an alpha/
beta value of 1.4 Gy, which was significantly
lower than the 3.3 Gy obtained for a single radia-
tion course, indicating a larger fractionation-
sparing effect for the reirradiation setting. Of
clinical interest is also the finding in a rat model
that single-dose cisplatin (5 mg/kg) administered
1 year after unilateral kidney irradiation progres-
sively deteriorated the function of the irradiated
kidney measured at 5 and 11 weeks after drug
treatment (Landuyt et al. 1988). Compared with
the contralateral kidney, the irradiated kidney
showed a larger sensitivity to cisplatin-induced
injury, even at subclinical doses of both drug and
radiation.

4 Liver

The increasing numbers of patients with primary
and secondary liver tumours receiving radiother-
apy have led to occasional situations where the
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feasibility and potential of reirradiation for in-
field or marginal progression or adjacent new
lesions has to be discussed. Data are still very
limited. Lee et al. (2016) treated 12 patients with
hepatocellular carcinoma (median initial dose
50 Gy, range 36—60; median dose per fraction
1.8 Gy). Minimum interval to reirradiation was
5 months (median 20). The median dose was
50 Gy, range 36-58, with a median dose per frac-
tion of 2.5 Gy. They aimed at a mean remaining
liver dose <30 Gy with at least 700 cc of remain-
ing liver volume. After reirradiation, 6 of 12
patients showed deterioration of liver function,
and severe worsening of liver function (Child-
Pugh score elevation >3 points) was also
observed in four patients. The causal relationship
was difficult to judge because several other local
and systemic therapies were administered in
most cases.

5 Discussion

Reirradiation should only be considered if the
radiation tolerance of critical tissues or organs
has not been exceeded during the first treatment,
i.e. after careful review of the initial dose distri-
bution and fields and assessment of organ status
and side effects after the first treatment. Moreover,
reasonable performance status and absence of
other, less toxic treatment alternatives are prereq-
uisites. It is important to weigh the expected ben-
efits against morbidity and compromised quality
of life. Solid preclinical evidence of recovery
from occult radiation injury has been obtained
for a variety of end points in several tissues and
organs. However, these animal experiments can-
not completely resemble the clinical situation,
e.g. with regard to complexity of host factors.
Cancer patients vary in biological and chrono-
logical age, cardiovascular and other comorbid-
ity, organ reserve capacity and extent of
multimodal therapies (additional surgery or even
repeat surgeries, different types of anticancer
drugs). It is also challenging to achieve dose dis-

tributions in partial organ irradiation of labora-
tory animals that are comparable to human IMRT
and stereotactic RT. The majority of animal
experiments were performed before such tech-
nology became available. It is therefore of utmost
importance to collect clinical data on reirradia-
tion tolerance. For many tissues and organs, an
increasing body of data is now becoming avail-
able. Nevertheless, little is known for a number
of end points such as neurocognitive function,
damage to endocrine organs or the reirradiation
tolerance of paediatric patients. Acutely respond-
ing tissues, in general, recover radiation changes
practically completely within a few months and,
therefore, can tolerate a repeat treatment course.
For late injury end points, the heart, bladder and
kidney did not exhibit long-term recovery
(Fig. 2), whereas the skin, mucosa and spinal
cord did. However, long-term recovery occurs
within a defined time period that depends on the
size of the priming dose and differs among tis-
sues, species and age. Importantly, clinical evi-
dence suggests that fibrosis, impaired blood
perfusion and, in general, late normal tissue
injury in humans continues to progress for many
years and even decades. Lee et al. (1992) anal-
ysed more than 4,500 patients irradiated for naso-
pharyngeal cancer and found that the incidence
of all types of late radiation toxicity, except of
myelopathy, continued to rise even more than
10 years after treatment. Of course, individual
prediction of toxicity risk would be a major step
towards optimal choice of treatment intensity.
Several reviews have summarised the current
research efforts in this field (Coates et al. 2015;
Jentsch et al. 2015; Kerns et al. 2014, 2015),
which will not be discussed in any detail in this
overview on reirradiation. The following book
chapters provide both literature synopsis and
exemplary cases that hopefully guide the choice
of reirradiation regimens with acceptable compli-
cation probabilities. The paucity of data for many
scenarios clinicians might face should encourage
our community to embark on additional prospec-
tive clinical trials.
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Fig.2 Animal experiments
suggest that radiation-induced
toxicity progresses rather than
recovers with time in the
organs indicated by arrows
(heart, kidney, bladder).
Therefore, reirradiation of
these organs might cause
considerable late side effects
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Abstract

This chapter summarizes the principles of
fractionated radiotherapy and altered fraction-
ation approaches. We also provide clinical reir-
radiation examples and isoeffect calculations.
The vast majority of published reirradiation
series consist of retrospective data or small
prospective studies with limited statistical
power. In addition, the typical patient popula-
tions are more heterogeneous than in first-line
radiotherapy studies. For example, patients
with local relapse, regional relapse, or second
primary tumors might be included. Therefore,
the level of evidence is not comparable to that
of first-line radiotherapy, where many treat-
ment recommendations and guidelines rely on
large and well-designed prospective random-
ized trials or meta-analyses of several trials.
Reirradiation is often used to palliative symp-
toms, but occasionally a curative approach,
which requires high cumulative radiation
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doses, is possible and should be offered. A
key consideration is to apply high precision
radiotherapy techniques. Hyperfractionated
reirradiation might theoretically improve the
therapeutic ratio, but prospective trials are
required to confirm this hypothesis. Many
recent studies actually relied on more conve-
nient hypofractionated regimens.

1 Background

Radiobiological research during the twentieth
century has indicated that fractionation of the
total radiation dose often produces better tumor
control for a given level of normal tissue toxicity
than a single large dose. Better normal tissue
sparing might result from repair of sublethal radi-
ation damage between dose fractions. Beneficial
effects such as reoxygenation of tumor cells and
reassortment of cells into radiosensitive phases of
the cell cycle may contribute to better tumor con-
trol for the same level of normal tissue damage
when compared to single-dose application.
However, it was also realized that prolonged
overall treatment time may result in repopulation
of cancer cells and thus be disadvantageous. In
many clinical instances, regimens consisting of
administration of 1.8-2 Gy once daily five times
per week were considered standard (Hellman
1975; Greenberg et al. 1976; Holsti et al. 1978;
Dorr et al. 1996; Beck-Bornholdt et al. 1997,
Baumann and Gregoire 2009; Baumann and
Krause 2009; Mauguen et al. 2012). Clinical
interest in the use of more and smaller dose frac-
tions in radical radiotherapy was stimulated by
experimental normal tissue studies (Stewart et al.
1984). It has been found that if the dose per frac-
tion is reduced (i.e., in hyperfractionation where
a higher number of fractions of less than 1.8 Gy
is given, usually two fractions per day) there is
sparing of late responding normal tissues relative
to those which respond early (Withers et al. 1982;
Withers 1985; Niewald et al. 1998). This phe-
nomenon can be understood in terms of the
shapes of the underlying dose-effect relation-
ships, which can be described using the

linear-quadratic equation. The ratio (alpha/beta)
of the linear (alpha) and quadratic (beta) terms is
a useful measure of the curviness of such dose-
effect curves. Low alpha/beta values (1.5-5 Gy)
have been observed for late responding normal
tissues and indicate that radiation damage should
be greatly spared by the use of dose fractions
smaller than the 1.8-2 Gy used in conventional
radiotherapy. By contrast, the high alpha/beta
values (6—14 Gy) observed for acutely respond-
ing normal tissues indicate that the response is
relatively linear over the dose range of clinical
interest. Hence, less extra sparing effect is to be
expected if lower doses per fraction are adminis-
tered (Hermann et al. 2006; Baumann and
Gregoire 2009; Bentzen and Joiner 2009; Joiner
and Bentzen 2009). If tumors respond in the same
way as acutely responding normal tissues, then
hyperfractionation might confer a therapeutic
gain relative to late responding normal tissues.
Basically, this effect is caused by differences in
repair capability. Clinical studies of hyperfrac-
tionation assumed that moderate escalation of the
total dose would improve tumor control rates
without causing excess late complications
(Fig. 1). However, the radiation fractions should
not be given too close together, certainly not
closer than 6 h, because of incomplete damage
repair (Joiner 1993; Baumann and Gregoire
2009; Joiner and Bentzen 2009).

In the context of reirradiation, the issue of nor-
mal tissue toxicity is of utmost importance. While
acute toxicity largely is comparable to that of
first-line treatment, late toxicity resulting from
high cumulative radiation doses has often been
observed (Simmonds et al. 1989; Stewart 1999).
Chronically progressive fibrosis, stenosis, and
perfusion deficits resulting in tissue necrosis have
been described. Their impact on quality of life
and organ function might be severe. With regard
to palliative reirradiation, late toxicity might not
become clinically apparent during the limited life
span of most patients. However, the situation
might be different in patients treated with cura-
tive intent (Nieder et al. 2000). It is therefore nec-
essary to assess the biologically effective dose
(BED) and late effects of the initial course of
radiotherapy and to exclude patients who
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Fig. 1 (a—d) Hypothetical outcome of hyperfractionated ~ survival and  development of late toxicity.

(HF) as compared to conventional radiotherapy (CF), e.g.,
in head and neck squamous cell carcinoma. Actuarial
curves displaying the primary study endpoint, e.g., overall

tolerated their previous treatment poorly. In addi-
tion, efforts must be made to limit the volume of
reirradiated normal tissues. Today’s improved
target volume imaging and definition approaches
as well as image-guided high precision tech-
niques contribute to volume reduction and
improved dose distribution. Proton radiotherapy
may in the future add to current options for high
conformity reirradiation techniques. Harnessing
high precision technology might even allow for
hypofractionated short-course reirradiation as
demonstrated, e.g., in palliative treatment of head
and neck cancer (Heron et al. 2011), recurrent
high-grade gliomas (Grosu et al. 2005; Nieder
et al. 2008; Fogh et al. 2010), stereotactic irradia-
tion of lung (Peulen et al. 2011; Meijneke et al.
2013; Kilburn et al. 2014) and stereotactic

Hyperfractionated radiotherapy results in a therapeutic
gain and increased rate of uncomplicated cure, i.e., sur-
vival without serious side effects

radiosurgery of vestibular schwannomas (Yomo
et al. 2009), spinal metastases (Choi et al. 2010),
or brain metastases (Maranzano et al. 2012).
Single doses were also given with intraoperative
approaches, e.g., in rectal cancer (Haddock et al.
2001). In addition, several brachytherapy regi-
mens have been used, e.g., in prostate and head
and neck cancer (Burri et al. 2010). Intraoperative
radiotherapy and single fraction radiosurgery are
not the focus of this chapter. The disease-specific
chapters provide details on such approaches. In a
Canadian survey on reirradiation, many respon-
dents recommended brachytherapy or highly
conformal external irradiation techniques (Joseph
et al. 2008). Hyperfractionated schedules were
suggested as a means of limiting retreatment tox-
icity. Obviously, hyperfractionation was among
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the few strategies available in the past and also
utilized by one of the authors of this chapter in
the 1990s (Nieder et al. 1999) before positron
emission tomography (PET), intensity-modulated
radiotherapy (IMRT), proton beams, and other
tools became a part of our armamentarium.
Reirradiation is not a new idea, some clinical
studies were published already more than 40
years ago and some of these included patients
treated as early as 1940 (Shehata et al. 1974; Fu
et al. 1975; Hunter and Stewart 1977; Laramore
et al. 1978; Dritschilo et al. 1981). The same
holds true for accompanying experimental stud-
ies (Brown and Probert 1975). The vast majority
of published reirradiation series consist of retro-
spective data or small prospective studies. In
addition, the typical patient populations are more
heterogeneous than in first-line radiotherapy
studies. For example, patients with local relapse,
regional relapse, or second primary tumors might
be included. Therefore, the level of evidence is
not comparable to that of first-line radiotherapy,
where many treatment recommendations and
guidelines are based on large and well-designed
prospective randomized trials or meta-analyses
of several trials. However, it appears that reirra-
diation not only palliates cancer-related symp-
toms but, under certain circumstances, might
contribute to improved survival, especially in dis-
eases where local control determines survival
(Jereczek-Fossa et al. 2008). One example is a
study of 108 children with relapsed ependymoma
where 66 % received radiotherapy at relapse and
50% of older children were reirradiated, and
where reirradiation was associated with better
outcome (Messahel et al. 2009). In a smaller
study, which included 25 patients with previously
irradiated recurrent medulloblastoma, a trend
towards better event-free survival was seen in
patients who received additional radiotherapy as
part of their retrieval therapy (Dunkel et al. 2010).
Limited evidence is also available from reirradia-
tion of benign tumors such as pituitary adenoma
(Schoenthaler et al. 1992). In a randomized trial,
130 patients with head and neck cancer were
treated with salvage surgery and randomly
assigned to full-dose reirradiation combined with
chemotherapy or to observation. Full-dose

reirradiation combined with chemotherapy after
salvage surgery significantly improved disease-
free survival, but had no significant impact on
overall survival (Janot et al. 2008).

2 Hyperfractionation in First-
Line Radiotherapy

The clinical evaluation of hyperfractionated
radiotherapy in patients with advanced squamous
cell carcinoma of the head and neck started in
the 1970s (Meoz et al. 1984). EORTC proto-
col 22791 compared once-daily fractionation of
70 Gy in 35-40 fractions in 7-8 weeks, to pure
hyperfractionation of 80.5 Gy in 70 fractions in
7 weeks using 2 fractions of 1.15 Gy per day
(i.e., same conventional overall treatment time),
in T2-T3 oropharyngeal carcinoma (excluding
base of tongue), node negative, or N1 of less than
3 cm (Horiot et al. 1992). From 1980 to 1987,
356 patients were randomized. As published in
1992, the local control was significantly higher
(p=0.02) after hyperfractionation. The multi-
variate Cox model confirmed that the treatment
regimen was an independent significant prog-
nostic factor for locoregional control (p=0.007).
This improvement of locoregional control was
responsible for a trend to an improved survival
(p=0.08). There was no difference in late normal
tissue damage between the two treatment modali-
ties, although some controversy exists about the
certainty to which differences in normal tissue
damage may be excluded by this and other tri-
als (Baumann et al. 1998; Baumann and Beck-
Bornholdt 1999; Bentzen et al. 1999). Several
trials of unconventional fractionated radiother-
apy in head and neck squamous cell carcinoma
followed, e.g., by the RTOG (Fu et al. 2000), but
the effect of such treatment on survival remained
unclear. A meta-analysis of updated individual
patient data was performed (Bourhis et al. 2006).
Trials were grouped in three prespecified catego-
ries: hyperfractionated, accelerated, and acceler-
ated with total dose reduction. Tumor sites were
mostly oropharynx and larynx; 74 % of patients
had stage III-IV disease. There was a signifi-
cant survival benefit with altered fractionated
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radiotherapy, corresponding to an absolute ben-
efit of 3.4% at 5 years (hazard ratio 0.92, 95 %
CI 0.86-0.97; p=0.003). The benefit was sig-
nificantly higher with hyperfractionated radio-
therapy (8% at 5 years) than with accelerated
radiotherapy (2 % with accelerated fractionation
without total dose reduction and 1.7 % with total
dose reduction at 5 years, p=0.02). There was a
benefit on locoregional control in favor of altered
fractionation versus conventional radiotherapy
(6.4 % at 5 years; p<0.0001), which was particu-
larly efficient in reducing local failure, whereas
the benefit on nodal control was less pronounced.

Certain side effects such as development of
radiation retinopathy might also be less likely in
patients with head and neck cancer treated with
hyperfractionated radiotherapy. In a study by
Monroe et al. (Monroe et al. 2005), 186 patients
received a significant dose to the retina as part of
curative radiotherapy. Primary sites included
nasopharynx, paranasal sinus, nasal cavity, and
palate. Hyperfractionated radiation was delivered
to 42 % of the patients in the study, typically at
1.1-1.2 Gy per fraction. The remainder were
treated once daily. Thirty-one eyes in 30 patients
developed radiation retinopathy, resulting in
monocular blindness in 25, bilateral blindness in
one, and decreased visual acuity in four. The
actuarial incidence of developing radiation reti-
nopathy was 20 % at both 5 and 10 years. Higher
retinal doses resulted in a steady increase in the
incidence of retinopathy, with 25 of the 30 cases
occurring after 60 Gy or more. Of the patients
receiving more than 50 Gy to the retina, hyper-
fractionation was associated with a significantly
lower incidence of radiation retinopathy (37 %
vs. 13%; p=0.0037). On multivariate analysis,
retinal dose (p<0.0001) and fractionation sched-
ule (p=0.0003) were significant predictors of
radiation retinopathy.

Patients with localized unresectable non-small
cell carcinoma of the lung were also treated with
hyperfractionated regimens, e.g. 1.2 Gy twice
daily (Seydel et al. 1985). Of 120 eligible
patients, 10 received a dose of 50.4 Gy, 20
received 60.0 Gy, 79 received 69.6 Gy, and 11
patients received 74.4 Gy. Complete regression
occurred in 19% of T1-T3, NO-N2 patients.

There were six cases of severe and two of life-
threatening toxicity, but there were no fatalities
attributable to the treatment. Toxicity consisted
mainly of pneumonitis and pulmonary fibrosis as
well as esophagitis. Median survival of the entire
group was 7.2 months, which was consistent with
previous experience at that time. It was later
found that all five of the 5-year survivors came
from the 79 patients assigned to receive 69.6 Gy
(Cox et al. 1991). Combined stage II and III
S-year survival rates were 8 % for 69.6 Gy com-
pared to 6 % for standard once-a-day irradiation
in concurrent RTOG trials. A randomized phase
III trial shed more light on the issue of hyperfrac-
tionation (Sause et al. 1995). Three arms were
evaluated (1) standard radiation therapy, (2)
induction chemotherapy followed by standard
radiation therapy, and (3) twice-daily radiation
therapy. Patients were required to have a
Karnofsky performance status of 70 or more and
weight loss less than 5% for 3 months prior to
entry into the trial. Of the 490 patients registered
in the trial, 452 were eligible. The disease in 95 %
of the patients was stage IIIA or IIIB. Patients
were randomly assigned to receive either 60 Gy
of radiation therapy delivered at 2 Gy per frac-
tion, 5 days a week, over a 6-week period
(standard radiation therapy), induction chemo-
therapy consisting of cisplatin and vinblastine
followed by standard radiation therapy starting
on day 50, or 69.6 Gy delivered at 1.2 Gy per
fraction twice daily. One-year survival (%) and
median survival (months) were as follows: stan-
dard radiation therapy — 46 %, 11.4 months; che-
motherapy plus radiotherapy — 60 %, 13.8 months;
and hyperfractionated radiation therapy — 51 %,
12.3 months. The chemotherapy plus radiother-
apy arm was statistically superior to the other two
treatment arms (p=0.03). This was confirmed in
a later analysis of the trial (Sause et al. 2000).
Other groups explored hyperfractionation in non-
randomized studies of early stage non-small cell
lung cancer (Jeremi¢ and Milici¢ 2008, Jeremic
etal. 1997). However, other developments (accel-
erated radiotherapy (Mauguen et al. 2012), con-
comitant chemoradiation (Aupérin et al. 2010,
stereotactic body radiotherapy (Zhang et al.
2014)) outperformed classical hyperfractionation,
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which has not evolved into a standard of care in
non-small cell lung cancer.

Hyperfractionated radiotherapy was studied in
a large variety of other cancer types, but no gen-
eral benefit was found. One of the unsuccessful
examples is high-grade gliomas (Nieder et al.
2004). None of the glioma studies reviewed in
2004 reported a significant improvement in sur-
vival by altered fractionation in comparison to
either institutional historical controls or their
respective randomized control arm.

3 Hyperfractionated
Reirradiation

In contrast to first-line radiotherapy where sys-
tematic efforts were undertaken to compare
different fractionation regimens, no such random-
ized comparisons are available. The retrospective
series reported by Bauman et al. (Bauman et al.
1996) included 17 patients with primary CNS
tumors who received hyperfractionated reirra-
diation and 17 patients treated with once-daily
fractionation (Table 1). Some children, e.g., with
medulloblastoma were included in this heteroge-
neous population. Median overall survival was
8.3 months in all 34 patients. The actuarial risk of
necrosis was 22 % at 1 year following retreatment.
Fractionation had no statistically significant influ-
ence on overall survival, progression-free survival,
or increased complications in this study with lim-
ited statistical power. A retrospective comparison
in patients with rectal cancer was reported in 1997
(Lingareddy et al. 1997). The study included 52
patients, 22 of whom opted for hyperfractionated
radiotherapy, while the others preferred conven-
tional once-daily treatment, mainly for logistical
reasons. Ninety percent received concomitant
5-FU. Fractionation had no statistically signifi-
cant influence on overall survival, but late toxic-
ity was significantly reduced in patients who had
received hyperfractionated treatment (relative risk
3.9, 95% confidence limit 1.1-14.4). No such
correlation was found in the retrospective study
of reirradiation for rectal cancer patients who
underwent resection after reirradiation with con-
current 5-FU (Mohiuddin et al. 1997). Another

study in rectal cancer where all patients received
hyperfractionated reirradiation reported relatively
moderate rates of late toxicity (necessitating sur-
gery in only one patient, Table 1), but 15 % seri-
ous postoperative complications in those patients
who eventually underwent tumor resection after
chemoradiation (Valentini et al. 2006). The other
studies summarized in Table 1 were not designed
to evaluate the impact of hyperfractionation on
outcome. In patients reirradiated for head and
neck cancer and analyzed for development of
carotid blowout syndrome (CBOS), the rate of
CBOS was 1.3 % in those treated in a continuous
course with 1.8-2 Gy daily fractions or 1.2 Gy
twice-daily fractions (McDonald et al. 2012).
However, the rate was 4.5% in patients treated
with 1.5 Gy twice daily in alternating weeks
or with delayed accelerated hyperfractionation
(»=0.002). Another retrospective study on reir-
radiation of head and neck cancer patients treated
with hyperfractionated radiotherapy with 1.2 Gy
up to 66 Gy showed that 56 % of the surviving
patients will develop grade 3 or higher toxicity
(Lohaus et al. 2013). Thus, there is very limited
evidence supporting the hypothesis that hyper-
fractionated reirradiation, which is challenging
with regard to logistics and resource utilization,
would improve the therapeutic index by reduc-
ing late toxicity. On the other hand, the regimens
evaluated so far were often administered with
treatment planning approaches and technology
that are no longer in use, resulting in unnecessary
large volumes of irradiated normal tissues. This
leads us to conclude that a randomized trial of
conventional versus hyperfractionated reirradia-
tion utilizing, e.g., image-guided IMRT or IMPT
would be of interest.

Table 2 summarizes the results of
hyperfractionated-accelerated reirradiation. In
these studies, the typical dose per fraction was
1.5 Gy. If one intends to administer a total dose of
45 Gy in a hyperfractionated accelerated fashion,
i.e., 1.5 Gy b.i.d., 15 treatment days are needed.
This compares to 25 treatment days when once-
daily treatment with 1.8 Gy per fraction is cho-
sen. As with hyperfractionated reirradition, no
randomized trials have been published. Given
the design and size of the available studies, no
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definitive conclusions can be drawn. However,
comparison with studies where conventional
fractionation was employed in the same can-
cer types does not provide strong indications
for improved efficacy or therapeutic ratio. This
should be considered in clinical decision making,
as illustrated in the example provided in Fig. 2.
Figure 3 elaborates on the usefulness of isoeffect
calculations in reirradiation scenarios. The BED
obtained with different fractionation regimens is
calculated in Table 3A and 3B.

4 Low-Dose Ultrafractionation

The principles of this unconventional approach
including a historical perspective will be reviewed
briefly. In an early clinical trial, 168 patients with
carcinoma of the bladder, T2-T4, were random-
ized to one of two treatments, 1.0 Gy 3 times a
day to a total dose of 84 or 2 Gy once a day to a
total dose of 64 Gy (Edsmyr et al. 1985). Both
treatments were given over 8 weeks with a rest
interval of 2 weeks in the middle of the treatment
period. This is different from current chemoradi-
ation approaches in bladder cancer. Local eradi-
cation of the tumor in the bladder cystoscopically
and cytologically at 6 months after completion of
treatment and patient survival were analyzed.
The results favored significantly for the patients
treated with 84 Gy. A report from 1994 included
all patients after a follow-up period of at least 10
years (Niaslund et al. 1994). The survival benefit
from dose-escalated hyperfractionation initially
reported after 5 years was still evident after 10
years. The effect was detectable in all three stages
(T2, T3, and T4) and in the pooled data. However,
it only reached statistical significance in the T3
subset and in the total pooled data set. An
improvement in local control was seen, but the
differences were not statistically significant.
Complications in the bowel requiring surgical
treatment were more common in the hyperfrac-
tionated group, but with the statistical power
(number of events) of this trial the difference was
not significant. During the same era, comparable
fractionation regimens were studied in breast
cancer patients, but they never entered clinical

routine (Notter and Turesson 1984). It was then
shown in tumor cell lines, many of them consid-
ered radioresistant, that low-dose hyperradiosen-
sitivity at fraction doses <0.5 Gy might exist and
several radiobiological explanations for this phe-
nomenon were discussed (Joiner et al. 2001;
Short et al. 2001; Tomé and Howard 2007;
Simonsson et al. 2008). However, studies on
tumor models in vivo, including those generated
from cell lines showing low-dose hyperradiosen-
sitivity in vitro, failed to show any advantage of
ultrafractionated radiotherapy with 3 doses of
0.4 Gy per day of 6 weeks compared to conven-
tional fractionation to the same dose (Krause
et al. 2003; Krause et al. 2005a, b).

A clinical reirradiation study included 11
highly selected adult patients (Pulkkanen et al.
2007). Three-dimensional conformal beam radio-
therapy was used. Three fractions of 0.5 Gy (nine
patients) or 0.6-0.66 Gy were given daily 4 h
apart. The total dose was 30-51 Gy (median
45 Gy) with treatment times of 28—46 days. The
minimum interval was 1 year, median 6 years.
Previous radiotherapy typically had been given
with 50-60 Gy. Favorable local control was
observed in patients with grade II and III gliomas.
Three patients with rectal cancer progressed
locally after 3—12 months. One patient with lung
metastasis from rectal cancer progressed locally
after 10 months. However, palliation of symptoms
could be achieved. Neither acute nor late toxicity
was observed. In this small series, it is difficult to
estimate with regard to efficacy the impact of
favorable tumor biology, as indicated by the long
time interval from initial radiotherapy to relapse.
The time interval might also explain the toxicity
results. It is thus not clear whether comparable
outcome might have been obtained with other
fractionation regimens, which demand less
resources and are more convenient to patients.

5 Pulse-Reduced Dose Rate
(PRDR) Reirradiation

This technique was used for large-volume gli-
oma recurrences by Magnuson et al. (2014). An
apparent dose rate of 0.067 Gy/min is achieved
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by giving 0.2 Gy pulses separated by 3-min
intervals. Their study included 23 patients with
glioblastoma after progression on bevacizumab
and earlier standard radiotherapy plus temo-
zolomide. Within 7—-14 days of progression on
bevacizumab, patients initiated reirradiation to
a dose of 54 Gy in 27 fractions using PRDR
radiotherapy. The median planning target vol-
ume was 424 cm?. At the start of reirradiation,
bevacizumab (10 mg/kg) was given every 4
weeks for two additional cycles. The median
survival and 6-month survival after bevaci-
zumab failure was 6.9 months and 65 %, respec-
tively. Reirradiation was well tolerated with no
symptomatic grade 3—4 toxicities. Additional
studies are needed to fully understand the clini-
cal role of this approach.

6 Hypofractionation
in Randomized Clinical
Reirradiation Studies

Chow et al. (2014) performed a large multi-
center randomized trial in patients who had
radiologically confirmed painful bone metasta-
ses. Patients were randomly assigned (1:1) to
receive either 8 Gy in a single fraction or 20 Gy
in multiple fractions (most often five), stratified
by previous radiation fraction schedule,
response to initial radiation, and treatment cen-
ter. The primary endpoint was overall pain
response at 2 months. The most frequently
reported acute radiation-related toxicities at 14
days were lack of appetite (201 [56 %] of 358
assessable patients who received 8 Gy vs. 229

<
<

Fig.2 An illustrative case from one of the authors’ insti-
tutions (Nordland Hospital Bodg, Norway). A 56-year-old
male patient was diagnosed with anal cancer stage T3 NO
MO in 1997. He received radiotherapy (40 Gy plus 10 Gy
boost in 2-Gy fractions) with concomitant 5-FU and mito-
mycin-C. In 2001, the patient developed local relapse and
was salvaged surgically. In 2007, both local relapse in the
presacral region and liver metastases were detected.
Palliative chemotherapy was initiated, first cisplatin and
5-FU, then 5-FU and mitomycin-C. Because of increasing
pelvic pain, the patient was referred for palliative reirra-
diation in December 2008. The liver metastases were sta-
ble. No obvious late toxicity from the initial course of
radiotherapy was present. The patients Karnofsky perfor-
mance status (KPS) at that time was 70. We considered
the following key questions. Is the patient’s performance
status at a level that justifies initiation of radiation ther-
apy? Yes, the KPS was 70. Do laboratory tests point to
advanced hepatic disease and/or poor tolerability/efficacy
of the planned therapy? No, the only abnormal finding
was slight anemia and elevated alkaline phosphatase. Are
other disease sites absent or controlled and if so, does one
expect continued disease control? The liver metastases
were stable. Will systemic treatment be offered or are
there no more options left? Taxane-based chemotherapy
was an option. Will local control impact on the survival of
the patient or is treatment focused on palliation of symp-
toms? The aim was palliation of pelvic pain. Might the
cumulative radiation dose to critical normal tissue struc-
tures result in serious toxicity in patients with expect pro-
longed survival? The probability of bowel or bladder

toxicity, insufficiency fracture, or nerve damage was con-
sidered low and the same holds true for the probability of
long-term survival. How did the tumor respond to initial
radiotherapy and how long is the interval? Complete
remission was obtained in 1997 and the interval of 11
years did permit reirradiation. The magnetic resonance,
positron emission tomography (PET), and computed
tomography (CT) images above show the presacral tumor
mass, its bony extension, two liver metastases, and a ure-
teral stent. Tables 1 and 2 provide an overview on rectal
cancer reirradiation studies, which might guide decision
making. When deciding between hyperfractionated, con-
ventional, and hypofractionated three-dimensional con-
formal radiotherapy in this case, the following facts were
considered. The planning target volume resulting from the
PET-CT-defined gross tumor volume did not include large
volumes of bowel or bladder. The interval from initial
treatment was very long. No concomitant chemotherapy
would be added because the patient had previous heavy
exposure to the standard drugs. Because of a lack of clini-
cal data in the reirradiation setting, taxanes or oxaliplatin
were not considered. Thus, we decided that hypofraction-
ated reirradiation appeared feasible in this palliative set-
ting. The patient received 12 fractions of 3 Gy in January
2009. He developed urinary infection and received antibi-
otics and a new stent. No other acute complications or
toxicity was registered. Pelvic pain improved, though not
completely. No additional systemic treatment was given.
At the last follow-up in February 2010, the presacral
tumor was stable (CT image panel e), and the patient was
without obvious late toxicity



28

C. Nieder and M. Baumann

Fig.3 An illustrative case from one of the authors’ insti-
tutions (Nordland Hospital Bodg, Norway). A 49-year-
old female patient was diagnosed with metastasized
high-grade leiomyosarcoma of the uterus with multiple
lung metastases and two bone metastases in 2005. After
hysterectomy, she received three cycles of adriamycin
without objective response. Palliative radiotherapy to a
large painful pelvic bone metastasis (computed tomogra-
phy (CT) image below) was given in May 2006, and the
total dose was 39 Gy in 13 fractions of 3 Gy. Two anterior-
posterior opposing fields were used. The lesion dimin-
ished in size (<50 % reduction) and then remained stable
until February 2008 when the patient presented with
increasing pain and bone destruction and was referred for
reirradiation. She had not received second-line chemo-
therapy. With regard to potential side effects and fraction-
ation of reirradiation, the following considerations are
important. On a planning CT scan with empty bladder, the
amount of reirradiated bladder was judged to be minimal.
Bony structures had to be reirradiated to full dose as they
were part of the clinical target volume. The same holds
true for certain muscles and soft tissue. The skin could be
spared to a large degree with three-dimensional treatment
planning. The major organs at risk were small and large
bowel and the sacral and presacral nerve roots and nerves.
When calculating the biologically effective dose (BED) of

[66 %] of 349 assessable patients who received
20 Gy; p=0.01) and diarrhea (81 [23 %] of 357
vs. 108 [31 %] of 349; p=0.02). Treatment with
8 Gy in a single fraction seemed to be non-infe-
rior and less toxic than 20 Gy in multiple frac-
tions; however, as findings were not robust in a
per-protocol analysis, trade-offs between effi-
cacy and toxicity might exist. This issue is dis-
cussed further in the chapter on bone metastases.
Patients with bone metastases receive moderate

the first irradiation course, one has to keep in mind that
two opposing fields were used resulting in a maximum
dose to parts of the bowel of 105 % of the prescribed dose,
which was 3 Gy. Thus, these parts had received 13 frac-
tions of 3.15 Gy. We will use an alpha/beta value of 3 Gy
in this example. The resulting BED is 13 x 3.15 x
(1+3.15+3), i.e., 84 Gys, according to the formula n x d x
(14 d+alpha/beta value) where n is the number of frac-
tions and d the dose per fraction. This dose is actually
equivalent to 50 Gy in 25 fractions of 2 Gy (BED 83 Gyj).
If one wishes to limit the reirradiation BED to the equiva-
lent of 40 Gy in 20 fractions of 2 Gy (BED 67 Gys), the
following alternatives result: 40 Gy in 20 fractions of
2 Gy, 35 Gy in 14 fractions of 2.5 Gy (BED 64 Gys),
30 Gy in 10 fractions of 3 Gy (BED 60 Gys;), 28 Gy in 7
fractions of 4 Gy (BED 65 Gys) and, of course, lower
doses such as 20 Gy in 5 fractions of 4 Gy. For an alpha/
beta value of 4 Gy, the same reirradiation schedules would
be feasible. The previous regimen of 39 Gy in 13 fractions
had resulted in a quite long palliative benefit and no obvi-
ous late toxicity. The choice will now depend on the
patient’s life expectation and willingness to accept the
possible consequences of bowel, soft tissue, and nerve
toxicity. Other factors such as travel distance might also
impact on the patient’s preference

cumulative total doses, even if reirradiated.
Therefore, clinically significant late toxicity is
usually not anticipated.

The study on nasopharyngeal carcinoma by
Tian et al. (2014) is much more informative for
late toxicity endpoints. This group randomized
117 patients, whereof 85 % had initial 2-D radio-
therapy (median dose 70 Gy). The median time
interval was 2 years. The median recurrent tumor
volume was 31 vs. 36.5 cc (79 % had T3 or T4
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Table 3A TIsoeffect calculations: the biologically effective dose (BED) of different fractionation regimens is shown
(formula n x d x (1+ d+alpha/beta ratio) where n is the number of fractions and d the dose per fraction as described in
Baumann and Gregoire 2009)

Tumor cells and
acute responding
normal tissues Other late responding | Other late responding
Alpha/beta ratio Spinal cord normal tissue normal tissue
10 Gy Alpha/beta ratio 2 Gy | Alpha/beta ratio 3 Gy| Alpha/beta ratio 4 Gy
First course, 60 Gy in 72 Gy, Exceeds commonly | 100 Gy; 90 Gy,
30 fractions of 2 Gy, accepted constraints
once daily
Same fractionation, but 79 Gy,* 67.5 Gys3* 62 Gy,*
normal tissue sparing® Equivalent to 40 Gy | Equivalent to 40 Gy | Equivalent to 42 Gy
in 2-Gy fractions in 2-Gy fractions in 2-Gy fractions

It is assumed that acute responding tissues react to reirradiation in the same manner as to first-line radiotherapy. Regarding late
responding tissues, it has been demonstrated that the fractionation sensitivity of the rat cervical spinal cord during reirradiation
was not significantly different from the fractionation sensitivity of not previously irradiated control rats, with an alpha/beta
ratio of 2.3 Gy in control rats and 1.9 Gy during reirradiation of the spinal cord (Ruifrok et al. 1992). The alpha/beta ratio of
tumors might vary. A second primary squamous cell carcinoma in the aerodigestive tract might have the same alpha/beta ratio
as a squamous cell carcinoma treated several years earlier in the same patient. However, that might not necessarily be true for
a locally recurrent squamous cell carcinoma arising from malignant cells that survived a radical course of radiotherapy and
where the surviving clonogens might be biologically different from the ones that could be eradicated

*The maximum normal tissue dose in this example is 30 fractions of 1.5 Gy, i.e., 75 % of the prescription dose of 2 Gy

tumors). IMRT to 68 Gy in 34 fractions was 7

compared to a moderately hypofractionated regi-
men of 60 Gy in 27 fractions (2.22 Gy), 5 frac-
tions per week. Both regimens were equivalent
according to the time-corrected LQ model with
ao/f=10 Gy for tumor cells. For normal tissue
with a/ff=3 Gy (no time factor), BED is reduced
from 113 to 104 Gy; (minus 8 %) in the 60-Gy
arm. No significant differences in survival nor
different types of failure-free survival were
detected, but the study was not designed as an
equivalence study. Significantly more mucosal
necrosis occurred after 68 Gy (51 vs. 29 %, haz-
ard ratio 2.3, 95% CI 1.1-5.0, p=0.02). There
was also a numerically greater risk of massive
hemorrhage resulting from necrosis (31 vs. 19 %,
hazard ratio 1.7, 95% CI 0.7-4.3, p=0.12). No
significant differences were found regarding
temporal lobe necrosis (21 %), cranial nerve
palsy (13%), trismus, and other toxicities.
Besides dose/fractionation, tumor volume influ-
enced the risk of mucosal necrosis. The authors
classified 51 % of deaths in the 68-Gy arm as
treatment related, as compared to 40 % in the
60-Gy arm. Their results suggest that moder-
ately hypofractionated reirradiation is feasible.

A Small Randomized Study
of Conventionally
Fractionated External Beam
Radiotherapy Versus High-
Dose-Rate (HDR)
Brachytherapy

In this study conducted between 2008 and 2011,
64 patients with head and neck cancer recurrence
were randomly assigned at a 1:1 ratio to receive
either 3-D conformal radiotherapy (25 fractions
of 2 Gy) or HDR brachytherapy (30 Gy, 2.5 Gy
twice daily, at least 6-h interval) (RudZianskas
et al. 2014). Unfortunately, the authors failed to
state the primary endpoint and underlying statisti-
cal assumptions for their study. The median initial
dose was 66 Gy (minimum 50 Gy), and the
median interval to reirradiation 15 months.
Absence of grade 3 or higher late toxicity after the
first course was required. More than 70 % of the
patients were node positive when entering the
study. Surgery before reirradiation was permitted.
Despite randomization, a statistically significant
difference regarding size of the PTV was observed
(median 177 cm?® in the external beam arm vs.
35 cm?® in the brachytherapy arm). Therefore, the
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observed differences in outcome might result
from the small study size and imbalances in base-
line characteristics. No attempts were made to
adjust for the effects of the reirradiation regimen
in a multivariate model. The difference in grade
3—4 acute toxicity was not significant (34 % after
brachytherapy vs. 55% in the other arm).
However, the difference in late toxicity was
(»p=0.001; one case of osteoradionecrosis after
brachytherapy vs. two such cases plus three pha-
ryngeal strictures, one skin ulceration, one severe
laryngeal edema, and other complications in the
other arm). Survival (2-year rate 67 vs. 32 %) and
local control (2-year rate 63 vs. 25 %) were also
significantly better after brachytherapy.
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Abstract

Quality-assured local and regional hyperther-
mia procedures have been proven to enhance
the clinical benefits of oncological standard
treatments in several clinical settings without
a substantial increase of late toxicity. This
makes hyperthermia an attractive sensitizer
for both radiotherapy and chemotherapy. It is
no longer the question whether hyperthermia
is an effective oncological treatment at all.
Currently, the question is which patient, which
tumor entity, and which clinical stage of dis-
ease benefit most from additional hyperther-
mia as integral part of current multimodality
oncological standard treatment schedules.
This remains particularly true for patients with
recurrent malignant diseases and a previous
irradiation series in the involved area.

1 Hyperthermia in Clinical
Oncology

Currently, local and regional hyperthermia treat-
ments undergo quite a revival in clinical oncology
as part of multimodality therapy approaches for
several malignant diseases. In several prospective
clinical trials, systematic reviews, and large retro-
spective analyses, concurrent local and regional
hyperthermia has been proven to enhance the
efficacy of standard radiotherapy and chemo-
therapy protocols, e.g., in the treatment of chest
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wall recurrences after breast cancer (Vernon et al.
1996; Jones et al. 2005; Kouloulias et al. 2015;
Linthorst et al. 2013 and 2015; Oldenborg et al.
2015), locally advanced cervical cancer (van
der Zee et al. 2000; Franckena et al. 2008 and
2009; Lutgens et al. 2010), rectal cancer (Berdov
and Menteshashvili 1990; De Haas-Kock et al.
2009; Schroeder et al. 2012; Gani et al. 2016),
high-risk soft tissue sarcoma (Issels 2008; Issels
et al. 2010; Angele et al. 2014), malignant mela-
noma (Overgaard et al. 1995), anal carcinoma
(Kouloulias et al. 2005), and bladder cancer
(Colombo et al. 2003; Ott et al. 2009; Wittlinger
et al. 2009). New applicator systems enable bet-
ter temperature distributions, also in deeper sited
regions, and offer more comfort for the patient.
Systems including magnetic resonance imaging
(MRI) scanners allow noninvasive 3D thermom-
etry in the treatment region (Gellermann et al.
2005 and 2006; Winter et al. 2015). Planning sys-
tems on the basis of computed tomography (CT)
or MRI data sets can support the selection of
appropriate treatment parameters. These techni-
cal advances and standardized quality assurance
programs (Bruggmoser et al. 2012) are opening
the door to better treatment quality.

1.1 Classical Hyperthermia

Treatment Techniques

In classical hyperthermia, tissue is temporarily
exposed to elevated temperatures to damage and
kill cancer cells. It is always used combined with
standard radio- and/or chemotherapy. Several meth-
ods of hyperthermia are currently in use, includ-
ing local (LHT), interstitial (IHT), deep regional
(RHT), and whole-body hyperthermia (WBHT).
Targeted tumor temperatures for local and regional
hyperthermia applications are 4044 °C, for
WBHT usually 41.5-42 °C, respectively.

1.1.1 Superficial Hyperthermia

Superficial hyperthermia (LHT) devices are
using various techniques that deliver energy to
heat the tumor. Different types of energy may be
used to apply heat, including microwave, radio-
frequency, and ultrasound. An external applicator
is positioned exactly over a localized tumor for-

Fig. 1 Superficial hyperthermia of recurrent breast
cancer

mation growing in the skin or the adjacent subcu-
taneous tissue, and energy is deposit to the tumor
to raise its temperature (Fig. 1). Generally, the
penetration depth of therapeutic heat levels
amounts few centimeters. Typical clinical exam-
ples for the beneficial use of LHT in combination
with radiotherapy are, e.g., non-resectable chest
wall recurrences of breast cancer after mastec-
tomy (Vernon et al. 1996; Jones et al. 2005;
Kouloulias et al. 2015; Linthorst et al. 2013 and
2015; Oldenborg et al. 2015), local recurrences
and in-transit metastases of malignant melanoma
(Overgaard et al. 1995), and macroscopic cervi-
cal tumor in locally advanced head and neck can-
cer (Datta et al. 1990; Valdagni and Amichetti
1994). In a couple of randomized trials, addi-
tional LHT significantly improved local tumor
control compared to irradiation alone (Valdagni
and Amichetti 1994; Overgaard et al. 1995;
Vernon et al. 1996; Jones et al. 2005).

1.1.2 Interstitial and Endocavitary/
Intraluminal Hyperthermia
Interstitial and endocavitary/intraluminal hyper-
thermia (IHT) methods may be used to treat
tumors within or near body cavities, such as the
head and neck area (Datta et al. 1990; Geiger
et al. 2002; Strnad et al. 2015), the esophagus,
or the anal canal (Kouloulias et al. 2005). Probes
are placed inside the cavity or inserted into the
tumor to deliver energy and heat the area
directly. IHT is also often combined with inter-
stitial brachytherapy (Fig. 2). Before and/or
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Fig. 2 Interstitial brachytherapy and hyperthermia of pre-irradiated recurrent tongue tumor

after high-dose-rate or pulsed-dose-rate after-
loading irradiation, dedicated applicators (e.g.,
microwave antennas) are placed, e.g., within the
brachytherapy tubes to additionally heat the tar-
get lesion. In clinical trials, additional IHT had
been shown to improve overall survival and/or
local recurrence rates of patients with bladder
cancer (Colombo et al. 2003) as well as glio-
blastoma (Sneed et al. 1998).

1.1.3 Deep Regional Hyperthermia

For locally advanced carcinomas of the abdomen,
pelvis, and extremities, deep regional hyperther-
mia (RHT) is recommended. External applicators
are positioned around the body cavity or organ
to be treated, and microwave or radiofrequency
radiation is focused on the area to raise its tem-
perature (Fig. 3). The clinical efficacy of RHT has
been proven in randomized trials, e.g., in locally
advanced cervical carcinoma (van der Zee et al.
2000; Franckena et al. 2008), rectal cancer (Rau
et al. 2002), and soft tissue sarcoma (Issels et al.
2010; Angele et al. 2014). Further indications
for the additional use of RHT in combination
with radiotherapy, chemotherapy, and chemora-
diation are locally recurrent rectal (Juffermans
et al. 2003), bladder (Ott et al. 2009; Wittlinger
et al. 2009), prostate (Tilly et al. 2005), anal
(Kouloulias et al. 2005), pancreatic (Schlemmer
et al. 2004), and gastric cancer (Mochiki et al.

Fig. 3 Deep regional hyperthermia of recurrent rectal
cancer

2007). Other regional hyperthermia approaches,
for example, comprise perfusion techniques
(Cornett et al. 2006) that can be used to treat can-
cers in the arms and legs, such as melanoma, or
cancer in some organs, such as the liver or lung.
In this procedure, some of the patient’s blood is
removed, heated, and then perfused back into the
limb or organ. Anticancer drugs are usually com-
bined with this kind of hyperthermia treatment.
Continuous hyperthermic peritoneal perfusion
(HIPEC) is a technique used to treat disseminated
cancers within the peritoneal cavity, including
primary peritoneal mesothelioma and stomach
cancer (Verwaal et al. 2008).
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1.1.4 Noninvasive Thermometry

The combination of deep regional hyperther-
mia systems with MRI systems has been estab-
lished for clinical use in some major oncological
departments in Europe during the past few years.
Controlling the effect of hyperthermia dur-
ing patient treatment is essential for quality-
controlled therapy. Using the combination of a
deep regional hyperthermia system with a dedi-
cated MRI, the physician obtains detailed, three-
dimensional information about temperature and
perfusion during RHT (Gellermann et al. 2005
and 2006; Winter et al. 2015). After short MRI
measuring sequences, color-coded temperature
distribution images covering the whole region of
interest are available for review and optimization
of treatment parameters. With the introduction of
noninvasive MRI thermometry techniques, RHT
treatment quality is expected to further improve
effective heating of tumors and avoidance of pain-
ful hot spots in the surrounding normal tissues.

1.1.5 Whole-Body Hyperthermia
Whole-body hyperthermia (WBHT) is usually
used in the intention to treat systemically dissem-
inated cancer. The body temperature is artificially
raised to 41.5-42 °C, by the use of incubators or
hot water blankets. Combined WBHT and che-
motherapy was predominantly used in patients
with incurable metastasized malignancies who
developed progressive disease after first- or sec-
ond-line systemic treatment. Some phase II trials
proved the feasibility of WBHT with chemother-
apy for metastasized rectal, prostate, and ovarian
cancer, but an explicit benefit for the additional
use of WBHT could not be shown because of
the lack of randomized trials (Hildebrandt et al.
2005). In evidence-based medicine, WBHT cur-
rently receives limited attention.

1.2 Hyperthermia: Not
an Alternative but Additive

Treatment Option

In the perception of many cancer patients, hyper-
thermia is a treatment comparable to surgery and
radio- and chemotherapy. Suffering from a malig-

nant disease and confronted with radical thera-
peutic approaches in established evidence-based
oncology scenarios, some of them are desper-
ately searching for an alternative way to be cured.
A heat treatment in the temperature range of
40-44 °C seems to be a quite attractive choice to
avoid surgery and chemo- and/or radiotherapy.
But, up to date, there is no data for the beneficial
use of hyperthermia as sole modality in the treat-
ment of any malignancy, neither for whole body
nor local and regional hyperthermia techniques.
This fact remains true despite of many contradic-
tory advertisements in the Internet. The German
Society of Radiation Oncology (DEGRO) pub-
lished a guideline for the proper use of local and
regional hyperthermia in the year 2000. It empha-
sizes that hyperthermia must be used exclusively
in combination with radio- and/or chemotherapy
for sensitization of the tumor tissue for the estab-
lished anticancer treatment. Therefore, local and
regional hyperthermia techniques are not alter-
native but additive options in the treatment of
specific cancer diseases and have to fulfill quality
criteria (Bruggmoser et al. 2012).

2 The Rationale to Integrate
Hyperthermia
into Multimodality
Approaches
for the Treatment
of Recurrent Malignancies

The treatment of patients with locally recurrent
malignant diseases is very often a difficult task
due to heavy pretreatment including surgery,
radiotherapy, and systemic therapies. In many
cases, primary surgery for the recurrent tumor
is not feasible because of the extent of disease
(e.g., inflammatory chest wall recurrence of
breast cancer after mastectomy) or infiltration of
indispensable anatomic structures (e.g., substan-
tial infiltration of the first sacral vertebra in case
of recurrent rectal cancer or vessel infiltration
in pancreatic cancer). Frequently, breast cancer
patients already received the most effective che-
motherapeutics like taxanes and anthracyclines
during the treatment of the primary tumor, and
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a large number of patients with breast and rec-
tal cancer have had adjuvant radiotherapy. All
these preconditions have to be considered for an
individualized treatment schedule of a locally
relapsed tumor.

In case of previous irradiation doses of
>50 Gy, many radiation oncologists prefer to pre-
scribe a palliative dose of another 30 Gy to a non-
resectable local recurrence of rectal cancer to
avoid serious side effects, especially to the blad-
der and small intestine. However, it is well known
that a pathologically confirmed complete resec-
tion of the local recurrence of a rectal cancer
opens a curative perspective for up to 50 % of the
patients (Dresen et al. 2008; Tanis et al. 2013).
For these cases, the intensification of neoadju-
vant treatment may lead to a higher rate of cure.
Local and regional hyperthermia applications
have been proven to be effective radio- and/or
chemosensitizers in various tumor entities, usu-
ally with no significant contribution to late toxic-
ity. In the treatment of locally recurrent breast
cancer, one trial even found that the beneficial
effects of additional hyperthermia were most pro-
nounced in pre-irradiated patients (Vernon et al.
1996). This makes hyperthermia a very attractive
partner for multimodality treatment approaches,
especially for patients with recurrent disease and
limited treatment options due to pretreatment.

3 Clinical Data

Whereas clinical data on the use and the effects
of local and regional hyperthermia for the treat-
ment of primary tumors is easy to find, data on
the individualized treatment of locally recurrent
tumors are sparse. The available data are summa-
rized below.

3.1 Breast Cancer

A total of six randomized trials analyzed the
effects of combined radiotherapy and LHT in
breast cancer patients. Five of them were started
between 1988 and 1991 by the UK Medical
Research Council, the European Society of

Hyperthermic Oncology (ESHO), the Dutch
Hyperthermia Group, and the Princess Margaret
Hospital/Ontario Cancer Institute (Vernon et al.
1996). Patients were eligible if they had locally
advanced primary or recurrent breast cancer, and
local radiotherapy was indicated in preference to
surgery. The primary endpoint of all trials was
local complete response. Slow recruitment led to
a decision to collaborate and combine the trial
results in one meta-analysis and report them in
one publication. A total of 306 patients were ana-
lyzed: 44% (135/306) received radiotherapy
alone, and 56 % (171/306) received combined
treatment. The biologically effective radiation
doses ranged between 40 and 70 Gy, the single
fraction doses between 1.8 and 4 Gy, and the
overall treatment time between 2 and 5 weeks. In
the five trials, heat was applied with different
devices for superficial hyperthermia. Depending
on the protocol, 2-8 hyperthermia treatments
were scheduled during the radiation course. The
duration of a single hyperthermia fraction ranged
between 45 and 70 min and the target tempera-
ture aimed at 42.5-43 °C. The overall complete
remission rate for radiotherapy alone was 41 %
and for the combined treatment 59 % (p <0.001).
The most pronounced effect was observed in
patients with recurrent lesions in previously irra-
diated areas, where further irradiation was lim-
ited to low doses. Of all patients who achieved a
complete remission, 17% of those having
received combined treatment and 31% of the
radiotherapy only patients developed a local
relapse during further follow-up (p=0.007). The
majority of the patients (227/306) showed pro-
gression of disease outside the treatment area
during follow-up. The authors discussed this
finding as the reason for the fact that overall sur-
vival was not improved by additional hyperther-
mia despite a significantly better local control.
Hyperthermia was well tolerated and did not add
to the clinically relevant acute or long-term toxic-
ity compared to irradiation alone, even in those
patients who had received prior radiotherapy. The
authors concluded that the combined analysis of
the five trials demonstrated the efficacy of hyper-
thermia as an adjunct to radiotherapy for the
treatment of recurrent breast cancer.
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The sixth randomized trial evaluating the role
in the treatment of breast cancer was published in
2005 by Jones et al. of the Duke University, North
Carolina (Jones et al. 2005). A total of 108
patients with superficially located tumors with
different origins was analyzed in detail. The
patients received either radiation alone (n=52) or
radiation combined with LHT (n=56). Of the
patients who received radiation alone, 63 %
(33/52) had breast cancer or chest wall recur-
rences after a history of breast cancer, 12 % (6/52)
had head and neck cancer, 12 % (6/52) had malig-
nant melanoma, and 13 % (7/52) had other tumor
histologies. In the combined group, the distribu-
tion was 66 % (37/56), 14 % (8/56), 9% (5/56),
and 11 % (6/56), respectively. A separate analysis
for the breast cancer patients only was not per-
formed. Among patients in both arms, the median
radiation dose if prior radiation had been given
was 41 Gy (range 18-66 Gy), and the median
dose if no prior radiation had been given was
60 Gy (range, 24-70 Gy). Patients were ran-
domly assigned to receive no further treatment
(no-LHT arm) or additional hyperthermia (LHT
arm) throughout the course of radiation, deliv-
ered twice a week for a maximum of 10 treat-
ments, 1-2 h duration, separated by at least 48 h.
Microwave spiral strip applicators, operating at
433 MHz, were used for external heating.
Temperature was measured invasively. Maximally
allowed temperatures in the adjacent normal tis-
sue and tumor tissue were 43 °C and 50 °C,
respectively. The complete remission rate in the
LHT arm was 66 %; the CR rate in the no-HT arm
was 42 % (p=0.02). There was no significant dif-
ference in the proportion of patients in each arm
who received additional systemic therapy. The
improved local response in the LHT arm resulted
in a significant difference in duration of local
control between the two arms (p=0.02). Local
control at death or last follow-up was 48 % vs.
25 %, respectively. The improvement in complete
response rate and local control was most pro-
nounced for patients who were previously irradi-
ated. Overall survival was not significantly
different between the two groups. Recently pub-
lished retrospective series concentrating exclu-
sively on irresectable chest wall recurrence after

breast cancer underline the value of additional
superficial hyperthermia in combination with
reirradiation for these patients (Oldenborg et al.
2015; Linthorst et al. 2013 and 2015).

3.2 Rectal Cancer

For patients with locally recurrent rectal cancer,
there is no standardized treatment regimen, espe-
cially for the subgroup with a history of prior pel-
vic radiotherapy. The curative potential of surgery
and radio- and chemotherapy as sole treatment
option is very limited (Tanis et al. 2013).
Therefore, a combined modality treatment
approach is mandatory. Surgery as well as radio-
chemotherapy is established in the treatment of
recurrent rectal cancer. But treatment results are
still not satisfying. RHT has proved to be feasible
in combination with radio- and/or chemotherapy
(Juffermans et al. 2003; Schaffer et al. 2003;
Milani et al. 2008). Two randomized trials for
locally advanced primary rectal cancer showed
the effectiveness of additional hyperthermia in
increasing the response rate and prolonging the
time to progression (Berdov and Menteshashvili
1990; Gani et al. 2016). Only few reports exist on
combined modality treatment regimens including
hyperthermia for recurrent rectal cancer.
Endpoints of the following studies were feasibil-
ity and palliation.

Juffermans et al. (2003) evaluated the palliative
effect of reirradiation and hyperthermia in patients
with non-resectable, recurrent colorectal carci-
noma in 54 patients. The total reirradiation dose
varied from 24 to 32 Gy given in fractions of 4 Gy
twice weekly. Three or four hyperthermia treat-
ments were given once weekly during the radia-
tion course. The combined treatment was feasible
and well tolerated. Comparison of results from
radiotherapy plus hyperthermia with results after
radiotherapy alone suggested that additional
hyperthermia prolonged the duration of palliation.

Schaffer et al. (2003) analyzed treatment and
follow-up data of 14 patients with local recur-
rence of rectal cancer that were treated with
radiotherapy, chemotherapy, and RHT. Nine
patients had received previous irradiation and
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chemotherapy. These pretreated patients received
a total irradiation dose of 30.6-39.6 Gy and
5-fluorouracil (5-FU) as a continuous infusion
over 5 days per week (350 mg/m%*24 h) com-
bined with RHT twice weekly. The 5 remaining
not pretreated patients received irradiation of
45 Gy with an additional boost between 9 and
14.4 Gy, combined with continuous infusion of
5-FU on days 1-4, and 29-33 (500 mg/m?/24 h),
and RHT twice a week. Among 13 evaluated
cases, the overall objective response rate was
54 % (5 complete responses, 2 partial responses).
At a mean follow-up of 13.9 months (range 5-32
months), 7 patients were alive. The therapeutic
regimen appeared to be active in the treatment of
local recurrences of rectal cancer.

Hildebrandt et al. (2004) reported on a pilot
study of nine previously irradiated patients with
local recurrence of rectal cancer treated with che-
motherapy and hyperthermia. Hyperthermic che-
motherapy was applied with weekly infusions of
43 mg/m? of oxaliplatin (i.v., 120 min), 500 mg/
m? of folinic acid (i.v., 120 min), and 2.6 g/m? of
continuous infusion 5-FU (24 h) for 6 consecu-
tive weeks. Oxaliplatin was started in parallel to
pelvic RHT. A total of 67 applications were
administered to nine patients and were well toler-
ated. A total of 55/67 (82%) chemotherapy
courses were applied without dose reduction. In
62/67 (93 %) hyperthermia sessions, a treatment
time of more than 60 min was maintained. Eight
out of 10 episodes of severe (WHO grade III)
toxicity represented typical side effects of the
chemotherapy given (nausea n=4, diarrhea n=3,
neuropathy n=1). Two severe adverse events
were mainly attributable to hyperthermia (hema-
turia, n=1; deterioration of a decubital ulcer,
n=1). No patient suffered disease progression
according to WHO criteria during the treatment
period. Two patients achieved a partial remission.
It is concluded that hyperthermic chemotherapy
with oxaliplatin, folinic acid, and 5-FU is feasi-
ble. Overall toxicity was moderate. Results,
moreover, suggest a relevant palliative effect in
patients with previously irradiated pelvic recur-
rence of rectal cancer.

Wiig et al. (2005) studied the clinical out-
come in patients with complete pathologic

response (pTO) to preoperative irradiation/
chemo-irradiation operated for locally advanced
or locally recurrent rectal cancer. Four hundred
and nineteen patients had preoperative irradiation
(46-50 Gy, 2 Gy per fraction) for primary locally
advanced (PLA) or locally recurrent (LR) rectal
cancer. Pathologically proven complete response
(pTO) was achieved in 7% of PLA (n=229) and
8% of LR (n=190) patients. For the PLA group,
actuarial 5-year survival of pTO was 90 % versus
53 % for the pT>0 group. The difference was sta-
tistically significant. At 5 years local recurrence
was 0% in pTO patients versus 23 % in pT>0. For
the LR group, 5-year survival was 62 % for pTO
versus 45 % for the other pT stages; local recur-
rence rates were 17 % and 35 %, respectively.

In summary, there is some evidence that radio-
chemotherapy combined with deep regional
hyperthermia can improve response, local control,
and survival rates in patients with recurrent rectal
cancer. A phase I/II study of neoadjuvant chemo-
radiation with 5-FU (or capecitabine) and oxalipl-
atin combined with deep regional hyperthermia
in locally recurrent rectal cancer (HyRec Trial)
was started in 2011 at the Erlangen University
Medical Center, Germany (Figs. 4 and 5). As
already described above, it is well known that
patients with a local relapse of rectal cancer have a
much better prognosis in case of complete resec-
tion of the recurrence. The intensified neoadjuvant
treatment schedule (addition of oxaliplatin and
RHT two times per week up to a total of 10 treat-
ments) of the HyRec Trial is aiming to maximize
the complete resection rates in these patients. This
trial recruited about 60 patients and is still open for
both pre-irradiated and previously not irradiated
patients. Primary endpoints are the feasibility and
the complete remission rate. To date, final results
are not available. The HyRec trial is planned to
provide the basis for a randomized trial, evaluating
the role of additional deep regional hyperthermia
in patients with locally recurrent rectal cancer.

3.3 Head and Neck Cancer

A total of 104 patients with recurrent head and
neck cancer were treated with pulsed-dose-rate
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Fig.4 Flowchart of
the HyRec Trial for the
treatment of recurrent
rectal cancer

Radiotherapy
former Tx
Dose: 45 Gy

CN (250 mg/m?d)

=1}

Onxaliplatin
Bolus (50 mgimd)
Deep Regional
Hyperthermia

Required Cases

L L L0 AL

d1u

d23

Z 0= 0O0OMmMmom3a

n =52

Fig.5 Example of a reirradiation of a recurrent rectal cancer with 5-FU and oxaliplatin and RHT

(PDR) interstitial brachytherapy combined with
external beam irradiation (n=23), platinum-based
chemotherapy (n=58), and IHT (n=33) within an
institutional protocol at the Erlangen University
Medical Center, Germany (Strnad et al. 2015). All
patients had received prior radiotherapy. A dose
per pulse of 0.46-0.55 Gy was given up to a
median total dose of 56.7 Gy. Simultaneously to
the PDR brachytherapy, in a subgroup chemother-
apy was given with cisplatin (20 mg/m?, bolus i.v.,
days 1-5) and 5-FU (800 mg/m?, CIV, days 1-5).
After the PDR brachytherapy was finished, one
third of the patients received a single session of
interstitial hyperthermia. Soft tissue necrosis or
bone necrosis developed in 18/104 (17.3%) and
11/104 (9.6 %) patients, respectively, but only 3 %
of patients required surgical treatment. Local
tumor control rates after 2, 5, and 10 years were
92.5, 82.4, and 58.9 %, respectively. Simultaneous
chemotherapy improved the clinical results. The
impact of a single session of IHT remained unclear.

3.4  Cervical Cancer
Data on reirradiation combined with hyperther-
mia for the treatment of recurrent pelvic or para-
aortic cervical carcinoma is not available at the
moment, but several working groups are cur-
rently using a trimodality schedule of reirradia-
tion combined with cisplatin chemotherapy
(40 mg/m?, weekly bolus) and RHT during cis-
platin application. Patients with recurrent cervi-
cal carcinoma within a previously irradiated area
usually respond poorly to chemotherapy alone.
There are some data on the combination of
concurrent cisplatin and RHT. Franckena et al.
(2007) treated these patients with simultaneous
cisplatin and hyperthermia and investigated
response, toxicity, palliative effect, and survival.
Between 1992 and 2005, 47 patients had been
treated. Response was evaluated by gynecologic
examination and CT scan. The objective response
rate was 55 %; palliation was achieved in 74 %
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and operability in 19 % of patients. Two patients
were disease-free at 9 years and 18 months fol-
lowing treatment, and 2 remained disease-free
until death by non-cervical carcinoma-related
causes. The median survival was 8 months and
was influenced by duration of disease-free inter-
val and tumor diameter. Grade 3—4 hematological
toxicity was observed in 36 % of patients, and
renal toxicity was maximum grade 2. The authors
concluded that the combination of concurrent
cisplatin and RHT resulted in a high response
rate and acceptable toxicity in patients with
recurrent cervical cancer. An updated study with
38 patients who experienced recurrence after
simultaneous chemoradiation did not find a ben-
efit from combined chemotherapy and hyperther-
mia (Heijkoop et al. 2014).

Rietbroek et al. (1997) reported on 23 patients
with a pelvic recurrence of cervical carcinoma and
a history of previous pelvic irradiation. Patients
were treated with weekly cycles of RHT and cis-
platin (50 mg/m?i.v.) for a maximum of 12 cycles.
A total of 169 cycles were given. Responses were
observed in 12/23 (52 %) of patients (95 % confi-
dence interval, 31-73 %). Salvage surgery became
possible in 3 of 12 responding patients, whose
tumors were previously considered non-resect-
able. The median duration of response was
9.5 months, the median overall survival was 8
months, and the 1-year survival was 42 %. Overall
toxicity was moderate. Weekly RHT and cisplatin
have been shown to be an effective treatment in
patients with a previously irradiated recurrent car-
cinoma of the uterine cervix. A more recent phase
I study evaluated the combination of cisplatin,
hyperthermia, and lapatinib for recurrent cervical
carcinoma, but clinical results are preliminary (van
Meerten et al. 2015).

4 Summary

Quality-assured local and regional hyperthermia
procedures have been proven to enhance the clini-
cal benefits of oncological standard treatments in
several clinical settings without a substantial
increase of late toxicity. This makes hyperthermia
an attractive sensitizer for both radiotherapy and
chemotherapy. It is no longer the question whether

hyperthermia is an effective oncological treatment
at all. Today, the question is which patient, which
tumor entity, and which clinical stage of disease
benefit most from additional hyperthermia as inte-
gral part of current multimodality oncological
treatment schedules. Significant advances have
been made during the past decade, e.g., in the
treatment of cervical cancer, soft tissue sarcoma,
breast cancer, etc., but still there is a lot of work to
do to develop proper patient selection guidelines
for other entities in the context of clinical trials.
This remains particularly true for patients with
recurrent malignant diseases and a previous irra-
diation series in the involved area.
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Abstract

The introduction of combined modality
approaches was a highly significant step in
the evolution of curative radiation treat-
ment. Achieving a favorable balance
between tumor cell kill and normal tissue
toxicity is important, especially in the con-
text of reirradiation. As a result of previous
treatments, which often include surgery and
chemotherapy, function and reserve capac-
ity of tissues and organs are impaired.
Therefore, strategies that could increase the
tumor cell kill of reirradiation without
increasing serious toxicities would improve
the therapeutic index. Two major examples
where reirradiation often is combined with
concomitant chemotherapy are head and
neck tumors and rectal cancer. Compared
with the systematic experimental models
used for development of first-line combina-
tions and their evaluation through a classic
series of clinical trials including random-
ized phase III studies, development of sound
combination regimens for reirradiation is
still in its infancy. The clinical situation is
complicated by more heterogeneous tumors
with changes in physiological and microen-
vironmental parameters over time and quite
variable pretreatment approaches, time
intervals, irradiated volumes, etc. This
chapter summarizes the principles of com-
bined modality treatment and studies per-
formed in the reirradiation setting.
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1 Introduction

The combination of radiation therapy and chemo-
therapy has been shown to be superior to radiation
alone in both tumor response and patient survival
for a number of malignancies. New classes of
agents are being developed and rapidly introduced
to clinical use. These agents target one or more of
the processes that play important roles in the
malignant phenotype. These new drugs include
specific antibodies against growth factors or their
receptors and small molecules that interfere with
signal transduction pathways regulating the cell
cycle, gene transcription, and survival in cancer
cells. Some of the drugs have a single specific tar-
get, whereas others may have multiple targets.
Because the targets of this therapy are processes
that are dysregulated only in cancer cells, these
agents do not share the same side effects in nor-
mal tissues of the conventional cytotoxic chemo-
therapy and radiation, their combination with
radiation therapy has attracted significant interest
(Nieder et al. 2003). More recently, immunologic
mechanisms have also attracted considerable
attention (Pilones et al. 2015).

Achieving a favorable balance between tumor
cell kill and normal tissue toxicity is important,
especially in the context of reirradiation. As a
result of previous treatments, which often include

surgery and chemotherapy, function and reserve
capacity of tissues and organs are impaired. Even
if patients with severe morbidity from first-line
therapy are not offered reirradiation, the thera-
peutic ratio is different from typical first-line set-
tings. In other words, strategies that could
increase the tumor cell kill of reirradiation with-
out increasing serious toxicities would improve
the therapeutic index (Fig. la—c). As has been
suggested from the data of patients with glioblas-
toma who received radiotherapy alone or radio-
therapy plus temozolomide (Stupp et al. 2005),
the effect of the drug in combined modality treat-
ment corresponds to the equivalent of 9.1 Gy in
2-Gy fractions (Jones and Sanghera 2007). In
patients treated with neoadjuvant combined che-
motherapy and radiotherapy for esophagus can-
cer (data from 26 trials combined), it was
estimated that 1 g/m? of 5-fluorouracil (5-FU)
was equivalent to a radiation dose of 1.9 Gy and
that 100 mg/m? cisplatin was equivalent to a radi-
ation dose of 7.2 Gy (Geh et al. 2006). A com-
bined analysis of 14 head and neck cancer trials
confirms these data (Kasibhatla et al. 2007). With
2-3 cycles of cisplatin, carboplatin, and/or 5-FU
containing radiochemotherapy regimens, the
additional dose corresponds to 12 Gy in 2 Gy per
fraction daily. In many reirradiation scenarios,
radiation dose escalation by 9-12 Gy would
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Fig. 1 The therapeutic index. (a) Therapeutic index
for treatment with radiation alone. Radiation with dose
A implies specific probabilities for tumor cure and nor-
mal tissue toxicity (e.g., 50 % cure vs <10 % toxicity).
(b) If radiation is combined with radioprotectors, the
radiation dose can be increased (dose B) because

normal tissue toxicity is reduced (curve for normal tis-
sue toxicity shifted to the right). (¢) If radiation is com-
bined with radiosensitizers, the probability for tumor
cure increases (curve for tumor cure shifted to the left).
Radioprotectors and radiosensitizers both increase the
therapeutic index
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result in increased late toxicity risk. Under these
circumstances, combining radiotherapy and che-
motherapy theoretically increases the therapeutic
window.

Many studies on reirradiation of different can-
cer types report on combinations of radiation and
various drugs (Haraf et al. 1996; Arcicasa et al.
1999; Schaefer et al. 2000; Mohiuddin et al.
2002; Wurm et al. 2006; Biagioli et al. 2007,
Combs et al. 2008; Spencer et al. 2008;
VanderSpek et al. 2008; Wiirschmidt et al. 2008;
Dornoff et al. 2015; Minniti et al. 2015).
Nevertheless, there is limited evidence from sys-
tematic, prospective clinical trials addressing
reirradiation with or without response-modifying
agents. This results in considerable uncertainty
with regard to current clinical practice. In a
Canadian survey, 28 % of respondents would use
concurrent chemotherapy along with reirradia-
tion in cases of chemosensitive tumors, 43 %
would not recommend concurrent chemotherapy,
and 30% were uncertain (Joseph et al. 2008).
This chapter provides an overview on the princi-
ples of combined modality treatment and reirra-
diation with classical chemotherapy or other
response modifiers.

2 Clinical Relevance
of Combined Modality
Approaches

The introduction of combined modality

approaches was a highly significant step in the
evolution of curative radiation treatment. Parallel
to analysis of altered fractionation schedules,
combined treatment has actively been investi-
gated in recent decades in both preclinical and
clinical studies around the world. When judged at
this time, the most pronounced increase in thera-
peutic gain was probably seen by combining
radiation with chemotherapy and few other
response modifiers.

Meanwhile, a huge body of evidence supports
the use of combined modality approaches based
on the combination of ionizing radiation with
cytostatic drugs. In this regard, several random-
ized phase III trials for many relevant cancer sites

provide a sound basis for level one evidence-
based decision. This holds true especially for
glioblastoma multiforme (Stupp et al. 2005),
head and neck cancers including nasopharyngeal
cancer and laryngeal cancer (Brizel et al. 1998;
Forastiere et al. 2003; Budach et al. 2005), esoph-
ageal cancer (Minsky et al. 2002), colorectal and
anal cancer (Sauer et al. 2004; Bartelink et al.
1997), cervical cancer (Green et al. 2001), as
well as lung cancer (Schaake-Koning et al. 1992).

The most important aim of curative cancer
treatment is to eradicate all clonogenic tumor
cells or stem cells, which are able to give rise to a
recurrence. With regard to the amount of quanti-
tative cell kill, it has to be emphasized that impor-
tant differences exist between ionizing radiation
and chemotherapy (Fig. 2). In principle, radiation
treatment can be designed to cover the whole
tumor with a homogeneously distributed full
radiation dose, maybe including a biology-driven
boost, capable of inactivation of all tumor cells
(Belka 2006). In contrast, pharmacotherapy is
limited by the fact that the dose of the active, cell
killing form of the compound is variable within
the tumor and its cells. This results from prob-
lems in the delivery of drugs (perfusion, intersti-
tial fluid pressure, tissue pH, etc.), cellular
uptake, efflux, inactivation, and resistance. In
many instances, the agent does not reach the rel-
evant therapeutic targets in the required concen-
tration and for a sufficient time period (Tannock
et al. 2002; Primeau et al. 2005; Minchinton and
Tannock 2006). In fact, the pharmacokinetic pro-
file of anticancer drugs is characterized by sub-
stantial inter-patient variability where two- to
threefold variation is not uncommon (Brunsvig
et al. 2007). These issues gain complexity with
simultaneous administration of two or more
drugs and in the context of reirradiation because
of the heterogeneity of reirradiated tumors
(Fig. 3). As illustrated in Fig. 2, the quantitative
cell kill of ionizing radiation is significantly
larger than that of chemotherapy (Tannock 1992,
1998). The magnitude of this effect might vary
with cell type, culture conditions, drug, exposure
time, etc. Experimental evidence suggests, how-
ever, that single radiation doses result in 1% or
less cell survival compared with 10-50 % with
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Fig. 2 Differences in quantitative cell kill and time
course. Influence of different therapeutic modalities on
number of tumor cells during a course of treatment, based
on the models by Tannock (1989, 1992) and Minchinton
and Tannock (2006). The dashed line represents the bor-
der between microscopic and macroscopic tumors,
defined as a size of approximately 5 mm. Compared with
surgical resection and fractionated radiotherapy, multiple
courses of chemotherapy (in this case six, indicated by

cytotoxic drugs (Epstein 1990; Kim et al. 1992;
Simoens et al. 2003; Eliaz et al. 2004). Although
clinically impressive remissions of solid tumors
might occur after chemotherapy, the underlying
cell kill is often not larger than 1-2 log and path-
ological examination of tissue specimens reveals
residual viable tumor cells.

In most clinical situations, chemotherapy
augments the radiation-induced cell kill within
the irradiated volume and may improve distant
control. To maximize augmentation of cell kill,
optimization of parameters of drug exposure is
necessary. It has been shown, for example, that
continuous infusion is better than bolus admin-
istration of 5-FU. The following example illus-
trates the efficacy of chemotherapy as a radiation
enhancer. In the large randomized FFCD 9203
trial in rectal cancer, preoperative radiotherapy
(45 Gy in 25 fractions) resulted in pathologi-
cal complete remission (pCR) in 4 %, whereas
the addition of 5-FU and folinic acid improved
this figure to 12% (Gerard et al. 2005). While
radiation alone can be considered as a curative

6 Months

4 5

arrows) are less efficient in cell kill. While microscopic
disease might be eradicated (lower chemotherapy curve),
clinical evidence suggests that most macroscopic solid
tumors (exception: more sensitive testicular cancers) will
shrink temporarily but eventually regrow from surviving
residues (upper chemotherapy curve). As shown in the
inset, the strength of chemotherapy in combination with
radiation treatment (besides of spatial cooperation) is the
modification of the slope of the curve

treatment in a variety of early-stage solid tumors
(especially T1-2 NO MO, e.g., skin, anal, cer-
vix, larynx, lung, and prostate cancers), long-
term control with chemotherapy alone is rarely
observed. Current concepts of cancer biology
suggest that most traditional chemotherapy
approaches fail to eradicate cancer stem cells,
which are slow-cycling cells that often express
multidrug resistance (MDR) proteins (Miller
et al. 2005; Prince and Ailles 2008; Moitra 2015;

Yoshida and Saya 2015).
3 Basic Considerations
3.1 Therapeutic Gain

Therapeutic gain is defined by an increase of
tumor control and finally survival without a par-
allel increase in the severity of specific side
effects (Fig. 1). A very nice preclinical example
is the comprehensive studies with cisplatin and
5-FU in different tumors transplanted into mice,
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Fig. 3 In clinical reirradiation studies, the situation is
complicated by very complex and heterogeneous tumor
biology and changes in physiological and microenviron-
mental parameters resulting from the first course of radio-
therapy, for example, fibrosis and impaired tissue
perfusion. It has been suggested that human tumor cells
derived from radiotherapy failures (head and neck carci-

which were reported by Kallman et al. (1992).
Independently of the term “therapeutic gain,” the
interaction of radiation with chemotherapy fol-
lows a precise nomenclature based on some
groundbreaking theoretical considerations pub-
lished in the late 1970s (Steel 1979; Steel and
Peckham 1979). In every case of a scientific
description and quantification of the effects of
combined modality therapy in appropriate mod-
els, it is highly recommended to adhere to the
proposed nomenclature. The complexity of
effects increases with each step of investigation,
that is, from cell culture to tumor-bearing animal
to cancer patient. A thorough examination of all
possible treatment combinations and administra-
tion schedules for a given drug plus radiation is
very challenging, as can be seen in the publica-
tion by Kallman et al. (1992), who studied in

nomas) are relatively radioresistant (Weichselbaum et al.
1988). Among radioresistant cell lines, those from previ-
ously irradiated patients were significantly more resistant
than those from non-irradiated patients (Grenman et al.
1991). Importantly, some radiosensitive tumors from pre-
viously irradiated patients were also found in the latter
study (three of seven examined cases)

depth the radiosensitizing effects of cisplatin.
Although extensive discussion of radiobiological
principles is beyond the scope of this chapter, a
few definitions shall be mentioned. Since the
introduction of mammalian cell survival curves,
the parameters D, and N have been used as quan-
titative measures of inherent radiation sensitivity,
as was the shoulder width Dq (Thames and Suit
1986). The ratio alpha/beta is a measure of frac-
tionation sensitivity.

3.2 Additivity, Synergism,

and Subadditivity

When combining two treatment modalities the
resulting net effect on cell killing is mainly
described by the terms “additivity, synergism,
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and subadditivity,” which are derived from exper-
imental work. They are not applicable to the clin-
ical situation and do not reflect the results of
clinical trials, where changes from radiation as a
monotherapy to multimodal treatment usually do
not result in extraordinarily favorable cure rates
(or supraadditivity), although they have led to
important gradual improvement. It appears pru-
dent to refer to the term “enhancement of radia-
tion effect” within a clinical context.

3.2.1 Synergism (Supraadditivity)

The term “synergism” describes a situation where
the combination of both drugs induces more cell
kill than the addition of either treatment alone.
The term “radiosensitization” is also used in this
regard; however, it should only be employed
when the drug used is devoid of any intrinsic
potential. Regardless of nomenclature, the result-
ing effect is a shift of the tumor control curve to
the left.

3.2.2 Additivity

The term “additivity” is used to describe situa-
tions where both triggers act completely indepen-
dent of each other resulting in a net kill not larger
than expected from the calculated additive com-
binatory effect.

3.2.3 Infra (Sub)-additivity
(Protection)

This term describes situations where the drug
interferes negatively with the efficacy of ionizing
radiation, or vice versa.

4 Interaction of Radiation
and Chemotherapy
4.1 Spatial Interaction

On a large scale, chemotherapy and radiation
may be effective on several levels. The concept of
spatial interaction was devised to mean that che-
motherapy and radiation act on spatially distinct
compartments of the body, resulting in a net gain
in tumor control. The concept of spatial interac-
tion does not take into account any drug-radiation

interaction on the level of the tumor itself, but
rather assumes that radiation or chemotherapy
would be active in different compartments,
respectively. In a narrow sense, this concept
describes the fact that chemotherapy would be
employed for the sterilization of distant micro-
scopic tumor seeding, whereas radiation would
achieve local control (Fig. 4). Obviously, this is a
theoretical consideration only, since chemother-
apy also increases local control and radiotherapy
reduces distant metastasis via increased local con-
trol rates; thus, when integrating the concept of
spatial interaction into a more complete view on
combined modality, spatial cooperation is still of
major importance. Next to spatial effects, several
other important mechanisms may increase the
efficacy of a combined treatment approach. In this
regard, inhibition of repopulation and effective
killing of hypoxic radioresistant cells may con-
tribute to the efficacy of a combined treatment.

4.2 Role of Repopulation

The fractionated treatment of tumors with ion-
izing radiation is associated with the phenome-
non of repopulation (Kim and Tannock 2005).
Speaking simply, a certain amount of tumor
cells repair the induced damage in between two
fractions and proliferate. Repopulation may
neutralize around 0.5 Gy/day; however, the
range of repopulation is considerably large and
may reach levels exceeding 4 Gy (Trott 1990;
Baumann et al. 1994; Budach et al. 1997). Based
on these findings, radiation biologists advocated
the use of accelerated radiation schedules. The
phenomenon of repopulation must also be taken
into account when trying to design combined
modality regimens. In theoretical models, cell
loss from neoadjuvant chemotherapy preceding
fractionated radiation treatment might trigger
accelerated repopulation. Then, a certain per-
centage of the daily radiation dose is wasted to
counteract increased tumor cell proliferation.
Under such conditions, despite of a response to
chemotherapy, cell survival after radiotherapy is
not better than after the same course of radio-
therapy alone (yet toxicity results from both
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Fig. 4 Spatial interaction. In a classical interpretation
(left panel), the term “spatial interaction” refers to the fact
that chemotherapy is effective on tumor compartments
where radiation has no efficacy, and vice versa, resulting
in a generally increased control rate. In a more complex
view, spatial interaction is relevant on multiple interacting

modalities). Whether such effects are more
important than reduced interstitial fluid pressure
(IFP) and improved oxygenation might depend
on tumor type.

The clinical observation that the combination
of 5-FU, mitomycin C, or cisplatin with radia-
tion is of value in rapidly proliferating squa-
mous cell cancers has led to the suspicion that
the addition of drugs may influence the potential
of cancer cells to repopulate. At least for mito-
mycin C, this effect was documented precisely
using a xenograft model (Budach et al. 2002). In
this model, transplanted tumors were treated
with 11 fractions of 4.5 Gy under ambient con-
ditions with or without mitomycin C followed
by a graded top-up dose on days 16, 23, 30, or
37 given under hypoxic conditions. Repopulation
in the interval between the fractionated treat-
ment and the top-up dose accounted for 1.33 Gy
top-up dose per day in animals not receiving
mitomycin C, but only 0.68 Gy in animals
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levels: increased local control by radiation reduces the
risk of a secondary seeding. Furthermore, the interaction
of radiation with chemotherapy increases local control;
thus, in addition to the classical spatial interaction, several
levels of interacting feedback loops exist, which increase
efficacy of spatial interactions

receiving the drug. Thus, at least mitomycin C
may increase the efficacy of radiation by the
inhibition of repopulation.

4.3 Role of Hypoxia

As known for years, radiation-induced cell kill is
strongly dependent on the presence of adequate
oxygen tensions. With increasing tumors, for exam-
ple, in head and neck cancer, areas of hypoxia and
even anoxia are present leading to an increased
radiation resistance of clonogenic tumor cells
within such areas (Molls and Vaupel 1998;
Nordsmark et al. 2005; Molls et al. 2009). It has
been speculated that chemotherapeutic agents espe-
cially those which kill even hypoxic cells (mitomy-
cin C) may overcome global radiation resistance
simply by killing radioresistant hypoxic cells,
thereby being of special value in highly hypoxic
tumors (Teicher et al. 1981; Rockwell 1982).
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Comparing the effects of several cytostatic
drugs in combination with radiation on the
growth of a C3H mammary carcinoma, it turned
out that cyclophosphamide, adriamycin, and
mitomycin C had the most significant effect on
the proportional cell kill of hypoxic cells. In
contrast, bleomycin and cisplatin did not exert
strong effects on hypoxic cells (Grau and
Overgaard 1988). In addition, it has clearly been
shown that tumor blood flow in xenografts is
increased after mitomycin C treatment (Durand
and LePard 1994). Using two different squa-
mous cell carcinomas, the latter authors tested
the drug’s influence on outcome of radiation
treatment with or without hypoxia (Durand and
LePard 2000). The authors did not report an
increased killing of hypoxic cell by mitomycin
C, nor a consistent increase in tumor blood flow
rates; however, mitomycin C in combination
with radiation was associated with a slight
increase in cell killing of hypoxic subpopula-
tions of the xenograft system. Based on this
observation it was concluded that the efficacy of
a combined treatment with mitomycin C and
radiation cannot be rationalized on either a com-
plementary cytotoxicity or on drug-induced
improvement in tumor oxygenation secondary
to an increased blood flow.

In the case of paclitaxel, it has been tested
whether the enhanced killing by the combina-
tion of paclitaxel and radiation is connected to
the presence of oxygen. Using a MCA-4 xeno-
graft system, the authors could show that in
the absence of oxygen the paclitaxel-mediated
change of the TCD50 value is strikingly less
prominent (Milas et al. 1994, 1995); thus, it
can be concluded that at least in part the influ-
ence of paclitaxel on the radiation response
is mediated via an optimized oxygenation. In
conclusion, several sets of data indicate that the
efficacy of chemotherapy in combination with
radiation may be related to an increased oxy-
genation of hypoxic tumors; however, it still
remains speculative whether or to what amount
the efficacy of a combined treatment is strictly
related to specific influences on the hypoxic
cell compartment.

5 Molecular Interactions

5.1 DNA Damage

One of the underlying molecular aspects of the
efficacy of the combination of radiation and che-
motherapy, which has been understood in some
more detail, is influence on DNA repair. The
induction of DNA damage is probably one of the
most crucial events after irradiation of cells. In
this regard, ionizing radiation triggers a wide
array of lesions including base damage, single-
strand breaks, and notably, double-strand breaks
(DSBs). After irradiation, different molecular
systems are involved in recognition and repair of
the damage. Whereas most of the induced dam-
age is quickly repaired, DSB repair is slow and
unrepaired DSBs are considerably important for
the final induction of cell death.

Many chemotherapeutic agents, especially
those known to be of value in combination with
radiation, also induce considerable DNA damage
or interfere with effective DNA repair; therefore,
two general patterns of interactions may be sepa-
rated: (a) the combination of the drug with radia-
tion directly leads to more damage; (b) the drug
may interact with DNA repair pathway thus
increasing the level of DNA damage more indi-
rectly; however, none of the potential mecha-
nisms acts without the other in real settings.
Cisplatin, for example, acts by complex forma-
tion with guanosine residues and subsequent
adduct formation ultimately resulting in intra-
and interstrand cross-links. This type of damage
is mostly removed by base excision repair and
mismatch repair. Several sets of data suggest that
single-strand damage induced by radiation in
close vicinity to DNA damage triggered by cis-
platin results in a mutual inhibition of the
damage-specific repair system; thus, the amount
of resulting damage leads to an increased net cell
kill (Begg 1990; Yang et al. 1995). Similarly, eto-
poside, which is a strong topoisomerase-Ila-
directed toxin, exerts DSB mostly during the
S-phase of the cell cycle (Berrios et al. 1985;
Earnshaw and Heck 1985). Again, several lines
of evidence show that the combination of both
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agents results in a strongly increased level of
damage (Giocanti et al. 1993; Yu et al. 2000).

The biochemical pathways implicated in DNA
repair and DNA synthesis overlap in several
regards; thus, drugs acting on the synthesis of
DNA putatively also interfere with the repair of
DNA damage induced by ionizing radiation.
Several prototypical radiation sensitizers, includ-
ing 5-FU, fludarabine, and gemcitabine, may act
via these mechanisms. Besides cisplatin, 5-FU is
probably the most commonly employed drug in
clinical combined modality settings. Basically,
5-FU inhibits thymidilate synthase thereby
reducing the intracellular pool of nucleoside tri-
phosphates (Pinedo and Peters 1988; Miller and
Kinsella 1992). In addition, the drug is integrated
into DNA via fluorodeoxyuridine, also contribut-
ing to its anti-neoplastic effects. Several lines of
evidence suggest that the amount of 5-FU inte-
grated into DNA directly correlates with the
radiosensitizing effect. In addition, the comple-
mentation of the cell culture medium with higher
levels of thymidine reverses the effects of 5-FU
on the radiation sensitivity (McGinn et al. 1996;
Lawrence et al. 1994).

Radiation Sensitization
via Cell Cycle Synchronization

5.2

The fact that striking differences in the radiation
sensitivity occur as cells move through the differ-
ent phases of the cell cycle has stimulated the
speculation that the efficacy of a combined treat-
ment may also be related to possible effects on
the reassortment of cells in more vulnerable cell
cycle phases.

Several experimental settings provide evi-
dence that cell cycle effects are involved in the
modulation of the efficacy of combined modality
approaches. In this regard, the use of a
temperature-sensitive p53 mutant allows the
analysis of cell cycle effects very nicely. The
underlying hypothesis was that fluoropyrimidine-
mediated radiosensitization occurs only in tumor
cells that inappropriately enter S-phase in the
presence of drug resulting in a subsequent repair

defect of the radiation-induced damage. The use
of the mutated p53 allowed p21-mediated arrest
prior to S-phase entry when cells are grown under
32 °C, in contrast to no arrest in cells grown at the
nonpermissive temperatures of 38 °C. The
radiation-sensitizing effect of fluoropyrimidine
was directly connected to the lacking G1 arrest
when cells were grown under nonpermissive
temperatures; thus, the fluoropyrimidine-
mediated radiosensitization clearly requires pro-
gression into S-phase (Naida et al. 1998).

In an extension of these findings, Naida et al.
(1998) analyzed the effects of fluorodeoxyuridine
on the radiation sensitivity in HT29 and SW620
human colon cancer cells under nearly complete
inhibition of thymidylate synthase (both cell lines
harbor a similar p53 mutation). Interestingly, only
the HT29 cells were sensitized. As an underly-
ing feature, the authors found that only the HT29
cells progressed into S-phase and demonstrated
increased cyclin E-dependent kinase activity. In
contrast, SW620 cells were found to be arrested
just past the G1-S boundary and an increase in
kinase activity was not detectable; thus, the find-
ings underline the requirement of an S-phase
transition for the efficacy of halogenated fluoro-
pyrimidines in combination with radiation. These
findings also highlight the role of molecules
involved in cell cycle regulation as key players for
the modulation of a combined modality approach
(McGinn et al. 1994; Lawrence et al. 1996a, b,
¢). In addition to the fact that the S-phase transi-
tion is required for the radiosensitization effect, it
has also been shown that fluoropyrimidines under
defined dosage conditions facilitate the accumula-
tion of cells in S-phase (Miller and Kinsella 1992).

In addition to the findings on halogenated flu-
oropyrimidines, several other sets of data
obtained with paclitaxel suggest that an increased
radiation sensitivity occurred at the time of a
taxane-induced G2-M block; however, the situa-
tion for taxane combinations is highly complex in
so far as other data provide evidence that the
mitotic arrest is not sufficient for the effects of
paclitaxel (Geard and Jones 1994; Hennequin
et al. 1996). The picture becomes even more
complicated when taking into account that
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radiation was shown to decrease the net killing of
taxanes (Sauer et al. 2004). In this regard, it has
been shown that the combination of paclitaxel
and gamma radiation did not produce a synergis-
tic or additive effect in a breast cancer and epi-
dermoid cancer cell model. Instead, the overall
cytotoxicity of the combination was lower than
that of the drug treatment alone. Especially apop-
tosis induction was found to be strikingly
reduced. A detailed analysis revealed that radia-
tion resulted in cell cycle arrest at G2 phase pre-
venting the G1-M transition-dependent cytotoxic
effects of paclitaxel. Furthermore, radiation
inhibited paclitaxel-induced IkappaBalpha deg-
radation and bcl-2 phosphorylation and increased
the protein levels of cyclin B1 and inhibitory
phosphorylation of p34 (cdc2).

Taken together, the impact of chemotherapy-
induced cell cycle alterations as major mecha-
nism for the efficacy of the combined action is
still questionable. In clinical settings, the impor-
tance of an adequate cell cycle progression for
the efficacy of radiochemotherapy approaches
has been impressively documented. In the case of
a neoadjuvant 5-FU-based radiochemotherapy
for rectal cancer, it has been shown that a decrease
of the cell cycle inhibitory protein p21 during
neoadjuvant treatment is strongly associated with
an improved disease-specific survival. This find-
ing has been corroborated by the observation that
a parallel increase of the expression level of the
proliferation marker Ki-67 is similarly associated
with an improved outcome (Rau et al. 2003);
thus, preclinical findings on the action of 5-FU in
combination with radiation are clearly reflected
by clinical observations.

6 Radiation and Platinum-
Based Drugs: Example
of Clinically Established
Combined Modality
Treatments

Contemporary clinical concepts include com-
bined administration of radiation and three
different platinum compounds (cisplatin, carbo-
platin, and oxaliplatin) in a variety of common

solid tumors. Examples are sites such as head
and neck, esophagus, lung, cervix uteri, rectum,
and bladder. All these platinum drugs have dem-
onstrated efficacy against a variety of cell lines,
tumor xenografts, and human tumors. Yet, their
effects vary with several molecular features of
the cells, for example, p53 status and expres-
sion of drug resistance proteins. Resistance also
results from increased expression of the ERCCI
gene (excision repair cross-complementing 1),
which is involved in nucleotide excision repair
and the removal of DNA interstrand cross-links,
and other repair genes (ALTAHA et al. 2004).
Both intrinsic and acquired drug resistance have
been described. The simultaneous administra-
tion of platinum agents can be used to enhance
the effects of radiation treatment, aiming either
at additive cell kill or true radiosensitization
(“radiopotentiation”) within the target volume, or
to treat distant, out-of-field tumor sites based on
the principle of spatial cooperation. Thereby, it is
hoped to achieve a therapeutic gain.

6.1 Cisplatin

Discovered 50 years ago and initially recog-
nized for its bacteriostatic effects (Rosenberg
et al. 1965), cis-dichlorodiammine-platinum (II)
or cisplatin was found in 1969 to cause antitu-
mor effects. In 1971, the drug was, for the first
time, combined with radiation in mice (Zak and
Drobnik 1971) and subsequently was the first
platinum-based drug entering the clinical prac-
tice of radiation oncology. Positive randomized
trials were published for cervical cancer and
non-small cell lung cancer (Choo et al. 1986,
Schaake-Koning et al. 1990). Today, a large
variety of administration schedules are in clini-
cal use, including daily dosing with 6 mg/m?
20 mg/m?*/day on day 1-5 and 29-33 of frac-
tionated radiotherapy, 40 mg/m*day on day 1,
8, 15, 22, 29, and 36, 100 mg/m?*day on day
1, 22, and 43, etc. Heterogeneity of tissue con-
centration has been examined in various tumor
models, for example, in mouse B16 melanoma,
human non-small cell lung cancer xenografts
(Zamboni et al. 2002), and the human prostate
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cancer cell line PC-3 M grown in nude mice,
where the tumor concentrations ranged from 478
to 937 ppb (Coughlin et al. 1994). A prerequisite
for drug efficacy is cellular uptake and avoidance
of either efflux or inactivation, for example, by
glutathione or other sulfur-containing molecules
(Ekshyyan et al. 2009).

After transport into the cell, which appears to
be linked to the copper metabolic pathway, but
can also take place by passive diffusion, the chlo-
ride ligands are replaced by hydroxyl groups.
This aquated the reactive form of the drug reacts
with several proteins and DNA binding sites, as
reviewed by Dewit (1987), and causes DNA-
protein linkage and DNA interstrand and intra-
strand cross-links interfering with DNA
replication and repair, including repair of double-
strand breaks (Taylor et al. 1976; Richmond and
Powers 1976; Begg 1990; Amorino et al. 1999).
The cellular responses include replication arrest,
transcription inhibition, cell cycle arrest, and
DNA repair via several signal transduction path-
ways (AKT, p53, MAPK/INK/ERK, etc.).
Cisplatin adducts might be removed by nucleo-
tide excision repair mechanisms, following first-
order kinetics. In cell culture, knockout of the
nonhomologous endjoining (NHEJ) repair path-
way did not change the response to cisplatin,
whereas mutation of the homologous recombina-
tion repair pathway through XRCC3 resulted in
increased radiation and cisplatin sensitivity
(Raaphorst et al. 2005). Other data also demon-
strate that yeast mutants in double-strand break
repair by NHEJ and mutants in base excision
repair showed no sensitivity to cis- or oxaliplatin
(Wu et al. 2004). Other authors suggest that the
cellular responses to cisplatin depend on DNA-
activated protein kinase and DNA polymerase eta
(Turchi et al. 1997, Albertella et al. 2005). It has
been postulated that the loss of DNA mismatch
repair is linked to the failure in detecting the
DNA damage caused by cisplatin and to the lack
of signal triggering the cell death mechanisms
(Fink et al. 1996). Putative defective repair of
oxidative damage also resulted in sensitivity to
cis- and oxaliplatin in yeast (Wu et al. 2004). Cell
killing after higher drug doses appears apoptosis-
related, whereas after lower drug doses failure to

overcome a G, block is more important (Ormerod
et al. 1994). In p53-mutated 9 L rat gliosarcoma,
intraperitoneal cisplatin (1 mg/kg) led to an
increase in micronuclei formation, most likely
indicating induction of mitotic catastrophe, but
produced little or no apotosis (Driessens et al.
2003). The drug is not cell cycle specific.
Concomitant application with radiation might
reduce the likelihood of acquired resistance com-
pared to induction chemotherapy and reduces the
overall time from initiation of any treatment to
completion of local radiotherapy. In early experi-
ments, cisplatin reduced the repair of sublethal
radiation-induced damage, as defined by split-
dose recovery, in exponentially growing rat hepa-
toma cells. In plateau phase, radiation sensitization
was found (Carde and Laval 1981). Later on,
Dolling et al. reported inhibition of DNA double-
strand break repair when cisplatin was adminis-
tered prior to radiation (Dolling et al. 1998). When
cis- or carboplatin were present at the time of irra-
diation, higher enhancement ratios were observed
compared to administration 24 h prior to or 3 h
after irradiation (Schwachofer et al. 1991).
Overgaard and Khan examined mouse mammary
tumors exposed to radiotherapy with or without
6 mg/kg cisplatin administered intraperitoneally
30 min before irradiation (Overgaard and Khan
1981). The dose modification factor in these
TCDs, experiments was 1.8, compared to 1.3 if the
drug was given 30 min or 4 h after irradiation.
Kallman reported a large set of animal experi-
ments where fractionated radiotherapy was com-
bined with cisplatin (Kallman et al. 1992). Tumor
growth inhibition (RIF-1 and SCCVII tumors) and
three normal tissue endpoints (duodenal crypt cell
survival, lung toxicity after 5 and 10 months,
respectively) were assessed. With few exceptions,
the greatest therapeutic gain was achieved with
multiple doses of cisplatin administered simulta-
neously with 5 daily fractions of radiotherapy.

6.2 Carboplatin

In chronological order, cis-diammine
(1,1-cyclobutanedicarboxylate) platinum (II)
(carboplatin) was the second compound that
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became part of clinical treatment protocols. In
20 cervical cancer cell lines, 30 % of the tumors
resistant to cisplatin were also resistant to car-
boplatin (Monk et al. 1998). However, the tox-
icity profile is advantageous. Carboplatin has
greater chemical stability than cisplatin and
longer half-lives of ultrafilterable platinum. The
terminal half-lives are comparable (5-6 days).
It forms a similar spectrum of DNA adducts as
cisplatin with slightly different sequence prefer-
ences (Blommaert et al. 1995). In order to obtain
equivalent DNA platination levels, higher con-
centrations of carboplatin are needed. The sen-
sitivity of squamous cell carcinoma cell lines
to carboplatin differs at least by a factor of 4
(pekkola-Heino et al. 1992). In these experi-
ments, no cross-resistance was observed between
inherent radiosensitivity and chemosensitiv-
ity. When administered 1 h before irradiation to
carboplatin-sensitive cell lines, additive effects
were observed.

Carboplatin enhances the production and per-
sistence of radiation-induced DNA single-strand
breaks (Yang et al. 1995) and reduces cell survival
after radiation treatment measured by clonogenic
assays (supraadditive effect) (Scalliet et al. 1999).
In two cell lines proficient in both excision repair
and DNA double-strand break repair, and in a cell
line deficient in nucleotide excision repair, carbo-
platin before and during irradiation enhanced
radiation-induced cell killing (Yang et al. 1995).
In air and under hypoxic conditions, the enhance-
ment was characterized as both a reduction in the
shoulder region of the survival curves (reduced
Dq) and a reduction in DO in the terminal region
of the survival curves. Only the latter effect was
observed in a cell line deficient in DNA double-
strand break repair. Enhancement ratios ranged
from 1.3 to 1.7, irrespective of oxygenation. Drug
levels sufficient to produce cytotoxicity by them-
selves were required for the effect of radiation
enhancement. In the extreme case, only 1/30 of
the drug concentration required for other cell lines
produced enhanced cell killing, as seen in the
intrinsically sensitive UV41 cells. In a mouse
model of Ehrlich ascites tumors, combined treat-
ment was compared to a single dose of carbopla-
tin alone and a single dose of radiation alone.

Tumor growth delay was better with simultaneous
combined treatment than each modality alone
(Aratani et al. 1997). In mouse lip mucosa there
was no influence of carboplatin on the response to
single-dose irradiation, the capacity to repair sub-
lethal radiation damage, and the ability to repopu-
late (Landuyt et al. 1987).

6.3 Oxaliplatin

Oxaliplatin (1,2-diaminocyclohexaneoxalato
platinum (II)) is a third-generation lipophil plati-
num drug. The drug has less hematological toxic-
ity and lacks nephrotoxicity. The dose-limiting
side effect is peripheral neurotoxicity. The parent
compound undergoes hydrolysis to form the
effective reactive species. Cisplatin-resistant cell
lines tend not to be resistant to oxaliplatin.
Furthermore, oxaliplatin was more effective in
several animal tumor models. Despite the fact
that oxaliplatin forms covalent adducts with
DNA that have similar sequence and region spec-
ificity to those formed by cisplatin, they are more
cytotoxic (Pendyala and Creaven 1993;
Woynarowski et al. 1998). It has been shown that
cellular proteins, for example, mismatch repair
proteins, recognize oxaliplatin adducts differen-
tially and that the effects of oxaliplatin when
compared to cisplatin are less dependent on intact
mismatch repair (Raymond et al. 2002). Further
differences exist regarding postreplicative bypass
mechanisms. DNA polymerase beta and eta cata-
lyze translesion synthesis past certain oxaliplatin
adducts with greater efficiency than past cisplatin
adducts. Further data provide a link between
oxaliplatin sensitivity and DNA repair involving
DNA polymerase beta, the major DNA poly-
merase involved in base excision repair (Yang
etal. 2010). Like cisplatin, interstrand cross-links
appear to be important toxic lesions caused by
oxaliplatin (Wu et al. 2004).

Oxaliplatin showed synergistic effects with
5-FU as well as radiosensitization in human colon
cancer cells (Kjellstrom et al. 2005; Folkvord et al.
2008). Additional data suggest that these effects
might vary with p53 status of the colon cancer cell
line (Magne et al. 2003). In p53 wild type SW403
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cells, additive-synergistic effects were observed
when the best sequence was administered, that is,
irradiation 2 h before or at mid-drug application.
Oxaliplatin was given over 2 h followed by 5-FU/
folinic acid over 24 h. In p53-mutated WiDr cells,
additive-antagonistic effects were seen, irrespec-
tive of sequence. Radiosensitization was also found
in head and neck cancer cell lines (Espinosa et al.
2005). Oxaliplatin sensitized human HelLa and
SiHa cells to ionizing radiation (Yang et al. 2009).
In this model, drug pretreatment enhanced the cell
cycle arrest in the G2/M phase and the radiation-
induced mitotic catastrophe. Oxaliplatin modu-
lated radiation-induced DNA double-strand breaks,
as indicated by delayed abrogation of gamma-
H2AX, attenuation of radiation-induced phosphor-
ylation of ataxia telangiectasia-mutated kinase, and
checkpoint kinase 2. In vivo data generated with
transplanted mammary adenocarcinoma, but with
the disputable endpoint of tumor growth delay
rather than cure, suggest that sequence and time
interval of radiation treatment and oxaliplatin do
not influence the results for single-dose treatments
(10 Gy and 6 or 10 mg/kg) (Cividalli et al. 2002).
With 10 daily fractions of 2 Gy, however, the drug
increased the efficacy of radiation treatment better
when administered only twice during the treatment
course as compared to daily.

7 Combined Modality
Reirradiation

Two major examples where reirradiation often is
combined with concomitant chemotherapy are
head and neck tumors and rectal cancer. As
already discussed, a therapeutic gain is expected
on the basis of different models and extrapolation
of results from first-line treatment approaches.
With regard to the latter, there have been several
meta-analyses of randomized trials performed
suggesting a survival benefit with use of concur-
rent chemotherapy with external beam radiother-
apy in head and neck cancer (Munro 1995;
El-Sayed and Nelson 1996; Pignon et al. 2000,
2009). Among these meta-analyses, one was
based on the collection of updated individual
patientdata. This Meta-Analysis of Chemotherapy

Table 1 Agents that have been used in published reirra-
diation studies

Cisplatin, carboplatin

Docetaxel, paclitaxel

Lomustine, fotemustine

Temozolomide

Gemcitabine

Hydroxyurea

5-Fluorouracil, capecitabine

Topotecan

in Head and Neck Cancer (MACH-NC) previ-
ously confirmed a survival benefit for concurrent
radiochemotherapy and was later updated to
include 24 new trials. This update reconfirmed
the benefit of concurrent treatment for patients
with locoregionally advanced disease, yielding
an HR of 0.81 (p<0.001), with an absolute sur-
vival benefit of 8 % at 5 years. The 5-year abso-
lute benefits associated with concomitant
chemotherapy were 8.9 %, 8.1 %, 5.4 %, and 4 %
for oral cavity, oropharynx, larynx, and hypo-
pharynx tumors, respectively (Blanchard et al.
2011). The investigators found no significant dif-
ference between mono- and poly-chemotherapy
regimens used concurrently. The benefit was
found to be more pronounced for platinum-based
combinations with or without 5-FU. In addition,
the benefit of adding chemotherapy was more
significant in younger patients and progressively
decreased to become non-detectable beyond the
age of 70. Together, these data support the use of
concurrent radiochemotherapy as a standard of
care first-line treatment option for stage III and
IV head and neck cancer patients who can toler-
ate systemic chemotherapy.

In the reirradiation setting, such high-quality
randomized trials or even meta-analyses of ran-
domized trials comparing reirradiation with reir-
radiation and chemotherapy are lacking.
Therefore, the question arises whether or not the
theoretical advantages of combined modality
treatment are detectable in the published litera-
ture. Table 1 summarizes the recently published
head and neck cancer reirradiation trials that
might shed some light on this question. The trials
are basically retrospective in nature, of limited
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size and thus underpowered, included heteroge-
neous patient groups with tremendous variation
in tumor biology and size, and applied quite indi-
vidual treatment. Often, second primary tumors
and locoregional relapses are lumped together.
Between 20 and 92% of the patients received
chemotherapy along with reirradiation, the others
reirradiation alone. Unexpectedly, no major
impact of the combined approach is obvious,
regardless of endpoint. However, none of the tri-
als was really designed to prove the superiority of
radiochemotherapy in this setting. The lack of
efficacy might just reflect selection bias. More
favorable patient groups might have received
reirradiation alone, the others combined treat-
ment. Alternatively, chemotherapy might not
have improved the outcome, for example, because
many patients were reexposed to platinum-based
regimens, which they already had received dur-
ing previous treatment, or because the drugs did
not gain sufficient access to the tumor cells
(altered perfusion and microenvironment after
previous therapy, increased fibrosis, see Fig. 5).

A small study in squamous cell head and neck
cancer with 29 patients (no second primaries
included) who received reirradiation with
platinum-based chemotherapy was published by
Nagar et al. (2004). The median dose was only
34 Gy. This study suggested better efficacy in
patients previously, that is, in first line, treated
with radiation alone as compared to radiochemo-
therapy and that rechallenge with platinum-based
combination treatment might not work very well.
Theoretically, agents with different modes of
action might be preferable (Table 2). The highest
level of evidence results from a small phase II
randomized trial in patients with recurrent naso-
pharyngeal cancer (Guan et al. 2016). These rela-
tively young patients were required to have KPS
>70 and minimum time interval of 6 months. All
69 patients received IMRT (27 fractions of
2.2 Gy, total dose 60 Gy, inclusion between 2002
and 2008). The investigational arm also received
weekly cisplatin 30 mg/m?. Despite the small
sample size, overall survival was the primary
endpoint. Median follow-up was 35 months.

Fig.5 Computed tomography scan of a patient with recur-
rent squamous cell carcinoma of the oropharynx. Note the
large lymph node metastasis which contains necrotic areas
(white arrow). The inserted cartoon is an example of histo-
logical and molecular heterogeneity within a recurrent
tumor. / tumor subvolume with insufficient blood perfusion

resulting, for example, in hypoxia or poor access of sys-
temically administered drugs. 2 cells that are primarily
resistant to the mechanism of a given drug. 3 cells with
acquired resistance. 4 cells that can be killed by drug treat-
ment. 5 cells that can be killed by radiation. 6 cells that can
be killed by combined radiation and drug
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Most patients had rT3-4 NO tumors and median
volume was 28 and 29 cm’, respectively. Initial
treatment was mostly 2-D radiotherapy alone, but
29% had received radiochemotherapy before
(regimens not reported in detail). In the investiga-
tional arm, more patients developed mucositis
and grade 3—4 hematological toxicity. Late toxic-
ity was not significantly increased. Survival was
significantly better in the combined modality
arm. In multivariate analysis, survival was asso-
ciated with age, r'T stage, clinical stage, and treat-
ment arm. These analyses did not include
comparisons of initial radiotherapy alone vs.
radiochemotherapy.

Overall, it is desirable to perform sufficiently
large prospective randomized trials that confirm
many institutions’ current clinical practice of reir-
radiation and chemotherapy. Such trials will also
have to address another hypothesis derived from a
previous study (Salama et al. 2006). In that study,
seven consecutive phase I-II studies at the
University of Chicago were compared. A total of
115 patients with squamous cell carcinoma of the
head and neck including some patients with sec-
ond primary tumors were included. The protocols
mandated that each patient be treated on 14-day
cycles. During each cycle, radiochemotherapy was
delivered on days 1-5, followed by a 9-day break.
The study suggested a potential benefit from tri-
ple-agent chemotherapy as compared to 5-FU and
hydroxyurea combination. The third agent was
either cisplatin, gemcitabine, or paclitaxel.
Obviously, toxicity of triple-agent chemotherapy
might limit the applicability of this strategy in a
considerable number of patients. Less toxic alter-
natives are therefore desirable. Ideally, future
research will include phase I trials examining
combinations with new agents such as the trial by
Van Waes et al. (2005), which found that reirradia-
tion with concurrent twice weekly bortezomib in
patients with recurrent head and neck squamous
cell carcinoma was not feasible at the drug doses
studied. Given the limited efficacy and at least in
part considerable toxicity of reirradiation with
chemotherapy, the examination of new and hope-
fully less toxic agents in such trials is warranted.

Cetuximab, a drug interfering with the epider-
mal growth factor receptor (EGFR) pathway, has

shown encouraging results in first-line head and
neck cancer radiotherapy (Bonner et al. 2010).
This has led several investigators to explore the
drug in the setting of reirradiation (Tanvetyanom
et al. 2009; Unger et al. 2010; Heron et al. 2011),
albeit without formal prospective trials. More
details on reirradiation and cetuximab have
recently been reported (Dornoff et al. 2015). The
authors retrospectively compared 3-D conformal
external beam reirradiation combined with cetux-
imab for patients with inoperable and recurrent
squamous cell carcinoma of the head and neck in
33 patients to another group of 33 patients who
received cisplatin+5-FU. Overall, 62 patients
were eligible for both compounds. The decision
for or against cisplatin was based on patient or
physician preference. The median radiation dose
was 50.4 Gy in 1.8-Gy fractions. Baseline char-
acteristics were similar, except for a trend toward
younger age in the cisplatin group. Seventy-six
percent had previously been exposed to simulta-
neous chemotherapy for their primary tumors,
but none to cetuximab. Previous chemotherapy
was not associated with any survival difference.
Both compounds resulted in similar overall sur-
vival, local control, and freedom from metasta-
ses. Hematological toxicity>grade 3 occurred
more often in the cisplatin group, pain>grade
3 in the cetuximab group, p<0.05 for both.
Hypofractionated  stereotactic ~ radiotherapy
(mostly 4044 Gy in five fractions) has also been
used in conjunction with cetuximab (Heron et al.
2011). This matched case-control study suggests
that cetuximab might improve local control and
survival as compared to radiotherapy alone, but
includes only 35 patients treated with combined
modality. From July 2007 to March 2013, Vargo
et al. (2015) treated 50 patients with inoperable
locoregionally confined recurrent squamous cell
carcinoma of the head and neck in the context of
a phase II protocol. All tumors were located
within a previously irradiated field receiving
>60 Gy. Concurrent cetuximab plus stereotactic
radiotherapy was given (40-44 Gy in five frac-
tions on alternating days over 1-2 weeks).
Primary endpoints were 1-year locoregional
progression-free survival (PFS) and toxicity.
Median follow-up for surviving patients was 18
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months. The 1-year local PFS rate was 60 %,
locoregional PFS was 37 %, distant PFES was
71 %, and PFS was 33 %. The median overall sur-
vival was 10 months, with a 1-year overall sur-
vival of 40 %. Acute and late grade 3 toxicity was
observed in 6 % of patients respectively. Another
phase II study was reported by Lartigau et al.
(2013). Patients with inoperable recurrent, or
new primary tumor in a previously irradiated
area, were included. Reirradiation dose was
36 Gy in six fractions of 6 Gy to the 85 % isodose
line covering 95 % of the planning target volume
with concomitant cetuximab. Forty-eight percent
had previous chemotherapy. The study included
60 patients (three were not treated and one
received only cetuximab). Mean time between
previous radiotherapy and reirradiation was 38
months. There was one toxic death from hemor-
rhage and malnutrition. Median follow-up was
11.4 months. The 1-year survival rate was 47.5 %,
comparable to the results reported by Vargo et al.
(2015). These single-arm studies did not provide
compelling evidence for combined modality
therapy. Other authors reported similar 1-year
survival rates with reirradiation alone (Yamazaki
et al. 2015) or no impact of systemic therapy in
mixed patient groups (Kress et al. 2015).

Erlotinib has also been examined in the phase I
setting (Rusthoven et al. 2010). This tyrosine
kinase inhibitor interacts with the EGFR pathway.
Six of 14 patients had new primary tumors, the
others recurrent disease. Erlotinib treatment
started 7 days before reirradiation (66 Gy in 2.2 Gy
fractions in the final patient cohort). The median
time for administration of the drug was 4.1 months.
Acute grade 3 radiation-associated toxicity devel-
oped in 85 % of patients. Nevertheless, the authors
reported that concurrent and maintenance erlotinib
(150 mg daily) was feasible. Median survival and
progression-free survival was 15 months and
7.8 months, respectively.

A phase I study examined bevacizumab, an
inhibitor of the vascular endothelial growth fac-
tor (VEGF) pathway, added to 5-FU and hydroxy-
urea concomitant to radiotherapy (1.8-2 Gy per
fraction) in poor prognosis head and neck cancer
(Seiwert et al. 2008). Dose escalation of bevaci-
zumab and 5-FU/hydroxyurea were performed

sequentially. Cohorts of 3-6 patients were
enrolled at each dose level. Treatment was admin-
istered as described by Salama et al. (2006), that
is, 14-day cycles. During each cycle, radioche-
motherapy was delivered on days 1-5, followed
by a 9-day break. Bevacizumab was given on day
1. The trial enrolled 43 patients including an
expanded cohort after closure of phase I. The
expanded cohort was treated with 10 mg/kg beva-
cizumab, 600 mg/m? 5-FU, and 500 mg hydroxy-
urea. Twenty-nine patients had received prior
radiation. The median time interval was
18.4 months (minimum 4 months). The median
initial radiation dose was 63 Gy. The median reir-
radiation dose was 70 Gy. Overall, 7 of 43
patients died during or shortly after therapy (5 in
the expansion cohort), of which some events
were possibly treatment related. The rate, timing,
and severity of fistulas reported with this regimen
were of concern. Median survival in the reirradi-
ated patients was 9.2 months. However, some
patients had known distant metastases. After
exclusion of these patients, median survival was
10.3 months (2-year survival 17 %). Fourteen
reirradiated patients experienced recurrence
(eight distally, four locoregionally, two both). It
is therefore unclear whether antiangiogenic
agents improve the therapeutic ratio of reirradia-
tion. The role of bevacizumab in recurrent brain
tumors is discussed elsewhere in this book.
Regarding rectal cancer, 5-FU has been the
most commonly used single chemotherapeutic
agent during the last five decades. Since its syn-
thesis in 1957 by Heidelberger (Heidelberger
et al. 1957), the metabolism and mechanism of
action of 5-FU have been studied in detail. 5-FU
enters a complex anabolic process that accounts
for cytotoxicity at the cellular level by interfering
with normal DNA and RNA function.
Heidelberger et al. also initially discovered that
the addition of 5-FU to radiation in rodent tumors
markedly enhanced the effects of radiation ther-
apy (Heidelberger et al. 1958). Based on these
early preclinical data, Moertel et al. administered
5-FU with radiation to patients with gastrointesti-
nal cancers and noted significant activity (Moertel
et al. 1969). The pioneering contribution to the
use of combined radiotherapy and 5-FU was
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made by Byfield et al., who demonstrated that
5-FU radiosensitization resulted from specific
time and concentration factors. The sensitizing
effects of 5-FU in vitro are maximal when its
exposure occurs for at least 24 h and up to 48 h
after the radiation exposure, thus supporting a
prolonged 5-FU exposure approach when given
with fractionated irradiation (Byfield et al. 1982).
Historically, the combination of postoperative
radiotherapy and 5-FU-based chemotherapy has
been shown in several randomized trials to reduce
local recurrence rates and to improve overall sur-
vival compared with surgery alone or surgery
plus postoperative radiotherapy. The NCI
Consensus Conference concluded in 1990 that
combined radiochemotherapy was the standard
adjuvant treatment for patients with TNM stages
II and III rectal cancer (NIH consensus confer-
ence 1990). NCCTG trial 864751 tested the best
method of administering 5-FU during radiother-
apy: Bolus 5-FU (500 mg/m? for 3 days during
weeks 1 and 5 of radiation therapy) was com-
pared with continuous infusion (225 mg/m? dur-
ing the whole course of radiotherapy). A 10%
disease-free and overall survival advantage was
achieved with continuous infusion 5-FU
(O’Connell et al. 1994). The interest in preopera-
tive radiochemotherapy for resectable tumors of
the rectum is based not only on the success of the
combined modality approach in the postoperative
setting, but also on many radio- and tumorbio-
logical advantages of the preoperative approach.
Among those are downsizing effects that possi-
bly enhance curative surgery in locally advanced
disease, and sphincter preservation in low-lying
tumors. Prospective randomized trials comparing
the efficacy of preoperative with standard
postoperative radiochemotherapy in stage II and
IIT rectal cancer were initiated both in the United
States through the Radiation Therapy Oncology
Group (RTOG 94-01) and the NSABP (R-03) as
well as in Germany (Protocol CAO/ARO/AIO-
94). Unfortunately, both US trials suffered from
lack of accrual and were closed prematurely. The
German study has been completed with more
than 820 patients included. Compared with post-
operative radiochemotherapy, the preoperative
combined modality approach was superior in

terms of local control, downstaging, acute and
chronic toxicity, and sphincter preservation in
those patients judged by the surgeon to require an
abdominoperineal resection (Sauer et al. 2004).
Reirradiation of rectal cancer is typically per-
formed with concomitant continuous infusion
5-FU or the newer alternative capecitabine.
Treatment might be performed preoperatively or
with palliative intent. The current practice is
extrapolated from first-line experience. As with
head and neck cancer, it is unclear whether com-
bined modality treatment is superior because
adequate prospective clinical trials are lacking in
the reirradiation setting. The integration of new
agents (or agents that have not been used during
first-line treatment) such as oxaliplatin, EGFR
inhibitors, and angiogenesis inhibitors is at the
beginning. Systematic data are not available yet.

As shown in Table 3, several small studies
suggest a potential advantage of reirradiation
together with sequential chemotherapy in differ-
ent types of central nervous system tumors. The
data from the Japanese germinoma study are cor-
roborated by another small series (eight patients)
of platinum-based chemotherapy followed by
focal, reduced-dose irradiation (Douglas et al.
2006). Two patients suffered marginal (at field
edge) failures and both were salvaged using rein-
duction platinum-based chemotherapy followed
by cranial spinal irradiation and a boost to the
primary tumor. The 5-year actuarial overall sur-
vival was 100 %. Nevertheless, due to concerns
about study size and design, no firm conclusion
about the role of reirradiation and sequential che-
motherapy can be drawn.

In a study of reirradiation and hyperthermia
for irresectable recurrent breast cancer, which
included 248 patients, local control was not asso-
ciated with receipt of prior chemotherapy or hor-
monal therapy or continuation of hormonal
therapy during local treatment (Linthorst et al.
2015).

There has been a long-lasting interest in pre-
diction of individual response and this interest is
of particular importance in the reirradiation set-
ting, where certain proportions of patients fail to
respond and the toxicity risk might be higher than
in first-line treatment. Treatment monitoring
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early during a course of chemotherapy or radio-
chemotherapy by means of positron emission
tomography, diffusion magnetic resonance imag-
ing, and other biological imaging methods has
shown promising results (Weber 2005; Schoder
and Ong 2008; de Geus-Oei et al. 2009; Kim
et al. 2009; Joye et al. 2014; Jentsch et al. 2015).
Nevertheless, treatment individualization, also
with regard to normal tissue toxicity and drug
metabolism, for example, based on single nucle-
otide polymorphisms, continues to be an area of
active investigation (Nuyten and van de Vijver
2008; Hummel et al. 2010; Kang et al. 2015;
Volm and Efferth 2015). Complexity is added to
this area by tissue changes resulting from previ-
ous treatment.

Conclusion

Although the combination of chemotherapeu-
tic agents and ionizing radiation is of high
relevance in diverse clinical settings, its role
in reirradiation regimens and the underlying
cellular and molecular mechanisms are only
understood to a limited degree. Compared
with the systematic experimental models used
for development of first-line combinations
and their evaluation through a classic series of
clinical trials including randomized phase I1I
studies, development of sound combination
regimens for reirradiation is in its infancy.
The clinical situation is complicated by more
heterogeneous tumors with changes in physi-
ological and microenvironmental parameters
over time and quite variable pretreatment
approaches, time intervals, irradiated vol-
umes, etc. A gradual refinement of commonly
administered regimens was achieved in sub-
sequent small clinical trials rather than pre-
clinical studies. While drug treatment evolved
over time, the same holds true for advances in
radiation treatment, for example, increasing
use of IMRT. In addition, various fraction-
ation schedules are in use. The impact of frac-
tion size on radiosensitizing effects in the
reirradiation setting is quite unclear. Thus, the
ultimate goal of feasible and effective regi-
mens in all patients treated with curative aim
requires further substantial advances. In the

palliative setting, systematic research is also
needed, although the aim of treatment often
might be achieved without adding drugs to
reirradiation.
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Abstract

Re-irradiation is probably the most challenging
situation in radiotherapy because the radiation
tolerance of the normal tissue is significantly
reduced compared with the first treatment
series. Results with traditional radiotherapy
techniques have been disappointing because of
the poor conformality of the dose distributions:
radiation doses were either insufficiently low
resulting in poor rates of tumor control or sub-
stantial toxicity was the consequence of high-
dose re-irradiation. This chapter will focus on
modern techniques of radiation treatment plan-
ning and delivery, which make improved spar-
ing of the normal tissue possible. All techniques
will be discussed in the context of re-irradiation
and theoretical and clinical data supporting the
use of these technologies will be presented.
Palliative reirradiation to moderate doses might
be feasible without using advanced technology.
However, under many circumstances 2D or 3D
conformal approaches cannot fulfill the required
normal tissue constraints. The present chapter
discusses the advantages and challenges associ-
ated with more complex planning and delivery
methods.
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1 Introduction: Errors, Margins 1.2 Uncertainties in Radiotherapy
and Compensation and Compensation Strategies
Strategies in Radiotherapy
The target volume concept in the reirradiation
1.1 Rationale for Advanced situation is in principle not different to primary

Technologies
in the Reirradiation Situation

Reirradiation is probably the most challenging
treatment in the radiotherapy field. The radiation
tolerance of the normal tissue is reduced compared
to the first radiotherapy series unless complete
repair of the radiation damage has occurred. Partial
recovery has been suggested for some organs such
as the spinal cord: Experiments on rhesus mon-
keys with two courses of radiotherapy (doses of
>50 Gy in each course with intervals between 1
and 3 years) showed low rates of myelopathy (Ang
et al. 2001), and preliminary clinical patient data
support the hypothesis of recovery of the spinal
cord (Nieder et al. 2006). However, this is unlikely
for the majority of normal tissues after a first
course of radiotherapy with a curative radiation
dose, despite there being very limited data in the
literature. Consequently, the need for effective
sparing of critical normal tissue is even more
important compared to primary radiotherapy.
Because of this reduced radiation tolerance of
the normal tissue in the situation of a loco-
regional recurrence after primary radiotherapy,
one could either reduce the maximum dose such
that an acceptable risk of toxicity is met or reduce
the exposure of the normal tissue best as possible
by minimizing the irradiated volume and maxi-
mizing the conformity of the dose distributions.
New technologies in radiation oncology have
always been utilized early after their clinical intro-
duction for the purpose of reirradiation as a means
to deliver clinically effective doses to the recurrent
tumor with optimal dose reduction for the preir-
radiated normal tissue (Mantel et al. 2013; Chao
et al. 2000; Loeffler et al. 1990). Although there is
little literature available on the use of novel tech-
niques specifically for reirradiation, this book
chapter covers general aspects of target volume
definition and radiation delivery in the reirradia-
tion situation and demonstrates the potential
improvement by advanced technologies.

radiotherapy and described in the ICRU reports
50 and 62 (ICRU 1993, 1999) (Fig. 1). The mac-
roscopic tumor is defined as the gross tumor vol-
ume (GTV), and safety margins depending on
histology and cancer site are applied for genera-
tion of the clinical target volume (CTV).
Variations in shape, volume, and position of the
CTYV, for example, due to variable filling of hol-
low organs or due to breathing motion, are
compensated via so-called internal margins,
resulting in the internal target volume (ITV).
Additional margins are then applied to ensure
that the CTV is always exposed to the prescribed
treatment dose, resulting in the planning target
volume (PTV); setup uncertainties of patients
contribute most significantly to these margins. If
adequate dose coverage of the PTV is intended,
all irradiating techniques deliver some dose out-
side the PTV, resulting in further increased irradi-
ated volumes of normal tissue. Uncertainties are
summarized in Table 1.

In recent years, multiple advanced technolo-
gies were introduced into radiotherapy treatment
planning and delivery all owing the potential to

Fig.1 Target volume concept according to ICRU 62: gross
tumor volume (G7V); clinical target volume (CTV); inter-
nal target volume (/7V); planning target volume (P7V)
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Table1 Uncertainties in radiotherapy treatment planning
and delivery

GTYV stage Inter- and intra-observer variability
of target volume definition
Sensitivity and specificity of imaging
modality
PTV Patient motion
stage—intra- | Target motion due to:
fractional Breathing
Heartbeat
Changes of the filling of hollow
organs
PTV Patient setup:
stage—inter- Rigid setup errors
fractional

Nonrigid setup errors

Shift of the target position due to:

Changes of the filling of hollow
organs

Changes of the breathing pattern

s

Complex changes of the patients
anatomy (e.g., atelectasis,
effusions, etc.)

GTYV regression/progression

Weight loss of the patient

reduce the margins described above resulting in
reduced volumes of normal tissue exposed to
mid- and high doses.

GTYV Stage Reduction of the GTV is certainly
not possible, but modern imaging for target defi-
nition using, for example, MRI, SPECT, or
PEt allows for more precise and reproducible
definition of the recurrent cancer with especially
improved differentiation between postirradiation
or postsurgical fibrosis and active tumor.

CTV Stage There are no data on the micro-
scopic extension in the situation of loco-regional
recurrences after a prior course of radiotherapy.
However, it has been suggested, for example, for
reirradiation of head-and-neck cancer, that the
pattern of treatment failure after confining the
target volume to the recurrent GTV with tight
safety margins is in-field, which limits the poten-
tial benefit of elective nodal irradiation or irradia-
tion of larger volumes where microscopic spread
is assumed (Popovtzer et al. 2009). Additionally,
the target volume concept needs to be adapted to

the individual patient-specific situation: Different
target volumes concepts can be considered in
patients, where reirradiation intends short-term
palliation or where a curative intend is followed.

PTV Stage, Intrafractional Uncer-
tainties Changes of the target position during
the treatment fraction may have several reasons:
patient motion, breathing motion, cardiac motion,
peristaltic motion, and changes of the filling of
hollow organs. Depending on the target location
and depending on patient individual factors, the
above listed uncertainties reach different magni-
tudes and the contribution of each factor to the
total intrafractional uncertainty varies signifi-
cantly. For example, breathing motion is the
dominant uncertainty in the thoracic region but
may vary from few millimeters to 3 cm between
patients. Management of intrafractional motion
is highly challenging because of the short times-
cale of these uncertainties (e.g., cardiac motion
with >1 Hz) as well as the random, unpredictable
nature of motion (e.g., patient motion).

PTV Stage, Interfractional Uncer-
tainties Uncertainties of the target position
between treatment fractions influence safety mar-
gins significantly. The technique of stereotactic
radiotherapy has been developed in the 1960s for
high-precision radiotherapy of intracranial
lesions (Leksell 1951, 1968), and this technique
achieved an accuracy of patient setup with resid-
ual errors in the range of 1 mm. In the 1990s, the
stereotactic principle of patient setup was trans-
ferred to the extracranial region, called stereotac-
tic body radiotherapy (SBRT) (Lax et al. 1994).
Recently, the need for external coordinates in ste-
reotactic radiotherapy, both cranial and extracra-
nial, has been questioned due to the availability
of image guidance (IGRT) (Verellen et al. 2007),
which allows verification of the target position
prior to each treatment fraction. Besides changes
of the target position, systematic changes of
tumor volume and shape (regression or progres-
sion) and of the normal tissue (e.g., changes of
pleural effusion and atelectasis; weight loss of
the patient) have been observed during a fraction-
ated course of radiotherapy. Adaptation of the
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treatment plan to these systematic changes in an
adaptive feedback loop is currently a focus of
research.

Choice of Irradiation Technique It is impor-
tant to adjust the irradiation technique to the indi-
vidual patient case with location of the recurrent
tumor, size and volume of the PTV, the type of
normal tissue in relationship to the recurrence,
and dose distribution of the previous treatment
course being the most important factors. Kilo-
voltage X-rays or electrons may be considered
for superficial recurrences and brachytherapy in
cases, where implantation of the catheters in a
suitable geometry or intraoperatively is reason-
able. The standard delivery methods for photon
reirradiation are currently intensity-modulated
arc techniques such as volumetric modulated arc
therapy (VMAT) or RapidArc, which can provide
more conformal dose distributions than
3D-conformal techniques (Stieler et al. 2011).
Protons and heavy ions offer distinct physical
and biological advantages over photons which
allow to reduce the dose to normal tissue.
Although these properties are of particular inter-
est in the reirradiation situation, there is only lim-
ited data on the use of particle therapy for
reirradiation published (Plastaras et al. 2014).

1.3 Safety Margins

in Radiotherapy

Despite all technological progress, the clinical
application of radiotherapy will never be without
errors or uncertainties at the planning and deliv-
ery stage. Consequently, margins always have to
be added to the CTV or GTV if adequate cover-
age of this target volume is intended. Most impor-
tant is the differentiation between systematic and
random errors (Fig. 2). A systematic error affects
all treatment fractions in an identical way and
will result in a systematic difference between the
intended and delivered dose distribution. An
example is target delineation, where a certain part
of the tumor is excluded from the target volume
because of false-negative imaging for treatment
planning. Random errors may affect all treatment
fractions as well; however, all errors are centered
around the planned position. It is the systematic
error component which is most important and
which should be minimized with highest effort in
the primary and the reirradiation situation. The
contribution of the random error component to
the overall uncertainty and consequently to the
overall safety margin is significantly smaller.
The most commonly used margin concept
is a population-based probabilistic concept:
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Fig.2 Random (left) and systematic (right) uncertainties in radiotherapy treatment
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Population based
PTV margin

Monitoring of
patient specific
uncertainties

Adapted patient
specific PTV

Fig. 3 Work flow of patient individual adaptation of
safety margins: (1) Start of treatment with population-
based margins; (2) assessment of patient individual uncer-
tainties; and (3) adaptation of safety margins to the
patient’s individual errors

Application of a certain margin around the target
volume ensures that the target volume is treated
with at least 95% of the prescribed dose in
90 % of the patient population (van Herk 2004).
Systematic and random errors of all stages of
radiotherapy need to be quantified for a patient
population, and these data are used for calcula-
tion of population-specific safety margins. A dif-
ferent concept aims at adaptation of the safety
margins to the individual, patient-specific uncer-
tainties (Yan et al. 1997): Uncertainties are quan-
tified at the beginning of the treatment course
for each patient, and the safety margins and
treatment plans are then adapted for the follow-
ing treatment fractions based on the individual
uncertainties (Fig. 3).

In the following of this chapter, we will focus
in more detail on the distinct technological

advances in external beam radiotherapy and
discuss their potential role in the situation of
reirradiation.

2 Imaging for Reirradiation

The integration of modern imaging modalities
such as CT, MRI, and PET in the treatment plan-
ning process has become common practice; how-
ever, major advances in more specific imaging
technologies have evolved in the last decade,
requiring the radiation oncologist to have a
detailed understanding of possibilities and limita-
tions of these novel diagnostic modalities.
Interdisciplinary discussion with radiologists or
nuclear medicine specialists should lead to opti-
mal integration of these modalities into the treat-
ment planning process. Especially the
development of image fusion software has sig-
nificantly advanced in recent years, which was
mainly driven by the radiooncological commu-
nity; we are likely the specialty making greatest
clinical use of image fusion, often more so than
diagnostic radiologists themselves. Detailed dis-
cussion of imaging modalities for the different
cancer sites is beyond the scope of this chapter
and will be performed in the dedicated chapters
of this book. Some important generalized points
should be considered:

In the reirradiation situation, the radiation
oncologist is frequently confronted with imaging
results, which are significantly different to the
situation of the primary irradiation (Meerwein
et al. 2015): The normal anatomy is substantially
altered after repeated surgical interventions and
after prior radiotherapy. Especially differentia-
tion between postsurgical/postradiotherapy scar-
ring and recurrent tumor is difficult in many
cancer sites: Our morphological imaging tech-
niques of CT and standard MRI sequences are
frequently limited in this situation. Additionally,
we as radiation oncologists do not only need to
differentiate between scarring tissue and recur-
rent tumor on a diagnostic level (yes or no) but
must accurately delineate the recurrence in three
dimensions for conformal treatment planning.
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Fig. 4 A 79-year-old patient was treated with standard
radiochemotherapy (60 Gy and Temozolomide) to a left
frontal glioblastoma. Twelve months later a local recur-
rence was surgically removed. While the surgeons reported
gross total resection, post-OP MRI (within 2 days) showed
residual tumor at the very frontal pole (left image). The

The potential advantage of advanced imaging
modalities in this situation will be demonstrated
exemplarily in two cancer sites.

Malignant gliomas most frequently recur
locally within a distance of about 2 cm to the pri-
mary lesion, which makes differentiation of recur-
rent cancer and posttherapeutic changes, especially
radiation necrosis, difficult. Amino acid PET
imaging in addition to standard MRI imaging was
shown to increase sensitivity and especially speci-
ficity in diagnosis, grading, and determination of
tumor extension of malignant gliomas (Pauleit
et al. 2005; Hatakeyama et al. 2008). In the situa-
tion of recurrent malignant gliomas, amino acid
PET imaging improved the accuracy for differen-
tiation between radiation necrosis and recurrent
tumor (Terakawa et al. 2008). Early clinical results
suggest that integration of this biological informa-
tion into target definition in primary radiotherapy
and reirradiation of malignant gliomas alters the
target volume in a significant proportion of the
patients (Riekenetal.2013; Munck AfRosenschold
et al. 2015; Lee et al. 2009). Additionally, amino
acid PET uptake kinetics before reirradiation have
shown to be of prognostic value (Niyazi et al.
2012), and the use of PET-based “biological” tar-
get volumes may even improve clinical outcome
(Grosu et al. 2005) (Fig. 4).

After anterior resection or abdominoperineal
resection for rectal cancer, the differentiation

hyperintense region at the posterior of the tumor cavity was
attributed to blood. FET-PET however showed marked
activity in the dorsal region while the frontal region was
inactive (middle image). The contrast-enhanced planning
CT shows no residual disease (right image). Yellow GTV
MRI, Blue GTV PET, Red PTV surrounding both regions

between fibrotic masses in the presacral operative
bed and a local tumor recurrence is extremely
challenging with conventional CT imaging (Lee
et al. 1981). This requires the use of further imag-
ing modalities for accurate target volume delinea-
tion for reirradiation: Magnetic resonance imaging
of recurrent rectal cancer may help to determine
infiltration into pelvic structures (Dresen et al.
2010), and dynamic contrast-enhanced imaging
may predict RO resection (Gollub et al. 2013).
FDG-PET imaging was reported to allow differ-
entiation between benign scarring tissue and a
locally recurrent rectal cancer with high sensitiv-
ity and specificity (Ito et al. 1992), and combined
PET/CT imaging was shown to further improve
the accuracy by avoiding the misinterpretation of
displaced pelvic organs as recurrent tumor (Even-
Sapir et al. 2004). Integration of this functional
imaging into radiotherapy treatment planning
with a focal dose escalation in volumes of
increased FDG-PET activity has been reported
recently (Jingu et al. 2010).

In principle, the requirements for imaging in
preparation for reirradiation are comparable to those
necessary for high-precision radiotherapy in the pri-
mary setting. Here also, there should be no compro-
mise in utilizing possibilities of treatment volume
definition as both marginal misses and sequelae due
to unnecessarily large treatment volumes are of spe-
cial issue in the reirradiation situation.
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3 Photon External Beam
Radiotherapy
3.1 Conventional Two-

Dimensional Radiotherapy

Conventional two-dimensional (2D) radiother-
apy planning was the standard for decades in
photon radiotherapy. Few radiation beams were
selected, frequently directly opposing fields,
three- or four-field arrangements. Size and shape
of the fields were adjusted in 2D simulation
X-ray images, and unless the tumor was visible
in these planar images, filed shaping was mainly
based on bony surrogates instead of the patient
individual position, shape, and size of the tumor.
Also visualization of normal structures was lim-
ited. This makes conventional 2D planning inap-
propriate for the majority of patients, where
reirradiation is intended.

Three-Dimensional Conformal
Radiotherapy

3.2

Three-dimensional conformal radiation therapy
(3DCRT) has been the standard for most indica-
tions in photon radiation therapy in the last years,
although it is increasingly replaced by intensity-
modulated techniques.

It offers distinct advantages compared to con-
ventional 2D radiotherapy, which are especially
important in the reirradiation situation. Target
volume definition is based on CT images, and
coregistration of further imaging modalities like
MRI or PET images is supported by all current
treatment planning systems. This allows for more
precise definition of both the target and critical
organs-at-risk (OAR). These structures are visu-
alized in the beam’s eye view for selection of the
optimal beam directions and for field shaping
aiming at best possible sparing of critical OARs.
The benefit of 3D-CRT compared to 2D planning
has been demonstrated in a randomized trial: In
primary radiotherapy for prostate cancer confor-
mal radiotherapy significantly reduced the inci-
dence of proctitis and rectal bleeding compared
to conventional radiotherapy; simultaneously

local tumor control was not different between the
two techniques (Dearnaley et al. 1999). This
potential to reduced doses to the normal tissue
with the consequence of reduced side effects is
certainly of high clinical value in the reirradiation
situation, where such large randomized trials are
not possible (Fig. 5).

3.3 Intensity-Modulated

Radiotherapy

The technique of intensity-modulated radiother-
apy (IMRT) is an advancement of 3D-CRT. In
3D-CRT, homogeneous fluence profiles are deliv-
ered from each beam-angle. In contrast, IMRT is
characterized by customized nonuniform fluence
distributions to achieve certain dosimetric objec-
tives (Fig. 6). 3D-CRT uses forward planning
meaning that beams are specified, doses are cal-
culated, and dose distributions in the relevant tar-
get volumes and OARs are evaluated at the end of
the planning process. This is different to the
inverse planning process in IMRT. Patient-
specific dosimetric goals (objectives) are defined
for all target volumes and OARs at the beginning
of the treatment planning; the objectives are most
frequently DVH parameters or since more
recently biological parameters. These objectives
are transferred into an IMRT optimization soft-
ware, where the best possible beam parameters to
achieve the desired dose distribution are calcu-
lated in an iterative fashion.

Several techniques are commercially available
for delivery of intensity-modulated radiation
therapy. For conventional linear accelerators
equipped with multileaf collimators, the static
(step-and-shoot), the dynamic (sliding window),
and rotational (volumetric/intensity-modulated
arc therapy) techniques can be distinguished. The
static step-and-shoot approach segments each
IMRT field into a number of shaped subfields,
and the sliding window technique modulates the
fluence by moving the multileaf collimators
(MLCs) while the radiation is being delivered to
the patient. Both approaches achieve the energy
fluence modulation by the MLCs, and the radia-
tion is given from different static gantry angles.
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Fig. 5 Case example of reirradiation for a 58-year-old
female patient with locally recurrent glioblastoma:
Medical history: May 2013: primary diagnosis of glio-
blastoma; Macroscopically complete resection and adju-
vant radiochemotherapy with 60 Gy and concurrent
Temozolomide; No adjuvant chemotherapy due to grade
IIT thrombopenia during radiochemotherapy November
2014: new contrast-enhancing nodule in the left tempo-
ral lobe; systemic therapy with bevacizumab May 2015:
progressive recurrence in the left temporal lobe June

In contrast, volumetric/intensity-modulated arc
therapy (IMAT/VMAT) rotates the linear accel-
erator around the patient while continuously
delivering radiation, thereby applying hundreds

2015: repeat surgery, incomplete resection July 2015:
stereotactic re-irradiation with 10 x 3.5 Gy using a PET/
MRI-based target volume (a) Sagittal reconstruction of
the primary volume definition; (b) Sagittal reconstruc-
tion of the primary irradition; (¢) Target definition of the
local recurrence in the MRI; (d)Target definition of the
local recurrance in the FET-PET; (e) PET based GTV,
MRI based GTV and PTV on the CT of the local recur-
rence; (f) Dose distribution for the local recurrent tumor

of fields, by changing the position of the MLCs
and the amount of radiation. A new promising
approach still under investigation and not yet
clinically available is the 4x- or dynamic-couch
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Fig.6 3D-Conformal radiation therapy (leff) and intensity-
modulated radiotherapy (right) for a re-treatment of a
lung metastasis. Non-uniform fluence distribution of the

rotation technique, which combines the VMAT
techniques with continuous rotation of the
treatment couch (Smyth et al. 2013; Liang et al.
2015). Major advantages of these rotational tech-
niques are significantly reduced delivery times as
well as increased monitor units efficiency. A dif-
ferent IMRT solution is the tomotherapy
approach, where the linear accelerator constantly
rotates around the patient. The fluence modula-
tion is achieved with a binary collimator, and fan
beams are delivered in a CT-like “sliced” fashion,
either in spiral or more recently in helical mode
(Mackie et al. 1993).

IMRT technique allows to more conformally irradiate the
tumor and to better spare the organs at risk

Numerous planning studies have shown the
potential of IMRT to generate highly conformal
dose distributions, especially for complex,
concave-shaped target volumes in close distance
to organs-at-risk. In such cases, the sparing of
normal tissue is significantly improved compared
to 3D-CRT (Nakamura et al. 2014). The superior-
ity or inferiority of one of the above described
IMRT delivery techniques has been the issue of
countless planning studies and is still highly con-
troversial (Fig. 7). An analytical model was used
by Bortfeld and Webb for comparison of
TomoTherapy, single-arc VMAT, and static
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Fig. 7 Sliding window (left) and volumetric modulated
arc therapy (right) treatment planning for re-treatment of
a spinal metastasis. On the top the beam setups are shown,

IMRT (step-and-shoot and sliding window
IMRT), and they concluded that the TomoTherapy
system has the greatest dose shaping flexibility at
cost of decreased efficiency of the treatment
delivery (Bortfeld and Webb 2009). However, it
needs to be considered that despite these theoreti-
cal calculations and other planning studies com-
paring different IMRT hard- and software, the

in the middle the dose distributions of the two techniques
and on the bottom the dose volume histrograms

results of IMRT planning are dependent on the
experience of the IMRT team (both physician and
physicist) in terms of selection of optimization
objectives for the inverse planning (Marnitz et al.
2015).

IMRT treatment planning, delivery, and qual-
ity assurance are in principle not different
between a primary course of radiotherapy and the
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reirradiation course. However, some issues need
to be considered more in detail in the reirradia-
tion situation.

Unlike in 3D-CRT, IMRT planning distributes
low doses over a larger volume of the patient.
Additionally, volumes exposed to mid-doses or
sometimes even high doses are frequently
observed distant to the target volume. This may
be of limited relevance in the primary course of
treatment but could be deleterious in the reirra-
diation scenario, if these “hot spots” are located
in volumes of normal tissue, where these addi-
tional doses exceed the radiation tolerance.
Consequently, the physician should not only
delineate the standard OARs as done in the pri-
mary treatment course; all volumes, where a sig-
nificant prior irradiation dose had been delivered,
should be defined as OARs and separate dose
objectives should be defined for these volumes.
Such normal structures could be the skin to avoid
skin necrosis, joints and muscles to avoid con-
tractures, and bones to avoid osteoradionecrosis.

In the reirradiation case, the radiation toler-
ance of normal structures is frequently signifi-
cantly reduced. This is an extremely challenging
situation for treatment planning, especially if this
normal structure is located immediately next to
recurrent cancer. A typical example is a spinal
metastasis in the thoracic spine after primary
radiotherapy for lung or esophageal cancer. In the
situation of the OAR touching the PTV, the maxi-
mum dose of the OAR is the minimum dose to
the PTV. The physician has now to decide where
the dose gradient should be positioned: in the
OAR aiming at a homogeneous dose in the PTV
or in the PTV aiming at best possible sparing of
the OAR at cost of an inhomogeneous dose in the
target volume. The latter is certainly the most fre-
quent situation in clinical practice. It is important
that the IMRT planning objectives need to be
adjusted to this desired dose distribution: Lower
doses in the PTV immediately next to the OAR
need to be allowed explicitly to the planning
algorithm. The magnitude of this “underdosed”
PTV depends on the steepness of the dose gradi-
ent between the target and the OAR. Mahan et al.
reported a dose gradient of 10 %/mm using tomo-
therapy for retreatment of a spinal metastasis

(Mabhan et al. 2005). However, multiple variables
influence the maximum achievable dose gradient:
invariable factor like IMRT hard- and software
and variable factors like geometry of target and
OAR. For individual optimization of each plan, a
ring-shaped help-volume around the OAR could
be generated, where the dose gradient between
OAR and PTV is to be located. Desired maxi-
mum and minimum doses of the OAR and the
PTV excluding this help-volume are defined as
hard constrains, and the size of the help-volume
is step-wise decreased until these constrains can
no longer be met by the planning system.
Clinical results of IMRT for reirradiation are
promising. Loco-regional recurrent head-and-
neck cancer is an example, where IMRT seems to
improve outcome compared to conventional
radiotherapy or 3D-CRT. Lee et al. reported
about reirradiation in 105 patients with loco-
regional recurrent head-and-neck cancer, and
IMRT was used in 70 % of the patients (Lee et al.
2007). The median prior dose was 62 Gy and the
median reirradiation dose was 59.4 Gy. Two-year
loco-regional progression-free survival was 50 %
and 20 % for patients treated with IMRT and non-
IMRT, respectively. This benefit of IMRT
remained statistically significant in multivariate
analysis with a HR of 0.37. Other groups con-
firmed these favorable rates of ~50% 2-year
loco-regional control using IMRT (Biagioli et al.
2007; Duprez et al. 2009). Nevertheless, severe
late toxicity was still considerable in these series.
Spinal metastases in previously irradiated
areas are ideal IMRT indications for pain reduc-
tion or because of neurological symptoms
(Fig. 8). Here, IMRT allows effective sparing of
the spinal cord while treating the vertebral
tumor, which is not possible with conventional
radiotherapy or 3D-CRT. Milker-Zabel et al.
reported the outcome in 19 patients with symp-
tomatic spinal metastases, where a previous irra-
diation delivered a median dose of 28 Gy
(Milker-Zabel et al. 2003). The median reirra-
diation dose was 39.6 Gy, while the dose to the
spinal cord was limited to 20 Gy. With a median
follow-up of about 1 year, only one patient
developed a local recurrence. Pain relief and
improvement of neurological deficits was
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Fig.8 Case example of a reirradiation for a spinal metasta-
sis in a 62-year-old male patient with metastatic prostate can-
cer. Medical history: 2010: primary diagnosis of localized
prostate cancer; antihormonal therapy, rejection of local
therapy. January 2015: locally invasive prostate cancer, sev-
eral bone metastases including the thoracic spine; laminec-
tomy Th3-6 and tumor debulking; and dorsal instrumentation
Th1-Th8. March 2015: postoperative radiotherapy to residual

achieved in 13/16 patients and 5/12 patients,
respectively. No acute or late toxicity grade >II
was observed. Further data are needed for con-
firmation of these promising results. Sterzing
et al. reported on reirradiation of spinal metasta-
ses in 36 patients: The initial irradiation dose

tumor with 5x4 Gy. January 2016: local progression with
epidural growth Th4-5; reirradiation with 10x3 Gy. (a)
Spinal metastases with GTV (yellow) based on the MRI and
PTV (red); (b) IMRT dose distributions with a total dose of
40 Gy to the PTV and a maximum dose of 15 Gy to the spinal
cord; (¢) image-guidance using cone-beam CT with superpo-
sition of planning CT and verification cone-beam CT before
(left) and after (right) image registration

was 36.3 Gy on average, and after an interval of
17.5 months a dose of 34.8 Gy was delivered
using TomoTherapy IMRT (Sterzing et al.
2010). Promising rates of pain reduction and
local control were reported and no severe toxic-
ity was observed.
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4 Three and Four Dimensional
Treatment Plan Evaluation

If possible, the dose distribution of the first radio-
therapy series should be available for treatment
planning and plan evaluation. Information on max-
imum doses or DVH data of the first radiotherapy
series is insufficient because of the missing spatial
relationship to the current treatment. If this infor-
mation about the previous dose distribution is not
available, for example, because the patient had
been treated with 2D conventional planning, this
radiotherapy series should be resimulated in the
current planning CT. However, one needs to be
aware that the resimulation may not reflect the sit-
uation at the first irradiation course, because the
patient’s anatomy could have changed, for exam-
ple, due to the recurrent tumor or weight changes.

Three-dimensional dose distributions need to be
evaluated carefully in terms of target coverage and
especially in terms of normal tissue doses. DVHs
are helpful tools for evaluation of the dose distribu-
tions, but one needs to be aware of the limitations
of DVHs, where all spatial information is lost.

If the first treatment series was a 3D-CRT or
IMRT irradiation and the treatment plan is digi-
tally available, one could accumulate the dose dis-
tributions of the first and the current treatment
series for a better risk assessment of the reirradia-
tion. Accumulation of two dose distributions deliv-

Fig. 9 Tllustration of a recurrent skull base tumor (red),
which causes a displacement of the right optical nerve
(blue). Accumulation of the dose to this optical nerve

ered at different times is called 4D dose calculation

or 4D planning. Three important issues need to be

considered for this 4D dose accumulation.

1. Data about recovery of normal tissue and their
modeling in treatment planning and evaluation
are rare. Accumulation consequently simulates
a worst case scenario without any recovery.

2. Accumulation of physical doses would require
conventional fractionation throughout the tar-
get and OARs, which is infrequently the case.
Single-fraction doses different from 2 Gy
should be weighted according to their biologi-
cal effectiveness using the linear-quadratic
model prior to dose accumulation. Calculation
of 2 Gy-equivalent total doses (Lebesque and
Keus 1991; Maciejewski et al. 1986) is an
elegant method, resulting in numbers, which
can be compared to tolerance doses for a sin-
gle course of radiotherapy (Marks et al. 2010).

3. The patient’s anatomy of the previous and the
current treatment plan is certainly different,
which makes 1:1 dose accumulation in the cur-
rent CT data set misleading. A critical organ
could have been displaced by the recurrent
tumor, and this displacement of the critical
organ in the current CT image relative to the
situation of the first treatment course has to be
considered in the process of dose accumulation
(Fig. 9). Deformable registration between both
image data may need to be performed and the

-~
-~
“'

from both irradiation series needs to account for this dis-
placement by means of deformable image registration
(indicated by vectors)
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resulting deformation map applied to the previ-
ous dose distribution: The deformed previous
dose distribution and the current dose distribu-
tion are then accumulated and displayed in the
current CT data set with the recurrent tumor
and preset location of the relevant OARs
(Jumeau et al. 2015). Several commercial solu-
tions are nowadays available to perform such
dose accumulations; however, methods to
allow the user to evaluate the uncertainty of the
deformable registration and subsequent accu-
mulation are missing. Therefore, residual dose
distributions, especially in situations with large
anatomical change, have to be evaluated care-
fully (van Rijssel et al. 2014).

5 Stereotactic Radiotherapy
and Image Guidance

In the reirradiation situation, the target volume is
usually limited to the recurrent macroscopic
tumor without extensive elective CTV margins in
order to reduce normal tissue exposure (Mantel
et al. 2013). Stereotactic intracranial radiother-
apy and stereotactic body radiotherapy (SBRT)
in combination with image guidance (IGRT) pro-
vide an accurate means of highly conformal
treatment delivery and patient positioning which
can further spare organs-at-risk during reirradia-
tion (Guckenberger et al. 2014).

Patient setup for daily radiotherapy has tradi-
tionally been performed by alignment of the
room lasers with patient skin marks. This proce-
dure assumes that there is a fixed, rigid relation-
ship between the skin marks and the actual target
volume. However, this method of patient setup is
one of the major uncertainties in the radiotherapy
delivery process contributing significantly to the
safety margins (Hurkmans et al. 2001). Patient-
specific uncertainties are imperfect alignment of
the patient to the laser, mobility of the skin rela-
tive to the bony anatomy, and mobility of the
tumor relative to the bony anatomy. These setup
errors are especially important for treatment
plans with steep dose gradients between the tar-
get and the organ-at-risk: For IMRT treatment of
spinal metastases, it has been shown that patient

setup errors as small as 1 mm can increase the
dose to the spinal cord by a clinically relevant
amount (Guckenberger et al. 2007a) (Fig. 10).
Consequently, highly conformal treatment plans
using IMRT or Protons pose a significant risk of
target underdosage and/or OAR overdosage
unless precise patient setup is ensured.

The stereotactic technique has been proven as
highly effective for accurate patient setup.
Stereotactic radiotherapy has traditionally been
defined by a system of external coordinates. This
stereotactic system is rigidly fixated to the patient
and forms the basis for treatment planning with
definition of the isocenter position and patient
setup before treatment. In the cranial region, this
has been traditionally practiced in an invasive
fashion, where the stereotactic frame is fixated to
the patient’s skull. This offers best accuracy of
patient setup; however, the invasiveness of the
procedure requires planning and treatment fin-
ished within 1 day by means of radiosurgery.
Noninvasive techniques for fractionated regimes
were developed using thermoplastic mask or
bite-block systems; the tradeoff to perform a
fractionated treatment courses was a slightly
reduced accuracy of patient setup. Initially devel-
oped for intracranial treatments, the stereotactic
technique has been successfully adopted for
extracranial stereotactic radiotherapy (Fig. 11).

Recently, image-guidance techniques have
been developed, which are located in the treat-
ment room and allow for daily verification of the
patient setup with online correction of setup
errors before the start of treatment. It has been
shown that these IGRT techniques are at least
equivalent in terms of patient setup accuracy
compared to invasive frame-based stereotactic
radiosurgery in the cranial region (Ramakrishna
et al. 2010). The accuracy of patient setup for
fractionated stereotactic radiotherapy in the cra-
nial (Guckenberger et al. 2007b) and extracranial
region (Guckenberger et al. 2006) is improved
with IGRT compared to frame-based stereotactic
patient positioning. Additionally, sufficient soft-
tissue contrast in these verification images or
implantation of radio-opaque markers make veri-
fication of the actual tumor position possible,
which is important for targets, where mobility
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s correct setup
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Fig. 10 Effect of set-up errors on dose to organ-at-risk:
Upper left image: Dose distribution in the axial plane in
VMAT plan for a spinal metastasis. Upper right image:
Simulation of patient set-up error with a lateral shift of
5 mm to the left Lower image: Dose to the spinal cord:

independent from bony anatomy has been
described (Fig. 12). A treatment using daily
image guidance with online correction of setup
errors for high-precision radiotherapy is consid-
ered as “frame-less stereotactic radiotherapy”:
The stereotactic frame is replaced by image guid-
ance with the patient’s image as the “system of
coordinates” for isocenter localization (Haertl
et al. 2013). The available technologies of IGRT
are summarized in Table 2.

Some issues, which are considered as espe-
cially important in the reirradiation situation,
should be discussed.

In the primary course of radiotherapy, IGRT
mainly aims at precise as possible delivery of

s 5mm shift

shift 0-5mm

The yellow DVH curve displays the prescribed PTV dose
according to the treatment plan. The turquoise DVH
curves are dose distributions to the spinal cord resulting
from simulated set-up errors. DVH curves for the esopha-
gus and GTV are shown in lilac and pink, respectively

the planned dose to the target volume. This
may be different in the reirradiation situation,
where precise as possible sparing of the OAR
is the primary goal of IGRT. Precise target-
ing the tumor versus precise avoidance of the
OAR could result in different displacement vec-
tors for IGRT in cases where the spatial rela-
tionship between target and OAR changed in
comparison to the planning situation. Possible
causes are shrinkage/progression of the recur-
rent tumor during radiotherapy or a shift of the
tumor position towards the OAR. Such non-
rigid patient deformations cannot be corrected
with a single couch displacement. Firstly, reg-
istration of the whole planning image with the
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Fig. 11 Stereotactic patient setup: Cranial stereotactic
radiotherapy with invasive fixation of the stereotactic ring
(a) and the attached stereotactic frame with the system of
external coordinates (b). Thermoplastic mask used in

whole verification image will result in a single
registration vector, which will neither cor-
rectly display the situation for the target nor the
OAR. Consequently, one should limit the region
of interest (ROI) for image registration in IGRT
to the volume, which is intended to be treated
most precisely: This can be the target or the
OAR. Larger uncertainties for volumes outside
this ROI then need to be considered. Two sepa-
rate registrations with the ROI for image regis-
tration around the target and around the OAR
allow the evaluation of relative motion between
these two structures. A compromise could be
made to achieve an acceptable level degree of
accuracy on the target and OAR level; in cases
of changes beyond a certain threshold, replan-
ning should be considered.

image-guided stereotactic radiotherapy (c). Stereotactic
body radiotherapy using the Stereotactic bodyframe with
a customized vacuum cushion (d) and a system of external
coordinates (e)

Additional irradiation dose due to IGRT could
also be an issue of concern in the reirradiation
situation. However, similar to the primary course
of radiotherapy, the rationale for using IGRT
should be evaluated on an individual patient basis
before the treatment with consideration of the
planned dose distribution and expected setup
uncertainties. Additionally, most IGRT systems
allow adaptation of imaging parameters to the
clinical situation: for example, for cone-beam CT
imaging, collimation, and the number of projec-
tion images, voltage and mAs influence the imag-
ing dose significantly: If no soft-tissue contrast is
needed, the dose for a single cone-beam CT can
be reduced to less than 1 mSv (Sykes et al. 2005),
which is certainly of limited clinical relevance,
even if reirradiation is performed.
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Fig. 12 Image quality of kilo-voltage cone-beam CT for
image guidance: upper image: targeting of a lung nodule;
lower image: targeting of a (GTV in red) spinal metastasis

Before the IGRT era, frame-based stereotactic
radiosurgery with invasive fixation of the frame to
the patient’s skull offered significantly increased
accuracy compared to the noninvasive fraction-
ated approaches. One had to choose between
highest accuracy and a fractionated treatment.
This is not the case anymore when IGRT is used:
Today, the same accuracy can be achieved with
IGRT during a fractionated course of treatment.
This could be beneficial especially in the reirradi-
ation scenario: Fractionated irradiation may
reduce late complications compared to hypo-frac-
tionated regimes or radiosurgery taking advantage
of the well-known difference in repair capability
between tumors and late responding tissues.

Clinical results using stereotactic patient setup
or image guidance in the reirradiation situation
are promising, although they can currently not yet
be considered standard of practice. Cranial reir-
radiation frequently used stereotactic patient
setup for maximum (re-)positioning accuracy.

Detailed clinical results are described in the
respective chapter of this book. For example,
fractionated stereotactic reirradiation of recurrent
high grade gliomas has resulted in acceptable
rates of toxicity and promising overall survival
compared to historical controls after application
of hypo-fractionated doses up to 40 Gy (Shepherd
et al. 1997) or stereotactic radiosurgery (Kong
et al. 2008). The addition of modern targeted
drugs or chemotherapy like temozolomide
(Combs et al. 2008), gfitinib (Schwer et al. 2008),
or bevacizumab (Gutin et al. 2009; Cuneo et al.
2012) to stereotactic reirradiation may further
improve outcome. Similarly, repeated stereotactic
radiosurgery has been proven to be feasible for
patients with progressive brain metastases with
1-year local control rates of up to 78 % depending
on tumor histology (Minniti et al. 2016).

A small number of studies reported clinical
results using SBRT in the reirradiation situation.
For instance, initial results have been published for
recurrent head-and-neck cancer (Rwigema et al.
2010; Heron et al. 2009), lung cancer after previ-
ous thoracic radiotherapy (Fig. 13) (Kelly et al.
2010; Poltinnikov et al. 2005; Kilburn et al. 2014),
or recurrent gynecological cancer (Guckenberger
et al. 2010; Deodato et al. 2009). For lung cancer,
small field SBRT for thoracic reirradiation seems
to be safe with promising rates of local control
exceeding conventional techniques, although over-
all survival appears to be highly dependent on sys-
temic progression. In contrast, SBRT reirradiation
for head-and-neck cancer is limited by the risk of
severe late adverse events, which are however less
frequent than in patient series with conventional
techniques. In summary, SBRT for recurrent extra-
cranial tumors is still in an early stage of establish-
ment, where no recommendations regarding total
dose, fractionation, and radiation tolerance of nor-
mal tissue are possible.

6 Intrafractional Motion
Management

Intrafractional changes of the tumor position
could result in decreased target dose coverage
with the consequence of reduced local control,
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Fig. 13 Case example of retreatment for a solitary lung
metastasis with SBRT. Medical history: 2007: Primary
NSCLC (adeno carcinoma) right lower lobe; three cycles of
neo-adjuvant chemotherapy; surgery with lobectomy and
mediastinal lymph node dissection; tumor stage: ypT2
ypN2 MO; postoperative adjuvant chemotherapy; postop-
erative radiotherapy to the mediastinum (55.8 Gy); 2008:

similarly, intrafractional motion of the OAR
could result in increased risk of toxicity. Four
sources of intrafractional uncertainties need to be

logy 93
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32.5 Gy

29.2Gy
26.0Gy
22.7Gy
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9.7Gy
3.2Gy

Solitary brain metastasis treated with radiosurgery; 2009:
Solitary lung metastasis treated with radiosurgery of 26 Gy;
(a) adjuvant radiotherapy after surgical treatment of N2 dis-
ease, (b) solitary lung metastasis, (c¢) target volume for
SBRT GTV (yellow) and PTV (red), (d) dose distribution
of SBRT with delivery of a single fraction of 26 Gy to the
80 % isodose, and (e) beam arrangement for SBRT

considered: (1) Regarding motion of the patient
him- or herself, one can distinguish between vol-
untary motion due to poor compliance and
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involuntary motion, for example, due to pain,
cough, or uncomfortable positioning. (2)
Breathing motion is a major source of uncertainty
in the thoracic and upper abdominal region:
Motion amplitudes up to 3 cm for targets located
in the chest (Seppenwoolde et al. 2002) or upper
abdomen (Brandner et al. 2006) have been
described. The predominant direction of breath-
ing-induced tumor motion is the cranio-caudal
direction with increased motion amplitudes in the
caudal compared to the cranial parts of the lung.
Analogously, the influence of breathing motion
in the abdominal region decreases from the dia-
phragm towards caudal. (3) The influence of car-
diac motion on tumor and OAR position
variability is in order of magnitude between 1
and 4 mm. (4) It has been shown that changes in
the filling of hollow organs, especially rectum
and bladder, may influence doses to the target
and OAR significantly (Polat et al. 2008).
Additionally, peristaltic motion might lead to an
additional uncertainty in the dose to the
organs-at-risk.

6.1 Patient Motion Management

As described above, we distinguished between
voluntary motion and involuntary intrafractional
patient motion. The most effective way to reduce
involuntary patient motion due to pain is to
ensure a comfortable patient setup by using sup-
port devices for head, arms, knees, and feet and
adjust these to the individual patient. Additionally,
appropriate pain medication is essential, which is
especially important in the reirradiation situation,
where the local tumor is frequently associated
with significant pain to the patient. Patient motion
due to cough or dyspnea could be reduced by
medication or oxygen supply during treatment,
respectively.

Passive immobilization is standard practice in
primary radiotherapy for many cancer sites, and
identical devices should be used in the reirradia-
tion situation: for example, head-shoulder masks
or bite-blocks for irradiation in the head-and-
neck region and thermoplastic vacuum cushions
for immobilization of arms, leg, and the whole

body. For total body immobilization in a vacuum
cushion, a double-vacuum technique has been
developed, where a second vacuum is applied
underneath a foil, which is wrapped around the
patient: A low pressure underneath the foil
presses the patient into the vacuum cushions for
effective and comfortable immobilization (Fuss
et al. 2004). There is sometimes a tradeoff
between immobilization and comfort of the
patient: A patient in an uncomfortable position-
ing device will not be immobilized effectively,
whatever device is used. It should also be men-
tioned that the previously discussed techniques of
frame-less image-guided stereotactic radiother-
apy still require effective immobilization: Image-
guidance aims at minimization of interfractional
setup errors, whereas immobilization aims at
minimization of intrafractional uncertainties.

Different systems are available for intrafrac-
tional monitoring of the patient stability: for
example, surface scanners or infrared markers
positioned on the surface of the patient. If pre-
defined thresholds of patient motion are violated,
interruption of the irradiation should be per-
formed. The patient’s surface is then only a sur-
rogate for the actual target position: Target
motion independently from patient motion needs
to be considered. It is consequently most accurate
to repeat image guidance.

6.2 Breathing Motion

Compensation

The first step in compensation of breathing
motion is quantification of this uncertainty in a
patient individual fashion at treatment planning.
Fluoroscopic planar imaging is a frequently used
technique for measurement of breathing-induced
motion of pulmonary tumors; for targets in the
upper abdomen, mobility of the diaphragm is
used as a surrogate for the actual tumor motion.
The advantage of fluoroscopic imaging is the
possibility to monitor range and pattern of motion
for a longer period of time. Disadvantages are the
limitations of 2D planar imaging, where a pro-
portion of pulmonary tumors are not visible and
evaluation of the 3D motion trajectory is difficult.
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Fig. 14 Respiration correlated 4D-CT: In contrast to con-
ventional CT imaging, each axial patient position is
imaged for the duration of at least one breathing cycle by
using small table pitches (highly redundant data acquisition).

Implantation of radiopaque markers into the tar-
get for fluoroscopic 4D imaging is frequently
practiced in the lung and liver region; however,
the risk of a pneumothorax needs to be consid-
ered. The current gold standard for treatment
planning is the respiration correlated CT (4D-
CT), which allows with a single image acquisi-
tion the reconstruction of multiple CT series at
different phases of the breathing cycle (Fig. 14).
Besides evaluation of the patient individual
motion pattern and range, another advantage of
respiration correlated CT imaging for treatment
planning is the reduction of motion artifacts in
the CT images, which could result in incorrect
size and shape of the target volume (Fig. 15).

In general, three techniques for breathing
motion compensation can be distinguished. (1)
Treatment in free breathing, (2) treatment in free
breathing with dynamic beams chasing the target
or with a dynamic couch performing compensa-
tory motion to keep the target fixed relative to
linac coordinates (tracking), and (3) gated beam
delivery in only a specific phase of the breathing
cycle or in a breath-hold technique. A summary
of available motion management strategies is
presented in Table 3.

The most frequently used technique treats the
patients while they are breathing freely and con-
tinuous delivery of static beams is performed.

Images or projection data acquired at corresponding
phases of the breathing cycle are then sorted/binned such
that multiple CT phases at different phases of the breath-
ing cycle are reconstructed

-]
-
-
.

Fig. 15 Two pulmonary tumors, which were highly mobile
in fluoroscopy. (Upper image) Significant motion artifacts
in conventional 3D-CT imaging of the pulmonary target and
the dome of the diaphragm; (Lower image) absence of
motion artifacts in respiration correlated 4D-CT imaging
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Table 3 Breathing motion management strategies

Complexity of Proportion of beam on
Breathing motion treatment planning | time of total treatment
management technology | Safety margins and delivery time Comments
Free breathing (ITV) Large based on Low Optimal Unnecessary large
internal target safety margins
volume concept
Free breathing Reduced with High Optimal Preferable for motion
(stochastical) mid-ventilation amplitudes up to
concept 15-20 mm
Mechanical abdominal | Reduced compared | Low Optimal Only for patients with
compression to free breathing predominant tumor
motion in
craniocaudal
direction; dependent
on patient tolerance
Breath—hold technique | Small Medium Patient dependent Adequate pulmonary
(pulmonary function | function and patient
and compliance) compliance required;
reduction of irradiated
lung tissue when
practiced in inhalation
breath-hold technique
Gated beam delivery Small High Low Significant
prolongation of the
total treatment time
Tumor tracking Small Very high Optimal Highly complex

With patients breathing freely, the target volume
needs to be adjusted such that it encompasses the
tumor completely in all phases of the breathing
cycle according to ICRU 62. However, it has
been shown that this geometrical target volume
concept uses unnecessary large safety margins
with the consequence of large volumes of normal
tissue within the PTV; smaller safety margins are
possible if a stochastic target volume concept is
applied (Engelsman et al. 2005). The so-called
mid-ventilation concept has been proposed for
irradiation in free breathing, where treatment
planning and image guidance are based on the
average tumor position; this was shown to reduce
safety margins significantly compared to the
traditional ITV target volume concept (Wolthaus
et al. 2008). Recently, intensity-modulated,
inverse treatment planning is more frequently
used for tumors that move due to respiration.
Several studies have evaluated the interplay effect
between the motion of the tumor and the motion
of the MLC with the conclusion that over a large
number of beams and fractions or a high dose per

fraction, the interplay effect averages out and is
in the order of magnitude of 1-3 % (Ehrbar et al.
2016; Chan et al. 2014).

Tumor tracking is defined as a technique,
where the treatment delivery adjusts dynamically
to changes of the target position during the
breathing cycle. Up to now tracking has been per-
formed clinically using three different tech-
niques: the CyberKnife, the Vero system, and
MLC tracking. Most studies have been performed
using the CyberKnife, a linear accelerator
mounted on an industrial robot, which moves
synchronously with breathing motion of the tar-
get (Seppenwoolde et al. 2007). The Vero system
is a gimbaled linac system, which tracks the
tumor using the treatment beam (Depuydt et al.
2014). Another technique, where the irradiation
beam chases the moving tumor, makes use of a
dynamic multileaf collimator (MLC) (Keall et al.
2006, 2014): The MLC shape is adjusted in real-
time to changes of the target position. The third
approach is different: A static beam delivery
technique is combined with a dynamic couch,
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where compensatory couch motion opposite to
the target motion aims at keeping the target fixed
in the beam aperture (Wilbert et al. 2008; Lang
et al. 2014).

Gated beam delivery differs significantly, as
the irradiation is only performed in a specific
phase of the breathing cycle or in breath-hold
technique; the irradiation is then paused at the
other phases of the breathing cycle. This gated
beam delivery results in a significant reduction of
the “effective” target motion at cost of prolonged
total treatment time (Underberg et al. 2005).

The choice of the appropriate motion manage-
ment strategy should be dependent on the motion
range of the pulmonary target. For motion ampli-
tudes less than 15-20 mm, which is the majority
of the patients, there is only a small benefit of
gating and tracking in terms of margin reduction
(Sonke et al. 2009; Guckenberger et al. 2009b)
and treatment with the patient breathing freely is
preferable. The benefit of gating and tracking
increases for larger motion amplitudes. However,
the availability of tracking is currently still lim-
ited and gating prolongs the treatment delivery
time substantially. Keeping the total treatment
time as short as possible is essential as longer
treatment times were shown to result in increased
intrafractional patient motion and drifts of the
target (Purdie et al. 2007).

Similar to treatment planning, 4D target
motion needs to be integrated into pretreatment
patient setup using image guidance and intrafrac-
tional target position monitoring. Different tech-
nologies for pretreatment and intratreatment 4D
imaging are available. Evaluation of the patient’s
surface and establishment of a correlation model
between the surface motion and the target motion
is frequently performed; however, interfractional
and intrafractional changes of this correlation
model are well known. Pretreatment respiration
correlated 4D cone-beam CT is clinically avail-
able allowing for precise patient setup with full
consideration of breathing motion in the IGRT
process (Sonke et al. 2005); however, continuous
intrafractional 4D imaging is not possible with
this technology. Intrafractional 4D target moni-
toring has been described using stereoscopic
X-ray imaging or using the electronic portal

imaging device; however, implantation of mark-
ers is necessary for visualization of the targets as
described previously.

Regardless which motion management strat-
egy and which technology is chosen, it is impor-
tant to have a consistent 4D work flow for
treatment planning and treatment delivery: A sys-
tematic integration of breathing motion into all
steps of imaging for treatment planning, target
volume definition, image guidance, and treat-
ment delivery is essential (Korreman et al. 2008).

6.3 Management of Cardiac

Motion

Only limited research has been performed on the
magnitude of cardiac motion and the influence of
it on the dose distribution. For lung tumors, a dis-
placement of 1-4 mm, depending on the distance
between the tumor and the cardiac or aortic wall,
was reported (Seppenwoolde et al. 2002). This
might lead to an increase in target volume of
about 10% and in some cases to a reduction in
target coverage (Chen et al. 2014). For esopha-
geal tumors, the displacement can be up to 10 mm
depending on the location of the tumor (Palmer
et al. 2014).

Cardiac motion can be compensated with the
motion management techniques described above.
However, one needs to take into consideration
that cardiac motion has a higher frequency
compared to respiratory motion, and therefore, it
is important that the applied motion management
technique has a short delay between the detection
of the motion and the compensation of the
motion.

6.4 Management of Motion
Due Variable Filling of Hollow

Organs

Variability of the target position due to changes
of the filling of hollow organs is well known in
primary radiotherapy, for example, of prostate
cancer. Whereas intrafractional variability of the
bladder filling is clearly dependent on the total



98

M. Guckenberger et al.

treatment time, changes of the rectal filling could
occur on a much shorter timescale and are not
predictable.

Several noninvasive and nontechnological
techniques have been shown to reduce interfrac-
tional and intrafractional target position variabil-
ity. A diet protocol was shown to reduce moving
fecal gas during acquisition of cone-beam CT
images (intrafractional motion) and reduce inter-
fractional prostate position variability (Smitsmans
et al. 2008). Daily emptying the rectum before
treatment by patient-applied rectal enemas has
also been shown to reduce interfractional prostate
position variability (Fiorino et al. 2008). Similar
positive effects are expected for locally recurrent
tumors with close relationship to the rectum.
Rectal balloons have been shown to fixate the
prostate (Wachter et al. 2002); however, the effect
of the balloon on different tumor locations or
local recurrences is probably small. Daily cathe-
terization of the urinary bladder and refilling with
a defined volume of normal saline reduce inter-
fractional bladder volume variability, and a
drinking protocol might reduce intrafractional
bladder volume variability.

If real-time intrafractional monitoring of the
target position is intended, identical technologies
as described in the breathing motion manage-
ment part can be applied. Additionally, electro-
magnetic transponders may be implanted into or
in the vicinity of the tumor and their position can
be monitored with a high frequency of 10 Hz.

Two issues may be different between primary
radiotherapy and  reirradiation  regarding
intrafractional motion management. Firstly,
many patients are in considerable pain because of
the locally recurrent tumor, and effective pain
medication is difficult in a number of patients;
consequently, comfortable patient positioning
and a fast treatment delivery work flow are highly
important. Techniques, which minimize the total
treatment time (e.g., VMAT), may reduce
intrafractional uncertainties more efficiently and
simultaneously improve patient comfort com-
pared to highly sophisticated techniques, which
prolong the treatment time (e.g., gated beam
delivery or repeated cone-beam CT scanning dur-
ing treatment).

Though the implantation of markers into or
around the macroscopic tumor is considered a safe
procedure in the primary course of radiotherapy,
literature data about the safety in the reirradiation
situation are missing. The patient’s anatomy may
be altered due to previous surgery, and radiation-
induced fibrosis may increase complication rates.
Consequently, the use of imaging systems which
do not require invasive implantation of markers
may be preferable for retreatments.

7 Adaptive Radiotherapy

Besides changes of the target position, more
complex changes have been described during the
course of fractionated radiotherapy: for example
weight loss of the patients, progression and
regression of the macroscopic tumor, changes of
oedema, effusion, and pulmonary atelectasis.
Such systematic changes of the patient’s anatomy
compared to the planning situation could influ-
ence the delivered dose distributions, and an
adaptation of the treatment plan should conse-
quently be considered (Fig. 16).

Adaptive radiation therapy has been defined
as a closed-loop, iterative process where the
treatment plan is modified based on feedback
measurements performed during treatment (Yan
et al. 1997). Adaptive radiotherapy is a technique
to deal with all uncertainties during a course of
radiotherapy; however, this chapter will concen-
trate on systematic shape and volume changes of
the macroscopic tumor and changes of the
patient’s weight and shape.

The process of adaptive radiotherapy can be
divided into several steps. The first step is evalu-
ation of the patient individual random and espe-
cially systematic changes compared to the
planning stage. If these changes exceed a certain
threshold, an adaptation of the treatment plan is
performed: This could be an adjustment of the
isocenter position as well as replanning to deal
with more complex changes. Ideally, this is not
only an adaptation of the treatment plan to the
current situation but takes changes, which
occurred during the treatment course so far, into
account (e.g., planning of a compensatory higher
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Fig. 16 Locally recurrent cervical cancer: size of the
macroscopic tumor at the time prior to treatment planning
(upper image) and after delivery of a conventionally frac-
tionated dose of 46 Gy (lower image); this CT image with
significant tumor regression was used for adaptive plan-
ning of an SBRT boost

Pre-treatment

dose to a cold-spot volume). After the adaptation
is performed, the feedback loop is re-entered
(Fig. 17).

Systematic volume changes of the macro-
scopic tumor have been described in primary
radiotherapy for advanced stage NSCLC, where
a continuous decrease of the GTV by 1.2% per
day has been reported (Kupelian et al. 2005).
This continuous tumor shrinkage has been con-
firmed by other groups, whereas progressive dis-
ease during radio (chemo) therapy seems to be
rare. Similar findings of continuous GTV shrink-
age were made during primary radiotherapy for
other cancer sites, for example, head-and-neck
cancer (Barker et al. 2004) and cervical cancer
(Mayr et al. 2006). Shrinkage of the tumor could
release pressure from the surrounding tissue with
the consequence of critical structures moving
into the high dose regions. Additionally, adaptive
replanning depending on daily bladder filling has
shown to reduce dose to normal tissue consider-
ably (Vestergaard et al. 2013).

Weight loss is a frequently observed phenom-
enon in cancer patients and is an established
prognostic factor for overall survival in a number
of cancer sites (Fearon et al. 2011). Weight loss
during a course of radiotherapy may have multi-
ple causes, for example, oral, pharyngeal, or
esophageal mucositis, diarrhea, simultaneous
chemotherapy, or loss of appetite. All means of
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prevention and treatment of weight loss should be
undertaken. However, if significant weight loss
occurs during treatment, it could influence radio-
therapy in a clinically relevant way. Weight loss
could make immobilization devices like thermo-
plastic head masks less effective, resulting in
increased setup uncertainties or alter dose distri-
butions due to changes of the patient’s geometry.

Several issues remain to be solved until adap-
tation of the treatment beams to a shrinking tumor
will find its way into routine clinical practice of
primary radiotherapy. The additional work load of
replanning needs to be considered. Reliable and
fast nonrigid image registration tools are required
for dose accumulation of treatment plans, which
were planned on different CT data sets. There are
no valid data about thresholds and optimal time
during the radiotherapy course, when and how
frequently adaptation should be performed. There
may also be a certain risk of shrinking the treat-
ment fields: Microscopic disease could be
excluded from the PTV with the consequence of
underdosage and decreased local control.

There are no data in the literature about this
type of adaptive radiotherapy specifically in the
reirradiation situation. However, one could argue
that the risk of normal tissue damage is signifi-
cantly increased for reirradiation, justifying
adaptive radiotherapy despite the increased work
load and accepting a potential miss of micro-
scopic disease. Additionally, it is not only the
tumor, which might change during the course of
radiotherapy: As described above, pulmonary
atelectasis, effusions, and edemas could change
and alter doses to critical OARs or the target vol-
ume. Adaptation of the treatment plans to such
changes of the normal tissue could be considered
as a safe approach of adaptive radiotherapy and
should be performed when observed.
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Abstract

Proton therapy is a modality of radiation ther-
apy with unique physical properties relative to
photon (X-ray) therapy. Each proton beam is
modulated to deposit the maximum radiation
dose in the target, with essentially no radiation
to tissues beyond the target. Compared to pho-
ton treatments, highly conformal treatment
plans can typically be developed with fewer
proton beams, significantly reducing the over-
all exposure of nontarget tissues to radiation.
Given the narrow therapeutic window of reir-
radiation, proton therapy is of great interest as
a mechanism to potentially avoid or reduce
toxicities of reirradiation by limiting the vol-
ume of nontarget tissues receiving additional
radiation dose. In some diseases, proton reir-
radiation may improve outcomes by facilitat-
ing safer radiation dose escalation to recurrent
and potentially radioresistant tumors or pro-
viding better target coverage while respecting
constraints to critical normal structures. In
uncommon cases, proton therapy may permit
reirradiation when the dosimetry achieved
with other modalities is felt to preclude safe
reirradiation. Clinical experience with proton
reirradiation is currently limited to relatively
small patient series and is highly heteroge-
neous. To better understand the value of pro-
ton therapy in reirradiation relative to other
radiation modalities, prospective evaluation
with more homogenous patient populations is
needed to evaluate predefined end points
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based on rational clinical hypotheses. In this
chapter, the rationale and published clinical
results of proton therapy for reirradiation are
reviewed for a variety of disease sites, with
case examples provided.

1 Background

Proton therapy is a modality of radiation therapy
distinguished from photon (X-ray)-based treat-
ments by the unique physical properties of pro-
tons. Protons have an energy-dependent finite
range in tissue. The rate of energy deposition
increases as the protons slow down, yielding a
peak in ionization (dose deposition) in the termi-
nal range of the beam, followed by an abrupt
falloff to essentially no radiation dose as the pro-
tons come to rest. This is known as the Bragg
peak of proton therapy (Paganetti 2012; Lomax
2009). Compared to a single photon beam, a
single proton beam has a lower entrance dose to
normal tissues, puts its maximal energy in the
target (rather than near the surface of the patient),
and has no meaningful exit dose beyond the tar-
get. As aresult, highly conformal plans can typi-
cally be developed with fewer treatment beams,
reducing the overall exposure of nontarget tis-
sues to radiation (Lomax et al. 2004). In addi-
tion, compared to photons, proton therapy
provides a sharper lateral beam penumbra (dose
buildup region) at depths up to about 17 cm in
water (Suit et al. 2003).

These physical properties of proton therapy
provide unique and heightened opportunities in
treatment planning to reduce overall radiation
exposure, achieve areas of significant radiation
reduction or complete avoidance adjacent to the
target, create steep dose gradients adjacent to
critical normal structures, and more safely esca-
late radiation dose to targets adjacent to critical
structures. In clinical use since the 1950s, proton
therapy has had a rising profile due to technologi-
cal advancements, continued interest in reducing
potential toxicities of radiation therapy, and
increased accessibility with a growing number of
proton treatment facilities opening globally.

2 Patient Selection for Proton
Reirradiation

Reirradiation often has a narrow therapeutic win-
dow, and in each case the clinician must balance
the clinical benefit of additional radiation for local
tumor control against what may be significant
risks of toxicity to previously irradiated normal
tissues. Anticipated acute toxicities of reirradia-
tion may be deemed excessive or unbearable in
heavily pretreated patients. Often of greater con-
cern than acute toxicities are the potential signifi-
cant late toxicities to normal structures, which
may be life altering or even fatal. These concerns
must be carefully weighed against the potential
benefit of obtaining local control or local pallia-
tion. Proton therapy may be selected to reduce
radiation exposure to nontarget tissues or achieve
regions of complete radiation avoidance in an
effort to mitigate the potential toxicities of treat-
ment. In cases where the proximity of critical
structures or other constraints would result in sig-
nificantly compromised target coverage or require
significant dose reduction with photon techniques,
the dosimetric advantages of proton therapy may
facilitate improved target coverage and/or delivery
of a higher radiation dose with the intent of
improving the likelihood of curative therapy or
more durable local control. Proton therapy may
therefore be a useful tool to improve the therapeu-
tic ratio of reirradiation and potentially to extend
the option of reirradiation to patients otherwise
unsuitable for reirradiation with other modalities.
Data-driven patient selection criteria for reirra-
diation are sparse. Many applications of reirradia-
tion are given with clear palliative intent, and the
goals of palliative reirradiation can be met in the
great majority of cases with photon techniques.
However, practitioners may confront special clini-
cal circumstances where the utilization of more
costly palliative proton therapy appears justified.
For example, the authors have used palliative proton
therapy in a patient with an undefined presumed
genetic predisposition that resulted in heightened
radiosensitivity. Two prior attempted courses of pal-
liative photon therapy for metastatic osseous spine
disease resulted in extraordinary gastrointestinal
toxicity requiring hospitalization on both occasions.
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Proton therapy was subsequently used to palliate
the spine and avoid dose to the viscera anterior to
the spine. Outside these uncommon clinical sce-
narios, there are no substantive clinical data to sup-
port the increased economic costs of palliative
reirradiation with proton therapy. This application is
likely to remain based on the clinical judgment of
practitioners facing uncommon scenarios and con-
strained by restrictions from healthcare payers.

Patients considered for definitive or curative
intent reirradiation generally have nonmetastatic
disease (or controlled or controllable systemic
disease), a good performance status, and a dis-
ease process which suggests that successful
locoregional therapy could achieve either a long-
term disease control or cure (McDonald et al.
2011). As a modality of external beam irradia-
tion, proton therapy may be considered an alter-
native to photon-based reirradiation with
three-dimensional conformal radiation therapy,
intensity-modulated radiation therapy (IMRT),
volumetric-modulated arc therapy (VMAT), or
stereotactic body radiation therapy (SBRT).
Other reirradiation options such as intraoperative
radiotherapy (IORT) and brachytherapy have
profoundly different dosimetry with unique
applications and indications. Practitioners benefit
from having access to the broadest array of
potential treatment options to tailor therapy to the
clinical circumstances. There is no single modal-
ity that would be appropriate for every clinical
reirradiation scenario.

3 Treatment Planning
Considerations in Proton
Reirradiation

The distinct physical properties of protons entail
special treatment planning considerations and
uncertainties (ICRU 2007). These uncertainties
and considerations have increased importance in
reirradiation, as there are often more organs or
structures deemed at risk with more stringent dose
constraints and the potential for more significant
toxicity should those dose constraints be exceeded.

Although not a unique consideration to proton
therapy, patient weight loss (or weight gain),

changes in tumor size or morphology, and other
potential alterations in tissues within the beam
path(s) during retreatment can lead to significant
changes in proton dosimetry which could result in
unanticipated variations in dose to organs at risk
(Mannina et al. 2014). Compared to photon ther-
apy, proton therapy is significantly more sensitive
to differences in tissue heterogeneities within the
beam path (Paganetti 2012). In situations of antici-
pated dynamic tissue heterogeneity — such as treat-
ment of the sinuses, where obstructive secretions
and inflammatory sinusitis can vary over a treat-
ment course — patients should be frequently reim-
aged to monitor for dynamic changes that may
require adaptive planning. Proton beam arrange-
ments should be selected in a fashion that limit the
effect of potential changes in tissue heterogeneity
that would risk overdosing critical organs by
assessing “worst case” scenarios for plan robust-
ness (Li 2012).

Patients with metal hardware, such as spinal
fixation, can pose a tremendous challenge in pro-
ton therapy due to the loss of critical CT informa-
tion needed to accurately calculate proton range,
mixed alloy hardware or implants which include
materials of varying density, and issues of dose
perturbations at the tissue/hardware interface
including dose shadowing distal to the hardware.
The clinical impact of these uncertainties can be
mitigated through the use of metal artifact reduc-
tion algorithms for CT simulation (Andersson
et al. 2014), incorporating multiple beams with
varied angles of incidence relative to the
hardware, the use of passive scattered protons
rather than pencil beam scanning (Verburg and
Seco 2013), and integration of photon therapy for
some portion of the total treatment.

Organ motion is an important treatment plan-
ning consideration for all radiation modalities
and poses special challenges in proton therapy,
which are elsewhere reviewed in depth (De
Ruysscher et al. 2015). Rigorous patient immobi-
lization and positioning accuracy with pretreat-
ment image verification are essential in proton
therapy, both for protection of critical normal
structures and also to minimize changes in beam
path heterogeneities which can markedly affect
dose distributions.
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While the majority of clinical experience with
proton therapy has been with 3D conformal pro-
ton therapy using passive beam scattering tech-
niques, or more recently, uniform scanning,
pencil beam scanning (PBS) is the most recent
technological advance in the delivery of proton
therapy. Older proton techniques provide a uni-
form dose with a uniform spread-out Bragg peak
(SOBP) across the entire treatment field and
often require a manual, iterative approach to
treatment plan optimization. In contrast, PBS uti-
lizes magnetic steering of a narrow proton beam
and can vary the dose distribution across the field
and adjust the width of the SOBP across the field
so that the dose deposition more closely matches
the target geometry. PBS planning techniques
include single field uniform dose, in which each
treatment field is optimized to deliver a uniform
dose to the target, and multifield optimization, in
which, similar to photon-based IMRT, inverse
optimization is used to create a composite target
dose distribution from constituent treatment
fields that individually may deliver a highly het-
erogeneous dose distribution. These newer pro-
ton therapy techniques, utilizing a treatment
planning objective-based clinical workflow more
similar to photon-based IMRT, generally offer
improved dose distributions compared to 3D con-
formal proton plans using passive scattering.
They are the focus of significant ongoing work in
proton treatment planning optimization, valida-
tion, assessments of treatment plan robustness,
and adaptive proton therapy in response to
dynamic changes through the treatment course.

4 Proton Reirradiation
of Radiation-Associated
Neoplasms

Benign and malignant neoplasms in patients with
prior radiation are uncommon but often devastat-
ing complications of prior radiotherapy.
Population data from the US Surveillance,
Epidemiology, and End Results (SEER) cancer
registries suggest the excess risk of a second
solid tumor in adult patients is 0.005% at 15
years after radiotherapy (Berrington de Gonzalez

et al. 2011). The incidence of second malignan-
cies in children is much higher (Bassal et al.
2006), presumably related to heightened radio-
sensitivity, more frequent underlying genetic
syndromes, and a longer available latency period
to develop second neoplasms in children com-
pared to patients treated as adults.

In a report with long-term follow-up of 963
patients with hereditary retinoblastoma, patients
treated with radiotherapy had almost twice the
absolute excess risk of cancer compared to those
managed without radiation (Kleinerman et al.
2005). Of interest, the cumulative incidence of sec-
ond malignancy at 40 years was 32.9 % in patients
treated with orthovoltage radiation, but for those
treated with megavoltage techniques (in which radi-
ation scatter to nontarget tissues was reduced), the
cumulative incidence was reduced to 26.3 %. These
data support the clinical goal of minimizing radia-
tion dose to nontarget tissues, particularly in patients
at heightened risk of secondary malignancy.

Radiobiologic modeling predicts a reduced
incidence of secondary malignancy in adult and
pediatric patients treated with proton therapy com-
pared to photon techniques (Simone et al. 2012;
Zhang et al. 2013). Although the risk of second
malignant neoplasms is greatest in children and
young adults receiving radiation therapy, they are
not insignificant in adult patients. For example,
meta-analysis of patients receiving radiotherapy
for prostate cancer highlights an increased risk of
bladder and colorectal cancers following radiation
(Wallis et al. 2016). Compared to photon therapy,
proton therapy was associated with a reduced risk
of second malignant neoplasms in adult patients in
a retrospective matched cohort analysis (Chung
et al. 2013). We are unaware of any published clin-
ical data on proton therapy in patients with radia-
tion-induced malignancies or second cancers. Due
to its reduced radiation exposure to nontarget tis-
sues, proton therapy is an appealing option when
radiotherapy is indicated in management of these
patients who have a demonstrated heightened sen-
sitivity to radiotherapy.

Figure 1 shows an example of proton therapy
in treatment of a patient with a recurrent, clival
meningioma in a previously irradiated adult sur-
vivor of childhood glioma.
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Fig. 1 A 40-year-old male was treated for a radiation-
induced atypical clival meningioma. He had a history of a
pediatric posterior fossa tumor, reported as a glioblas-
toma, and had received radiation therapy 30 years prior:
30 Gy to the whole brain and a 55 Gy boost to the poste-
rior fossa with 6 MV photons. Pathology slides from his
original tumor had been destroyed. He presented with left-
sided hearing loss, dysphagia, and balance disturbance
and was found to have a large left cerebellar-pontine
angle/posterior clival meningioma with brainstem com-
pression (a). Surgical debulking was undertaken via a
two-stage approach including lateral suboccipital crani-
otomy with pathology showing a WHO grade 2 meningi-
oma. A near-total resection of tumor was obtained (b).
Unfortunately he suffered left cranial nerve VI and VII
palsies with neurotrophic keratopathy eventually requir-
ing left eye enucleation and multiple lower cranial nerve
palsies with dysarthria and dysphagia requiring perma-
nent tracheostomy and gastrostomy tube feeding. Within
6 months from surgery, his tumor had regrown and was

5 Proton Reirradiation
of Chordoma

Chordomas are rare primary bone tumors with a
high propensity for local recurrence even after
aggressive surgery and radiotherapy. For clival

again approximating the brainstem (c). No further surgery
was advised. He was referred for proton therapy due to
concern about brainstem tolerance to additional radiation
considering his prior radiation and surgical trauma. A
treatment plan was generated using a combination of
through and patch fields (keeping the brainstem at the
aperture edge) and anterior oblique fields with distal
blocking of the brainstem to avoid delivery of any radia-
tion through the brainstem. Two schemas were used of
four fields each. The prescription dose was 63 Gy (RBE)
in 35 fractions, allowing the surface of the brainstem to
receive an additional 50 Gy (RBE) (d, e). Because of his
debilitated condition, daily anesthesia was required to
comply with immobilization. The first posttreatment MRI
at 6 weeks showed central tumor necrosis and transient
enlargement of the tumor without clinical worsening. At
12 months postradiation, his MRI showed significant
regression of tumor, volumetrically reduced from 6 to
2.2 cm? (f). At 37 months from radiation, the patient had
continued radiographic regression of tumor

chordomas, maximizing tumor debulking and
optimizing residual tumor coverage by high-dose
radiotherapy are associated with superior out-
comes (McDonald et al. 2016a). For patients with
recurrent disease after prior radiation, treatment
options are limited. While effective targeted
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drug therapies are desperately needed in chor-
doma, local control measures remain the main-
stay of treatment.

Salvage surgery alone rarely achieves a dura-
ble period of disease stability and has a reported
2-year overall survival of 63 % (Fagundes et al.
1995). Reirradiation options are typically con-
strained by the prior dose delivered to closely
adjacent critical normal structures, particularly
the spinal cord for extracranial chordomas and
the brainstem and optic apparatus for clival chor-
domas. Small intracranial recurrences are often
amenable to stereotactic radiosurgery (SRS) with
satisfactory local control, although there is a not
insignificant risk of marginal failure of about
15% (Kano et al. 2011).

Researchers at the now-closed Indiana
University Health Proton Therapy Center
reported on 16 previously irradiated patients with
recurrent or progressive chordoma (McDonald
et al. 2013a). Half the patients underwent salvage
surgery in management of their recurrent or pro-
gressive disease. At a median of 37 months after
a median prior dose of 75.2 Gy, patients were
retreated to an additional median dose of 75.6 Gy
(RBE). At a median follow-up of 23 months, the

2-year estimate of local control was 85% and
overall survival 80 %. The 2-year estimate of late
grade 3+ toxicity was 19 %. The disease control
in this experience with aggressive proton reirra-
diation compares very favorably to other inter-
ventions in a population with a historically poor
prognosis.

Figure 2 is an example of proton therapy in reir-
radiation of a recurrent cervical spine chordoma.

6 Proton Reirradiation
of Gliomas

Recurrent or progressive infiltrative glioma
develops in almost all patients after initial ther-
apy. In the absence of high-quality data on opti-
mal management, patients with recurrent glioma
are typically evaluated for further resection,
chemotherapy, reirradiation, and other interven-
tions based on tumor histology, genetic factors,
size, location, and patient performance status,
among other factors (Stupp et al. 2014). For
glioblastoma, the most common malignant pri-
mary brain tumor in adults, the standard of care
for initial management is maximal safe surgical

Fig. 2 A 67-year-old man was reirradiated for a cervical
spine chordoma. He presented with dysphagia and imaging
showed a destructive mass at C2 extending into the preverte-
bral space (a; tumor outlined in red). He underwent tran-
soral partial resection with pathology showing chordoma
and was observed. Imaging one year later showed a bulky
recurrence (b; tumor outlined in red). After neurosurgical
evaluation, the morbidity of re-resection was felt to be too
great and he was referred for proton therapy. He was treated
to 75.6 Gy (RBE) in 42 fractions by another physician (c,
gross tumor volume outlined in red). Due to concern for
potential surgical seeding, a large treatment volume was
defined which covered the soft palate, resulting in perma-
nent xerostomia and dental caries. Three years after proton
therapy, the tumor remained stable in size but he developed
a solitary supraclavicular nodal metastasis, which was com-
pletely excised. At 38 months from radiation, imaging
showed progression of the primary tumor. A 6-month trial of
imatinib was undertaken with repeat imaging showing fur-
ther tumor progression now encroaching upon the cervical
spinal cord (d; tumor outlined in magenta). He was referred
for neurosurgical decompression and posterior spine stabili-
zation, which achieved clearance around the spinal cord,
although complete surgical resection was not possible. He
was then retreated with proton therapy to 78 Gy (RBE) in 38
fractions, 4 years after his prior radiation therapy (e, f; gross

tumor volume outlined in red). A CT myelogram was per-
formed in the immobilization devices to define the cervical
spinal cord. CT simulation was performed with an orthope-
dic metal artifact reduction algorithm in light of his spine
stabilization hardware and dental amalgam artifacts. He was
treated with two complex alternating schemas of through
and patch fields, the first schema involving six fields and the
second involving five fields. The spinal cord was blocked by
all beams to keep the spinal cord surface dose at the 50 %
isodose line. His lifetime dose distribution is shown (g, h).
The maximum spinal cord point dose was 54.9 Gy from his
initial course, 46.5 Gy from his reirradiation and cumulative
lifetime maximum point dose 97.5 Gy (75.4 Gy to 0.5 cm?).
He did not develop any oral mucositis during reirradiation
and had only grade 1 odynophagia and grade 1 dermatitis.
Three months after reirradiation, he started planned adjuvant
therapy with erlotinib which was stopped after 1 month due
to skin toxicity. At 6 months after reirradiation, he had a
focus of posterior oropharyngeal wall soft tissue necrosis
treated with hyperbaric oxygen. Unfortunately, the soft tis-
sue necrosis progressed, leading to exposure of bone and
required tracheostomy and gastrostomy tube feeding. He
survived for two years after reirradiation without evidence
of tumor progression or spinal cord myelopathy but died
from a sudden carotid artery rupture, highlighting the sig-
nificant risks of high dose retreatment
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resection followed by radiotherapy with concur-
rent and adjuvant temozolomide (Stupp et al.
2009). The median progression-free survival is
approximately 7 months. The Radiation Therapy
Oncology Group is currently enrolling patients
in a randomized phase II trial for patients with
recurrent or progressive glioblastoma in which
patients are randomized to bevacizumab alone
or bevacizumab plus hypofractionated reirradia-
tion to 35 Gy in 10 fractions. This trial should
provide valuable prospective evidence to evalu-
ate the potential benefit of early incorporation of
reirradiation.

One of the most significant clinical concerns
with reirradiation of gliomas is the risk of brain
radiation necrosis. Proton therapy is theoretically
appealing because highly conformal reirradia-
tion can be delivered with lower dose to adjacent
nontarget brain tissue. However, this would not
reduce the risk of central radiation necrosis occur-
ring within the reirradiation target. Furthermore,
modern photon techniques of hypofractionated
reirradiation for high-grade gliomas have been
associated with no discernable or very low risk
of radiation necrosis (Fogh et al. 2010). This is
presumably due at least in part to the limited
survival time of patients. For these reasons, the
routine application of proton therapy in reirradia-
tion of high-grade gliomas may not translate into
measurable clinical improvements in toxicity.

If prognostic tools improve to accurately iden-
tify better prognosis patients (whose longer sur-
vival time would presumably place them at
greater risk of radiation necrosis and neurocogni-
tive effects of reirradiation), proton reirradiation
may be of benefit in these select patients. Proton
therapy may be a useful tool in prospective dose-
escalation trials of reirradiation. A similar strat-
egy is being employed in an open phase I/II trial
at the University of Heidelberg evaluating the
role of carbon ion therapy in recurrent gliomas
(grades 2—4). The phase I component is designed
to establish a recommended carbon ion dose via
dose escalation from 30 to 48 Gy equivalent
(GyE) in 3 GyE fractions, while the phase II
component will compare 12-month survival
against photon reirradiation to 36 Gy in 2 Gy
fractions (Combs et al. 2010).

Researchers at the now-closed Indiana
University Health Proton Therapy Center reported
on 20 patients with recurrent gliomas who were
treated with proton reirradiation (Galle et al.
2015). Three had grade I or II gliomas, 4 grade
III, and 13 grade IV. The patient population was
heterogeneous in terms of prior therapy and utili-
zation of concurrent chemotherapy. Additionally,
the dose of reirradiation varied from hypofrac-
tionated regimens to full dose reirradiation in
conventional fractionation. Protracted fraction-
ation was generally used in patients with a long
time interval from prior radiation therapy (up to
12 years) based on a belief that such patients may
be longer-term survivors. The median dose of
reirradiation was 59.4 Gy (RBE) (range 37.5-60)
for grade III tumors and 54 Gy (RBE) (range
30-60) for grade I'V tumors. The median survival
after reirradiation was 10.2 months for grade III
tumors and 8.2 months for grade IV tumors. With
reference to prior radiation dosimetry, efforts
were made to direct proton reirradiation beams to
minimize the volume of reirradiated brain. There
was a 10 % crude incidence of radiation necrosis.
It is difficult to derive any conclusions from such
heterogeneous data, but it is quite uncommon to
deliver full course reirradiation, and the apparent
reasonably low risk of radiation necrosis is pro-
vocative even if the benefit of full dose reirradia-
tion is unknown.

Figure 3 illustrates an example of proton ther-
apy in reirradiation of a patient with a recurrent
WHO grade III anaplastic astrocytoma.

7 Proton Salvage Craniospinal
Irradiation

Salvage craniospinal irradiation has beenreported,
primarily in children, in treatment of recurrent
and disseminated ependymoma (Merchant et al.
2008), recurrent medulloblastoma after prior
CSI (Massimino et al. 2009), and for other his-
tologies with neuroaxis dissemination after prior
focal radiation (Wei et al. 2012). Researchers at
St. Jude Children’s Research Hospital reported
on varied techniques of salvage reirradiation for
recurrent ependymoma. For those treated with
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Fig.3 A 48-year-old woman was reirradiated for a recur-
rent glioma. She had a history of a complete resection of
right posterior temporal anaplastic astrocytoma (grade I1I)
and received adjuvant radiation therapy to 60 Gy in 30
fractions (a) without chemotherapy. Seven years later she
developed episodes of confusion prompting MRI scan
that revealed local recurrence of non-enhancing tumor
with progression of FLAIR abnormality into the anterior
ipsilateral temporal lobe highly suspicious for tumor. She
underwent radical subtotal resection guided by functional
MRI, confirming recurrent grade III astrocytoma, IDH-1
intact, with residual inoperable tumor. She was offered
reirradiation with proton therapy to 59.4 Gy (RBE) in 33
fractions with concurrent temozolomide. The residual

salvage CSI, standard photon technique with
opposed lateral brain fields was used, with cus-
tom blocking designed to limit the brainstem and
spinal cord to a maximum cumulative radiation
dose of 55.8 Gy. While effective at shielding crit-
ical structures and limiting cumulative radiation
dose, lateral blocks also shield a volume of cere-
brospinal fluid and leptomeningeal space poten-
tially harboring microscopic disease. This could
theoretically reduce the effectiveness of salvage
CSI and allow for reseeding. Others have used
IMRT to attenuate dose to previously irradiated
critical structures while maintaining coverage of
the surrounding target volume (Wei et al. 2012),
but this cannot achieve complete sparing in the
same way as lateral blocks.

Using the finite distal range of proton therapy,
researchers at the now-closed Indiana University
Health Proton Therapy Center reported a novel
technique to block a critical structure on lateral
fields and then fill in or “plug” dose to cover the
target volume lateral to the structure. The result-
ing plan created a “donut” hole of complete dose

tumor and the target volume for reirradiation are shown in
orange (b). Proton therapy was used to avoid radiation to
the contralateral hemisphere and to minimize dose to the
brainstem (c¢). The previous tumor region received a
cumulative dose of 120 Gy between the two courses sepa-
rated by 7 years (d). She developed bone marrow suppres-
sion requiring dose de-escalation of temozolomide in the
later course of therapy. Within 1 year, the patient devel-
oped brain parenchymal radiation necrosis that was
treated with bevacizumab and hyperbaric oxygen treat-
ment. She developed a sustained contralateral hemiparesis
with dysarthria. Eighteen months after reirradiation, the
patient was alive with no radiographic evidence of tumor
progression

avoidance surrounding the critical structure. Two
example cases were highlighted in which critical
structures were felt to require complete sparing
from additional radiation dose: one child receiv-
ing salvage CSI for recurrent and disseminated
medulloblastoma in which the optic chiasm was
spared, and one adult with recurrent and dissemi-
nated anaplastic meningioma in which the previ-
ously irradiated portion of the lateral brainstem
was spared. Compared to lateral photon fields
with blocks and with IMRT, this proton tech-
nique improved coverage of the planning target
volume while reducing the mean and maximum
dose to the critical organs at risk (McDonald
et al. 2013b).

Similarly, a case report from researchers at the
University of Pennsylvania reported on the use of
pencil beam scanning proton therapy to deliver
salvage craniospinal irradiation with brainstem
sparing (Hill-Kayser and Kirk 2015). The case
involved a child with a posterior fossa ependy-
moma whose prior radiation delivered a maxi-
mum brainstem dose of 60 Gy (RBE). Ten
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months later, spinal dissemination was detected
and salvage CSI to 36 Gy (RBE) followed by
focal tumor boosts was offered, using pencil
beam scanning to limit the surface of the brain-
stem to an additional 5 Gy (RBE).

In addition to the ability to create regions of
complete dose avoidance if necessary around pre-
viously irradiated critical structures, proton ther-
apy offers the advantage of no exit dose to viscera
anterior to the spine during CSI, which is expected
to reduce both acute and late toxicity by complete
radiation avoidance. Retrospective cohort analy-
sis supports reduced acute gastrointestinal and
hematologic toxicities with proton CSI compared
to photon CSI in adult patients treated for medul-
loblastoma (Brown et al. 2013). Additionally, ret-
rospective cohort analysis found that, compared
to photon CSI, proton CSI was associated with
fewer late endocrine abnormalities in children
treated for standard risk medulloblastoma (Eaton
et al. 2015). Radiobiologic modeling predicts that
proton CSI is associated with a reduced risk of
secondary malignancies compared to photon
techniques (Zhang et al. 2013). These data sup-
port the role of proton therapy in craniospinal irra-
diation for patients of all ages.

8 Proton Reirradiation
of Ocular Melanomas

Proton therapy is an established modality of
treatment for ocular melanomas with a very high
rate of local control and favorable toxicity profile
(Dendale et al. 2006; Desjardins et al. 2012). In
addition to close collaboration with a specialized
ophthalmologist, the treatment requires a dedi-
cated patient setup, planning software, and exper-
tise which may not be available at every proton
treatment center. However, the shallow beam
range and therefore low proton energy required
for treatment means that proton therapy for ocu-
lar melanomas is also available at a number of
centers with low-energy cyclotrons unsuitable for
treatment of broader indications. A systematic
review and meta-analysis suggested charged par-
ticle therapy for uveal melanoma was associated
with lower rates of local recurrence, retinopathy,

and cataract formation than plaque brachyther-
apy (Wang et al. 2013).

Choroidal melanomas arising in proximity to
the optic disk (juxtapapillary) may be inappropri-
ate for plaque brachytherapy due to inability to
properly position the plaque for adequate tumor
coverage. Stereotactic radiosurgery (SRS), hypo-
fractionated stereotactic radiation therapy (SRT),
and proton beam therapy have been used for poste-
rior choroidal melanomas with success. A compar-
ative treatment planning study of SRT and proton
beam therapy for choroidal melanomas arising
near the optic disk or fovea centralis found supe-
rior dosimetry with proton therapy in the majority
of cases (Hocht et al. 2005). Clinical data from
the Clatterbridge Cancer Centre and Sheffield
Ocular Oncology Service compared outcomes
for patients treated with SRS compared to proton
therapy for choroidal melanomas (Sikuade et al.
2015). SRS and proton therapy were selected for
patients with tumors considered either too large for
plaque brachytherapy or for those located too close
(<2.5 mm) to the optic disk for plaque placement.
While tumor control was very high with both treat-
ments, their analysis found a statistically significant
lower rate of severe vision loss with proton ther-
apy compared to SRS for patients whose tumors
touched the optic nerve and for those >3 mm from
the fovea. It may be that the fractionation used for
proton therapy in this series (53.1 Gy (RBE) in 4
fractions) conferred fewer late effects compared to
SRS (35 Gy at the 50 % isodose line in 1 fraction)
or that other confounding factors were related to
the difference in visual preservation.

Researchers at the Massachusetts General
Hospital (MGH) reported on 31 patients with
recurrent uveal melanoma who received a second
course of proton therapy (Marucci et al. 2006).
Nearly all the patients had received 70 Gy (RBE)
in 5 fractions for both the initial course and the
salvage course of proton therapy. At a mean fol-
low-up of 50 months, the 5-year estimate of local
control after salvage proton therapy was 69 %.
The 5-year eye retention rate was 55 %, with
27 % of those who retained their eye having use-
ful vision of 20/200 or better. Of the nine patients
undergoing enucleation, five were due to local
recurrence and four due to intractable pain.
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Researchers at the Helmholtz-Zentrum Berlin
reported on 48 patients with recurrent uveal mel-
anoma after a variety of prior treatments (54 %
previously irradiated) who received salvage pro-
ton beam radiation, with most receiving 60 Gy
(RBE) in 4 fractions. At a mean follow-up time
of 81 months, the 10-year estimate of local tumor
control after proton reirradiation was 92.1 %.
One patient required enucleation for local recur-
rence. At 5 years after salvage proton therapy,
24% had useful vision of 20/200 or better.
Compared to the MGH experience, the improved
tumor control and lower rate of enucleation may
be related to fewer patients having had prior radi-
ation treatment or differences in other confound-
ing variables such as tumor size. Together these
data suggest that salvage proton reirradiation
yields eye preservation in the majority of patients
and preservation of useful vision in about a quar-
ter of patients.

While overall survival is not compromised by
local therapy with plaque brachytherapy compared
to enucleation for choroidal melanomas (Diener-
West et al. 2001), it is unclear whether further
local therapy provides comparable survival to
enucleation for recurrent disease. The MGH
group compared survival outcomes for their 31
patients receiving salvage proton therapy to a
cohort of 42 patients undergoing enucleation.
Patients selected for enucleation had, on average,
larger tumors than those selected for reirradiation.
The 5-year survival estimate for those treated with
reirradiation was 63 % compared to 36 % for those
enucleated (p=0.040) suggesting that survival is
not compromised by salvage proton therapy com-
pared to enucleation (Marucci et al. 2011).

9 Proton Reirradiation of Head
and Neck Cancers

Despite aggressive therapy, locoregional dis-
ease failure remains common in many head and
neck cancers. Reirradiation is a potentially cura-
tive treatment option for appropriately selected
patients, although only a small percentage of
patients achieve long-term survival (McDonald
et al. 2011). The toxicities of head and neck

reirradiation can be significant. A prospective
multi-institutional trial using an accelerated
hyperfractionated reirradiation regimen interdigi-
tated with chemotherapy reported early grade 3 or
higher toxicities in 77 % of patients. While many
were hematologic, radiation mucositis occurred in
16 % and gastrointestinal toxicity in 48 %. Grade 3
or higher late radiation toxicities were reported in
37 %. In total, treatment-related deaths occurred
in 8% (Langer et al. 2007). These results drive
the desire to improve the therapeutic ratio of reir-
radiation. Proton therapy may be advantageous
in reducing the volume of previously irradiated
tissues receiving additional radiation dose, poten-
tially reducing toxicities of retreatment. Proton
therapy may also enable the option of retreatment
for patients whose prior radiation dose distribu-
tion is felt to preclude the safe delivery of addi-
tional radiation using other modalities.

Researchers from the now-closed Indiana
University Health Proton Therapy Center
reported on 61 adult patients with recurrent, pro-
gressive, or second primary head and neck
malignancies after prior radiotherapy (McDonald
et al. 2016b). The most frequent histologies were
squamous cell (54.2 %), adenoid cystic (11.0 %),
and undifferentiated (8.2 %) carcinoma. The
great majority of cases (90.2 %) involved skull
base tumor sites, and 45 % had macroscopic
intracranial perineural spread or direct intracra-
nial tumor extension. These patients had been
referred from over 30 separate institutions and
practices, most often because there were felt to
be no appropriate photon-based reirradiation
treatment options. The patients were heavily pre-
treated; 18 % had received two to four prior
courses of radiotherapy, 52.5 % had undergone
two or more prior surgeries, and 59 % had
received prior chemotherapy.

Patients were treated to a median dose of
66 Gy (RBE) for microscopic residual disease
and 70 Gy (RBE) for gross residual disease.
Concurrent chemotherapy was used in a minority
of patients (29.5%). With a median follow-up
time of 15.2 months (28.7 months in those alive),
the 2-year estimate of overall survival was 32.7 %
and median survival 16.8 months. In a competing
risk analysis with death as a competing risk, the
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2-year cumulative incidence estimate for local
failure was 19.7 % and distant metastasis 38.3 %.
Acute toxicity of maximum grade 2 occurred in
47.5 %, grade 3 in 13.1 %, and grade 5 in 1.6 %.
Late toxicity of maximum grade 2 occurred in
22.6 %, grade 3 in 15.1 %, grade 4 in 5.7 %, and
grade 5 in 3.8%. There were a total of three
treatment-related deaths.

Given the heterogeneity and complexity of
this patient population, it is difficult to assess the
relative merits of proton reirradiation. Outcomes
appear comparable to series of patients treated
with photon-based reirradiation, despite a patient
population with more adverse risk factors and
largely felt ineligible for additional photon ther-
apy. For many of these patients, proton therapy
was used to extend a reirradiation option to those
who would otherwise likely have received sup-
portive care alone or palliative chemotherapy in a
minority. Compared to historical expectations of
survival outcomes with supportive care and pal-
liative chemotherapy, the patient survival out-
comes appear favorable.

Investigators at the Northwestern Medicine
Chicago Proton Center and the ProCure Proton
Therapy Center in Somerset, New Jersey,
reported a pooled analysis of 92 patients who
received proton therapy as reirradiation for recur-
rent or metachronous head and neck cancers
(Romesser et al. 2016). The most frequent his-
tologies were squamous cell carcinoma (56.5 %),
adenocarcinoma (9.8 %), and sarcomas (5.4 %).
The most common tumor site was the oropharynx
(85.5%), followed by the nasal cavity and para-
nasal sinuses (13 %), with 8.7 % being skull base
tumors. Patients were heavily pretreated: 17.4 %
had two or more prior course of radiotherapy and
48.9 % had prior chemotherapy.

The median dose of reirradiation was 60.6 Gy
(RBE) and 47.8% of patients received con-
current chemotherapy. With a median follow-
up time of 10.4 months (13.3 months in those
alive), the 1-year estimate of overall survival was
65.2%. In a competing risk analysis with death
as a competing risk, the 1-year cumulative inci-
dence estimate for local failure was 25.1 %. The
Kaplan-Meier estimate of distant metastasis at
1 year was 16 %. There were no reported acute

grade 4 or 5 toxicities. Late toxicities of grade 4
occurred in 7.2 % and grade 5 in 2.9 % with two
treatment-related deaths.

Figures 4 and 5 illustrate the use of proton
therapy in patients with recurrent head and neck
cancer.

10 Proton Reirradiation of Lung

Cancer

Researchers from MD Anderson Cancer Center
(MDACC) reported on 33 patients treated with
proton therapy for intrathoracic recurrence of
non-small cell lung cancer (McAvoy et al. 2013).
After a median prior dose of 63 Gy, patients
received a median reirradiation dose of 66 Gy
(RBE) at a median time of 36 months from prior
radiation. Relative to the initial tumor, the retreat-
ment was infield in 57.5 %, marginal in 6 %, and
out of field for 36 %. For the majority (85 %),
reirradiation was given for a centrally located
tumor. Roughly half had received chemotherapy
prior to reirradiation and 24 % received concur-
rent chemotherapy with reirradiation. After a
median follow-up time of 11 months (21 months
in those alive), the 1-year Kaplan-Meier estimate
of overall survival was 47 %, locoregional con-
trol 54 %, and freedom from distant metastases
39%. Grade >3 esophageal toxicity occurred in
9 %, grade >3 pulmonary toxicity in 21.2 %, and
there was 1 grade 3 cardiac toxicity. Toxicity was
similar to other experiences with retreatment of
NSCLC. Locoregional control remained prob-
lematic and the risk of distant metastasis was
high. While these data cannot provide insight into
the relative merit of proton therapy compared to
other modalities for reirradiation of NSCLC, they
do provide clinical experience with the feasibility
and tolerance of proton reirradiation.
Subsequently, the MDACC researchers
reported their combined experience of reirradi-
ation with proton therapy and IMRT (McAvoy
etal. 2014). They found no association between
treatment technique and pulmonary or esopha-
geal toxicity but did note a correlation between
grade >2 pulmonary toxicity and increasing
volume of lung receiving 10 Gy (V10) during
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Fig. 4 A 48-year-old man was reirradiated for recurrent
nasopharyngeal squamous cell carcinoma. He presented
with headaches, left-sided otalgia, and a serous otitis
media and was found to have a nasopharyngeal mass (a)
extending down the oropharyngeal wall to the level of the
larynx with associated ipsilateral necrotic neck adenopa-
thy. His pathology was negative for p16. He was treated
with tomotherapy to 70 Gy in 35 fractions (b—d) with
three cycles of 100 mg/m? cisplatin chemotherapy (third
cycle dose reduced). He had profound xerostomia and
dysphagia with over 70 Ib of weight loss and remained
gastrostomy tube dependent 9 months after radiation.
Follow-up PET/CT showed resolution of hypermetabolic
uptake but with residual centrally necrotic nodal adenopa-
thy. Six months after radiation, an FNA of the nodal mass
confirmed residual viable neck disease and a repeat PET/
CT 7 months after radiation showed recurrent disease in
the nasopharynx (e), biopsy proven. Given the short time

interval from prior radiation and persistent disease in the
neck, further radiation was not offered. Palliative chemo-
therapy was recommended. After seeking a second opin-
ion, he was referred for an opinion on salvage proton
reirradiation. At the time of our evaluation, he has a KPS
of 80 %, his weight had been stable over the past 3 months,
and a PET/CT scan showed no evidence of distant meta-
static disease. He was offered reirradiation to 70 Gy in 35
fractions (f-h) and received concurrent weekly cetux-
imab, carboplatin, and paclitaxel. He developed no oral
mucositis during treatment and gained 12 1b during the
course of reirradiation with improved oral intake. He con-
tinued to gain weight after reirradiation although he still
required a gastrostomy tube. Cumulative lifetime dose
distribution is shown (i, j). A PET/CT scan 3 months after
reirradiation showed a complete response. Unfortunately,
he later developed intracranial tumor progression and died
at 8 months from reirradiation
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Fig.5 A 34-year-old man was treated for a recurrent sino-
nasal poorly differentiated adenocarcinoma. He originally
presented with a sphenoid sinus primary with left orbital
extension. The pathology was felt consistent with sinonasal
undifferentiated carcinoma. He underwent induction che-
motherapy followed by concurrent chemoradiation therapy
to 70 Gy using IMRT (a, b). Imaging suggested a complete
response and endoscopic exploration and resection identi-
fied no residual tumor. He developed radiation retinopathy
of the left eye with loss of useful vision. Three years later, he
developed recurrent disease versus a second primary in the
left nasal cavity (within the prior radiation volume) involv-
ing the sphenopalatine foramen and pterygoid canal and
abutting the infraorbital nerve. It was biopsied as an inter-
mediate grade adenocarcinoma. He was then reirradiated
with concurrent cisplatin, receiving 67.2 Gy in 1.4 Gy frac-
tions given twice daily with IMRT (e, d). He had another
complete response to therapy and went on to develop mod-
erate trismus as well as a focus of grade 1 (asymptomatic)
radiation necrosis in the left temporal lobe. Ten months after
reirradiation, there was concern for recurrent disease in the
anterior nasal cavity on PET/CT scan, and an MRI 14
months after reirradiation showed enhancing tumor in the

anterior left nasal cavity (e-g), biopsy confirmed as a poorly
differentiated adenocarcinoma. This was largely outside of
his reirradiation volume but within the 80 % isodose line of
his original radiation volume. He underwent an endoscopic
endonasal craniofacial resection with involved surgical mar-
gins and both perineural and angiolymphatic space invasion.
Tumor involved the crista galli and the lamina papyracea,
which was removed, but did not grossly invade the perior-
bita. He sought evaluation at two major academic centers for
further reirradiation, but in light of his two prior courses of
treatment, the risk: benefit ratio of further radiation was
deemed unfavorable. He was then referred for consideration
of reirradiation with proton therapy. A recent postoperative
PET/CT scan and a repeat MRI showed no evidence of
recurrence or distant metastatic disease, and proton therapy
was offered. He declined concurrent chemotherapy with
repeat reirradiation. Proton therapy was used to maximize
sparing of his right eye (h), which had his only useful vision,
and to minimize additional dose to the area of his preexist-
ing left temporal lobe radiation necrosis (i). The lifetime
cumulative dose is shown (j). Unfortunately, he developed
distant metastatic disease to the liver and lung at 4 months
and succumbed to metastatic disease
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Fig.6 An 80-year-old man was treated for recurrent soli-
tary lung metastasis from colon adenocarcinoma. Five
years after surgery for a pathologic T3 NO colon adenocar-
cinoma, he developed hemoptysis and was found to have a
solitary right perihilar metastasis, biopsied as adenocarci-
noma consistent with his colon primary. Given his advanced
age and medical comorbidities including hypertensive car-
diomyopathy, and obstructive pulmonary disease from
asbestosis with poor pulmonary function tests, he was not a
candidate for surgical metastasectomy. He then received
thoracic radiotherapy with IMRT to 64 Gy (a) with concur-
rent capecitabine. Eighteen months later he developed
recurrent hemoptysis, and a CT (b) showed recurrence of
the previously treated right perihilar metastasis, now mea-
suring just over 5 cm in size, without evidence of other dis-
tant disease on PET/CT. He was not felt to be a candidate
for additional external beam radiation or stereotactic body
radiotherapy in light of his prior radiation and tumor size.
He was then referred for salvage proton therapy. He was

reirradiation, as well as V20, mean lung dose,
and composite (lifetime) mean lung dose. These
findings support a planning objective of mini-
mizing nontarget lung exposure to additional
radiation using the most conformal modality
available.

Figure 6 shows an example of a patient treated
with proton therapy for reirradiation of a solitary
lung metastasis.

treated with a field-in-field technique, delivering 30 Gy
(RBE) in 10 fractions to a larger volume and 50 Gy (RBE)
in 10 fractions at the 80 % isodose line to the gross tumor
volume with more limited margin (c). In the absence of 4D
CT capability and gated delivery, a respiratory compression
belt was used to minimize respiratory excursion, and a slow
CT was acquired to create an average image over several
respiratory cycles. Beam angles were selected to treat
through lung which had previously been irradiated to sig-
nificant dose and avoid increasing the lifetime lung V20.
Three beam angles were used: a right anterior oblique, left
posterior oblique, and a PA. His lifetime dose distribution is
shown (d). His hemoptysis resolved with reirradiation and
he had no acute toxicities of treatment. In follow-up imag-
ing, he had a persistent right hilar mass that could represent
fibrosis or residual tumor but without clear progression. He
did later develop intrabronchial progressive disease outside
of the reirradiation field. At 45 months after reirradiation,
he was alive off therapy

11 Proton Reirradiation
of Esophageal Cancer

Putative advantages of proton therapy in reirradia-
tion of esophageal cancer include reduced cardiac
and lung dose, potentially reducing the risk of car-
diopulmonary complications. Esophageal muco-
sal toxicity would not be anticipated to be different
from other external beam modalities but likely
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lower than with brachytherapy, which has been
associated with a fairly high risk of stricture,
ulceration, and perforation (Sharma et al. 2002).
Researchers at the University of Pennsylvania
reported on 14 patients receiving proton reirradia-
tion for esophageal cancer who had been treated
on a prospective study of proton reirradiation
(Fernandes et al. 2015). Patients were retreated to
a median dose of 54 Gy at a median interval of 32
months from their initial radiation treatment
course, which had delivered a median prior dose
of 54 Gy. One patient was deemed infeasible due
to development of a pleural effusion which neces-
sitated that 30 % of the reirradiation dose be deliv-
ered with IMRT due to the increased proton range
uncertainties in the setting of the pleural effusion.
One grade 5 and one grade 3 esophageal ulcer-
ation occurred, both thought to be related to per-
sistent tumor rather than radiation. Of the ten
patients presenting with dysphagia, 70 % had par-
tial or complete improvement. The median sur-
vival after reirradiation was 14 months. Nine
patients developed further infield tumor progres-
sion and six developed distant metastatic disease.

12 Proton Reirradiation
of Rectal Cancer

Prior to total mesorectal excision (TME), locally
recurrent rectal cancer was estimated to occur in
up to one-third of patients, and approximately
one-half of these recurrences arose without evi-
dence of distant metastatic disease (Moriya
2006). Following preoperative short-course
radiotherapy and TME, long-term data from a
randomized controlled trial reported a 10-year
local recurrence risk of 5 % (van Gijn et al. 2011),
which still yields a large number of cases given
the high incidence of colorectal cancer.

A common approach in previously irradiated
patients selected for curative intent salvage ther-
apy is preoperative reduced dose reirradiation
with concurrent chemotherapy followed by reas-
sessment for radical resection and IORT (Konski
et al. 2012). Compared to more favorable loca-
tions such as anastomotic recurrences, presacral
and posterolateral recurrences are associated

with a low likelihood of radical surgical resect-
ability, significant rates of morbidity and mortal-
ity, and poorer outcomes (Kusters et al. 2009).
The dose of reirradiation has typically been lim-
ited, with 30 Gy in conventional fractionation
being a common prescription, because of the risk
of toxicity to previously irradiated bowel and
neurovascular tissues. Because these low doses
are extremely unlikely to eradicate gross disease,
reirradiation is generally a palliative treatment
when surgery is not a component of treatment.

Proton therapy may be considered for preop-
erative reirradiation in an effort to reduce the
dose to previously irradiated bowel and bladder.
Through improved avoidance of pelvic viscera,
proton therapy may be hypothesized to reduce
the risk of urinary toxicity, small bowel obstruc-
tion, or fistula compared to less conformal treat-
ments. Improved target conformality and normal
tissue avoidance may allow for dose-escalated
preoperative proton reirradiation, which may be
hypothesized to improve the likelihood of tumor
response and subsequent RO resection.

For patients managed without surgery, proton
therapy also offers the possibility of dose escala-
tion and treatment with radical intent. Other
modalities which may be considered for radical
reirradiation include SBRT (Defoe et al. 2011)
and interstitial brachytherapy (Bishop et al.
2015). Potential advantages of proton therapy in
radical reirradiation include the ability to target
recurrences that are not anatomically accessible
or otherwise unsuitable for interstitial therapy
(e.g., encasement of neurovascular structures) or
are too large or poorly defined to be suitable tar-
gets for SBRT. Clinical outcomes data of proton
reirradiation are too sparse to judge the merits of
any of these hypotheses.

Figures 7 and 8 are examples of the application
of radical proton therapy with concurrent chemo-
therapy in patients with recurrent rectal cancer.

Researchers from the University of
Pennsylvania reported outcomes for seven
patients with locally recurrent rectal cancer
treated on a prospective study of proton reirra-
diation (Berman et al. 2014). At a median of 39
months after a median prior dose of 50.4 Gy,
patients received an additional 45-64.8 Gy
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Fig.7 A 63-year-old man was reirradiated for a posterolat-
eral pelvic side wall recurrence of rectal adenocarcinoma. He
originally presented with a T2 N2 rectal adenocarcinoma,
KRAS wild type, and was treated with preoperative radiation
therapy to 50.4 Gy with continuous infusion 5-fluorouracil
(a). He then underwent a low anterior resection with a patho-
logic complete response, with 0/3 lymph nodes being
involved. He had poor tolerance of planned adjuvant
capecitabine and so received no adjuvant therapy. Four and a
half years after surgery, he developed a rising CEA with a
PET/CT showing a hypermetabolic (SUV 4.2) mass at the
left pelvic sidewall (b), with a CT-guided FNA showing
recurrent adenocarcinoma consistent with his rectal primary.
He was not felt to be a candidate for radical surgical resection
due to tumor location. He was referred for salvage proton
therapy, which was initially denied by insurance. He received
FOLFOX4 plus bevacizumab for 4 months while awaiting

insurance approval, with stabilization of disease. Oxaliplatin
was stopped early due to acute reaction. Pelvic MRI was
obtained to assess the extent of disease (c¢). He was then
treated with salvage proton therapy, planned to 70 Gy (RBE)
in 38 fractions (he elected to stop at 68 Gy (RBE) due to
travel arrangements) with continuous infusion fluorouracil
(d, e). It was decided to allow the lateral rectal wall to receive
an additional 50 Gy (RBE), assuming some interval normal
tissue recovery in the intervening years since prior radiother-
apy. The lifetime cumulative dose distribution is also shown
(f). A PET/CT scan at 3 months after reirradiation showed a
complete response and his CEA had normalized. Three years
after reirradiation, he had a rising CEA again, and a PET/CT
scan showed a solitary focus of osseous metastatic disease in
the left ischium, biopsy proven, at which point he elected
observation. He remains alive 4 and a half years after reirra-
diation without rectal bleeding, ulceration, or colostomy
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Fig. 8 A 63-year-old man was treated for a presacral
recurrence of rectal adenocarcinoma. His original treat-
ment was an abdominal perineal resection (APR) for a
pathologic T2 NO rectal adenocarcinoma with uninvolved
surgical margins and no lymphovascular space invasion.
No adjuvant therapy was indicated. Two years later, a ris-
ing CEA prompted a PET/CT scan which showed a hyper-
metabolic focus in the presacral space, biopsied by fine
needle aspiration which confirmed locally recurrent ade-
nocarcinoma, without evidence of regional or distant
metastatic disease. It was not felt to be surgically resect-
able without significant morbidity. He was treated with
3DCRT to 50.4 Gy (a, b: dose shown on PET/CT scan)
with concurrent capecitabine with a complete response on
subsequent PET/CT scan. One year later, his CEA was
rising again and PET/CT and MRI (¢) showed recurrence
of the previously treated lesion without evidence of

regional or distant metastatic disease. He was then referred
for salvage therapy with protons and again received con-
current capecitabine. On exam he had fairly pronounced
radiation fibrosis of the sacral skin (bolus had been
applied over the buttocks during prior radiation). He was
reirradiated with proton therapy to 70 Gy (RBE) with
three fields: a PA and steeply angled left and right oblique
fields to improve skin sparing during reirradiation (d, e).
Proton therapy was readily able to avoid the bladder and a
small amount of bowel in the cranial portion of the field
which was not in close proximity to the target. At 3
months postradiation, his CEA had normalized and a CT
scan showed stability of the presacral thickening. At 5
months postradiation, a repeat PET/CT scan showed a
complete response (f). At 32 months from completion of
reirradiation, he remains without evidence of recurrent
disease
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(mean 61.2 Gy) with proton therapy. Most (6/7)
received concurrent 5-FU-based chemotherapy
and two patients had R2 (macroscopically
incomplete) surgical resections as part of man-
agement. At a median follow-up of 14 months,
there had been one complete response, one
patient with progressive disease, and five par-
tial responses, two of whom later developed
another local recurrence. In dosimetric com-
parison to alternate prospectively developed
treatment plans using IMRT, proton therapy
was associated with reduced dose to bowel.
There were three acute (and transient) grade 3
toxicities and three late grade 4 toxicities (two
bowel obstructions and one enterovaginal fis-
tula thought due to progressive tumor).

Researchers from the Hyogo Ion Beam
Medical Center have also reported on three
cases of particle reirradiation of recurrent rectal
cancer (two proton, one carbon ion) (Mokutani
et al. 2015). Treatment was given with radical
intent (proton dose 74 Gy in 34 fractions) with-
out concurrent chemotherapy and achieved
durable control of the treated tumor in two of
the cases with the third developing another
local re-recurrence approximately 30 months
after reirradiation.

Conclusions

Clinical experience with reirradiation using
proton beam therapy is increasing. The ratio-
nale for proton reirradiation is often to avoid
or reduce toxicities of reirradiation by limiting
the volume of nontarget tissues receiving
additional radiation dose. In some diseases,
proton reirradiation may improve outcomes
by facilitating safe dose escalation or provid-
ing better target coverage while respecting
constraints to critical normal structures. In
uncommon cases, proton therapy may permit
reirradiation when the dosimetry achieved
with other modalities is felt to preclude safe
reirradiation. The existing data on proton reir-
radiation is limited to small series and is
highly heterogeneous. To better understand
the value of proton therapy in reirradiation
relative to other radiation modalities, prospec-
tive evaluation with more homogenous patient

populations is needed to evaluate predefined
end points based on rational clinical
hypotheses.
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Abstract
Historically, radiation oncologists have

approached re-irradiating brain tumours with
caution due to the potential risks of central
nervous system late toxicity, especially radio-
necrosis, which may occur months or years
following treatment. There is, however, a
paucity of prospective data addressing this
approach. Re-irradiation of brain tumours is
attracting more interest as our understand-
ing of the tolerance of the brain to radiation
evolves. Furthermore, developments in radia-
tion treatment approaches, technology and
imaging enable highly accurate targeting of
biologically relevant tumour volumes. Thanks
to recent advancements in molecular-targeted
therapy, further exploration of the role of re-
irradiation — primary or in combination with
novel agents — is needed.
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1 Introduction

The current standard of care for glioblastoma
multiforme (GBM) is radiotherapy with concur-
rent and adjuvant temozolomide. Recent data
suggest that the addition of the device NovoTTF
(tumour-treating fields) to adjuvant temozolo-
mide improves progression-free and overall
survival for GBM patients (Stupp et al. 2015).
Temozolomide is associated with a 5-year overall
survival of 9.8 % versus 1.9 % with radiotherapy
alone (Stupp et al. 2009). Because of the infiltrat-
ing nature of gliomas, they frequently recur and
despite an increase in survival rates, the major-
ity of patients progress within 1-2 years. With
regard to anaplastic astrocytomas and low-grade
gliomas, radiotherapy remains the standard first-
line treatment, although other approaches are
under investigation. Time to local recurrence
is longer in lower-grade tumours; however, the
majority ultimately also recur. Salvage therapy is
indicated in the majority of recurrent gliomas and
most patients receive chemotherapy or surgery
at relapse. Further neurosurgical intervention is
frequently limited because of the high risk of
operative morbidity in these infiltrative tumours
and systemic options can be impacted by resis-
tance to therapy. A local agent without systemic
toxicity would be ideal, as a significant propor-
tion of patients experience a reduced bone mar-
row reserve at progression, complicating further
systemic treatment.

Historically, radiation oncologists have been
cautious about re-irradiating brain tumours because
of concerns of late toxicity when exceeding nor-
mal tissue constraints, especially radionecrosis,
which can occur several months to many years
following treatment. There is, however, a lack of
prospective data addressing this approach, and
most information is from relatively small reported
clinical series. Re-irradiation for brain tumours is
now attracting more interest as our understanding
of the tolerance of normal brain tissue evolves.
Developments in radiation technology and imag-
ing also enable highly accurate targeting of bio-
logically relevant tumour volumes.

In this chapter, we discuss the radiobiologi-
cal principles behind re-irradiation of central
nervous system (CNS) tumours and look at

the current evidence and future directions for
development.

2 Overview of Treatment
Options for Recurrent
Gliomas

External beam radiotherapy is an integral part
of therapy for the treatment of low- and high-
grade gliomas. The exact timing of radiotherapy
for low-grade gliomas is controversial, but most
patients will receive radiotherapy at some point
during the course of their disease. The vast
majority of gliomas recur within 2 cm of the
original surgical site (Hess et al. 1994; Wong
et al. 1999).

At relapse, treatment options have included
further surgical resection, systemic chemother-
apy and more recently re-irradiation. Currently,
there is no agreed standard of care.

The extent of surgical resection at relapse is
frequently limited by the infiltrative nature of
these tumours and the need to avoid severe neu-
rological deficit from further surgical interven-
tion. For those patients able to undergo further
surgical resection, the use of impregnated car-
mustine wafers in the surgical cavity improved
median survival by 8 weeks in a placebo-
controlled study (Brem et al. 1995). There are
attempts at improving the rate of complete
resections for first-line and repeat resection in
glioblastoma using a fluorescent compound
named protoporphyrin IX (PpIX) which is
derived from 5-aminolevulinic acid (5-ALA).
Studies have shown that PpIX accumulates
preferentially in malignant glioma cells and is
highly fluorescent with a maximum absorption
of 440 nm. This property can be exploited intra-
operatively to demarcate malignant cells for
resection during a fluorescence-guided surgery
(Ngyuen and Tsien 2013). Clinical studies have
shown this compound can improve the rate of
complete resections (Quick-Weller et al. 2016).
Both surgical resection and re-irradiation are
considered local therapies which independently
have demonstrated acceptable median survival
times of 8—11 months. The combination of both
modalities in the setting of recurrent high-grade



Brain Tumours

129

glioma is less well studied, but Palmer et al.
(2015) demonstrated that the addition of re-
resection to re-irradiation added no additional
survival benefit. Typically, the use of repeat
surgical resection appears most efficacious in
the setting of a small recurrence in an operable
location in which resection is expected to allevi-
ate symptomatic requirement of steroids.

There are few randomised controlled clinical
trials in the treatment of recurrent glioma. Wong
et al. (1999) published a review on outcomes and
prognostic factors for recurrent gliomas treated
within phase II clinical trials. From the eight
studies reviewed, the progression-free survival at
6 months was 21 %, median progression-free sur-
vival was 10 weeks and median overall survival
was 30 weeks. GBM patients had significantly
poorer outcomes than anaplastic astrocytoma
patients. Results were also worse for those with
more than two prior operations or two prior che-
motherapy regimens.

Huncharek and Muscat (1998) published a
systematic review of outcomes from treatment of
high-grade gliomas at relapse. This included 40
trials (36 non-randomised controlled trials and 4
randomised controlled trials). Thirty-two of the
trials addressed the outcome post chemotherapy;
7 were radiation therapy trials. The nitrosoureas
were associated with significantly extended time
to tumour progression compared to all other
drugs (26.9 weeks). The nitrosoureas and plati-
nums were the most active drugs with regard
to overall survival (32 weeks). Average median
survival for patients treated with radiation was
44.7 weeks but selection bias prevented compari-
son with chemotherapy studies.

The use of temozolomide at recurrence has
been investigated in several phase II studies with
varying dose regimes and seems to be associated
with improved progression-free and overall sur-
vival (Yung et al. 1999; Wick et al. 2004, 2007).
New information on biomarker selection for
patients who are likely to be sensitive to temo-
zolomide may alter the proportion of patients
who are deemed suitable for this treatment
(Weller et al. 2015).

One of the main limitations of systemic ther-
apy is that a significant proportion of patients
have grade III/IV haematological toxicity from

first-line chemotherapy. Therefore, a significant
proportion has reduced bone marrow reserve
at progression. Current standard treatment is to
offer chemotherapy or a novel agent along with
chemotherapy, but a local agent without sys-
temic toxicity would be advantageous in these
circumstances.

Re-irradiation for gliomas has attracted contro-
versy in the past but is receiving more attention
due to advances in radiotherapy techniques and
imaging modalities, which may reduce concerns
related to the risk of late neurological toxicity.

3 The Biology of Late Central
Nervous System Toxicity

Historically, CNS toxicity following irradiation
has been divided into three phases — early (days-
weeks after), early delayed (1-6 months after and
including somnolence syndrome and Lhermitte’s
phenomenon due to transient demyelination) and
late (greater than 6 months following irradiation).
Early and early-delayed toxicity are normally
reversible and spontaneously resolve whereas late
toxicity is normally progressive and irreversible.

Late injury is characterised pathologically
by demyelination, vascular changes and ulti-
mately necrosis. Therefore, much focus has been
on the radioresponse of the vasculature and the
oligodendrocyte population. Radiation induces
damage to endothelial cells and the loss of
02A progenitor cells, which results in failure to
replace oligodendrocytes and subsequent demy-
elination. There is an additional role involving
astrocytes, microglia, neurons and neural stem
cells. The biology of late CNS toxicity is there-
fore thought to be a complex dynamic process
involving many cell types and interactions with
no known effective means of prevention or treat-
ment (Tofilon and Fike 2000; Wong and van der
Kogel 2004; Wong et al. 2015).

Available animal data come mainly from studies
investigating spinal cord tolerance to irradiation.
The pathogenesis of radiation toxicity and recov-
ery potential in the brain is assumed to be similar
to the spinal cord, and the structures of the central
nervous system are assumed to have a low o/p ratio
(Hall and Giaccia 2005; Withers 1985). Preclinical
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data suggest that there is significant recovery fol-
lowing irradiation. Therefore, the toxicity result-
ing from retreatment depends on dose, volume and
time between exposures. A conservative estimate
is that up to 50% recovery may occur within 1-2
years post initial treatment if doses that fall below
full tolerance were given at first exposure. In
preclinical models within the spinal cord, no
microscopic lesions were seen with a cumulative
dose less than 110 Gy (Ang et al. 2001).

4 Factors for Predicting Better
Survival

Carson et al. (2007) published an evaluation on
prognostic factors for patients with recurrent
high-grade gliomas based on ten prospective
phase I and II trials and using a recursive parti-
tioning analysis (RPA) to define seven prognostic
groups. Relevant prognostic factors included per-
formance status, initial histology, age and corti-
costeroid use. They concluded that patients with

recurrent gliomas entering clinical trials have
widely variable outcomes, many of which depend
on initial clinical characteristics and demograph-
ics. In addition, time from initial radiation to
re-irradiation (12 months) has been shown to be
strongly prognostic (Combs et al. 2013b). These
may be applicable in selecting patients for re-
irradiation, patient counselling and treatment
avoidance or design for future clinical trials.

5 Evidence for Re-irradiation

There are over 50 clinical studies in the literature
on the re-irradiation of gliomas. The majority of
these studies are retrospective and use a variety
of techniques including brachytherapy, fraction-
ated stereotactic radiotherapy, radiosurgery and
conformal radiotherapy with or without new sys-
temic agents (see Table 1). As well as using dif-
fering techniques, the available data uses a wide
range of doses and volumes highlighting the fact
that no standard approach exists in this context

Table 1 Summary of the largest re-irradiation studies for patients with recurrent gliomas

Author ‘ Case number ‘ Technique/dose ‘ Median survival
Brachytherapy
Scharfen et al. (1992) |66 GBM Brachytherapy 1-125 64.4 Gy 11.3 months
Sneed et al. (1997) 66 GBM Brachytherapy 1-125 64.4 Gy 11.7 months
45 WHO 111 12.3 months
Gabayan et al. (2006) |81 GBM Gliasite brachytherapy 60 Gy at 10 mm 35.9 weeks
14 WHO 111 43.6 weeks
Tselis et al. (2007) 84 GBM Brachytherapy Ir-192 40 Gy 37 weeks
Fabrini et al. (2009) 18 GBM HDR brachytherapy 18 Gy 8.0 months
3 WHO 111
Stereotactic radiosurgery
Shrieve et al. (1995) 86 GBM Stereotactic radiosurgery 13 Gy 10.5 months
Cho et al. (1999) 46 GBM Stereotactic radiosurgery 17 Gy 11.0 months
Combs et al. (2005a) 32 GBM Stereotactic radiosurgery 10.0 months
Median 15 Gy (10-20 Gy)
Combs et al. (2005b) 54 GBM Stereotactic radiotherapy 8.0 months
39WHO III |36 Gy (15-62 Gy) 16.0 months
5x2 Gy conventional fractionation
Kong et al. (2008) 65 GBM Stereotactic radiosurgery 16 Gy 13.0 months
49 WHO 111 26.0 months
Patel et al. (2009) 36 GBM Stereotactic radiosurgery 18 Gy 8.5 months
Fractionated stereotactic radiotherapy 36 Gy in 7.4 months
6 fractions
Cuneo et al. (2012) 49 GBM Stereotactic radiosurgery 15 Gy 10 months

(continued)
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Table 1 (continued)

Author

‘ Case number | Technique/dose

Median survival

Hypofractionated stereotactic radiotherapy

Shepherd et al. (1997) |33 GBM Hypofractionated conformal radiotherapy 11.0 months
Escalation 20-50 Gy
Hudes et al. (1999) 19 GBM Stereotactic hypofractionated radiotherapy 10.5 months
1 WHO 11 Escalation 24 Gy (3 Gy/F) — 35 Gy (3.5 Gy/F)
Lederman et al. (2000) |88 GBM Stereotactic hypofractionated radiotherapy 7.0 months
Median 24 Gy in 4 fractions
Grosu et al. (2005) 44 GBM Stereotactic hypofractionated radiotherapy 9.0 months
36 PET/SPECT 30 Gy 5.0 months
8 CT/MRI (6 x5 Gy)
Fokas et al. (2009) 53 GBM Stereotactic hypofractionated radiotherapy 9.0 months
30 Gy in 10 fractions
Fogh et al. (2010) 105 GBM Stereotactic hypofractionated radiotherapy 11.0 months
42 WHO III | Median 35 Gy in 10 fractions 10.0 months
Palmer et al. (2015) 161 GBM Stereotactic hypofractionated radiotherapy 10.8 months
59 WHO III | Median 35 Gy in 10 fractions
Conventionally fractionated stereotactic radiotherapy
Arcicasa et al. (1999) |31 GBM Fractionated conventional 2D radiotherapy 13.7 months
34.5 Gy in 23 fractions (1.5 Gy/F)
Cho et al. (1999) 25 GBM Conventional fractionated radiotherapy 37.5 Gy in 15 12.0 months
fractions
Koshi et al. (2007) 11 GBM Stereotactic radiotherapy 11.0 months
14 WHO III |22 Gy in 8 fractions/8 F (+ hyperbaric oxygen) 19.0 months
Combs et al. (2008) 8 GBM Stereotactic radiotherapy 9.0 months
10 WHOIIT | 36 Gy in 2 Gy per fraction (+ temozolomide 50 mg/m?)
7 WHO II

(Nieder et al. 2006). There are, therefore, severe
limitations when comparing these studies that are
compounded by a lack of standardised recording
of radiotherapy variables and toxicity outcomes.

5.1 Conformal Radiotherapy

Over the past decade, there have been improve-
ments in radiotherapy and imaging techniques
to improve target definition. 3D conventional
radiotherapy using co-registered magnetic reso-
nance imaging (MRI) has improved target defini-
tion and allows the dose to normal structures to
be reduced. Further developments such as IMRT
(intensity-modulated radiotherapy) can improve
this further by improving conformality at the
target using multiple modulated beams. With re-
irradiation planning and treatment, the intention
is generally to treat the area of recurrence with
an adequate margin while avoiding the total dose

to critical organs at risk within the CNS, such as
the optic nerves or the brainstem, making highly
conformal approaches very appealing in this con-
text (Figs. 1 and 2).

5.2 Stereotactic Radiosurgery/
Fractionated Stereotactic

Radiotherapy

In brain radiotherapy, stereotactic methods offer
optimal precision of target definition while mini-
mising dose to the surrounding tissues. This
treatment technique usually utilises exact posi-
tioning of the patient using a frame-based struc-
ture for three-dimensional localisation.
Stereotactic radiosurgery (delivered using
the Leksell Gamma Knife, adapted linear accel-
erators, CyberKnife and other devices) is a
non-invasive, highly conformal radiotherapy
technique. It allows very accurate dose delivery
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Fig. 1 CT and MRI-fused planning images for a patient
treated for a recurrent glioma. Ten years previously treated
with 55 Gy in 30 fractions over 6 weeks. Re-irradiated

with the patient in a fixed head frame, and mul-
tiple beam sources produce a steep dose gradi-
ent at the edge of the target, therefore allowing
a highly precise dose to be delivered to tumour
while sparing the surrounding normal tissues and
organs at risk. The treatment is limited to smaller
volumes as the risk of radiotherapy-related side
effects increases with both volume treated and
dose. The treatment is usually given in a single
fraction (Figs. 3 and 4).

In fractionated stereotactic radiotherapy, the
dose is divided over several fractions, which is
made possible by using relocatable head frames
or image-guided frameless systems. This has the
radiobiological advantage of sparing toxicity to
normal tissues due to fractionation and the allow-
ance of normal tissue repair during treatment.
This technique can therefore be used to treat

with 30 Gy in 6 fractions over 2 weeks. CTV (Blue con-
tour) contrast-enhancing volume on T1-weighted MRI,
PTV (Red contour) CTV +0.5 cm margin

larger volumes compared to stereotactic radio-
surgery (Fig. 5).

Shepherd et al. (1997) reported on 29 recurrent
high-grade glioma patients treated with a variety
of doses of stereotactic hypofractionated re-irra-
diation who had a median survival of 11 months.
This compared favourably to a matched cohort
of patients treated with nitrosourea chemother-
apy with a median survival of 7 months. In this
study, a stereotactic radiotherapy dose of >40 Gy
was found to be a significant predictor of radia-
tion damage. There was also a trend towards
higher risk of complications for larger volumes
irradiated.

More recent data on response to radiosur-
gery or fractionated stereotactic radiotherapy in
the retreatment of high-grade glioma reported
a median survival of 8 months with radiologi-
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Fig.3 A 57-year-old patient with recurrent glioblastoma
of the right temporal lobe anterior to the surgical resection
cavity. The targeted volume was 12.3 ml. The patient was
treated with SRS to a dose of 18 Gy prescribed to the 90 %
isodose line
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Fig.4 A 44-year-old patient with recurrent glioblastoma of
the right temporal lobe. The targeted volume was 123.3 ml.
The patient was treated with FSRT to a dose of 36 Gy in 6
fractions prescribed to the 90 % isodose line due to the large
tumour volume and close proximity of critical structures
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Fig.5 MRIimages used for radiation treatment planning.
The left panel depicts a conformal radiation treatment
plan with large portions of the brain receiving at least
50% of the prescription dose (blue isodose line). The

cal response rate of 40% based on MRI criteria
(Patel et al. 2009).

There is an ongoing clinical trial at the
National Cancer Institute addressing hypofrac-
tionated stereotactic radiation therapy dose esca-
lation (NCT02709226). The study is a phase
I 3+3 design trial with three pre-planned dose
levels: 3.5 Gyx10 fractions, 3.5 Gyx 12 frac-
tions and 3.5 Gy x 14 fractions.

5.3 Brachytherapy

Brachytherapy delivers radiation over a short
distance therefore requiring the radiation source
to be placed in close contact with the volume
being treated. Most studies in the brain have
used '>I or "?I. Placement of multiple sources
of radiation around the surgical cavity is techni-
cally challenging to ensure an adequate and even
dose distribution. A recent review by Combs et al.
(2007) reports on the available but limited data on
brachytherapy for recurrent gliomas (see Table 1).
It should be noted that patients who are selected
for brachytherapy are normally those with resect-

Slice 46 /160

Obpiay Adpte

right panel depicts a fractionated stereotactic radiation
treatment plan with a much steeper dose gradient with less
brain receiving at least 40 % of the prescription dose (blue
isodose line)

able tumours, good performance status and small
volume of disease. High reoperation rates and
radionecrosis incidence have been reported using
these techniques.

5.4 Radiobiology of Re-irradiation

of Gliomas

Although the biology of re-irradiation responses
in the CNS remains to be fully understood, there
is now a significant body of clinical and pre-
clinical data which allow broad conclusions to
be drawn and recommendations made. Mayer
and Sminia (2008) identified and analysed 21
re-irradiation studies and reviewed the avail-
able clinical data on re-irradiation of gliomas
with respect to tolerance of the normal brain
tissue. They found that the incidence of toxic-
ity, including radionecrosis, may be signifi-
cantly under-reported since only symptomatic
necrosis is likely to be recorded. According to
their analysis, the major factor contributing to
necrosis was the total dose received. There was
no correlation between time to re-irradiation
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and the development of necrosis, although the
minimum time interval between treatments in
this data set was 3 months. Importantly, they
concluded that the incidence of necrosis did not
increase significantly until the total cumulative
dose reached 100 Gy.

Conclusions Based on Clinical
Evidence

55

Despite a large body of clinical work, there
remains no standard protocol for re-irradiation of
brain tumours. The clinical data are limited by the
variety of techniques that have been used, which may
be associated with different risks of toxicity. Specific
toxicity is also often poorly reported in these studies
and important variables are often not recorded.

Further limitations of the clinical evidence
include problems distinguishing necrosis from
recurrence on imaging. It is well established that
standard, T1-weighted MRI sequences distin-
guish poorly between recurrent tumour and necro-
sis, which can often appear as a new enhancing
lesion. The poor dose definitions also make com-
parisons between studies difficult. Some studies
have used concomitant chemotherapy, which
may have been a confounding factor. There are
very few data on the quality of life following re-
irradiation — an important consideration in a poor
prognostic group (Nieder et al. 2008).

Overall, though, available data suggest that
there may be a select group of patients with
recurrent glioma in whom re-irradiation may be a
safe and effective approach.

Ideally, radiotherapy should be highly confor-
mal to keep the treated volume as small as possible
and reduce late side effects to organs at risk and
normal brain tissue. Many series suggest that lim-
iting the target volume to approximately 4-5 cm
minimises the risk of toxicity and suggests that if
larger volumes are being targeted then consider-
ation should be made for reducing the dose.

Most recurrent glioma patients will have
received the equivalent of 55-60 Gy in 1.8-2 Gy
per fraction when they were initially treated, and
therefore not more than 40 Gy equivalent in a
hypofractionated regime should be delivered

when re-irradiating, aiming to keep the total dose
less than 100 Gy (Mayer and Sminia 2008).

Available data do not suggest that there is an
obvious limitation on the time between treatment
courses, although most clinicians would not treat
within a year, as these patients are likely to have
primary treatment resistance.

Performance status of the patient and the
potential impact on their quality of life should
be taken into account. Consideration should
be given to the impact of prolonged treatment
courses in the context of poor prognosis disease.

6 Imaging

6.1 Target Definition

Contrast-enhanced thin-sliced MRI imaging using
gadolinium remains the gold standard imaging
modality for target delineation for gliomas. The
problems are that following surgery or radio-
therapy, the signal change based on gadolinium
enhancement can be non-specific making accurate
target definition a challenge. Most gliomas recur
within 4 cm from the margin of the original lesion,
and this is often where non-specific signal change
due to surgery and prior treatment are also appar-
ent (Gaspar et al. 1992; Chan et al. 2002).

To optimise the outcome of radiotherapy treat-
ment, improved target definition is of paramount
importance. In this context, alternative biologi-
cal imaging may improve the definition of the
relevant target, for example, amino acid PET
(SPECT)/CT/MRI image fusion to determine the
gross tumour volume is currently under investi-
gation (GLIAA-NCT01252459).

Typically, the gross tumour volume is
delineated as the new or progressive contrast-
enhancing lesion. For stereotactic radiosurgery
or fractionated stereotactic techniques, typically
no margin is added; however, based on physician
preference or other treatment parameters, a small
1-2 mm margin may be added. Recently, several
studies have assessed the value of adding a lower
dose to the surrounding T2/FLAIR volume due
to the possibility that this may encompass low-
grade or transforming tumour (Clark et al. 2014).
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6.2 Diagnosing Radionecrosis

There is no gold standard imaging modality that
can distinguish true tissue necrosis from tumour
recurrence associated with recurrence (Ullrich
et al. 2008). Conventional MRI techniques have
limitations when discriminating tumour recur-
rence and treatment-induced injury. This may
become possible with advances in imaging tech-
nology such as perfusion-weighted, diffusion-
weighted and magnetic resonance spectroscopy
(Bobek-Billewicz et al. 2010). Early studies
using ®F-FDG PET reported sensitivities of
81-86% and specificities of 40-94% when
distinguishing between radiation necrosis and
recurrent tumour (Langleben and Segall 2000).
Further studies are awaited but co-registration
of MRI and amino acid tracers may improve
the diagnostic accuracy (Chen 2007; Go6tz and
Grosu 2013).

6.3 Diagnosing Progression

For many years, the Macdonald criteria devel-
oped in 1990 was the gold standard in assess-
ing response to treatment in high-grade gliomas.
These criteria were based on two-dimensional
tumour measurements and clinical assessments
(Macdonald et al. 1990). These criteria focused
on the contrast-enhancing lesions only and have
limited use to differentiate pseudoprogression
from true progression. The new standardised
response criteria for glioma clinical trials are
the updated Response Assessment Criteria in
Neuro-Oncology (RANO) criteria developed in
2010 (Wen et al. 2010). These updated criteria
differentiate between measurable and non-mea-
surable lesions on contrast-enhanced CT, MRI
T1 post-contrast and T2 imaging. A measurable
lesion is defined as a contrast-enhancing lesion
with clearly demarcated margins, seen on two
or more axial slices with a maximum diameter
of at least 10 mm excluding a cystic cavity.
Non-measurable lesions are those with cystic
or necrotic components or a surgical cavity. For
these lesions, the peripheral nodular component
is considered measurable. Criteria for progres-

sion of disease based on RANO criteria include
a 25% or more increase in enhancing lesions
despite increasing steroid dose; a significant
increase in non-enhancing T2/FLAIR, not attrib-
utable to other causes; any new lesions; and clini-
cal deterioration.

The diagnosis of true tumour progression
can be difficult as approximately 20-30% of
patients may develop pseudoprogression after
concurrent chemoradiotherapy (Brandsma et al.
2008). Pseudoprogression is a manifestation
of treatment-related effects and is more likely
in MGMT-methylated glioblastoma patients.
Newer imaging techniques have been developed
which may also aid in the differentiation between
early tumour progression and pseudoprogres-
sion. Perfusion MRI imaging measuring cerebral
blood volume changes may predict early tumour
progression as true tumour progression manifests
as an increase in relative cerebral blood volume
(rCBV), and radionecrosis more likely manifests
with a relative decrease in rCBV (Surapaneni
et al. 2015). Additionally, diffusion-weighted
MRI imaging and apparent diffusion coefficient
maps may also predict early tumour progression
as true progression is more likely correlated with
low ADC values (Chu et al. 2013).

7 Combination Treatment

Few studies have addressed the addition of con-
ventional cytotoxics when re-irradiating brain
tumours. Some of the studies combining new
agents with radiotherapy are described below. The
combination of temozolomide and re-irradiation
has been found to be safe and effective. In a study
combining fractionated stereotactic radiotherapy
and concomitant temozolomide in 25 patients with
recurrent gliomas, median survival from re-irra-
diation was 8 months. Treatment was completed
in all patients as scheduled without interruptions
greater than 3 days, and no severe treatment-
related side effects were observed (Combs et al.
2008). In a phase II trial, concurrent temozolo-
mide delivered with conventional radiotherapy
achieved an overall response rate of 20.6 % with a
median progression-free survival of 10.1 months.



Brain Tumours

137

The combined therapy was well tolerated and
HR-QOL was improved (Osman 2014).

Darakchiev et al. (2008) reported on 34
patients with recurrent GBM and following re-
resection who were treated by implantation with
1] seeds and Gliadel wafers to the resection bed.
They documented that patients with a Karnofsky
performance status less than 70 were more likely
to have a worse outcome. One-year survival was
66 % but this was a small, non-randomised study,
and brain necrosis was observed in 24 % of cases
associated with a tumour volume of >30 cm?.

Gefitinib (an inhibitor of epidermal growth fac-
tor receptor’s (EGFR) tyrosine kinase domain) has
also been given with fractionated stereotactic radio-
therapy with dose escalation up to 36 Gy in 3 frac-
tions in a small phase I study in the re-irradiation
setting of GBM and WHO grade III gliomas.
Treatment was well tolerated and median OS was
reported at 10 months (Schwer et al. 2008).

Gutin et al. (2009) combined hypofractionated
stereotactic radiotherapy (30 Gy in 5 fractions)
with bevacizumab (a humanised monoclonal
antibody to vascular endothelial growth factor
(VEGF)). They documented a 50 % response rate
in the GBM population and a median overall sur-
vival of 12.5 months. It has also been reported
in an individual case report that bevacizumab
may reverse radiation-induced necrosis. In a
patient with temporal lobe necrosis following
radiotherapy for nasopharyngeal cancer, radio-
logically defined necrosis was reversed using this
drug (Wong et al. 2008). Torcuator et al. (2009)
reported on a further group of six patients with
biopsy-proven radionecrosis. These six received
bevacizumab; all had a radiological response
and three also improved clinically. A small ran-
domised double-blind placebo-controlled trial
with 14 patients confirmed that bevacizumab
might be a treatment option for patients with
radiation necrosis (Levin et al. 2011). There
is an ongoing cooperative group phase II trial,
NRG 1205, which randomises patients between
bevacizumab alone and hypofractionated radia-
tion to 35 Gy in 10 fractions with bevacizumab
(NCT02671981).

Panobinostat (an oral pan-histone deacetylase
(HDAC) inhibitor) has been administered with

fractionated stereotactic radiotherapy to 35 Gy in
10 fractions. Panobinostat was given in escalat-
ing doses in this phase I trial using a 3+3 design.
Panobinostat was well tolerated and a maximum
tolerated dose was not found. The median overall
survival for patients receiving the maximum dose
of 30 mg was 16.1 months (Shi et al. 2016).
Immune checkpoint inhibitors have shown
antitumour activity in both solid tumours and
preclinical glioma models. CHECKMATE-143 is
a phase I trial for recurrent glioblastoma patients
evaluating the safety and tolerability of combina-
tion immunotherapy nivolumab and ipilimumab.
Nivolumab is a PD-1 inhibitor and ipilimumab
targets CTLA-4. Results were presented at the
American Society of Clinical Oncology 2015
annual meeting, demonstrating the combina-
tion is safe with no drug-related deaths and five
patients experienced grade 3 or 4 adverse events
with the combination immunotherapy, includ-
ing colitis, cholecystitis, diabetic ketoacidosis,
confusion and increased lipase. The 6-month
survival rate was 75% (Sampson et al. 2015).
There is an ongoing cooperative group trial
NRG-BNO002 assessing the safety of the immune
checkpoint inhibitors ipilimumab and nivolumab
in the maintenance temozolomide phase of treat-
ment (NCTO02311920). Additionally, there is a
phase I trial combining pembrolizumab (anti
PD-1), bevacizumab and hypofractionated radia-
tion in recurrent glioblastoma (NCT02313272).
Dietary manipulation in preclinical models
has demonstrated the ability to inhibit the growth
of glioma cells and synergize with radiation
therapy to improve overall survival (http://www.
ncbi.nlm.nih.gov/pubmed/22563484).  Several
forms of dietary manipulation are typically rec-
ommended including the ketogenic and calorie
restriction diets. Retrospective studies in GBM
patients appeared promising demonstrating that
the dietary manipulation was feasible during con-
current chemoradiotherapy (Champ et al. 2014).
In addition, a pilot study (ERGO) conducted in
recurrent glioblastoma demonstrated a ketogenic
diet is safe and feasible with a median survival
of 32 weeks (Rieger et al. 2014). One major
issue using dietary manipulation is the lack of
palatability of the restrictive ketogenic diet and
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potential side effects associated with long-term
carbohydrate restriction. A recent preclinical
study demonstrated that a less stringent, sup-
plemented high-fat, low-carbohydrate diet is a
viable treatment alternative to the ketogenic diet
and may be more easily tolerated (Martuscello
et al. 2015). There are two ongoing clinical trials
combining a low-carbohydrate (ketogenic) diet
with re-irradiation in recurrent GBM patients
(NCT02149459, ERGO2-NCT01754350).

Data such as these may broaden the appli-
cability of re-irradiation even further since co-
treatment with new agents may improve response
rates and/or improve the therapeutic ratio by
reducing the risk of major side effects.

8 Clinical Impact of Late
Central Nervous System
Toxicity

The suitability for re-irradiation must be con-
sidered on an individual patient basis and when
the potential for benefit outweighs the risks. The
impact on an individual’s quality of life from late
toxicity must not be underestimated. Patients may
experience worsening of their presenting symp-
toms due to the original tumour, including focal
neurological deficits. Any high-dose brain irra-
diation is also associated with a risk of memory
problems, cognitive impairment and personality
change. Focal normal tissue damage as a result of
re-irradiation may also be associated with higher
seizure risk, and an expanding mass related to
radionecrosis may require surgical intervention
to relieve pressure symptoms.

There are few prospective studies addressing
quality of life prospectively in recurrent glio-
blastoma. However, there is prospective data
that correlates patient’s symptom burden, neuro-
cognitive function and quality of life with over-
all survival in newly diagnosed GBM patients.
Analysis of the RTOG 0525 study net clinical
benefit (NCB) as measured by a collection of neu-
rocognitive tests, quality of life assessments and
symptom burden demonstrated that baseline and
early change in the NCB measures were associ-
ated with decreased rates of survival (Armstrong

et al. 2013). Similar associations have been noted
in the Avaglio trial (Taphoorn et al. 2015). It is
important that future prospective recurrent GBM
studies include quality of life, symptom burden
and/or neurocognitive function assessments as
these are important measures that correlate with
patient survival.

9 Future Directions

There have been a number of attempts in newly
diagnosed and recurrent GBM clinical trials to
combine standard therapy with novel targeted
therapy. Largely these trials have failed (cilen-
gitide, bevacizumab) to demonstrate a survival
benefit (Stupp et al. 2014; Gilbert et al. 2014).
This is not surprising given the TCGA analysis
of glioblastoma patients demonstrated marked
mutational heterogeneity with patients catego-
rised within four main groups (Brennan et al.
2013). In the era of personalised or tailored
therapy, it is becoming clear that targeted ther-
apies must be administered to patients most
likely to benefit. The best example of this is
the excellent results of rindopepimut, a unique
epidermal growth factor receptor (EGFR) VvIII
peptide sequence conjugated to keyhole limpet
hemocyanin, which is an immunotherapy target-
ing patients with EGFRVIII deletion mutations
and has demonstrated immune responses as well
as a median survival of 21.8 months (Schuster
et al. 2015). The ongoing ACT IV phase III trial
will build on this paradigm of targeting spe-
cific patient populations within glioblastoma.
Thus trials administering targeted therapies
to patients based on validated biomarkers are
most likely to demonstrate efficacy. In addition,
there are many patients who are unable to have
adequate tumour tissue to undergo mutational
analysis and genome sequencing in order to
tailor therapy. New research suggests that cir-
culating exosomes (ctDNA, miRNA) may aid
in the diagnosis and treatment of patients with
glioblastoma. Especially in light of the marked
inter- and intra-tumour heterogeneity, these very
promising biomarkers have the capability of pro-
filing the whole tumour genome (Westphal and
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Lamszus 2015). An alternative is to administer a
modality whose mechanism does not rely on spe-
cific mutations or pathways such as NovoTTF
or high LET radiation (carbon ions). There is
retrospective data comparing carbon ion with
photon radiotherapy which favours carbon ions
(Combs et al. 2013a). Based on these results,
a randomised trial is underway CLEOPATRA
(NCTO01165671). NovoTTF (Optune), a device
worn on the patient’s scalp that disrupts mitosis
by transmitting low intensity, alternating elec-
tric fields across the tumour, has demonstrated
improved progression-free and overall survival
in newly diagnosed glioblastoma patients (Stupp
et al. 2015). NovoTTF is currently under study
in combination with bevacizumab and radiother-
apy in recurrent glioblastoma (NCT01925573).

Conclusions
Recurrent glioblastoma is a difficult disease to
treat as these patients have a limited survival
and few studies adequately demonstrate a
clear benefit. It is important that these patients
are seen at centres with multidisciplinary
teams to address the risks and benefits of sur-
gery, systemic therapy and re-irradiation.
There is a patient group with recurrent gli-
omas for whom re-irradiation may be appro-
priate. The available literature suggests that
re-irradiation is safe in well-selected patients,
but as we have discussed, there are limitations
with the available evidence. With advances in
functional  imaging  technology, new
approaches to target definition deserve investi-
gation. The additional benefit of conventional
cytotoxics is unknown but the new agent com-
binations look promising for further studies.
Prospective trials are needed to compare
re-irradiation to newer systemic agents or re-
irradiation in combination with newer agents.
The impact on quality of life of re-irradiation
with or without systemic therapies is an
important component that has not been ade-
quately addressed to date.
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Abstract

Reirradiating the eye after ocular irradiation is
arelatively rare occurrence since the eye is irra-
diated infrequently as a primary target. Because
of the intrinsic sensitivity of the structures in
the eye to radiation, significant efforts are made
to minimize the dose received incidentally by
the eye during treatment of tumors of the orbit
or periorbital areas or of other head and neck or
central nervous system sites. Capitalizing upon
technological advances that enable increased
radiation dose conformality to the primary
disease with minimization of excess radiation
dose to the nontargeted parts of the eye permits
for safer radiation treatment, both at primary
indication and at reirradiation. This chapter
will discuss the need for radiation oncologists
to be aware of the differing threshold doses for
complications involving various parts of the
eye, specifically the lens, optic nerve, macula,
and retina, as well as the tolerance of the lac-
rimal gland and the tear-producing cells in the
eyelids. Recommendations are provided for
determining the advisability of attempting reir-
radiation of the eye after primary treatment with
low, intermediate, or high doses. Advantages
of focused radiation therapy techniques, spe-
cifically external beam proton therapy and
episcleral radionuclide plaque brachytherapy
for primary treatment or for reirradiation of
discrete ocular tumors, are discussed. Finally,
the existing literature on proton therapy used in
reirradiation of ocular melanomas is described.
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1 Background

Radiation oncologists should be knowledgeable
regarding tolerance doses for the cornea, lens,
retina, macula, and optic nerve (Emami et al.
1991; Parsons et al. 1983). They must also know
that radiation damage to the lacrimal gland and
tear-producing cells in the eyelids will decrease
tear production and may result in a “dry eye” syn-
drome. Mild cases can be effectively managed
with artificial tear preparations, but more severe
cases may require tarsorrhaphy or plugging of the
lacrimal duct. In extreme cases, corneal scarring
may lead to significant visual loss and eye loss
due to intractable eye pain.

2 Primary Ocular Treatment

2.1 Metastatic Lesions

Primary treatment to the eye itself is most com-
monly given for metastatic lesions (Rudoler et al.
1997; Tsina et al. 2005; Kamran et al. 2014).
Such lesions commonly spread to the eye from
breast or lung cancers, although metastases from
other primary sites may also be seen (Ferry and
Font 1974). The eye can be considered as part of
the central nervous system (CNS), since it devel-
ops as an evagination of the diencephalon.
Metastatic spread to both the eye and the brain
occurs solely via hematogenous spread, since
both organs lack lymphatics. Because of their
common routes of metastatic spread, patients
with ocular metastases frequently also have brain
metastases diagnosed prior to, simultaneous
with, or following the appearance of the ocular
lesion. If either the eye or the brain has already
been irradiated prior to the appearance of metas-
tasis in the other organ, treatment of the site cur-
rently involved must consider what, if any, dose
the eye or the brain has received from prior irra-
diation given to the other organ for metastatic
lesions there. Highly conformal radiation treat-
ment techniques such as intensity-modulated
radiation therapy can be employed to achieve
minimization of unwanted dose to surrounding
nontarget cranial tissues (Fig. 1).

Fig. 1 Intensity-modulated radiation therapy for an eye
metastasis. Dose delivered was 25 Gy in five fractions

2.2 Primary Ocular Tumors
and Benign Ocular and Orbital

Conditions

Primary tumors, specifically melanomas, lym-
phomas, vascular lesions, and retinoblastomas,
present for treatment less frequently than do
metastatic ocular lesions. Doses for primary
ocular tumors vary widely. Ocular melanomas
receive very high uniform doses (50-70 Gy
in four or five fractions) most commonly with
proton radiation, and similar or even higher
nonhomogeneous doses are delivered with epi-
scleral radionuclide plaque therapy (Courdi
et al. 2010; Dendale et al. 2006; Gragoudas
et al. 2002; Egger et al. 2001; The American
Brachytherapy Society — Ophthalmic Oncology
Task Force 2014; Badiyan et al. 2014; Barker
et al. 2014; Sagoo et al. 2011; Semenova and
Finger 2013). Intermediate doses (36—46 Gy)
are given for retinoblastoma (Mouw et al. 2014;
Merchant et al. 2002; Pradhan et al. 1997) and
sometimes even lower doses for ocular lympho-
mas (Harada et al. 2014; Munch-Petersen et al.
2015; Fasola et al. 2013). Benign ocular condi-
tions, such as macular degeneration; vascular
tumors, such as choroidal hemangiomas; and
benign orbital conditions, such as Graves’ oph-
thalmopathy and orbital pseudotumor, may also
be treated with radiation (Jackson et al. 2015;
Chan et al. 2010; Petersen et al. 1990; Lanciano
et al. 1990). In the former condition, only the



Eye Tumors

145

immediate macular area is targeted, while in the
latter two conditions, the entire globe posterior
to the ora is irradiated despite the fact that the
pathological condition being targeted is in the
extraocular muscles or the orbit, rather than
within the globe itself. Relatively low doses
(10-20 Gy) are given to patients with benign
conditions (Barak et al. 2005; Chen et al.
2014; Chan et al. 2010; Petersen et al. 1990;
Mourits et al. 2000; Cardosa et al. 2012). More
recent investigation with stereotactic radio-
therapy doses of 16 or 24 Gy for age-related
macular degeneration find early efficacy in data
reported at 2 years, but long-term data will be
required to assess late toxicity and may impact
on eligibility of potential future reirradiation
(Jackson et al. 2015). Similar efficacy has been
reported with the use of proton therapy of 16
or 24 Gy(RBE) divided in two fractions (Chen
et al. 2014).

3 Reirradiation

Reirradiation After Low Doses
Given for Benign Diseases

3.1

The low doses given for macular degeneration
can be repeated with relatively little risk, although
the efficacy of intraocular anti-angiogenic drugs
has largely supplanted the use of radiotherapy for
macular degeneration. A recent update of indica-
tions for treatment of benign disease concluded
that macular degeneration is no longer an indica-
tion for radiotherapy (Van Houtte et al. 2005).
Relatively low doses (20 Gy in 10 fractions) are
given to the eye with fractionated external beam
photon therapy for Graves’ ophthalmopathy and
orbital pseudotumor. That dose can typically be
repeated with a low risk of significant morbidity,
other than possibly cataract formation if the lens
was not adequately shielded during either the first
or the second course of treatment. However, there
is little if any data available in the literature
regarding indications for and either the efficacy
or the risk of retreating patients previously irradi-
ated for these conditions.

Reirradiation

After Intermediate Doses
Given for Retinoblastomas,
Lymphomas, and Metastatic
Carcinomas

3.2

Patients with these tumors usually are treated
with fractionated external beam supervoltage
photon therapy to doses of 30-46 Gy rang-
ing at 1.8-3.0 Gy per fraction. The target may
include the posterior globe only in patients
with posterior retinoblastomas or metastatic
lesions. The entire globe posterior to the ora
serrata is treated in retinoblastoma patients
with more anteriorly located tumors and in
patients with diffuse lymphomatous or carci-
nomatous involvement of the retina or the vit-
reous. When the aim is to treat only the retina
posterior to the equator, appropriate planning
and treatment techniques can limit the lens
dose to <4 Gy, a subthreshold level for catarac-
togenesis (Parsons et al. 1983). When the target
volume extends anteriorly to the ora serrata,
the probability of radiation-induced cataract is
increased. The threshold dose for radiation ret-
inopathy or optic neuritis is >20 Gy. However,
symptomatic retinopathy or optic neuropathy
is seen relatively infrequently after doses of
the order of 40—46 Gy. Reirradiation after an
initial course would likely result in cataract
formation, unless the dose to the lens could
be kept to a very low level, perhaps by using
focused treatment techniques such as proton
therapy, episcleral radionuclide plaque ther-
apy, or stereotactic radiotherapy. The use of
such focused techniques could also limit the
volume of retina and possibly the dose to the
macula or the optic nerve. However, systemic
treatment, with chemotherapy in patients with
ocular lymphomas, retinoblastomas, or meta-
static carcinomas may preclude the need to
consider reirradiation. Local treatments, using
cryotherapy, laser photocoagulation, or radio-
nuclide episcleral plaque therapy, are effective
for focally recurrent disease in retinoblastoma
patients, and the indication for external beam
reirradiation of such patients arises rarely,
if at all.
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33 Reirradiation After High
Doses Given for Ocular

Melanomas

Ocular melanomas receive very high uniform
doses (50-70 Gy in 4 or 5 fractions) with proton
beam radiation. Similar or even higher nonhomo-
geneous doses are also delivered to such tumors
with episcleral radionuclide plaque therapy, deliv-
ered over 4-8 days, depending upon the intensity
of the radiation sources in the plaque at the time of
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placement. These focused techniques deliver the
prescribed dose of radiation to only that portion of
the eye containing the tumor. An example of a
patient treated twice with proton therapy for a
uveal melanoma that subsequently failed margin-
ally is demonstrated in Fig. 2. Non-involved eye
structures located away from the tumor receive
little or no dose, although small portions of the eye
immediately adjacent to the tumor and eye struc-
tures through which the beam passes en route to
the tumor may also receive the prescribed dose.

Fig. 2 Uveal melanoma recurrence. An 81-year-old man
with a primary left uveal melanoma (a) who was treated
with proton therapy to 50 Gy(RBE) in five fractions (b).

He recurred along the lateral margin to the primary tumor
14 months later (c¢) at which time he was reirradiated to
70 Gy(RBE) in five fractions (d)
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Reirradiation of new tumors arising away
from the initially treated volume and, in certain
cases, regrowing immediately adjacent to or even
within the previously irradiated volume can be
carried out with proper patient selection. Marucci
et al. (2006) evaluated the outcomes of a second
course of proton beam radiation therapy (PBRT)
in 31 patients with recurrent uveal melanoma.
Mean interval between the first and the second
PBRT course was 50.2 months (range, 8-165
months). Most patients (87%) received
70 Gy(RBE) (gray-relative biological effective-
ness; biological correction to be equivalent to
photon doses) for both the initial and the second
treatment course. Visual acuity was 20/200 or
better in 30 patients initially and in 22 patients at
the time of the second treatment. The mean fol-
low-up time after the second treatment was 50
months (range, 6—164 months). When last seen,
20 tumors had either regressed or showed no evi-
dent tumor progression. Nine eyes (29 %) were
enucleated, five for local recurrence and four
because of intractable pain. The 5-year eye reten-
tion rate was 55% (95 % confidence interval,
25.2-77.4). Six of the 22 patients who retained
their eye (27 %) had useful vision (20/200 or bet-
ter). This small retrospective study demonstrated
that a second course of PBRT for recurrent uveal
melanoma to total doses between 118 and
140 Gy(RBE) was associated with a moderately
good probability of local control and a relatively
low enucleation rate. Although most patients lost
their vision, the majority were able to retain the
reirradiated eye.

In a subsequent study, survival in patients with
recurrent melanomas was retrospectively com-
pared between those treated by enucleation and
those who were reirradiated (Marucci et al.
2011). Patients selected for reirradiation were
slightly older than those treated with enucleation
(56 vs. 61 years, respectively). Both initial and
recurrent tumors were larger in patients treated
with enucleation than in those who were reirradi-
ated. Tumor location and the presence or absence
of ciliary body involvement did not differ signifi-
cantly between the groups. The median follow-
up after enucleation and after retreatment was
longer in the enucleated patients (79 and 59

months, respectively). Median survival duration
in the enucleated and reirradiated groups was 42
and 90 months, respectively. The median time
free of metastases was 38 months in enucleated
patients and 97 months in reirradiated patients.
At 5 years after surgery or reirradiation, the prob-
ability of overall survival was 36% and 63 %,
respectively (p=0.040, log-rank test). The prob-
ability of freedom from metastases was 31 % and
66 %, respectively (p=0.028, log-rank test).
These differences persisted after adjustment for
largest tumor diameter and volume at the time of
reirradiation or enucleation. Results of this analy-
sis suggested that survival in reirradiated patients
was not compromised by their receiving a second
course of proton beam therapy, relative to that of
those treated with enucleation.

Most recently, Riechardt et al. (2014) reported
on their experience of salvage irradiation with
proton therapy. Unlike the prior report of patients
receiving only proton therapy with both courses
of treatment, this study of 48 patients received a
variety of types of initial therapy, including 26
with radiotherapy, 21 with ruthenium-106 plaque
brachytherapy, 1 with CyberKnife radiation, and
4 with proton therapy. Overall the local tumor
control among the 48 patients was 92% at a
median of 10-year follow-up. Two of the three
second recurrences were in patients who had pre-
viously been irradiated with proton therapy and
CyberKnife. Late effects are reported with all
patients together such that the attributable toxic-
ity from two courses of radiation is more difficult
to assess but overall visual acuity remained stable
for the first year after proton reirradiation but
then declined thereafter. Other late effects
included cataracts (corrective surgery in 25 % of
patients) and vitreous hemorrhage (vitrectomy
performed in 12.5 % of patients).

34 Reirradiation of Pterygia

These benign irregular fleshy-colored fibrovascu-
lar growths can obscure vision when they prog-
ress into the visual axis of the cornea. Recurrence
occurs in 20-30% of primarily excised lesions
and in 30-60 % of re-excised lesions. Treatment
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with a strontium-90 beta-ray applicator to doses
ranging from 18 Gy in a single fraction to 60 Gy
in six fractions has been employed, with recur-
rence rates ranging from 2 to 12 % (Paryani et al.
1994; Van den Brenk 1968). Recurrence and com-
plication rates are both higher following reirradia-
tion (Wilder et al. 1992; Dusenbery et al. 1992).

4 Summary

Reirradiation of the eye can be successfully
accomplished in carefully selected patients with
recurrent ocular tumors, specifically uveal
melanomas and retinoblastomas. Conformal
treatment planning techniques combined with
focused treatment techniques can target primarily
the tumor and exclude to the extent possible criti-
cal ocular structures, thus providing patients with
recurrent tumors an option of effective treatment
with retention of their eye and a smaller but non-
zero possibility of visual preservation.
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Re-irradiation in Head
and Neck Cancer

Johannes A. Langendijk

Re-irradiation for loco-regional failure of head
and neck cancer or second primary tumours in
previously irradiated areas after a full course
of (chemo-)radiation poses a challenging
problem for radiation oncologists. Salvage
surgery remains the standard of care, which
however, is the case in only 20 % of the cases.
Chemotherapy alone is not considered a cura-
intended (chemo-)radiation
should be considered in well-selected cases
and can be administered safely with a reason-
able chance of long-term survival (approxi-
mately 15-20%) but at the cost of severe
increased acute and late toxicity. The results
of taxane-based chemo-re-irradiation proto-

In case of adverse prognostic factors,
immediate postoperative (chemo-)re-irradia-
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tion after salvage surgery can be administered
safely and significantly improves loco-regional
control. Severe treatment-related morbidity
remains of major concern. However, most
series on re-irradiation published so far did
not use fractionation schedules and techniques
considered most optimal. Improvement of the
therapeutic ratio can be expected from altered
fractionation schedules, by limiting the target
volume to the high-risk areas and by using
more advanced radiation technologies.

Future studies should focus on new
developments that proved to be effective in the
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primary treatment of head and neck squamous
cell cancer (HNSCC). In this respect, new
induction chemotherapy regimens using TPF
and the addition of cetuximab to radiation are
of great interest as these approaches might
improve loco-regional control and overall
survival without increasing treatment-related
morbidity.

1 Introduction

Radiotherapy plays a pivotal role in the curative
treatment of head and neck squamous cell carci-
noma (HNSCC). Currently, the majority of
patients with HNSCC have locally advanced dis-
ease and are treated with radiotherapy either
alone or in combination with other modalities,
such as surgery, chemotherapy and/or biological
targeting agents. Despite the advances made in
the primary treatment of HNSCC, still 30-50 %
of all curatively treated patients will develop a
loco-regional recurrence (Blanchard et al. 2013,
2015). In addition, for those who survive, there is
a constant threat of the development of a new
head and neck tumour. In a meta-analysis, the
incidence of second primary tumours (SPTs) was
14.2% (Haughey et al. 1992). Given that most
patients received radiation treatment to the pri-
mary site as well as to the regional lymph node
areas, the vast majority of these recurrences and
SPTs will occur in previously irradiated areas.

In most cases the previous radiation dose
administered is just below the generally accepted
tolerance dose of the normal tissues, and although
some recovery is likely to occur over time, the
exact additional dose that can be administered
safely to these normal structures remains to be
determined. Therefore, in the re-irradiation set-
ting, most radiation oncologists are much more
reluctant with regard to the radiation dose to the
normal tissues in general and in particular to the
most critical structures, such as the spinal cord, the
larynx and the optic nerves and chiasm. On the
other hand, in order to achieve satisfactory rates of
loco-regional tumour control, the total dose admin-
istered to the high-risk areas should at least be in
the range of what is normally considered curative.

Therefore, recurrent and second primary HNSCC
after curative (chemo-)radiation in previously irra-
diated areas poses an important and difficult thera-
peutic challenge for radiation oncologists. In this
chapter, a number of issues related to curatively
intended re-irradiation either or not in combina-
tion with other modalities will be discussed.

2 A Changing Population

In the last decades, a major progress has been
made in the treatment of patients with HNSCC. In
particular, the addition of concomitant chemo-
therapy (Langendijk et al. 2004; Pignon et al.
2009; Blanchard et al. 2013, 2015) and cetuximab
(Bonner et al. 2006, 2010) to radiation and the
introduction of altered fractionation schedules
(Baujat et al. 2010; Blanchard et al. 2011) have
resulted in a significant improvement of loco-
regional tumour control and overall survival.
These new treatment regimens have gained con-
ceptual acceptance and are now considered stan-
dard among patients with HNSCC in the organ
preservation as well as in the unresectable setting.
In most studies reporting on the results of
(chemo-)re-irradiation in HNSCC, patients
included received their initial treatment before the
1990s most likely with conventional fractionation
schedules and without the addition of chemother-
apy (Weppelmann et al. 1992; Spencer et al. 1999;
Schaefer et al. 2000; De Crevoisier et al. 1998,
2001). Moreover, in that period, planning CT
scans and 3D dose calculations were not routinely
used, and most patients were treated after direct
simulation. The same accounts for patients treated
with primary surgery and postoperative radiother-
apy. Since the publication of the results of two
prospective randomised studies, an increasing
number of patients are now treated with postop-
erative concomitant chemo-radiation instead of
postoperative radiotherapy alone (Bernier et al.
2004; Cooper et al. 2004), in particular in case of
high-risk factors for loco-regional failure, such as
positive surgical margins and lymph node metas-
tases with extranodal spread (Bernier et al. 2005).
As a consequence of these changes in what is cur-
rently considered standard treatment, there are
two major concerns. First, it should be noted that
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loco-regional failures among patients currently
treated with CT-guided 3D conformal radiother-
apy or intensity-modulated radiotherapy (IMRT)
with altered fractionation schedules and/or in
combination with concomitant chemotherapy are
less frequent than after conventional RT alone,
suggesting the selection of more radioresistant
cases compared to those described in earlier stud-
ies. Therefore, it should be questioned as to
whether translation of the results obtained from
these earlier studies on re-irradiation to patients
that underwent more effective initial treatment
regimens is justified. Tumours recurring in previ-
ously irradiated areas after more effective chemo-
radiation regimens will originate from perhaps
more radioresistant clonogens, and we cannot rule
out that (chemo-)re-irradiation could be less
effective in these patients than after convention-
ally fractionated radiotherapy alone. Indeed
Nagar et al. found that both disease-free survival
and overall survival after chemo-re-irradiation
were markedly and significantly worse among
those that were initially treated with chemo-radia-
tion as compared to those who initially received
radiotherapy alone (Nagar et al. 2004). In that
study, none of the patients that received chemo-
radiation as initial treatment were disease-free at
1 year and all patients died within 2 years after
chemo-re-irradiation. Moreover, in a retrospective
study including re-irradiated HNC patients from
nine consecutive phases I-II trials, initial treat-
ment with chemo-radiation was an adverse prog-
nostic factor for overall survival (Choe et al.
2011). These results support the hypothesis that
the current population of patients with recurrent
HNC in previously irradiated areas considered for
re-irradiation have less favourable outcome when
initially treated with chemo-radiation than those
included in earlier reports that mainly included
patients initially treated with radiotherapy alone.

3 Patient Selection

As re-irradiation, either or not in combination
with other modalities, is associated with a con-
siderable risk on severe acute and late treatment-
related side effects, proper selection of patients is
essential to further improve the therapeutic ratio.

From this point of view, identification of reliable
and validated prognostic factors is essential.
Moreover, the possibility of alternative treatment
approaches should be taken into consideration,
and the previous radiation treatment should be
analysed thoroughly.

3.1 Prognostic Factors

There are a number of methodological problems
with regard to the identification and validation of
prognostic factors in the re-irradiation setting,
including (1) differences in eligibility criteria and
subsequent heterogeneity of the study popula-
tions among the different studies, (2) the retro-
spective design of most studies, (3) the relatively
limited number of patients included with insuffi-
cient power to detect clinically relevant prognos-
tic factors and (4) the large variety of treatment
regimens used. Nevertheless, despite these meth-
odological shortcomings, there are a limited
number of prognostic factors that seem to be
important.

Tanvetyanon et al. reported on a retrospective
analysis on prognostic factors for survival among
patients treated with curatively intended salvage
re-irradiation for head and neck cancer
(Tanvetyanon et al. 2009). The study population
was composed of patients with recurrent tumours
as well as SPTs, and 46 out of 103 patients under-
went salvage surgery and postoperative re-
irradiation. With this nomogram, the probability
of death at 24 months after initiation of re-
irradiation can be predicted with a combination
of prognostic factors, including comorbidity
(based on the Charlson index), organ dysfunction
prior to re-irradiation, isolated neck recurrence,
tumour bulk and time interval between comple-
tion of previous therapy and initiation of re-
irradiation. The performance of this nomogram
showed good agreement between predicted and
observed outcomes, with a C-index of 0.75. The
factors included in this nomogram generally
reflect the most frequently reported prognostic
factors in the re-irradiation setting (Stell 1989;
Spencer et al. 2001, 2008). However, the number
of patients in this analysis was relatively small,
and other potential prognostic factors such as
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recurrent versus SPT, total dose of radiation, pre-
vious chemo-radiation (Spencer et al. 2001,
2008) and radiation technique were not identified
as significant prognostic factors. Nevertheless,
the nomogram could be a useful tool to select
patients with favourable outcome for the more
intensified (chemo-)re-irradiation strategies.

Choe et al. reported on a retrospective multi-
variable analysis of 166 previously irradiated
patients with locally advanced non-metastatic
HNC that were either treated with salvage sur-
gery followed by adjuvant concurrent chemo-re-
irradiation or definitive chemo-re-irradiation
(Choe et al. 2011). They identified four indepen-
dent prognostic factors for overall survival,
including salvage surgery before chemo-re-
irradiation (yes/no), previous chemo-radiation
(yes/no), total dose of re-irradiation (<60/>60 Gy)
and interval between end of first treatment to ini-
tiation of chemo-re-irradiation (<36/>36 months).
The 5-year overall survival of patients with 0—1
adverse prognostics factors was around 30 %,
compared to 10% and 0% for those with 2 and
3—4 adverse prognostic factors, respectively. This
latter model is a rather simple and therefore very
practical tool to stratify patients into distinct risk
groups and to support decision-making for the
most suitable salvage strategy.

More recently, Riaz et al. reported on the
development of a nomogram that predicts 2-year
loco-regional control after re-irradiation either as
single modality or combined with surgery or con-
current chemotherapy. This nomogram included
five prognostic factors, including stage, tumour
site, organ dysfunction, salvage surgery and total
dose of re-irradiation (Riaz et al. 2014).

An important finding in two of the aforemen-
tioned studies was that comorbidity and pre-
existing organ dysfunction were important
prognostic factors (Tanvetyanon et al. 2009; Riaz
et al. 2014). More specifically, the median overall
survival among patients with neither significant
comorbidity nor pretreatment organ dysfunction
was 59.6 months which was markedly better
compared to those with both comorbidity and
organ dysfunction, in whom the median survival
was only 5.5 months with no survivors beyond 2
years of follow-up (p<0.001) (Tanvetyanon et al.

2009). These two factors are probably important
because they may increase the risk of cancer-
related death due to poor treatment tolerance and
compliance and/or increase the risk of non-
cancer-related death. Moreover, organ dysfunc-
tion, which is mainly due to radiation-induced
toxicity from the previous treatment, may also be
a surrogate marker of a more aggressive biologi-
cal behaviour of the tumour. Hence, given the
large impact on overall survival, both factors may
interact negatively with (chemo-)re-irradiation,
but may also be a competing risk of death.

Alternative Treatment
Options

3.2

Before deciding for (chemo)re-irradiation, other
treatment options should be taken into account as
well. In particular in case of resectable loco-
regional recurrences and/or SPTs, surgery should
be considered and is traditionally regarded as the
standard of care (Gilbert and Kagan 1974;
Pradhan et al. 1980; Goodwin 2000), while che-
motherapy and (chemo-)re-irradiation have been
reserved for unresectable cases or as adjuvant
modality after salvage surgery (De Crevoisier
et al. 1998, 2001). However, only approximately
20% of the patients are candidates for curative
resections (Ridge 1993; Mabanta et al. 1999). In
addition, the results of salvage surgery are rela-
tively poor. The results of a meta-analysis on sal-
vage surgery in HNSCC, based on 1,633 patients
from 32 studies, revealed a 5-year overall sur-
vival rate of approximately 40% (Goodwin
2000). The 5-year survival tended to be better
among patients with recurrent cancer of the lar-
ynx (48%) and oral cavity (43 %) than among
those with recurrent disease in the oropharynx
(26 %). Better outcome of salvage surgery in
patients with laryngeal and hypopharyngeal can-
cer with loco-regional recurrences after concur-
rent chemo-radiation has been confirmed in a
recent retrospective study (Putten et al. 2015). Of
the 66 patients that developed loco-regional
recurrence after concurrent chemo-radiation, 22
underwent salvage surgery (33 %). Independent
favourable predictive factors for salvage surgery
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were younger age and laryngeal cancer. The
S-year overall survival rate was 27 % as com-
pared to 0 % in patients that were not salvaged by
surgery. However, this higher survival rate came
at the cost of 14 % major complications.

It should be noted that survival data were not
available stratified by stage or interval between
primary and recurrence, demonstrating one of the
limitations of the aforementioned meta-analysis
(Goodwin 2000). In this regard, Zafareo et al.,
who reported on the results of a retrospective
study on the role of salvage surgery in patients
with recurrent squamous cell carcinoma of the
oropharynx (Zafereo et al. 2009), showed that the
outcome after salvage surgery may depend on a
number of other prognostics factors. These
authors identified 199 patients with locally recur-
rent oropharyngeal cancers, after excluding
patients with regional metastases only or distant
metastases, who had been treated with definitive
radiotherapy in the past. Out of these 199 patients,
only 41 (21 %) were selected for salvage surgery
and the 3-year overall survival was 42 %. The
results of that study indicated that favourable sur-
gical salvage candidates are younger, have
smaller recurrent tumours for which it is possible
to obtain free surgical margins and have no recur-
rent neck disease. Other studies showed that the
interval between the previous treatment (Stell
1991; Llewelyn and Mitchell 1997; Agra et al.
2006) and recurrence and disease stage (Lacy
et al. 1999; Goodwin 2000; Agra et al. 2003,
2008) are important adverse prognostic factors
for salvage surgery as well. Nevertheless, the risk
of developing a second recurrence after salvage
surgery remains high, with approximately two-
thirds of the patients developing such an event
within the first year of salvage surgery (Kim et al.
2007; Zafereo et al. 2009), emphasising the
potential importance of postoperative (chemo)re-
irradiation, which will be discussed later.

The results after salvage surgery alone and the
fact that postoperative (chemo-)re-irradiation may
be indicated after salvage surgery should be taken
into account when deciding for either primary
(chemo-)re-irradiation or salvage surgery. From
this point of view, it is worthwhile to notice that
the outcome after salvage surgery followed by

postoperative (chemo-)re-irradiation appears to be
superior to that after (chemo-)re-irradiation alone.
Salama et al. reported a 5-year progression-free
survival of 51% after postoperative (chemo-)re-
irradiation, which was significantly better as com-
pared to (chemo-)re-irradiation in which the
progression-free survival was only 19 % (Salama
et al. 2006). In addition, Kasperts et al. reported on
the results of a retrospective study that included 39
patients that underwent surgery for SPTs or loco-
regional recurrences followed by postoperative re-
irradiation without chemotherapy (Kasperts et al.
2006). All patients had positive surgical margins
and/or lymph node metastases with extra-nodal
spread and were therefore considered to have a
high or very high risk for loco-regional failure. In
this study, the 3-year loco-regional control and
overall survival rates were 74 % and 44 %, respec-
tively. These results did not significantly differ
from the results obtained among patients that
underwent surgery and postoperative radiotherapy
as initial treatment.

It should also be noted that, as in the case of
intensified (chemo-)re-irradiation, complications
after salvage surgery in a previously irradiated
area are an important problem as well, reported
in approximately 20—40 % of the cases (Goodwin
2000). As expected, the frequency of complica-
tions is larger following more extensive surgery
required for stage III and IV disease. Wound
complications seem to be a manageable problem,
although occurring in a considerable proportion
of patients (approximately 50%) (Langendijk
et al. 2005; Agra et al. 2008; Putten et al. 2015).
However, perioperative deaths are relatively rare.
Nowadays, the availability of myocutaneous
flaps, as well as free flaps with microvascular
anastomosis, provides the surgeon with a wide
array of opportunities to bring non-irradiated tis-
sue into the surgical field for reconstruction.

Chemotherapy alone for recurrent HNSCC is
generally not considered a curative treatment
option, although progress has been made in the
treatment of metastatic and recurrent disease
among patients not suitable for more aggressive
local treatments such as salvage surgery or re-
irradiation. In case of systemic treatment alone,
platinum-based chemotherapy is considered the
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current standard (Hong et al. 1983; Forastiere
etal. 1992; Arnold et al. 2004; Gibson et al. 2005;
Sacco and Cohen 2015). The only regimen that
showed significant outcome improvement as
compared to platinum-based chemotherapy alone
in approximately 30 % is the combination of plat-
inum, fluorouracil and cetuximab (Sacco and
Cohen 2015). The addition of cetuximab to
platinum-based chemotherapy with fluorouracil
revealed an overall survival improvement from
7.4 months with chemotherapy alone group to
10.1 months after chemotherapy plus cetuximab
(Vermorken et al. 2008). Although these results
are encouraging, systemic treatment alone cannot
be regarded as curative treatment option in the
long term and should be reserved for patients
with recurrent disease that are not eligible for
intensified loco-regional treatment anymore and/
or for those with distant metastases. Indeed, in a
retrospective analysis, Datta et al. found that
patients with residual or recurrent disease after
curative radiotherapy showed better outcome
after chemo-radiation compared to chemotherapy
alone with a 5-year overall survival rate of 19 %
after chemo-radiation versus no survivors at 5
years after chemotherapy alone (Datta et al.
2003). However, randomised controlled trials
comparing these two strategies are still lacking,
and we can therefore not rule out that selection
bias may account for at least part of the beneficial
effect of chemo-radiation compared to chemo-
therapy alone.

3.3 Recurrence Analysis

Given that patients developing loco-regional
recurrences and/or SPTs in previously irradiated
areas have been treated with more aggressive
regimens and the fact that more advanced radia-
tion delivery techniques, such as IMRT, are being
used, allowing for better dose conformation to
the target volume reference to the tissues outside
the target volume, it becomes increasingly impor-
tant to analyse the exact location of the loco-
regional recurrence reference to the initial
radiation dose distributions. If the radiation dose
at the site of recurrence is significantly lower

than the prescribed dose at the gross tumour vol-
ume (GTV), e.g. in the case of a recurrence in an
electively treated neck, or in case of geographical
miss, that loco-regional failure is less likely to be
due to intrinsic radioresistance, and (chemo-)re-
irradiation will probably be more effective than
in case of loco-regional failures occurring in a
high-dose area. For this reason, all cases consid-
ered for (chemo-)re-irradiation should be sub-
jected to a thorough 3D reconstruction and
analysis of the initial treatment portals and dose
distributions. This so-called ‘recurrence analy-
sis’, using both planning CT of the initial treat-
ment co-registered with the CT scan of the
recurrence preferably combined with other
advanced imaging modalities such as positron
emission tomography (PET) and/or MRI, is an
essential step in the decision process for curative
(chemo-)re-irradiation.

4 Primary (Chemo-)
re-irradiation

As most patients initially underwent a full course
of radiotherapy, it is reasonable to assume that
radiation-resistant tumour clonogens exist and
that a second course of radiation alone to the
same or lower dose would not likely sterilise
these resistant clones. There are a number of
potential options to overcome the problem of
radioresistance, including dose escalation and by
radiation-sensitising strategies, e.g. the addition
of chemotherapy and/or molecular-targeting
therapies.

4.1 Re-irradiation Alone

A number of authors reported on the results of
re-irradiation with external beam radiotherapy
alone. In the older studies, patients were gener-
ally treated with standard fractionation and con-
ventional radiation techniques (Stevens et al.
1994), sometimes combined with brachytherapy.
In these older studies, the local control rates var-
ied from 27 % in case of recurrent tumours to
60% in case of SPTs, while the 5-year overall
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survival rate varied from 17 % among patients
with recurrent tumours to 37 % among those with
SPTs (Skolyszewski et al. 1980). For some sub-
sets, the outcome was markedly better, e.g. in the
series of Wang et al. who only included early-
stage second primary laryngeal tumours, the
5-year overall survival was 93% (Wang and
Mclntyre 1993). The problem with the reports on
re-irradiation alone is that they are all retrospec-
tive, based on single centre experiences, includ-
ing highly selected patient and heterogeneous
patient groups, treated with rather outdated radia-
tion technologies.

More recently, some authors reported on re-
irradiation alone with more modern techniques,
such as 3D-CRT and IMRT (Dawson et al. 2001).
A total of 34 patients with a SPT (n=26) or loco-
regional recurrence (n=8) were treated with a
second course of high-dose radiotherapy. Patients
were selected for re-irradiation in case of inoper-
able and/or unresectable tumours to a total dose
of 60 Gy with conventional fractionation. The
loco-regional control rate after 2 years was 27 %
and the 3-year overall survival was 22 %.

Is There a Dose-Effect
Relationship?

4.2

In the primary treatment of HNSCC, dose escala-
tion by hyperfractionated regimens provides
higher loco-regional control rates without a sig-
nificant increase in late radiation-induced mor-
bidity. Although there are no phase III studies on
dose escalation in the re-irradiation setting, the
results of retrospective analyses suggest that
higher radiation doses are associated with better
loco-regional tumour control.

A significant association between total re-
irradiation dose and outcome was found by Datta
et al. (2003). The population of this study was
composed of 124 patients with residual or recur-
rent lesions treated with either re-irradiation
alone or in combination with induction or con-
comitant chemotherapy. The total response rate
was significantly higher when the total dose of
re-irradiation was >40 Gy (91 versus 33 %,
p<0.001), which also translated in a significant

difference in overall survival
analysis).

Schaefer et al. treated 32 patients with exter-
nal beam split-course radiation therapy with con-
comitant hydroxyurea and 5-fluorouracil for 5
days followed by 9 days of rest (Schaefer et al.
2000). This cycle was repeated every 2 weeks
until a cumulative soft tissue radiation dose of
110 Gy (including prior radiation therapy) was
reached. In this study, the median overall survival
and progression-free survival among patients
treated with <50 Gy were 9.0 and 14.2 months
compared to 0.0 and 5.0 months, respectively,
among patients that received a total dose of
40-49 Gy.

In another study, patients that received a dose
of >50 Gy had a significantly better overall sur-
vival rate compared to those that received
<50 Gy, which remained significant in the multi-
variate analysis (HR 0.45; 95% CI 0.26-0.76;
p=0.002) (Choe et al. 2011). Similar results were
shown by Riaz et al. who found that radiation
dose was an independent prognostic factor for
loco-regional control in a multivariable analysis,
with a hazard ratio of 0.57 (95 % ci, 0.38-0.85)
for patients treated with 50 Gy or higher as com-
pared to patients treated with a dose of less than
50 Gy (Riaz et al. 2014).

Salama et al. (2006) reported on the results
achieved in 115 patients with loco-regionally
recurrent non-metastatic or second primary
HNSCC treated in seven consecutive phases -1
protocols at the University of Chicago with high-
dose chemo-re-irradiation. In patients treated
with a total dose >58 Gy, the 3-year loco-regional
control rate, progression-free survival and overall
survival was 56 %, 38 % and 30 %, respectively,
which was significantly better compared to those
treated with a total dose of <58 Gy, in which the
3-year loco-regional control rate, progression-
free survival and overall survival was 33 %, 21 %
and 6 %, respectively. The total dose turned out to
be an independent prognostic factor in the multi-
variate analysis. This dose-effect relationship
was most pronounced in the subset of patients
with unresectable disease. More recently, Choe
et al. found that the total dose of re-irradiation
was an independent prognostic factor for overall

(multivariate
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survival, with a hazard ratio of 0.35 (95% ci,
0.23-0.53; p<0.001) for patients that received
<60 Gy versus patients that received 60 Gy or
more (Choe et al. 2011).

However, in other studies no significant dose-
effect relationships were found, which may also
be due to the low number of patients included in
these studies resulting in too low statistical power
to detect clinically relevant differences between
the various dose levels.

These results at least suggest that higher dose
levels of re-irradiation result in better loco-
regional control and/or overall survival rates.
However, it remains difficult to determine the
most appropriate dose level in this setting, as it
remains unclear if the better survival rates after
higher dose levels may be contributed to better
patient selection. Given that most patients with
recurrent tumours already failed after a curative
dose of 66-70 Gy of the previous treatment, it is
very unlikely that sufficient loco-regional control
rate can be achieved when a much lower dose
will be used in the re-irradiation setting. The
same line of reasoning is applicable for SPTs in
previously irradiated areas. There is no reason to
believe that a lower dose of radiation than usually
applied in the primary setting will result in satis-
factory loco-regional control rates.

Therefore, in case of curatively intended
(chemo-)re-irradiation, a total dose of at least
60 Gy with standard fractionation or a biologi-
cally equivalent dose using hyperfractionation is
required. Preferably, hyperfractionation with a
moderate reduction of the overall treatment time
of radiation (Fu et al. 2000) will be most optimal
in this setting.

4.3  Chemo-re-irradiation

In a previous report, an overview regarding the
results achieved with chemo-re-irradiation was
provided (Kasperts et al. 2005). In summary, in
most of these series, chemotherapy mainly con-
sisted of 5-FU and hydroxyurea, as originally
described by Vokes et al. (1989) using alternating
chemo-re-irradiation protocols. In these series,
2-year overall survival rates varying between 5

and 45 % have been reported (Weppelmann et al.
1992; Spencer et al. 1999; Schaefer et al. 2000).

The first prospective multi-institutional trial
testing a re-irradiation plus chemotherapy regi-
men was conducted by the RTOG (RTOG proto-
col 9610) (Spencer et al. 2008). In this study, 79
patients with unresectable recurrent and second
primary tumours were enrolled and analysed.
The 2- and 5-year survival rates were 15% and
3.8 %, respectively. The 5-year overall survival
rate in this study was somewhat disappointing,
but is similar to that reported by others (De
Crevoisier et al. 1998). These results were
obtained at the cost of considerable acute and late
toxicity. In total, 17.7 % and 7.6 % of the patients
experienced grade 4 and grade 5 mainly haema-
tological acute toxicity. Late toxicity was mainly
related to radiotherapy with 19.4% grade 3 and
30% grade 4 toxicities. Approximately 70 % of
the patients were tube-feeding dependent at the
last follow-up.

The trials that reported higher survival rates
generally used more effective chemotherapy reg-
imens and higher total doses of re-irradiation
and/or included patients treated with postopera-
tive chemo-re-irradiation (Langendijk et al. 2006;
Milano et al. 2005).

In the primary setting, the results of a number
of prospective studies showed that induction che-
motherapy with taxanes, cisplatin and 5-FU
(TPF) followed by radiotherapy or concomitant
chemo-radiation is more effective than induction
chemotherapy with cisplatin and 5-FU alone. The
addition of taxanes in the chemo-re-irradiation
setting is of interest as the results of preclinical
data suggest that taxanes are particularly effec-
tive in radiotherapy-resistant squamous cell car-
cinoma cell lines (Britten et al. 1998).

During the last 5 years, a number of authors
reported on (chemo-)re-irradiation protocols
containing taxanes (Hehr et al. 2005; Kramer
et al. 2005; Langer et al. 2007).

Kramer et al. (2005) reported on the results
obtained in 38 patients with recurrent unresect-
able HNSCC that were treated in two prospective
phases I-II trials at the Fox Chase Cancer Center.
Patients were treated with split-course re-
irradiation and concomitant cisplatin and pacli-
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taxel. In this study, the 2-year overall survival
was 35 %, with a progression-free survival at 1
year of 33%, with increased but acceptable
treatment-related morbidity.

Of note is the phase II study conducted by the
RTOG (RTOG protocol 9911) (Langer et al.
2007). The study population of this study was
composed of 105 patients with loco-regional
recurrences or SPTs in previously irradiated
areas. The protocol consisted of twice-daily radi-
ation (1.5 Gy per fraction bid) for 5 days every 2
weeks up to a total dose of 60 Gy combined with
cisplatin 15 mg/m? daily and paclitaxel 20 mg/m?>
daily for 5 days every other week. The protocol
showed reasonable compliance with 74 % of the
patients completing the planned chemotherapy
and 76 % of the patients receiving at least 52.5 Gy
of radiation. However, the toxicity of this proto-
col was substantial, with a relatively high inci-
dence of treatment-related deaths and late grade
4 or worse toxicities. Grade 4 or worse acute
radiation-induced and haematologic toxicity pre-
sented in 28 % and 21% of the cases, respec-
tively. There were 8 % treatment-related deaths
of which 5 % in the acute phase. In addition, there
were three fatal late complications, including two
carotid haemorrhages and one death attributable
to oral-cutaneous fistula and soft tissue necrosis.
The median overall survival was 12.1 months and
the 1- and 2-year overall survival rates were
50.2% and 25.9 %, respectively, which was sig-
nificantly better than observed in RTOG 9601 in
which the 1- and 2-year survival rates were 47.1
and 16.9 % (p=0.044).

It should be stressed that definitive conclu-
sions from these relatively small phase II studies
are difficult to draw, but the results of taxane-
based chemo-re-irradiation regimens are cer-
tainly promising with relatively impressive
tumour control and survival rates but at the cost
of increased and significant acute and late mor-
bidity. As compared to the previously reported
RTOG protocol (RTOG 9601), the results of
taxane-based chemo-re-irradiation  protocols
appear to be better.

Based on these results, the question arises as
to whether concurrent chemo-re-irradiation
yields better results than chemotherapy alone

containing cisplatin either or not in combination
with taxanes, which was investigated in a pro-
spective randomised study (RTOG 0421) (Wong
et al. 2006). Unfortunately, this study was termi-
nated due to poor patient accrual.

4.4 Re-irradiation Combined

with Cetuximab

The results of a phase III randomised study in the
primary setting demonstrated that the epidermal
growth factor receptor (EGFR) inhibitor cetux-
imab given concomitantly with radiotherapy sig-
nificantly improved LRC and OS compared to
radiotherapy alone without any increase in
radiation-induced toxicity (Bonner et al. 2010).
Therefore, the use of agents directed against spe-
cific molecular targets in general and the EGFR
receptor in particular might be a more promising
approach. This is supported by the fact that the
use of anti-EGFR targeting alone (cetuximab)
has been shown to be effective in refractory
HNSCC patients, progressing under salvage che-
motherapy (Baselga et al. 2005). The number of
reports on the combination of re-irradiation and
cetuximab is increasing (Balermpas et al. 2009;
Jensen et al. 2010; Lartigau et al. 2013; Dornoff
et al. 2015).

Worth mentioning is the multicentre phase II
study on the efficacy and safety of hypofraction-
ated stereotactic body radiotherapy (SBRT) in
combination with 5 weekly injections of cetux-
imab among 60 patients with inoperable recur-
rent HNC patients or patients with SPTs (Lartigau
et al. 2013). All patients had previous radiother-
apy, 85 % had previous surgery and 48 % had pre-
vious chemotherapy. At 3 months, the response
rate was 58 % and the 1-year overall survival rate
was 48 %, while acute toxicity was limited,
mainly skin toxicity. One patient died from toxic
death. The authors concluded that this approach
seems to be effective and tolerable with regard to
acute and late toxicity.

Although promising, it remains difficult to
draw definitive conclusions from this study as the
total dose of re-irradiation was relatively low and
lacks direct comparison with other approaches.
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Given the mild toxicity, this approach warrants
further evaluation in well-designed future re-
irradiation studies in which the radiation protocol
should be further optimised.

5 Postoperative Re-irradiation

As mentioned in one of the previous paragraphs,
salvage surgery is considered the treatment of
choice for recurrent and second primary HNSCC
in previously irradiated areas. Patients eligible
for surgery should have non-metastatic disease,
with limited tumours that can be surgically
resected with sufficient margins, without unac-
ceptable morbidity, and be considered medically
fit to undergo surgery.

Although salvage surgery alone can be rela-
tively successful in a well-selected subset of
patients (McLaughlin et al. 1996; Ganly et al.
2005), results become worse in more advanced
recurrent stages (Agra et al. 2006). Moreover, in
case of risk factors for loco-regional recurrence,
such as positive surgical margins and lymph node
metastases with extranodal spread (Langendijk
et al. 2005; Jonkman et al. 2007), the risk on
loco-regional failure will increase and postopera-
tive (chemo-)re-irradiation could be considered
(Kasperts et al. 2006).

The GORTEC/GETTEC reported on a pro-
spective phase III study in which 130 patients that
underwent salvage surgery were randomly
assigned to receive full-dose re-irradiation
(60 Gy) combined with concomitant chemother-
apy (5-FU and hydroxyurea) versus no adjuvant
treatment (Janot et al. 2008). All patients had
recurrent tumours or SPTs in previously irradi-
ated areas and underwent a macroscopic complete
resection. In the majority of patients, the surgical
margins were sufficient. A significant improve-
ment with regard to loco-regional tumour control
(HR, 2.73; 95% CI, 1.66-4.51; p<0.0010) and
disease-free survival (HR, 1.68; 95% CI, 1.13—
2.50; p=0.01) was observed in those patients that
were assigned to receive postoperative chemo-re-
irradiation compared to those that underwent sur-
gery alone. However, this benefit in disease-free
survival did not translate into a significant
improvement of the overall survival, which may

be due to the higher incidence of distant metasta-
ses in the chemo-re-irradiation arm. The most
serious acute side effect was grade 3—4 mucositis,
which occurred in 28 % of the patients. The gain
in loco-regional tumour control and disease-free
survival was achieved at the cost of significantly
higher rates of grade 3—4 late side effects (39 ver-
sus 10% at 2 years, respectively). It should be
noted that patients allocated to the wait-and-see
arm received salvage chemo-re-irradiation at the
time of loco-regional recurrence after salvage sur-
gery, which was the case in 25 % of the cases. In
this regard, this study could be considered as a
comparison between immediate versus delayed
postoperative chemo-re-irradiation.

If the chemo-re-irradiation regimen as
described in the GETTEC/GORTEC trial is the
most optimal approach remains to be determined.
As mentioned earlier, Kasperts et al. achieved a
loco-regional control rate of 70 % after 3 years
among high-risk patients with either positive sur-
gical margins or extra-nodal spread, with similar
rates of late toxicity (Kasperts et al. 2006).

In conclusion, high-dose postoperative chemo-
re-irradiation can be administered with a moder-
atebutacceptableincreasein lateradiation-induced
toxicity. More importantly, the results indicate
that postoperative chemo-re-irradiation signifi-
cantly improves loco-regional tumour control
among patients at risk for a second failure.
Therefore, postoperative (chemo-)re-irradiation
should be considered in these cases, in particular
given the very low loco-regional control rate after
salvage surgery alone that was only 20% at 2
years. However, in the light of the high rate of late
toxicity, the exact postoperative regimen in the re-
irradiation setting requires further optimisation,
e.g. by optimising the fractionation schedule and
radiation technique and/or the addition of biologi-
cal targets such as EGFR inhibitors, which do not
interfere with radiation-induced side effects.

6 How to Reduce Treatment-
Related Morbidity?

Treatment-related morbidity can be reduced by a
number of measures, including reduction of the
target volume for radiation and the use of selec-
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tive radioprotectors. In the primary treatment,
radiation-induced side effects mainly depend on
total dose and are volume irradiated, illustrated
by numerous reports on normal tissue complica-
tion probability (NTCP) models for different late
side effects such as xerostomia and swallowing
dysfunction. In the re-irradiation setting, no
NTCP models are available. There are only some
retrospective data that suggests a relationship of
dose and volume of re-irradiated tissues as the
most important prognostic factor for radiation-
induced late side effects (Pomp et al. 1988;
Stevens et al. 1994). To achieve a reduction of the
irradiated volume of normal tissues, two main
strategies have been applied, including attempts
to redefine the clinical target volume and the use
of advanced and emerging radiation delivery
techniques.

6.1 Target Volume Definition

Reduction

Elective nodal treatment, either by surgery or
radiotherapy, is commonly applied in the primary
treatment of HNSCC in case the probability of
occult nodal metastases is 20 % or higher (Weiss
et al. 1994; Gregoire et al. 2000). This threshold
of 20 % is more or less arbitrarily determined tak-
ing into account the expected treatment-related
morbidity reference to the expected improvement
of regional control that can be achieved with
elective treatment of the regional lymph node
areas. As the probability of late radiation-induced
morbidity will be higher in the case of (chemo-)
re-irradiation and will increase with larger vol-
umes irradiated (Langlois et al. 1985), it should
be questioned whether elective nodal areas
should be included in the target volume in case of
(chemo-)re-irradiation as well.

In the majority of recently published series, the
clinical target volume (CTV) was confined to the
GTV with limited margins around the GTV in case
of primary (chemo-)re-irradiation or limited to the
high-risk areas in case of postoperative re-
irradiation (Nagar et al. 2004; Hehr et al. 2005;
Kasperts et al. 2006; Langendijk et al. 2006; Langer
et al. 2007; Sulman et al. 2009; Heron et al. 2009,
2010; Berger et al. 2010; Chen et al. 2011).

Popovtzer et al. (2009) performed a retrospec-
tive analysis on patterns of failure in 66 patients
treated with curatively intended re-irradiation in
whom the targets in all patients only encom-
passed the recurrent GTV with limited margins.
Out of the 47 loco-regional recurrences, 45
(96 %) occurred within the recurrent GTV area,
except for two patients, who developed a true
out-of-field recurrence (4 %). Similar results
were found by other investigators (Nagar et al.
2004; Hehr et al. 2005; Kasperts et al. 2006;
Langendijk et al. 2006; Langer et al. 2007;
Sulman et al. 2009; Heron et al. 2009, 2010;
Berger et al. 2010; Chen et al. 2011).

These results indicate that in primary or post-
operative (chemo-)re-irradiation, limitation of
the CTV to the high-risk area or GTV with some
margin is safe and should be considered particu-
larly in case the elective nodal areas encompass
heavily treated structures.

6.2 New Radiation Techniques

In many patients referred for re-irradiation, it is
difficult to achieve an adequate dose distribution
with conventional 3D conformal techniques, par-
ticularly in case of concave and U-shaped target
volumes near organs at risk (OARs) such as the
spinal cord that has reached radiation tolerance. In
these cases, it is not unusual to compromise the
dose to the target in favour of limiting the dose to
OARs, which may be associated with higher loco-
regional failure rates (Nutting et al. 2011). Given
the described dose-effect relationships for tumour
control, both dose escalation in the target volume
and maximal reduction of the dose distribution in
OARs are even more important in the re-irradia-
tion than in the primary setting. In this respect, the
use of advanced radiation delivery techniques
becomes increasingly important.

6.3 Intensity-Modulated

Radiotherapy

Intensity-modulated radiotherapy (IMRT) is a
radiation technique in which the intensity of mul-
tiple beams can be optimised in order to conform
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the radiation dose to the target volumes, while
reducing the dose to adjacent critical structures.
The initial experiences with IMRT in the primary
setting have provided encouraging results regard-
ing loco-regional tumour control, overall survival
and in particular reduction of side effects (Lee
et al. 2006; McMillan et al. 2006; Pow et al.
2006; Vergeer et al. 2009; Christianen et al.
2016), such as xerostomia and dysphagia. As
IMRT permits increased possibilities to conform
the dose to the target volume, it promises to both
reduce toxicity and improve loco-regional tumour
control. A limited number of authors reported on
the results achieved with IMRT in the re-
irradiation setting (Sulman et al. 2009; Chen
et al. 2011; Sher et al. 2010).

Sulman et al. (2009) reported on the results of
a retrospective analysis including 78 consecutive
patients treated with curatively intended re-
irradiation (median total dose, 60 Gy) either fol-
lowing salvage surgery or in combination with
chemotherapy. The results with regard to loco-
regional tumour control and overall survival were
promising with 2-year actuarial rates of 64 % and
58 %, respectively. Severe late radiation-induced
side effects occurred in 20 % of the cases. The
authors mentioned that this incidence of late
radiation-induced toxicity appears to be less
common than reported by others using conven-
tional radiation techniques, suggesting a benefit
in therapeutic ratio.

In another retrospective study from the Dana-
Farber Cancer Institute, 35 patients received con-
comitant chemo-re-irradiation using IMRT to a
median total dose of 60 Gy (Sher et al. 2010).
The loco-regional control and overall survival
rates at 2 years were 67 % and 48 %, respectively,
and thus comparable to those reported by Sulman
et al. (2009).

Chen et al. reported on the first prospective
study on high-dose re-irradiation using daily
image guidance with IMRT (Chen et al. 2011).
They included 21 patients who were treated with
IMRT confined to the GTV with limited margins
without chemotherapy together with daily helical
megavoltage CT scans before each fraction. The
2-year loco-regional control rate was 65 % and
there were no treatment-related toxic deaths.

Fibrosis of the neck was the most frequently
reported late side effect. Of note is that 57 % of
the patients were gastrostomy tube dependent at
last follow-up.

More recently, Duprez et al. reported on the
long-term results of a retrospective study that
included 67 patients with recurrent HNC treated
with IMRT to a total dose of 70 Gy (conventional
fractionation) (Duprez et al. 2009). In this study,
the 5-year loco-regional control rate was 32 %
with an overall survival rate of 22 % after 5 years.
The cumulative incidence of grade III and IV late
toxicity was 66 % after 5 years.

The results from these studies indicate that
high rates of loco-regional control can be
achieved with high-dose re-IMRT with or with-
out chemotherapy, but that the development of
severe late radiation-induced side effects remains
of major concern, although the incidence of these
side effects appears to be somewhat lower than
observed after conventional radiation techniques.
Long-term survival is possible but at the costs of
high rates of grade 3 and 4 toxicities (Duprez
et al. 2009).

6.4 Stereotactic Radiotherapy

Further reduction of the dose to OARs can be
achieved by improving delivery accuracy using,
e.g. stereotactic radiation techniques. Recently,
Heron et al. presented the results of a phase I
study testing the safety and efficacy of stereotac-
tic body radiotherapy (SBRT) among patients
with  HNSCC in previously irradiated areas
(Heron et al. 2010). In this study, the target vol-
ume was confined to the radiographic and clinical
areas of gross tumour, augmented by PET-CT
when available. The 80 % isodose was intended
to cover at least 90 % of the target volume. Then,
the dose was escalated from 5 fractions of 5 Gy to
5 fractions of 8.8 Gy. A total number of 25
patients were included of which 65% also
received chemotherapy. The treatment was well
tolerated, no dose limiting toxicities were
encountered and the maximum tolerated dose
was not reached. However, the response rates
were relatively low with only four objective
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responses with a maximum duration of 4 months.
No significant association was found between
total dose of radiation and objective response.
This approach will be further investigated in a
phase II study combining SBRT with the highest
dose level with cetuximab.

In another study, 36 patients with local recur-
rences from various tumours sites in the head and
neck region were treated with fractionated ste-
reotactic radiotherapy (Roh et al. 2009). In this
study, the PTV encompassed the radiographic
GTYV with a2-3 mm margin. A complete response
was achieved in 43 % of the patients, while in
37 % of the cases, a partial response was achieved.
However, the exact efficacy of this approach
remains difficult to assess as one of the major
limitations of this study was that tumour dose and
fractionation was determined on an individual
basis according to a number of factors, such as
previous radiation dose, interval, performance
status and estimated remaining tolerance of adja-
cent normal tissues. In 13 patients (30 %), grade
IIT acute complications were noted, while late
complications were noted in three patients (one
bone necrosis and two soft tissue necrosis).

More recently, Kress et al. (2015) found a
2-year overall survival and loco-regional recur-
rence rates of 24 % and 28 %, respectively, in 85
HNC patients after re-irradiation with hypofrac-
tionated stereotactic radiotherapy, with very low
grade 3 late toxicity rates (5.9 %). In this study
different fractionation schedules were used.

Given the small size of these studies and the
heterogeneity regarding the study populations as
well as the different fractionation schedules used,
it remains difficult to draw definitive conclusion
from these two studies. One of the advantages of
using stereotactic radiation techniques could be
the use of image-guided high precision reposi-
tioning in order to be able to safely reduce the
margins from CTV to PTV. However, using
higher dose per fraction, as was the case in both
studies, could counterbalance this advantage of
volume reduction. Using higher doses per frac-
tion to the GTV only assumes that the radio-
graphic GTV only contains the tumour tissue
rather than the normal tissue, which is very
unlikely. The three major complications in the

latter study could be contributed to the use of
these higher doses per fraction.

It is clear that the most optimal fractionation
when using stereotactic radiation techniques
remains to be determined, in particular when
combined with systemic agents.

Conclusions

Loco-regional failure of HNSCC or second
primary tumours in previously irradiated areas
after a full course of (chemo)radiation poses a
challenging problem for radiation oncologists,
but remains a potentially curable disease.

Whenever feasible, salvage surgery
remains the standard of care, which is the case
in approximately 20 % of the cases. In case of
adverse prognostic factors, immediate postop-
erative (chemo-)re-irradiation after salvage
surgery can be administered safely and signifi-
cantly improves loco-regional control. Despite
relatively high rates of late radiation-induced
complications, adjuvant (chemo-)re-irradia-
tion should be considered in case there is an
increased risk on loco-regional recurrence,
such as in case of positive surgical margins
and/or lymph node metastases with extra-
nodal spread.

In case of unresectable loco-regional fail-
ures or SPTs, curatively intended (chemo-)
radiation should be considered in well-
selected cases. The results of taxane-based
chemo-re-irradiation protocols are promising
with a reasonable percentage of long-term
survivors.

Severe treatment-related morbidity remains
of major concern in case of chemo-re-irradia-
tion. The initial treatment modality (e.g.
radiotherapy alone or chemo-radiation) should
be taken into account, and ‘recurrence analy-
sis’ should be part of the diagnostic procedure
when (chemo-)re-irradiation is considered.
The clinical target volume can be confined to
the GTV with limited margins in case of pri-
mary (chemo-)re-irradiation or to the high-
risk areas in the postoperative setting. Limiting
the target volume using the most advanced
radiation delivery techniques (IMRT and ste-
reotactic radiotherapy) to the high-risk areas
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appears to be of outstanding importance to
reduce the radiation-induced morbidity and
thus the therapeutic ratio, but care must be
taken with regard to the use of high-dose per
fraction. Moreover, outcomes in terms of
loco-regional control and survival after IMRT
are very promising.

Future studies should focus on new devel-
opments that proved to be effective in the pri-
mary treatment of HNSCC. In this respect,
new induction chemotherapy regimens such
as TPF and the addition of cetuximab to radia-
tion are of great interest as these approaches
might improve loco-regional control and over-
all without increasing treatment-related
morbidity.
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Abstract

Despite advances in technology and improved
treatment outcome of nasopharyngeal carci-
noma (NPC), local recurrence still represents a
major mode of failure particularly in patients
with locally advanced disease. It can occur
years after the primary treatment and is often
associated with devastating local symptoms.
Salvage nasopharyngectomy is usually reserved
for early relapse disease, while majority of the
patients have to rely on re-irradiation as the only
chance of cure. Due to the close proximity to
adjacent critical structures and previous expo-
sure to high-dose irradiation, the therapeutic
window is extremely narrow. The increasing use
of chemo-irradiation as the primary treatment
may also mean local recurrence occurring in
modern era is a clone of tumor cells that is more
therapy resistant and difficult to eradicate.
Nonetheless, there is a stark paucity of prospec-
tive studies to guide our current management
for this challenging condition. Better under-
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standing of the radiobiological factors, improve-
ment in radiotherapy techniques, and integration
with systemic treatment might enhance the dis-
ease control and minimize treatment toxicities.
Personalized treatment approach and novel
systemic treatment will be the future direction.

1 Introduction

Radiotherapy (RT) is the primary treatment
modality for non-metastatic nasopharyngeal car-
cinoma (NPC). With the development of technol-
ogy (both in RT technique and diagnostic
imaging), together with the addition of chemo-
therapy for patients with advanced locoregional
disease, the treatment outcome has improved
substantially. The overall local recurrence rate
has decreased to around 5-15 % in contemporary
series using intensity-modulated RT (IMRT)
(Wang et al. 2013; Lee et al. 2014; Sun et al.
2014; Jiang et al. 2015; Setton et al. 2015).
However, T4 disease still often remains problem-
atic, the recurrence rate varied widely from 15 to
45 % despite modern treatment techniques (Cao
etal. 2013; Kong et al. 2014; Lee et al. 2014; Sun
et al. 2014; Jiang et al. 2015; Setton et al. 2015).

Recurrent NPC is a devastating disease.
Patients with local recurrence often suffer from
serious symptoms including intractable pain,
bleeding, and cranial nerve palsies. Salvage by
surgery is feasible mainly for early recurrence in
centers with surgical expertise. Unfortunately,
majority of patients already had extensive
involvement at the time when recurrence was
detected and re-irradiation is their only chance of
salvage. But this is increasingly difficult because
existence of radioresistant clonogens is highly
likely in recurrences that develop despite ade-
quate tumor coverage to high dose by the primary
course. In addition, recurrent tumors in the
fibrotic microenvironment after the primary
course RT are likely to be more hypoxic and
radioresistant. Furthermore, the therapeutic win-
dow is extremely narrow due to the anatomical
proximity of critical organs at risk (OAR) and
varying degree of residual sublethal damage

caused by the primary course of RT. Development
of serious treatment toxicities often adds to the
suffering.

Moreover, comprehensive prospective data
are lacking; our current practice is guided mainly
by retrospective studies on small numbers of
selected patients. Major uncertainties in optimal
radiation dose fractionation and the potential role
of chemotherapy remain to be resolved. In this
chapter, available data will be summarized to
provide as much knowledge as possible on locally
recurrent NPC and re-irradiation, in an attempt to
derive logical answers for overcoming the
challenges.

2 Natural Behavior
and Pattern of Failure

The time between primary treatment and local
recurrence varies widely. Unlike other head and
neck cancers, NPC has a predilection for late recur-
rence. The median latency reported was 1.9 years
(range, 0.6-11.9) in the series of 847 patients by
Lee et al. (1999) and 2.2 years (range, 0.3-24.3) in
the series by Li et al. (2012). The proportion of
local recurrence detected within 2 years was
48-57% (Lee et al. 1999; Li et al. 2012; Setton
etal. 2015), between 2 and 5 years in 35-39 % (Lee
etal. 1999; Li et al. 2012) and more than 5 years in
9-17% (Lee et al. 1999; Li et al. 2012). The impor-
tance of early detection cannot be overemphasized
as this is the most significant prognostic factor. In
addition to vigilant assessment in the first 5 years,
long follow-up is indicated.

The clinical presentation of locally recurrent
NPC varies; the symptoms may mimic late tox-
icities induced by RT, making early diagnosis a
challenge. In a series by Li et al. (2012) on 351
patients with local relapse, the commonest symp-
toms include blood-stained nasal discharge
(38 %), cranial nerve palsies (36 %), and head-
ache (31%). Tinnitus, nasal obstruction, and
hearing loss tended to be less frequent; 10 % of
the patients had no obvious symptoms.

The stage distribution at the time of recurrence
varies widely among different series. More than
60 % of patients had rT3—4 disease at the time of
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detection. Furthermore, patients with local recur-
rence also showed high incidence of other fail-
ures. In the series by Lee et al. (1999), 25 and 8 %
had coexisting nodal and distant relapse respec-
tively. Thorough work-up is indicated before
decision on salvage method.

3 Local Persistence
Versus Local Recurrence

Distinction should be made between persistent
lesion (tumor that does not completely regress
following primary treatment) and recurrent dis-
ease (tumor that reemerges after complete
regression) as they reflect different tumor biology
and different outcome. The time point to deter-
mine genuine disease persistence is not easy
because it takes time for tumors to regress after
RT. Kwong et al. (1999) showed that the inci-
dence of positive histology decreased from 29 %
in the first week after completion of RT to 12 %
by the ninth week and then rose again. The 5-year
local failure-free rate was 82 % for patients who
achieved early histological remission (<5 weeks),
77% for those with delayed remission (5-12
weeks), but only 54 % for those with persistent
tumors after 12 weeks despite subsequent sal-
vage treatment.

Brachytherapy (intracavitary or interstitial)
has been widely used for superficial persistent
disease yielding excellent results with 5-year
local failure-free rate of 90% or above for
patients with initial T1-2 tumors (Leung et al.
2000a; Kwong et al. 2001; Law et al. 2002). For
more bulky persistent disease, single-fraction
stereotactic radiosurgery (SRS) and fractionated
stereotactic radiotherapy (SRT) have been shown
to achieve favorable local control (Chua et al.
1999 and 2003; Yau et al. 2004; Zheng et al.
2004). In general, most studies showed that per-
sistent disease had a better prognosis than recur-
rence. However, it should be cautioned that some
of the “persistent tumors,” particularly those
diagnosed by early biopsy, may spontaneously
regress even without further treatment. Genuine
persistence due to primary radioresistance or
inadequate RT dose coverage as in gross intra-

cranial extension could have a very poor
prognosis.

4 Detection of Local
Recurrence

Instead of conventional fiberoptic endoscopy,
Wang et al. (2012) reported that narrowband
imaging endoscopy could improve the detection
rate of mucosal recurrent lesions (88 % for both
sensitivity and specificity), but postradiation
effects may cause false-positive results.
Radiological imaging is needed for exclusion of
deep-seated or submucosal recurrence. Magnetic
resonance imaging (MRI) is preferred over com-
puted tomography (CT) because of its superiority
in soft tissue delineation (Liang et al. 2009).
However, MRI is not very reliable in differentiat-
ing between persistent/recurrent tumor and post-
RT fibrosis, and attempts to improve its accuracy
have been made using diffusion-weighted imag-
ing (DWI) (Hong et al. 2013) and intravoxel
incoherent motion (IVIM) (Lai et al. 2013).
Functional imaging with combined positron
emission tomography-CT (PET-CT) is increas-
ingly used. Yen et al. (2003) reported that PET-CT
was superior to MRI in detecting residual/recur-
rent NPC with improved sensitivity (100% vs.
62 %), specificity (93 % vs. 44 %), and accuracy
(96 % vs. 49 %). In a recent meta-analysis, both
PET-CT and single-photon emission computed
tomography (SPECT) were shown to be very
accurate for the detection of local residual/recur-
rent NPC and were superior to MRI in distin-
guishing recurrent NPC from post-RT changes:
the pooled specificity estimates for PET-CT
(93%) and SPECT (81%) were significantly
higher than MRI (76 %) (Wei et al. 2015).
Nevertheless, post-RT mucosal inflammatory
changes/mucositis or osteonecrosis can lead to
false-positive results in PET-CT.

Elevated level of circulating cell-free Epstein-
Barr virus (EBV) deoxyribonucleic acid (DNA)
in plasma/serum from NPC patients is valuable
as a prognostic factor (Lin et al. 2004; Leung
et al. 2006) and for monitoring diseases status.
Elevated EBV DNA was found in 55-96 % of
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patients with distant metastases, but varied from
0 to 67% in patients with local/locoregional
recurrence (Leung et al. 2003; Hong et al. 2004;
Hou et al. 2011; Chai et al. 2012; Hsu et al. 2013).
The accuracy in detecting local recurrence is less
certain.

The use of transoral nasopharyngeal brush
biopsy for EBV DNA to detect local NPC recur-
rence has been reported (Lam et al. 2015). In a
series by Hao et al. (2004), nasopharyngeal swab
with PCR-based latent membrane protein
(LMP)-1 gene and Epstein-Barr nuclear antigen
(EBNA)-1 gene detection was used to monitor
local recurrence in 84 NPC patients. Of the 12
patients who were positive for both LMP-1 and
EBNA-1, 11 developed local recurrence
(sensitivity 91.7 %, specificity 98.6%). This
method is convenient and simple but may not be
reliable in detecting deep-seated lesions.

5 Treatment Consideration
5.1 Rationale of Aggressive
Treatment and Treatment
Options

For patients with isolated local failure, aggressive
treatment is warranted. In a study of 200 patients
with isolated local relapse (Yu et al. 2005), it was
found that patients who received radical salvage
treatment by either surgery or RT had a signifi-
cantly better overall survival (OS) than those who
received chemotherapy only.

It is difficult to compare the efficacy of sur-
gery versus re-irradiation as resectable cases gen-
erally have more favorable clinical factors such
as low disease volume, early r-T categories, good
performance status, and minimal comorbidity.
No randomized trial comparing these two modal-
ities has been conducted. Retrospective studies
suggested that the local salvage rates by either
modality were very similar (Lee et al. 2012).
However, in view of the high incidence of serious
late toxicities incurred by re-irradiation, surgical
salvage should be considered as far as feasible.
Depending on the disease extent, various surgical

techniques have been developed ranging from
endoscopic resection, transoral robotic resection
for small tumor without parapharyngeal space
involvement (Tsang et al. 2013) to open naso-
pharyngectomy via different approaches (Chan
2014). Excellent long-term local control rates up
to 70 % have been reported with no significant
negative impact on patients’ quality of life (QOL)
(Chan et al. 2012).

However, for patients with more extensive
local tumor infiltration or positive resection mar-
gin after salvage surgery, re-irradiation as a cura-
tive treatment is often unavoidable, and the
challenge is to develop novel RT techniques and
optimal dose fractionation to improve outcomes
and reduce late toxicity.

5.2 Radiobiological Factors
Re-irradiation dose is one of the most important
factors affecting the salvage rate; the general
consensus is that re-irradiation  tumor
dose>60 Gy is needed for effective salvage
(Pryzant et al. 1992). Lee et al. (1997) also
showed that the hazard of failure decreased by
1.7% per Gy, of re-irradiation biologically
effective dose (a/f=10 Gy) (C,-BED). However,
the risk of late toxicity is a grave concern.
Pryzant et al. (1992) found that the incidence of
severe late toxicity increased significantly when
total dose by the two courses of RT exceeded
100 Gy (39 % vs. 4 % at 5 years). The striving for
optimal balance between successful treatment
and significant late complication has long been a
great challenge.

The following clinical and laboratory studies have
attempted to enhance understanding about dam-
age by the two courses and the maximum tolera-
ble dose. The clinical study by Lee et al. (1997)
showed that late toxicity was affected by radiation
doses at both courses: the hazard increased by 4.2
and 12% per Gy; of primary treatment
(C,-BED) and re-irradiation (C,-BED) (assuming
a/f=3 Gy). A subsequent study by Lee et al.
(2000) further showed that partial recovery of
normal tissues took place following the primary
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course; the total tolerable BED (X-BED) was
higher than that expected with a single-course
treatment (C,-BED). The Z-BED that incurred
20 % toxicity at 5 years was estimated to be 129 %
of C;-BED, and there was a trend of decreasing
risk with increasing interval between the courses
in patients with a treatment gap>2 years
(P=0.07):

C,-BED =129 % Full-tolerance
C,-BED-C,-BED

As their above studies included all symptom-
atic late complications (except xerostomia), the
complication rates of individual OAR were actu-
ally much lower than 20 %.

This formula of estimation is very similar to
the suggestion by van der Kogel (1993) that the
maximum tolerable total dose in two courses
amounted to 130% of the maximum tolerable
dose in a single course. In addition, he suggested
the 100 % tolerable dose should be higher than
the usual maximum dose constraint in the pri-
mary course since a higher risk should be
accepted for re-irradiation (e.g., 60 Gy instead of
50 Gy for spinal cord):

C,-BED =130 % Full-tolerance
C,-BED-C,-BED

Many have since studied the late complication
rates from re-irradiation, focusing on the central
nervous system (CNS) structures. Nieder et al.
(2005 and 2006) analyzed the data from a total
of 78 patients receiving £ —BED ranging from
102 to 205 Gy, (a/f=2 Gy) to their spinal cords
and developed a score system which divided
patients into three risk groups according to the
> —BED, time interval before re-treatments, and
the BED of any one course. The risk of myelop-
athy increased from 3 % to 25 % to 90 % from
the low-risk to the high-risk groups. They sug-
gested that the risk of radiation-induced myelop-
athy was small if - BED < 135 Gy, (a/f=2 Gy)
for cervical/thoracic cord as long as BED of
each course was<98 Gy, and the interval
between the courses was at least 6 months. The
formula recommended for the second course
BED was:
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C,-BED =135Gy, —C,-BED

Mayer and Sminia (2008) studied the inci-
dence of clinically symptomatic necrosis from
the re-irradiation of gliomas. In contrast to the
spinal cord, they found a large volume effect for
normal brain tissues, but no correlation between
the incidence of radionecrosis and the time inter-
val before re-treatment (the minimum interval in
their series was 3 months). Radiation-induced
brain necrosis occurred only when the cumula-
tive equivalent dose in 2 Gy fractions (EQD,)
was>100 Gy.

The study by Sulman et al. (2009) on severe
toxicity (those leading to hospitalization, correc-
tive surgery, or death) from re-irradiation by
IMRT for other head and neck cancers suggested
that there was 50 % recovery for CNS structures
12 months after the primary course; their recom-
mended formula for planning re-irradiation was:

C,-BED = Full-tolerance
C,-BED-50 % C,-BED

Jones and Grant (2014) derived a more
detailed formula for estimating the tolerable C,-
BED for CNS structures as a function of the
remaining dose tolerance and the treatment gap:

C,-BED
Fulltolerance C,-BED
_ ( . C,-BED ] =
Fulltolerance C,-BED
where, taking a more cautious approach,
r=1.5+e"* and ¢ = treatment gap in years.
The tolerable C, dose can be calculated from the
C,-BED taking into account the fractionation
scheme and the corresponding a/f ratio.

These observations concurred with findings
from animal experiments regarding late damage
on CNS by re-irradiation and the estimated toler-
ance (Ruifrok et al. 1992; Ang et al. 1993; Mason
et al. 1993; Wong et al. 1993). Partial recovery
ranging from 20 to 55 % has been reported. The
amount of recovery depends on the initial dose,
the interval between the two courses, their frac-
tionation schedules, the age and the species of
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Table 1 Estimation of maximum tolerable re-irradiation dose by different models basing on the assumption that the
100 % tolerance dose for an OAR by a single course is 60 Gy, the dose received at the primary course is 50 Gy, and the
numbers of fractions are 35 and 30 for the first and second courses respectively

Nieder et al. Sulman et al.
Lee et al. (2000) (2005, 2006) (2009) Jones and Grant (2014)
Full-tolerance C; | 60 Gy N/A 60 Gy 60 Gy
dose
Full-tolerance 94.3 Gy, N/A 94.3 Gy, 111.4 Gy,
C,-BED
Formula for 129 % Full- 135 Gy, — C,- | Full-tolerance C,-BED
C-BED tColl_e];ESe_ C,-BED BED gl:ggg -50% Fulltolerance C,-BED 1
_ ( - C,-BED ),H
Fulltolerance C,-BED
Ref tolerance 121.6 Gy, 135 Gy, 94.3 Gy, 111.4 Gy,
BED
C, dose 50 Gy 50 Gy 50 Gy 50 Gy
C,-BED 73.8 Gy; 85.7 Gy, 73.8 Gy; 85.7 Gy,
Tolerable 47.8 Gy, 49.3 Gy, 57.4 Gy, 86.6 Gy,
C,-BED
Tolerable C, dose | 34 Gy 32 Gy 39 Gy 48 Gy

The a/p ratios for the various models were taken from their original publications

animals, as well as the type and the site of the
normal tissue damaged.

The above provides a rough guidance for clini-
cians to estimate the dose permitted at re-irradiation.
Table 1 shows the maximum tolerable re-irradiation
dose according to the different models assuming
that the 100 % tolerance dose for an OAR by a sin-
gle course is 60 Gy, the dose received at the primary
course was 50 Gy, and the numbers of fractions are
35 and 30 for the first and second courses respec-
tively. The maximum tolerable dose varied from 32
to 48 Gy (assuming that the treatment gap between
the two courses is 2 years). An even higher dose can
be applied if the maximum dose points of the two
courses do not overlap. However, one must be cau-
tious that the models were based on rather limited
clinical data; detailed dose distributions within the
OARs are often not known in these studies. Accurate
prediction is difficult given the complex interplay of
multiple factors and the wide range of individual
susceptibility to radiation injury. Furthermore, if
protection of normal tissues will compromise the
adequacy of tumor coverage, patients should be
duly informed of the risk and the grave consequence
of salvage failure, the target dose should be given
top priority if patients accept the extra risk.

Besides the total dose, the dose per fraction is
another important factor affecting the risk of late
toxicities. Large fractional doses incur higher
risk; hyperfractionation schedule (Karam et al.
2015) is worth considering; the schedule cur-
rently used in our center is 1.2Gy per fraction,
twice daily, at least 6 h apart to a total dose of
64.8 Gy.

5.3 Technical Factors

Treatment techniques for recurrent disease reflect
the technological development of radiotherapy
delivery in the past few decades. Initial studies
mostly employed 2D external RT (Wang 1987,
Lee et al. 1997; Teo et al. 1998) and/or brachy-
therapy (Leung et al. 2000a). Brachytherapy as
sole treatment was mainly confined to superficial
mucosal recurrence; salvage rate of 60% and
above had been reported for rT1 or limited rT2
disease using interstitial implants with either
radioactive gold grains (Kwong et al. 2001) or
iridium mold (Law et al. 2002). However, severe
late soft tissue and bony complications were
not uncommon. More recently, image-guided
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brachytherapy approach has been studied, but
preliminary results by Shen et al. (2015) only
achieved a median survival time of 18 months for
a cohort of 30 patients treated with CT-guided
permanent implantation of iodine-125 seeds.

Conformal radiotherapy gradually replaced 2D
RT in the 1990s as dosimetry allows not only bet-
ter tumor coverage but also better sparing of OARs
(Zheng et al. 2005; Li et al. 2006; Luo et al. 2010).
Available reports showed encouraging local con-
trol, but no significant reduction in late toxicities.
The study by Zheng et al. (2005) using 3D confor-
mal technique to a median dose of 68 Gy reported
a very encouraging 5-year local salvage rate of
71%. However, the 5-year OS only improved to
40 % because of serious late toxicities (all patients
developed one or more late > grade 3 toxicities
and treatment mortality was 13 %).

In the modern era, either IMRT or stereotactic
technique is used. Stereotactic radiosurgery/
radiotherapy is advantageous due to the rapid
dose falloff and geometric precision. Encouraging
results of stereotactic treatment have been
reported with local salvage rates ranging from 53
to 86 % (Chua et al. 1999 and 2009; Chen et al.
2001; Leung et al. 2009; Ozyigit et al. 2011;
Dizman et al. 2014). However, very high radia-
tion dose given per fraction could induce severe
damage of normal tissues leading to torrential
hemorrhage with fatal outcome (Chua et al. 1999;
Ozyigit et al. 2011). Stereotactic radiosurgery
should be avoided in patients with tumor encas-
ing the carotid artery.

Currently, IMRT is the most commonly used
method. Most series aimed to deliver radiation
dose >60 Gy to recurrent gross tumor volume
(GTV). Encouraging local control rate ranging
from 52 to 86 % have been reported (Chua et al.
2005a; Han et al. 2012; Hua et al. 2012; Qiu et al.
2012 and 2014; Chen et al. 2013; Tian et al.
2014). However, late complications and
treatment-related death varied significantly
among different series. Important issues such as
optimal total dose, fractionation schedule, and
dose constraint for OARs remain to be defined.

Development of intensity-modulated proton
therapy (IMPT) lead to further improvement in
physical dose distribution: its unique beam

properties (the Bragg peak, rapid distal falloff,
and potentially sharper penumbra) could facili-
tate better sparing of OARs (Widesott et al.
2008). A recent study by Lin et al. (1999) using
IMPT to doses of 59.4-70.2 cobalt gray equiva-
lent in a cohort of 16 recurrent NPC patients
(12 of whom had rT4 disease) reported 50 % OS
and locoregional PFS. More importantly, the
doses to critical OARs were low (0-22 Gy), and
no CNS side effects were observed with a mean
follow-up of 24 months.

5.4  Integration with Systemic

Treatment

Despite the lack of high-level evidence, induction
and concurrent chemotherapy is often employed
with re-irradiation. In particular, induction che-
motherapy could reduce the recurrent tumor bulk,
potentially leading to better sparing of adjacent
OARs especially for rT3—4 disease, and eradicate
micrometastasis. Extrapolating from the experi-
ence of primary treatment, concurrent chemo-
therapy may be more potent for improving tumor
control; the main concern is whether this would
further aggravate the risk of late toxicities.

Various chemotherapy combinations have
been studied including cisplatin (Poon et al.
2004; Koutcher et al. 2010), 5-fluorouracil (Poon
et al. 2004; Ngan et al. 2015), gemcitabine (Chua
et al. 2005), and taxane (Ngan et al. 2015). Other
novel agents such as anti-EGFR agents (Lartigau
et al. 2013; Ngan et al. 2015; Vargo et al. 2015)
and anti-angiogenic agents (Seiwert et al. 2008)
have been tested in recurrent head and neck can-
cer. However, data on recurrent NPC are rela-
tively sparse (Xu et al. 2016), and the risk of
bleeding should be duly considered for drugs tar-
geting on angiogenesis (Hui et al. 2011).

6 Prognostic Factors

The most important prognostic factor is the stage
of disease and GTV at the time of recurrence
(Han et al. 2012; Chen et al. 2013; Tian et al.
2015; Xiao et al. 2015). Advanced recurrent
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T stage, especially extensive intracranial
extension, is associated with worse prognosis
(Leung et al. 2000b; Chua et al. 2005a; Han et al.
2012; Qiu et al. 2012). Larger recurrent tumors
had poorer outcome not only because of proxim-
ity to critical structures limiting the RT dose but
also of increasing risk of radioresistance due to
hypoxia. The study by Xiao et al. (2015) on 291
patients with locally recurrent NPC showed that
the 5-year OS rates were 63.1 % and 20.8 % for
patients with tumor volume <22 cm® and
>22 cm?, respectively. Those with tumor volume
>22 cm?® also had higher incidence of distant
metastasis and radiation-induced toxicities.

The latency is another prognostic factor
(Lee et al. 1999; Qiu et al. 2012). The study by
Lee et al. (1999) on 847 recurrent NPC showed
that those with long latency had better progno-
sis due to lower risk of distant failure: the
5-year distant failure-free rates for recurrence
<2 years, 2-5 years, and >5 years were 57 %,
67 %, and 83 %, respectively. Histological type
has also been shown to be an independent prog-
nostic factor: Hwang et al. (1998) reported that
patients with undifferentiated carcinoma had
significantly better 5-year locoregional pro-
gression-free rate and survival than those with
keratinizing type.

7 Treatment Outcomes

Table 2 summarizes the results achieved by re-
irradiation using IMRT. These studies can be
divided into two groups based on the dose
employed in the second course of irradiation.

Studies from North America (Koutcher et al.
2010; Karam et al. 2015) and Hong Kong (Chua
et al. 2005b; Ngan et al. 2015), using re-irradiation
dose of around 60 Gy combined with systemic
chemotherapy, achieved OS of around 60 %. Major
late complication rates were variable. A recent
phase 2 study by the Hong Kong NPC Study Group
explored the possibility of improving outcome for
rT3-4 tumor by integrating re-irradiation with more
intensive systemic therapy using triplet induction
consisting of docetaxel, cisplatin, and 5-fluoroura-
cil (TPF), followed by re-irradiation with concur-
rent weekly docetaxel and cetuximab (Ngan et al.
2015). Preliminary outcome in 32 recruited patients
showed encouraging 2-year OS of 67 %, but the
toxicity rate was high [eight temporal lobe necrosis
(TLN) and two fatal epistaxis were observed]. In
addition, the tolerance to induction TPF was poor
in this cohort of recurrent patients (five patients
withdrew after the first cycle of TPF due to fatigue;
and > grade 3 neutropenia and hyponatremia
occurred in 38 % and 28 %, respectively).

Table 2 Efficacy and late toxicities of re-irradiation by intensity-modulated radiotherapy

Brain Massive
rT1-2 L-FFR |OS |necrosis | bleeding | RT-related
Author Pt. no. | (%) Dose (Gy) | Chemo. Yr. | (%) (%) | (%) (%) death (%)
Chua 31 25 50-60 68 % 1 56 63 7 NR NR
(2005a)
Karam 27 78 40-60 85 % 3 53 57 0 0 0
(2015) (1.1-1.4
Gy/fr BID)
Koutcher 29 45 45-59 93 % 5 52 60 22 NR NR
(2010)
Ngan (2015) |32 0 60 100 % 75 68 35 13 13
Qiu (2012) 70 53 Median 70 |44% (I)+ |3 49 52 NR 9 9
18% (C)
Han (2012) |239 25 61.7-78.7 |49% 5 86 45 28 NR 35
Chen (2013) |54 20 49.8-76.6 |52% 64 44 19 11 24
Tian (2014) | 117 21 65.4-73.1 |0% 5 64— 37 21 25 32
71

Abbreviation: L-FFR local failure-free rate, OS overall survival, I induction, C concurrent, NR not reported
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Four studies from China used re-irradiation
dose of around 70 Gy. The largest study was
reported by Han et al. (2012): a total of 239
patients (25 % r'T1-2) were re-irradiated, and the
mean total dose to GTV was 69.94 Gy and the
mean dose per fraction was 2.31 Gy. The 5-year
local relapse-free survival was 85 %, but the OS
rate was only 45% with 35% who died of
treatment-related death toxicities. Chen et al.
(2013) showed similar findings in 54 recurrent
NPC patients treated to an average GTV dose of
69.96 Gy. The 2-year local failure-free survival
was 64 %, but the OS rate was only 44 % with
48 % of patients suffering from severe late toxici-
ties, and 25 % died of treatment complications.
Similarly, in the randomized phase 2 study
reported by Tian et al. (2014) on two different
fractionation schemes (60 Gy in 27 fractions vs.
68 Gy in 34 fractions), high incidence of
treatment-related death was noted in both arms
(24 % vs. 41 %). Furthermore, OS was in fact bet-
ter for the group receiving 60 Gy in 27 fractions
due to lower rate of treatment-related death.

8 Treatment Complications

Late toxicities are the main prohibitory factor for
re-irradiation of NPC. Figure 1 illustrates some of
the possible late treatment complications after re-
irradiation. Other common toxicities include
xerostomia, hearing impairment, trismus, cranial
nerve palsy, and hypopituitarism. Detailed studies
on structured QOL measurements are lacking.

8.1 Carotid Blowout

Carotid blowout is the most daunting complica-
tion among all and is the main cause of treatment-
related death. Literature-based systematic review
by McDonald et al. (2012) on 1554 patients
reported a crude rate of carotid blowout after re-
irradiation of the head and neck (H&N) region of
2.6, and 76 % of them died. But the reported hem-
orrhage rate following re-irradiation for NPC var-
ied widely; the incidence following IMRT or SRT
ranged from O to 25% (Seo et al. 2009; Ozyigit

et al. 2011; Chen et al. 2013; Benhaim et al.
2014). The total re-irradiation dose is the signifi-
cant aggravating factor. In a phase 2 randomized
study by Tian et al. (2014) comparing two IMRT
dose regimens in recurrent NPC, the massive
hemorrhage rate at a median follow-up of 25
months was 19% in the group re-irradiated to
60 Gy in 27 fractions compared to 31 % in the
group with 68 Gy in 34 fractions. Whether this is
aggravated by combining RT with intensive sys-
temic therapy is uncertain, interim analysis of the
prospective phase 2 study by the Hong Kong NPC
Study Group mentioned above reported a 14 %
bleeding rate following 60 Gy plus intensive
induction-concurrent therapy (Ngan et al. 2015).

8.2 Temporal Lobe Necrosis

TLN is another potentially life-threatening late tox-
icity. While some may be asymptomatic especially
at early phase of development, others may suffer
from debilitating symptoms (including headache,
dizziness, memory loss, epilepsy, pressure symp-
toms, changes in conscious level, and occasional
intracranial hemorrhage) (Lee et al. 2002). The inci-
dence is much higher in cohorts after re-irradiation
than single-course RT, ranging from 7 to 35 % (Chua
et al. 2005a; Koutcher et al. 2010; Han et al. 2012;
Chen et al. 2013; Tian et al. 2014; Ngan et al. 2015).
Risk of TLN depends on fractional dose, cumulative
dose, RT techniques, and time interval between two
courses of RT (Lee et al. 1998; Bakst et al. 2011;
Chen et al. 2011; Zhou et al. 2014). The study by Liu
et al. (2014) on over 200 recurrent NPC patients re-
irradiated to around 70 Gy revealed a 31 % risk of
TLN with a median latency period of only 15
months; a maximum summated dose of less than
125Gy EQD?2 and interval between courses of at
least 2 years is recommended.

8.3 Mucosal Necrosis and Skull
Base Osteoradionecrosis

(ORN)

Soft tissue and bone necrosis is a common prob-
lem following re-irradiation. Clinical features
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Unhealed necrosis over
the nasopharynx

Temporal Lobe
Necrosis

Pseudoaneurysm

Perforation of 7
hard palate

Dysphagia

Fig. 1 Potential late complications due to re-irradiation: pseudoaneurysm (black asterisk)

include foul odor, intense headache, and even to 40.6 % (Han et al. 2012; Qiu et al. 2012; Chen
profuse bleeding. Crust, necrotic tissue, and et al. 2013; Tian et al. 2014). Huang et al. (2006)
exposed bones can be found in endoscopic exam- observed a latent period of 7-24 months from
ination. The reported incidence ranged from 6.3  re-irradiation to onset of ORN.
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8.4 Swallowing Impairment

Trismus, impaired pharyngeal peristalsis, and
lower cranial nerve neuropathy can all lead to
swallowing problems leading to malnutrition and
aspiration. Chen et al. (2013) reported that 20 %
of patients had feeding difficulty after re-
irradiation resulting in permanent nasogastric
tube or gastrostomy feeding. Severe trismus rate
reported was around 17 % (Koutcher et al. 2010;
Qiu et al. 2012; Tian et al. 2014).

8.5 Hearing Impairment

Hearing loss can be sensorineural (due to
damage of cochlear hair cells or eighth nerve),
conductive (due to auditory canal osteoradione-
crosis or middle ear pathology), or a mixture of
both in nature. High-tone sensorineural hearing
loss (=30 dB loss) can reach up to 35% even
after a single course of chemoradiotherapy; the
incidence is expected to be much higher after
re-irradiation as the mean cochlear dose
correlated with the incidence of sensorineural
hearing impairment (Chan et al. 2009). Majority
of reports were based on clinical grading rather
than detailed pure-tone audiogram assessment,
and reported incidence ranged from 12 to 22 %
(Han et al. 2012; Qiu et al. 2012; Tian
et al. 2014).

8.6 Treatment-Related Mortality

The reported treatment mortality rate ranged
from 9 % up to an alarming rate of 35 % (Han
et al. 2012; Qiu et al. 2012; Chen et al. 2013;
Tian et al. 2014; Ngan et al. 2015). Treatment-
induced deaths are commonly related to
carotid blowout and brain and/or mucosal/
bone necrosis. However, some treatment
deaths are more subtle, like pneumonia caused
by silent aspiration. A careful balance between
the treatment toxicities and local control
should be taken, and the possible morbid and
fatal toxicities must be discussed in detail
before treatment.

9 Concluding Remarks
and Future Direction

Basing on currently available data, the following

key observations can be summarized:

e Aggressive salvage is indicated for patients
with locoregional recurrence. Re-irradiation
with/without chemotherapy is an effective
method, but incurred substantial risk of severe
late toxicities, and surgical resection should
be considered especially for rT1-2 disease if
expertise is available.

e Treatment outcomes are closely related to the
stage at detection of recurrence, the tumor
bulk and the latency.

e Local control depends on the re-irradiation
dose, while late toxicity is related to cumula-
tive doses from both the primary and the re-
treatment courses. High re-irradiation dose
can improve local salvage, but may not neces-
sarily translate into higher survival due to
excessive treatment-related deaths; an optimal
balance is needed.

¢ The most conformal technique should be used
for better protection of normal tissues, but
high incidence of serious late toxicities still
occurs even with IMRT or SRT; more novel
technique should be explored. IMPT has
physical advantages over photon therapy
allowing a better avoidance of OARs. Long-
term survival and toxicity outcome is awaited.

* Different models have been proposed for esti-
mating the maximum tolerable doses, but
most were based on past treatment without
accurate information on doses at various
OARs. Uncertainties of various parameters
remain, and further studies on tolerance doses,
optimization of dose constraints, and dose
fractionation are warranted.

e In addition to the total dose, the dose per frac-
tion at re-irradiation is also important; high
fractional dose incurs higher risk of life-
threatening toxicities, including neurological
damage, vascular damage, and soft tissue and
bone necrosis. SRT at large fractional dose
should be avoided particularly for tumors
encasing the carotid vessel. Hyperfractionation
schedule is worth considering.



180

W.T.Ng etal.

e Ideally treatment regimen should be tailored
to individual risk pattern, radiosensitivity, and
tolerance. Radiogenomics emerges as a new
research direction to identify potential genetic
determinants of adverse reactions to
RT. Genome-wide association studies
(GWAS) are now underway to identify poten-
tial genetic variations that affect radiosensitiv-
ity. It is hoped that large-scale GWAS can
identify genetic signatures to help selecting
patients suitable for re-irradiation (Barnett
et al. 2012; Rattay and Talbot 2014).

* No study has yet been conducted to assess the
exact contribution of adding chemotherapy.
Past studies on targeted therapy did not show
promising efficacy. Further studies to explore
for more potent and less toxic systemic ther-
apy are needed. Immunotherapy has emerged
as a new armament in cancer management. A
recent phase I study using a PDI inhibitor
achieved a 22 % response rate in a cohort of
heavily pretreated recurrent or metastatic
NPC, with a remarkable PFS of 11 months
(Hsu et al. 2015). Further exploration on the
value of immunotherapy is warranted.
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Abstract

In spite of recent advances in both biology and
technology of diagnosis and treatment of lung
cancer, the overall results remain dismal. After
initial treatment, irrespective of stage and his-
tology of the disease, local/regional recur-
rence is a frequent type of failure. While it is
virtually unknown which proportion of
patients initially treated with chest radiother-
apy undergo reirradiation during the natural
course of the disease, there are more reports
documenting outcome of reirradiation in
recent years. The majority of available studies
are retrospective in nature and of limited size.
External beam radiation therapy has been used
to treat local/regional intrathoracic recur-
rences after previous radiation therapy for
lung cancer, mostly non-small cell histology.
In most cases, the aim of the treatment was
palliation of symptoms. However, the increas-
ing availability of new technology such as
intensity-modulated and stereotactic radio-
therapy has resulted in promising outcome
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after these more aggressive regimens. While
endobronchial brachytherapy remains useful
in palliating symptomatic recurrences, it is
used less frequently in recent years. Although
no guideline exists, likely due to considerable
variety in first-line radiation therapy parame-
ters, different planning and retreatment char-
acteristics, and lack of validated prognostic
factors, current wisdom calls for setting up
objectives upfront and making prudent use of
available technology.

1 Introduction

Lung cancer is one of the major challenges for
health care systems worldwide. It was estimated
that in the USA in 2014 there were 224.210 new
cases and estimated 159.260 deaths of lung cancer
(Siegel et al. 2009), therefore being the major can-
cer killer in both sexes. The most recent data from
the International Agency for the Research of
Cancer (IARC) showed that in 2012 there was an
estimated total of 1.825 millions of lung cancer
cases (1.242 million in men and 0.583 million in
women) with an estimated 1.59 millions of deaths
(1.099 million in men and 0.41 million in women)
worldwide (IARC 2012). This huge burden is
especially visible in less-developed regions with
limited resources where lung cancer occurs more
frequently and causes more deaths than in well-
developed countries.

To improve global success in the fight against
lung cancer, many novel diagnostic and treatment
approaches have been implemented in clinical
practice in recent decades, such as novel
molecular oncology approaches which led to
refinements in histological criteria and definitions
of lung cancer subtypes; and positron emission
tomography (PET) — computed tomography (CT)
which is extensively used nowadays to diagnose
and stage lung cancer patients (Vanuytsel et al.
2000; Videtic et al. 2008), but also used to opti-
mize radiotherapy (RT) treatment planning
(Nestle et al. 1999 and 2006; Faria et al. 2008;
Schaefer et al. 2008; MacManus et al. 2009;
Grgic et al. 2009; Hanna et al. 2010; Riegel et al.
2010; Wu et al. 2010). PET may also enable

monitoring of metabolic responses during RT
and improve adaptive RT (ART) planning. Recent
years also brought massive introduction of inno-
vative RT techniques (intensity-modulated
radiotherapy-IMRT, stereotactic ablative radio-
therapy-SABR, ART, protons) and novel agents
(targeted drugs) in daily clinical practice.

Disappointingly, the vast majority of non-
small cell lung cancer (NSCLC) patients and
almost all with small cell lung cancer (SCLC) are
presenting with disease not amenable to surgical
resection. In such cases, RT and chemotherapy
(CHT), given either alone or combined, are prac-
ticed worldwide. In spite of promising novel bio-
logical and technological opportunities, major
leaps in the treatment of this disease are lacking,
with recurrence still being a dominating and bit-
ter event after treatment, irrespective of histolo-
gies (NSCLC vs. SCLC), stages (early versus
locally advanced versus metastatic), treatments
(surgery, RT, CHT, or any combination of these),
or timing of appearance of recurrence (soon after
the initial treatment or years later). All recur-
rences can be separated into three groups: local
(e.g., lung parenchyma, bronchial stump, or chest
wall), regional (e.g., mediastinal lymph nodes),
and distant (brain, liver, adrenal glands, bones, or
contralateral lung), but any combination of these
may occur in a patient. Once occurring, recur-
rences present as almost universally fatal event
and only rarely efforts with treatment led to cure,
irrespective of patient- and/or tumor-related char-
acteristics as well as (re)treatments administered.
Not to be forgotten, recurrence usually brings
substantially distressing symptoms, which man-
dates additional supportive treatment. Finally,
quality of life of patients experiencing a recur-
rence is substantially decreased.

Recurrences may appear in anatomically dif-
ferent compartments of the thorax including
those located in lung parenchyma (ipsilateral or
contralateral lung) alone. It is, therefore, of para-
mount importance to differentiate between the
distinct features of a second metachronous pri-
mary lung cancer and those of recurrence in lung
parenchyma, the latter occurring after the initial
treatment. The diagnosis and the definition of the
second primary metachronous primary lung can-
cer appearing after initial treatment of the primary
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lung cancer requests particular criteria being nec-
essary for differentiating it from recurrence or
from metastatic disease. As proposed by Martini
and Melamed (1975), a tumor can be defined as a
second metachronous primary lung cancer if it
has the following features: (I) with different his-
tology or (IT) with the same histology as initial
lung cancer but if (a) free interval between the
occurrence of cancers was at least 2 years, (b)
second cancer originated from a carcinoma in
situ, or (c¢) second cancer was in different lobe or
lung, but neither cancer in lymphatics common to
both cancers, nor extrapulmonary metastases
were found at the time of diagnosis. While sec-
ond metachronous primary lung cancer will not
be discussed here, accumulated data (Jeremic
et al. 2001; Kawaguchi et al. 2006) clearly show
that lung cancer survivors continue to be at
increasing risk of developing second lung cancer.
For these patients, RT represents an important
treatment option (Jeremic et al. 2001).

A necessary introduction to the overall prob-
lem of reirradiation is the rather basic question: to
treat a recurrence or not to treat it at all? In an era
of modern medicine having an imperative of pro-
longation of patient’s life, especially in the
Western civilization, this question seems an out-
dated one. This is especially so since studies
showed that active treatment offers better out-
come than pure supportive care, as recently recon-
firmed by Hung et al. (2009). They have
reconfirmed earlier observation of Sugimura et al.
(2007) who investigated 390 recurrent patients
out of 1073 patients initially treated with surgery.
Median time from surgical resection to recurrence
was 11.5 months, and median postrecurrence sur-
vival was 8.1 months. Recurrence was intratho-
racic in 171 patients, extrathoracic in 172, and a
combination of both in 47. Treatments after recur-
rence included surgery in 43 patients, CHT in 59,
RT in 73, and a combination in 96. All patients
who received treatment survived longer than
those who received no treatment. If one accepts
an active oncological approach, i.e., to treat a
recurrence, then the next logical step would
include a question about the treatment intent, i.e.,
whether to treat it with curative or palliative
intent. Due to important advances in both surgical
and radiotherapeutic approaches, all based on

novel technologies, more curative approaches
seem to have been preferred. However, one must
clearly emphasize the lack of established prog-
nostic factors, which may have contributed to a
specific decision-making process in this setting,
largely due to small number of subjects in many
studies. The situation seems changed with the
recent introduction of SABR. While stage of the
recurrent disease and performance status dictated
treatment choice with more conventional RT
approaches (mostly limiting the dose given in an
reirradiation attempt), with SABR, emphasis
moved away from pure palliation to merely con-
trol symptoms of an incurable disease towards
more radical approaches, aiming towards pro-
longing patient’s life.

Concerning RT for locoregional postsurgical
recurrences of NSCLC, this approach was used to
treat local/regional recurrences located at various
intrathoracic sites. They were usually divided into
chest wall/pleural, parenchymal, bronchial stump,
and mediastinal lymph node recurrences, but
could include any combination of these. Numerous
reports showed its effectiveness (Green and Kern
1978; Kopelson and Choi 1980; Law et al. 1982;
Shaw et al. 1992; Curran et al. 1992; Yano et al.
1994; Leung et al. 1995; Emami et al. 1997;
Kagami et al. 1998; Kono et al. 1998; Jeremic
et al. 1999a, b). These studies indicated that there
is a dose—response favoring higher doses as well
as they indicated that location may influence
treatment outcome. In particular, bronchial stump
recurrences seem to fare much better than recur-
rences located in chest wall/pleura or mediastinal
lymph nodes. When Jeremic and Bamberg (2002)
pooled the data from the literature on bronchial
stump cases with no other intrathoracic compo-
nent, the median survival time (MST) was esti-
mated to be approximately 28.5 months and
5-year survival to be about 31.5 %. These results
clearly establish external beam radiation therapy
(EBRT) as a treatment of choice in this patient
population. In a small (n=7) subset of “early”
(i.e., stage I: T2NO) bronchial stump recurrences
in the study of Jeremic et al. (1999b), an excellent
survival (5-year: 57 %) with high-dose EBRT
(>60 Gy) was achieved, approaching that obtain-
able with surgery alone in newly diagnosed
NSCLC of the same stage (Mountain 1986;
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Naruke et al. 1988). An interesting and still
unexplained fact is that their survival seems much
better than that of patients with newly diagnosed
NSCLC of a similar stage when treated with high-
dose standard or hyperfractionated RT (Ono et al.
1991; Morita et al. 1997; Jeremic et al. 1997;
Sibley et al. 1998; Hayakawa et al. 1999; Jeremic
et al. 1999a). The findings of the study of Law
et al. (1982) who also provided data on patients
having “more extensive” bronchial or tracheal
component of the disease further support the
effectiveness of EBRT in bronchial stump recur-
rence. These patients achieved a MST of 19
months and 1- and 3-year survival of 75 %, and
12.5 %, respectively, showing that more extensive
but still localized disease (no nodal metastases
present) may also benefit from RT. When stump
recurrence was accompanied by other sites, such
as nodal, inferior survival was clearly documented
(Curran et al. 1992; Jeremic et al. 1999b; Kagami
et al. 1998; Kono et al. 1998).

The past decade brought reconfirmation of
these observations. Kelsey et al. (2006) treated 29
patients with either definitive RT (n=14) or
RT-CHT (n=15) for recurrent NSCLC after
surgical resection. Most patients had mediastinal
adenopathy (n=19), while seven patients had
disease confined to the surgical stump and three
had hilar adenopathy with (n=2) or without
(n=1) a stump recurrence. The median RT dose
was 66 Gy (range, 46—74). The MST after RT was
17 months. Actuarial local control and overall

Fig.1 (a) An example of 3D conformal radiotherapy
planning based on CT scans acquired under free

breathing conditions. The gross tumor volume (GTV)
and planning target volume (PTV) are delineated. (b).

survival at 2 years were 62% and 38 %, respec-
tively. Similarly, Sugimura et al. (2007) found that
while the overall MST for local recurrence was
9.8 months, nonsurgical treatment (RT and/or
CHT) of recurrence in the lung increased survival
time to 13.4 months. Finally, SABR was used to
treat postsurgical locoregional recurrences. Coon
et al. (2008) reported on a fractionated SABR
approach using a CyberKnife. For all (n=12)
patients with postsurgical recurrent tumors, a
dose of 60 Gy was given in 3 fractions. While in
the majority of patients pretreatment PET-CT
scans were performed to aid in delineation of
tumor volume, all patients were followed up regu-
larly, including CT or PET-CT imaging. Overall
response rate was 75 %. One of 12 patients (8 %)
recurred locally after 7 months. Overall a total of
9 patients (75 %) experienced local, regional, or
distant progression, with a median time to disease
progression of 3 months (range, 2—7 months). At
a median follow-up of 11 months, the local con-
trol rate at the site treated was 92 % and overall
survival was 67 %. Figure 1 shows an example of
CyberKnife dose distributions. Most recently,
Agolli et al. (2015) treated 28 patients with 30
lesions and observed an overall response rate of
86 %. Local progression was observed in three
patients. Regional relapse occurred in five
patients. Distant progression occurred in 10
patients. The 2-year overall survival and disease-
free survival were 57.5% and 36.6 %, respec-
tively. Authors indicated that SABR could have

The same patient is planned for CyberKnife treatment.
Note the smaller margin from GTV to PTV. The PTV
is surrounded by the 80 % isodose line
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an alternative role in isolated locoregional relapse
in patients unfit or resistant to other therapies.

2 EBRT for Local/Regional
Intrathoracic Recurrences
After Previous EBRT

EBRT was also used to treat local/regional intra-
thoracic recurrences after previous EBRT for lung
cancer, mostly NSCLC. Currently, there seems to
be a total of 13 reports (Tables 1, 2, and 3) in the
English literature with only 435 patients reported,
so far, using radiotherapy techniques other than
SABR. They cover the time period of more than
three decades (1982-2015). In spite of existing
reports and gradually documented effectiveness
of RT in this setting, it is still questionable which
proportion of patients initially treated with chest
RT eventually undergo reirradiation during the
natural course of the disease. To investigate this
issue, Estall et al. (2007) examined the proportion
of patients who received more than one series of
RT for lung cancer. Although the initial RT utili-
zation rate has been estimated to be 76 % (Delaney
et al. 2003) accounting for the first RT episode
delivered, in the study of Estall et al. (2007) it was
52 %. While initial RT was delivered to local dis-
ease in the chest in most cases (79 %), the second
(22%) and third (21 %) RT treatments were
offered much less frequently. As the number of
treatment episodes increased, the mean duration
between each episode decreased. The total dose
and number of fractions also decreased, possibly
as reflection of deteriorating performance status
(PS) and worsening prognosis of patients in the
end stage of their disease and their life.
Unfortunately, the study covered the data from 2
years (1993 and 1996) and not prolonged periods
of time, limiting our understanding and applica-
bility of the results. Additionally, there is a gen-
eral lack of data provided from other regions/
institutions. It is certainly possible that in differ-
ent settings institutions would have different ini-
tial RT utilization rates as well as reirradiation
rates.

Reirradiation represents a challenge due to
several reasons. There are limited data available

to establish its efficacy (Tables 1, 2, and 3). The
adequate dose/fractionation and duration of RT to
achieve specific goals (cure, palliation) is still not
well known. Neither are there clear data about the
side effects reirradiation can cause, especially
when previous high-dose radical RT was followed
by high-dose reirradiation. In spite of these chal-
lenging aspects, feasibility and efficacy of reirra-
diation was clearly documented in several early
reports on treatment of recurrent lung cancer
(Green and Melbye 1982; Jackson and Ball 1987;
Montebello et al. 1993). These studies were all
retrospective and besides patients with parenchy-
mal recurrences being reirradiated, sometimes
included mixture of patients such as those with
postsurgical relapses, postoperatively irradiated
patients, those with metastasis, and those with
second primary lung cancer. While doses of the
initial course of RT ranged from 25 to 80 Gy,
those administered at the time of recurrence
ranged from 6 to 70 Gy, with cumulative doses
ranging from 43 to 150 Gy. Occasionally, a few
patients underwent a third course of RT (second
reirradiation). RT treatment portals used during
the initial course of RT usually included more or
less of uninvolved (prophylactic) nodal regions,
while those used at the time of reirradiation were
obviously limited, in general only including visi-
ble recurrence with a safety margin of 1-2 cm
(Green and Melbye 1982; Jackson and Ball 1987;
Montebello et al. 1993; Gressen et al. 2000;
Okamoto et al. 2002). It is likely that the fear of
excessive toxicity, which primarily may have
occurred in lung and spinal cord, clearly influ-
enced the choice of both total dose and treatment
fields used during the reirradiation. Symptom
relief, rather than the prolongation of life, was the
main goal of reirradiation. In a comprehensive
review published 15 years ago (Gressen et al.
2000), clinical data of original articles were sum-
marized. They indicated a beneficial effect of reir-
radiation on symptom control: control of
hemoptysis was observed in 83 %, cough in 65 %,
dyspnea in 60%, and pain in 64% of cases.
Reirradiation carried a merely 5% complication
rate (Green and Melbye 1982; Jackson and Ball
1987; Montebello et al. 1993; Gressen et al. 2000;
Okamoto et al. 2002), the most frequent event
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being radiation pneumonitis appearing in 3 % of
cases, while radiation myelopathy and rib fracture
were rare events. Although higher incidence of
RT pneumonitis was noted in a recent study
(Okamoto et al. 2002), described as grade 2 (mod-
erate) and occurring after cumulative radiation
doses of 12-150 Gy, in that study a somewhat dif-
ferent policy was instituted, resulting in not only
symptomatic, but also asymptomatic patients
being reirradiated. This has given the authors an
opportunity to use higher RT doses. Patients
received a median RT dose of 45 Gy. While symp-
tomatic response in earlier studies ranged from 48
to 72 % with an average cumulative dose of 30 Gy
(Green and Melbye 1982; Jackson and Ball 1987;
Montebello et al. 1993; Gressen et al. 2000), in
that study (Okamoto et al. 2002) palliation was
achieved in 75%. Again, this may indicate that
higher doses may lead to higher palliation rate at
no cost of increased high-grade (>3) pneumoni-
tis. Indeed, whereas earlier reports achieved MST
of approximately 5 months (Green and Melbye
1982; Jackson and Ball 1987; Gressen et al.
2000), this study (Okamoto et al. 2002) reported a
MST of 8 months and a 2-year survival of 27 %,
being as high as 15 months and 51 %, respectively,
for patients treated with curative intent and higher
RT doses. Of additional importance is that it was
also observed no difference in the treatment out-
come between patients <70 years and those >70
years (Gressen et al. 2000), indicating greater
applicability of EBRT in this disease, in particular
when palliative intention is pursued and when
severe late effects become less important. Kramer
et al. (2004) confirmed this observation, using 2
fractions of 8 Gy given with 1 week split, a practi-
cal and comfortable palliative regimen for both
patients and hospitals. The MST was 5.6 months
and 71 % of patients had partial or complete relief
of one or more of their symptoms. Relief of dys-
pnea, hemoptysis, and cough was observed in
35%, 100%, and 67 %, respectively. Karnofsky
performance status (KPS) improved in 45%
patients. The overall median duration of symptom
relief was 4 months. Figure 2 shows an example
of palliative reirradiation.

Contrary to Kramer et al. (2004), Tada et al.
(2005) used more radical approaches with cura-

tive intent in 19 patients with stage III NSCLC
(50 Gy in 25 daily fractions, including one patient
treated with 60 Gy in 30 daily fractions). The
overall 1-year and 2-year survival rates were
26 % and 11 %, respectively, and the MST was
7.1 months. However, for 14 patients who
received the prescribed dose, it was 10.5 months.
Reirradiation alleviated the symptoms in all
symptomatic patients except for the one with
chest pain. In the recent study of Wu et al. (2003),
seemingly the first prospective phase I-II study,
the median dose of the first course was 66 Gy
(range, 30-78 Gy). Reirradiation was carried
using a 3D conformal technique to deliver a
median dose of 51 Gy (range, 46-60 Gy), using
standard fractionation. The MST was 14 months
and the 2-year survival rate was 21 %, while
2-year locoregional progression-free survival
was 42 %.

In addition to this pioneering study, more than
10 years ago, Beavis et al. (2005) provided the
first report on the use of IMRT, in the retreatment
of a patient with NSCLC. With the conventional
technique, the target coverage was clearly infe-
rior to that offered by the IMRT plan. With the
widespread use of IMRT in cases when it can be
of a significant advantage (e.g., shape and loca-
tion of the tumor as well as in cases of reirradia-
tion), it was expected that this technique might
play an important role in reirradiation of lung
cancer.

Several recent studies (Ohguri et al. 2012;
Yoshitake et al. 2013; Kruser et al. 2014; Tetar et al.
2015) used either three-dimensional (3D) or four-
dimensional (4D) or IMRT (Tables 1, 2, and 3) and
showed that all techniques allowed consistent use of
higher reirradiation (and, therefore, total cumula-
tive) dose of RT. Relatively limited fields also
allowed for higher percentage of patients receiving
additional CHT. It is, therefore, not surprising that
somewhat higher MST (13.5-18.1 months) and
1-year survival rates of 60-70% were observed.
Interestingly, except the study of Ohguri et al.
(2012), other studies did not report on symptom
control, which may perhaps indicate a shift in phi-
losophy of the treatment towards more curative (and
less palliative) outcome. These reports provided
evidence of the safety of such approaches, although
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Fig. 2 A 70-year-old male patient was diagnosed with
asymptomatic squamous cell cancer in the right lung dur-
ing surveillance approximately 12 years after he had been
cured from two simultaneous squamous cell cancers in the
left and right lung, respectively (initial surgical resection,
no adjuvant therapy). When he developed this new pri-
mary tumor, his lung function was severely compromised
and further surgery was not possible. PET-CT showed no
lymph node metastases (a). He was referred for high-dose
radiotherapy and received 3D conformal treatment to the
primary lesion only with 2.2 Gy per fraction in October
2008. During treatment, he developed increasing neck
pain, and further CT scans showed bone metastasis in the
first thoracic vertebra. This metastasis was not detected on
the initial PET-CT. In the light of this new finding, radia-
tion treatment to the primary tumor was stopped after
52.8 Gy. The patient refused systemic chemotherapy. He
was treated with palliative radiotherapy to the thoracic

the study of Tetar et al. (2015) stands as an exemp-
tion to this rule. They reported on mortality of 17 %
due to bleeding or respiratory failure, likely as a

vertebra. Follow-up CT scans showed a partial remission
of the lung tumor (b). However, in August 2009, i.e., 10
months after radiotherapy, the patient experienced
increasing chest pain and dyspnea. His performance status
was ECOG 2. New CT scans revealed local tumor pro-
gression and atelectasis (c¢), as well as two small lung
metastases. As the patient continued to refuse chemother-
apy and was considered ineligible for brachytherapy
based on the disease extent, palliative external beam reir-
radiation was offered (10 fractions of 3 Gy, 2D anterior-
posterior opposing fields, the previous course had not
resulted in close to tolerance doses to any organ at risk).
Clinical improvement was obtained in the absence of
acute grade 2 or higher toxicity. Late toxicity could not be
assessed because survival was limited to 3.5 months. In
the light of this survival outcome, the administration of a
different even more hypofractionated regimen might have
been a reasonable choice

consequence of overlapping high-dose regions of
the first and the second RT course in patients with
more centrally located tumors.
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Observations coming from the literature,
especially when more recent studies using highly
sophisticated planning and delivery techniques
(other than SABR) are taken into account, include
but are not limited to the following facts: (1) a
great variety of RT characteristics exists regard-
ing the total dose, the dose per fraction and dose
prescriptions used, due to different techniques
used, including algorithms used to address inho-
mogeneities, (2) a tendency towards the use of
smaller margins during treatment planning exists,
although it is still unknown whether this was
deliberately done due to special case of recurrent
tumor or could perhaps be seen as a consequence
of novel techniques being used, (3) a tendency
for better reporting of toxicity occurring during
and after reirradiation using different toxicity
scoring systems was observed, (4) there seems to
be a shift in treatment intention, moving away
from pure palliation of symptoms towards more
radical approaches, with an unfortunate lack of
reporting of symptom control in the most recent
high-technology studies (Yoshitake et al. 2013;
Kruser et al. 2014; Tetar et al. 2015), and (5) time
intervals between the initial RT and reirradiation
were specified more frequently in the past decade
(Okamoto et al. 2002; Wu et al. 2003; Tada et al.
2005; Cetingoz et al. 2009; Oghuri et al. 2012;
Yoshitake et al. 2013, Tetar et al. 2015), but not
always (Kruser et al. 2014). The latter may well
be the crucial issue due to several implications:
better understanding of the natural history of the
disease, discussing potential prognostic factors
as well as the occurrence and timing of antici-
pated toxicity. Reirradiation started as early as
1-6 months after the first RT course and was as
late as 39-189 months after it, with similar
median values of 13—16 months (Wu et al. 2003;
Tada et al. 2005). Exceptions were the studies by
Cetingoz et al. (2009) where it was 8.5 months
and Okamoto et al. (2002) and Tetar et al. (2015)
where it was 23 and 30 months, respectively.
Influence of time interval between the first and
the second irradiation was documented by Tada
et al. (2005) who showed that in addition to PS,
time interval was an important factor influencing
treatment outcome. The MST associated with
time intervals of less than 12 months, 12-18

months, and more than 18 months were 2.1, 7.1,
and 11.5 months, respectively. However, Gressen
et al. (2000) did not observe this influence.
Cetingoz et al. (2009) showed that time interval
between the first and second irradiation was the
only independent prognosticator influencing
overall survival in multivariate analysis. While
these findings may imply less aggressive behav-
ior of tumors reirradiated later, they may also
indicate willingness of radiation oncologists to
use higher reirradiation doses with prolonged
time intervals between first and second
irradiation.

Recent years brought a number of reports on
the use of highly sophisticated RT planning and
execution in cases of reirradiation of, mostly,
NSCLC (Tables 4, 5, and 6). It seems that
Poltinnikov et al. (2005) were the first to report
on the use of hypofractionated SABR in patients
previously treated with concurrent RT-CHT. The
median dose of the hypofractionated schedule
was 32 Gy (range, 4-42 Gy), with a median frac-
tion size of 4 Gy (range, 2.5-4.2 Gy) delivered
3-5 times per week. Five patients also received
concurrent CHT. Radiologic response was
observed in five (29%) and stable disease in
another five (29 %) patients. The MST from the
start of reirradiation was 5.5 months. Symptom
resolution was observed in 85 % of symptomatic
patients. No grade 3 or higher side effects were
observed. Chang et al. (2008) reported on the use
of 4D planning to deliver 40-50 Gy to 14 patients
with either isolated recurrent tumors previously
treated with definitive RT with or without CHT or
surgical resection before SABR. With a median
follow-up of 17 months, the crude local control at
the treated site was 100 % for patients treated to
50 Gy. Four (29 %) patients developed grade 2
pneumonitis. In 38 patients reirradiated with dif-
ferent techniques, other side effects were
observed too (Binkley et al. 2015). These
included vocal cord paralysis (n=2), brachial
plexopathy (n=1), and Horner’s syndrome
(n=1). No grade >4 toxicity was observed.

In the past few years, there were several
reports on SABR used in reirradiation of lung
recurrences after initial RT (Tables 4, 5, and 6).
The number of patients ranged from as low as 8



197

Lung Cancer

(panunuoo)
1 :(oneiserow) DAV 1 :Al 9818
£ :SON “D'TOSN (R EEIEN
¥:008 [ 11 9318 (rL)
s s 1:0av G 1o8ug £8-6S s 6 (€10T) T8 12 Pe[eA
(¢ :3unf-uoN)
71 :A3ojoted oN
[ARIESR LI
[ :[[99 Ted[D) INESEN
7008 [ -1 9818 (1)
(LD ge— s 1:0av 0T :198w1§ 08-0S g} 0¢ (£102) 'T& 12 aultoly
(99)
(91) 08-S s U s 66V 6/8 Sl (T107) T8 ¥ el
(% D 13990 Y1 EN
(% 87) 0T :SON DTOSN 87 “C-ON
(% 67) 81 :€-Sd (% 87) 0T :00S SCv¢el (L9
(12 901-0| (% SL) ¥S 1-0Sd (% €p) 1€ :0aV LETIL 68— Se/LY L (z107) Tere NI
1-DT10S A1
I
107128 €I (1)
(§9¢) LS8 | (06) 001-0L Sd L -DTOSN €1 ¢8-0¢ 9/T 8 (1102) 'Te 12 Sunag
(%8) € ‘A1 93018
(%9) T1PWO (% L¥)
(%T2) 8 :SON DTOSN L1 ‘IIT 23818
(% €€) T1 :D0S (% ¥p)
(T 260 (08) 00109 ‘SN (%6€) ¥1:0aV 91 :[I-1 25wI§ ($°L9) T6—TS 091 9¢ (0100) 'Te 32 AT[o3
% 9-1°0O
% 65-0AV
(€D 66— (08) 06-09 SdM % S€-008 R (99) 6L-S¥ L/OT LT | (S002) 'Te 19 AoqIuunjoq
(ueIpawr) Ty PUOdS 0) ISI (uerpoun) s3d jo 9, ‘A3o0103sT | 3d JO 95 ‘Turdeys |(uerpowr) oFueI Y | (J/IN) XoS | s N (1ek) 1I0INY

Wo1J SYIUOW Ul [BAIIUL SUIL],

a3uel ‘[y-a17e S

Jown) [enrug

(SQIPMIS YGV'S) SONSLIAORIBYD Jown) pue judned § ajqeL



B. Jeremic et al.

198

payg1oads asIMIaYI0 JOU JIdURD Sun| [[2D [[BWS-UOU SON DTISN Teoued Juny [[90 [[BWs H)7)S ‘BWOUIOIED [[20 A3Ie] )7 ‘BWOUIDIBIOUIPE D (7Y ‘BWOUIOIED [[20 Snoul
-enbs HH g ‘parers Jou “s-u ‘Kderoyorper gy ‘smels ouewriofrad HODT/OHM Sd Smeis aoueuriofrad Aysjouresy] §JY Qe . ‘oreut jy ‘AdeIay)jorper oAne[qe d1}08)0dIdS YT VS

€Al
(8) € :DTOSN-UON SI 1T (89)
9C—¢ s €C - TOSN 81171 L8—CY 61/L 9¢ (S100) T8 19 [9red
(81 8:¢Sd 8:0av € gl (99)
09-1 6 :1-0Sd 6:00S ¥1 VI 88-0¥% 744! L1 (¥102) T8 12 0r0L],
 :Sun[-uoN
1€ Al 93®1S
 :Sunf-uoN G :dIII 93e1S
[ :D0S pue DAV 8 'VIII 23e)S
I :DTOSN ¢ dII °5e1§
9:cSd ¥ 07108 T 'VII 95u1s
(8D 61 :1Sd 11:208 v 14193018 (99)
19-9 L -0Sd ¢l -0av S 'y o8ug 08=Cv Y1/61 €e (¥100) 'Te 10 uInqqry
(ueIpawn) T PUOd3S 0) ISI (uerpoun) syd jo 9, ‘A3o0103sT | s3d Jo 95 ‘Turdess |(uerpowr) o3ueI Ay | (J/IN) XS | sid N (1K) TI0INY

WO} SYIUOW Ul [BAIIUL QUIL],

a3uel ‘[y-a17e S

Jown) [enrug

(ponunuoo) ¢ 3jqey



199

SUOI}ORIJ AD) 7 UI UIAIS UM S0P [€10) 03 Jud[eainbo asop 77 ‘@sop judreamba
A[1ea130101q @74 ‘ALD [BUINUI A [O1 ‘QUN[OA J0318) [RUINUI A [] ‘[¥ PIL[NPOW-AIISUIUL, L3/ A] ‘1Y Weaq [eUIX [ygq ‘Qun[oA Ja31e) Suruue[d 4 4 ‘QWN[OA J93Ie) [BIIUI[D
ALD ‘QWNJOA Jown) SSOIS A [0 ‘I3 [EUOISUSWIP-INOJ (7 ‘LY [BUOISUSWIP-IY)} (7€ ‘Pajels Jou s u ‘Aderoyjowrayo 777 ‘Aderoyyorper 1y ‘Kderoyiorpel oAne[qe O1}0BI00Ia1S YT VS

Lung Cancer

@16) (09 (@19
(%09) €1 wwr ¢+ ALD=ALd ddvS L4454 06=S1 7'0L-0¢ (S100) T8 10 [red
(ew (@ge (0r-<°L£) (e
U e+ ALD=ALd q4qvs 06—6°L8 0€ 09-0¢ (¥107) T8 12 0r0L],
wur ¢+ ALL-LIdS-dy
w6+ ALl -1d99-dy
wuwr O[-6+ (607) LOS—811 (Lagd) L) (rggs) (%)
ALD -Ld4dS-de € -1ddd- 4dvSs (zada) 9sop xey 0L799 09-9C¢
WwWOI+ALD | L¥dVS —d4dvS (€01) OET—PL 9s0p (Iygs) (09) (g9 (99)
su IGI-AE | €7:9AVS <L gd | xew aysodwios pawruing ¥6-0¢ S'08=Sv (¥107) T8 30 uInqqry
' agag) (¥97) C'agg) (cen ' agag (cen
(" agg) 09¢-0T1 ' agg) 081-09 ' agg) 081-09
q4qvs ©rn (09) (09)
U wur ¢+ ALI=ALd IST Ioye Jdv's 0C1-09 09-0¢ 09-0¢ (€100) T8 12 Pe[eA
('49) (917) (“'4D) (£8) ("4D) (g€1)
(“"4D) 00€-L9 ("'£D) 0s1-€T (M'4D) 0ST-1¥
¢-de (€6) (8%) (09)
(»oD ¢ su 81 -d4dvS 0CI=8L 09-0¢ 09-0¢ (€100) 'Te 32 Multoy
ww ¢ +ALI=ALd (@ge (9°LsD (08) (SL8)
s ALD=ALD d4qvs LA (@ag) sTri-09 (@ae) $TI1-09 (T100) T8 ¥ [nyeiL
wur ¢+ ALD=ALd (€1 (09 (€9)
0 war 8+ ALDI=ALD ddvs 6CI—08 0S T6L0¢ (z107) Te 10 NI
(€11 (eu) (S'19)
0 wwr ¢—¢+ ALI=ALd qd4davs 9C1-001 09-8% 89-0¢ (1107 'Te ¥ Sundg
wur ¢+ ALD=ALd (c'18) (09 (€'19)
su w8+ ALDI=ALD qdvs 9veEl—v'6S 0501 T6L0¢ (0100) 'Te 12 A1o3
wur ¢+ ALD
% 6¢ (681-0€) S6 qdvs U (o) v (2$) 99-05 | (LOOT) 'T& 10 AoxIuUN[Og
LHD Surareoar syd 9 (uerpaur) QUIN[OA (uerpown) (uerpaw) (uerpaw) (1ek) 1I0INY
(WO UL 9ZIs PIaY 1Y 10/pue SpIoy LY 9S0p LY =Ane[nuny KD osop Y-y Ao asop 1y renug

(SQIPMIS YGV'S) SONSLIAIORIRYD JUSW)Eal], § d|qel



B. Jeremic et al.

200

QAIND [BATAINS O[E[IBAR WIOIJ PAJRWINSA 752 “OPEIS ) ‘PAJeIS JOU 'S°U ‘[RATAINS [[BIQAO §() ‘OWIT) [EATAINS UBIPAW [ S ‘AdeIoy)oIpes 9ATIE[qe O110BI0IA1S YJVS

KJ101X0) G-€0) ON su su s'u s'u su % [T STeAK T al (S107) ‘Te 10 [ored

(%) 1 :¢D snuownaug
(9% €7) ¥ :£D snuownaug su su su stu sTu % 6T STeAK ¢ 61 (#107) ‘Te 12 ono01],

(% €) 1 :6D BuIpaag
(9% ¢) 1 :¢D eoudsq s'u s'u 's'u 's'u s'u 9% Gt :s1eak 7 12 (#102) ‘Te 19 wnqqry|

(% 11) 1 :ured 1590 oJe| ¢O
(% T?) T Bung are] €O ST S su su U %989 :s1eak T [44 (€100) T8 12 Pe[eA
K191X0) G-€D) ON su su s'u s'u sTu 9% €€ 1S1BAK ¢ S1 (€107) ‘Te 10 ooulloy
K101X0 G-€0) ON 'su 'su s'u sTu sTu %08 :Jeak | 1z (Z102) ‘T 12 [nyeLL,

(% 1) 1=¢ D snruownauy
(9% 61) ¥1=¢D spiuownaud su su 's'u 's'u sTu % 'L sTeak 7 su (2107) T nry
K191X0) G-€0) ON su su s'u s'u 'sTu % L8 :Jedk | 81 (1107) ‘Te 10 Sunag

(% L1) 9 :uted [[em 1soy) €O

(%9) T unis €0

(%8) ¢ ssmideydosy ¢0

(% 87) L :snwownaud €0
(% ¢€) 1 :ysno) ¢ su su su su su % 66 Teak T (1s9) 97 (0102) T2 30 AT[o31

9,9 -spiuownaud 5

% ¢ -smideydoss g0
Aorxo1 G- ON %S9 s su U U sul (0€=STSS ‘[e 30 AoyIUUDOq
PoJeIIpUI SANIITXO) [erAQ | eoudsAqg | ured)soy) y3no) sisKydowro umoys s)d (oSuer) (1e2k) 10Ny

(€<) apess-ysiy yim $1d jo 9 JuowdAoxdwr woydwAs Suimoys sid Jo 9, | 9, Joy sk ur SO | sypuowt [ SN

(SQIpMIS YGV'S) UONEBIPLIIIAI WOIJ SWI0INO JUAWIBALL, 9 d|gel



Lung Cancer

201

to as high as 72 in rather elderly populations
(total age range, 40-92 years; median values,
range 66—74), while the majority of patients had
good PS (either KPS 80-90 or PS 0-1). Time
interval from the first RT course to the reirradia-
tion with SABR varied from short (0-2 months)
to long (92-106 months), similarly to its historic
predecessors. While earlier reports (Poltinnikov
et al. 2007; Kelly et al. 2010; Seung et al. 2011;
Liu et al. 2012) specified only total doses of ini-
tial RT and SABR course, respectively, using
total doses delivered, more recent reports (Trakul
et al. 2012; Meijeneke et al. 2013; Valakh et al.
2013; Kilburn et al. 2014; Trovo et al. 2014) used
biologically equivalent doses (BED) to incorpo-
rate more contemporary radiobiological calcula-
tions for the sake of considerations of both tumor
control and toxicity in normal tissues. Majority
of studies used existing ICRU specifications for
the dose prescription on specified volumes, but
not all specified whether concurrent CHT was
used. As expected, owing to higher BED doses
given with this approach, results were promising.
Except the study of Poltinnikov et al. (2007),
which achieved MST of 5.5 months and with no
1- to 2-year survival reported, only Liu et al.
(2012) did not report on MST, but they reported
impressive 2-year survival of 74 %. Other studies
also reported excellent results, with MST ranging
from 14 to 26 months and 2-year survival rates as
high as 59—69 % in selected populations (Tables 4,
5 .
and 6). These results were accompanied with
acceptable and rather low toxicity. However,
some reports included an occasional patient
experiencing grade 5 (fatal) toxicity, either lung
or bleeding. A total of three such patients have
been encountered among the total of 253 (1 %)
treated in the 10 studies we tabulated here. It
must, however, be clearly acknowledged that
most series did not report on the use of elastic
deformation, making an accurate assessment of
the cumulative radiation doses to the organs at
risk impossible. On the other hand, it was consis-
tently observed that the majority if not all, grade
5 toxicities occurred in centrally located recur-

rences. Finally and disappointingly, except

Poltinnikov et al. (2007) who provided total
symptom relief (but not specified per symptom),
not a single study using SABR reported symptom
relief like older nonstereotactic studies did. One
of the possible reasons may well be found in
higher BED doses investigators used, shifting the
treatment intention from pure palliation to a more
curative setting with expected prolongation of
life. Indeed, such a shift may have been rewarded
by results which significantly surpass those
obtained with traditionally used techniques such
as 3D RT, aiming at simple and fast palliation in
this setting.

Finally, availability of proton facilities in sev-
eral countries also meant that sporadic reports on
its use in reirradiation of recurrent lung cancer
started to appear in the literature. Berman et al.
(2013) preliminarily reported on a multi-
institutional trial in NSCLC. Twenty-four patients
were reirradiated, with 12 on a prospective trial
of proton RT for reirradiation. Median age was
69 years (51-89). Median prior dose was 62.4 Gy
(30.6-80). Concurrent CHT (platinum-based or
erlotinib) was given in 63 %. Median proton RT
dose was 66.6 Gy (36-74). Follow-up was
>60 days in 17 pts. There was one in-field and
four other thoracic recurrences, and nine deaths.
These results showed promising early outcomes
and acceptable toxicity in low volume patients,
but due to the toxicity seen in high volume
patients, additional exclusion criteria were
needed and have been added for NSCLC patients
in the ongoing trial. McAvoy et al. (2013)
reported on 33 such patients who initially under-
went RT with a variety of treatment techniques
that ranged from conventional through 3D,
IMRT, and SABR to protons between 1979 and
2010. Interval between initial RT course and reir-
radiation ranged from 1 to 376 months (median,
36 months). Initial median RT dose was 63 Gy
(range 40-74 Gy) in a median 33 fractions (range
4-59 fractions), with a median dose per fraction
of 2 Gy (range 1.18-12.5 Gy). Median BED for
initial RT was 93 Gy, (range 62-206 Gy,) while
median dose equivalent to the dose given in 2 Gy
fractions (EQD2) was 62.2 Gy (range
39-155 Gy). The median dose delivered was
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66 Gy (relative biological effectiveness — RBE)
(range 16.4-75 Gy (RBE)) delivered in a median
of 32 fractions (range 9-58 fractions) resulting in
a median dose per fraction of 2 Gy (RBE) (range
1.2-7 Gy (RBE)). For patients who completed
proton RT as planned, the median BED was
99 Gy, (RBE) (range 57-192 Gy, (RBE)).
Median EQD2 was 66 Gy (RBE) (range
38-140 Gy (RBE)). The MST was 11.1 months
and 2-year overall survival was 33 %. One patient
developed grade 4 esophagitis, and two patients
developed grade 4 lung toxicity, making the total
high-grade toxicity acceptable. With more cen-
ters embarking on the use of protons due to its
superior dose distribution versus photons, it is
not unrealistic to expect more such reports in the
near future.

In small cell lung cancer (SCLC), RT was
not frequently used to treat locoregional recur-
rence. In a recent review article by Drodge et al.
(2014) including 13 studies with a total of 421
patients with lung cancer, only 42 had SCLC,
merely 10%. Due to this small number of
patients, unfortunately, no separate data for
SCLC histology were provided. Scarce data on
reirradiated limited disease were likely due to
previous treatment with a combined RT-CHT
approach, because of the fear that reirradiation
may add only toxicity without clear benefit for
patients (Fig. 3). For extensive disease, RT
became frequently practiced only in recent
years. Hence, majority of data on reirradiation
at the time of recurrence was after initial
CHT. Retrospective studies (Ihde et al. 1979;
Ochs et al. 1983; Salazar et al. 1991) used doses
ranging from 21 to 60 Gy in patients harboring
recurrences from both limited and extensive
disease SCLC. Although response rates
observed within the RT field were 52-77 %, the
MST reached only 3-4 months, likely as a
result of early systemic progression, too.
Nevertheless, the wide range of doses used
gave an opportunity to the authors to speculate
about higher doses (>40 Gy) producing better
palliation, an important but unresolved matter
in patients with limited remaining lifetime.
With recent success of RT in extensive disease
and prolonged survival of such patients, it is

expected that reirradiation may be instituted
more frequently in the near future.

3 Endobronchial (Endoluminal)
Brachytherapy
for Locoregionally Recurrent
Lung Cancer

Endobronchial brachytherapy was also used to
treat recurrent lung cancer, particularly when pre-
vious EBRT has been given. Here as well, the vast
majority of reports include a mixture of histolo-
gies with only a minority of patients having
SCLC. First reports more than 25 years ago pro-
vided data of endobronchial brachytherapy using
different sources combined with low-dose EBRT
to treat recurrent lung cancer (Mendiondo et al.
1983) and achieved satisfactory palliative results.
Since then, a number of studies of endobronchial
brachytherapy using different dose rate were pub-
lished. The vast majority of reports included the
use of high dose rate (HDR) brachytherapy
(Seagren et al. 1985; Mehta et al. 1989; Bedwinek
et al. 1991; Sutedja et al. 1992; Gauwitz et al.
1992; Gustafson et al. 1995; Micke et al. 1995;
Delclos et al. 1996; Ornadel et al. 1997; Hatlevoll
et al. 1999; Kelly et al. 2000; Zorlu et al. 2008;
Hauswald et al. 2010). In the majority of reports,
median doses of previous EBRT mostly ranged
between 54 and 58 Gy (Bedwinek et al. 1991;
Sutedja et al. 1992; Gauwitz et al. 1992; Gustafson
et al. 1995; Micke et al. 1995; Hauswald et al.
2010), although in the study of Zorlu et al. (2008)
the median total dose was 30 Gy (range,
30-70 Gy). In some studies, a single fraction of
endobronchial RT of either 10 Gy (Seagren et al.
1985; Hatlevoll et al. 1999; Zorlu et al. 2008) or
15 Gy (Zorlu et al. 2008) or 20-30 Gy (Mehta
et al. 1989) was used; however, the majority of
other authors prescribed 2-3 fractions given in
weekly intervals. The dose per fraction/session
mostly ranged from 6 to 15 Gy, while in two
German studies (Micke et al. 1995; Hauswald
et al. 2010) it was 5 Gy per fraction, delivered 2—4
times. Subjective response to treatment was
observed in 66-94 %, and it was of a similar mag-
nitude (per symptom) than that of palliative



Lung Cancer

203

Fig. 3 A 60-year-old female patient was diagnosed with
small cell lung cancer centrally in the right hilum with N2
nodal disease, stage IIIA. She had previously received
adjuvant radiotherapy for left-sided breast cancer, 15
years ago. She was treated with concomitant chemoradia-
tion, cisplatin/etoposide, and radiotherapy (45 Gy in 30
fractions, 1.5 Gy bid, 3-D conformal) between the second
and third cycle, followed by prophylactic cranial irradia-
tion. One year later, an isolated mediastinal in-field
relapse was diagnosed (PET-CT, positive biopsy from
endoscopic bronchial ultrasound, gross tumor volume

EBRT. However, in some studies (Zorlu et al.
2008), the mean period of palliation was disap-
pointingly low, 45 days (range, 0-9 months). On
the other side, the period of palliation was signifi-
cantly longer in patients with high KPS (>80) at
the initial evaluation. Hauswald et al. (2010)
showed that relief of symptoms was excellent in
12% of patients and good in 46 % of patients.

1.2 cc). She was reirradiated (57 Gy, 1.5 Gy bid, 3-D con-
formal, no uninvolved nodes or levels included, concomi-
tant cisplatin/etoposide). Cumulative isodoses are shown
below (50, 70, and 90 Gy; Varian Eclipse™). Despite low
esophageal reirradiation dose (mean 9.7 Gy, V50<3 %),
she developed temporary acute grade 3 esophagitis. The
esophagus had received the full prescription dose earlier
at this level. Hematological toxicity was severe, too. Mean
lung dose was 4 Gy (reirradiation) and 14.5 Gy, respec-
tively. Current follow-up of 6 months is too short to judge
other side effects

Complete remission was observed in 15% of
patients, and partial response in 58 % of patients.
In other studies, objective response measured by
bronchoscopy was observed in 72-100% of
patients, while radiologic documentation of re-
aeration was observed in 64-88% patients.
Duration of response ranged from 4.5 to
6.5 months. Actuarial local control rates were
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rarely reported, being in the most recent study of
Hauswald et al. (2010) 17 % at 1 year and 3 % at 2
years, respectively. In that study, the median local
progression-free survival time was 4 months
(range, 1-23 months). Survival was reported with
increasing frequency in recent years, being
approximately 25% at 1 year (Bedwinek et al.
1991), while Kelly et al. (2000) and Hauswald
et al. (2010) both achieved survival of 18 % and
7% at 1 and 2 years, respectively. The MST
ranged from 5 to 9 months (Bedwinek et al. 1991;
Gauwitz et al. 1992; Delclos et al. 1996; Micke
et al. 1995; Kelly et al. 2000; Zorlu et al. 2008;
Hauswald et al. 2010) with two studies reporting
identical findings of the MST of 7 months for
responders (Sutedja et al. 1992; Kelly et al. 2000).
Although a number of different treatment-related
complications have been observed, the most
feared was fatal bleeding. Contrary to initial
reports (Seagren et al. 1985; Bedwinek et al.
1991; Sutedja et al. 1992) which documented an
incidence of severe pulmonary bleeding of
25-32%, those reported in the last decades
(Gauwitz et al. 1992; Gustafson et al. 1995;
Delclos et al. 1996; Kelly et al. 2000; Zorlu et al.
2008; Hauswald et al. 2010) reported significantly
lower incidence of this complication (range,
0-7 %). Although a number of risk factors were
investigated, different nature of reporting (crude
versus actuarial) and frequently lacking pretreat-
ment patient and tumor characteristics make firm
conclusions difficult. Prior laser resection was
identified as the major factor contributing to the
risk of fatal hemoptysis in the study by Ornadel
etal. (1997) (20 % at 2 years). Detailed analysis of
other side effects has been provided by Hauswald
et al. (2010). They included tissue necrosis, pneu-
mothorax causing dyspnea, bronchomediastinal
fistulas, or mild hemoptysis not requiring transfu-
sion and called for detailed documentation of any
side effect occurring during and after the treat-
ment as to put it into a perspective of cost-benefit
analysis, especially when single-fraction HDR is
considered.

Conclusions
Recurrence is a frequent observation during the
history of lung cancer, regardless of its initial

treatment. Recent advances in both biology and
technology of diagnosis and treatment of lung
cancer offer hope for more successful treat-
ment. This, paradoxically, may also increase
the number of patients experiencing a recur-
rence after the end of treatment, maybe later
during follow-up. With close follow-up, earlier
detection may allow for effective treatment.

Also, novel technologies, such as SABR,
may allow for successful dose escalation,
thereby providing a basis for reirradiating
locoregional  recurrences.  Technological
advances such as CyberKnife, protons, or car-
bon ions may become an indispensable tool in
treating these patients with more success. It is
important to discriminate between curative
and palliative intention. Factors to consider
include stage of the disease and PS as well as
time interval between the two RT courses and,
definitely, radiobiological calculations of the
total dose (expressed in biological equiva-
lents) of the initial and second RT course.
Recurrences not suitable for more aggressive
treatment may require either palliative RT
and/or best supportive care. While no estab-
lished guidelines can be expected to appear
soon, due to great variety in initial RT param-
eters, different planning and execution charac-
teristics (including different reirradiation tools
used), and the lack of prognostic factors, cur-
rent wisdom calls for prudent use of available
technology, with clear objectives set up front.

Finally, as is the case with other tumor enti-
ties, the best way to ask important questions and
get answers, which may be used in the clinic, is
to perform prospective clinical studies.
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Abstract

While recurrent esophageal cancer is a com-
mon clinical scenario, limited data exist
regarding management approaches that
include re-irradiation. Tremendous techno-
logical advances in the treatment planning
and delivery of radiotherapy pave the way to
evaluate the appropriateness of re-irradiation
in the management of radio-recurrent esoph-
ageal cancer. Patients with radio-recurrent
esophageal cancer may still be selected for a
potentially curative treatment, especially those
in good clinical condition, who may experi-
ence prolonged survival and good symptom
control rates. None of the different therapeu-
tic options is carried out without potentially
life-threatening treatment-related toxicities in
a relevant proportion of the patients. In this
scenario, patient selection performed on indi-
vidual basis could help to identify the most
appropriate treatment modality, including
re-irradiation with cutting-edge techniques.
Enrollment of these patients in clinical trials
is highly warranted.

1 Introduction

Locoregional recurrence is still the major type of
treatment failure in patients with esophageal can-
cer after definitive radiotherapy (RT) or radio-
chemotherapy (RCT). The recurrence rate after
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radical RT, RCT, and surgery is more than 70 %
(Fujita et al. 1994; Stahl et al. 2005) with in-field
relapse after RCT in more than 20 % of patients
(Haefner et al. 2015; Ordu et al. 2015). Once
recurrence occurs, the 5-year survival rate drops
dramatically down (Yano et al. 2006; Shioyama
et al. 2007). Current NCCN guidelines recom-
mend palliative/best supportive care (BSC) in this
setting (NCCN guidelines Version 2.2016). Due
to its disappointing outcomes, chemotherapy has
only a palliative role and it is associated to a
median survival of 5 months (Sudo et al. 2014).
Salvage surgical resection can result in favorable
local control (95 %) and overall survival (up to 59
months), but is hampered by high rates of anasto-
motic leakage (17-39 %), pulmonary complica-
tions (17-30 %), intensive care unit readmission
(17-22 %), and postoperative mortality (3—15 %)
(Swisher et al. 2002; Marks et al. 2012, 2014,
Sudo et al. 2013, 2014), which makes this choice
highly demanding and limited to a carefully
selected patient population (Marks et al. 2012).

2 Re-irradiation

Salvage re-irradiation largely depends on the
location of local failure in relation to the prior
radiation field, but it is often discouraged because
it infringes the basic, long-standing principle
that once definitive RT has been administered,
further RT cannot be given because it would
likely exceed normal tissue tolerances. Indeed,
with external beam radiation therapy (EBRT), it
is often difficult to avoid organs that already
have received tolerance doses of radiation with
the primary treatment. Although re-irradiation
has been proven to be feasible and effective in
other tumors (Zwicker et al. 2011; Zerini et al.
2015), the advantage of this approach in the
management of local tumor bed recurrence after
definitive RCT remains uncertain. Advances in
the treatment planning and delivery of RT have
aroused interest in assessing the appropriateness
of re-irradiation for various anatomical sites
(Mantel et al. 2013). However, experiences with
advanced forms of radiotherapy — intensity-
modulated radiation therapy (IMRT) and

stereotactic body radiotherapy (SBRT) — are
sparse and limited to case reports, while only
few studies have been published on salvage re-
irradiation for locoregional recurrence after pri-
mary radical RCT (Yamaguchi et al. 2011; Kim
et al. 2012; Zhou et al. 2015). Yamaguchi et al.
(2011) reported on 31 patients with recurrent or
persistent squamous cell carcinoma of the esoph-
agus treated with re-irradiation to a dose of
3640 Gy in 2-Gy fractions using 3-dimensional
conformal RT. Among them, 27 patients received
concurrent chemotherapy, and 14 patients under-
went regional hyperthermia during the re-irradi-
ation course. Despite the lower radiation doses
used, severe toxicities were not uncommon, with
6 patients (20%) who suffered from grade 3
esophageal perforation. Zhou et al. (2015)
reported on the largest studied cohort retrospec-
tively analyzing a total of 114 patients with
locally recurrent esophageal squamous cell car-
cinoma after initial radical RCT. Fifty-five
patients underwent salvage RT with a median
dose of 54 Gy (range 18-66 Gy), 1.8-2.0 Gy per
fraction, 5 days/week, and 59 patients received
BSC only. After a median follow-up period of 20
months (range 8—70 months), those who received
the active treatment reported a 6-month and
1-year survival rate after recurrence of 41.8%
and 16.4 %, respectively. The same features in
the non-salvage cohort were 11.9% and 3.4 %,
respectively (p<0.001). However, treatment-
related toxicity was relevant, with 3 (5.5 %) and
11 (20.0 %) patients from the active group who
experienced > grade 3 radiation pneumonitis and
esophageal fistula/perforation, respectively,
compared to none and 8 patients (13.6 %) from
the BSC group. At multivariate analysis, a sal-
vage radiation dose >50 Gy and late recurrence
(>12 months) were associated with a better prog-
nosis. Due to its intrinsic dose distribution,
brachytherapy (BT) may be considered in place
of EBRT to restore the integrity of the lumen by
the use of appropriate applicators which can
decrease an excessive dose deposition on muco-
sal surfaces (Harms et al. 2005). Nevertheless,
also salvage BT is carried out with significant
risk of severe (grade > 3) toxicities, mainly con-
sisting in perforation, hemorrhage, and fistula
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formation, observed in up to 30 % of the patients
(Homs et al. 2004). A further option in this
patient population is represented by proton ther-
apy (PT), which may offer an advantage over
photon therapy, as the proton beam deposits
most of its energy at a specific depth, so the radi-
ation dose beyond that target is negligible.
Fernandes et al. (2016) reported on a series of 14
patients with a history of thoracic radiation and
newly diagnosed or locally recurrent esophageal
cancer who were offered proton beam re-
irradiation on a prospective trial. The median re-
irradiation prescription dose was 54.0 Gy
(relative biological effectiveness [RBE]) (50.4—
61.2 Gy [RBE]), and the median interval between
radiation courses was 32 months (10-307
months). Eleven patients received concurrent
chemotherapy. After a median follow-up of 10
months (2-25 months), the median overall
survival was 14 months and among the 10
patients who presented with symptomatic dis-
ease, 4 had complete resolution of symptoms,
and 4 had diminished or stable symptoms. Late
grade 3 toxicities and late grade 5 esophageal
ulcer occurred in four and one patients, respec-
tively. Although the differential diagnosis
between tumor progression and late adverse
reactions appears difficult, it is undeniable that
treatment-related toxicities may occur in spite of
the use of such advanced forms of RT.

Conclusions

In conclusion, several points can be gleaned

from these limited data:

1. Tremendous technological advances in the
treatment planning and delivery of EBRT
pave the way to evaluate the appropriate-
ness of re-irradiation in the management of
radio-recurrent esophageal cancer.

2. Patients with radio-recurrent esophageal
cancer may still be selected for a poten-
tially curative treatment, especially those in
good clinical condition, who may experi-
ence prolonged survival and good symp-
tom control rates.

3. Active therapeutic options include salvage
surgery, endoscopic procedures — including
BT - and chemotherapy. None of them is

carried out without life-threatening

treatment-related toxicities in a relevant

proportion of the patients.

4. PT may offer an advantage over photon
therapy and should be considered in this
setting, allowing for a better sparing of
organs at risk such as the spinal cord, heart,
and lung, provided that treatment-related
toxicities are still possible.

In this scenario, patients selection per-
formed on individual basis could help to iden-
tify the most appropriate treatment modality,
including re-irradiation with cutting-edge
techniques. Enrollment of these patients in
clinical trials is highly warranted.
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Abstract

Locally recurrent breast cancer occurs in
5-15% of patients after breast conservation
therapy and after mastectomy with adjuvant
radiotherapy. Ipsilateral breast tumor recur-
rences may be salvaged with mastectomy;
however, outcomes from repeat breast-con-
serving surgery and breast re-irradiation are
promising. Chest wall recurrence generally
portends a worse prognosis than in-breast
local recurrences. A subset of patients may be
long-term survivors in the absence of metasta-
sis. Persistent chest wall disease can be symp-
tomatic, and in previously irradiated patients,
treatment options are limited. Experiences
with chest wall re-irradiation have shown
excellent response rates with acceptable late
toxicity, but follow-up is limited.

1 Re-irradiation of the Intact
Breast

Following breast-conserving surgery and external
beam radiotherapy, local recurrence rates are
2-10% at 5 years and 5—-15 % at 10 years (Fourquet
et al. 1989; Bartelink et al. 2001; Fisher et al.
2002; Veronesi et al. 2002). Distant metastases are
diagnosed in 5-10 % of patients with an ipsilateral
breast cancer recurrence (Fourquet et al. 1989;
Touboul et al. 1999). Predictors of distant metasta-
sis include skin involvement, recurrent tumor size
>10 mm, lymph node status, and grade of primary
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disease (Voogd et al. 1999). A prolonged time
interval between initial diagnosis and recurrent
tumor is a favorable prognostic indicator (Kurtz
et al. 1990). Patients with late local failure have
similar long-term survivals to 5-year survivors
who have never failed locally. Approximately
40 % of local recurrences may be considered new
primary tumors versus recurrent disease, which
have different natural histories and implications
for treatment (Smith et al. 2000; Huang et al.
2002). Single nucleotide polymorphism arrays
have been used to distinguish new primary tumors
from recurrent disease and may outperform clini-
cal determination (Bollet et al. 2008).

1.1 Salvage Mastectomy
of an Ipsilateral Breast Cancer

Recurrence

Salvage mastectomy is generally considered to
be the standard of care of a locally recurrent
breast cancer previously treated with breast-
conserving surgery and adjuvant breast radio-
therapy, as there traditionally have been concerns
about re-irradiation of the breast and poor cos-
metic outcome (Kurtz et al. 1988; Kennedy and
Abeloff 1993; Osborne and Simmons 1994,
Huston and Simmons 2005). The local control
rate of salvage mastectomy ranges from 51 to
85% (Kurtz et al. 1988; Cajucom et al. 1993;
Osborne and Simmons 1994), and 5-year disease-
free survival is 52-72 % (Kurtz et al. 1991; Abner
et al. 1993; Cajucom et al. 1993; Osborne and
Simmons 1994; Alpert et al. 2005).

Mastectomy is associated with increased psy-
chological distress compared to lumpectomy. The
degree of difficulty with body image and clothing
are more pronounced with mastectomy versus par-
tial mastectomy; however, quality of life and mood
assessment are generally equivalent 1 year after
surgical intervention (Ganz et al. 1992). Younger
women may be more susceptible to increased psy-
chological distress after mastectomy than older
women. About 66 % of mastectomy patients under
age 40 had high-psychological distress compared
to 13 % of partial mastectomy patients, p=0.027
(Maunsell et al. 1989). Lumpectomy has less neg-

ative impact on sex life compared to mastectomy,
30 % versus 45 % (Rowland et al. 2000).

1.2 Salvage Breast-Conserving

Surgery Alone

Salvage breast-conserving surgery may be pref-
erable to patients who wish to preserve their
breast; however, there is limited published data
on this approach (Table 1). A review of 50
patients who underwent salvage lumpectomy
revealed a second local failure rate of 32 % and a
median survival following salvage surgery of 33
months. Patients who developed a recurrence 5
years after their initial therapy had 92 % local
control after salvage breast conservation surgery
compared to 49 % for failures occurring within 5
years of diagnosis (p=0.01). There was no statis-
tical difference between salvage lumpectomy and
mastectomy in locoregional control in patients
with late local failures (96% versus 78 %,
p=0.18). Positive or indeterminate resection
margins resulted in higher local failure rates than
negative margins (47 % versus 24 %, p<0.01)
(Kurtz et al. 1990, 1991).

Alpert et al. utilized salvage breast-conserving
surgery in 30 patients with tumor size <3 cm, <3
positive lymph nodes, no skin involvement, and no
lymphovascular space invasion. These patients
were compared to a cohort of patients with
ipsilateral breast cancer recurrence treated with
salvage mastectomy. With a median follow-up

Table 1 Results of salvage breast-conserving surgery
without repeat radiotherapy

Follow-up | Local
First author | Year |N (years) control (%)
Alpert 2005 |30 | 13.8 93
Abner 1993 |16 |3.25 69
Kurtz 1991 |50 4.25 62
Komoike 2003 |30 3.6 70
Salvadori 1999 |57 6.1 86
Gentilini 2007 | 161 3.6 79
Dalberg 1998 |14 |13 50
Ishitobi 2014 | 130 4.8 81
Voogd 1999 |16 |43 62

Abbreviations: N number of patients
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after salvage surgery of 13.8 years, local control
was 93 %. After a second local failure, mastec-
tomy was performed for repeat salvage surgery.
There was no difference in distant metastasis,
cause-specific survival, or overall survival between
the repeat lumpectomy and mastectomy groups. In
the cohort who underwent salvage mastectomy for
local recurrence, 24 % had multicentric disease on
pathologic review. Multicentric disease was iden-
tified preoperatively on physical exam or mam-
mography in all patients (Alpert et al. 2005).

Abner et al. reviewed 16 patients who refused
mastectomy and received excisional biopsy alone
for recurrent breast cancer. The local failure rate
was 31 % (Abner et al. 1993). The Milan group per-
formed areview of their repeat lumpectomy patients
(n=57) and salvage mastectomy (n=134) with a
median follow-up of 73 months. In the lumpectomy
alone group, local control and 5-year overall sur-
vival were 86 and 85 %, respectively, compared to
97 and 70% in the mastectomy group. No differ-
ence was seen with regard to the disease-free sur-
vival between patients who underwent mastectomy
and those who had repeat excision (Salvadori et al.
1999). A review of 14 patients who received sal-
vage breast-conserving surgery reported a local fail-
ure rate of 50 % (Dalberg et al. 1998).

As noted above, local recurrence rates following
repeat breast-conserving surgery range from 10 to
50%, with most reports in the 30-35% range.
Interpretation of these results is limited by the fact
that the use of breast imaging and margin status are
not uniformly reported. The local control rate of sal-
vage lumpectomy is similar to that seen in prospec-
tive trials of newly diagnosed breast cancer patients
treated with lumpectomy without adjuvant radia-
tion. The addition of repeat irradiation may lead to a
decrease in local failure after salvage lumpectomy
similar to that seen at initial treatment.

1.3 Salvage Breast-Conserving
Surgery with Breast

Re-irradiation

Despite the belief that previous breast or mantle
irradiation is considered a contraindication to
breast conservation surgery and repeat breast

irradiation, several investigators have reported
their clinical experience or performed prospec-
tive trials. The general treatment approach has
utilized partial breast irradiation or accelerated
partial breast irradiation. Technological advances
in radiotherapy delivery have aided in the deliv-
ery of radiation to a portion of the breast over a
shorter period of time compared to standard
whole breast radiotherapy. In the case of repeat
breast radiotherapy, delivering radiation to a por-
tion of the breast has the advantage of limiting
the possible toxicity of re-irradiation. Partial
breast irradiation can be delivered using confor-
mal external beam radiation therapy, interstitial
brachytherapy, intracavitary brachytherapy, elec-
tron therapy, or intraoperative orthovoltage ther-
apy (Harms et al. 2016).

Chadha et al. reported the results of a prospec-
tive phase I/II trial of partial breast low-dose-rate
interstitial brachytherapy after salvage lumpec-
tomy. The median prior external beam dose to the
breast was 60 Gy (Chadha et al. 2008). The first
six patients received 30 Gy and after a minimum
follow-up of 12 months, there was no unaccept-
able toxicity. For the next nine patients, the repeat
radiation dose was increased to 45 Gy to the
lumpectomy cavity plus a 1-2 cm margin. The
skin dose was limited to <20 Gy. At a median
follow-up of 36 months, overall survival is 100 %,
and local disease-free survival is 89%. One
patient developed a local recurrence at 27 months
after re-irradiation, underwent salvage mastec-
tomy, and is without evidence of disease. Three
patients developed skin pigmentation at catheter
entry/exit sites with no grade 3 or 4 fibrosis. No
infection was noted. No adverse cosmetic out-
comes were noted on serial follow-up examina-
tions with the exception of breast asymmetry
present prior to re-irradiation.

The Allegheny group published their results of
26 patients treated with salvage breast-conserving
surgery followed by repeat breast irradiation with
brachytherapy with a median follow-up of 38
months from re-irradiation (Trombetta et al.
2009). The previous radiotherapy was 45-60.4 Gy,
with one patient treated with mantle irradiation
and the remainder treated for breast cancer.
A total of 22 patients were treated with interstitial
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low-dose-rate brachytherapy to the tumor bed
plus 1 cm margin to 45-50 Gy. Four patients were
treated with intracavitary balloon brachytherapy
to 34 Gy in ten fractions given twice daily. Local
control was 96 %. Cosmetic outcome was graded
according to the National Surgical Adjuvant
Breast and Bowel Project cosmesis scale. Two
patients had grade III cosmesis, and no grade IV
cosmesis was seen. In a separate study, this same
group treated 18 patients with balloon-based
brachytherapy to 34 Gy in 3.4 Gy fractions twice
daily. At a median follow-up of 39.6 months,
11 % experienced a local failure treated with sal-
vage mastectomy. One patient developed a
chronic infection in the balloon tract which
required a mastectomy (Trombetta et al. 2014).
In a prospective trial from Vienna University,
17 patients with small (0.5-2.5 cm) breast recur-
rences underwent a second breast-conserving
surgery and breast re-irradiation (Resch et al.
2002). The prior dose to the breast was 50-60 Gy.
In the pilot phase of the trial, eight patients were
treated. They received 30 Gy external beam
radiotherapy and a 12.5 Gy pulsed-dose-rate
brachytherapy to the tumor bed plus 2 cm mar-
gin. The next seven patients were treated with
decreasing the external beam dose while increas-
ing the dose delivered via brachytherapy. The
final nine patients received 40.2-50 Gy pulsed-
dose-rate brachytherapy alone. After a median
follow-up of 59 months, 24 % (four patients)
developed a second local recurrence. A total of
12 patients were alive and free of local tumor,
with bone metastasis in two patients. Toxicity
was limited to grade 1-2 fibrosis. There were no
issues with wound healing. No patients devel-
oped unacceptable cosmesis. As a follow-up to
this pilot, the authors conducted a prospective
protocol of repeat radiotherapy after breast-
conserving therapy using multi-catheter acceler-
ated PDR brachytherapy to 50.1 Gy to the tumor
bed plus 2 cm (Kauer-Dorner et al. 2012). The
EQD?2 to the late-responding tissue was calcu-
lated to be 63.4 Gy for the PDR brachytherapy.
The prior whole breast radiotherapy dose was
50 Gy with a boost given to 28 %. At 57 months
mean follow-up, local control was 93 % with late
grade >3 side effects in 16 % in the 24 women

with detailed data on late side effects. Seventy-
six percent had excellent to fair cosmesis.

Investigators from two institutions in France
reported the largest series of breast re-irradiation
with interstitial LDR brachytherapy in 69 patients
who declined salvage mastectomy (Hannoun-
Levi et al. 2004). The mean dose to the breast at
diagnosis was 60.5 Gy. After second lumpec-
tomy, repeat irradiation was delivered to the
tumor bed plus 2 cm to a dose of 50 and 30 Gy in
Marseilles and Nice, respectively. A cumulative
dose (first-course dose plus second-course dose)
greater than 100 Gy was administered to the
breast in 62 patients. The median follow-up was
50.2 months. Freedom from a second local recur-
rence at 5 years was 77.4 %, and freedom from
metastasis after local recurrence at 5 years was
86.7 %. Grade 2 (toxicity requiring medical treat-
ment) and grade 3 (toxicity requiring surgical
intervention) late complications were experi-
enced by 11.6 and 10.2 % of the study patients,
respectively. When the cumulative radiotherapy
dose was greater than 100 Gy, the rate of grade 2
or 3 complications was higher (4 % versus 32.5 %,
p=0.005). When the re-irradiation dose was
greater than 46 Gy, the rate of grade 2 or 3 toxic-
ity was 36 % compared to 13.6% when the re-
irradiation dose was less than 46 Gy (p=0.007).

A series of 42 patients who underwent a sec-
ond lumpectomy followed by interstitial HDR
brachytherapy was performed by the investiga-
tors in Nice (Hannoun-Levi et al. 2011). A dose
of 34 Gy in 10 fractions over 5 consecutive days
was prescribed to the tumor bed plus 1 cm.
Median follow-up was 21 months. Local control
was 97 % and late toxicities were grade 1, 28 %;
grade 2, 19 %; and grade 3, 3 %. Most toxicities
were cutaneous and subcutaneous fibrosis.
However, pain, telangiectasias, and rib fractures
were observed in 28, 21, and 2 %.

A multi-institutional retrospective review of
217 patients who received a second lumpectomy
and repeat radiotherapy using interstitial partial
breast brachytherapy was performed from eight
European radiation oncology departments
(Hannoun-Levi et al. 2013). Five- and 10-year
local failure rates were 5.6 and 7.2 %, respec-
tively. Five- and 10-year metastasis rates were
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Table 2 Results of salvage breast-conserving surgery and partial breast re-irradiation

Prior RT Re-RT dose | Local control
First author Year N Technique dose (Gy) (Gy) (%)
Chadha 2008 15 LDR PBI 60 30-45 89
Hannoun-Levi 2004 69 LDR PBI 60.5 30-50 77
Maulard 1995 38 LDR PBI 65 30-70 79
Resch 2002 17 Mixed 50-60 40-50 76
Trombetta 2009 26 LDR/HDR PBI 45-60.4 45-50 LDR; |96
34 HDR
Trombetta 2014 18 HDR PBI NR 34 89
Guix 2010 36 HDR NR 30 89
Hannoun-Levi 2011 42 HDR 45-66 34 97
Kauer-Dorner 2012 39 PDR 50-61.8 50.1 93

Abbreviations: RT radiation therapy, Re-RT re-irradiation, LDR low-dose-rate brachytherapy, HDR high-dose-rate
brachytherapy, EBRT external beam radiation therapy, PDR pulsed-dose-rate brachytherapy, N number of patients, NR

not reported

9.6 and 19.1 %, respectively. Grades 3—4 late tox-
icity rate was 11 %.

Limited data is available on intraoperative
radiotherapy for repeat breast radiotherapy. The
first publication included 15 patients treated with
a single dose of 14.7-20 Gy 50 kV X-rays to the
applicator surface with Intrabeam (Kraus-
Tiefenbacher et al. 2007). Local control was
100 % at a median follow-up of 26 months and no
late grade 3 or 4 toxicities were seen.

Most reports of repeat partial breast irradiation
have utilized interstitial brachytherapy as opposed
to external beam radiation therapy (Table 2).
Deutsch published a review of 39 patients with
recurrent breast cancer (n=38) or ductal carci-
noma in situ (n=8) who underwent repeat breast-
conserving surgery and external beam re-irradiation
(Deutsch 2002). All patients received prior whole
breast radiation to 45-50 Gy followed by a boost
to the tumor bed (unreported dose) in 21 patients.
Margins were positive in 13% after salvage
lumpectomy. Repeat irradiation was performed
using electrons to the tumor bed to 50 Gy in 25
fractions. Local control was 79 %, with the second
local recurrence developing in the same quadrant
in three of the eight local failures. Nine patients
had a fair to poor cosmetic result.

The NRG Oncology/Radiation Therapy
Oncology Group has completed a prospective
phase II trial evaluating salvage lumpectomy and
re-irradiation using three-dimensional conformal

Table 3 Normal tissue constraints for repeat partial
breast irradiation according to RTOG 1014

Normal tissue Constraint

<60 % of whole breast receives
>50% of prescription dose and
<35 % of whole breast receives
prescribed dose

Uninvolved normal
breast

Contralateral breast | <3 % receives prescription dose

<15 % receives 30 % of
prescription dose

<15 % receives 5 % of
prescription dose

Ipsilateral lung

Contralateral lung

Heart (right-sided | <5 % receives 5 % of

recurrence) prescription dose

Heart (left-sided Volume of receiving 5 % of
recurrence) prescription dose <40 %
Thyroid Maximum point dose of 3 % of

prescription dose

Abbreviations: RTOG radiation therapy oncology group

radiation therapy. Eligible patients must meet the
following criteria: recurrent tumors <3 cm, no
evidence of multicentric disease on MRI and
breast imaging, no distant metastasis, no skin
involvement, <3 positive axillary nodes. Previous
lumpectomy and adjuvant breast radiotherapy
must be completed at least 1 year prior to enroll-
ment. The treatment technique generally uses
three, four, or five non-coplanar beam arrange-
ments to meet dose constraints (Table 3) (Baglan
et al. 2003; Formenti et al. 2004; Kozak et al.
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2006a&b). The target volumes are defined as

follows:

e Clinical target volume (CTV) is defined as the
tumor bed with uniform expansion of 15 mm.
The CTV is limited to 5 mm from skin surface
and excludes the posterior chest wall structures.

e Planning target volume (PTV) is defined as the
CTV with a uniform 10 mm expansion. The PTV
is used to define the appropriate block margin.

e PTV_EVAL is defined as the PTV excluding
portion of PTV that extend outside the breast
and first 5 mm of tissue beneath the skin and
posterior extent of the breast. PTV_EVAL is
used for dose volume histogram analysis.

A hyperfractionated regimen of 45 Gy in 1.5 Gy
twice-daily fractions is prescribed to the PTV. Study
endpoints include toxicity outcomes, cosmesis,
local control and freedom from mastectomy rate,
disease-free survival, and overall survival. For the
first 55 patients at 1-year follow-up, skin, fibrosis,
and/or breast pain adverse events were grade 1 in
63 %, grade 2 in 7 %, and grade >3 in <2 % (Arthur
et al. 2015). Recurrence endpoints have not been
published and longer follow-up is needed.

1.4 Chest Wall Re-irradiation
Alone

An early publication on chest wall re-irradiation
from the University of Washington suggested that

Table 4 Results of chest wall re-irradiation

repeat radiotherapy was feasible (Laramore et al.
1978). A total of 13 patients were re-irradiated
after postmastectomy radiotherapy was given at
diagnosis, after a mean disease-free interval of
5.9 years. The initial radiation therapy dose to the
chest wall was 40-50 Gy, with the details of prior
radiation unknown in four patients. The dose of
the chest wall re-irradiation was 36-60 Gy in
2 Gy fractions. Cumulative radiotherapy doses
were 80-100 Gy. At a mean follow-up of 20
months, the local disease-free survival was 62 %.
Acute toxicity appeared tolerable with one
patient requiring a treatment break due to moist
desquamation. Late toxicity was not reported.

A total of 13 patients from Memorial Sloan-
Kettering Cancer Center received chest wall repeat
radiation therapy (Wagman et al. 2002). At initial
diagnosis, 12 patients underwent lumpectomy and
adjuvant breast radiotherapy to 45-50.4 Gy fol-
lowed by a tumor bed boost of 6-20 Gy. One
patient received preoperative radiotherapy 22 Gy in
four fractions followed by mastectomy. The median
disease-free interval was 46 months to first recur-
rence, when three patients had repeat radiotherapy.
Ten patients had re-irradiation at second local
recurrence. Treatment was given with conformal
electron fields to a dose of 7.5-64.4 Gy (median
50.4 Gy). The median follow-up from re-irradia-
tion was 20 months. The 2-year local recurrence-
free survival was 85 % and 2-year overall survival
was 85 %. Grade 3 skin toxicity was noted in 46 %,

F/U RT 1 RT 2 Cumulative CR |LC
First author Year N (mo) (Gy) (Gy) dose (Gy) HT (%) | (%)
Laramore 1978 13 20 40-50 |36-60 80-100 No 62 62
Wagman 2002 13 20 60.8 50.4 111.2 No - 85
Jones 2005 39 - - 30-66 - Yes 68 -
van der Zee 1999 13 21 45 32 77 Yes 71 74
Oldenborg 2010 78 64 65 32 97 Yes - 78
Dragovic 1989 30 |- 50 32 82 Yes 57 43
Phromratanapongse 1991 44 |- 59.7 29.4* 89.1 Yes 41 67
Wahl 2008 81 12 60 48 108 54% |57 66
Li 2004 41 - 58 43 101 Yes 56 -
Kouloulias 2002 15 - 60 30.6 90.6 Yes 20 -

Abbreviations: N number of patients, RT I dose of first course of radiotherapy, RT 2 dose of second course of radio-

therapy, HT hyperthermia, LC local control, mo months, F/U follow-up

A variety of fractionation regimens used
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with 38 % requiring a treatment break. Late toxici-
ties include a rib fracture and pericarditis.

Chest Wall Re-irradiation
with Hyperthermia or
Chemotherapy

1.5

Response rates and local disease-free survival
rates vary widely after repeat radiotherapy, with
complete response rate of 20-70% (Table 4).
Adding  concurrent  chemotherapy  and/or
hyperthermia may improve response rates (Datta
et al. 2016). A randomized trial of radiation ther-
apy with or without concurrent hyperthermia in
superficial tumors demonstrated an improved
complete response rate in the hyperthermia arm
(Jones et al. 2005). Approximately, 60% of
patients enrolled in that trial had a breast cancer
diagnosis. A superior complete response rate from
radiotherapy and hyperthermia was seen in previ-
ously irradiated patients compared to previously
unirradiated patients (68 % versus 24 %, respec-
tively). A meta-analysis of five randomized trials
of radiation therapy and hyperthermia revealed
that previously irradiated patients who had con-
current hyperthermia and re-irradiation had a sta-
tistically significant improvement in complete
response rate compared to re-irradiation alone,
57 % versus 31 %, respectively (OR 4.7, 95% CI
2.4-5.9) (Vernon et al. 1996). A multi-institutional
retrospective review of chest wall re-irradiation
demonstrated a trend toward improved response
rate with the addition of hyperthermia; however, it
was not significant (67 % versus 39 %, p=0.08)
(Wahl et al. 2008). Despite the poor prognosis of
chest wall recurrences, a complete response to
therapy enhances the quality of life and hyperther-
mia appears to improve response rates.
Investigators from the Netherlands re-irradiated
patients with positive margins after resection or
inoperable recurrent tumor (van der Zee et al.
1999). The repeat radiotherapy schedule consisted
of 32 Gy in eight fractions, two fractions per week
with hyperthermia. In patients with macroscopic
tumors, a 71 % complete response rate was seen. In
the subset with a complete response, in-field tumor
regrowth was noted in 36 %. The median duration

of local control was 31 months. A total of 14
patients developed chest wall ulcerations; however,
nine patients had ulceration prior to repeat radia-
tion therapy. Persistent ulceration without tumor
was present in five patients. Bone necrosis, frac-
ture, or brachial plexopathy were not observed. A
similar re-irradiation fractionation regimen of
32 Gy in eight fractions with hyperthermia was
used in a prospective phase II trial of 30 patients
(Dragovic et al. 1989). The median dose of the first
radiation course was 50 Gy. About 57 % of patients
achieved a complete response. Complete response
rate in tumors <5 cm was 81% and >5 cm was
29% (p<0.001). The local control was 43 %, and
2-year overall survival rate was 30 %. Other studies
have shown improved response rates with smaller
tumor sizes. A review from the University of
Wisconsin of 44 patients undergoing chest wall re-
irradiation with concurrent hyperthermia demon-
strated a complete response rate of 65% with a
tumor size of <6 cm and 26 % with a tumor size
>6 cm (p=0.013) (Phromratanapongse et al. 1991).
The overall complete response rate was 41 %.

There is little data to support the routine use of
concurrent radiosensitizing chemotherapy with re-
irradiation, although it could potentially improve
response rates. Liposomal doxorubicin was given
with 30.6 Gy of chest wall repeat radiotherapy and
hyperthermia (Kouloulias et al. 2002). All patients
had prior chest wall irradiation to 60 Gy. Although
the 20% complete response rate is lower than
other experiences, the trial had a small number of
patients. The addition of radiosensitizing chemo-
therapy did not improve complete response rates
in a retrospective review of chest wall re-irradia-
tion (Wahl et al. 2008). However, of the patients
who did receive chemotherapy, 86 % had gross
disease at the time of re-irradiation compared to
53 % who did not receive chemotherapy (p=0.01).
More studies are required to determine the effects
of concurrent chemotherapy.

1.6 Chest Wall Re-irradiation

Techniques

A variety of techniques may be used for repeat
radiotherapy. Most published studies use electrons
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Fig. 1 A patient underwent bilateral mastectomies for
locally advanced left breast cancer. She received previous
left chest wall radiotherapy via tangents to 50.4 Gy plus a
9 Gy scar boost. The patient failed medially to the initial
tangent fields and developed diffuse bilateral chest wall

to treat chest wall recurrences (Laramore et al.
1978; van der Zee et al. 1999; Dragovic et al.
1989; Phromratanapongse et al. 1991, Fig. 1). In
order to adequately treat the skin surface, bolus
may be needed. Tangents with megavoltage pho-
tons may also be used to treat large recurrences or
to treat the entire chest wall (Kouloulias et al.
2002). In the multi-institutional review of repeat
irradiation, 80% of patients were treated with
photons only, 14 % with electrons only, and 6 %
with combined electrons and photons (Wahl et al.
2008). Limiting the radiotherapy field to the area
of gross and potentially microscopic disease may
limit potential morbidity in patients with an
extremely poor prognosis; however, the recur-
rence rate may be higher than treatment fields that
include the uninvolved chest wall. If the regional
lymph nodes have not been irradiated, they should
be included during the chest wall re-irradiation
course (Halverson et al. 1990). There is little data
regarding repeat radiotherapy of the regional lym-
phatics, and given the potential toxicity, this
should rarely be considered. Published cumula-
tive (first-course dose plus second-course dose)
chest wall doses range from 90 to 110 Gy. In
patients whose cumulative dose is greater than
120 Gy, there appeared to be acceptable late tox-

recurrences. (a) Axial CT slice with isodose lines recon-
structing the previous radiotherapy dose with the re-
irradiation dose. (b) Skin surface rendering of the
left-sided tangent fields with two right chest wall re-
irradiation fields

icities, although late toxicity data were available
in only 12 patients (Wahl et al. 2008).

Chest Wall Re-irradiation
Toxicity

1.7

Long-term follow-up of chest wall re-irradiation
patients is limited, and toxicity data are not
reported uniformly (Table 5). Li et al. (2004)
re-irradiated 41 patients with concurrent hyper-
thermia using conventional radiotherapy to
40-50 Gy. Skin ulceration occurred in 14 %, and
two of these patients had cumulative doses
>100 Gy. One patient died from persistent ulcer-
ation. In 81 patients re-irradiated to a median
cumulative dose of 106 Gy (range 74.4—137.5 Gy),
toxicities were retrospectively graded according
to the National Cancer Institute’s Common
Terminology Criteria for Adverse Events, ver-
sion 3.0 (Wahl et al. 2008). Late grade 3 toxicity
was seen in 4 %, and late grade 4 toxicity in 1 %
(dermatitis), and there were no treatment-related
deaths. No late severe soft-tissue necrosis, osteo-
necrosis, fractures, brachial plexopathy, pneumo-
nitis, or pericarditis were seen. Of the 25 patients
followed for >20 months, no late grade 3 or 4
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Table 5 Chest wall re-irradiation toxicity
Interval
Median re-RT | Cumulative between RT

First author N F/U (mo) | dose dose (Gy) courses (mo) | Toxicity

Wahl et al. 81 12 48 Gy in 24 108 38 5% late grade 3 or 4
(2008) fractions toxicity

Oldenborg etal. |78 64 32Gyin8 97 58 43 % late grade 3 or
(2010) fractions 4 toxicity

van der Zee et al. | 134 21 32Gyin8 77 41 Five patients with
(1999) fractions ulceration without

tumor
Li et al. (2004) 41 - 40-50 Gy in 101 - Six patients with

20-25 fractions

skin ulceration, two
with persistent
ulceration, one death
from ulceration

Dragovic et al. 30 - 32Gyin8
(1989) fractions

82 11 patients with skin
ulceration, two
patients with
persistent ulceration

Abbreviations: Re-RT re-irradiation, F/U follow-up, mo months

toxicities were seen. About 35% of patients
experienced acute, non-skin-related toxicity, with
9% requiring a treatment break. Concurrent
hyperthermia was associated with a higher acute
non-skin toxicity. Cumulative radiation dose,
repeat radiotherapy dose, interval between radio-
therapy courses, treatment modality, and concur-
rent chemotherapy were not associated with an
increase in late toxicity.

In patients treated with cumulative doses of
82 Gy and a re-irradiation dose of 32 Gy in 4 Gy
fractions with hyperthermia, 11% of patients
with a complete response developed nonhealing
ulceration (Dragovic et al. 1989). In patients
treated with the same regimen, 4% developed
chest wall ulceration without persistent tumor
(van der Zee et al. 1999). The incidence of late
grade 3 or greater toxicity was 40 % in a trial of
chest wall re-irradiation using 32 Gy in 4 Gy
fractions  with  concurrent  hyperthermia
(Oldenborg et al. 2010). Skin ulceration was the
most common toxicity encountered, but osteone-
crosis, rib fractures, cardiomyopathy, and bra-
chial plexopathy were seen. No treatment deaths
were observed. This trial is unique in that it has
the longest published follow-up of 64 months
from re-irradiation. The rate of toxicity is higher
than other studies, which may be due to the

longer follow-up with higher survival rates or the
larger fraction size used. Patients with scar dehis-
cence or postoperative skin infection appeared to
be more susceptible to skin toxicity.

Given the potential toxicity associated with
repeat chest wall irradiation, identifying the
appropriate patients for re-irradiation is impor-
tant. Conclusions regarding toxicity are difficult
tomake given the limited follow-up, heterogeneous
patient population, heterogeneous treatment regi-
mens, and retrospective nature of most publica-
tions. Patients with widely metastatic disease and
limited survival who have symptomatic local
recurrences may receive palliative re-irradiation
to improve malodorous tumors, bleeding, and
pain. In patients with limited local recurrences in
previously radiotherapy fields, re-irradiation
should be used judiciously. Most reports of chest
wall re-irradiation have a median time between
radiotherapy courses of 38—58 months and median
cumulative doses of 80—110 Gy (Wahl et al. 2008;
Oldenborg et al. 2010). A short interval between
radiation therapy courses may have a negative
impact on late toxicity.

Conclusion
Repeat breast radiotherapy has generally been
performed after salvage lumpectomy with
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treatment fields limited to the tumor bed plus
a margin. Most publications utilized brachy-
therapy to deliver partial breast re-irradiation;
however, there is an RTOG study using con-
formal external beam radiotherapy. Breast re-
irradiation is not considered standard and
should generally be used under the auspices of
a clinical trial. Chest wall re-irradiation has
been used to treat both residual microscopic
disease and gross disease with or without met-
astatic disease. Hyperthermia should be used
to improve the response rate for gross disease.
There is little data on using concurrent chemo-
therapy and administering systemic therapy
after re-irradiation. Biologic agents, such as
antiangiogenic drugs, should be used carefully
given the lack of toxicity data. Chest wall
repeat radiotherapy should be used judiciously
as the data on late toxicity is limited. In
patients where chest wall re-irradiation may
be indicated relatively soon after the initial
radiotherapy course, caution is warranted as
median time intervals between radiation
courses is at least 38 months in the literature.
In general, toxicity data suffer from short fol-
low-up, heterogeneous treatment regimens,
nonstandard reporting, and varied patient
selection.
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Abstract

Salvage radiotherapy for locally recurrent
prostate cancer after primary radiation is gen-
erally performed using brachytherapy. Only a
limited amount of small studies has been per-
formed so far. In these studies the rate of
severe toxicity, requiring operative reinterven-
tion, was high and cancer control outcome
was disappointing. Furthermore, it is unclear
whether salvage treatment will improve dis-
ease-specific or overall survival. For these rea-
sons, salvage brachytherapy is not popular and
usually only performed in large tertiary cen-
ters. Salvage can currently be considered in
patients with a pathology-proven local recur-
rence with an interval of at least 2-3 years
after primary treatment, together with a lim-
ited and nonaggressive tumor presentation at
time of salvage. Currently, experienced groups
recommend at least equal doses used in pri-
mary treatment, together with targeting the
entire prostate. Diagnostic developments in
magnetic resonance imaging (MRI) and posi-
tron emission tomography (PET) and biopsy
techniques such as transperineal and MRI-
targeted biopsies provide the possibility to
localize the macroscopic recurrent tumor in
the prostate. This enables a shift to focal sal-
vage techniques which can be expected to
reduce severe toxicity rates while maintaining
cancer control.
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1 Introduction

Re-irradiation in prostate cancer after primary
curative radiotherapy or prostatectomy is gener-
ally called a salvage treatment and will further
be referred to as salvage in this entire chapter.
In addition, salvage here refers to the post-
radiotherapy setting only. Salvage radiotherapy
post prostatectomy falls outside the scope of this
chapter.

The treatment of patients suffering from radio-
recurrent prostate cancer is a significant clinical
problem worldwide (Ward et al. 2008). It has
been calculated that in the United States approxi-
mately 31,680 men per year will be at risk for
failure after primary radiotherapy (Ward et al.
2008). Owing to the rising incidence of prostate
cancer and the increasing use of radiotherapy, this
number is likely to increase in the future (Dutch
cancer society 2010). Other sources suggest that
up to 60% of patients undergoing radiotherapy
as a primary treatment option may experience
a recurrence within 10 years after treatment
(Brachman et al. 2000; Agarwal et al. 2008;
Zelefsky et al. 2007; Heidenreich et al. 2008).
Even in the era of dose escalation (=78 Gy) for
primary prostate cancer, biochemical recur-
rences occur in approximately 10 % of low-risk,
23 % of intermediate-risk, and 44 % of high-risk
patients after 8 years (Zumsteg et al. 2015). Even
though, following primary treatment, it is dif-
ficult to differentiate between locally recurrent
disease and distant metastases when the prostate-
specific antigen (PSA) level increases, many of
these patients will harbor organ-confined disease
(Pound et al. 2001). Some expect even over two-
thirds of patients to have locally recurrent disease
(Menard et al. 2015; Cellini et al. 2002; Pucar
et al. 2008; Arrayeh et al. 2012). Others state
most men with a rising PSA after treatment will
harbor micrometastatic disease and only a minor-
ity would have a true local recurrence only and
could potentially benefit from a salvage treat-
ment (Ward et al. 2005; Nguyen et al. 2007a, b;
Huang et al. 2007; Leibovici et al. 2012).

For patients diagnosed with recurrent pros-
tate cancer after primary radiotherapy, different
salvage treatment methods with a curative intend

exist: salvage radical prostatectomy, salvage
brachytherapy, salvage external beam radiother-
apy, salvage high-intensity focused ultrasound
(HIFU), and salvage cryosurgery (Nguyen et al.
2007a, b; Moman et al. 2009; Alongi et al. 2013;
Peters et al. 2013). These procedures are associ-
ated with high failure and high severe toxicity
rates and are therefore unpopular (Moman et al.
2009; Peters et al. 2013). This probably explains
the absence of large prospective trials in the lit-
erature. Most data are derived from retrospec-
tive evaluation of a limited number of patients,
which are often heterogeneous before salvage
treatment regarding prognostic characteris-
tics. The only palliative treatment alternative
is hormonal therapy or androgen deprivation
therapy (ADT), which is associated with often
significant cardiovascular, metabolic, and even
mental side effects (Heidenreich et al. 2014;
Nguyen et al. 2015). In the case of a biochemi-
cal recurrence after radiotherapy for prostate
cancer, hormonal therapy is the worldwide most
applied treatment, with approximately 98 % of
patients being treated in this manner (Moman
et al. 2009; Tran et al. 2014).

The high failure rates after prostate cancer sal-
vage are probably related to inaccurate patient
selection, as many of these patients will have
early distant metastases (Haider et al. 2008;
Nguyen et al. 2007a, b). The high severe toxicity
rate might be related to the fact that current sal-
vage treatments are directed at the entire prostatic
volume. This is required because of a lack of
accurate localization possibilities and blind sys-
tematic biopsies to detect a local recurrence.
Currently, new MRI and PET-imaging modalities
are adopted, which provide more accurate local-
ization information (Barentsz et al. 2012; Umbehr
et al. 2013; Fiitterer et al 2015; Hamoen et al.
2015; Evangelista et al. 2013; de Rooij et al.
2015). In addition, template prostate mapping
biopsies and MRI-targeted biopsies provide addi-
tional information regarding location and the
presence of clinically significant disease
(Siddiqui et al. 2015; Valerio et al. 2015; Moore
et al. 2013). These modalities will be used in the
near future for focal salvage treatment planning
of prostate cancer recurrences (Moman et al.
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2010; Peters et al. 2014), which can be expected
to have limited severe toxicity rates.

This chapter will first discuss the possibilities
and difficulties with regard to detecting a local
recurrence and will provide current internationally
used selection criteria to identify patients for sal-
vage. Next, the results of prostate cancer salvage
will be discussed when comparing different sal-
vage methods. Further, technical details of current
radiotherapy salvage techniques will be described,
followed by new developments, most importantly
focal salvage.

2 Detecting a Patient
with a Local Recurrence Only

As prostate cancer salvage has a high risk of
treatment failure, it is essential to perform proper
patient selection before treatment. Only patients
with a true local recurrence will be able to benefit
from any salvage treatment. Each detection tool
has several specific pitfalls in prostate cancer
recurrence assessment, and these will be dis-
cussed below. This will result in a list of interna-
tionally accepted patient selection criteria for
prostate cancer salvage.

PSA is currently used for follow-up of pros-
tate cancer treatment. The independent prognos-
tic value of PSA pre-primary treatment has been
well established. Pre-salvage, the PSA value also
seems to be a prognostic factor in many studies
using varying modalities (Chade et al. 2012;
Wenske et al. 2013; Murat et al. 2009). However,
the definition of a normal PSA value after pri-
mary treatment remains problematic and differs
between different primary treatment modalities.
The lowest PSA value after treatment is called
the nadir value. Different from the situation after
radical prostatectomy, patients following radio-
therapy will still have a prostate gland and there-
fore are not expected to achieve an undetectable
nadir. Still, post-radiation PSA values are lower
compared to the pretreatment values as irradiated
prostates show atrophy and a reduction of size
and gland tissue (Grignon and Hammond 1995).
There are potentially three sources of PSA which
contribute to the nadir: (1) remaining normal

prostate gland tissue, (2) remaining local prostate
cancer cells, and (3) subclinical metastases. Of
course, serum PSA measurements cannot differ-
entiate between any of these three PSA sources.
Therefore, changes in PSA over time are evalu-
ated. The longer the time to nadir, the more likely
it is that remaining benign prostate tissue is the
source of the residual PSA (Huang et al. 2011).
Furthermore, PSA from benign residual prostate
tissue will not show a clear rise. Early distant
metastases will also produce PSA and will even-
tually “overgrow” the PSA decline after the local
treatment, mostly in the first few years after treat-
ment. Also, these patients usually will have a
higher nadir PSA (Zietman et al. 1996). A slow
PSA rise many years after treatment will proba-
bly be due to a local recurrence as these prostate
cancer cells first would have to recover the dam-
age from the prostate cancer treatment (Zumsteg
et al. 2015). A PSA rise after treatment can fur-
ther be attributed to PSA from cancer cells or a
PSA bounce. This last phenomenon is a tempo-
rary rise of PSA followed by a PSA decline back
to nadir levels and is not associated with cancer
progression. Bounces may occur in up to 40 % of
patients (Akyol et al. 2005; Roach et al. 2006).
To date, no conclusive evidence-based explana-
tion for the bouncing behavior of PSA exists.
Precipitating factors such as ejaculation or instru-
mentation are known to cause some PSA fluctua-
tion (Das et al. 2002). Also the physiological
variability of PSA assays in healthy test subjects
was found to be considerable (Prestigiacomo and
Stamey 1996). Lastly, PSA bounces after therapy
have been associated with an increase in bio-
chemical recurrence-free, prostate cancer-spe-
cific, and overall survival after brachytherapy
using multivariable analyses (Hinnen et al. 2012).
It is hypothesized that a delayed wave of cell
destruction due to radiation effects is responsible
for the bounce phenomenon and therefore possi-
bly leads to an increase in survival. A small frac-
tion of bounces may be caused by these factors;
however, they fail to provide a complete explana-
tion. In clinical practice a PSA rise, therefore,
needs differentiation between PSA bounce and
cancer progression. For this reason different
guidelines have been developed of which the
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Fig. 1 Example of an internationally used systematic biopsy scheme which can be used to prove a local recurrence.

The number of cores depicted here is 10

most commonly used are the ASTRO definition
(Cox et al. 1997) and the Phoenix definition
(Roach et al. 2006). The ASTRO definition
required three rises of more than 50 % with at
least an interval of 3 months and the moment of
failure is subsequently backdated to midway
between the nadir and the first rise. However, this
definition seemed to have a high false-positive
rate of approximately 20 % after the use of adju-
vant hormonal treatment (Roach et al. 2006).
Therefore, currently, the Phoenix definition is the
internationally accepted approach. A biochemi-
cal relapse is considered any PSA rise of 2 ng/ml
above nadir. This definition does not suffer in
terms of accuracy with ADT use (Buyyounouski
et al. 2005). In clinical practice, outcome is worse
if the PSA level at the time of salvage is higher
than 10 ng/ml (Izawa et al. 2002; de la Taille
et al. 2000; Wenske et al. 2013; Chade et al.
2012), the PSA doubling time should be ideally
more than 12 months (Zelefsky et al. 2005;
Nguyen et al. 2007a, b), and the interval to PSA

failure should be at least 3 years (Nguyen et al.
2007a, b). Of course, these tumor characteristics
will somehow reflect the amount of tumor and
the tumor aggressiveness and thus the risk of
already having metastases (Freedland et al. 2005).

Of course, each local recurrence should be
pathology proven. Usually this is performed by
systematic transrectal ultrasound (TRUS)-guided
biopsies (Fig. 1). Crook et al. (1995) routinely
performed prostate biopsies post treatment and
found that 19 % of patients with an initially nega-
tive biopsy later had a positive biopsy for cancer.
Systematic biopsy schedules have a high chance
of spatially missing tumor (sampling error), espe-
cially as local radio-recurrent tumor is hardly vis-
ible on TRUS (Crook et al. 1993). As the chance
of a successful local salvage treatment will
depend on the amount of tumor in the prostate at
the time of salvage, it is obvious that currently
used systematic biopsy schedules will detect
most recurring tumor in a rather advanced state.
Newer biopsy techniques have a higher accuracy
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in detecting localized recurrences and further-
more in assessing clinically significant disease.
Transperineal template prostate mapping (TTPM)
biopsies are taken with a brachytherapy grid,
usually with 5 mm spacing. With TTPM, a large
part of the prostate is sampled, usually subdi-
vided in 24 Barzell zones (Barzell and Whitmore
2003). This technique leads to the detection of
approximately 30% more clinically significant
tumors over systematic transrectal biopsies alone
(Onik et al. 2009; Sivaraman et al. 2015). This is
mainly due to the higher amount of cores taken
but also because the anterior part of the prostate
is sampled, which is undersampled with transrec-
tal biopsies. A limitation of TTPM is the detec-
tion of more clinically insignificant tumors.
However, these lesions are often eligible for
active surveillance, which shows excellent results
regarding (cancer-specific) survival (Klotz et al.
2010, 2015). In addition, MRI-guided biopsies to
a suspicious lesion can lead to an increase in
detecting clinically significant disease while not
increasing or even decreasing the detection rate
of insignificant lesions (Siddiqui et al. 2015;
Moore et al. 2013).

Next, the evaluation of the biopsies is difficult.
In early reports, little was known about the rate of
histological clearance of irradiated tumor, and fail-
ures were determined on biopsies even 6 months
after radiotherapy (Scardino 1983). More recent
analyses have shown that early biopsies have a high
chance of being false positive. Radiation causes
postmitotic cell death. Therefore, fatally damaged
cells may even survive a limited number of cell
divisions before dying off (Mostofi et al. 1992). As
there is no visible difference between these dying
cells and viable tumor cells, it is impossible for a
pathologist to predict whether visible tumor cells
are really clonogenic and need treatment (Crook
et al. 1997). Approximately 30 % of biopsies posi-
tive in the first year after radiation treatment will
be negative for tumor in 24-30 months (Crook
et al. 1995, 2000). Crook et al. (1995) therefore
determined that the optimal time to biopsy would
be 30-36 months post radiotherapy. Of course,
even 36 months after treatment biopsies may be
false positive, although chances are reduced at that
moment. As postradiation pathology is difficult to

interpret, experienced uropathologists are required
to evaluate these biopsies. An extra difficulty is
the interpretation of biopsies. The currently used
Gleason system is based on the glandular pattern
of the tumor seen at relatively low magnification.
As an irradiated prostate will show a significantly
changed anatomy, especially on glandular level,
Gleason score seems less useful after radiation
treatment. Still, to evaluate the possibilities for
salvage, it will be required to have some informa-
tion on the potential aggressiveness of the visible
tumor cells. Pathologists will need to be cautious
here as one of the problems with evaluating car-
cinomas that have been treated with radiotherapy
is that the grade often appears higher (Bostwick
et al. 1982). Although post-RT prostate biopsies
are burdened with problems of timing, interpre-
tation, and sampling error, they are required as
evidence before radical local salvage for radiation
failure is considered.

Imaging to visualize the local recurrence is
regularly performed using TRUS. Unfortunately,
sensitivity is very poor for the primary setting
(Crook et al. 1993; Onur et al. 2004). In radio-
recurrent disease, accuracy may even be further
decreased due to fibrosis of the prostatic tissue.
Therefore, current clinical practice lacks a
proper imaging tool to detect a local recurrence.
Promising local imaging techniques still under
development are dynamic contrast-enhanced
magnetic resonance imaging (DCE-MRI) and
8F or !'C-choline positron emission tomogra-
phy (PET) (Rouviere et al. 2004; Haider et al.
2008; Moman et al. 2010; Wang et al. 2009;
Breeuwsma et al. 2010; Barentsz et al. 2012; de
Rooij et al. 2015; Umbehr et al. 2013). More
recent developments have provided prostate-
specific membrane antigen (PSMA) PET-CT
using various tracers (Jadvar 2015; Rybalov
et al. 2014). However larger series evaluating
these techniques and assessment with the
pathology reference standard is needed. Recent
diagnostic meta-analyses have shown that the
use of MRI (using the prostate imaging report-
ing and data system (PI-RADS)) can help in
assessing localized disease, capsular extension,
and the exclusion of clinically significant dis-
ease with a negative predictive value up to 95 %
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(Hamoen et al. 2015; Fiitterer et al. 2015; de
Rooij et al. 2015).

Imaging to exclude possible distant metasta-
ses should be performed when evaluating the
possibilities for salvage. But as a bone scan, pel-
vic computed tomography (CT), and MRI need a
significant tumor load to show metastases
(Hovels et al. 2008; Abuzallouf et al. 2004), it is
unlikely they will detect small metastases present
in patients being selected for salvage treatment,
e.g., with a PSA less than 10 ng/ml (Zagars and
Pollack 1997; Nguyen et al. 2007a, b). Next, a
pelvic lymph node dissection may be performed
to exclude metastases. As a limited pelvic node
dissection of the obturator fossa will only detect
approximately 30% of lymph node metastases,
the value of a lymph node dissection is ques-
tioned (Heesakkers et al. 2008). For early metas-
tases detection in the future, the role of choline
PET with various tracers (Breeuwsma et al. 2010)
and magnetic nanoparticles in MRI (Barentsz
et al. 2007) needs to be further evaluated. PET-CT
imaging seems to be able to provide more accu-
rate assessment of metastatic disease and assess-
ment of prostate-confined recurrences. Recent
overviews have shown promising results regard-
ing lymph node involvement, prostate-confined
recurrences, and distant metastatic disease
(pooled sensitivity and specificity of 85.6 and
92.6% for all three sites) (Evangelista et al.
2013). However, the spread across series is still
large and standardization is necessary to achieve
this high diagnostic accuracy in every center.

Of course, clinical patient characteristics
before primary treatment and salvage are of
importance when evaluating the possibility of
successful salvage. Patients with a high initial
chance of developing distant metastases are
unlikely to have a local recurrence only (Nguyen
et al. 2007a, b). An initial high Gleason score,
high T-stage, high PSA value, and high PSA
kinetics (before primary treatment) are possibly
also risk factors post treatment to evaluate the
likelihood of effective salvage. Therefore, sal-
vage especially is advocated in primary low-risk
clinical features (Nguyen et al. 2007a, b).
However, evidence in this area from multivari-
able models is generally lacking and pre-salvage

characteristics seem to have the highest predic-
tive ability for cancer control outcomes (Chade
etal. 2011, 2012; Wenske et al. 2013; Murat et al.
2009). From these larger salvage series, it seems
pre-salvage PSA, PSADT, and pre-salvage
Gleason score are most often associated with
cancer control outcomes.

Next, the chance of having toxicity from a
local salvage treatment will be increased if a
patient had severe toxicity during or after pri-
mary radiation treatment. Also, other additional
treatments may attribute to the possible toxicity
from salvage, like a transurethral resection
(TURP), high-intensity focussed ultrasound
(HIFU) treatment, or ADT use. These treatments
will produce extra scar tissue and, therefore, will
reduce the repair capacity of normal tissue in
case of re-irradiation of the prostate. So far, how-
ever, no current salvage re-irradiation literature
exists, which models these characteristics in a
multivariable manner to the probability of devel-
oping toxicity.

Based on the above, a list of preliminary selec-
tion criteria for local salvage can be completed.
Still, it is of major importance to use such a list
reasonably, as many clinical aspects, like age,
medical history, and performance score contrib-
ute in the decision for a local salvage treatment.
The list below partially uses the criteria as
described in the currently active radiation therapy
oncology group (RTOG) trial 0526 (principle
investigator: J. Crook, MD). These selection cri-
teria were also mostly verified in a recent interna-
tional collaboration on selection for salvage
treatment (van den Bos et al. 2015).

* Biopsy-proven local recurrence at least 3
years after primary radiation treatment

* Posttreatment PSA <10 ng/ml, PSA doubling
time (PSADT) >12 months

* Bone scan and CT abdomen or lymph node
dissection without evidence of metastases

* Primary tumor characteristics preferably low
to intermediate risk

e Acceptable toxicity of primary radiation
treatment

* No other prostate treatments performed (like
TURP, HIFU, etc.)
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* Additional to RTOG: verification of tumor
localization with multiparametric MRI (con-
sisting at least of a 1.5 Tesla T,-weighted,
dynamic contrast-enhanced, and diffusion-
weighted imaging sequence). Exclusion of
metastatic disease using PET-CT (*8F or 11C
choline PET or Ga-68-PSMA)

3 General Results of Prostate
Cancer Salvage

Different salvage treatment modalities are cur-
rently clinically practiced. Radical prostatec-
tomy, external beam radiotherapy, cryosurgery,
additional 1125/Pd103 or Ir192 brachytherapy,
and HIFU are used (Pisters et al. 2000; Lee
et al. 2008; Grado et al. 1999; Murat et al. 2009;
van der Poel et al. 2007; Nguyen et al. 2007a,
b; Chade et al. 2011, 2012, Paparel et al. 2009
Wenske et al. 2013, Williams et al. 2011, Spiess
et al. 2010, Chen et al. 2013, Peters et al. 2013,
Burri et al. 2010; Henriquez et al. 2014; Yamada
et al. 2014). Literature is scarce and shows dis-
cordant results in terms of treatment effect and
toxicity. Furthermore, few large series have
been published; most studies are retrospective
and contain less than 100 patients. No head-to-
head comparisons have been performed. As a
consequence, current treatment decisions often
depend on patients’ and doctors’/institutional
preferences. An overview of the literature is pre-
sented below.

Salvage radical prostatectomy has been
described in several articles and has been per-
formed in these series since the 1960s. Five-year
biochemical no evidence of disease (bNED)
ranges from 50 to 60 % (Nguyen et al. 2007a,
b, Chade et al. 2012). In most series pre-salvage
PSA was <10 ng/ml. Only a few rather large
series have been described. Chade et al. (2011)
described the largest salvage radical prostatec-
tomy series with 404 radio-recurrent prostate
cancer patients, treated since 1985. Ward et al.
(2005) described the results of 199 patients,
treated since 1967. In addition, Paparel et al.
(2009) described 146 patients from a single
institution. Finally, Stephenson et al. (2004)

described results of 100 patients (Stephenson
et al. 2004). The other published studies con-
tain between 6 and 51 patients (Sanderson et al.
2006; van der Poel et al. 2007; Vaidya and
Soloway 2000). The definition of bNED after
prostatectomy was most commonly defined as
a rise in PSA of >0.2 ng/ml. It was concluded
that patients with a pre-salvage PSA of <10 ng/
ml did significantly better compared to patients
with a PSA >10 ng/ml (Ward et al. 2005; Bianco
et al. 2005). In addition, a lower pre-salvage
Gleason score was shown to improve biochemi-
cal disease-free survival and reduced the devel-
opment of metastases in multivariable analysis
(Chade et al. 2011). Multivariable analysis was
not performed for mortality in this largest
series. However, these factors were associated
with prostate cancer-specific survival after mul-
tivariable analysis in the series of Paparel et al.
(2009). Neoadjuvant hormonal therapy did not
seem to improve outcome (Ward et al. 2005;
van der Poel et al. 2007). Also a cystoprosta-
tectomy did not seem to improve oncologic out-
come compared to a radical prostatectomy alone
(Ward et al. 2005). Although preoperative mor-
bidity, lasting from the previous radiotherapy
treatment, was low, urinary incontinence had a
weighted average of 41 %, bladder neck stric-
tures of 24 %, and rectal injury of approximately
5% (Nguyen et al. 2007a, b).

Salvage cryotherapy studies have been
described with patients treated since the 1990s
(Nguyen et al. 2007a, b). Five larger series have
been published. The largest series describes 797
patients from 6 tertiary centers, of the basis of
which a pretreatment nomogram to predict bio-
chemical recurrence was created (Spiess et al.
2010). Wenske et al. (2013) described 328
patients after either primary EBRT (n=259), pri-
mary I-125 brachytherapy (n=49), or primary
cryotherapy (n=20). Furthermore, Williams
et al. described 187 patients, Izawa et al. (2002)
showed outcomes of 131 patients, and Chin et al.
(2001) described results of 125 patients. Other
studies contained 59 patients or less (Bahn et al.
2003). Most series used a double freeze-thaw
therapy (Izawa et al. 2002; Chin et al. 2001; Bahn
et al. 2003, Williams et al. 2011). Unfortunately,
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the series published on salvage cryotherapy used
different definitions for a relapse after salvage,
which hampers a decent comparison. In addition,
there were also large differences in prognostic
characteristics between cohorts. From their over-
view Nguyen et al. (2007a, b) concluded that out-
come of salvage cryotherapy is comparable with
the outcome reported from the prostatectomy
data above. This is confirmed in the larger series,
although the spread across series remains signifi-
cant. Toxicity again is severe, with a weighted
average of urinary incontinence of 36 %, urinary
sloughing 11 %, bladder neck stricture or reten-
tion 36%, perineal pain 44 %, and fistulas
approximately 3 % (Nguyen et al. 2007a, b).
Salvage brachytherapy series also describe
patients treated since the 1990s (Nguyen et al.
2007a, b). Compared to the salvage prostatectomy
and salvage cryotherapy series, far less and
smaller brachytherapy series have been published.
The largest 1-125 salvage brachytherapy study
contained 49 patients (Grado et al. 1999).
Recently, Chen et al. (2013) reported on their
HDR-salvage brachytherapy patients (n=52), and
the results of a somewhat larger combined I-125
salvage brachytherapy (n=37) and HDR-salvage
brachytherapy (n=19) cohort have been pub-
lished (Henriquez et al. 2014). In addition, a phase
IT study of salvage HDR brachytherapy (n=42)
has recently been reported (Yamada et al. 2014).
Other series reported 31 patients or less (Nguyen
et al. 2007b; Wallner et al. 1990; Beyer 1999; Lee
et al. 2008; Battermann 2000; Moman et al. 2010).
Again, varying definitions of PSA relapse after
treatment hamper comparison between the differ-
ent series. Still, midterm outcomes can be consid-
ered comparable to salvage prostatectomy and
salvage cryotherapy series (Nguyen et al. 2007a,
b). However, multivariable analyses do not pro-
vide uniform parameters associated with bio-
chemical failure or survival due to insufficient
sample size and sometimes methodological limi-
tations. Weighted incontinence rate was 6 % and
other grade 3—4 toxicities were weighted 6 % for
the gastrointestinal (GI) tract and 17 % for the
genitourinary (GU) tract. Fistulas averaged 3%
(Nguyen et al. 2007a, b). Table 1 shows an over-
view of published salvage brachytherapy series.

Data on other modalities for local salvage are
very limited. One study on HIFU has a mean
follow-up of 15 months and showed an inconti-
nence rate of 7%, bladder neck stenosis 17 %,
and fistulas 6 % (Gelet et al. 2004). A more recent
and larger series in 290 patients has shown a
5-year biochemical recurrence-free rate in 43, 22,
and 17 % in D’Amico low-, intermediate-, and
high-risk patients, respectively. Grade 3 urinary
incontinence occurred in approximately 10 % of
patients; 46 % of patients had a bladder outlet
obstruction for which intervention was needed,
of which four patients (1.3 %) required urinary
diversion. Rectourethral fistulas occurred in 2%
and pubic osteitis in 2.7 % (Crouzet et al. 2012).

Ferromagnetic thermal ablation has been
described in 14 patients (Master et al. 2004) and
external beam radiotherapy (30.6-50 Gy) com-
bined with external hyperthermia (5-8 treat-
ments) in three patients (Kalapurakal et al. 2001).
Of course, further more extensive studies are
required to be able to judge these new develop-
ments regarding tumor control and toxicity.

In the studies above outcome is mainly
described as bNED. Still, survival data are
required to judge whether salvage is worthwhile
performing. Salvage is often performed in an
older patient population. Because of the compet-
ing risks in these patients, the potential survival
benefit is therefore not automatically derived
from the benefit in bNED. However, ADT use
can be postponed or prevented with postponing
the moment of biochemical failure, thereby
reducing side effects from this palliative strategy
and possibly increasing cost-effectiveness.
Therefore, a generally accepted primary goal of a
salvage approach can be to postpone hormonal
therapy. This leads to a discussion whether also
patients with oligo-metastases in slowly pro-
gressing disease might benefit from a local sal-
vage treatment.

The high severe toxicity rates of the varying
salvage modalities make salvage unpopular and
this probably causes the absence of large ran-
domized studies. Still, these are required to eval-
uate whether salvage has a future. A randomized
study would preferably consist of comparing hor-
monal treatment alone to one type of salvage and
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would have to prove a gain in survival. Next to
toxicity scoring, quality of life will be essential to
monitor (Nguyen et al. 2009) to judge the actual
influence of severe toxicities and compare the
difference between ADT use and salvage therapy.

4 Re-irradiation of Prostate
Cancer

Post-radiotherapy local salvage is historically per-
formed by brachytherapy (LDR, PDR, or HDR)
or EBRT (Kimura et al. 2010). There is a prefer-
ence for brachytherapy, as it can be expected that
the surrounding area which receives a relatively
high dose will be larger after EBRT, and there-
fore EBRT can be expected to cause more severe
toxicity. This explains why there is hardly any lit-
erature on EBRT for recurrent local disease after
primary radiotherapy. In a national disease regis-
try, the Cancer of the Prostate Strategic Urologic
Research Endeavor (CaPSURE), 935 men were
described who received a salvage treatment after
primary EBRT. Of these men only eight received
salvage by EBRT (Agarwal et al. 2008). In their
article, Agarwal et al. (2008) did not notice any
survival benefit for any particular combination of
primary and salvage therapy. The inability to pro-
tect the bladder and the anterior rectal wall without
blocking a part of the prostate/tumor was largely
caused by the limitations of the EBRT technique.
Current EBRT techniques have improved enor-
mously, e.g., by daily position verification tech-
niques (van der Heide et al. 2007) and by the
introduction of intensity-modulated radiotherapy
(IMRT). Passive-scattering proton therapy has
recently been associated with a potential increase
in GI toxicity in a large propensity score-matched
analysis (Sheets et al. 2012). Advanced forms of
proton therapy delivery with intensity-modu-
lated proton therapy (IMPT) may provide bet-
ter salvage outcome and toxicity data, but IMPT
will need IGRT and daily position verification.
Although most articles and textbooks discourage
the use of EBRT for salvage after primary radio-
therapy, these new techniques indeed might lead
to comparable results as described above. But as
the current standard salvage techniques already

show hardly acceptable severe toxicity rates,
the further evaluation of EBRT for this purpose
seems not the way forward.

In salvage brachytherapy permanent seeds are
commonly used. Both 1125 and Pd103 have been
described (Wallner et al. 1990; Beyer 1999;
Grado et al. 1999; Koutrouvelis et al. 2003; Lee
et al. 2008; Battermann 2000; Nguyen et al.
2007b; Moman et al. 2010). More recently, HDR
brachytherapy is being adopted in the salvage
setting (Chen et al. 2013; Henriquez et al. 2014;
Yamada et al. 2014). Again, comparison in out-
come is hampered by differences in study popu-
lations, treatment methods, and the definition of
failure (Nguyen et al. 2007a, b). In patients who
meet the criteria described in part 2, it can be
expected to achieve a 5-year bNED rate of
approximately 50-70% (Table 1). Five-year
overall survival rates ranging from 80 to 90 %
have been described (Beyer 1999; Lee et al.
2008). Still, the severe toxicity rate is high, up to
approximately 10-30 % for GU and GI combined
(Moman et al. 2010; Nguyen et al. 2007b, Peters
et al. 2013). Currently, an RTOG trial (no. 0526)
is ongoing for the prospective evaluation of
brachytherapy after EBRT. The results of this
trial can be expected to give more insight in the
toxicity risk profiles of patients receiving salvage
brachytherapy. This can improve patient selec-
tion and may augment the benefit/risk ratio
(Nguyen et al. 2007a, b; Moman et al. 2010).

As all studies showed a rather large proportion
of patients with severe toxicity, specific dose con-
straints for salvage are essential. Many different
doses have been applied, but most groups used
regular doses, which are also applied for a pri-
mary treatment, e.g., 120-145 Gy in I125
implants and 100-120 Gy in Pd103. Recent
research has suggested dose constraints for
whole-gland salvage I-125 brachytherapy for the
urethra, bladder, and rectal wall (Peters et al.
2015, 2016). These constraints are, however,
based on 28 salvage patients without the use of
multivariable modeling, taking into account other
important prognostic characteristics related to
toxicity. In essence, these dose constraints there-
fore represent a univariable association between
dosimetry and late severe GU and GI toxicity for
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salvage patients. However, it was shown that
these restrictions were all set lower than in the
primary  brachytherapy setting, indicating
increased sensitivity of these structures after a
primary course of radiation.

From the salvage prostatectomy data, a learn-
ing curve has been described (Ward et al. 2005),
with less severe toxicity over time. This also
seems likely for permanent seed salvage. The
technical performance of LDR salvage treatment
after primary radiotherapy should, therefore,
probably be performed in agreement with current
brachytherapy guidelines (Kovacs et al. 2005).
Still, technical difficulties remain, e.g., how to
perform post-salvage dosimetry after a primary
seed implant.

Most experience in salvage re-irradiation has
been developed in permanent seed (LDR)
brachytherapy (Battermann 2000), but HDR
might also be of use for salvage. Currently only
scarce literature exists on this topic (Table 1).
The problem with HDR is that primary treatment
often is performed in several fractions and that
catheters retract during treatment, and therefore,
it seems prone to more severe toxicity and a
poorer outcome. Still, current clinical practice is
actively working toward a single-fraction pri-
mary HDR treatment. Furthermore, current
brachytherapy groups have developed on-line
MRI guidance techniques. With these techniques
a single-fraction HDR treatment for salvage can
be developed. Current results of HDR brachy-
therapy in terms of cancer control and late toxic-
ity are promising and seem to be favorable
compared to previous LDR brachytherapy
(Table 1) (Morton et al. 2013).

5 Focal Salvage, the Near
Future

Several studies have shown that for salvage after
primary radiotherapy, the rate of treatment-related
toxicity is high (Nguyen et al. 2007a, b; Moman
et al. 2010, Peters et al. 2013). Multiple factors
will contribute to the fact that toxicity rates after
salvage are greater compared to primary treat-
ment, e.g., the cumulated radiotherapy dose and

the patient’s age and comorbidities. Most likely,
the area of normal tissue which receives a signifi-
cant radiation dose is too large. This probably is
caused by the fact that local salvage always is per-
formed on the entire prostate, as the spatial accu-
racy of current biopsy and imaging is poor
(Moman et al. 2010). If the location of the local
recurrence could be determined with better accu-
racy, treatment of the macroscopic tumor alone
would result in reduced normal tissue exposure.
This could be expected to reduce the rate of severe
toxicity (Moman et al. 2010).

Evidence is emerging that local recurrences
are located predominantly at the primary lesion
site (GTV) (Cellini et al. 2002; Pucar et al. 2008;
Arrayeh et al. 2012; Menard et al. 2015).
Apparently, the surviving macroscopic tumor
received an insufficient radiation dose from the
primary treatment. Minor secondary tumor
lesions (CTV) probably will have received suffi-
cient doses. This corresponds with the remarks
above that the radiation dose should not be low-
ered, and this adds to the argument of reducing
the target volume to the macroscopic lesion alone
(Moman et al. 2010). This can be called focal sal-
vage (Moman et al. 2010; Peters et al. 2014).

There are several new imaging techniques,
which may contribute to a spatially accurate
detection of a local recurrence in the prostate.
18F-fluorocholine PET-guided target volume
delineation for partial prostate re-irradiation
in locally recurrent prostate cancer has already
been described (Wang et al. 2009). However,
PET seems to have a larger role in excluding
lymph node and distant metastases (Umbehr
et al. 2013; Evangelista et al. 2013). As resolu-
tion of MRI is better, more groups use advanced
functional MRI techniques to localize the recur-
rence in the prostate (Ahmed et al. 2012; Peters
et al. 2014; Menard et al. 2015). Dynamic
contrast-enhanced (DCE)-MRI shows blood per-
fusion. After radiation treatment a large part of
the prostate will be fibrotic and a normal T,-
weighted image cannot differentiate between
fibrosis and tumor. DCE-MRI will be able to
visualize a high blood perfusion, caused by neo-
vascularization of the recurring tumor, in a
fibrotic prostate bed. A sensitivity of 70-74 %
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Fig. 2 Multiparametric MRI used for tumor delineation. (a) Transversal T2-weighted image, (b) transversal ADC, (c)

transversal K-trans

|
2
|

Fig. 3 Catheter visualization on MRI. (a) Sagittal SPIR image, (b) transversal SPAIR image

and a specificity of 73-85 % have been described
(Rouviere et al. 2004; Haider et al. 2008). Recent
diagnostic meta-analyses have shown mp-MRI
(DCE-MRI in combination with diffusion-
weighted imaging and/or MR spectroscopy) to be
of importance in several aspects of prostate can-
cer staging, and a negative predictive value of
95% for clinically significant disease can be
achieved with standardized assessment (using
PIRADS). However, these studies pertain to the

primary setting (Hamoen et al. 2015; Fiitterer
et al. 2015; de Rooij et al. 2015; Barentsz et al.
2012). An example of the combination of T,-
weighted, DCE-MRI, and DWI-MRI for salvage
planning is depicted in Fig. 2. The intraoperative
MRI-based catheter reconstruction is depicted in
Fig. 3. Finally, Fig. 4 shows the same MRI
sequences and planning for a patient who under-
went focal salvage HDR after radiotherapy fail-
ure. Lastly, each suspicious lesion on MRI should
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Fig. 4 From left to right: transversal T2-weighted, DWI
and DCE-MRI for a locally recurrent prostate tumor after
primary radiotherapy. This MR is an example of a 67-year-
old male, with a prostate cancer recurrence 3 years after

always be confirmed by biopsies, preferably MRI
guided (Siddiqui et al. 2015; Moore et al. 2013).

Eggener et al. (2007) already proposed a set of
criteria for primary focal therapy using multiple
clinical, biopsy, and imaging characteristics that
results in the exclusion of high-risk patients.
Moman et al. (2010) did the same for focal sal-
vage in a planning study. Ideally, multivariable
prediction models are needed to provide the opti-
mal set of selection criteria for both whole-gland
and focal salvage. Larger series in the future are
needed to attain this goal.

Focal salvage has been performed using sev-
eral modalities, most importantly cryotherapy
(Eisenberg and Shinohara 2008; de Castro Abreu
et al. 2013; Bomers et al. 2013; Li et al. 2015),
HIFU (Ahmed et al. 2012; Baco et al. 2014), and
1125 brachytherapy (Peters et al. 2014; Hsu et al.
2013). In these cohorts toxicity indeed seemed
reduced, while cancer control seemed to be main-
tained. One-, 2-, 3-, and 5-year BDFS ranges were
83-100 %, 49-100%, 50-91 %, and 46.5-54.4 %,
respectively, for these focal salvage modalities,
which seems comparable to whole-gland salvage
cancer control outcomes. Toxicity was mostly self-
limiting or handled by medication in these series.
Salvage brachytherapy showed a biochemical
recurrence-free rate of approximately 60 % after 3
years with only one grade three urethral stricture in
a combined set of 42 patients (Peters et al. 2014;
Hsu et al. 2013; Sasaki et al. 2013). Currently, the
FORECAST trial is under way for focal salvage

primary I-125 brachytherapy treatment. PSA before sal-
vage treatment was 5.4 ng/ml. After salvage treatment,
PSA decreased to 1.0 ng/ml

cryotherapy and HIFU, and results can be expected
in the next few years (Kanthabalan et al. 2015).

These focal salvage strategies also started a
discussion on cure versus chronic disease. As
doubling time of prostate cancer generally is very
slow and patients evaluated for salvage only have
low- to intermediate-risk features and probably
an advanced age, it remains questionable whether
salvage will be able to improve survival. Most of
these patients would probably not die from their
prostate cancer. If acceptable toxicity rates could
be achieved with focal salvage, re-treatment
would be possible if, during follow-up, another
area of locally recurrent disease would be diag-
nosed. In this way, ADT could be postponed or
even prevented in a subset of patients. This could
turn recurrent prostate cancer into a more chronic
disease and have a positive effect on the quality
of life of recurrent prostate cancer patients.
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Abstract
Reirradiation combined with chemotherapy for
patients developing recurrent rectal cancer after
radiation or chemoradiation is feasible and pro-
vides high chances for cure and palliation. Nearly
one-half of patients with resected disease achieve
long-term control of pelvic disease, and up to
65% of them can have long-term (5-year) sur-
vival. Even in unresected patients, long-term con-
trol can be achieved in about 20% of cases with
one out of five patients surviving after 5 years.
Acute and late toxicity are not prohibitive if
proper attention is paid to both radiation tech-
nique and surgical technique. The use of small
radiation fields, exclusion of the bowel and
bladder, and the use of hyperfractionated radia-
tion doses up to 40 Gy are recommended.
Since most of treatment failures occur
within the radiation treatment field, future
studies should investigate methods to further
improve local control. In view of the fact
that about one-half of surviving patients will
develop distant metastases, innovative strate-
gies for reduction of distant metastases should
also be explored.

Introduction

Reirradiation for rectal cancer can be considered
for two patient groups: patients who develop
locoregional recurrence after previous pre- or
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postoperative radiation, and patients with newly
diagnosed rectal cancer who have received pre-
vious pelvic irradiation for other malignancies
(e.g. prostate and gynaecological cancers). In this
chapter we will focus on the reirradiation of local
recurrence.

Locally recurrent rectal cancer (LRRC) is a
devastating condition causing severe symptoms,
including pelvic pain, bleeding and bowel obstruc-
tion in over two-third of patients. These distress-
ful symptoms can cause a loss of quality of life
(QoL). LRRC includes recurrence, progression
or development of new sites of rectal tumour(s)
within the pelvis after previous resection of rectal
cancer (Beyond TME Collaborative 2013). Pelvic
recurrence includes anastomotic recurrence, as
well as recurrence within lymphatics such as resid-
ual mesorectal nodes and pelvic sidewall lymph
nodes. Also included is inguinal node recurrence
and disease manifesting along drain tracts and sur-
gical scars (abdominal or perineal).

Local recurrence may be isolated or com-
bined (local and metastasis). Patient prognosis
is generally poor with a median overall survival
without treatment of only 3.5-13.0 months
(Saito et al. 2003).

The introduction of total mesorectal exci-
sion (TME) (Enker et al. 1995; Heald 1995;
MacFarlane et al. 1993) together with neoad-
juvant radio- and chemotherapy dramatically
reduced LRRC rates from 20 to 30 % (Swedish
Rectal Cancer Trial 1996; Goldberg et al. 1994)
to 610 % (Rodel et al. 2015; Gérard et al. 2012).
However, due to the high incidence of rectal
cancer, still a high absolute number of patients
present with recurrent rectal carcinomas. The
management strategy in this cohort of patients
is complex, with a number of options including
surgery, with or without radiotherapy with either
curative or palliative intent, with or without
chemotherapy. Delay in diagnosis is common,
and inequalities exist in referral patterns based
on geography, with no clear clinical guidelines
(Beyond TME Collaborative 2013).

Surgical excision of LRRC is the most sig-
nificant measure used to improve survival.
Particularly complete surgical resection (RO
resection) remains the only potentially curative

treatment with reported 5-year survival rates in
selected patients of up to 50 %. However, only
40-50 % of all patients with LRRC can undergo
surgery with curative intent, and of those,
30-45% will have RO resection. Thus, only
20-30 % of all patients with LRRC have a poten-
tially curative operation (Nielsen et al. 2011).
Furthermore, to achieve cure most patients
require extended, multivisceral, exenterative sur-
gery, beyond conventional total mesorectal exci-
sion planes with high morbidity rates of 40-82 %
(Haddock et al. 2011; Nielsen et al. 2012; Harji
et al. 2013). Preoperative radiotherapy can pro-
vide higher chances of complete resection and
local control (Vermaas et al. 2005; Rodel et al.
2000) potentially allowing less extensive surgical
resections. In conjunction with fluoropyrimidine-
based chemotherapy, preoperative radiotherapy is
widely recognized as the most appropriate treat-
ment option in patients with LRRC who have not
received prior radiotherapy (Konski et al. 2012).

Although local recurrence rates have
decreased, an increasing proportion of patients
with LRRC have previously received high-dose
pelvic radiotherapy as part of the primary mul-
timodality treatment, either as preoperative
short-course radiotherapy (5 x5 Gy) or as chemo-
radiotherapy to 45-50 Gy (1.8-2.0 Gy/fraction).
The prognosis for patients with LRRC seems to
be worse in previously irradiated patients than in
those without prior irradiation (Rombouts et al.
2015; van den Brink et al. 2004). Recurrences
after neoadjuvant irradiation may represent a
selection of patients with very unfavourable
tumour characteristics. As an example, more than
two-third of patients with LRRC after preopera-
tive radiotherapy have also distant metastases at
the time of recurrence as compared to less than
half of patients with LRRC after surgery only
(van den Brink et al. 2004). It has been observed
that patients with LRRC who have received prior
neoadjuvant radiotherapy and TME have a higher
rate of incomplete resection of the recurrence
(Alberda et al. 2014; van den Brink et al. 2004).
In addition LRRC in patients treated with radio-
therapy for the primary tumour may evolve from
radiation-insensitive tumour deposits, rendering
reirradiation less effective.
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However, several recent observations and tri-
als have demonstrated the safety and efficacy
of reirradiation in patients with LRRC who
previously underwent irradiation to the pelvis
(Mohiuddin et al. 1993, 1997, 2002; Lingareddy
et al. 1997; Valentini et al. 1999, 2006; Das et al.
2010; Sun et al. 2012; Koom et al. 2012; Ng et al.
2013; Bosman et al. 2014). Reirradiation might
increase the rate of preservation of surrounding
organs and radical (RO) resection and provide
symptom palliation or long-term local con-
trol for inoperable tumours (Guren et al. 2014).
However, reirradiation of infield recurrences
can also aggravate the late radiation toxicities of
adjacent tissue (including small bowel, bladder,
etc.) and the complications of surgery. Therefore,
the expected benefits in terms of achieving RO
surgery and long-term survival and/or symptom
palliation should be weighed against the potential
morbidity caused by retreatment.

Because LRRC presents a challenging prob-
lem, the international consensus statement by the
Beyond TME Collaborative Group (2013) on the
management of patients with LRRC clearly iden-
tified the need for referral of patients with LRRC
to a specialist multidisciplinary team (MDT) for
diagnosis, assessment and further management.
The subspecialized MDT requires oncological,
radiological, surgical and pathological expertise
in pelvic exenteration.

2 Diagnosis and Staging
of LRRC

Early diagnosis of the recurrence in potential
surgical candidates is critical as it increases the
likelihood of curative (RO) resection and preven-
tion of dissemination; therefore, different follow-
up strategies have been developed (Figueredo
et al. 2003; Zitt et al. 2006). The timeframe for
recurrence is typically within the first 2 years
after resection of the primary tumour (Palmer
et al. 2007). However in almost 30 % of patients
with locally advanced rectal cancers treated by
preoperative chemoradiation, the time to detec-
tion of local recurrence (LR) can be longer than
5 years (Coco et al. 2006). Existing nomograms

to predict local recurrence can aid the selection
of follow-up type and intensity (Valentini et al.
2011; van Gijn et al. 2015).

Regarding the pattern of LRRC in terms of
location within the pelvis, in recent years, a sub-
tle change has been observed. In general terms, in
the pre-TME years, most recurrences were cen-
tral, perianastomotic and anterior, whereas since
the adoption of combined therapies, lateral and
posterior (presacral) forms dominate (Enriquez-
Navascués et al. 2011). With conventional sur-
gical techniques, segments of the mesorectum
could be left behind, and local recurrences in
the remaining part were not uncommon, often
being located in the anastomotic region (Palmer
et al. 2007). After TME surgery, presacral LRs
are the most common type of LR, and due to
prior surgery, tumour growth is not confined to
a specific compartment lined by fascias, because
these fascias have been damaged during the pri-
mary surgery (Dresen et al. 2008). Furthermore
it has been observed that while preoperative RT
helps to prevent LRs at all sites, it is especially
effective in preventing anastomotic recurrences
(Mohiuddin and Marks 1993).

Many factors affect the risk of local recur-
rence. The involvement of circumferential resec-
tion margin (CRM) is the most important factor
(Quirke et al. 1986). The pelvic recurrence rate
is also tumour-stage dependent (Sagar and
Pemberton 1996). The combination of risk fac-
tors is also important: in patients with T1-T2
stage, the incidence of LR is 1 % with a negative
CRM but this rises to 12 % for a positive CRM,
while for those with T3-T4 tumour, it is 15 % for
a negative CRM but 25 % for a positive CRM
(Kusters et al. 2010). A poor pathologic response
and downstaging to preoperative chemoradia-
tion is also a negative prognostic marker for LR
(Rodel et al. 2005). Anatomical site of the tumour
is also another critical factor; indeed LR is more
likely with tumours in the lower third of the rec-
tum (10—15 %) than in patients with tumours in
either the middle third (5-10%) or upper third
(2-5%) (MacFarlane et al. 1993; Kusters et al.
2010). The risk of LR is also related to the posi-
tion of the tumour within the circumference of
the rectum, being higher for tumours affecting
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the anterior side of the rectum than for other loca-
tions (Chan et al. 2006). Other factors that can
influence the risk of local recurrence are the shape
(exophytic versus non-exophytic) of the tumour,
the presence or absence of budding, lymphatic,
venous or perineural invasion, the presence of
obstruction or perforation, the degree of tumour
differentiation and the fixity of the tumour (Sagar
and Pemberton 1996).

Clinical examination, tumour markers and
radiologic modalities such as ultrasonography
(US), computed tomography (CT), magnetic res-
onance (MR) and positron emission tomography
(PET) are routinely used in follow-up. CT is the
most commonly used modality for identification
of pelvic recurrence, but it has poor accuracy in
distinguishing between scar tissue and tumour
(Grabbe and Winkler 1985), and this becomes
even more difficult if radiotherapy has previously
been applied (Heriot et al. 2006). Compared with
CT, MR can more accurately differentiate recur-
rent cancer within a presacral scar, based on dif-
ferences in signal intensity between tumour and
fibrosis using T2-weighted sequences or contrast-
enhanced imaging techniques (Dicle et al. 1999).
Thus high-resolution MR with a sensitivity
of 80-90% and a specificity as high as 100 %
(Lambregts et al. 2011) is generally regarded
as the optimum modality for imaging the pelvis
in patients with suspected LRRC. Differently
from fibrosis, which appears hypointense on
T2-weighted MR images, recurrent tumours typi-
cally display higher signal intensity than that of
muscle. Moreover, tumours tend to have contrast
enhancement greater than 40% of the volume
of a mass or a typical rim-enhancement pattern
after gadolinium contrast material administration
(Messiou et al. 2008).

However, benign fibrotic scarring, malig-
nant local tumour recurrence and inflammation
can all enhance after the administration of a
gadolinium-based contrast agent (Tan et al. 2005).
Furthermore, a tumour with significant fibrosis
can cause low signal intensity on T2-weighted
images. PET is an accurate diagnostic tool and
may have advantages over CT and MR in dis-
criminating fibrosis from cancer (Huebner et al.

2000), although false-negative results can occur
in small deposits or in mucinous tumours. An
increase in serum carcinoembryonic antigen
(CEA) level may assist in reaching a diagnosis,
although a spuriously high or low result can be
confusing (Tan et al. 2009).

Given these limitations, the ideal for diagnosis
of LRRC still remains tissue biopsy. Where tis-
sue biopsy is not possible or is negative, serial
enlargement of a lesion accompanied by either
positive PET-CT or rising CEA level and spe-
cialist MDT opinion suggestive of malignancy
can be accepted for diagnosis (Beyond TME
Collaborative 2013).

The management of patients with LRRC
mainly depends on the type and extent of recur-
rence. Therefore, radiologic assessments are
used to determine whether recurrent disease is
limited to the pelvis or has metastasized, and to
outline the local extent of recurrent disease and
its distribution within the pelvis to help surgeons
determine the feasibility of resection and plan the
optimal surgical approach.

A meta-analysis investigating the value of US,
CT, MR and PET in detecting liver metastases
demonstrated sensitivity of 63 %, 75 %, 81 % and
97 %, respectively, and high specificity (Floriani
et al. 2010). Particularly PET with '8F-fluoro-
deoxy-glucose has been demonstrated to be
highly accurate in the detection of disseminated
disease (Ogunbiyi et al. 1997). PET has also been
shown to have a high impact on the management
of patients with suspected recurrent colorectal
cancer (Kalff et al. 2002).

The identification of patients who can poten-
tially achieve a RO resection is crucial and
extremely difficult. Resection margin status is
an independent prognostic factor for re-recur-
rence rate and overall survival in surgically
treated, locally recurrent rectal cancer. In the
complete resection group, patients with tumour-
free resection margins of 0—2 mm have a higher
re-recurrence rate and a poorer overall survival
than patients with tumour-free resection margins
of >2 mm (Alberda et al. 2015). Preoperative
imaging and clinical assessment are utilized in
an effort to optimize the selection of patients in
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whom curative resection is considered possible.
Although MR imaging has proved to be the pre-
ferred first-choice staging modality for primary
rectal cancer, its performance for predicting
tumour extent in patients with local recurrence
could be impaired by the fibrosis after surgery
and adjuvant therapies. In a retrospective analy-
sis of 40 consecutive patients with locally recur-
rent rectal cancer, Dresen et al. (2010) found that
although the positive predictive value of MR
imaging was low (53—-85 %) especially at the lat-
eral pelvic side walls, MR was highly accurate
for the prediction of the absence of tumour inva-
sion into pelvic structures with negative predic-
tive values of 93—100 %. Therefore, preoperative
MR imaging in patients with LRRC could be a
useful diagnostic tool for the identification of the
absence of tumour invasion into pelvic structures.

2.1 Classification of LRRC

Although several classifications have been pro-
posed to assess LRRC resectability (Table 1), at
the moment no classification system is univer-
sally shared. Such a lack of a standard classifi-
cation of LRRC strongly impairs the possibility
of interpreting results and comparing between
different series. Indeed, in addition to assisting
decision-making regarding the potential for and
the extent of resection, classification has also an
important prognostic value.

In a recent prospective study by the Royal
Marsden Hospital, a new classification is
described based on the extent of tumour invasion
in each of seven intrapelvic compartments, as seen
on preoperative pelvic MR imaging (Georgiou
et al. 2013). These correspond to the fascial
boundaries and planes of dissection between the
pelvic organs, and are described as central (C),
posterior (P), inferior (I), anterior above (AA) and
anterior below (AB) the peritoneal reflection and
lateral (L) and peritoneal reflection (PR). Such
a MR-based classification system is particularly
promising, since it allows for better understand-
ing of tumour invasion within the pelvis, hence
contributing to optimal surgical planning.

3 The Role of Surgery in LRRC

Resectability in recurrent rectal cancer can be
defined as the ability to complete a surgical resec-
tion with a microscopically clear margin (RO)
and acceptable postoperative morbidity and mor-
tality. According to the recent consensus state-
ment by the Beyond TME Collaborative Group
(2013), absolute contraindications to resectabil-
ity include bilateral sciatic nerve involvement
and circumferential bone involvement. Benefits
of surgery are unclear when the tumour extends
through the sciatic notch, or encases the exter-
nal iliac vessels or involves the sacrum above the
S2/3 junction or irresectable distant metastases
are present.

There are three broad pelvic site patterns that
determine resectability: (i) central recurrence,
(i1) sacral recurrence and (iii) lateral recurrence.
For central recurrences, if the recurrence does
not involve any of the anterior genitourinary
structures, an abdominoperineal resection (APR)
of the anus and neorectum is occasionally pos-
sible. Where there is involvement of the anterior
urogenital structures, an extended multivisceral
resection is required to achieve a RO resection.
When posterior structures are involved, more
extended radical resections are often necessary.
Where bony invasion is present, an R0 resection is
only possible with a sacral resection. Recurrence
involving the lateral pelvic sidewall is associ-
ated with the poorest chance of achieving an RO
resection (Moore et al. 2004). Wound healing is
frequently impaired after previous chemoradio-
therapy, and in selected patients, optimal healing
is best achieved using a variety of pedicled flaps.

A summary of outcomes of exenterative sur-
gery for LRRC from contemporary studies has
been recently provided by Renehan (2016). RO
resection rates are about 50 % (range 38-62 %)
(Ferenschild et al. 2009; Bhangu et al. 2014;
Nielsen et al. 2012) with almost half of patients
requiring sacrectomy. Less than half of patients
remain free from disease at long term, with
reported 3-year disease-free survival of 22 %
(Nielsen et al. 2012) and 50% (Bhangu et al.
2014) in two different series.
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The morbidity and mortality rate can be as
high as 60% (range 25-60%) and 8 % (range
0-8 %), respectively.

The complication rate might be higher in
patients who undergo multivisceral resection ver-
sus those having single organ resection (Gezen
et al. 2012).

Morbidity and mortality rate might be higher
for more extended surgical procedures. For
example, sacrectomy (compared with other oper-
ations) was associated with significantly higher
mean blood loss, longer duration of surgery and
longer length of stay. Cystectomy (compared
with no cystectomy) was associated with longer
duration of surgery. Perineal flap reconstruc-
tion (compared with primary closure or nonflap
reconstruction) was associated with a longer
mean operating time and a longer mean length of
stay (Bhangu et al. 2014).

Unfortunately, only one-third to one-half of
LRRCs will be resectable with conventional sur-
gical procedures; the rest will require extended
radical resection with removal of surrounding
organs, to achieve clean margins. Optimizing
patients before multivisceral resection is vital
to minimize perioperative morbidity, requires
a multispecialist approach and may best be
achieved by formal cardiopulmonary testing
(Beyond TME Collaborative 2013).

4 The Role of Reirradiation
in LRRC

Neoadjuvant external beam radiation up to a dose
of 50.4 Gy with concurrent chemotherapy is the
standard of care for patients with LRRC who
have not received any radiotherapy, since it has
been demonstrated to improve the local control
(Vermaas et al. 2005; Dresen et al. 2008). Indeed
neoadjuvant long-course chemoradiotherapy has
the potential to increase the resectability rate of
delayed surgery in LRRC from 29.2 to 64.9%
(Dresen et al. 2008) and, by downstaging the
tumour, may theoretically allow for less-extended
surgical operations. In general, recurrent rec-
tal cancers are treatment-resistant tumours. In
a recent study at the Royal Marsden Hospital,

only 9 % of patients with LRRC had a pathologic
complete response compared to 17 % of patients
with locally advanced primary tumour after long-
course chemoradiation (Yu et al. 2014). Recurrent
rectal cancer after previous irradiation might be
even more radio resistant due to the possible ori-
gin from radio-resistant clones. Reirradiation is
also challenging, because the surrounding nor-
mal tissues may have already received doses near
the organ- or endpoint-specific tolerance dose
during the primary treatment. Therefore reirra-
diation has been generally discouraged for the
fear of prohibitive normal tissue complications,
particularly of the small intestine and bladder.
However, there is increasing evidence in clinical
studies that reirradiation is tolerable and yields
good results. Particularly in a recently published
study including a large number of patients with
LRRC, reirradiated patients had almost the same
RO resection rate and long-term local disease
control as those who received full-course irra-
diation for the first time. Furthermore, despite
more extensive surgical procedures in the reirra-
diation group, reflecting more advanced disease,
no significant difference was noted in the rate of
complications between the two treatment groups
(Bosman et al. 2014).

Intraoperative radiation therapy might also
represent a useful technique for these patients,
with the possibility of precisely delivering a large
single dose (10-20 Gy) to the surgically defined
recurrence site and avoiding the surrounding nor-
mal tissues (Gunderson et al. 1996; Mannaerts
et al. 2001).

A recent systematic review suggests that only
40% of unselected consecutive patients with
locally recurrent rectal cancer are candidates
for intentionally curative treatment (Tanis et al.
2013). Surgical resection should be evaluated
in all instances of isolated LRRC. However, in
some cases, a resection is not possible, or medi-
cal reasons such as concomitant illnesses restrain
the surgeon from surgical interventions. In other
cases, surgery is performed, but a gross resection
is not possible, and macroscopic tumour remains,
which requires adjuvant treatment. The remain-
ing patients with isolated LRRC might benefit
from image-guided stereotactic radiotherapy,
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Fig. 1 Dose distribution of three-dimensional conformal
radiotherapy (a) and volumetric-modulated arc therapy
(VMAT) (b) for presacral relapse in a previously irradi-

brachytherapy or particle beam radiotherapy with
the aim of achieving both palliation and long-
term local control (Combs et al. 2012).

4.1 Long-Course Reirradiation

The effects of conventional external beam reir-
radiation in terms of feasibility, toxicity and
long-term outcomes in previously irradiated
LRRCs were the subject of a recent systematic
review (Guren et al. 2014) which included ten
publications describing seven patient cohorts/
studies for a total of 375 patients (range 13—-103)
(Mohiuddin et al. 1993, 1997, 2002; Lingareddy
et al. 1997; Valentini et al. 1999, 2006; Das et al.
2010; Koom et al. 2012; Sun et al. 2012; Ng
et al. 2013). Most studies were retrospectively
designed, with highly variable therapies, patient
populations and duration of follow-up. Median
time since previous RT in different series ranged
between 8 and 30 months and was longer than
24 months in most series. Reirradiation for rectal
cancer was mostly given with hyperfractionated
chemoradiotherapy to total doses of 3040 Gy,
although higher doses have been explored (range
23.4-50.2 Gy). EQD2Gy (a/B=3 Gy) of previous
irradiation ranged between 43.2 and 51.8 Gy3

251

ated rectal cancer patient, showing small bowel sparing
with VMAT

with an estimated cumulative EQD2Gy with
retreatment ranging between 71.9 and 101.7 Gy3
(Guren et al. 2014).

In older series, reirradiation was generally
given by opposed lateral or three fields with a
shrinking field technique, encompassing the pre-
sacral region or posterior pelvis (as prophylaxis
for subclinical disease) and the gross tumour
volume plus a margin of 1-4 cm (usually 2 cm)
followed by a boost to the gross tumour volume
(plus margin) only (Mohiuddin et al. 1993, 1997,
2002; Lingareddy et al. 1997; Valentini et al.
1999). In newer studies, reirradiation was deliv-
ered by multiple fields with a three-dimensional
conformal or intensity-modulated technique, and
the treatment volumes encompassed the gross
tumour only with a 2-cm GTV to PTV margin
(Valentini et al. 2006; Das et al. 2010; Koom
etal. 2012; Sun et al. 2012; Ng et al. 2013).

Figure 1 shows the possibility of small bowel
sparing with intensity-modulated techniques.

Disease control and survival outcomes in con-
temporary clinical trials of reirradiation (Valentini
et al. 2006; Das et al. 2010; Koom et al. 2012;
Sun et al. 2012; Ng et al. 2013; Milani et al. 2008;
Bosman et al. 2014) are reported in Table 2. The
proportion of patients who underwent resection
after reirradiation varies widely (range 20-100 %).
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Differences in resection rates can be mainly
explained by the fact that patients with unresectable
disease or intraoperatively detected distant disease
were not excluded from the initial study population
in some studies. Furthermore, as previously said,
the lack of a standard classification of LRRC nega-
tively affects the possibility of comparing results
between different series. Although pathological
complete responses were rarely described, RO
resection was obtained in more than 70 % of oper-
ated patients in almost all series (range 39-89 %).

Median survival for all patients with LRRC
ranged between 19 and 42 months. Unresected
patients had median survival time of 14-16
months, whereas patients who underwent sur-
gical removal of tumour had median survival
of 39-60 months. Nearly one-half of patients,
with resected LRRC treated with multimodal-
ity approach including reirradiation, achieved
long-term control of pelvic disease, and up to
65 % of them had long-term (5-year) survival.
Even in unresected patients, after preoperative
long-course chemo-reirradiation, long-term con-
trol can be achieved in about 20 % of cases with
a significant proportion of long-term (5-year)
survivors (up to 22%). About 50 % of patients
developed distant metastases during follow-up
(Valentini et al. 2006; Bosman et al. 2014).

Reirradiation is highly effective for palliation.
Eighty-three to 94 % of reirradiated patients expe-
rienced partial pain relief, rectal bleeding com-
pletely resolved in 100 % of patients and rectal
mass was palliated in more than 80 % of patients
with a median duration of symptom relief of 9,
10 and 8 months, respectively, for each symptom
(Guren et al. 2014).

Probably due to more conformal treatment and
reduced volumes, there was a trend towards less
acute and late toxicity in recent studies as com-
pared to older trials (Guren et al. 2014). In modern
series (Table 3), treatment break or termination
due to toxicity infrequently occurred (less than
5%). The most commonly observed grade 3—4
acute toxicities were diarrhoea (5-10 %) and skin
reactions (5 %). The most frequently reported late
toxicities were gastrointestinal and urinary com-
plications such as small bowel obstruction or
stricture in up to 14 % of patients, fistula, chronic

diarrhoea, cystitis and impaired wound healing.
In the series by Koom et al., a high rate (27 %) of
ureter stricture was also reported.

A great proportion of late toxic events after
multimodality treatment of LRRC is likely a
consequence of surgery or local disease growth
within the pelvis. It has already been said that the
morbidity of surgery for LRRC can be as high
as 60%. Das and co-workers (2010) observed a
trend towards a higher rate of grade 3—4 late tox-
icity in patients who had surgery than in patients
who did not have surgery after reirradiation. More
than half LRRCs re-recur or progress locally
after treatment. In the series of Mohiuddin et al.
(2002), small bowel obstruction without disease
recurrence was seen in only 4 out of 15 (26.6 %)
patients. Similarly in the series of Das et al.
(2010), half of patients with small bowel obstruc-
tion also showed peritoneal carcinomatosis.
4.1.1 Prognostic Factors for Disease
Control and Survival
Outcomes After Long-Course
Reirradiation
Several factors have been evaluated as potential
prognostic determinants after reirradiation for
LRRC. Response to chemo-reirradiation gives
a better chance of achieving a RO resection
(Valentini et al. 2006).

A better local control was observed when
RO surgery was performed (Bosman et al. 2014;
Valentini et al. 2006), when reirradiation doses
higher than 30 Gy (Haddock et al. 2001) or
50 Gy,y (Koom et al. 2012) were delivered, or
the interval between the primary treatment and
recurrence was longer than 24 months (Valentini
et al. 20006).

A better overall survival was observed in
patients with good performance status (Karnofsky
index >70), less-advanced stage of primary
tumour (Mohiuddin et al. 2002), when the LRRC
was completely resected (Bosman et al. 2014; Ng
et al. 2013; Das et al. 2010; Valentini et al. 2006;
Mohiuddin et al. 2002), when the interval between
the primary treatment and recurrence was longer
than 24 (Das et al. 2010) or 36 months (Bosman
et al. 2014) or a reirradiation dose higher than
30 Gy was delivered (Mohiuddin et al. 2002).
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4.1.2 Reirradiation Tolerance
of the Pelvic Organs to Long-
Course Reirradiation
Escalating the dose of reirradiation might
improve the chance of local control and survival
(Haddock et al. 2001; Mohiuddin et al. 2002;
Koom et al. 2012). However, it is still unclear
what the optimal dose of reirradiation is, since
the tolerance of pelvic organs to reirradiation is
poorly understood.

In the series of Bosman et al., there were no sig-
nificant differences of incidence of acute toxicity
between patients who were previously irradiated
versus those who were not. This finding is in accor-
dance with many clinical studies that have shown
an almost complete recovery of acute respond-
ing tissue within a few months from irradiation
(Langendijk et al. 2006; Wiirschmidt et al. 2008).

Much lesser is known about the reirradiation
tolerance for late effects. The risk of late com-
plications may depend on prior radiation dose.
Das et al. (2010) observed a significantly higher
incidence of late toxicity in patients who had
received a radiation dose of >54 Gy than in those
who had received a lower dose. The interval
from the previous radiotherapy course might also
have an impact. Long-term complications were
reduced significantly in patients whose interval
to reirradiation was longer than 24 months in the
series of Mohiuddin et al. (2002).

Tumour location can be a predicting factor
for toxicity risk too. In the series by Koom et al.
(2012), patients with an axial or anterior tumour
location had a significantly higher rate of grade 3
or 4 late toxicities than patients with a lateral or
posterior tumour location (64 vs. 9 %).

Many of the published studies have employed
hyperfractionated regimens in an attempt to
minimize potential late toxicity. Mohiuddin et al.
(2002) evaluated long-term results of reirradia-
tion in 103 patients with recurrent rectal carci-
noma. Patients were treated with either 1.8 Gy
fractions daily or 1.2 Gy fractions twice daily,
with a median dose of 34.8 Gy. Long-term com-
plications were significantly reduced in patients
receiving hyperfractionated radiation.

Reported late complications of long-course
reirradiation occurred to the small bowel, urethra

(incontinence, stenosis), bladder (cystitis), ureter
(stricture, leakage) and skin (ulceration, fibrosis,
delayed wound healing). Thus all these organs
should be considered at risk of injury.

The most frequently reported late toxicity
in clinical trials of pelvic reirradiation is small
bowel obstruction or stricture. Despite hyperfrac-
tionation, early studies of reirradiation reported
small bowel obstruction in nearly 15 % of patients
(Mohiuddin et al. 1997, 2002; Lingareddy et al.
1997). Among older series only in the study by
Das et al. (2010), the incidence of small bowel
obstruction was particularly low (4 %), maybe
because special efforts were made to limit the vol-
ume of small bowel in the field, and most patients
were treated in a prone position with a belly board
device for bowel displacement. The incidence of
small bowel obstruction was also low (less than
4%) in modern series where smaller radiation
volumes defined on simulation CT and more con-
formal techniques were used (Bosman et al. 2014;
Ng et al. 2013; Sun et al. 2012; Das et al. 2010;
Valentini et al. 2006). Among contemporary stud-
ies, the highest incidence of late bowel obstruction
(14 %) was reported by Koom et al., particularly in
patients with an axial or anterior recurrent tumour,
even if reirradiation was delivered to limited vol-
umes with 3DCRT or IMRT. Differently from
other modern series, in the study by Koom et al.,
hyperfractionation was not used; on the contrary,
many patients received moderate hypofraction-
ation (up to 3 Gy per fraction).

Fistula formation has been reported to have an
incidence of 4 % after reirradiation. Similarly to
bowel obstruction, fistula formation is often asso-
ciated with disease persistence or recurrence (all
patients in the series of Mohiuddin et al. 2002).

In the series published by Sun et al., the dose
allowed for the small bowel located in the radia-
tion field was 10 Gy for less than 50 % volume
(Sun et al. 2012). No specific dose constraints
for the small bowel were used in the other series.
Therefore, in order to minimize the risk of late
injury to the small bowel, it seems reasonable to
recommend any efforts to limit the volume of the
small bowel in the field and to use hyperfraction-
ated schedule whenever the small bowel cannot
be completely excluded.
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Intraoperative technical problems or poor
healing of surgical wound is among the major
concerns discouraging preoperative reirradiation.
In the series of Mohiuddin et al. (2002), although
wound healing was slower, surgical morbidity
was not dissimilar to patients treated without
preoperative reirradiation, and there was no mor-
tality. In contrast to previously published data
that indicated significantly higher postoperative
morbidity rates after preoperative radiotherapy,
wound-healing complications or other complica-
tions after multimodality treatment were compa-
rable to previously described results of surgery
for nonirradiated recurrent rectal cancer (Bosman
et al. 2014, Haddock et al. 2001).

4.2 Reirradiation
with Intraoperative

Radiotherapy (IORT)

IORT is a treatment modality that allows the deliv-
ery of high dose to the tumour bed while mov-
ing out from the radiation field the radiosensitive
bowel and bladder. IORT can be given by three
different techniques: electrons (IOERT), high-
dose rate (HDR) brachytherapy and low-dose rate
(LDR) brachytherapy using iodine 125 seeds.

Studies on IORT have now been published
for nearly 30 years; however, still the effect of
IORT in rectal cancer treatment is not clear, with
some authors who have reported higher overall
survival and lower LR rate with IORT in locally
advanced/recurrent rectal cancer (Eble et al.
1998; Gunderson et al. 1997; Mannaerts et al.
2001), while others did not confirm such results
(Dresen et al. 2008; Ferenschild et al. 2006;
Masaki et al. 2008; Dubois et al. 2011).

IOERT 15-20 Gy to the 90% isodose was
used as the sole reirradiation modality in 43
patients with LRRC by Roeder et al., but results
were disappointing in patients with incomplete
resection with 5-year local control and over-
all survival rate of 19% and 11 %, respectively
(Roeder et al. 2012).

Similarly, in other series where IOERT was
used as a boost after external beam reirradia-
tion (Bosman et al. 2014; Pacelli et al. 2010),

resection margin remained the strongest prog-
nostic factor for LC and OS with R1 having
worse outcomes than RO resection. This finding
means that IOERT does not thoroughly com-
pensate for an incomplete resection. Although
many series with IORT reported encouraging
results of local control for patients with RO
resection, for this subset of patients, the added
value of IORT remains still unclear (Roeder
et al. 2012).

In the series of Pacelli et al. (2010), no dif-
ferences were observed with and without IOERT
in the incidence of complications despite patients
in the IOERT group had more advanced disease,
suggesting that IOERT itself had not increased
the risks associated with surgery.

Data on late toxicity are scarce. Peripheral
neuropathy seems to be the main dose-limiting
toxicity of IORT.

Eight percent of patients in the series of
Roeder et al. (2012) complained of periph-
eral neuropathy including severe chronic pain.
Neuropathy was found in 11 % of the patients
receiving IOERT doses of >15 Gy compared to
6 % in patients with <15 Gy, but this difference
was not statistically significant. The incidence
and severity of neuropathy were related to
IOERT dose also in the series by Haddock et al.
(2011), and the authors suggest that limiting the
IOERT dose to 12.5 Gy may result in decreased
peripheral nerve toxicity.

The risk of peripheral nerves damage seems to
be lower with intraoperative LDR brachytherapy
probably due to the continuous low-dose rate
irradiation delivered by the I seeds (Martinez-
Monge et al. 1998).

Goes et al. (1997) reported on 30 patients
who, after undergoing laparotomy and either rad-
ical or debulking surgical resection, were treated
with brachytherapy involving the temporary or
permanent implant of seeds of iridium-192 or
iodine-125. Local control was 37 % in patients
with gross residual disease, and 66 % with micro-
scopic residual disease. These results suggest
that intraoperative %I or '®Pd seed implantation
might improve local control, even in patients with
noncuratively resected recurrent rectal carcinoma
after surgery and EBRT.
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Further studies are needed to assess the
value of IORT for reirradiation. While IOERT
may be not as effective to eradicate the residual
disease after an incomplete resection, it could
be more effective against a smaller amount of
residual cancer cells, for example, it could be
considered in patients with RO resection but
close resection margins that carry a higher
risk of local recurrence (Alberda et al. 2015).
Intraoperative implantation of iodine 125 seeds
for LDR has been poorly investigated but might
be a promising alternative in patients with
incomplete resection.

Reirradiation
with Stereotactic
Radiotherapy

4.3

To date surgical resection remains the standard
therapy for LRRC, with continuous advances in
the surgical techniques. However, in some cases,
resection is not possible or cannot be performed
safely for medical reasons such as comorbidi-
ties. In patients who cannot undergo surgery
due to medical or technical reasons, long-course
chemo-reirradiation is very effective for symp-
tom palliation but offers only a poor chance
of long-term tumour control. Highly confor-
mal treatment planning by the use of IMRT or
volumetric-modulated arc therapy (VMAT) com-
bined with daily image guidance that allows for
tight safety margins can reduce incidental expo-
sure of normal tissue to high irradiation doses,
and thus potentially allowing for delivering of
hypofractionated irradiation with high-dose per
fraction. This is the concept of stereotactic radia-
tion therapy (SRT). A short duration of treatment
can be very convenient for the patient as retreat-
ment often takes place in a palliative setting.
Furthermore, since different mechanisms such
as vascular damage in addition to DNA strand
breaks and/or chromosome aberrations may be
involved in response of tumours to high dose per
fraction (Song et al. 2015), SRT might overcome
the radioresistance of radio-recurrent tumours.
Preliminary results suggest that this
approach may be a desirable option in patients

with LRRC eligible for reirradiation (Defoe
et al. 2011; Dewas et al. 2011; Abusaris et al.
2012; Dagoglu et al. 2015). Particularly in
small series, OS and local control rates were
comparable with those achieved in series of
multimodality approach including surgery,
whereas incidence of severe toxicity was
remarkable lower (Table 4).

Due to limited experience with SRT for
reirradiation in LRRC tumours, neither selec-
tion criteria for this approach nor total and
fractional dose prescription and dosimetric
constraints for the organs at risk can yet been
clearly established.

Tumour volume varied widely among series
ranging from 6.7 to 1114 cc. Defoe et al. (2011)
only included presacral tumour recurrences,
Dewas et al. (2011) treated lateral pelvic recur-
rences only, whereas Abusaris et al. (2012) and
Dagoglu et al. (2015) also considered for SRT
anterior and lateral recurrences.

A wide range of total and fractional dose was
used. The local control in patients treated with
a dose of more than 60 Gy; was significant bet-
ter than in patients treated with lower stereotactic
reirradiation dose in the series by Abusaris et al.
(2012), although the differences in overall sur-
vival were not significant.

Also the reirradiation dose to the organs at
risk varied widely. In the study by Abusaris
et al. (2012), the cumulative maximum dose
allowed for the rectum and bowel was 110 Gy,
where a maximum volume of 10 cc bowel or
rectum was allowed to receive a higher dose.
The cumulative maximum dose allowed for the
bladder was 120 Gys;, where 10 cc of the blad-
der was allowed to get a higher dose. Even if
the constraints were exceeded in some patients,
no acute or late severe toxicity was observed
in this study. Applying the principle of ALARA
(as low as reasonably achievable) radiation
dose to volumes of normal tissues as done by
Dagoglu et al. (2015) seems therefore a rea-
sonable approach in clinical trials of SRT for
reirradiation of LRRC. All structures that could
develop a late damage should be considered as
organs at risk when calculating the treatment
plan. In series of SRT reirradiation, late toxicity
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occurred at the level of the small bowel (perfo-
ration), nerves (neuropathy with weakness and
dumbness of the lower limb and pelvic pain)
and ureter (ureteric fibrosis causing hydrone-
phrosis) (Dagoglu et al. 2015).

All published series of SRT reirradiation for
LRRC used the CyberKnife technology. Patient
positioning and image guidance was performed
with registration to the patient’s spine and pel-
vic bones (Dewas et al. 2011) or real-time fidu-
cial tracking (Dagoglu et al. 2015; Abusaris
et al. 2012; Defoe et al. 2011). However, it is
well known that the position of the organs at
risk, particularly the small bowel and the blad-
der, can change during treatment delivery, thus
potentially moving into the high-dose region.
While two-dimensional localization systems
cannot detect such inter- and intra-fractional
movements, volumetric onboard image guid-
ance systems such as onboard CT or MR poten-
tially can, thus allowing a further minimization
of the risk of severe injury.

Reirradiation
with Brachytherapy

4.4

Interstitial brachytherapy might be an alter-
native in the treatment of LRRC in patients
who cannot or choose not to undergo radical
surgical resection. Particularly, percutane-
ous image-guided seed implantation, which
can be performed without surgery or general
anaesthesia, has attracted increasing attention.
Indeed in contrast to EBRT and IORT, it has
the advantage of delivering low-dose-rate radi-
ation, which allows continuous DNA repair of
sublethal damage to occur in the normal tissues
while ensuring protracted cancer cell killing,
and thus resulting in a wider therapeutic index.
Another advantage of interstitial brachytherapy
is the relatively rapid dose fall-off. These ben-
efits allow higher cumulative doses to be deliv-
ered, which may provide better tumour control.
However, there are few reports on CT-guided
implantation of radioactive seeds in the treat-
ment of localized pelvic recurrences (Table 5)
(Wang et al. 2010, 2011; Bishop et al. 2015).

In all these reports, patients were selected
based on the technical feasibility of performing
brachytherapy, the size of the recurrent lesions
and the proximity of the lesions to critical organs.
Particularly in the series of Bishop et al., patients
with less infiltrative and smaller lesions were
selected over time, after initial results for patients
with larger tumours were unsatisfactory.

Interestingly in the series of Wang et al.
(2010), three patients had ever received radio-
therapy twice.

In such selected populations of patients,
CT-guided interstitial brachytherapy led to
durable local control and long-term survival.
Treatment was also well tolerated and symptom-
atic palliation was common.

4.5 Reirradiation with Particle

Therapy

Particle therapy using protons (*H) or car-
bon ions (2C) offers physical and biological
advantages compared to photon radiotherapy.
With particle therapy the dose can be precisely
applied while avoiding normal tissue irradiation
due to the high local-dose deposition within the
Bragg peak. Moreover, ions offer an increased
relative biological effectiveness (RBE), which
for 2C in particular, can be calculated between
2 and 5 depending on the cell line as well as the
endpoint analysed, due to an increased induction
of clustered DNA double-strand breaks within
the irradiated cells, which are difficult to repair
by the cells’ intrinsic repair mechanisms. This
higher relative biological effectiveness (RBE)
can translate into improved clinical results
(Combs et al. 2012).

Preliminary results of the phase I/II German
trial PANDORA using carbon ions for reirradia-
tion of LRRC were recently published. Ninety-
nine patients treated with >C reirradiation at
the Heidelberg Ion-Beam Therapy Center (HIT)
between 2010 and 2013 were included in this
preliminary analysis. All patients had a history
of surgery and pelvic radiotherapy of at least
50.4 Gy. Median dose was 36 Gy [relative bio-
logic efficacy (RBE)] [range 36-51 Gy (RBE)],
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and median planning target volume was 456 ml
(range 75-1,597 ml). After a median follow-up
of 7.8 months, three patients (16 %) died, four
patients (21 %) experienced local progression
after RT and three patients (16%) were diag-
nosed with distant metastases. No grade 3 or
higher toxicities were observed.

Conclusions

For patients with isolated LRRC or primary
locally advanced rectal cancer after previous
pelvic irradiation, the complete surgical
removal (RO resection) of the tumour is the
most important measure to achieve long-term
local control of the disease and survival.
Preoperative long-course chemo-reirradiation
can improve the chance of RO resection with-
out adding unacceptable morbidity if proper
caution is paid to both radiation and surgical
techniques. The use of small radiation fields,
exclusion of the bowel and bladder and the use
of hyperfractionated radiation doses up to
40 Gy are recommended.

Although intraoperative delivery of reirra-
diation doses lower than 15 Gy is feasible, the
added value of IORT is still unclear.

In patients who cannot undergo surgery
due to medical or technical reasons, long-
course chemo-reirradiation is very effective
for symptom palliation but offers only a poor
chance of long-term tumour control. Patients
with small isolated LRRC who cannot undergo
surgery due to medical or technical reason
might benefit from image-guided stereotactic
reirradiation with the aim of achieving both
palliation and long-term local control.
Percutaneous image-guided seed implantation
for LDR interstitial brachytherapy can be also
considered in this subset of patients, espe-
cially for LRRC that is very close to critical
normal structures.

Particle therapy, due to its physical and
biological characteristics, might offer a chance
of cure in nonsurgical candidates with large
isolated LRRC. However, the optimal dose
applicable in this clinical situation as well as
efficacy as reirradiation still has to be
determined.

Since distant metastases are a major prob-
lem in surviving patients, the role of antican-
cer drugs in reducing distant recurrences
should also be explored.
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Abstract

Surgical, technical, and biological advance-
ments in treatment have improved clinical
outcomes for patients with gynecological
malignancies. Despite this a significant pro-
portion will relapse locally, requiring mul-
tidisciplinary management. Patients who
received definitive radiotherapy as primary
treatment are ideally treated with sur-
gery; however, this is not always possible.
Re-irradiation poses a therapeutic dilemma,
as the desire for local control must be
weighed against the potential risks associ-
ated with re-treatment. A patient’s suitabil-
ity for radical re-treatment is determined
by multiple factors: clinical performance
status, symptomatology, site of recurrence,
previous radiotherapy delivery technique,
dose/fractionation, radiation-related toxici-
ties, and disease extent. With improvement
in technologies, an aggressive approach is
now feasible and worth pursuing in care-
fully selected patients, where not only pal-
liation of local symptoms is possible but
also long-term local control. In this review,
the clinical, tumor, and radiobiological fac-
tors as well as technological considerations
are highlighted. A treatment algorithm for
patients presenting for consideration of
re-irradiation for recurrent gynecological
malignancy is also presented.
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1 Introduction

Gynecological malignancies are a diverse group of
cancers originating from the female reproductive
tract that include the ovaries, uterus, cervix, vagina,
and vulva and are a significant global health con-
cern. In 2012, cervical, endometrial, and ovarian
cancers were the fourth, sixth, and seventh most
common new cancer diagnoses, respectively, in
women worldwide (Torre etal. 2015). Radiotherapy
(RT) has a well-established, important, and
evidence-based role in the radical and adjuvant
treatment of gynecological malignancies.

Despite surgical, radiotherapeutic, and bio-
logical advances in the management of gyneco-
logical malignancies, locoregional recurrence
remains an important and challenging issue.
Studies show that locoregional recurrences occur
in approximately 35 % of patients with cervical
cancer (Chemoradiotherapy for Cervical Cancer
Meta-analysis C 2010). It is estimated that ~10 %
of all gynecological cancer patients who have
received definitive treatment relapse solely in the
pelvis without evidence of distant disease
(Aalders et al. 1984; Fuller et al. 1989; Look and
Rocereto 1990) and that ~80 % of relapses occur
in previously irradiated areas (Potter et al. 1990;
Thomas et al. 1993).

The management of locoregional recurrences
is challenging as limited data exist to guide
treatment and therapeutic options are often lim-
ited after definitive surgery and/or radiotherapy.
Patients who present with locoregional recurrence
after primary radiotherapy are ideally treated sur-
gically, usually with exenteration. Some series
reportsignificantlong-term survival rates (Sharma
et al. 2005; Maggioni et al. 2009; Fotopoulou
et al. 2010); however, the substantial and severe
morbidity associated with such an approach can-
not be ignored (Morley and Lindenauer 1976;
Roberts et al. 1987; Anthopoulos et al. 1989).
When this is not possible, re-irradiation must be
considered. Improvements in clinical outcomes
and an increase in the number of long-term sur-
vivors have also translated into increases in the
rates of re-irradiation, although the current fre-
quency is unknown. The idea of re-irradiation
poses a therapeutic dilemma, as the desire for

local control must be carefully weighed against
the potential risks associated with re-treatment.
Therefore, many radiation oncologists are reluc-
tant to re-irradiate patients because of the fear of
causing significant normal tissue toxicity. Rates
of normal tissue repair have not been accurately
elucidated, and dose constraints for organs at
risk in the setting of re-irradiation are lacking.
Incorporating systemic therapy is an attractive
means to further improve outcomes, particularly
concurrent cisplatin chemotherapy, similar to
treatment in primary cervix cancer; however, this
may also be associated with increased toxicity.

Modern technologies such as intensity-
modulated radiotherapy (IMRT), image-guided
radiotherapy (IGRT), and stereotactic radiother-
apy make the concept of re-irradiation more
appealing and plausible as a highly conformal
dose is able to be delivered to the pelvic recur-
rence while limiting dose to surrounding normal
tissue.

2 Basic Principles
and Considerations

Patients who present with locoregional recur-
rence after definitive radiotherapy require a com-
prehensive multidisciplinary evaluation. Several
important factors must be recognized and
accounted for. Treatment intent is based on clini-
cal, tumor, and radiobiological factors and deter-
mines whether the goal is palliation of symptoms,
symptom prevention due to disease progression
or cure in the setting of limited local recurrence
and absence of metastases.

2.1 Clinical Considerations

A thorough review of the patient’s history and
clinical examination is prudent when considering
re-irradiation. Important considerations include
assessment of performance status, assessment of
medical comorbidities, and a thorough evaluation
of any tumor-related symptoms. The details of
previous treatment and any chronic toxicity
should be clearly documented. Imaging studies to
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restage for distant metastases that would impact
clinical  decision-making are  important.
Combining functional imaging using FDG-PET
with routine radiologic studies, such as CT and
MRI, increases sensitivity for detecting occult
metastases. The presence of distant metastases
impacts treatment intent.

It is important to exclude benign lesions
which may mimic recurrence. Differential
diagnoses include seroma, lymphocele, pelvic
abscess, hematoma, and postradiation fibrosis.
Imaging should be reviewed by a specialist in
pelvic oncologic radiology. If possible, a biopsy
should be done to confirm recurrent disease.
Treatment intent (curative or palliative) should
be defined early and supported by full staging
investigations. The prognosis for patients who
have both local and distant disease is usually
limited, and therefore the goal of re-irradiation
should be aimed at alleviating symptoms and
maximizing patient quality of life. In contrast,
patients who have localized disease and good
performance status and who tolerated previous
radiotherapy well are often good candidates for
radical re-irradiation.

Particular attention to late normal tissue
toxicity and tolerance of previous irradiation
should be given. This can be supported by self-
or physician-administered questionnaires, for
example, the Late Effects in Normal Tissues-
Subjective, Objective, Management, and
Analytic (LENT-SOMA) or Radiation Therapy
Oncology Group (RTOG) scoring systems.
Re-irradiation of patients who have developed
significant gastrointestinal (GI) or genitouri-
nary (GU) toxicity should be approached with
extreme caution and other treatment options
explored as an alternative. Approximately
15-25% of patients receiving whole pelvic
radiotherapy develop grade 2 or higher late GI
toxicity (Mundt et al. 2003; Chen et al. 2007).
Although the majority of patients have mild
symptoms, ~5-10% experience severe toxic-
ity which significantly impacts their quality of
life, e.g., fistula or stricture formation and bowel
obstruction (Ooi et al. 1999; Denton et al. 2000;
Andreyev 2005). Genitourinary toxicity typi-
cally develops over a longer time course such

that there is a risk of approximately 5 % of grade
3 or 4 urinary toxicity at 20 years (Eifel et al.
1995). This can manifest as ureteral stenosis,
chronic hematuria, or vesicovaginal fistula for-
mation. The presence of chronic radiotherapy-
related toxicity must be considered as it will
likely predict the tolerance for re-irradiation and
their risk for developing severe toxicity.

2.2 Tumor-Related Considerations
The tumor histology, anatomic site of recurrence,
and extent of recurrence are important tumor-
related factors one must assess when considering
re-irradiation. Accurate clinical gynecological
examination is important to establish the site of
recurrence, the extent of disease, and the state of
normal tissues. The volume of recurrent disease
should be assessed both clinically and radiologi-
cally using MRI, with particular attention to the
proximity of surrounding normal structures.
The site of the recurrence should be evaluated
carefully with respect to the previous region of
high-dose radiation. Large, bulky recurrences
or multifocal recurrences are difficult to treat
with radiotherapy alone because a large dose
or volume is required. This will also increase
doses to adjacent organs at risk, which increases
the risk of severe late normal tissue damage.
Furthermore, some histologies, such as sarcomas,
are more radioresistant than others, and therefore
the tumor type should also be considered when
offering re-irradiation.

23 Radiobiological Considerations

Disease-free interval is one of the most signifi-
cant prognostic factors associated with tumor re-
irradiation response and patient survival
(Prempree et al. 1984). Patients who experience
an infield recurrence with a short disease-free
interval have likely developed a radioresistant
tumor population. Tumors which recur within 12
months of primary definitive treatment often
indicate an aggressive growth pattern, and there
must be a high index of suspicion for the presence
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of distant metastases. A long disease-free interval
(>12 months) typically represents less aggressive
tumors, and furthermore, recovery of normal tis-
sues has been able to take place. These patients
are better suited for re-irradiation.

Estimating previous doses to organs at
risk (OARs) is important when considering
re-irradiation. However, many patients with
gynecological malignancies likely received
brachytherapy initially, and there are inherent
difficulties in calculating the sum biological
effective dose when combining brachytherapy
and external beam fractionation. As the bio-
logical effect produced from external beam
radiation differs from that produced by brachy-
therapy, it is necessary to convert each of these
physical doses into their equivalent biologi-
cal doses (EQD2) before summing them. The
GEC-ESTRO group has published recommen-
dations on adding external beam and brachy-
therapy doses using the EQD2 formula and
has developed a spreadsheet which is currently
used for dose reporting in the EMBRACE inter-
national study (Kirisits et al. 2005; Potter et al.
2006; Potter et al. 2007). If patients received
external beam radiotherapy initially, then their
radiotherapy treatment plans should be evalu-
ated and dose-volume histograms for organs at
risk analyzed. Unfortunately, patients treated
before the era of image-guided 3D conformal
radiotherapy may not have previous dosimetric
data available, and therefore only an estimate
can be made.

After radiotherapy, there is recovery of normal
tissues. Acutely responding tissues can recover
much of their initial tolerance in months to years
post-radiotherapy (De Crevoisier et al. 1998;
Stewart and van der Kogel 1994). However, late-
responding tissues take longer to recover, if they
do at all. For example, preclinical data has shown
that there is limited recovery of bladder post-
radiotherapy (Stewart et al. 1990). Additionally,
there is limited data on bowel recovery post-
radiation. Therefore, it is difficult to accurately
estimate repair for pelvic organs and dose con-
straints in the re-irradiation setting. As such,
efforts to minimize dose to organs at risk are
emphasized.

24  Technological Factors

Modern radiotherapy techniques, using CT-based
planning and creation of dose-volume histo-
grams, have made the idea of re-irradiation more
feasible as previous doses to the target and OARs
have been documented. Composite plans can be
developed showing the predicted total dose
delivered to both the tumor and OARs. This
helps predict tumor response and OAR toxicity.
Techniques such as stereotactic radiotherapy and
interstitial brachytherapy allow for dose escala-
tion and normal tissue sparing, which can poten-
tially lead to improvements in local control and
toxicity profiles. Image guidance permits the
delivery of precise radiotherapy. Although newer
techniques allow for more conformal treatment,
accurate target delineation is crucial as marginal
misses and out-of-field progression can occur.
These techniques should be delivered at centers
with high volume and expertise to ensure proper
treatment delivery.

3 Techniques in Re-irradiation
3.1 Intensity-Modulated
Radiotherapy

Highly conformal radiotherapy can be delivered
using intensity-modulated radiotherapy (IMRT),
volumetric modulated radiotherapy (VMAT), or
stereotactic radiotherapy. OARs can be spared
from high doses; however, there is an increase
volume “splash” of low-dose irradiation that one
must consider in the re-irradiation setting.
Because the target volume is limited to gross
tumor alone, image guidance and effective immo-
bilization devices are helpful.

Dosimetric and clinical studies in gynecologi-
cal malignancies demonstrate that IMRT is fea-
sible with comparable clinical outcomes to 3D
conformal techniques and decreased toxicities
(Mundt et al. 2002; Portelance et al. 2001;
Hasselle et al. 2011). Therefore, it seems appro-
priate to consider and exploit IMRT techniques
when considering re-irradiation. However, the
conformality of IMRT is still superseded by
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stereotactic techniques and brachytherapy, and
one must consider these options when consider-
ing higher doses of re-irradiation.

3.2 Stereotactic Radiotherapy

Stereotactic radiotherapy (SBRT) allows a high
degree of conformality, delivery of a high dose of
radiation, and decreased overall treatment time
using hypo-fractionated treatment regimens. The
last factor is particularly important in the re-
irradiation setting if the treatment is palliative.
Lateral pelvic sidewall recurrences are typically
not surgically resectable given the proximity to
blood vessels and are difficult to treat with

brachytherapy. Stereotactic radiotherapy can be
used alone or in conjunction with external beam
radiotherapy. A summary of published series
evaluating the role of stereotactic radiotherapy
for recurrent gynecological malignancies is sum-
marized in Table 1.

Guckenberger et al. (2010) described the use
of stereotactic radiotherapy in 19 patients with
recurrent cervix and endometrial cancer; seven
had received radiotherapy as part of their initial
treatment. These recurrences were either central
or pelvic sidewall and ranged in size from 1.5 to
6.5 cm. These patients were treated with stereo-
tactic radiotherapy alone and were prescribed
either 30 Gy in 3 fractions or 28 Gy in 4 fractions
prescribed to the 65 % isodose line. Systemic

Table 1 Series demonstrating use of stereotactic radiation (SBRT) for re-irradiation

No. with
Series Total patients | prior RT Dose and fractionation Local control (LC) | Toxicity
Guckenberger | 19 7 Median dose: 15 Gy in 3 3-year LC: 81 % 25 %: > grade 2 late
et al. (2010) fractions prescribed to 3-year LC: 100 %
65 % isodose (re-irradiation
patients)
Deodato et al. | 11 5 20-30 Gy in 4-5 fractions | 2-year LC: 82 % 0%:>grade 2 acute
(2009) prescribed to the 95 % and late
isodose line
Kunos et al. 5 5 15-24 Gy in 3 fractions 3 complete 1/5: grade 3 acute
(2009) responses, 2 (fatigue)
partial responses
Dewas et al. 16 16 36 Gy in 6 fractions over 3 | 1-year LC: 51 % 0%:>grade 3
(2011) (5 gyne) weeks prescribed to 80 % (for entire cohort)
isodose line
Kunos et al. 3 3 24 Gy in 3 fractions PFS: 1-3 months | 0%:>grade 3
(2008) (all out-of-field
recurrence)
Seo et al. 23 17 27-45 Gy in 3 fractions 2-year LC: 65 % 3/17: grade 4
(2014) prescribed to 80 % isodose | (entire cohort) (fistula)
line
Abusaris 27 (8 gyne) |27 Median maximum SBRT 1-year LC: 64 % 0%:>grade 3 acute
etal. (2012) (8 gyne) dose EQD2=90 Gy 2-year LC: 53 % 0%:>grade 3 late
(42-420 Gy) Median OS: 14
months
Park et al. 85 71 Median dose: 39 Gy in 3 2-year LC: 83 % 5/85:>grade 3 late
(2015) fractions prescribed to S-year LC: 79 % (2 rectovaginal
median 80 % isodose line fistula)
(BED =90 Gy)
Pontoriero 5 5 15-20 Gy in 3-4 3 complete 0%:>grade 3
et al. (2015) consecutive fractions, responses, 2 within 90 days of
prescribed to median partial responses SBRT
isodose line 72 %
(BED=283 Gy)
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failure was the main cause of death, occurring in
7/10 patients. There were also significant rates of
late > grade 2 toxicity at 25 %. Unfortunately, this
study did not separate their results for patients
who had received previous radiotherapy. The role
of SBRT has also been investigated in patients
specifically with recurrent cervical cancer. One
study involved 11 patients, 5 of whom had previ-
ous radiotherapy (Deodato et al. 2009). The com-
monly used treatment regimen consisted of 5
fractions of 6 Gy prescribed to the 95 % isodose
line (EQD2=40 Gy). After a median follow-up
of 18 months, there were two local failures.
Treatment was well tolerated as there was
no>grade 2 late toxicity reported. Another study
retrospectively reviewed 23 patients with locally
recurrent cervical cancer limited to the pelvic
sidewall (Seo et al. 2014). Seventeen of these
patients had prior radiotherapy. Stereotactic
doses ranged from 27 to 45 Gy (median, 39 Gy)
in 3 fractions prescribed to the 80 % isodose line.
For the entire cohort, the 2-year overall survival
and local control rates were 43% and 65 %,
respectively. Patients with tumor volumes
<30 cm’® did significantly better than those with
larger tumors. There were three cases of recto-
vaginal fistula (grade 4 toxicity), which all
occurred in patients with larger tumors. Seventy-
one percent of patients were able to achieve an
analgesic reduction of >50 % from baseline.
Kunos et al. (2009) described the first use of
CyberKnife radiosurgery in three patients with
recurrent squamous cell carcinoma of the vulva
after primary radiotherapy. Treatment consisted
of 3 fractions of 8 Gy prescribed to the 75 % iso-
dose line (EQD2 57.6 Gy). All patients devel-
oped acute skin irritation and desquamating
necrosis within the treatment field, although all
healed and there were no late toxicities reported.
Although all three patients responded locally,
they all developed progressive disease within 3
months of radiosurgery. A similar study evaluat-
ing the role of CyberKnife SBRT for patients
with recurrent or oligometastatic cervical cancer
was conducted in 85 patients by the Korean
Radiation Oncology Group. The sites treated
with SBRT were within the prior radiotherapy
field in 59 cases and partially overlapped in nine

cases. With a median dose of 39 Gy in 3 fractions
(BED=90 Gy), the 2-year and 5-year local con-
trol rates were 83 % and 79 %, respectively. A
disease-free survival interval >36 months was
found to be significant for both local control and
overall survival. Late grade 3—4 toxicity occurred
in five patients with rectovaginal fistula occurring
in two patients (Park et al. 2015).

In conclusion, stereotactic radiotherapy is safe
and feasible for patients with gynecological
malignancies receiving re-irradiation to the pel-
vis. Results are promising with respect to treat-
ment tolerance and local control. The short
treatment times are also beneficial for palliative
patients. Future directions may include the use of
adaptive replanning in clinical scenarios of rapid
tumor regression and/or anatomical changes to
help with dose escalation and OAR avoidance.

3.3 Intraoperative Radiotherapy
Intraoperative radiotherapy can be delivered by
two techniques: electron beam radiotherapy deliv-
ered using a linear accelerator or HDR brachy-
therapy using interstitial catheters. Intraoperative
radiotherapy is typically reserved for cases of
microscopic disease after surgery. Its benefit is
that a single high-dose fraction can be delivered
during surgery when adjacent OARSs can be mobi-
lized away from the target. Organs at risk include
the pelvic nerves and ureters. Potential complica-
tions of intraoperative radiotherapy include dam-
age of these structures leading to neuropathic
pain, motor deficits, and ureteral obstruction. A
summary of published series evaluating the role
of IORT for recurrent gynecological malignancies
is summarized in Table 2.

Mahe et al. (1996) published on 70 patients
who received IORT for pelvic recurrence after
initial treatment with radiotherapy. These patients
largely had pelvic side wall disease +central dis-
ease. Surgery varied according to initial treat-
ment and tumor size. At 15-month follow-up,
the median survival was only 11 months, and
local control was 21 %. Grade 2-3 toxicity was
observed in 27 % of patients and included GI
or urinary fistulas, infection, rectal stricture,
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Table 2 Series demonstrating use of intraoperative radiotherapy (IORT) for re-irradiation

Series Patients | Prior RT | IORT details Local control Toxicity

Martinez Monge 26 14 Median cone size: 8 cm | 4-year LC: 33% | > grade 3 GU: 1/14

etal. (1993) (5-12 cm) >grade 3 GI: 0
Median dose: 15 Gy Chronic pain: 6/14
(10-25 Gy); median
electron beam energy:
9 MeV (6-15 MeV)

Mahe et al. (1996) |70 54 Mean cone size: 7.5 cm | Median LC: 14 9% 10RT-related
(4-9 cm) 21 % complications
Mean dose: 18 Gy (5 neuropathies, 4
(10-25 Gy) ureteral obstructions,
Mean energy: 12 MeV 1 rectal stricture)
(6-20 MeV)

Tran et al. (2007) 36 23 Mean cone size: 6 cm S-year LC: 44% | > grade 3: 28 % for
(2.85-10 cm) for entire cohort | entire cohort
Mean dose: 11.5 Gy
(6-17.5 Gy)
Energy: 6-12 MeV

Gemignani et al. 17 14 Mean dose: 14 Gy 3-year LC: 67% | Grade 2-3 toxicity:

(2001) (12-15 Gy) 58 %

No life-threatening
toxicity

Stelzer et al. (1995) |22 11 Median cone size: 6 cm | 5-year LC: 48 % | Most common
(6-15 cm) toxicity neuropathy:
Median dose: 22 Gy 7/22 treatment related
(14-28 Gy)
Median energy: 12 MeV
(9-22 MeV)

neuropathy, and ureteral obstruction. Another
study retrospectively evaluated the role of IORT
for patients with recurrent gynecological malig-
nancies. Of the 36 patients reviewed, 23 had
previous radiotherapy. The 5-year local control
rate was 44 % and rates of grade 3+ toxicity were
28 %. Multivariate analysis found that disease-
free interval, tumor size, cervical cancer primary
and previous surgery were significant prognostic
factors (Tran et al. 2007). Gross tumor resec-
tion has also been found to be significant prog-
nostic factor (Gemignani et al. 2001). A single
institution retrospective review compared the
addition of IORT to surgically treated patients,
all of whom has previously received pelvic radio-
therapy. It found that the addition of IORT did
not improve clinical outcomes (Backes et al.
2014). It should be noted that the patients who
received IORT tended to have poorer prognostic
features, such as shorter disease-free interval and
increased lateral tumor extension.

In summary, IORT has been shown to provide
reasonable local control for patients with recur-
rent gynecological malignancies; however, rates
of toxicity are not trivial. Careful patient selec-
tion is paramount.

34 Brachytherapy

Brachytherapy is a useful modality in the treat-
ment of local recurrences, allowing dose escala-
tion with a favorable therapeutic ratio. Late
toxicity is reported as being less significant in
patients re-irradiated with brachytherapy as
opposed to EBRT (Russell et al. 1987), in part
because of the rapid dose falloff that can be
achieved around the target volume, limiting dose
to normal tissues. Both HDR and LDR have been
used in the radical setting with no difference in
outcome or toxicity. Local control rates in the re-
irradiation setting have ranged from 67 to 100 %
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in some series, particularly in small recurrences
(Xiang et al. 1998; Petignat et al. 2006). Toxicities
have included severe vaginal stenosis and GI tox-
icity rates of up to 25 %.

Multichannel applicators typically use line
sources not limited to the center of the applicator
but also on the edges or surfaces of the cylinder.
This allows for asymmetric and conformal dose
distributions to be delivered sparing the rectum
and bladder but increasing vaginal mucosa dose
as compared to single-channel applicators
(Tanderup and Lindegaard 2004). Selected
brachytherapy series are shown in Table 3.

3.5 Interstitial Brachytherapy
Interstitial brachytherapy allows for highly confor-
mal dose delivery to recurrent disease with the use
of catheter needles directly inserted into the tumor.
This allows for high-dose radiation treatment to
vaginal or pelvic recurrences from gynecological
cancers. Interstitial brachytherapy may be a rea-
sonable alternative to surgical salvage in patients
with medical comorbidities or when organ sparing
is preferred. In cases where surgical salvage is not
appropriate due to the location of the recurrent dis-
ease, such as the lateral pelvis, interstitial brachy-
therapy may also be an option. Both permanent
interstitial implants and remote afterloading tech-
nologies have been employed. Interstitial treat-
ment is not a new technique as it has been studied
and available for decades. However, with the intro-
duction of three-dimensional guided imaging,
there have been major advancements in the preci-
sion of the treatment planning and radiation deliv-
ery, and thus the technique has become more
readily implemented in many centers.

Single institutions have reported good results
in terms of local control, particularly in patients
with lower volume disease (Badakh and Grover
2009). With the ability to deliver high-dose re-
irradiation directly into tumors, as expected, tox-
icities can be severe in cases with disease in close
proximity to organs at risk. Grade 4 complica-
tions including vesicovaginal fistula, rectovagi-
nal fistula, soft tissue necrosis, and chronic rectal
bleeding have been seen with this technique.

Brabham and Cardenes (2009) described their
experience with permanent interstitial re-
irradiation with '® Au. Median tumor volume was
only 3.3 cm?® (0.8-21.3 cm?). With a median fol-
low-up of 21 months, an impressive rate of com-
plete responses of nearly 95 % was achieved and
local control of over 75 %, while maintaining a
low rate of grade 3 toxicity of 5.3 %.

A study from Poland evaluated HDR brachy-
therapy for the re-irradiation of cervical and vagi-
nal cancer specifically assessing doses to organs
at risk (Zolciak-Siwinska et al. 2014). Most
patients were treated with an interstitial tech-
nique. The median EQD?2 for re-irradiation was
48.8 Gy (range, 16.0-91.0 Gy), and cumulative
EQD2 was 133.5 Gy (range, 96.8-164.2 Gy).
After a median follow-up of 31 months, a com-
plete response after re-irradiation was noted in
95 % of patients. The 3-year local control was
45 %. Grade 3+ toxicities were observed in 15 %
of patients (3/20, two grade 3 late GU and one
grade 3 late GI). A cumulative EQD2 to 2 cm? of
the bladder and rectum of approximately 100 Gy
was found to be safe. Adverse prognostic factors
were <12-month interval from primary radiother-
apy to re-irradiation and tumor diameter >3 cm.

Another study by Mabuchi et al. (2014) evalu-
ated HDR interstitial brachytherapy in 52 patients
with recurrent cervical cancer. A combination of
2D and 3D planning was used depending on the
treatment year. A total dose of 42 Gy in 7 frac-
tions over 4 days was administered. The median
follow-up was 55 months. A complete response
was noted in 56 % of patients, and the local con-
trol rate was 77 %. Grade 3+ toxicities were
observed in 25 % of patients and consisted pri-
marily of fistulas. Again, tumor size and
treatment-free interval were found to be signifi-
cantly associated with outcome. These factors
can be used to guide patients suitable for curative
treatment versus palliative.

4 Discussion

Although outcomes for patients with gynecologi-
cal malignancies are improving, a significant pro-
portion will develop locoregional recurrence.
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Management of recurrent gynecological malig-
nancies in the setting of previous pelvic radio-
therapy is highly complex and should involve a
multidisciplinary evaluation. Surgery, in the form
of exenteration, is the preferred option for
patients with good performance status, long
disease-free interval, and small-volume recur-
rence; however, in nonsurgical candidates, re-
irradiation may be considered. The potential risks
of re-treatment must be weighed against the ben-
efits and careful patient selection, and early
delineation of treatment intent is critical.

The Brachytherapy Working Party of the
British Institute of Radiology developed clinical
and radiobiological guidelines for re-irradiation
(Jones and Blake 1999). The group advocated
selecting patients who had previously tolerated
radiotherapy well, who had biopsy-proven dis-
ease recurrence, and in whom a detailed discus-
sion had taken place between the patient/family
and radiation oncologist regarding the expected
benefits and the risks. The group also recom-
mended determining the goals of treatment
upfront as this would impact factors such as field
size, beam direction, and dose-fractionation
schedule. In a Canadian Patterns of Care study,
nearly all of respondents (99 %) would offer re-
irradiation with the intent of improving patient
quality of life (Joseph et al. 2008). One third
would offer re-irradiation with curative intent.
The main factors taken into account when con-
sidering re-irradiation were disease-free interval,
performance status, absence of distant metasta-
ses, and absence of late toxicity from previous
radiotherapy. Those who would not offer re-
treatment cited concerns of uncertainty around
normal tissue tolerance and radiobiological
issues and uncertainty about the benefits of re-
irradiation. The volume of previous radiation was
also a major factor in considering re-irradiation.

Advances in imaging and treatment planning
techniques have enhanced the feasibility of offer-
ing re-treatment to patients with recurrent disease
in a previously irradiated field. While treatment
outcomes may be improved by dose escalation,
so too is treatment-related morbidity. In addition,
while highly conformal treatments may be able
to control recurrent disease, this will not address

out-of-field and distant disease progression.
Therefore, treatment intent and target volume
delineation are of great importance.

4.1 Decision-Making Process

No clear guidelines exist to aid in the selection of
a safe but effective re-irradiation dose. Treatment
intent should be defined early. Radiobiological
factors to consider include the time interval since
original radiotherapy and the estimated re-
treatment tolerance of normal pelvic tissue. The
original radiation EQD2 dose (EBRT +brachy-
therapy) must be calculated or estimated, keeping
in mind the inherent inaccuracies in such a calcu-
lation due to the different biological effect and
dose/fraction of both modalities. Table 4 describes
possible re-irradiation schedules. The previously
outlined patient, tumor, technological, and radio-
biological factors should all be considered. The
time schedule over which re-irradiation will be
delivered, including twice-daily regimens, also
warrants consideration. Extrapolating the data
from squamous cell head and neck cancer trials,
the use of hyperfractionated regimes to escalate
the total tumoricidal dose while not increasing
late toxicity (Bourhis et al. 2006), is theoretically
a viable option for cervical squamous cell tumors.
However, evidence is lacking. Finally, the volume
to be treated may be reduced in some cases, in
order to maximize local control while reducing
risks of toxicity. Figure 1 describes an algorithm
to assist in the decision-making process for
patients requiring re-irradiation.

4.2  Future Directions

Protons have been shown to be dosimetrically
superior to photons with respect to normal tissue
sparing (St Clair et al. 2004). Their main advan-
tage is OAR sparing through the elimination of
exit dose and decreased entrance dose which
maximizes the therapeutic ratio. As such, proton
therapy may offer a significant clinical benefit in
the re-irradiation setting. Currently, experience
with protons is still maturing; limited to the
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Table 4 Suggested re-irradiation fractionation schedules

Location of recurrence

Radical dose/fractionation schedules

Palliative dose/fractionation schedules

Pelvic sidewall EBRT EBRT
50 Gy in 25 fractions 40 Gy in 20 fractions
45 Gy in 25 fractions 20 Gy in 5 fractions
40 Gy in 20 fractions 25-30 Gy in 10-15 fractions
Vaginal vault EBRT +brachytherapy N/A
45-50 Gy in 25 fractions EBRT, followed by
vaginal vault brachytherapy to total dose
65-75 Gy
EBRT alone EBRT
45-50 Gy in 25 fractions 40 Gy in 20 fractions
40 Gy in 20 fractions 30 Gy in 20 fractions BID
20 Gy in 5 fractions
25-30 Gy in 10-15 fractions
Brachytherapy alone Brachytherapy alone
20-30 Gy in 4-6 fractions HDR 21 Gy in 3 fractions HDR
20 Gy in 4 fractions HDR

Suspected gynecological malignancy recurrence in the setting of
previous pelvic radiotherapy
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confirmation complete

Re-staging investigations show

no evidence of metastatic
disease.
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Seek definitive
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Fig.1 Decision-making algorithm for re-irradiation for GYN malignancies
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treatment of specific sites, such as prostate cancer
and pediatric malignancies; and has limited
accessibility. A recently published review article
described the use of protons in the re-irradiation
setting (Plastaras et al. 2014). No patients with
gynecological malignancies were discussed, but
as availability and experience increases, its use in
gynecological malignancies and in the re-
irradiation setting will increase.

Furthermore, the soundest way to evaluate the
role of re-irradiation with respect to local control
and toxicity is as part of a clinical trial. Studies
assessing the role of re-irradiation in gynecologi-
cal malignancies are necessary.
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Abstract

The incidence of local recurrence after wide
local excision and radiation of soft tissue sar-
coma ranges from 5 to 20%. Up to 80% of
these relapses will occur in the absence of
metastatic disease. The optimal management
of locally recurrent soft tissue sarcoma must
be individualized and depends on prior ther-
apy, the location of the recurrence, and the
feasibility of conservative surgery. Following
retreatment, the likelihood of ultimate local
control ranges from 37 to 100% and is a
reflection of well-known risk factors for de
novo sarcomas such as the number of prior
recurrences, high grade, positive margins,
deep location, and non-extremity tumor site.
Reirradiation as part of a multimodality
retreatment strategy may improve the chance
of local control and organ preservation, but its
use must be balanced with the risk of severe
treatment-related side effects. Various reirra-
diation techniques have been utilized for sal-
vage treatment, each with unique risks and
benefits.

1 Introduction

The incidence of soft tissue sarcoma (STS) has
remained fairly constant over the past 30 years
at approximately 7 cases per 100,000 adults
(Siegel et al. 2016). It is estimated that in 2016,
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approximately 12,310 Americans will be diag-
nosed with STS (Siegel et al. 2016). Most of these
patients are in the prime of their lives with a
median age of 56 years old at diagnosis, and
approximately one-fifth of patients are less
than 35 years old (Horner et al. 1975-2006).
Multimodality therapy is the accepted standard of
care in the management of high-risk STS
(National Comprehensive Cancer Network 2016).
Multiple studies have demonstrated that limited
surgery with adjuvant radiotherapy does not com-
promise survival, preserves functionality, and
limits morbidity when compared to radical resec-
tion alone (Rosenberg et al. 1982; Kinsella et al.
1983; Wood et al. 1984; Suit et al. 1985;
Karakousis et al. 1986; Zelefsky et al. 1990;
Pisters et al. 1996; Yang et al. 1998). The inci-
dence of local recurrence after organ-preserving
treatment, however, remains as high as 20% in
some series (Lindberg et al. 1981; Rosenberg
et al. 1982; Mundt et al. 1995; Pisters et al. 1996;
Yang et al. 1998), with the majority of local recur-
rences occurring within the first 2 years of treat-
ment and thus still encompassing a relatively
young population (Lindberg et al. 1981; Crago
and Brennan 2015). Therefore, it is especially
critical that salvage therapy considerations
include not only survival but potentially decades
of function, social productivity, and quality of
life. As many as 80 % of sarcoma relapses are iso-
lated local recurrences (Ramanathan et al. 2001)
and therefore justify aggressive curative manage-
ment. While local recurrence of STS carries a
negative prognosis, long-term control and sur-
vival are achievable with aggressive therapy
(Essner et al. 1991; Stojadinovic et al. 2001;
Ramanathan et al. 2001). Even with simultaneous
isolated pulmonary metastases, there is a potential
for long-term survival or cure (Casson et al. 1992;
Verazin et al. 1992; van Geel et al. 1996; Rehders
et al. 2007; Garcia Franco et al. 2009).

There remain no completed or ongoing pro-
spective trials investigating reirradiation as part
of salvage therapy for STS. Therefore, treat-
ment recommendations are based on retrospec-
tive data often from small, single-institution
series. These reports contain limitations com-
mon to all such series, such as selection bias,

limited follow-up, and sparse details regarding
complications and quality of life.

2 Repeat Conservative Surgery
with Reirradiation

In the absence of metastatic disease, current
national guidelines suggest that treatment deci-
sions for patients with locally recurrent STS
lesion should be made using the same algorithm
as for patients at initial presentation (National
Comprehensive Cancer Network 2016). Similar
to STS management in the initial setting, there is
no overall survival or disease-free survival bene-
fit to radical surgery compared to limited resec-
tion and adjuvant radiotherapy (Giuliano et al.
1982; Stojadinovic et al. 2001). Therefore, the
decision to pursue limited resection/organ preser-
vation can be made based on the ability for ade-
quate oncologic resection and preservation of
organ function. If the recurrence is amenable to
conservative salvage surgery, this often means
planning for reoperation and reirradiation in a
complex background of tissue fibrosis, ischemia,
and gross anatomic distortion from prior treat-
ment. However, data from multiple other tumor
sites, including a large multi-institutional phase
IT head-and-neck study (Spencer et al. 2008),
document that reirradiation following local tumor
recurrence is feasible, albeit, potentially morbid
(Valentini et al. 2006).

Historically, approximately 30% of STS
patients with a local recurrence undergo conser-
vative surgery with some form of reirradiation
(Ramanathan et al. 2001), but peer-reviewed out-
comes series are limited. Table 1 reviews the lit-
erature. Early attempts at conservative salvage
treatment involved either preoperative or postop-
erative external-beam radiation. Essner et al.
described 21 patients treated from 1972 to 1988
at the University of California, Los Angeles
(UCLA), with isolated local recurrences of STS
involving the extremities (Essner et al. 1991).
The most common primary tumor site was the
thigh, and the initial treatment course of resection
and radiotherapy at diagnosis was heterogeneous
among the group. The median follow-up was 3
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Table 1 Literature review limited to patients treated with conservative surgery and reirradiation for recurrent soft
tissue sarcoma (actuarial estimates provided when available)

5-year |5-year
Median local overall | Serious
Retreatment | follow-up | control |survival | complications | Amputation
Study N | Study dates | radiotherapy | (mo.) rate (%) | rate (%) | rate (%) rate (%)
Nori et al. (1991) 40 | 1979-1988 | BT 36 68 55-85 |13 0
Essner et al. (1991) |21 | 1972-1988 | EBRT 36 48 52 42 28
Graham et al. (1992) |5 | 1981-1987 | EBRT NR 50 40 >10 20
Catton et al. (1996) | 10 | 1990-1995 | BT and/or 31 100 NR 60 10
EBRT
Pearlstone et al. 26 | 1990-1997 | BT 16 52 52 15 0
(1999)
Moureau-Zabotto 16 | 1980-1994 | BT or EBRT |59 37 NR NR NR
et al. (2004)
Torres et al. (2007) |37 | 1991-2004 | BT or EBRT |72 58 66° 51 35
Indelicato et al. 5 |11997-2004 | BT and EBRT | 3 40 0 80 80
(2009)
Tinkle et al. (2015) |15 |2000-2011 | IORT NR 55 NR 33 NR
Cambeiro et al. 10 | 1986-1999 | IORT NR 74 37 10 10
(2015)
Cambeiro et al. 16 1 2001-2010 | BT NR 38 68 56 NR
(2015)

Table borrowed and modified with permission from Indelicato et al. (2009)
Abbreviations: BT brachytherapy, EBRT external-beam radiation therapy, f/u follow-up, mo month, IORT intraoperative
electron radiotherapy, N number of patients, NR not reported

“Disease-specific survival

years. Local control was achieved in 6 of 7
patients receiving preoperative salvage reirradia-
tion (2800 cGy at 350 cGy/fx with intra-arterial
doxorubicin) prior to surgical excision. However,
in patients who received salvage surgery before
postoperative reirradiation (5000 cGy at 200 cGy/
fraction), local control was achieved in only 4 of
14 patients. Other than dose and fractionation,
the external-beam radiation technique was simi-
lar between the two groups and involved oppos-
ing fields covering the entire region of the tumor,
sparing only a strip of skin opposite the tumor
bed. The surgical procedure for all patients was a
wide local excision performed en bloc through
“normal-appearing” tissues. Perineurium, perios-
teum, and vascular adventitia were removed en
bloc if tumors were adjacent to these structures.
No myocutaneous flaps or free flaps were uti-
lized. Other series have included smaller groups
of patients treated with external-beam radiation
alone, either in the preoperative or postoperative
setting. In these series, doses and fractionation

are similar to the treatment in the primary setting
(i.e., approximately 45-50 Gy preoperatively and
60-64 Gy postoperatively) (Catton et al. 1996;
Torres et al. 2007; Indelicato et al. 2009).

A common concern regarding the administra-
tion of repeat external-beam irradiation for recur-
rent sarcomas is the fear of severe soft tissue
necrosis and fibrosis. In the UCLA series
described above, there were 3 serious complica-
tions in the 7 patients treated with preoperative
reirradiation. Two of the 3 complications required
reoperation, including 1 amputation as a result of
the complication. In the 14 patients receiving
postoperative reirradiation, there were 7 serious
complications. Six of these required reoperation,
including 1 amputation. Functional analysis was
performed on all patients. The most common
complication was edema requiring a support
stocking, occurring in 29 % of the preoperative
patients and 64 % of the postoperative group. No
fractures of adjacent long bones or pain occurred
in the preoperative reirradiation group, while 7 %
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and 14 % in the postoperative reirradiation group
experienced fracture or pain, respectively.
Twenty-nine percent and 36 % required the use of
external support (canes or braces) in the
preoperative group and postoperative group,
respectively. No instance of neuritis or compart-
ment syndrome was observed despite the high
cumulative radiation doses. Normal range of
motion, defined as being 95 % of the uninvolved
extremity, was present in 86 % of the preopera-
tive patients and 36% of the postoperative
patients. The investigators from UCLA con-
cluded that limb salvage was possible in the set-
ting of an isolated local recurrence provided that
external-beam radiation was delivered preopera-
tively in the manner described. For reasons of
inferior local control and toxicity, they recom-
mended against postoperative radiation.

In an attempt to further improve salvage ther-
apy for local recurrences, some investigators
have used brachytherapy for reirradiation. The
largest series is from Memorial Sloan-Kettering
Cancer Center (MSKCC; New York, NY) and
includes 40 patients with recurrent extremity sar-
coma treated from 1979 to 1988 (Nori et al.
1991). Seventy percent of patients had recurrent
thigh lesions, and most had received external-
beam irradiation as their initial treatment. For
salvage, patients underwent conservative
function-preserving surgery with brachytherapy
alone via a temporary afterloaded iridium-192
(Ir-192) tumor bed implant. A median dose of
4500 cGy was delivered (range, 3000-4800 cGy)
at a median dose rate of 40 cGy/h. The median
follow-up was 3 years, which was sufficient to
capture most local recurrences (Lindberg et al.
1981; Singer et al. 1992) and complications. The
S-year overall survival rate was 85% and the
5-year local control rate was 68 %. The most
important factor impacting the likelihood of local
control following salvage was the number of
prior local recurrences.

Another large experience involving salvage
brachytherapy alone for sarcoma in a previously
irradiated field was published in 1999 by
Pearlstone et al. from MD Anderson Cancer
Center (Houston, TX) (Pearlstone et al. 1999).
This study included 26 patients with recurrent

sarcoma treated from 1990 to 1997 with a diverse
range of tumor sites including the extremities
(55 %) as well as the trunk (27 %) and head-and-
neck region (8 %). Sixty-five percent of patients
had received external-beam irradiation as part of
their initial treatment and the rest had received
primary brachytherapy. For salvage, patients
underwent conservative function-preserving sur-
gery followed by brachytherapy alone via a
single-plane afterloaded Ir-192 tumor bed
implant. A mean dose of 4720 cGy was delivered
(range, 1100-5000 cGy) at a median dose rate of
40 cGy/h. The median follow-up was 16 months.
Five-year overall survival was 52 %, and 5-year
local control was 52%. As with the MSKCC
experience, the most important factor impacting
the likelihood of local control following salvage
was the number of prior local recurrences. When
patients with tumors located near joint spaces
(notoriously difficult areas for brachytherapy) are
excluded from the analysis, the local control rate
was 82 %.

Brachytherapy alone for salvage offers several
theoretical and practical advantages over
external-beam reirradiation. By approaching the
process of radiation as part of a team of physi-
cians, the areas of highest risk can be directly
identified and targeted in the operating room.
Interstitial Ir-192 brachytherapy can be delivered
in only a few days and commences approximately
1 week following surgery. This treatment option
is in contrast to external-beam radiotherapy that
typically lasts 6-7 weeks and cannot begin until
at least 3—4 weeks following surgery or perhaps
longer in tissue that has impaired wound healing
from previous radiation. This prolonged postop-
erative period not only increases the social and
economic burden of treatment but may delay the
start of adjuvant chemotherapy if indicated. From
a radiation delivery perspective, the rapid dose
falloff of brachytherapy is such that very little
previously irradiated normal tissue outside the
target volume receives radiation. The MSKCC
brachytherapy reirradiation series (Nori et al.
1991) reported five patients (12.5 %) who experi-
enced serious complications (four patients had
soft tissue necrosis and one had a long bone frac-
ture). All patients recovered completely without
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amputation, functional loss, or disability. The
group at MDACC reported a similar low rate of
complications (15%) and no amputations
(Pearlstone et al. 1999). All of the patients who
experienced a perioperative complication under-
went primary wound closure, and none of the
patients who were reconstructed using a nonirra-
diated tissue flap experienced a perioperative
complication. With a median follow-up of
16 months, however, events in this study may be
underreported. In contrast to these series, a study
from the Claudius Regaud Institute (Toulouse,
France) with a median follow-up of 59 months
reported significantly higher rates of late compli-
cations after reirradiation with brachytherapy
(Moureau-Zabotto et al. 2004). Moureau-Zabotto
et al. reported that 49 % of patients developed one
or more chronic grade 3 or 4 complications after
salvage surgery and reirradiation.

A series from The University of Navarre
(Pamplona, Spain) included 16 patients with
locally recurrent STS treated for salvage with
limited resection followed by brachytherapy
beginning within 9 days of surgery (Cambeiro
et al. 2015). Brachytherapy consisted of a single-
plane catheter array covering the tumor bed plus
amargin in 8—10 twice-daily treatments to a dose
of 32 or 40 Gy for RO and R1 resections, respec-
tively. With a median follow-up in excess of 3
years, 5-year local-regional control, distant con-
trol, and overall survival rates were 38 %, 44 %,
and 68 %, respectively. Similar to the French
series, these investigators reported high rates of
treatment-related complications, with 56 % of
patients experiencing grade 3—4 complications,
50% of whom required reoperation. All acute
and late complications were related to soft tissue
injury (including wound dehiscence, infection/
abscess, graft failure, necrosis).

Not surprisingly, there are striking differences
between the disease control and toxicity out-
comes among these retrospective single-
institution reports using brachytherapy for
reirradiation, which are likely related to differ-
ences in patient selection and treatment tech-
nique. Notably, the series from MSKCC and
MDACC favored smaller and more accessible
tumors for which one might expect better tumor

control (Pearlstone et al. 1999; Zagars et al.
2003) and fewer complications. For example, the
MSKCC series was limited to extremity tumors.
Additionally, although recurrent sarcoma may be
inherently aggressive from a biological stand-
point, some reports indicate that brachytherapy is
less effective for low-grade sarcomas, at least in
the primary setting (Pisters et al. 1996).

Due to previous surgery and radiation, recur-
rent STS develop among disturbed tissue where
fascial planes are obscured by fibrosis and lym-
phovascular drainage patterns are distorted.
Disease may unpredictably extend well beyond
the normal margins. In addition to physiologic
remodeling, the anatomy itself is altered and
challenges the geometry of brachytherapy
implants (Torres et al. 2007). Supplementary
external-beam radiotherapy has been utilized by
some practitioners to essentially extend and com-
pensate for the irregular dose distribution of
brachytherapy.

The largest series describing outcomes fol-
lowing this approach of brachytherapy plus
external-beam irradiation comes from the
University of Florida. From 1976 to 2005, five
patients who underwent primary conservative
resection and irradiation developed an isolated
local recurrence and were managed with preop-
erative external-beam radiation and then wide
local excision followed by a brachytherapy boost.
The external-beam radiation was 24 Gy delivered
in a hyperfractionated manner at 1.2 Gy twice
daily to minimize the late tissue effects. For the
brachytherapy, eight to ten catheters were used,
and the dose rate was 50-60 cGy/h prescribed to
5-10 mm from the single implant plane. The
median interval between surgery and Ir-192
afterloading was 5 days. The median brachyther-
apy dose was 39 Gy (range, 2642 Gy). The
median total dose for retreatment was 63.5 Gy
(range, 51.5-66.0 Gy). With a median follow-up
of 3 years, the results were dismal. All five
patients eventually died from their disease. This
aggressive retreatment approach led to severe
complications in four of five patients (all of
which were chronic non-healing ulcers or other
wound complications requiring amputation).
Despite aggressive management, three patients
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ultimately developed another local recurrence
before death.

Following a rationale similar to brachyther-
apy, several investigators have reported success
using intraoperative electron-beam radiation
therapy (IOERT) for reirradiation of STS
(Azinovic et al. 2003; Cambeiro et al. 2015;
Tinkle et al. 2015). IOERT applicators are desir-
able because they can directly visualize and
access the surgical bed in the operating room and
the dosimetry of the electrons may be easily cus-
tomized. This strategy may decrease toxicity
since dose-limiting normal tissues can be dis-
placed or protected during IOERT (Willett et al.
2007). Like brachytherapy, IOERT might indi-
rectly improve the quality of therapy by decreas-
ing the overall treatment time. In the experience
from the University of Navarre, ten patients with
locally recurrent extremity STS or aggressive
fibromatosis were treated with IOERT from 1986
to 1999 following limb-sparing surgery. The
radiation therapy details of initial patient treat-
ments were not available. For the IOERT course
of reirradiation, electron energies between 6 and
15 MeV were utilized depending on the clinical
scenario and the extent of residual disease. The
IOERT reirradiation dose was between 10 and
20 Gy depending on the margin status. The 5-year
actuarial local control, distant control, and over-
all survival rates were 58 %, 76 %, and 37 %,
respectively. One severe toxicity (>grade 3)
occurred involving graft failure requiring ampu-
tation (Cambeiro et al. 2015).

A recent series from University of California,
San Francisco, also utilized intraoperative radio-
therapy for salvage of locally recurrent
STS. Tinkle et al. (2015) described 26 patients
with locally recurrent STS of the extremities
treated with limited resection and IOERT. Of the
26 patients, 15 had previously received external-
beam radiotherapy (EBRT; median dose, 63 Gy;
range, 25-72 Gy) as part of their initial treatment
course. The remaining 11 patients, who had
received no prior radiotherapy, were treated with
adjuvant EBRT (median dose, 52 Gy; range,
22-60 Gy) following limited resection and
IOERT. Surgery consisted of limb-sparing sur-
gery achieving a gross total resection and [IOERT

to 10-18 Gy (median dose, 15 Gy). With a
median follow-up of 35 months, there was no
major difference in 5-year actuarial local control
in the reirradiation cohort compared to those
with no prior radiotherapy, 55% and 61 %
(»>0.05), respectively. In the reirradiation
group, 20 % experienced >grade 3 acute toxicity,
and 33 % experienced >grade 3 late toxicity,
consisting of wound complications and limb/
joint dysfunction.

3 Reirradiation Technique

As described above, there are limited published
outcomes following reirradiation for STS, and
most include few patients using varied patient
selection methods. The information below repre-
sents guidelines based on the best available evi-
dence and expert opinion. For all reirradiation
cases, patients may benefit from referral to a
high-volume center.

External-Beam Radiation
(EBRT)

3.1

If possible, external-beam radiation should be
delivered in the preoperative setting. Compared
to postoperative RT, the lower dose of preopera-
tive radiation is preferable for previously irradi-
ated tissue. Preoperative reirradiation may allow
for resection of the twice-irradiated soft tissue
adjacent to the tumor bed and reconstructing with
autologous nonirradiated tissue. The dose
reported for preoperative reirradiation is typi-
cally 45-50 Gy with standard fractionation,
although hyperfractionation has been utilized at
some centers (Indelicato et al. 2009) in an effort
to decrease late effects. The target for EBRT
should include the tumor as imaged on contrast-
enhanced computed tomography and magnetic
resonance imaging plus radial and longitudinal
margins of 1.5 cm and 3 cm, respectively, where
possible. It is important to note that the principles
of fascial containment might not apply in a
setting of previously manipulated and irradiated
tissue.
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If preoperative radiation is to be followed by a
brachytherapy boost, the external-beam dose
should be approximately 24 Gy. Although neu-
ropathy, fracture, edema, and soft tissue fibrosis
and necrosis are well recognized as potential
complications of high doses of cumulative radia-
tion to uninvolved normal tissue, there are no
specific data to suggest overall dose guidelines.
Therefore, from a practical standpoint, every
effort should be taken to minimize such expo-
sure, and advanced external-beam radiation tech-
niques utilizing image guidance, intensity
modulation, and particle therapy may prove ben-
eficial (Weber et al. 2007). Additionally, there are
preliminary data from UCLA that preoperative
hypofractionated radiation (28 Gy at 3.5 Gy/frac-
tion) combined with intra-arterial chemotherapy
is effective.

3.2 Brachytherapy

Whether utilized in combination with external-
beam radiotherapy or alone, brachytherapy
should represent a closely coordinated effort
between the surgery and radiation oncology
teams with thorough advanced planning. At the
time of resection, the tumor bed should be marked
with radiopaque surgical clips. In the operating
room, afterloading brachytherapy catheters
should be placed with 1-cm spacing within a sin-
gle plane on the tumor bed with the goal of
achieving radial coverage of 1-2 cm. The parallel
orientation of the catheters should be secured
with absorbable sutures or mesh. The catheters
may be anchored to the skin with either sutures or
latex balls on both ends. In general, catheters are
oriented perpendicular to the incision. However,
if a major nerve runs through the surgical bed,
catheters may be placed parallel to the nerve to
allow an arrangement that keeps the dose to the
nerve sheath under 50 Gy.

Depending on the spare tissue, wounds may
be closed either by primary means or with unir-
radiated autologous tissue. Some clinicians are
investigating the use of temporary negative-
pressure wound therapy to decrease potential
radiation injury to the mobilized skin flaps or the

plastic surgical flap reconstruction (Torres et al.
2007). The negative-pressure dressing eliminates
potential movement of the catheters while the
patient is in hospital, and the bulk of the dressing
displaces the edges of the surgical wound, limit-
ing their exposure to radiation.

Following confirmation of parallel catheter
orientation on X-ray or fluoroscopy, Ir-192 inser-
tion should commence between days 57 to allow
appropriate wound healing. The prescribed dose
rate may range from 40 to 80 cGy/h with the dose
specified at 0.5 cm from the plane of the implant.
Ideally, the dose variation should not be more
than 5-10% across the plane of the implant.
Using modern treatment planning techniques,
dose prescriptions can be made to a target volume
(such as the clinical target volume delineated as a
structure with a 5-mm expansion from the opera-
tive bed encompassed by at least 90 % of the pre-
scription dose) (Cambeiro et al. 2015). For
patients being reirradiated with brachytherapy
alone, the target dose should be 45-50 Gy. In
patients who undergo preoperative external-beam
radiation in combination with brachytherapy, the
brachytherapy boost dose is 15-20 Gy, and cath-
eters may be loaded within 48 h of surgery
(Dalton et al. 1996).

3.3 IOERT

Similar to brachytherapy, IOERT mandates
advanced planning and coordination between the
surgery and radiation oncology teams. Applicator
size should be selected to encompass the entire
surgical bed. If the surgical bed is very large and
exceeds the size of available applicators, the
option is to either use abutting fields (with risk of
overdose) or treat only the high-risk areas, such
as the surgical tumor bed closer to the resection
margin. If the percentage of tissue overlapped
exceeds a few millimeters, the risk of necrosis
may be unacceptable. The selection of electron-
beam energy depends upon the amount of resid-
ual tumor: 4- to 9-MeV beams may be used for
clinical high-risk areas or microscopic residual
disease, while 12-15 MeV may be necessary
for macroscopic residual. Because IOERT is
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performed during surgery, it is always given as a
single radiation fraction. Although the biologic
effectiveness of this single fraction is not com-
pletely understood, it is estimated to be
biologically equivalent to at least a dose factor of
two to three times greater than that delivered by
conventional fractionation (Okunieff et al. 1999;
Willett et al. 2007). Thus, 10-20 Gy administered
by IOERT has been estimated to have the cell-
killing equivalence of 20-60 Gy given by con-
ventional external-beam radiation. Therefore, the
recommended IOERT reirradiation dose is
between 10 and 20 Gy depending on the margin
status and peripheral nerve proximity. If the
nerves cannot be physically displaced or if there
is a risk of devitalizing the structure, then the
IOERT nerve dose should be limited to 10 Gy,
and an attempt should be made to protect the
nerves with pliable lead sheets for the remaining
component of the IOERT dose (Azinovic et al.
2003). A tissue bolus may also be used to protect
critical structures beyond the depth of the tumor
bed. Prescription doses are often prescribed to
the 85-90 % isodose line (Tinkle et al. 2015).

4 Surgery Alone

Questions regarding both the effectiveness of sal-
vage therapy and its treatment-related morbidity
have led some clinicians to advocate for surgery
alone for patients with recurrent STS. Some cli-
nicians recommended radical surgery in the form
of amputation (Shiu et al. 1975; Essner et al.
1991; Singer et al. 1992); however, conservative
surgery alone may be an option. Torres et al.
reported the outcomes and treatment toxicity
after wide local re-excision, with or without addi-
tional radiation therapy, for patients with an iso-
lated first local recurrence of soft tissue sarcoma.
This study was a retrospective analysis of 62
patients treated at MDACC between 1991 and
2004. All patients had undergone surgery and
external-beam radiation at the time of their initial
diagnosis. For their recurrent disease, 25 patients
were treated with wide local excision alone, and
37 patients were treated with wide local excision
and additional radiation (45-64 Gy). In the

majority of the reirradiated patients (33 of 37
patients), the radiation was delivered via Ir-192
brachytherapy in a manner analogous to that
described above. Reirradiation was not associ-
ated with statistically significant improved local
control with 5-year actuarial local control rates of
58% with radiotherapy and 39% without
(p=0.4). Similarly, disease-specific survival and
distant metastasis-free survival did not differ
between groups. Yet complications requiring out-
patient or surgical management were more com-
mon in patients who had undergone reirradiation
(with a 5-year actuarial complication rate of 80 %
vs. 17%; p<0.001). Amputation rate was also
higher in the subgroup of patients who under-
went extremity reirradiation (35 % with radiation
vs. 11% without; p=0.05), although only 1
amputation was performed to resolve a treatment-
related complication. Although selection biases
and a small cohort size confounded the retrospec-
tive analysis, the authors concluded that local
treatment intensification with additional brachy-
therapy does not clearly improve outcome after
surgical excision alone and is associated with an
increase in complications. However, it is impor-
tant to acknowledge that these comparative out-
comes contradict data from other investigators
(Catton et al. 1996).

5 Future Directions

As with other recurrent malignancies, patient
selection is paramount in determining who will
benefit from aggressive salvage therapy for recur-
rent STS. To properly guide management, more
data are needed to determine who will most ben-
efit from reirradiation. To improve the therapeu-
tic ratio in those patients who require a second
course of radiation, several important questions
must be considered as part of the treatment algo-
rithm. The following questions remain the focus
of ongoing research:

1. What is the relationship between time inter-
val for recurrences and disease control?
How does the interval between radiation
courses influence normal tissue effects of
reirradiation?
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2. How do we optimally define the target vol-
ume? Is it necessary to irradiate the entire ini-
tial tumor bed and the entire recurrent tumor
bed? What is the optimal target margin and
might new imaging modalities help focus our
efforts on areas of particularly high risk?

3. What is the role of chemotherapies or targeted
agents for radiosensitization in tumor cells
that have demonstrated radioresistence?

4. What is the ideal total dose and fractionation
schedule (hypofractionation versus standard
fractionation)?  Does  hyperfractionation
reduce the risk of late tissue toxicity?

5. What is the ideal modality to effectively
address recurrence and limit unnecessary nor-
mal tissue reirradiation: brachytherapy,
IOERT, IMRT, tomotherapy, proton therapy,
carbon ion therapy, or a combination thereof?
As we continue to refine the selection criteria

for those who are most likely to benefit from lim-
ited surgery and reirradiation for locally recur-
rent STS, we will better be able to design
appropriate studies to address the persistent ques-
tions outlined above. Improved prognostic indi-
ces, selection criteria, and comparative studies
will be critical in advancing the field.

Conclusion

The optimal management of locally recurrent
STS must be individualized and depends on
prior therapy, the location of the recurrence,
and the feasibility of conservative surgery.
The likelihood of ultimate local control ranges
from 37 to 100 %. As with de novo sarcomas,
factors for local control of recurrent STS are
impacted by well-known risk factors, includ-
ing the number of previous recurrences, tumor
grade, margin status/extent of resection, deep
location, and non-extremity tumor site
(Pearlstone et al. 1999; Ramanathan et al.
2001; Moureau-Zabotto et al. 2004; Torres
et al. 2007; Sabolch et al. 2012). Options for
treatment include a wide local re-excision fol-
lowed by a variety of reirradiation techniques,
each with the potential for significant side
effects. It is critical to consider overall patient
prognosis in the treatment algorithm. The
nature of the local recurrence, rather than its

presence per se, is the most useful guide to
prognosis, and studies exist to help determine
an individual’s risk index (Ramanathan et al.
2001). For select patients, repeat irradiation
may be unnecessary.
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Abstract

Radiotherapy has an important role in the
management of patients with cutaneous malig-
nancy. Non-melanoma skin cancer (NMSC) is
the most frequent malignancy worldwide, and
as such the absolute number of patients receiv-
ing radiotherapy each year is high. An often
and well-documented scenario is the develop-
ment of a second NMSC, if not within a previ-
ous radiotherapy field, certainly in close
proximity to a previous radiotherapy field, and
therefore there may be a requirement to con-
sider overlapping any new radiotherapy field
with previously irradiated tissue, if other
options are not considered. Published evi-
dence for cutaneous re-irradiation is sparse
especially as other options such as surgery are
often available. Despite this select patients
may be considered for re-irradiation, be that
local or occasionally regional, especially
where other options are not feasible.

1

1.1

Introduction

Non-melanoma Skin Cancer

Non-melanoma skin cancer (NMSC) is the most
frequent malignancy worldwide usually arising
in fair-skinned Caucasians, especially males.
Australians experience the highest incidence of
NMSC in the world (Perera et al. 2015). Most
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patients are older (60-70 years), and 75-80 %
will have a basal cell carcinoma (BCC) with the
remainder (20-25 %) having a squamous cell car-
cinoma (SCC). The sun-exposed head and neck
(HN), especially the midface, are the most fre-
quently involved area (70-80 %) followed by the
extremities and trunk. Collectively, BCC and
SCC comprise 95 % of all NMSC.

Radiotherapy (RT) is an important non-
surgical modality that is frequently utilized in
the definitive, adjuvant or palliative settings
in select patients with cutaneous malignancies
(Veness 2008). Of note, patients diagnosed with
one NMSC are at risk of developing metachro-
nous lesions with this risk estimated at 10 times
that of the general population (Marcil and Stern
2000). New primary lesions may be close enough
(5-10 mm) to a previous RT field to limit fur-
ther RT as a first choice option without the risk of
overlapping RT fields.

Merkel cell carcinoma (MCC) is an uncom-
mon small cell (neuroendocrine) cutaneous
malignancy typically arising in elderly white
patients and characterized by high rates of
relapse. MCC is a very radioresponsive malig-
nancy where RT also plays an important role
(Hruby et al. 2013).

1.2 Malignant Melanoma

Malignant melanoma (MM) accounts for ~5 %
of skin malignancies and is the third most com-
mon cancer in Australia with over 10,000 cases
diagnosed annually with an increasing inci-
dence worldwide. The role of RT in the man-
agement of primary MM is less well defined
compared with that in NMSC but is expanding
as supportive evidence is published (Hong and
Fogarty 2012).

Patients presenting with recurrent or new skin
cancers are not uncommon and pose particular
difficulties in the HN region, if re-irradiation is a
consideration. The literature describing this clini-
cal scenario is sparse, and the level of evidence to
support the management of these patients is of
low level and often limited to the expert opinion
of experienced clinicians.

M.J. Veness and P. Sundaresan

2 Primary Lesion Treatment
2.1 Primary Treatment

of Squamous Cell and Basal
Cell Carcinoma

Definitive RT is an option where the outcome, i.e.
cosmetic (e.g. nasal BCC), and/or function is con-
sidered better with RT compared to surgery.
Typically older patients with midface lesions
where complex surgery (graft or local flap) is
required are better treated with RT. The cosmetic
result from well-fractionated (2-3 Gy fraction
sizes) RT is excellent. In general, the local control
rate for 1-2 cm BCC/SCC treated with various
modalities is 80-90%, and therefore additional
factors such as availability, cost and patient co-
morbidity need to be considered during treatment
decisions (Cognetta et al. 2012). Older patients of
poor performance status can be effectively treated
with 5-6 larger fractions (5-6 Gy) often receiving
2-3 fractions per week (Ferro et al. 2015).

2.2  Adjuvant Radiotherapy
for Squamous Cell and Basal

Cell Carcinoma

Adjuvant local RT is an effective option when
excision is inadequate and re-excision is not pos-
sible. The aim of adjuvant RT is to reduce the risk
of recurrence by sterilizing residual microscopic
disease. A retrospective institutional study of
patients with lower lip SCC documented a 37 %
local recurrence rate in excised patients not
receiving adjuvant RT (27 % close/positive mar-
gins) vs. 6% local recurrence rate in patients
treated with surgery and adjuvant RT (94 % close/
positive margins) (Babington et al. 2003).

23 Primary Treatment of Merkel

Cell Carcinoma

Excision is the initial treatment in most patients
with operable MCC and will establish a diagno-
sis. However, achieving wide excision margins
(2-3 cm), noting also that intradermal lymphatic
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vessel spread is well documented in MCC, is dif-
ficult in the HN. Most studies support a benefit
in locoregional control and survival with the
addition of adjuvant RT. RT field margins in
MCC are usually wider (3—4 c¢cm) compared with
NMSC (1-2 c¢m) and the RT dose often lower.

In medically or technically inoperable
patients, RT alone offers potential cure with one
study of 43 inoperable patients (median lesion
size 30 mm) documenting an 85 % infield control
rate and a 5-year overall survival of 40 % (Veness
and Howle 2015).

24 Primary Treatment

of Malignant Melanoma

Primary melanoma should be treated with wide
local excision + sentinel lymph node biopsy
(SLNB). Definitive RT has no role unless surgery
is refused or not possible. Patients with lentigo
maligna (in situ melanoma) can be offered defini-
tive RT with excellent infield control rates of
90-100 % (Fogarty et al. 2014).

3 Regional Treatment
3.1 Regional Treatment
of Squamous Cell Carcinoma

Patients with SCC can develop nodal metastases
although only a minority (2-3 %) do so. High-risk
patients with SCC have a higher incidence (10—
20 %) of developing nodal metastases, with most
developing 6-12 months following treatment of
the primary. The role of elective RT in high-risk
patients is investigational, but patients with clini-
cal nodal metastases should undergo dissection
and adjuvant RT (Porceddu et al. 2015).

3.2 Regional Treatment of Merkel

Cell Carcinoma

Patients with MCC are at high risk (30-50 %) of
harbouring subclinical regional metastases. SLNB
will improve the ability to detect subclinical nodal
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metastases, and patients with a positive SLNB
should undergo regional RT. Patients unable to
undergo a SLNB should receive prophylactic
regional RT (Gunaratne et al. 2015).

3.3 Regional Treatment

of Malignant Melanoma

Therapeutic nodal dissection is recommended in
patients with biopsy-proven clinical nodal metas-
tases. After surgery the risk of regional (and sys-
temic) recurrence may justify adjuvant RT (48 Gy
in 20 fractions) with a recent multicentre ran-
domized study (n=250) from Australia confirm-
ing a significant reduction in regional recurrence
from 31 to 19% (HR 1.77; 1.02-3.08, p=0.041)
in patients randomized to surgery and adjuvant
RT (Henderson et al. 2015).

4 Recurrent Skin Cancer
After Radiotherapy
4.1 Previous Radiotherapy

Previous RT may preclude re-irradiation as an
option for retreatment although cases need to be
considered individually. Important factors that
need to be considered in re-irradiating include
the previous RT field and degree of overlap with
current field, the dose fractionation schedule pre-
scribed, the modality utilized and the time inter-
val since the RT. An estimation of the dose
received at the skin surface and at depth, and the
structures irradiated, is important. Converting
total doses to a 2 Gy biological equivalent dose
(BED) using equivalence tables allows an esti-
mation of the potential risk of re-irradiating,
although the clinical data to support this is lim-
ited (Barton 1995).

Patients may have received RT, often hypo-
fractionated, many years previously and have
poor recollection of details. Similarly, obtaining
relevant technical details may be difficult or
impossible. The presence of late RT infield
changes, such as telangiectasia and hypo- (most
common) or hyperpigmentation, may be helpful
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to delineate the treatment field and assess clini-
cally the degree of late RT-induced changes.
There may be variability in late RT changes based
on patient factors such as skin type and ongoing
solar damage.

Re-irradiation may also be considered in the
adjuvant setting in cases of patients undergoing
extensive salvage surgery with removal of previ-
ously irradiated tissues (Fig. la, b). It is not
uncommon that patients will exhibit unfavour-
able pathology and be recommended adjuvant RT
to reduce the risk of recurrence.

Infield Recurrence
After Radiotherapy for
Non-melanoma Skin Cancer

4.2

Infield recurrence after RT for NMSC is not com-
mon. A typical scenario for infield recurrence
when it does occur is local recurrence of a
midface BCC after previous definitive RT. A clin-
ical scenario such as this, particularly in the set-
ting of a deep recurrence located in the midface,
can pose a difficult management problem (Smith
and Grande 1991), and patients may be better
approached with salvage surgery rather than fur-
ther RT.

Presentations of new NMSC adjacent to a pre-
viously irradiated site are a more common sce-
nario as are recurrences at the edge of a previously
treated RT field (marginal recurrence). These
patients may be candidates for further RT, and
ideally the details of previous treatment includ-
ing the prescribed dose/fractionation schedule
should be obtained, but are not always available.

Clinical assessment is very important, and
patients exhibiting obvious late RT changes such as
infield cutaneous hypo- (or hyper)pigmentation, tel-
angiectasia, epidermal atrophy or fibrosis (Fig. 2)
are not optimal candidates for re-irradiation.

4.3 Local Re-irradiation

There is limited preclinical animal data to sug-
gest a retreatment tolerance of >90 % for late der-
mal necrosis after an 18 Gy single dose and

Fig.1 (a) A 75-year-old Caucasian male who previously
received 50 Gy in 20 daily fractions using superficial
energy photons in the setting of a squamous cell carci-
noma. Note the infield hypopigmentation and epidermal
atrophy delineating his radiotherapy field. Anterior to this
the patient now has a biopsy-proven new cutaneous squa-
mous cell carcinoma which encroaches over the previous
field. The need to overlap any further radiotherapy field
meant the patient was recommended surgery. (b) The
patient underwent wide excision and free tissue graft
reconstruction. Despite this the pathology was unfavour-
able with a close deep excision margin and the presence of
perineural invasion. The patient was recommended adju-
vant radiotherapy to a dose of 50 Gy in 20 daily fractions
using orthovoltage energy photons. Because of the
removal of the previously irradiated tissue, the risk of re-
irradiation was deemed negligible

further RT (Simmonds et al. 1989). However,
extrapolating this data to the human subject fol-
lowing fractionated cutaneous RT needs to be
done with caution. We therefore do not recom-
mend re-local irradiation as a first option but may
be considered in select patients.

There is sparse evidence documenting re-
irradiation as an alternate option to surgery in the
setting of infield (or marginal) recurrence. In a
small series of 17 irradiated patients with
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Fig.2 A 55-year-old male previously diagnosed with a
Merkel cell carcinoma located on his right side chest wall
and receiving 55 Gy in 25 daily fractions using superficial
energy photons following excision. The radiotherapy field
is well delineated by hypopigmentation, loss of body hair
and telangiectasia. Patients manifesting this degree of late
radiotherapy cutaneous changes are poor candidates to
receive further radiotherapy

recurrent HN NMSC (eight BCCs, nine SCCs),
all were re-irradiated to a cumulative median sur-
face BED of 103 Gy (range 48.78 Gy-143.5 Gy)
and median 108 Gy at 5 mm depth, with 10/17
(59 %) achieving local control and two develop-
ing subsequent skin defects (Chao et al. 1995).
Median interval from the initial RT was 4 years.
The authors concluded that patients receiving an
initial BED of <55 Gy at 5 mm depth and a cumu-
lative BED of no >110 Gy at the skin surface had
the best outcome, with retreatment fraction sizes
limited to 2 Gy to further reduce late tissue reac-
tions. Therefore, the BED of the initial RT and
the re-irradiation should not exceed 110 Gy.
Interestingly on review of the initial RT details,
the authors documented suboptimal initial treat-
ment in 10 of the 17 patients further re-enforcing
the need for optimal upfront treatment as a means
to reduce the risk of recurrence.

In contrast to the aforementioned series, five
lesions were re-irradiated by a Spanish group (no
details available) and three recurred with the
authors suggesting a benefit in only select patients
(Hernandez-Machin et al. 2007).

In a case study of a patient with recurrent
auricular SCC previously treated with multiple
operations and adjuvant RT, the authors utilized

stereotactic body radiotherapy (SBRT) as a means
to deliver high-dose (50 Gy in five fractions)
re-irradiation and spare surrounding normal tis-
sues. The previous dose fractionation sched-
ule was 60 Gy in 21 fractions. By limiting the
treated volume to 2 mm beyond gross tumour, the
patient experienced complete clinical regression
with no late complications, although the interval
from re-irradiation to assessment was not docu-
mented. The authors hypothesized that SBRT by
delivering large doses per fraction (>10 Gy) may
provide a higher likelihood of achieving local
control. Of note the 2 Gy BED re-irradiation
dose was 100 Gy. This approach is counterintui-
tive and differs to what many radiation oncolo-
gists would recommend when re-irradiating a
patient but does indicate that modern techniques
of delivering RT such as SBRT and intensity-
modulated radiotherapy (IMRT) require further
investigation (Brotherston and Poon 2015).

In contrast to re-irradiating using large frac-
tions of RT, 14 patients with secondary-induced
angiosarcomas of the breast were re-irradiated
utilizing hyperfractionated and accelerated re-
irradiation (HART). Multiple abutting electron
fields with bolus (post-operatively) or tangential
photon fields (preoperatively) were used, and
all except one patient received 1 Gy three times
daily (4 h interfraction break) with doses varying
between 45 and 75 Gy. Previously most patients
had received 60 Gy. The authors documented min-
imal late side effects (four patients with rib frac-
tures) and mild-moderate limb lymphedema with
79 % achieving disease control. In these patients
the authors concluded that using a small retreat-
ment fraction of 1 Gy was likely to minimize late
normal tissue side effects (Smith et al. 2014).

4.4 Regional Re-irradiation

Regional recurrence after RT, usually adjuvant
(i.e. parotid and/or neck metastatic SCC, MCC
or MM), poses a more difficult problem, as
patients will usually have had a large volume
(e.g. ipsilateral parotid + hemi-neck) of normal
tissue (e.g. mandible, soft tissue, brainstem/
spinal cord, nerves, carotid artery) irradiated
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to 50-60 Gy. Following appropriate restaging
operable patients should proceed to surgery. For
inoperable patients the evidence available for
re-irradiation relates predominantly to treating
mucosal HNSCC patients. In this analogous set-
ting, recent evidence has emerged supporting
the use of highly conformal IMRT (Duprez et al.
2009). Patients retreated with IMRT are likely to
have a better outcome (improved locoregional
control and decreased severe late effects) com-
pared with conventional 3D conformal re-irradi-
ation. The best results are achieved with radical
re-irradiation doses of ~60-70 Gy in 2 Gy daily
fractions and retreatment volumes limited to
~2 cm around gross disease or the resection bed.
The spine, brainstem and optic chiasm should
receive a limited retreatment dose (15-25 Gy) if
previously irradiated to tolerance. Of note, even
when utilizing IMRT, serious late toxicity and
treatment-related deaths are reported in around
20% of patients. The addition of concurrent
chemotherapy to re-irradiation has also been
recommended in select patients with mucosal
SCC. The role of re-irradiating after salvage
nodal surgery is less well defined, but in patients
with unfavourable pathology (i.e. close/positive
excision margins, extranodal spread), it may be
considered.

4.5 Radiotherapy Techniques

Patients considered candidates for local re-
irradiation should have treatment limited to the
site of recurrence with appropriate field margins
to encompass subclinical extension. A not
uncommon scenario is that of the need to irradi-
ate the lateral nose when the opposite side has
previously been irradiated. In this situation the
midline nasal septum may have received a dose
of RT at depth from one side and therefore may
also receive further RT from the contralateral
RT. An estimate should be made based on deliv-
ery angles, the use (or not) of septal shields or
packing and the beam used as to whether there is
any risk to the cartilage from the overlapping
beams (Fig. 3). The selection of an appropriate
energy superficial/orthovoltage photon beam

Fig. 3 A 72-year-old male with obvious late changes
many years after receiving radiotherapy to his right side
lower/posterior nose. The patient was unable to recall
details of his treatment which had taken place at another
hospital. He presents now with a basal cell carcinoma
located on his left side lower nose and declined excision
in favour of radiotherapy. Treatment was delivered with
superficial energy photons with nasal packing and a left
nasal shield inserted to minimize dose to the nasal
septum

should aim to ensure adequate coverage of deep
tumour involvement, but also respecting the dose
delivered to noninvolved deeper tissue.

Electron beam RT is an alternative technique;
however, using small field low-energy (5-6 MeV)
electron beams raises issues of skin sparing and
the need to add tissue-equivalent bolus.
Considerations using electron beam RT include
the issues of wider treatment field penumbra,
dose constriction and rapid drop-off at depth (van
Hezewijk et al. 2010). Patients in some circum-
stances may be able to undergo CT simulation
and planning with isodose curves calculated to
estimate the RT dose delivered at depth.

Tomotherapy is a type of IMRT utilizing a
helical system of delivery and CT scan image
verification. This delivery of highly conformal
megavoltage RT has been used in the setting of
advanced NMSC and may be an option, if avail-
able, to limit the volume of tissue irradiated,
which could potentially be of benefit in the
retreatment setting (Kramkimel et al. 2014).
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Despite some contrary evidence, we recom-
mend RT fraction sizes be limited to 1.8-2 Gy to
further reduce the risk of late tissue changes.
With very limited evidence to guide clinicians, it
is recommended that retreatment total doses be
also limited to ~50-55 Gy at 5 mm depth and that
the cumulative skin dose does not exceed
~110 Gy. The role of hyperfractionation using
1.1-1.3 Gy fractions twice daily in this setting as
a means to reduce the risk of late effects is poten-
tially another approach.

Re-irradiating nodal basins carries a greater
risk of late complications because of the increased
volume of tissue and the number of structures re-
irradiated. In keeping with data from the HN
mucosal SCC literature, retreatment volumes
should be limited to the operative bed or to gross
disease with 2-3 cm margins and using IMRT- or
CT-planned conformal treatment. Elective nodal
treatment should be avoided. The treatment tox-
icity will be greater than with local site re-
irradiation, and patients should therefore be of
good performance status.

4.6 Brachytherapy

Brachytherapy uses radioactive emitting sources
(e.g. iridium-192) to treat skin cancers by direct
contact, be that using surface moulds or interstitial
needles. Its role is well established in the primary
treatment of NMSC with excellent cure rates of
90-95 % and minimal complications. The concept
of brachytherapy is appealing in the retreatment of
suitable infield RT local recurrences because of
the limited retreatment of surrounding tissue.
Despite this, data to support this approach as an
option is lacking, and therefore brachytherapy
remains an option only in centres with the exper-
tise to deliver this (Gauden et al. 2013).

Conclusion

The evidence to guide clinicians for re-irradi-
ating skin cancer patients is limited. Whilst
RT plays an important role in the definitive
and adjuvant treatment of many patients, the
role of re-irradiation is less clear, especially as
surgical salvage is often considered the

appropriate treatment. Despite this select
patients may benefit from re-irradiation par-
ticularly if further surgery is associated with
unacceptable cosmetic and functional conse-
quences or a patient’s performance status and
co-morbidities preclude surgery.

References

Babington S, Veness MJ, Cakir B, Gebski V, Morgan G
(2003) Squamous cell carcinoma of the lip: does adju-
vant radiotherapy improve local control following
incomplete or inadequate excision? ANZ J Surg 73:
621-625

Barton M (1995) Tables of equivalent dose in 2 Gy frac-
tions: a simple application of the linear quadratic for-
mula. Int J Radiat Oncol Biol Phys 31:371-378

Brotherston D, Poon I (2015) SBRT treatment of multiple
recurrent auricular squamous cell carcinoma follow-
ing surgical and conventional radiation treatment
failure. Cureus 7, €325

Chao CKS, Gerber RM, Perez CA (1995) Reirradiation
of recurrent skin cancer of the face. Cancer 75:
2351-2355

Cognetta AB, Howard BM, Heaton HP et al (2012)
Superficial x-ray in the treatment of basal and squa-
mous cell carcinomas: a viable option in select
patients. J] Am Acad Dermatol 67:1235-1241

Duprez F, Madani I, Bonte K et al (2009) Intensity-
modulated radiotherapy for recurrent and second pri-
mary head and neck cancer in previously irradiated
territory. Radiol Oncol 93:563-569

Ferro M, Deodata F, Macchia G et al (2015) Short-course
radiotherapy in elderly patients with early stage non-
melanoma skin cancer: A phase 2 study. Cancer Invest
33:34-38

Fogarty GB, Hong A, Scolyer RA et al (2014)
Radiotherapy for lentigo maligna: a literature review
and recommendations for treatment. Br J Dermatol
170:52-58

Gauden R, Pracy M, Avery AM et al (2013) HDR brachy-
therapy for superficial non-melanoma skin cancers.
JMIRO 57:212-217

Gunaratne D, Howle J, Veness MJ (2016) Sentinel lymph
node biopsy in Merkel cell carcinoma: a 15 year insti-
tutional experience and statistical analysis of 721
reported cases. BID 174:273-281

Henderson MA, Burmeister BH, Ainslie J et al (2015)
Adjuvant lymph-node field radiotherapy versus obser-
vation only in patients with melanoma at high risk of
further lymph-node field relapse after lymphadenec-
tomy (ANZMTG 01.02/TROG 02.01): 6-year follow-
up of a phase 3, randomised controlled trial. Lancet
Oncol 16:1049-1060

Hernandez-Machin B, Borrego L, Gil-Garcia M,
Hernandez BH (2007) Office-based radiation therapy



300

M.J. Veness and P. Sundaresan

for cutaneous carcinoma: evaluation of 710 treat-
ments. Int J] Dermatol 46:453-459

Hruby G, Scolyer RA, Thompson JF (2013) The impor-
tant role of radiation treatment in the management of
Merkel cell carcinoma. Br J Dermatol 169:975-982

Hong A, Fogarty G (2012) Role of radiation therapy in
cutaneous melanoma. Cancer J 18:203-207

Kramkimel N, Dendal R, Bolle S, Zefkili S, Fourquet A,
Kirova YM (2014) Management of advanced non-
melanoma skin cancers using helical tomotherapy.
JEADV 28:641-650

Marcil I, Stern RS (2000) Risk of developing a subsequent
nonmelanoma skin cancer in patients with a history of
nonmelanoma skin cancer: a critical review of the litera-
ture and meta-analysis. Arch Dermatol 136:1524-1530

Perera E, Gnaneswaran N, Staines C, Win AK, Sinclair R
(2015) Incidence and prevalence of non-melanoma
skin cancer in Australia: a systematic review. Austral
J Dermatol 56:258-267

Porceddu S, Veness M, Guminski A (2015) Non-
melanoma cutaneous head and neck cancer and
Merkel cell carcinoma — Current concepts, advances
and controversies. J Clin Oncol 33:3338-3345

Simmonds RH, Hopewell JW, Robbins ME (1989)
Residual radiation-induced injury in dermal tissue:
implications for retreatment. Br J Radiol 62:915-920

Smith SP, Grande DJ (1991) Basal cell carcinoma recur-
ring after radiotherapy: a unique, difficult treatment
subclass of recurrent basal cell carcinoma. J Dermatol
Surg Oncol 17:26-10

Smith TL, Morris CG, Mendenhall NP (2014)
Angiosarcoma after breast-conserving therapy: Long-
term disease control and late effects with hyperfrac-
tionated accelerated re-irradiation (HART). Acta
Oncol 53:235-241

Van Hezewijk M, Creutzberg CL, Putter H et al (2010)
Efficacy of a hypofractionated schedule in electron
beam radiotherapy for epithelial skin cancer: analysis
of 434 cases. Radiol Oncol 95:245-249

Veness MJ (2008) The important role of radiotherapy in
patients with non-melanoma skin cancer and other
cutaneous entities. JMIRO 52:278-286

Veness M, Howle J (2015) Radiotherapy alone in patients
with Merkel cell carcinoma: the Westmead hospital
experience of 41 patients. Australas J Dermatol
56:19-24



Leukemia and Lymphoma

Chris R. Kelsey and Grace J. Kim

Contents

1 Introduction.............cccoeoeoieiincinieeneeeenn 302
2  Hodgkin Lymphoma..............c.ccocooceniiininnnnn. 302
3 Diffuse Large B-cell Lymphoma..................... 303
4 Follicular Lymphoma ................ccocooiinenn. 306
5 Marginal Zone Lymphoma ....................c........ 306
6 Plasma Cell Neoplasms............c.cccccocevenienenne 306
7 CNS Lymphoma..........cccoeoeniinininnccniinenene 308
8 Cutaneous Lymphomas................ccccoceneinne. 310
9 Total Body Irradiation..................cccooeevrnnnnee. 312
References............cocoovvecineiniiiiniinicincrecene 314

The original version of this chapter was revised.
An erratum to this chapter can be found at
10.1007/978-3-319-41825-4_78.

C.R. Kelsey, MD (<)) » G.J. Kim, MD, PhD
Department of Radiation Oncology,

Duke University Medical Center, Durham, NC, USA
e-mail: christopher.kelsey @duke.edu

Med Radiol Radiat Oncol (2016)
DOI 10.1007/174_2016_32, © Springer International Publishing Switzerland
Published Online: 21 Apr 2016

ABVD

Abstract

Leukemias and lymphomas comprise a
diverse collection of malignancies with
unique clinical behavior. Radiation therapy
plays an integral role in the definitive, adju-
vant, and palliative management of these
hematologic malignancies. As opposed to
most epithelial and mesenchymal malignan-
cies, hematologic malignancies typically
require lower doses of radiation therapy.
Most can be controlled with 24—40 Gy, well
within the tolerance of most normal tissues.
In the palliative setting, exceptionally low
doses (e.g., 4 Gy) are often sufficient. This
characteristic of hematologic malignancies
allows for re-treatment, when necessary, in
most circumstances. In this chapter, we will
review the major histologic subtypes of
hematologic malignancies and discuss the
settings where re-irradiation is sometimes
encountered in clinical practice.

Abbreviations

Doxorubicin, bleomycin, vinblastine,
dacarbazine

GHSG German Hodgkin Study Group

ICE Ifosfamide, carboplatin, etoposide

R-CHOP Rituximab, cyclophosphamide, doxo-
rubicin, vincristine, and prednisone

MALT Mucosa-associated lymphoid tissue

CNS Central nervous system
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TBI Total body irradiation

RT Radiation therapy

PET-CT Positron emission  tomography-
computed tomography

1 Introduction

Leukemias and lymphomas comprise a diverse
collection of malignancies with unique clinical
behavior. Radiation therapy plays an integral
role in the definitive, adjuvant, and palliative
management of these hematologic malignan-
cies. In some histologies, particularly for local-
ized, low-grade diseases such as follicular
lymphoma and marginal zone lymphoma, radia-
tion therapy alone is typically the definitive
treatment. For other subtypes treated primarily
with chemotherapy, radiation therapy is used in
the consolidation setting to decrease the risk of
relapse and improve survival. This would
include Hodgkin lymphoma and diffuse large
B-cell lymphoma. Total body irradiation is often
utilized in the conditioning regimen prior to
allogeneic stem cell transplant for acute leuke-
mias and occasionally lymphomas. Finally, a
short course of radiation therapy can be utilized
in all histologic subtypes to palliate symptoms
related to uncontrolled local disease.

As opposed to most epithelial and mesenchy-
mal malignancies, hematologic malignancies
typically require lower doses of radiation therapy.
Compared to 50-70 Gy, which is often required
in the definitive setting for solid tumors, most
hematologic malignancies can be controlled with
24-40 Gy, well within the tolerance of most nor-
mal tissues. In the palliative setting, exception-
ally low doses (e.g., 4 Gy) are often sufficient.
This characteristic of hematologic malignancies
allows for re-treatment, when necessary, in most
circumstances.

In this chapter, we will review the major histo-
logic subtypes of hematologic malignancies and
discuss the settings where re-irradiation is some-
times encountered in clinical practice.

2 Hodgkin Lymphoma

Early-stage (I-II) Hodgkin lymphoma is man-
aged primarily with combination chemotherapy,
mostly commonly ABVD (doxorubicin, bleomy-
cin, vinblastine, dacarbazine). Consolidation
radiation therapy, directed at originally involved
sites, decreases the risk of recurrence (Herbst
et al. 2010) and may improve overall survival
(Olszewski et al. 2015). For patients with favor-
able disease, two cycles of ABVD followed by
20 Gy of radiation are an established standard
based on the German Hodgkin Study Group
(GHSG) HDIO0 trial (Engert et al. 2010). For
patients with unfavorable disease (three or more
sites of disease, large mediastinal adenopathy,
extranodal disease, and/or an unfavorable
B-symptom/erythrocyte sedimentation rate pro-
file), four cycles of ABVD followed by 30 Gy of
radiation are utilized, based on GHSG HD11
(Eich et al. 2010). When more intense chemo-
therapy regimens are utilized (Eich et al. 2010),
or more cycles of ABVD are administered (Torok
et al. 2015), doses of 20 Gy seem sufficient, even
for unfavorable disease. With combined modality
therapy, relapse occurs in ~10-15 % of patients.

The role of consolidation radiation therapy in
advanced Hodgkin lymphoma is controversial
but often pursued for bulky disease, limited pre-
sentations, and when less than a complete
response is achieved with chemotherapy.

There are several circumstances where a sec-
ond course of radiation therapy may be appropri-
ate in patients with relapsed Hodgkin lymphoma.
One scenario is a patient with a localized relapse
who refuses or is not a good candidate for further
intense systemic therapy, including transplant. The
GHSG reported on 100 patients with relapsed dis-
ease who were treated with salvage radiation ther-
apy (Josting et al. 2005). At first diagnosis, 38 %
had early-stage disease and 68 % had received
radiation therapy. At relapse, 87 % of the patients
had localized (stage I-II) disease. Salvage radio-
therapy most commonly involved treatment to an
involved field (37 %) or mantle field (42 %), with a
median dose of 40 Gy. The actuarial 5-year
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Fig. 1 A 36-year-old female presented with early-stage,
unfavorable Hodgkin lymphoma and was treated with
combined modality therapy consisting of six cycles of
ABVD followed by low-dose (20 Gy) consolidation RT
(panel a). Her disease recurred in the mediastinum (panel
b, red contour) within the RT field. She received three
cycles of ICE followed by high-dose chemotherapy and
autologous stem cell transplant. One year later, she was
found to have recurrence at the same site in the mediasti-
num. She declined further chemotherapy. A definitive
course of RT (40 Gy) was given (panel b, green contour).
She remains without evidence of recurrence 4 years after
completing salvage re-irradiation

freedom from a second failure and overall survival
were 28% and 51 %, respectively. Thus, while
high-dose chemotherapy and autologous stem cell
transplant remain the preferred treatment for
relapsed Hodgkin lymphoma, definitive radiation
therapy for select patients, particularly those with
localized relapses, is appropriate (Fig. 1).
Another circumstance is relapsed disease
within the transplant setting. Investigators from
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Memorial Sloan Kettering Cancer Center
reported on 65 patients with relapsed/refractory
Hodgkin lymphoma, 60 % of whom had received
prior radiation therapy (Moskowitz et al. 2001).
The treatment program began with two cycles of
ICE (ifosfamide, carboplatin, etoposide). If a sat-
isfactory response was achieved, then accelerated
fractionation, involved-field radiation therapy
was pursued to patients with disease >5 cm at
relapse or who had residual disease after ICE
(1.8 Gy bid to 18-36 Gy, depending on disease
status and prior radiation therapy). Upon comple-
tion of involved-field radiation therapy, patients
proceeded with total lymphoid irradiation
(1.8 Gy bid to 18 Gy). This was followed by fur-
ther chemotherapy and autologous stem cell
transplant. At a median follow-up of 43 months,
the 5-year event-free survival was 58 %.
Re-irradiation only to involved sites, without
total lymphoid irradiation, may also be an appro-
priate strategy in select patients with relapsed
disease after combined modality therapy. Low
doses (~20 Gy) may be appropriate depending on
the clinical circumstances.

Finally, radiation therapy can be utilized to
palliate local symptoms in patients with refrac-
tory Hodgkin lymphoma. Durable responses can
be achieved in the majority of patients with
20-30 Gy (Kaplan 1972). Such doses are rarely
associated with significant side effects and can be
safely given, using modern techniques, even
when prior radiation therapy has been adminis-
tered (Fig. 2).

3 Diffuse Large B-cell
Lymphoma

As with Hodgkin lymphoma, early-stage (I-II)
diffuse large B-cell lymphoma is often managed
with a combination of systemic therapy and radi-
ation therapy. This typically consists of three to
six cycles of immunochemotherapy, most com-
monly R-CHOP (rituximab, cyclophosphamide,
doxorubicin, vincristine, and prednisone), fol-
lowed by consolidation radiation therapy. The
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Fig.2 A 51-year-old male with refractory Hodgkin lym-
phoma, who had previously been treated with multiple
courses of RT to the chest and abdomen, presented with
paralysis due to epidural disease in the lower thoracic spine
(white solid arrow, panel a). Due to prior RT to that area
that approached spinal cord tolerance, he received 14 Gy
with conventional RT which cleared the disease in the epi-
dural space (white dashed arrow, panel b). Due to persistent

Eastern Cooperative Oncology Group study 1484
demonstrated that consolidation radiation ther-
apy after eight cycles of CHOP was associated
with reduced rates of local failure (4 % vs. 16 %,
p=0.06) and improved 6-year disease-free sur-
vival (73 % vs. 56 %, p=0.05), the primary end-
point of the study (Horning et al. 2004). A dose
of 30 Gy is typically utilized after a complete
response to immunochemotherapy is achieved.
Higher doses (>40 Gy) may be necessary in the

disease in the surrounding bone and soft tissues, he received
a stereotactic body radiation therapy boost with sparing of
the spinal cord (black solid arrow, panel ¢) consisting of
12 Gy in 3 fractions (yellow contour, black dashed arrow,
panel ¢). Thus, the total dose to gross disease in the spine
was 26 Gy. Over the course of several months his lower
extremity strength improved, he became ambulatory with
the assistance of a walker and returned to work

setting of a partial response or with refractory
disease.

Patients with advanced disease (III-IV) are gen-
erally treated with immunochemotherapy alone.
Radiation therapy is utilized in select patients.
Indications for radiation therapy include bulky dis-
ease (Held et al. 2014), partial response to sys-
temic therapy (Dorth et al. 2011; Sehn et al. 2013),
and limited skeletal involvement (Held et al.
2013). Select patients with technically advanced
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Fig.3 A 52-year-old male presented with low back pain
and found to have a retroperitoneal mass (white arrow,
panel a). Biopsy showed DLBCL, and positron emission
tomography-computed tomography (PET-CT) imaging
showed diffuse adenopathy with bulky retroperitoneal dis-
ease invading adjacent vertebral bodies and obstructing
the left ureter leading to kidney dysfunction. He received
six cycles of R-CHOP, achieving a complete response by

disease but limited presentations may also benefit
from consolidation radiation therapy. In advanced
stages, as more chemotherapy cycles are generally
used with more widespread disease (and thus
larger field sizes), lower doses such as 20 Gy seem
reasonable (Dorth et al. 2012).

About a third of patients with diffuse large B-cell
lymphoma will suffer a relapse. First-line treatment
at relapse for appropriate candidates is non-cross-
reactive chemotherapy followed by high-dose che-
motherapy and autologous hematopoietic cell
transplantation. Further radiation therapy must be
tailored to the individual circumstances. Factors
that must be considered include the prior dose of
radiation utilized, field treated, interval between ini-

PET-CT, followed by 30 Gy consolidation RT to the intra-
abdominal disease (panel b). One year later, he was found
to have diffuse disease progression confirmed with biopsy.
He only achieved a partial response to three different sal-
vage chemotherapy regimens. With refractory disease, a
myeloablative allogeneic stem cell transplant was recom-
mended utilizing a TBI-based regimen with custom
shielding of the right kidney (white arrow, panel ¢)

tial treatment and relapse, extent of relapse, response
to salvage chemotherapy, etc.

Total body irradiation may be utilized, in
select circumstances, in the relapsed setting
as part of the conditioning regimen (Fig. 3).
As doses of 12-14 Gy are required for trans-
plant, this is usually feasible without significant
risk. A second course of localized radiation
therapy in the salvage setting may also be fea-
sible depending on the circumstances. Finally,
in those patients who are nonresponders to
high-dose chemotherapy, fail transplant, or
have a poor performance status, palliative radia-
tion therapy can be considered. Radiation can
be used in this setting to relieve symptomatic
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areas. As in Hodgkin lymphoma, re-treatment
is generally possible due to the lower consoli-
dation radiation doses needed for lymphoma.
Response rates have been reported to be as high
as 50-80 % with doses as low as 4 Gy (Murthy
et al. 2008; Haas et al. 2005). Such doses can be
utilized in almost all patients. If this is unsuc-
cessful, more conventional palliative doses can
be pursued (20-24 Gy).

4 Follicular Lymphoma

Approximately 20% of patients with follicular
lymphoma present with localized (stage I or con-
tiguous stage II) disease. The optimal treatment
for these patients is controversial as no random-
ized studies have compared radiation therapy
alone (the traditional standard) with more modern
approaches such as immunochemotherapy, with
or without radiation therapy (Friedberg et al.
2012), or observation. Large database studies sug-
gest that radiation therapy improves survival in
this setting (Vargo et al. 2015; Pugh et al. 2010).
With radiation therapy alone, approximately 50 %
of patients have long-term disease control. When
the disease does relapse, the predominant pattern
of failure is distant (i.e., originally uninvolved
lymph node sites).

The majority of patients with follicular lym-
phoma present with advanced (stage III-1V) dis-
ease. Systemic therapy, consisting of both
immunotherapy (e.g., rituximab) and chemother-
apy, is the foundation of follicular lymphoma
management. Radiation therapy can be beneficial
in a number of circumstances. For example, in set-
tings where there is localized disease progression
or poor response to systemic therapy, especially if
symptoms are present that require palliation, radi-
ation therapy may be appropriately employed.
Depending upon the clinical circumstances, it is
often prudent to treat with a low-dose approach
(2 Gy x 2). A total dose of 4 Gy is almost always
well tolerated, and response rates exceed 80-90 %
(Haas et al. 2003; Russo et al. 2013).

Local control with conventional doses of radia-
tion therapy is very high (24-30 Gy). The most
common re-irradiation scenario is in patients

receiving 2 Gy x 2 for palliation who either fail to
respond or subsequently relapse in field. In this cir-
cumstance, it is almost always feasible to give a
more protracted regimen (20-30 Gy) which invari-
ably leads to the desired response (Fig. 4) or, in the
instance of relapsing patients, to give another 4 Gy.

5 Marginal Zone Lymphoma

The most common subtype of marginal zone
lymphoma encountered by radiation oncolo-
gists is extranodal marginal zone lymphoma of
mucosa-associated lymphoid tissue (MALT
lymphoma). These lymphomas most commonly
arise within the stomach, orbital adnexa, parotid
gland, skin, thyroid gland, and lung. The major-
ity of patients present with localized disease.
While an initial trial of antibiotics is appropri-
ate for localized Helicobacter pylori-positive
gastric MALT lymphoma, definitive radiation
therapy is the preferred treatment for most other
presentations. Complete responses to low-dose
radiation therapy (24-30 Gy) are the norm
(>95 %). Local failure is extraordinarily rare. In
arecent large series from the Princess Margaret
and Memorial Sloan Kettering Hospitals, fail-
ure within the radiation field occurred in 3-5 %
of patients (Goda et al. 2010; Teckie et al.
2015). The dominant pattern of failure is at dis-
tant sites, typically in areas that are commonly
involved by MALT. Thus, the need for radiation
therapy for a previously irradiated area is
unusual. In such circumstances, low-dose (2 Gy
x 2) radiation could be used for palliative pur-
poses (Russo et al. 2013). In select circum-
stances, depending upon initial dose and
location, it may be possible to pursue a second
definitive (~24-30 Gy) course of therapy. The
more common circumstance is treating a new
area for a localized distant relapse (Fig. 5).

6 Plasma Cell Neoplasms

The most common plasma cell neoplasms that
radiation oncologists encounter are solitary
plasmacytomas and multiple myeloma. Only
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Fig.4 A 63-year-old female was diagnosed with stage
111, low-grade, follicular lymphoma at age 53. She was
initially treated with chemotherapy. Four years later,
the disease recurred in the abdomen and she was
treated with rituximab. Upon progression she received
RT (4 Gy x 1) without response. The mass was re-

5% of plasma cell neoplasms are solitary
lesions, which can develop at either osseous
sites or in extramedullary locations, the latter
most commonly in the head and neck region.
For both, the preferred treatment is definitive
radiation therapy to a dose of 40-45 Gy. Local
control is largely determined by size of the pri-
mary tumor with larger tumors having a higher
risk of local recurrence (Ozsahin et al. 2006;

biopsied and confirmed to be grade 2 follicular lym-
phoma. As she had a single site of active disease
(8 cm), a more protracted course of RT was pursued
(2 Gy qd to 30 Gy) (panel a, white arrow). She toler-
ated RT well and achieved a partial response at | year
(panel b, white arrow)

Tsang et al. 2001). The dominant pattern of
failure is systemic progression to multiple
myeloma. For osseous and extramedullary
plasmacytomas, the 10-year risk of develop-
ing multiple myeloma is approximately 70 %
and 35 %, respectively (Ozsahin et al. 2000).
The majority of patients diagnosed with a
plasma cell neoplasm have multiple myeloma.
Painful lytic lesions are a common complica-
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Fig.5 A 68-year-old male was diagnosed with Helicobacter
pylori-negative gastric MALT lymphoma and achieved a
durable complete remission with RT to 30 Gy (stomach in
red, panel a). Four years later, he developed MALT

tion which a short course of radiation therapy
can palliate. In general, doses of 8§-24 Gy are
recommended.

It is unusual for a solitary plasmacytoma to fail
locally without evidence of systemic progression.
In such cases, a second course of radiation therapy
could be considered. There have been anecdotal
reports of long-term disease control in such cir-
cumstances (Mendenhall et al. 1980). The location
of the original disease and ability to avoid critical
normal regional structures would dictate whether
re-irradiation is feasible. Similarly, it is typically
unnecessary to repeat a course of radiation therapy
for myeloma. However, in circumstances where
pain recurs and there is obvious radiographic or
pathologic evidence of persistent disease, a second
course of radiation is almost always feasible given
the relatively low doses that are sufficient to palli-
ate pain (Fig. 6).

7 CNS Lymphoma

Primary central nervous system (CNS) lym-
phoma is a relatively rare subtype of non-Hodgkin
lymphoma. The most important treatment com-
ponent is high-dose methotrexate, typically given

lymphoma along the mandibular alveolar ridge. Most of the
disease was removed at the time of biopsy. He received RT
to 24 Gy (original extent of disease in red, panel b) and is
without evidence of recurrence 3 years later

in conjunction with other systemic agents includ-
ing rituximab (Morris and Abrey 2009). The role
of consolidation radiation therapy is controver-
sial, primarily due to the risk of neurotoxicity in
older adults after systemic high-dose methotrex-
ate (Abrey et al. 1998). In the presence of a com-
plete response, low-dose (23.4 Gy) whole brain
radiation therapy is often utilized and seems to be
associated with favorable clinical outcomes,
including a low risk of subsequent failure in the
brain and a low risk of neurotoxicity (Morris
et al. 2013).

Secondary CNS lymphoma occurs when sys-
temic disease secondarily involves the CNS. Current
regimens in fit patients utilize a similar approach as
primary CNS lymphoma, often in conjunction with
high-dose chemotherapy and autologous stem cell
transplant. The role of radiation therapy in second-
ary CNS lymphoma is not established.

Generally, repeat whole brain radiation ther-
apy is not recommended in primary or secondary
CNS lymphoma. Stereotactic radiosurgery, in
which a tumor is treated with a single, high-dose
conformal treatment, has been employed in the
setting of limited intracranial progression after
whole brain radiation therapy for CNS lympho-
mas (Kumar et al. 2015; Matsumoto et al. 2007,
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Fig. 6 An 86-year-old female was treated for a painful
left humeral lytic lesion with palliative RT (20 Gy in
4 Gy fractions) (panel a). Her pain improved but approxi-
mately 18 months later she developed a nondisplaced
pathologic fracture of the proximal humeral metadiaphy-
sis at the site of the original lytic lesion (panel b). She

Kenai et al. 2006) (Fig. 7). Doses of 12-18 Gy
have been utilized with overall response rates
of ~85%. Median survival, in heterogeneous
populations of patients, is reported to be 10-17
months. As expected, radiosurgery is well

underwent open reduction and internal fixation with
cement reconstruction (panel c¢). Biopsy confirmed
myeloma. Due to persistent pain, she underwent a second
course of RT using the same total dose but a higher dose
per fraction (20 Gy in 5 Gy fractions) with subsequent
improvement in pain (panel d)

tolerated without significant complications.
However, distant brain failures are common
after stereotactic radiosurgery (Matsumoto
et al. 2007), presumably given the multifocality
of intracranial disease.
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Fig. 7 A 26-year-old male was treated for stage II
DLBCL with eight cycles of R-CHOP but subsequently
failed with two parenchymal lesions in the brain. He
received further chemotherapy followed by an autologous
stem cell transplant. As part of the preparative regimen, he
received TBI (13.5 Gy) in addition to a boost to the brain

8 Cutaneous Lymphomas

Cutaneous lymphomas consist of both T-cell
and B-cell histologies. The most common T-cell
histologies are mycosis fungoides and CD30-
positive lymphoproliferative disorders, which
include lymphomatoid papulosis and primary
cutaneous anaplastic large cell lymphoma. The
B-cell histologies include primary cutaneous
follicle center lymphoma, marginal zone lym-
phoma, and diffuse large B-cell lymphoma, leg
type.

Mycosis fungoides is the most common cuta-
neous lymphoma and radiation therapy plays an
integral role in its management. For the rare patient
with unilesional disease, definitive radiation ther-
apy can lead to long-term remission and potential
cures (Wilson et al. 1998; Micaily et al. 1998;
Piccinno et al. 2009). Local control in this setting
is ~95 %. For the vast majority of patients, how-
ever, who present with widespread patch/plaque

(10 Gy). About 1 year later, he developed a new parenchy-
mal brain lesion distant from his previous intracranial dis-
ease (panel a). Given the prior whole brain radiation
therapy, this was treated with stereotactic radiosurgery
(panel b, yellow contour is 15 Gy isodose line)

disease or with cutaneous tumors, the goal of ther-
apy is palliative. Radiation therapy is particularly
advantageous for those with thick plaques or
tumors. Local radiation therapy, using doses of
7-20 Gy, leads to response rates of ~90 % (Thomas
et al. 2013; Neelis et al. 2009). Unfortunately, with
time, many lesions will progress and re-irradiation
becomes necessary. Such low doses allow for re-
irradiation, sometimes more than once, without
difficulty. Acute and long-term risks of local radia-
tion therapy, utilizing the relatively low doses
mentioned above, are minimal. Pigmentation
changes and alopecia, both from the disease and
the treatment, are most common.

Total skin electron beam therapy is advanta-
geous for patients with generalized disease, par-
ticularly for those with thick plaques, tumors, or
whose disease is refractory to other modalities.
Complete response rates range from 75 to 85 % for
those with patch/plaque (T2) disease (Jones et al.
2002; Ysebaert et al. 2004; Navi et al. 2011) and
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Fig.8 A 59-year-old male was diagnosed with mycosis
fungoides at age 52. He was treated with numerous
modalities for patch/plaque stage (T2) disease and ulti-
mately underwent total skin electron beam therapy
(36 Gy) for refractory tumor-stage (T3) disease. Over the
next 2 years, he received local radiation therapy (10—
20 Gy) to multiple sites for symptomatic disease. He re-

presented with widespread tumors and plaques, especially
on the face (panels a, b). Preparatory to an allogeneic
stem cell transplant, a second course of total skin electron
beam therapy was pursued in an attempt to clear the cuta-
neous disease (panel ¢). He received 24 Gy with selective
boosts. He achieved a good response (panels d, e) and pro-
ceeded with an allogeneic stem cell transplant
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45 to 80 % for those with tumor-stage (T3) disease
(Navi et al. 2011; Quiros et al. 1996). However,
essentially all patients relapse and re-irradiation is
often necessary. As mentioned above, local re-
irradiation is rarely problematic. Even total skin
electron beam therapy can be repeated. Ideal can-
didates for repeat total skin electron beam therapy
include those who achieved a good initial response
and reasonable response duration to the first course
of therapy, failure of subsequent treatments, and
generalized symptomatic skin involvement
(Hoppe 2003; Becker et al. 1995; Wilson et al.
1996). Given clinical circumstances, doses of
12-36 Gy are typically prescribed. When doses on
the upper end of this spectrum are used initially,
lower doses are most appropriate for a second
course of treatment (Fig. 8).

The low-grade primary cutaneous B-cell lym-
phomas (marginal zone and follicle center), when
localized, are most commonly treated with radia-
tion therapy alone. Complete response rates are
~99 % with a very low chance of local failure when
given conventional doses (24-36 Gy) (Pashtan
et al. 2013; Senff et al. 2007; Hamilton et al. 2013).
Such patients are at high risk of developing addi-
tional sites of disease, but relapses are usually
localized to the skin (Senff et al. 2007; Zinzani
et al. 2006), and a second course of radiation ther-
apy can be employed quite easily. Rarer is the
patient who presents or relapses with widespread
disease. In such patients, systemic therapy is
usually most appropriate though low-dose radia-
tion therapy (e.g., 2 Gy x 2) can be useful for dis-
ease palliation (Neelis et al. 2009). Approximately
90 % of lesions will regress with low-dose RT, with
complete responses observed in ~75% (Fig. 9).
With such low doses, it is possible to repeat a
course of radiation therapy more than once for
symptomatic relief.

9 Total Body Irradiation

Allogeneic stem cell transplantation is often
recommended for patients with high-risk or
relapsed acute leukemias and some lymphomas
including diffuse large B-cell lymphoma and

Fig.9 A 39-year-old male presented with multifocal pri-
mary cutaneous B-cell lymphoma (follicle center histol-
ogy). He was treated with rituximab with a complete
response at all sites of disease except a pruritic, raised,
erythematous lesion on his upper left back (panel a). He
was treated with low-dose radiation therapy (2 Gy x 2)
and achieved a complete response with resolution of his
pruritis (panel b)

Hodgkin lymphoma. Total body irradiation
(TBI) is an established modality in the condi-
tioning regimen prior to transplant, especially
for the acute leukemias. While a single dose of
8 Gy was used historically, most centers now
use fractionated regimens, typically 12-14 Gy
administered in 6-9 fractions.

While rare, patients occasionally fail to engraft.
This is classified as primary graft failure when
donor cells fail to engraft altogether or secondary
graft failure when there is loss of donor cells after
an initial engraftment. The prognosis of such
patients is poor, even with second transplantation
(Schriber et al. 2010). Regimens incorporating
low-dose TBI (2 Gy x 1) have been reported with
successful engraftment. TBI can play an impor-
tant role by eradicating residual host immune
cells facilitating a successful engraftment
(Gyurkocza et al. 2009; Sumi et al. 2010; Shimizu
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Fig. 10 This 19-year-old male was diagnosed with
acute lymphocytic leukemia with CNS involvement.
After achieving remission with induction chemotherapy
and intrathecal methotrexate, he underwent myeloabla-
tive conditioning with TBI (1.5 Gy bid to 13.5 Gy) with
a boost to the testicles and craniospinal axis. His condi-
tioning also included high-dose fludarabine followed by
a dual cord stem cell transplant. He failed to engraft and

et al. 2009), even in patients previously receiving
a myeloablative TBI-based regimen (Sumi et al.
2010; Shimizu et al. 2009) (Fig. 10).

underwent a one-day preparative regimen consisting of
fludarabine, cyclophosphamide, alemtuzumab, and addi-
tional TBI (2 Gy x 1) followed by another cord blood
stem transplant which resulted in successful engraft-
ment. Panel a shows the patient positioned in a lateral
position. Panel b demonstrates placement of the patient
in comparison with the linear accelerator with the spoiler
in position
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Abstract

The treatment of bone metastases comprises
a large part of the radiotherapy daily prac-
tice. Palliative radiotherapy has proven to
be successful in treating pain caused by
metastatic lesions in any bone and in treat-
ing neurological complaints caused by com-
pression of the spinal cord due to lesions
in the spinal column. In most prospective
randomized trials on radiotherapy for bone
pain, responses up to 70 % were reported.
However, when survival was prolonged,
recurrent pain was reported in up to 50 % of
patients. It is to be expected for the future,
since patients are living longer with dissem-
inated disease, that symptoms may recur
and therefore retreatment of bone metasta-
ses for palliative reasons will increase. In
this chapter, the evidence-based outcomes
for response and duration of response to
initial and subsequent radiotherapy will be
presented. Guidelines will be formulated
for retreatment in bone metastases, with a
focus on timing, expected complications,
and preferred radiotherapy techniques.
More intensive radiation techniques like
intensity-modulated and stereotactic radio-
therapy will be discussed for their role in
retreatment of bone metastases.
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1 Introduction
1.1 Epidemiology

In approximately half of all patients who are diag-
nosed with cancer from various sites, metastatic
spread of tumor cells occurs during follow-up.
For the patient this signifies a catastrophic event:
it means that the malignant process is incur-
able and treatment is no longer directed toward
cure. Only optimal palliation of disease-related
symptoms is achievable. Bone is the third most
frequent site of tumor metastasis, after the lung
and liver. The malignant tumors that frequently
metastasize to the skeleton are from common
primary sites, in particular the breast, prostate,
and lung. The incidence and prevalence of bone
metastases in cancer patients are difficult to deter-
mine with accuracy, and the clinical incidence
is lower than the true pathological rate. Studies
report a frequency of 10-47 % of all patients
with breast cancer developing metastases to the
bone detected during their illness (Miller and
Whitehill 1984; Kamby et al. 1987; Wedin et al.
2001), but in autopsy studies, more than 70 % of
breast cancer patients had tumor deposits in the
bone (Galasko 1981; Lee 1983).

Duration of survival after the clinical manifes-
tation of bone metastases depends on whether the
metastasis is a solitary lesion or multiple metas-
tases exist throughout the skeleton. When the
patient also has visceral metastases, the progno-
sis is generally worse. In addition, the type of pri-
mary tumor affects the disease outcome. Patients
with breast cancer or prostate cancer may have
a prolonged survival, sometimes stretching
over several years. Improvements in systemic
therapy and the relatively long clinical course
of these primary tumors underline this observa-
tion. However, the majority of patients treated in
palliative bone metastases trials die within 5-12
months after radiotherapy for bone metastases
(Ratanatharathorn et al. 1999; van der Linden
et al. 2006).

When considering radical treatment options,
the probability of occult metastasis is a major fac-
tor for physicians when deciding which treatment
to apply. When there is a high risk, then adjuvant

systemic therapy or, in the case of bone metas-
tases, bisphosphonates or RANKL inhibitors
(Lipton et al. 2016) may take precedence over the
use of potentially disabling surgical procedures.
For the radiotherapy department and its employ-
ees, care for patients with painful bone metasta-
ses comprises 10—15 % of the daily workload.

1.2 Clinical Implications

and Treatment Modalities

Bone metastases may cause a range of clinical
complications, varying from mild to severe pain
at the site of the metastasis, pathological fracture
of bone, spinal cord compression (SCC) or nerve
root compression syndromes, and hypercalcemia.
The intensity of these symptoms is mostly depen-
dent on the localization and extent of the lesion
in the skeleton. A variety of palliative treatment
modalities is available for bone metastases. The
majority of treatments are directed toward opti-
mum palliation with minimum treatment-related
morbidity. Treatment choice is dependent on the
symptoms and life expectancy of the patient and
whether comorbidity exists that may increase the
risk of a particular treatment. Other influencing
factors are the localization of the metastasis in
the skeleton and whether the metastasis is soli-
tary or multiple.

1.2.1 Pain

The mechanisms that underlie the sensation
of pain caused by metastasis are poorly under-
stood. The presence of pain does not seem to be
correlated with the type of tumor, location, and
number or size of the metastases (Hoskin 1988;
Vakaet and Boterberg 2004). It is thought that
when tumor cells grow, the periosteum, which
is the highly innervated connective tissue sheath
that covers the external surface of the bone, is
stretched. Pain receptors (nociceptors) are sub-
sequently activated and may show sensitization,
which is manifested as a decreased threshold of
activation after injury and the emergence of spon-
taneous activity (Mercadante 1997; Payne 2003).
This may explain why some lesions cause such
a deep, dull, aching sensation without even the
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least contact (Coleman 1997). In addition, chem-
ical mediators of pain such as prostaglandins are
thought to play a role (Hoskin 1988). Treatment
strategies are focused on these abovementioned
mechanisms.

Analgesic drugs that inhibit certain pathways
are available and relatively simple to administer.
Bone pain may respond to simple analgesics and
nonsteroidal anti-inflammatory drugs (NSAIDs)
as well as strong opioids; titration using the prin-
ciples of the analgesic ladder should be used.
Adjuvant analgesics such as steroids and nerve
sedatives, e.g., gabapentin and pregabalin, also
have an important role. Depending on the type,
quantity, and duration of analgesic intake, the
patient may suffer from significant side effects.
For example, opioids cause nausea, constipation,
and drowsiness. Nonsteroidal anti-inflammatory
drugs may cause gastrointestinal ulceration with
subsequent bleeding. Steroids should be adminis-
tered for as short a time as possible to minimize
side effects such as water retention, insomnia,
weight gain, and glucose intolerance.

For localized pain, radiotherapy is a well-
accepted treatment modality with a 60—-80 % like-
lihood of overall pain relief reported (Wu et al.
2003; Sze et al. 2003; Falkmer et al. 2003). The
mechanism of the analgesic effect from radio-
therapy remains unknown. Because the onset
of pain relief is often rapid, within days, it is
not likely to be dependent upon tumor shrink-
age alone (Hoskin 1988). It is probable that a
response mechanism through modification of
chemical mediators such as prostaglandins is
important.

The side effects of radiotherapy are depen-
dent on the part of the body irradiated, treatment
volume, and total radiotherapy dose. Transient
side effects include tiredness, skin reactions, or
gastrointestinal complaints such as nausea or
diarrhea. Pain flare may also be seen in a small
number of patients. If multiple bony sites causing
diffuse pain are painful, then, instead of several
smaller fields, a single wide-field radiotherapy
may be considered with good results (Salazar
et al. 2001; Berg et al. 2009). This technique may
be associated with more acute side effects, par-
ticularly gastrointestinal symptoms and transient

bone marrow depression. In general, palliative
radiotherapy is a safe, well-tolerated treatment
which can be repeated if required.

Surgery is another option for the local treat-
ment of pain in weight-bearing long bones. For
example, if a patient suffers from a painful osteo-
lytic metastasis in the femur or humerus with
cortical involvement and rising instability, osteo-
synthesis may cause immediate relief of pain and
prevent pathological fracture. In a subgroup anal-
ysis of the Dutch Bone Metastasis Study, an axial
cortical involvement of more than 30 mm gave
rise to a 25 % chance of fracture during follow-up
(van der Linden et al. 2003, 2004a). The treat-
ing physician should always weigh the morbid-
ity of a surgical procedure against the beneficial
stabilizing capability of prophylactic surgery. If
a patient with a high-risk lesion is considered
inoperable, local radiotherapy may be given and
remineralization will occur, but may take 6-12
weeks for the bone to heal during which time
the risk of fracture remains (Koswig and Budach
1999). Currently the use of computer finite ele-
ment modeling, in place of subjective doctors’
opinion based on clinical experience, is being
tested in a large set of prospective CT scanning
data of patients with femoral bone metastases to
study whether accurate prediction of fracture can
be improved (Tanck et al. 2009).

Minimally invasive procedures such as ver-
tebroplasty in osteolytic spinal metastases may
be considered for the treatment of back pain
(Lieberman and Reinhardt 2003; Kallmes and
Jensen 2003; Bartels et al. 2008) due to vertebral
collapse. Vertebroplasty involves the injection
of polymethyl methacrylate into the vertebra to
immediately strengthen the affected bone. No
prospective studies have been conducted so far
to test the effectiveness of vertebroplasty versus
radiotherapy for the treatment of pain.

A relatively new treatment for painful bone
metastases is radiofrequency ablation (RFA),
which utilizes a high-frequency alternating cur-
rent that is passed from a needle electrode into
surrounding tissue, resulting in frictional heating
and necrosis. A decrease of pain in 95-100 % of
treated patients has been reported with this tech-
nique (Goetz et al. 2004; Dupuy et al. 2010). No
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comparative studies are reported so far compar-
ing this technique with the gold standard of local
radiotherapy.

If a patient has diffuse pain arising from
numerous metastases, and especially if visceral
metastases are present too, a systemic treatment
should be considered if available and effective
alongside local treatment. This is particularly rel-
evant for patients with breast cancer or prostate
cancer in whom there can be a major benefit from
these treatments. A variety of effective chemo-
therapeutic agents, hormonal therapies (Harvey
1997), and radionuclides (Quilty et al. 1994;
Falkmer et al. 2003; Sartor et al. 2014) are avail-
able. In addition, regular infusions with potent
inhibitors of osteoclastic bone resorption such as
bisphosphonates or RANKL inhibitors decrease
the number of skeletal related events in patients
with breast cancer, myeloma, and prostate can-
cer (Hortobagyi et al. 1996; Rogers et al. 1997;
Falkmer et al. 2003; Lipton 2003; Lipton et al.
2016), as well as in patients with lung cancer and
other solid tumors (Rosen et al. 2004).

1.2.2 Spinal Cord or Nerve Root
Compression Syndromes

Soft tissue extension of tumors in the vertebrae
may compress nerve roots or the spinal cord
causing neurological symptoms ranging from
neuropathic pain and cauda equina syndromes
with loss of sphincter control to total paraplegia.
Pathological fracture of the vertebrae may result
in bone fragments compressing nerve roots or the
spinal cord causing the same symptoms. In gen-
eral, if a patient presents with neurological symp-
toms, an emergency MRI should be obtained to
identify possible spinal cord compression in
order to start treatment as soon as possible (Rades
et al. 2002; Bartels et al. 2008). The majority of
cases arise either due to extradural compression
or invasion of the spinal cord by metastases from
an adjacent vertebral body. The physiology of the
spinal cord and cauda equina damage is thought
to relate initially to venous obstruction and
edema rather than direct physical pressure caus-
ing the initial symptoms. Although a classifica-
tion system based on clinical symptoms has been
proposed to choose the appropriate treatment for

each patient presenting with a spinal metastasis
(Harrington 1986), there is no broad consensus
on the most appropriate treatment or sequence
of treatments for patients with spinal metastases.
More recently, the Spinal Instability Neoplastic
Score as a measure for spinal instability has been
recommended to use as a tool to discuss indica-
tions for surgery, especially in patients without
neurological symptoms (Fisher et al. 2010).
Although its predictive power is under debate,
the use of SINS helps radiation oncologists and
spinal surgeons to discuss the most appropriate
treatment options for individual patients.

In general, radiotherapy in combination with
high-dose steroids can be effective treatment
in spinal cord or nerve root compression syn-
dromes. Decrease of symptoms after radiother-
apy doses of 16-24 Gy was reported in 10-90 %
of the patients, depending on the severity and
duration of the pretreatment neurological symp-
toms (Maranzano and Latini 1995; Maranzano
et al. 1997, 2005, 2009; Roos et al. 2000; Rades
et al. 2002; Hoskin et al. 2003). Exceptions are
patients with lymphoma or germ cell tumors
where primary chemotherapy may be appropri-
ate. A surgical procedure to the spine should be
considered if bone fragments endanger the spinal
cord, if neurological symptoms do not respond
to radiotherapy, or if tolerance doses for the spi-
nal cord with radiotherapy have been reached
(Harrington 1986). Several surgical techniques
have been developed ranging from minimally
invasive methods such as palliative laminectomy
to extensive procedures including radical en bloc
resection and stabilization. The choice of sur-
gical technique depends on expected survival,
treatment-related morbidity, and outcome after
treatment. In general, the more extensive the sur-
gical technique, the more prolonged the palliative
effect will be, but, also, the greater the treatment-
related morbidity for the patient (Harrington
1986). A randomized trial in 101 patients with
spinal cord compression studied surgery plus
radiotherapy versus radiotherapy alone and
showed a significant improvement in mobility for
the combination arm (Patchell et al. 2005), pre-
dominantly confined to patients younger than 65
years (Chi et al. 2009). There is still debate about
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these results, however, because the patients were
a highly selected group and accrued over a period
of 10 years. In contrast a matched pair analysis
by Rades et al. in 342 patients showed no sig-
nificant differences in outcome after surgery plus
radiotherapy vs. radiotherapy alone (Rades et al.
2010a). Groups were matched for 11 potential
prognostic factors and compared for posttreat-
ment motor function, ambulatory status, regain-
ing ambulatory status, local control, and survival.
Further randomized studies are required address-
ing the relative role of radiotherapy and surgery
in metastatic spinal cord compression.

2 Radiotherapy for Pain
from Bone Metastases
2.1 Initial Treatment for Pain
Different palliative radiotherapy schedules have
been studied in numerous trials, ranging from a
single fraction of 4, 6, or 8-20 Gy in 5 fractions,
24 Gy in 6 fractions, 30 Gy in 10 fractions, and
even 40 Gy in 20 fractions (Tong et al. 1982;
Madsen 1983; Price et al. 1986; Hirokawa et al.
1988; Okawa et al. 1988; Cole 1989; Kagei et al.
1990; Hoskin et al. 1992; Rasmusson et al. 1995;
Niewald et al. 1996; Gaze et al. 1997; Jeremic
et al. 1998; Nielsen et al. 1998; Koswig and
Budach 1999; Steenland et al. 1999; Kirkbride
et al. 2000a; Salazar et al. 2001; van der Linden
et al. 2004b; Hartsell et al. 2005; Kaasa et al.
2006; Foro et al. 2008; Berg et al. 2009; Hoskin
et al. 2015). No clear dose/effect relationship has
been seen in any of these trials. Subsequently,
three large meta-analyses have confirmed the
equal effectiveness of a single-dose schedule
compared to more protracted regimens (Wu et al.
2003; Wai Man et al. 2004; Chow et al. 2007a).
A single fraction of 8 Gy is therefore consid-
ered to be the standard radiotherapy schedule for
patients with uncomplicated bone pain, that is,
for bone lesions without neurological complaints
and without a high risk of pathological fracture
(Wu et al. 2003; Wai Man et al. 2004; Chow
et al. 2007a, b). In these trials, 3—4 weeks after
treatment, 6572 % of the patients had achieved

a response, and in patients with a prolonged sur-
vival (>1 year), 80% achieved durable benefit
from single-dose radiotherapy with no advantage
to a more protracted regimen (van der Linden
et al. 2006). In patients with a survival of less
than 12 weeks, a single fraction was effective
in up to 50 % of the patients, again with no ben-
efit to a higher total dose (Meeuse et al. 2010).
Sixty percent of these poor-prognosis patients
had persisting pain scores of five or higher (on
a pain score ranging from 0 to 10), underlining
the necessity of adequate pain management in
these patients in addition to palliative radiother-
apy. In a randomized study in 272 patients with
neuropathic pain (i.e., the presence of a radiating
cutaneous component in the distribution of one
or more spinal nerves or peripheral nerves), a sin-
gle dose was not inferior to 20 Gy in 5 fractions
(Roos et al. 2005). Overall response rate and time
to failure following a single dose were somewhat
poorer (53 vs. 61 %), but the differences were not
statistically significant. The authors recommend
a single fraction for particular subsets of patients,
such as those with a short expected survival.
Although in patients with painful spinal metasta-
ses some authors advocate that pain is the herald
of subsequent neurological symptoms, and there-
fore a higher initial dose is required, only 3 % of
342 patients with spinal metastases who were
irradiated within a randomized prospective trial
progressed to a spinal cord compression (van der
Linden et al. 2005). A single fraction of 8 Gy is
therefore considered a safe and effective dose for
pain caused by uncomplicated spinal metastases.

Optimally, the simulation procedure and actual
treatment with a single fraction can take place
on the same day, a so-called one-stop treatment,
which is most favorable for patients who usu-
ally have a deteriorating condition and a limited
life expectancy. A single fraction diminishes the
number of visits to the radiotherapy department
and the discomfort caused by positioning on the
treatment couch at each treatment session. Few,
but mostly self-limiting side effects such as pain
flare or nausea are reported in the trials. Some
patients (24-44 %) may experience a pain flare
shortly after single-dose or short-course radio-
therapy (Loblaw et al. 2007; Hird et al. 2009a).
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Retrospective studies reported that short courses
of oral dexamethasone may prevent such a flare
(Chow et al. 2007a, b; Hird et al. 2009b). Recently,
Chow et al. reported the results of the first ran-
domized trial on the role of dexamethasone in pre-
venting pain flare (Chow et al. 2015). They found
in 298 patients an absolute reduction in pain flare
of 9% (35 % in the placebo group vs. 26 % with 5
doses of 8 mg dexamethasone, p=0.05). The sec-
ond trial has currently reached its accrual in the
Netherlands (Westhoff et al. 2014).

2.2 Response Definitions

Because most of the trials have used different

end point definitions making comparison of trial

results somewhat difficult, an International Bone

Metastasis Consensus Working Party published

in 2002 and 2012 a set of end point measure-

ments to promote consistency in future bone
metastasis trials (Chow et al. 2002, 2012). They
recommended that response should be based on
patient self-assessments of pain using a numeri-
cal rating score from O (= no pain) to 10 (= worst
imaginable pain). Pain should be measured using

a multidimensional pain questionnaire such as

the Brief Pain Inventory (BPI), which also notes

pain medication as well as quality of life issues.

Frequent assessments, preferably weekly, are

necessary to obtain usable data. Any changes

in pain medication during follow-up should be
accounted for in the response calculations to
show the true effectiveness of radiotherapy:

* Response to treatment is calculated taking into
account pain score and changes in the admin-
istration of opioids. A change from level 1 or
2 to level 3 analgesia is noted as an analge-
sic increase. If the patient has stopped using
level 3 analgesics, this is noted as an analgesic
decrease.

e Partial response (PR) is defined as (1) a
decrease in the initial pain score by at least
two points on the 11-point pain scale, without
analgesic increase, or (2) analgesic decrease
without an increase in pain.

e Complete response (CR) is defined as a
decrease in the initial pain score to zero on

the pain scale, without concomitant analgesic

increase. When pain scores remain unaltered

or when they increase, the patient is consid-
ered to be a nonresponder (NR).

e Progression after response is defined as (a) an
increase in pain with return to the initial pain
score or higher, without analgesic increase, or
(b) analgesic increase irrespective of the pain
score.

Response percentages should be calculated
at 1, 2, and 3 months and noted with and with-
out the effect of any possible retreatment dur-
ing follow-up. In a validation study by Li et al.,
responses at 2 months seemed most appropriate
because maximum pain relief is seen even after 4
weeks in some patients, and because at 3 months,
patients may already have dropped out due to
deteriorating condition or death (Li et al. 2008).
In addition, response occurring after 3 months
may reflect secondary interventions. With these
straightforward end point definitions, the radio-
therapy community as a whole has a powerful
tool that enables it to work together at an interna-
tional level and guide research toward improving
optimal treatment.

In daily radiotherapy practice, patients should
be asked to give repeat pain scores using the same
multidimensional pain questionnaire as mentioned
in the consensus manuscript. The patient should
be asked whether the pain is present only when
active or even at rest and also whether the pain
is bothersome. In studies, reported pain severity
cutoff points on the 11-point pain scale from 0 to
10 are 1-4 for mild pain, 5-6 for moderate pain,
and 7-10 for severe pain (Li et al. 2007). Based on
interference with functioning and quality of life, a
recent paper suggests to adapt 1-4 for mild pain,
5-7 for moderate pain, and 8-10 for severe pain
(Chow et al. 2016). A pain score above four or five
is generally considered a threshold for active pain
management. Meaningful changes in pain score
have been studied from the patient’s perspective.
Patients perceived an improvement in their pain
when their self-reported pain score decreased by
at least two points, regardless of the initial height
of the pain (Chow et al. 2005). Another way of
measuring response is by reporting the dura-
tion of response, as a meaningful way to express
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durability of the treatment effect. Mean duration of
response in the Dutch Bone Metastasis Trial was
24 weeks for patients with breast cancer, 18 weeks
in patients with prostate cancer, and 11 weeks in
patients with lung cancer or other types of cancer
(van der Linden et al. 2004a, b). Another way of
reporting duration of response is by calculating the
Net Pain Relief (NPR), i.e., the time (in weeks) of
pain response divided by the remaining lifetime (in
weeks) (Ratanatharathorn et al. 1999). The NPR
is not frequently used in the literature to evaluate
effectiveness of palliative radiotherapy, but is a
useful tool in more objectively addressing response
duration. In order to calculate NPR, adequate fol-
low-up is needed, with continuing pain score mea-
surements even after a response has been reached.
In one study which has used this approach in 160
patients receiving 8 Gy single fraction or 30 Gy in
10 fractions, no differences in NPR were observed:
68 % to SF vs. 71 % to MF (Foro et al. 2008).

23 Retreatment for Pain
There are three clinical situations where retreat-
ment for pain caused by bone metastases may be
considered:
1. Patients who experience no pain relief or even
pain progression after initial radiotherapy
2. Patients who have a partial response with ini-
tial radiotherapy and hope to achieve further
pain reduction with more radiotherapy
3. Patients with a partial or complete response
with initial radiotherapy but subsequent recur-
rence of pain during follow-up
In the Dutch trial, almost 50 % of the patients
who responded reported progressive pain, that is,
pain intensity returning to the original pain score
at baseline (van der Linden et al. 2004a, b). Most
published trials have reported progression rates of
between 28 and 61 % in patients who responded
to initial radiotherapy (Ratanatharathorn et al.
1999). It is these patients who are most likely
to benefit from a retreatment (Figs. la, b and 2).
Because the response to initial treatment takes
about 3—4 weeks to occur, it is recommended to
consider reirradiation after a minimum interval
of 4 weeks (Chow et al. 2002).

Fig.1 (a, b) Magnetic resonance imaging (MRI) scans at
initial presentation with skeletal metastases from prostate
cancer in a 66-year-old man, previously treated with radi-
cal prostatectomy (a). The white arrow indicates a large,
painful pubic bone metastasis. Due to public holidays in
December 2008, treatment with a standard regimen of
30 Gy in 10 fractions was difficult to organize. Therefore,
the patient was irradiated with 7 fractions of 4 Gy.
Complete pain relief was obtained. In March 2010,
increasing pain in the irradiated region and the lower back
resulted in repeat MRI. A large new metastasis in the
sacral bone with considerable soft tissue extension was
found (b, white arrow). Taking into account performance
status (ECOG 1) and life expectancy (more than 6
months), the patient was treated with two conventionally
simulated fields encompassing both the previously irradi-
ated and the new lesion (30 Gy in 10 fractions). Excellent
pain response was obtained again

2.3.1 Retreatment Rates

in Randomized Trials

Among the randomized trials comparing single
versus multiple fractions for painful bone metas-
tases, retreatment rates were consistently higher

after the single-dose schedules. Percentages
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Fig.2 Computed tomography scans in a 76-year-old man
with known metastatic prostate cancer, treated with endo-
crine therapy and zoledronic acid. In November 2009, the
disease was considered castration resistant. Palliative
radiotherapy (8 Gy single fraction) was administered to
the sacroiliac joints and os sacrum. Complete pain
response was achieved. Chemotherapy was initiated, but
later discontinued when disease progression occurred in
June 2010. The patient was referred for local reirradiation
to the same painful region. He received another single
fraction (8 Gy) with complete response

Y.van der Linden and P. Hoskin

varied from 11 to 42 % after a single fraction to
0-24 % after multiple fractions (Table 1). It has
been proposed that because of the higher neces-
sity for retreatment, the single-fraction regimen
was not as effective as more protracted regimens
when looking at durability of response. On the
other hand, the retreatment percentages in the
trials were most likely biased, since retreatment
was done at the discretion of the treating radia-
tion oncologists and patients, neither of whom
were blinded to the initial treatment. Disbelief
in the effectiveness of a single fraction, or the
awareness that still more radiation was pos-
sible, may contribute to these percentages. The
study protocols did not prescribe a minimum
time interval between initial and retreatment, or
a minimum pain score requirement, and the dose
for retreatment was also not defined. In addi-
tion many patients with recurrent pain or poor
response to initial radiation may have been lost
to follow-up or may not be referred back to their

Table 1 Retreatment percentages in randomized trials on dose fractionation schedules for bone metastases

Number of
randomized

Publication year | patients

Randomization arms

Retreatment (%)

Low dose | High dose | p-value

Trials comparing single-fraction versus multiple-fraction regimens

RTOG 2005 898 8 Gy vs. 30 Gy/10# 18 % 9% <0.001
Foro Arnolot | 2008 160 8 Gy vs. 30 Gy/10# 28 % 2% a
Kaasa 2006 376 8 Gy vs. 30 Gy/10# 27 % 9% 0.002
BPTWP 1999 761 8 Gy vs. 20 Gy/5# 23 % 10% <0.001
DBMS 1999 1157 8 Gy vs. 24 Gy/6# 24 % 7% <0.001
Nielsen 1998 241 8 Gy vs. 20 Gy/5# 20% 2% a
Cole 1989 29 8 Gy vs. 24 Gy/o6# 25% 0% a
Price 1986 288 8 Gy vs. 30 Gy/10# 11% 3% a
Trials comparing different single-fraction regimens
Jeremic 1998 327 4 Gy vs. 6 Gy vs. 8 Gy 42 % 38 % NS
Hoskin 1992 270 4 Gy vs. 8 Gy 20% 9% a
Trials comparing different multiple-fraction regimens
Niewald 1996 100 20 Gy/5# vs. 30 Gy/15#  |2% 2% NS
Tong 1982 750 Single metastases 24 % 11% a

20 Gy/5# vs. 40 Gy/15# |23 % 12%

Multiple metastases
15 Gy/5# vs. 20 y/5# vs.
30 Gy/10#

“Not stated
NS not significant
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radiation oncologist for consideration of retreat-
ment. A reanalysis of the original database of the
Dutch trial was completed using the consensus
criteria for response with a closer look at spe-
cific reasons to retreat (Chow et al. 2002; van der
Linden et al. 2004a, b). After 8 Gy single frac-
tion, 24 % of the patients were retreated versus
only 6 % after 24 Gy in six fractions (p<0.001).
Response to initial treatment without the effect of
retreatment was 71 % after SF vs. 73 % after MF
(p=0.84). Retreatment raised the response rate to
75 % for SF; MF response rates remained unal-
tered (p=0.54). The response status after initial
treatment did not predict for retreatment: 35 % SF
vs. 8 % MF nonresponders, and 22 % SF vs. 10 %
MF patients with progressive pain were retreated.
After progressive pain was observed, mean time
to retreatment was 7 weeks in SF patients versus
10 weeks in MF patients. The preceding mean
pain score was 7.5 in SF patients and 7.8 in MF
patients. In conclusion, it appeared that physi-
cians were more reluctant to retreat initial MF
patients than initial SF patients.

2.3.2 Effectiveness

Until 2014, responses to retreatment have been
reported only in retrospective and nonrandom-
ized prospective studies. Price et al. reported on
seven patients who, after failure to respond to the
initial single 4 Gy fraction, were given a second
radiotherapy within 8 weeks (Price et al. 1986).
Four of them received a single 8 Gy and the other
three a fractionated course with a higher total
dose. No significant pain relief was achieved by
the second radiotherapy treatment in any of these
seven patients (Price et al. 1988). Cole reported
in 42 patients that retreatment of patients after
initial single- or multiple-fraction treatment was
not successful in most patients, and 50 % needed
supplementary stronger analgesics (Cole 1989).
Hoskin et al. randomized patients in a prospective
study to either 4 or 8 Gy single dose for the ini-
tial treatment of metastatic bone pain. During the
12-week study period, 28 patients randomized to
4 Gy were retreated with radiotherapy to the same
site compared to 12 randomized to 8 Gy. 12/17
(71 %) evaluable patients responded to retreatment
in the 4 Gy arm and 4/9 (44 %) responded in the

8 Gy arm (Hoskin et al. 1992). Uppelschoten et al.
reported that after long intervals from initial single
6 Gy of radiation, retreatment with another 6 Gy
was able to reduce pain in 13 out of 18 patients
(72%) (Uppelschoten et al. 1995). Mithal et al.
published a retrospective analysis of 105 consecu-
tive patients treated with palliative radiotherapy for
painful bone metastases. A total of 280 individual
treatment sites were identified, of which 57 were
retreated once and eight were retreated twice. The
overall response rate to initial treatment was 84 %
for pain relief, and to retreatment the response
rate was 87%. 7/8 (88%) patients retreated for
a second time also achieved pain relief. No rela-
tion to radiation dose, primary tumor type, or site
was observed (Mithal et al. 1994). Jeremic et al.
investigated the effectiveness of a single fraction
of 4 Gy given for retreatment of bone metastasis
after initial single-fraction radiotherapy. Of 135
patients retreated, 109 patients were retreated
because of pain relapsing, and 80 (74 %) patients
responded (complete response (CR)=31%, par-
tial response (PR)=42%). Among the 26 patients
that initially did not respond, 46 % responded. The
authors concluded that the lack of response to an
initial single fraction should not deter repeat irra-
diation. The same group also reported the efficacy
of a second single 4 Gy retreatment for painful
bone metastases following two previous single
fractions. The overall response rate of 25 patients
(19 responders and six nonresponders) was 80 %,
with both complete response and partial response
being 40% (Jeremic et al. 2002). In Radiation
Therapy Oncology Group (RTOG) studies that
involved wide-field or hemibody radiotherapy,
patients who relapsed after wide-field irradiation
were reported to tolerate local irradiation within
that field with success (Quasim 1981; Salazar et al.
1986). Van der Linden et al. studied 173 patients
who were retreated within the randomized Dutch
Bone Metastasis Study (n=1157) (van der Linden
et al. 2004a, b). In 137 retreated SF patients, 33 %
received a second SF and 67 % received MFs. In 36
retreated initial MF patients, 25 % received second
MF and 75 % received a SE. To evaluate whether
response to initial treatment influenced the choice
for the second treatment schedule, the response sta-
tus before retreatment was studied. There was no
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correlation between the initial response status and
the retreatment schedule. In total, 63 % of retreated
patients responded to retreatment: 66 % of retreated
SF patients responded compared with 46 % of MF
patients (p=0.12, HR 1.6 (0.9-3.0)). After retreat-
ment, time to response was not different for ini-
tial SF and MF patients, but the mean duration of
remission was substantially longer in initial SF
patients, 16 weeks vs. only 8 weeks in initial MF
patients. For SF patients, response to retreatment
was irrespective of the initial response: 66 %, 67 %,
and 70% of initial nonresponders, responders,
and progressive patients, respectively, responded
to retreatment. Although more initial SF than MF
nonresponding patients responded to retreatment,
due to small numbers, this difference was not sig-
nificant (66 vs. 33 %, respectively, p=0.13, HR
3.0 (0.7-12.7)). Of nonresponders to an initial
SF, 88% responded to a second SF and 53% to
MF. Of the latter, 10 % of responses were due to a
decrease in analgesic intake. Overall, no major dif-
ferences in mean time to response after retreatment
were reported. Mean duration of remission ranged
from 4 weeks in initial MF nonresponders to 25
weeks in initial SF nonresponders. Patients with
prostate cancer had the lowest success rate: 20 %
of initial nonresponding patients responded, and
only 19% of patients with progression responded
again. Patients with breast cancer had the highest
response percentages for nonresponders and pro-
gressive patients (82% and 89 %, respectively).
Mean duration of remission was longest in initial
nonresponding breast cancer patients (23 weeks).
Van Helvoirt et al. actively contacted 298 consecu-
tive patients 4 weeks after initial single-fraction
therapy to evaluate response and, if necessary, to
offer retreatment (van Helvoirt and Bratelli 2008).
Seventy-five percent of the patients were satisfied
with their pain response, and 75% of the non-
satisfied patients requested retreatment. Of these,
87 % responded after a second single fraction. In
37 patients with recurrent pain, 83 % responded to
a second single fraction. In 2012, Huisman et al.
performed a systematic review on ten articles and
a meta-analysis on seven (Huisman et al. 2012). Of
the 2,694 patients initially treated for metastatic
bone pain, 527 (20%) patients underwent reirra-
diation. Overall, a pain response after reirradiation

was achieved in 58 % of patients (pooled overall
response rate 0.58, 95 % confidence interval =0.49—
0.67). There was a substantial between-study het-
erogeneity (I’=63.3 %, p=0.01) because of clinical
and methodological differences between studies.
In 2014, the results from the international random-
ized trial on retreatment in painful bone metastases
were published (Chow et al. 2014a, b). A total of
850 patients were randomized between a single
fraction of 8 or 20 Gy in 5 fractions for retreatment.
In the intention-to-treat population, 118 (28 %)
patients allocated to 8 Gy and 135 (32 %) allocated
to 20 Gy had an overall pain response to treatment
(p=0.21, response difference of 4-00% [upper
limit of the 95% CI 92, less than the prespecified
non-inferiority margin of 10%]). In the per-proto-
col population, 116 (45 %) of 258 patients and 134
(51 %) of 263 patients, respectively, had an overall
pain response to treatment (p=0.17, response dif-
ference 6-00% [upper limit of the 95% CI 132,
greater than the prespecified non-inferiority mar-
gin of 10%]). They concluded that for retreatment,
8 Gy in a single fraction seemed to be non-inferior
and less toxic than 20 Gy in multiple fractions.

In patients with longer life expectancies, a
second or even third retreatment may be consid-
ered if earlier radiotherapy treatments have given
satisfactory pain responses. Cumulative total
doses should be calculated taking into account
nearness of critical radiosensitive organs, such as
the spinal cord, kidney, bowel, or skin. No clear-
cut answer is yet available to guide which dose
schedules should be used for a first retreatment,
second retreatment, or even third retreatment.

3 Radiotherapy for Bone
Metastases: Spinal Cord
Compression (SCC)

3.1 Initial Treatment for Spinal

Cord Compression

There is no standard fractionation schedule for the
treatment of spinal cord compression. Rades et al.
have published several papers based on a large
retrospective database (Rades et al. 2002, Rades
et al. 2005a, 2006, 2008a, b, 2009, 2010a, b, c).
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In general, radiotherapy is most effective in
improving motor function when neurological
complaints have developed over a longer period
of time (>14 days), in patients with a longer
interval from primary diagnosis to SCC, who
are ambulatory before radiotherapy, with a good
performance status, or with favorable histolo-
gies like myeloma and lymphoma (Rades et al.
2005a). In their series they showed that both
short-course (single fraction of 8 or 20 Gy in 5
fractions) and long-course treatments (30-40 Gy
in 10-20 fractions) resulted in the same func-
tional outcome in patients with breast cancer
(n=335), prostate cancer (n=281), non-small
cell lung cancer (n=252), or renal cell carci-
noma (n=87). An exception was the treatment
of myeloma patients (n=172). Functionally,
they fared better with long-course radiotherapy
with improvements of motor function reported at
12 months in 74 versus 40 % after short-course
radiotherapy (p=0.003) (Rades et al. 2006).

In addition to functional outcome, however,
significantly more in-field recurrences appeared
after short-course radiotherapy than after long-
course schedules (at 1 year, 18 vs. 5 % recurrence,
p<0.001) (Rades et al. 2005a, b). This effect was
most prevalent in patients with breast cancer
(1-year local control 96 % after long course vs.
84 % after short course) and prostate cancer (94
vs. 77 %). If patients have an expected good prog-
nosis, a long-course schedule should therefore be
considered.

Three randomized trials have been published
on the relative effectiveness of different sched-
ules for SCC in patients with a life expectancy
of less than 6 months. The first compared in 276
patients 16 Gy in 2 fractions with a split-course
treatment of 15 Gy in 3 fractions followed after
an interval by 15 Gy in 5 fractions (Maranzano
et al. 2005). After treatment, 68 and 71 % were
able to walk with no difference between both
arms. Median survival was 4 months and median
duration of improvement was 3.5 months for
both arms. In the second trial by the same
group, 303 patients were randomized between
16 Gy in 2 fractions and a single fraction of
8 Gy (Maranzano et al. 2009). No difference in
response was found between the two RT sched-

ules adopted. Median duration of response was 5
and 4.5 months for short-course and single-dose
RT (p=0.4), respectively. The median overall
survival was 4 months for all cases. The more
recent randomized SCORE 2 trial has shown that
20 Gy in 5 fractions is equivalent to 30 Gy in 10
fractions for patients with intermediate and poor
life expectancy using motor function and ambu-
latory status as end points (Rades et al. 2016).
Currently in the UK, the randomized SCORAD
trial is studying the effectiveness of 8 Gy single
fraction versus 20 Gy in 5 fractions in patients
with spinal cord compression and a minimum life
expectancy of 2 months.

In order to make an appropriate decision for
treatment in individual patients with SCC, a
number of scoring systems can be used, all based
upon prognostic factors for survival and out-
come (Chow et al. 2006; Rades et al. 2008a, b).
Important prognostic factors are the performance
status of the patient, the number of spinal metas-
tases, the presence of visceral metastases, and the
type of primary tumor.

In conclusion, based on the available litera-
ture, the common practice in most Western coun-
tries is to deliver 20 Gy in 5 fractions in patients
with a minimum life expectancy of 3 months or
30 Gy in 10 fractions in patients with a more
prolonged life expectancy (minimum 1 year). A
shorter schedule of 1 or 2 x 8 Gy is perhaps the
optimal schedule in patients with a prognosis less
than 3 months.

Oral dexamethasone is usually combined with
radiotherapy to diminish any surrounding edema
and should be started as soon as possible, prefera-
bly before the first radiation fraction can be deliv-
ered. The appropriate dose of dexamethasone is
still a matter of debate. High doses of dexametha-
sone (96—100 mg/day) seem more effective than
low-dose dexamethasone (10-16 mg/day), but
are associated with significantly more serious
adverse effects (Vecht et al. 1989; Heimdal et al.
1992; Sorensen et al. 1994). Moderate doses of
dexamethasone (16-32 mg/day) have proven to
be effective and safe and are therefore advocated.
If the neurological situation improves after pal-
liative radiotherapy, a reducing schedule of dexa-
methasone should be started. If the neurological
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situation deteriorates despite adequate doses of
dexamethasone and radiotherapy, and no surgical
intervention is possible, or if paraplegia persists,
a reduction schedule should be started to prevent
disabling side effects from long-term use of high-
dose steroids.

3.2 Retreatment for Spinal Cord

Compression

Responses to retreatment in patients with spi-
nal cord compression have been reported so far
only in retrospective studies (Rades et al. 2005b,
2008c). Outcome after retreatment with 1 xx
8 Gy (n=48),5 x3 Gy (n=29), 5 x4 Gy (n=30),
7%x3 Gy (n=3), 10-12 x 2 Gy (n=11), or 17 x
1.8 Gy (n=3) was published in a series of 124
patients. Cumulative biologically effective dose
(BED) (first course of RT plus re-RT) ranged
from 77.5-142.6 Gy2 and was <120 Gy2 in
114 (92 %) patients. Motor function improved
in 45 (36 %) patients, was stable in another 62
(50%) patients, and deteriorated in 17 (14 %)
patients, with no difference between the radiation
doses. Multivariate analysis found the effect of
retreatment on motor function was significantly
associated with the response to the first course
of radiotherapy (p=0.048), performance status
(p=0.020), time to development of motor defi-
cits before retreatment (p=0.002), and visceral
metastases (p<0.001). Within the limitations of
these retrospective study and the relatively short
follow-up after retreatment, spinal retreatment
appeared to be effective and safe when the cumu-
lative BED was <120 Gy?2.

4 Toxicity

4.1 Acute and Late Toxicity

If repeated radiotherapy for bone metastases is
considered, toxicity will depend on the previ-
ously applied dose, time between initial and sec-
ond treatment, and localization within the body
in relation to sensitive organs in the vicinity.
Toxicity in the study by Jeremic et al. using 4 Gy

as retreatment dose was low and only gastrointes-
tinal (Jeremic et al. 1999). Grade 1 or 2 diarrhea
(RTOG acute toxicity criteria) was observed in
25/135 (19 %) patients. No acute toxicity > grade
3 was reported. Pathological fractures were
reported in 3/135 (2 %) patients and spinal cord
compression in 3/135 (2%) patients in their
series. In 25 patients retreated with a second
retreatment dose of 4 Gy from the same group,
no acute or late high-grade toxicity (>3) was
observed (Jeremic et al. 2002). No pathological
fractures or spinal cord compression were seen
in any of these patients during the follow-up.
Within the Dutch Bone Metastasis Study, toxicity
1 month after retreatment was scored in approxi-
mately 73 % of the 173 retreated patients (van der
Linden et al. 2004a, b). No major differences in
nausea, vomiting, itching, painful skin, or tired-
ness were reported between initial SF or MF
patients. Most SF and MF patients reported none
or only mild nausea and vomiting. Nausea score
4 (very bad) was reported in 12 % of MF patients
vs. 6 % of SF patients (p=0.39). Vomiting score
4 (very bad) was reported in one MF patient and
two SF patients (p=0.49). Significant skin reac-
tion defined by itching score 4 (very bad) was
seen in two SF patients. One SF patient reported
a painful skin score 4 (very bad). Severe tiredness
was reported in 18 % of SF patients and 27 % of
MF patients (p=0.41). After retreatment in the
study by Rades et al. in 124 patients with SCC,
acute toxicity was mild, and late toxicity, such as
radiation myelopathy, was not observed (Rades
et al. 2008c¢).

4.2 Risk of Myelopathy

Radiation-induced myelopathy is a late compli-
cation after radiotherapy and can occur months
to years after treatment. The exact pathogenesis
of myelopathy remains obscure. Although sig-
nificant recovery of the spinal cord after elec-
tive small doses is possible (Ang et al. 2001;
Kirkpatrick et al. 2010), when applying higher
radiotherapy doses, larger doses per fraction,
and when previous exposure to radiation is
the case, a higher probability of developing
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radiation-induced myelopathy will be present.
Experimental data indicate that the total dose
of the first and second radiotherapy, interval to
retreatment, length of the irradiated spinal cord,
and age of the treated animals influence the risk
of radiation-induced myelopathy. An experi-
mental study based upon the available literature
concluded that the (extrapolated) probability of
myelopathy at 45 Gy is 0.03% and at 50 Gy,
0.2% (Schultheiss 2008). The dose for a 5%
myelopathy rate is 59.3 Gy. Graphical analysis
indicates that the sensitivity of the thoracic cord
is less than that of the cervical cord.

There is extensive literature on the use of single
fractions of 8 or 10 Gy for uncomplicated spinal
metastases, none of which has identified a detect-
able risk of myelopathy. A retrospective analysis
of 465 patients treated for spinal cord compression
identified only one possible case of myelopathy in
a patient receiving 16 Gy in 2 fractions, becoming
symptomatic 19 months after initial presentation
(Maranzano et al. 2001). In addition the estimated
risk of radiation myelopathy from palliative radio-
therapy for non-small cell lung cancer was cal-
culated using over 1000 patients taking part in a
series of Medical Research Council (MRC) trials
(Macbeth et al. 1996). These patients will have had
similar doses of radiotherapy to the spinal cord.
Only five patients were reported as having radia-
tion myelopathy, two who had received 17 Gy in
2 fractions and three who had 39 Gy in 13 frac-
tions; there were no cases in patients who received
a single fraction of 10 Gy. The overall cumulative
risk was estimated as 0.8 % at 1 year and 1.5 % at
2 years. The risk of radiation myelopathy there-
fore appears negligible after a single fraction.
Nieder et al. studied the cumulative doses in 78
patients (Nieder et al. 2005, 2006). On the basis
of the literature data included in their analysis, the
risk of myelopathy appeared small after a cumu-
lative biologically equivalent dose of 135.5 Gy2
when the interval was not shorter than 6 months
and the dose of each course was <98 Gy2. In
more detail, risk points were given to cumulative
BED (0=<120 Gy2, 1=120-130 Gy2, 2=130—
140 Gy2, 3=140-150 Gy2, 4=150-160 Gy2,
5=160-170 Gy2, 6=170-180 Gy2, 7=180-190
Gy2, 8=190-200 Gy2, 9=>200 Gy2), highest

BED of all treatment series in a particular individ-
ual (if one course>= 102 Gy2=4.5 points), and
interval between initial and second treatment (if
<6 months, 4.5 points). In low-risk patients (<3
points), chance of radiation-induced myelopathy
was 3 %, in intermediate-risk patients (4—6 points)
25%, and in high-risk patients (>6 points) even
90%. Stereotactic body radiotherapy (SBRT) in
spinal metastases, if given at least 5 months after
conventional palliative radiotherapy with a reirra-
diation thecal sac maximum dose of 20-25 Gy2,
appears to be safe provided the total maximum
dose does not exceed approximately 70 Gy2, and
the SBRT thecal sac maximum dose comprises no
more than approximately 50 % of the total dose in
Gy2 (Sahgal et al. 2012).

5 Radiotherapy Techniques
5.1 Dose Planning, Patient
Positioning Verification

At the simulation procedure, usually, there is no
need of fixation of the affected limb or, in case
of spinal metastases, the torso of the patient. For
lesions in the skull or head and neck, a mask can
be made. Preferably, a computed tomography
(CT) scan is used to optimally review the area
at which the patient points out the origin of the
pain (Haddad et al. 2006). Markers can be placed
on the skin. Then, the painful area of the patient
is scanned widely. Ideally, patients can wait after
the simulation procedure for a short while and
receive the radiotherapy treatment at the same
visit, a so-called one-stop treatment. For bone
metastases in long bones, where no vital organs
are in the way, usually a straightforward plan-
ning technique using two parallel-opposed fields
is used, and optimal target coverage is read-
ily achieved. For metastases in the spine, espe-
cially in lower thoracic and lumbar vertebra with
bowel, stomach, and/or kidneys in the proxim-
ity of the painful vertebra, there is an increased
risk of toxicity when these organs at risk receive
a large dose of radiation, especially in single-
dose regimens. Most vertebrae lie virtually in
the midbody, and therefore, the radiotherapeutic
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option with the most optimal dose coverage is
a two-field parallel-opposed technique (Barton
et al. 2002). Unfortunately, with this approach a
large dose is applied to the ventral lying organs
at risk, and a single posterior field may therefore
be preferred prescribed at a dose depth to cover
the vertebral body with the 80 % isodose at the
ventral side of the vertebra. Six to ten MV beams
should be used to reduce the area of high dose
in the subcutaneous tissues dorsally and/or bowel
ventrally. When large fields are used for exten-
sive lesions in the bone, prophylactic antiemetic
drugs and steroids should be given 15-30 min
before treatment to prevent toxicity (Sykes et al.
1997, Kirkbride et al. 2000b).

If the patient has considerable pain which
interferes with achieving comfortable supine
position on the treatment couch, it is possible
that the position of the patient will shift during
treatment delivery resulting in a geographical
miss; to avoid this, the treatment fields should not
be too small and should have adequate margin.
Optimally, online patient positioning verification
is used, using either megavoltage images (MVIs)
with an electronic portal imaging device and a
matching procedure or, if present, cone beam
CT (Letourneau et al. 2007; Haas et al. 2013).
If an online imaging protocol is not available,

Fig.3 Reirradiation of
vertebral body
metastasis (white arrow,
upper right corner)
might require advanced
planning and high-
precision delivery
techniques such as
stereotactic and
intensity-modulated
radiotherapy with image
guidance, resulting in
steep dose gradients if
the dose to the spinal
cord is to be kept within
safe limits

Y.van der Linden and P. Hoskin

then, at least, off-line MVIs should be taken, to
check whether the target bone has been irradiated
as planned. If pain does not respond, the doctors
must be able to verify that initial treatment has
been given accurately.

5.2 IMRT, Stereotactic

Radiotherapy, and VMAT

Retrospective publications have reported on the
effectiveness of newer, sophisticated radiation
techniques in spinal metastases, with about 85 %
relief of pain reported using intensity-modulated
radiotherapy (IMRT), stereotactic radiother-
apy, or volumetric-modulated arc radiotherapy
(VMAT) (Ryu et al. 2003; Chang et al. 2007;
Gerszten et al. 2007; Gibbs et al. 2007; Jin et al.
2007; Mancosu et al. 2010). These techniques
make it possible to deliver higher radiation doses
safely; however, they require a high standard
of precision in targeting the beam to the tumor
shape and exact location (Fig. 3). Therefore,
these techniques are highly time-consuming and
costly when compared with conventional radio-
therapy. The most important potential value of
these techniques when treating bone metastases
is in enabling irradiation of the spine without
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treating the spinal cord, which is often the major
limiting factor for high-dose radiation because
of its intrinsic radiosensitivity (Ryu et al. 2007;
Mancosu et al. 2010). After maximum spinal
radiation tolerance has been reached, compli-
cations such as radiation-induced spinal cord
injury may occur. These advanced techniques
provide the possibility to reirradiate the spine in
already heavily pretreated patients. In addition,
smaller radiation fields may be used focusing
on the affected bone alone. In the study by Jin
and colleagues, 270 lesions in 196 patients were
treated. The preliminary results of 49 patients
were reported (Jin et al. 2007). The single doses
were increased with increasing experience
from 10 to 16 Gy. The average treatment dura-
tion, including setup, position localization and
verification, and radiation delivery, was 50 min.
Although pain relief was achieved in 85 % of the
patients, functional outcome was not reported.
Dose-related spinal cord complications were pre-
sented in another publication by the same group
(Ryu et al. 2007). Two hundred and thirty radio-
surgically treated lesions in 177 patients were
included with up to three circumscriptive lesions
(up to two adjacent vertebrae) treated. The
median survival was 4.2 months. In this series,
patients received a single fraction ranging from 8
to 18 Gy per lesion. Only one instance (0.4 %) of
a dose-related myelopathy occurred in a patient
who received 16 Gy.

In a cohort of 500 histologically proven
metastases to the spine in 344 patients undergo-
ing spinal radiosurgery, 86 % of the patients had
long-term improvement of pain (Gerszten et al.
2007). Median follow-up was 21 months (range
3-53 months). Radiation-induced spinal cord
injury did not occur. About 70 % of the patients
had received conventional radiotherapy at the
involved level before radiosurgery. Although
patients with a neurologic deficit were excluded
from treatment, as were those with overt spinal
instability, in 35 cases, progressive neurologic
deficit was reported before the start of the treat-
ment. Of these, 85 % experienced some improve-
ment. The average duration of the treatment
(including setup, position localization and veri-
fication, and radiation delivery) was 90 min. In

another prospective cohort of 74 patients harbor-
ing 102 metastatic lesions, 83.9 % of the patients
reported relief or improvement of the symp-
toms (pain and neurologic deficit) (Gibbs et al.
2007). Only patients who did not present with
paralysis, spinal instability, or lesions extend-
ing more than two adjacent vertebral segments
were treated radiosurgically. A detailed analysis
was not provided, but three patients (4 %) were
mentioned who developed symptoms due to a
radiation-induced myelopathy. In a dose plan-
ning study, VMAT technology was used to dem-
onstrate optimal target coverage while avoiding
damage to the adjacent spinal cord in ten hypo-
thetical cases of patients with spinal metastases
(Mancosu et al. 2010).

Although not proven in a randomized trial,
these studies suggest that IMRT, stereotactic
radiotherapy, and VMAT are effective treat-
ment options for selected patients with spinal
metastases. Two randomized studies on SBRT
are currently accruing patients, RTOG 0631
(Ryu et al. 2014) and the Dutch RACOST study.
The theoretical advantages are obvious, and the
clinical results are promising, but it should be
emphasized that worldwide, conventional exter-
nal beam radiotherapy is still the gold standard
for spinal metastases. Availability and costs pro-
hibit widespread use of advanced techniques for
these palliative indications. Further long-term
studies and cost-effectiveness studies are needed
before widespread use of advanced-technique
treatments can be justified (Bhattacharya and
Hoskin 2015).

6 Remarks

Bone metastases are very common in patients
with disseminated cancer. Although, in gen-
eral, small lesions give few symptoms and large
lesions may cause severe problems, there is no
consistent correlation between size of the metas-
tasis and severity of the symptoms. It is there-
fore important to monitor patients carefully and
choose diagnostic imaging tools and subsequent
treatments individualized for each patient. In
addition, patients and their relatives should be
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informed of the symptoms of bone metastases
and the possibilities of local treatment which can
be repeated. During their illness, many patients
receive one or more different treatments, some-
times concomitantly or consecutively. Ideally,
the treating physicians and healthcare work-
ers will cooperate in a multidisciplinary setting
and discuss the best choice of treatment for each
patient, taking into account life expectancy and
expected outcome after any palliative treatment.
Radiotherapy for symptomatic bone metastases
is a valuable treatment option for the palliation of
cancer patients and, where indicated, retreatment
is possible and effective.
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Abstract

In many patients with brain metastases, the pri-
mary therapeutic aim is symptom palliation
and maintenance of neurologic function, but in
a small selected cohort, long-term survival and
even cure are possible. Central nervous system
failures might develop after initial treatment,
either locally (regrowth of a previously treated
lesion), regionally (elsewhere in the brain
parenchyma), or even in the form of leptomen-
ingeal dissemination, the latter carrying the
worst prognosis. Some of these failures will
not require local therapy because they develop
in the terminal phase of general cancer pro-
gression where active brain metastasis treat-
ment is neither expected to prolong survival
nor improve the patient’s quality of life. At the
other end of the spectrum, patients with lim-
ited, brain-only, relapse require effective intra-
cranial disease control as a prerequisite for
extended survival. The present chapter reviews
reirradiation with brachytherapy, stereotactic
radiosurgery, fractionated stereotactic radio-
therapy and whole-brain radiotherapy.

1 Outcome and Relapse Rates
After First-Line Radiotherapy

Patients with brain metastases present with a

variable number, size, and location of brain
metastases, with different patterns and activity of
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extracranial disease and with a wide range of
comorbidities and performance status. Therefore,
they represent a heterogeneous group with large
variations in survival, often influenced by the
molecular characteristics, and the availability of
targeted therapies for the underlying neoplasm.
The number of available treatment options has
increased since the era of corticosteroids and 2-D
radiotherapy, now including but not limited to
resection, whole-brain radiotherapy (WBRT),
radiosurgery, chemotherapy, targeted agents, and
immune checkpoint inhibitors. In general, for the
vast majority, the primary therapeutic aim is
symptom palliation and maintenance of neuro-
logic function, but in a small selected cohort,
long-term survival and even cure are possible.
Commonly used first-line approaches include
short-course palliative WBRT, stereotactic radio-
surgery (SRS) with or without additional WBRT,
and surgical resection with or without postopera-
tive WBRT or focal radiotherapy including SRS
to the resection cavity or even delivered preoper-
atively, prior to resection. Specific histologic and
molecularly defined types of tumors do respond
to systemic chemotherapy or targeted agents, the
role of which is evolving. Immune checkpoint
inhibitors, either singly, or in combination with
SRS are also being used, currently mostly in mel-
anoma, but with likely application in non-small
cell lung cancer as well. Central nervous system
failures might develop after each of these
approaches, either locally (regrowth of a previ-
ously treated lesion), regionally (elsewhere in the
brain parenchyma), or even in the form of lepto-
meningeal dissemination, the latter carrying the
worst prognosis. Some of these failures will not
require local therapy because they develop in the
terminal phase of general cancer progression
where active brain metastasis treatment is neither
expected to prolong survival nor improve the
patient’s quality of life (Ammirati et al. 2010). In
other words, patients in poor general condition
and with untreatable and life-threatening extra-
cranial disease will typically be managed by best
supportive care. At the other end of the spectrum,
patients with limited brain-only relapse require
effective intracranial disease control as a prereq-
uisite for extended survival (Nieder et al. 2015).

In the first-line setting, prospective data on the
efficacy of palliative WBRT were generated by
the Radiation Therapy Oncology Group (RTOG)
in the trials 69-01 and 73-61. Their reports sug-
gested that the median survival of patients treated
with WBRT is longer (3—6 months) than that of
patients managed with steroids without radio-
therapy (1-2 months). The Medical Research
Council (MRC) has recently completed a large-
scale randomized trial of steroids/best supportive
care alone versus the same treatment plus WBRT
in patients with primary non-small cell lung can-
cer, which is awaiting publication. The afore-
mentioned RTOG studies described that 43—-64 %
of patients experienced neurologic response by
week 2 (Borgelt et al. 1980, 1981). More recently,
various groups have reported responses in the
same range. For example, after 30 Gy WBRT,
Antoniou et al. reported benefit in 38% of
patients (Antoniou et al. 2005); Sundstrom et al.
reported symptomatic relief allowing steroid
dose reduction in 66 % of patients after >25 Gy
irradiation (Sundstrom et al. 1998), and Nieder
et al. reported radiographic responses in compa-
rable proportions of patients (Nieder et al. 1997).

Radiographic responses after WBRT with
30 Gy in 10 fractions are more likely in brain
metastases from lung and breast cancer (Stea
et al. 2006). Responders were found to have sig-
nificantly longer overall survival in many series.
WBRT-induced tumor shrinkage correlated with
better survival and neurocognitive function pres-
ervation in a cohort of 135 patients from a phase
II trial of WBRT plus the sensitizing agent
motexafin gadolinium (Li et al. 2007). Previous
RTOG data also suggest that patients with con-
trolled brain metastases after WBRT tend to
experience stable mini-mental status examination
(MMSE) scores, while those with uncontrolled
lesions had an average drop of 6 points by
3 months (Regine et al. 2001). Overall, no corre-
lation between radiation dose and palliation
could be established in the trials that compared
different fractionation schedules (Gelber et al.
1981; Chatani et al. 1994).

The WBRT dosing/fractionation question was
recently addressed in a AANS/CNS Guidelines
Analysis (Gaspar et al. 2010). Twenty-three
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studies met the eligibility criteria for this ques-
tion, and of these, 17 were unique. The 17 unique
studies fell into three evidence class categories as
follows: ten class I studies (nine randomized con-
trolled trials and one randomized phase I/II trial),
six class II studies (retrospective cohort studies),
and one class III study (prospective cohort study
with historical controls). The radiation dosages
were expressed in terms of Gy, biologically
effective doses (BED), and no correction for
accelerated repopulation was attempted. The
analysis was stratified by low or high dose versus
control dose. The control group consisted of
patients treated with 30 Gy in 10 fractions for a
BED =39 Gy, (therefore assigning the low-dose
regimens as a BED <39 Gy, and high-dose regi-
mens as a BED >39 Gy,(). None of the trials
demonstrated a meaningful improvement in any
endpoint relative to dose; specifically, survival
was not improved. There was considerable over-
lap in terms of survival even at the same dose
level in different trials, underscoring the signifi-
cance of host-specific variables in determining
survival. There was no difference in the relative
risk (RR) of mortality at 6 months in the low-
dose (BED <39 Gy,,) group compared to that in
the WBRT control group (BED=39 Gy,
(6 month mortality (RR 1.05; 95 % C10.90, 1.23;
p=0.52)). When the high-dose (BED >39 Gy,,)
group was compared to the WBRT control group
(BED=39 Gy,), no difference in 6-month mor-
tality (RR 1.05; 95 % CI10.94, 1.18; p=0.39) was
identified. Similar comparisons were made for
overall survival and neurologic function, and no
dose-effect was identified for either endpoint. In
view of this lack of a clear dose-effect relation-
ship, recent multi-institutional analyses are in
accordance with previous recommendations of
short-course treatment, e.g., 5 fractions of 4 Gy,
for patients with limited life expectancy (Rades
et al. 2007c), or 10 fractions of 3 Gy or 15 frac-
tions of 2.5 Gy for patients with longer life
expectancy.

Estimation of prognosis is possible by using
the RTOG recursive partitioning analysis (RPA)
classes, first described by Gaspar et al. 1997
(Table 1) and the newly described graded prog-
nostic assessment (GPA) score including its

Table 1 Prognostic value of recursive partitioning
analysis (RPA) classes

Number of RPA |RPA |RPA
Reference patients class I | class II| class IIT
Gaspar et al. | 1,200 7.1 4.2 23
(1997)
Lutterbach 916 8.2 4.9 1.8
et al. (2002) (IA32)
Nieder et al. | 528 105 35 2.0
(2000)
Agboola 125 (resected | 14.8 9.9 6.0
etal. (1998) | brain met.)
Tendulkar 271 (resected |21.4 |9.0 8.9

etal. (2006) | single brain

met.)
Lorenzoni 110 (RS) 27.6 |10.7 2.8
et al. (2004)
Sneed et al. 268 (RSonly) 140 |82 5.3
(2002) 301 152 |70 |55
(RS +WBRT)

Median survival in months from different publications
RPA class I age <65 years, Karnofsky performance status
>70, controlled primary tumor, no extracranial metasta-
ses, RPA class I1 all other patients, RPA class I1I Karnofsky
performance status <70

diagnosis-specific variant developed by Sperduto
et al. 2010 (Table 2). Recent refinements of the
GPA now incorporate molecular markers for
breast and non-small cell lung cancer, and a simi-
lar analysis for melanoma is underway. The
impact of histology also needs to be considered.
After a standard WBRT course (30 Gy in 10 frac-
tions over 2 weeks), all metastases from squa-
mous cell carcinoma and adenocarcinoma
(primary breast cancer excluded) visible on
contrast-enhanced CT scans eventually relapsed
or progressed within a time period of 14 months
(Nieder et al. 1997). Better results were obtained
in small cell carcinoma and primary breast can-
cer in whom less than 50 % of the WBRT-treated
brain metastases relapsed or progressed. The risk
of local progression after WBRT is higher in
large-volume lesions, compared to smaller
lesions (>1 cc versus <1 cc), though not to a sta-
tistically significant degree. The implication here
is that in patients in whom long-term survival is
anticipated, the modest doses delivered by WBRT
alone are inadequate for long-term control,
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Table 2 Overview of results with the graded prognostic assessment (GPA) score

Median survival | Median survival | Median survival | Median survival
Study class I class 11 class 111 class IV
Sperduto et al. (2008a) 11.0 8.9 3.8 2.6
1,960 patients who participated in clinical
trials
Nieder et al. (2009) 10.3 5.6 3.5 1.9
232 patients treated outside of clinical
trials
Nieder et al. (2008) 18.9 9.8 5.5 3.7
64 patients treated with surgery and
WBRT
Sperduto et al. (2008b) 21.7 17.5 5.9 3.0
140 patients treated outside of clinical
trials®

Median survival in months from different publications

In the GPA system, 3 different values (0, 0.5, or 1) are assigned for each of these 4 parameters: age (>60; 50-59; <50),
KPS (<70; 70-80; 90-100), number of brain metastases (>3; 2-3; 1), and extracranial metastases (present; not appli-
cable; none). Patients in class I have a sum of 3.5—4 points, those in class II have 3 points, those in class III have 1.5-2.5
points, and those in class IV have 0—1 points. Note that diagnosis-specific scores might better predict the outcome of
patients with primary malignant melanoma, renal cell cancer, and various breast cancer subtypes (Sperduto et al. 2010).
A nomogram derived from this data has also been published (Barnholtz-Sloan et al. 2012)

WBRT whole-brain radiotherapy

aSeveral patients were treated with radiosurgery alone or radiosurgery plus WBRT

especially for larger lesions, and squamous and
non-breast adenocarcinoma histologies.

Focal treatment such as SRS improves the
local control observed with WBRT. In a small
randomized study, patients with two to four brain
metastases (all <25 mm diameter) either received
WBRT alone (30 Gy in 12 fractions) or WBRT
plus SRS (Kondziolka et al. 1999). The rate of
local failure at 1 year was 100% after WBRT
alone but only 8% in patients who had boost
SRS. Median survival was 7.5 vs. 11 months for
patients who received WBRT vs. WBRT plus
SRS (p=0.22). A randomized study by the RTOG
enrolled 333 patients with one to three brain
metastases (Andrews et al. 2004). WBRT dose
was 37.5 Gy in 15 fractions in both groups. SRS
boost dose was adjusted to lesion size (15 Gy in
lesions larger than 3 cm, 24 Gy in those up to
2 cm, and 18 Gy in others). Median survival was
significantly better after SRS boost in patients
with single brain metastasis. By post hoc multi-
variate analysis, survival was also improved in
RPA class I patients. SRS-treated patients were
more likely to have a stable or improved perfor-
mance status at 6 months (43 vs. 27 %, p=0.03).
Central imaging review showed higher response

rates at 3 months and better 1-year control of the
SRS-treated lesions, p=0.01. The risk of devel-
oping a local recurrence was 43 % greater with
WBRT alone.

The risk of serious toxicity after WBRT
appears rather low, even if prospective studies
have demonstrated variable degrees of neurocog-
nitive deficits during extended follow-up
(Aoyama et al. 2007; Chang et al. 2009).
Furthermore one must acknowledge that any type
of cancer treatment might cause measurable neu-
rocognitive decline, including SRS alone (Rugo
and Ahles 2003; Heflin et al. 2005; Chang et al.
2009) and that some post-radiation symptoms
might be caused by certain drugs rather than radi-
ation itself (Nieder et al. 1999; Klein et al. 2002).

Local control of a limited number (mostly one
to three) of brain metastases can effectively be
achieved by surgical resection or SRS with or
without adjuvant WBRT (Table 3). Recent data
suggest that local control can also be achieved
with SRS in patients with more numerous metas-
tases, for example, ten or more (Yamamoto et al.
2014). The number of patients dying from uncon-
trolled brain metastases despite intensive local
treatment ranges from 20 to 30%. In general,



Brain Metastases

341

Table 3 Results of surgery and stereotactic radiosurgery (SRS) for brain metastases

Prescribed dose (median; range | Median

Reference n (patients and lesions) | [Gy])* OS 1-year PFS (%)
Patchell et al. (1990) 25/25 Surgery 9.5 80
Patchell et al. (1998) 49/49 Surgery 11.0 82
Pirzkall et al. (1998) 236/311 20; 10-30 5.5 89
Cho et al. (1998) 73/136 17.5; 6-50 7.8 80
Kocher et al. (1998) 106/157 20; 12-25 8.0 85
Sneed et al. (1999) 62/118° 18; 15-22 11.3 80

43/117¢ 17.5;15-22 11.1 86
Varlotto et al. (2003) 137/208 16; 12-25 Not given 90
Andrews et al. (2004) 164/269¢ Not given; 15-24 6.5 82
Bhatnagar et al. (2007) | 205/4—18 lesions each® | 16; 12-20 8.0 71

OS overall survival in months, PFS progression-free survival
*Prescription isodose or point varied; some series included SRS plus WBRT

°SRS only

°SRS plus WBRT (no significant difference in OS and PFS between both groups)

ISRS plus WBRT
SRS plus/minus WBRT

SRS doses have varied with lesion size although
it is counterintuitive to treat larger tumors with
lower doses of radiation. While small lesions
typically receive minimum doses of 20-24 Gy to
the margin of the lesion, those that measure
between 2 and 3 cm are treated with 18-20 Gy
and those that measure between 3 and 4 cm with
15-16 Gy and sometimes with doses as low as
12 Gy, based on location. A retrospective analy-
sis of 375 lesions suggests that 1-year local con-
trol after 18 Gy or less is in the range of 45-49 %
as opposed to 85 % after 24 Gy (Vogelbaum et al.
2006). In the Japanese SRS study of 132 patients
treated with lower SRS doses, discussed in
greater detail below, only 4 patients (3 %) devel-
oped radionecrosis (Aoyama et al. 2006).
Prognosis of SRS patients might be estimated
either by RPA classes, DS-GPA, or the score
index for radiosurgery (SIR) (Weltman et al.
2001; Lorenzoni et al. 2004). The most favorable
SIR group contains patients with age <50 years,
Karnofsky performance status (KPS) >70 %, no
evidence of systemic disease at the time of SRS,
limited number of brain lesions, and largest SRS-
treated lesion <13 ml. After many years of con-
troversy about the role of combining WBRT with
SRS and considerable variation in practice, com-
parable to the discussion around WBRT after sur-
gical resection of brain metastases, four

randomized trials and a meta-analysis have
attempted to address the issue (Aoyama et al.
2006; Chang et al. 2009; Kocher et al. 2011;
Sahgal et al. 2015; Brown et al. 2015). The
Japanese prospective randomized multicenter
phase III study of SRS alone vs. SRS and WBRT
(Aoyama et al. 2006) was designed with the pri-
mary endpoint of survival, with an overly gener-
ous expected difference of 30%. The trial
included adult patients with Karnofsky perfor-
mance score >60 % and a maximum of four brain
metastases, none exceeding 3 cm diameter.
WBRT was given in 10 fractions of 3 Gy. SRS
dose varied with size of the lesion (up to 2 cm,
22-25 Gy; >2 cm, 18-20 Gy margin dose) and
was reduced by 30% if WBRT was given. The
combined arm contained 65 patients, the SRS
arm 67 patients. Almost 50 % of patients had a
single lesion. Median survival was 7.5 months
after SRS plus WBRT and 8 months after SRS
alone. One-year survival in the combined treat-
ment arm was actually relatively increased by
36 %, but this did not reach statistical significance
due to low patient numbers (38.5 vs. 28.4 %,
p>0.05). After SRS alone, 2 patients developed
serious late complications (radionecrosis and
grade 4 seizures, respectively). After SRS plus
WBRT, 3 patients developed a radionecrosis, and
3 showed signs of leukoencephalopathy. The trial



342

C. Nieder et al.

revealed statistically significant differences
in local control. The rate of actuarial failure at
1 year was 47 % after combined treatment but
significantly greater at 76 % after SRS alone (rel-
ative increase of 62%; p<0.001). New lesions
developed in 42 vs. 64 % (of SRS alone patients)
(»=0.003). WBRT reduced the risk of failure at
the site of SRS from 27 to 11% after 1 year
(p=0.002).

A recent reanalysis of this trial has further
fueled the survival debate. Based on a handful
of retrospective reviews, substantially under-
powered prospective trials, and a meta-analysis
based on these underpowered trials, it has been
widely concluded that omission of WBRT does
not decrease overall survival (OS), primarily
because salvage therapies are effective, and sys-
temic progression is the key competing cause of
mortality (Sahgal et al. 2015). This assertion
may perhaps be true, but diligent review of the
available data would caution against jumping to
such a conclusion on the basis of the relative
weakness of the supporting data, as well as the
recent emergence of contradictory data from the
aforementioned Japanese trial. An analysis of
three pieces of data in the literature should
induce a degree of interpretive caution. As early
as 1998, Pirzkall et al. reported a single-institu-
tion 236-patient retrospective experience of
SRS with or without WBRT, demonstrating a
trend for superior survival (OS) in favor of
WBRT (1- and 2-year OS of 30 vs. 19 and 14 vs.
8 %), but much more impressive was the recog-
nition that in patients without extracranial dis-
ease, i.e., in those in whom systemic progression
as a competing cause of mortality is largely
diminished, the median survival was impres-
sively different at 15.4 vs. 8.3 months, in favor
of WBRT (reaching only borderline significance
because of the small numbers). This allows one
to posit the very reasonable hypothesis that a
certain proportion of patients with brain metas-
tases are destined to succumb to intracranial
progression (after all we see such compartmen-
tal progression as a cause of death in other
organs such as the lungs, liver, etc.) and
enhanced control of intracranial progression
will lengthen their survival.

Finally, a recent reanalysis of the randomized
Japanese JROSG-99 trial, using the validated
graded prognostic assessment (GPA) stratifica-
tion model and applied to all non-small cell lung
cancer patients on the trial, reveals a median sur-
vival of 16.7 versus 10.6 months in favor of the
WBRT+ SRS arm (vs. SRS alone, p=0.03) for
the favorable (GPA=2.5-4) subgroup, without
demonstrating an advantage for the inferior prog-
nosis group, providing further support that intra-
cranial control matters and one accepts a lower
rate at the potential peril of diminishing overall
survival (Aoyama et al. 2006).

A European phase III trial (EORTC 22952-
26001) included 359 patients, 199 underwent
SRS, and 160 underwent surgery (Kocher et al.
2011). In the SRS group, 100 patients were allo-
cated to observation, and 99 were allocated to
WBRT. After surgery, 79 patients were allocated
to observation, and 81 were allocated to adjuvant
WBRT. The median time to WHO performance
status more than 2 was 10.0 months (95 % CI,
8.1-11.7 months) after observation and
9.5 months (95% CI, 7.8-11.9 months) after
WBRT (p=0.7). Overall survival was similar in
the two arms (median, 10.9 vs. 10.7 months,
p=0.9). WBRT reduced the 2-year relapse rate
both at initial sites (surgery, 59-27 %, p<0.001;
SRS, 31-19%, p=0.04) and at new sites (sur-

gery, 42-23%, p=0.008; SRS, 48-33%,
p=0.02). Salvage therapies were used more fre-
quently  after  observation than  after

WBRT. Intracranial progression caused death in
44 9% of patients in the observation arm and in
28 % of patients in the WBRT arm.

The randomized trial from the M.D. Anderson
Cancer Center re-emphasized patient selection
issues as critical for overall survival. In this trial,
patients with one to three newly diagnosed brain
metastases were randomly assigned to SRS plus
WBRT or SRS alone, and over an almost 7-year
time frame, 58 patients were recruited and strati-
fied by RPA class, number of brain metastases,
and histology (Chang et al. 2009). The primary
endpoint was neurocognitive function: measured
as a S-point drop compared with baseline in
Hopkins Verbal Learning Test-Revised (HVLT-R)
total recall at 4 months. An interim analysis
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showed that there was a high probability (96 %)
that patients assigned to receive SRS plus WBRT
were more likely to show a decline in learning
and memory function at 4 months than patients
assigned to receive SRS alone. Further, at
4 months there were four deaths (13 %) in the
group that received SRS alone, and eight deaths
(29%) in the group that received SRS plus
WBRT, and 73 % of patients in the SRS plus
WBRT group were free from CNS recurrence at
1 year, compared with 27% of patients who
received SRS alone (p=0.0003). These differ-
ences in early death bring into question the gen-
eralizability of the HVLT-R score results; it is
well known that a general disease-related decline
due to progression, especially in the preterminal
phase, will cause a significant drop in neurocog-
nitive function, and its attribution to a single
component, such as WBRT, can be misleading.
Early deaths in neuro-oncology are almost invari-
ably consequential to systemic progression of
disease in this setting. In fact, there were several
differences in patient characteristics between the
two cohorts which could explain both the early
deaths and the differences in 4-month HVLT-R
scores. When the constellation of prognostic fac-
tors is evaluated collectively, the SRS alone
group, compared to SRS plus WBRT, had far
more favorable characteristics, such as more
female patients (60 vs. 39 %), fewer patients with
multiple brain metastases (40 vs. 46 %), lower
intracranial disease burden (1.4 vs. 2.3 cc), supe-
rior RPA (23 vs. 11 % RPA Class 1) and GPA (10
vs. 3.5% GPA score 3.5) distribution, fewer
patients with liver metastases (7 vs. 18 %), etc.;
the small patient numbers precluded any of these
factors from individually reaching statistical sig-
nificance, but taken collectively, the prognostic
variables were substantially skewed in favor of
the SRS group. As would be expected from the
use of WBRT, the 1-year local tumor control rate
was 67 % for patients in the SRS group but con-
siderably superior at 100% for patients in the
SRS plus WBRT group, and additionally, the
1-year distant brain tumor control rate was 45 %
for patients in the SRS group and 73 % for
patients in the SRS plus WBRT group. The
1-year freedom from CNS recurrence was 27 %

(95% CI 14-51) for SRS alone and 73 % (46—

100) for SRS plus WBRT. This trial therefore

emphasizes three crucial points when evaluating

brain metastases data:

1. Local control as well as distant control in the
brain is significantly improved by WBRT as
an adjunct to focal therapies.

2. Patient selection variables can significantly skew
neurocognitive and survival outcomes, and
small trials are unlikely to statistically pick up
these differences in patient prognostic variables.

3. Early decline in some neurocognitive functions,
such as memory recall as measured by HVLT-R,
can be impacted by several variables, including
WBRT, and the early decline is suggestive of an
“early-responding” cell population.

2 Reirradiation: Whole-Brain
Radiotherapy

The key issues guiding clinicians in the first-line
setting remain important in selecting appropriate
management options for patients who relapse
after brain irradiation (Table 4). However, few
prospective clinical studies formally addressing
the role of reirradiation for brain metastases have
been published. Salvage WBRT after previous
SRS is a common treatment option with survival
results indistinguishable from those of first-line
WBRT, i.e., usually 3—6 months median survival
(Khuntia et al. 2006). A repeat course of WBRT
is less commonly employed due to concerns
about lack of efficacy and the potential for neu-
rocognitive deficits. Historical experience with
WBRT dates back to a retrospective study by
Shehata et al. (1974) and another study by Kurup
et al. (1980), which will not be reviewed in
greater detail. Both are limited by the fact that
they date back to the pre-CT era and few sys-
temic treatment options existed at that time.
Thus, rapid progression of systemic disease was
an even bigger problem than it is now. The first
study extending into the CT era, but pre-dating
the advent of SRS salvage for recurrence, was
reported in 1988 (Hazuka and Kinzie 1988). It
included 44 patients (34 % with non-small cell
and 20% with small cell lung cancer), all of
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Table 4 Key questions when selecting between the dif-
ferent treatment options for recurrent brain metastases

Is the patient’s performance status after initiation of
steroid treatment at a level that justifies initiation of
radiation therapy?

Do laboratory tests point to advanced extracranial
disease status and poor tolerability/efficacy of the
planned therapy?

Are extracranial disease sites absent or controlled, and
if so, does one expect continued extracranial disease
control?

Will systemic treatment be offered or are there no
more options left?

Will brain control impact on the survival of the patient
or is treatment focused on palliation of symptoms?

Will surgical intervention lead to rapid symptom
improvement or effective local control, if comorbidity
and other factors allow for consideration of invasive
measures? Could the same goals be achieved without
surgery?

Might the cumulative radiation dose to critical normal
tissue structures result in serious toxicity in patients
with expect prolonged survival?

What would be the functional consequence of
treatment-induced injury?

How did the lesion(s) respond to initial radiotherapy
and how long is the interval?

whom had previously received WBRT for brain
metastases. The reasons for retreatment with
WBRT (and in a small number of patients, large-
volume partial brain reirradiation) were the
appearance of new intracranial lesions (47 %),
new lesions plus progression of pre-existing
metastases (10 %), and local progression of pre-
existing metastases only (43%). The median
interval between initial WBRT and reirradiation
was 8 months, with a minimum of 8 weeks. The
median initial dose was 30 Gy in 10 fractions of
3 Gy, and the median retreatment dose was
25 Gy (range 6-36 Gy, dose per fraction 2—4 Gy).
Median survival after repeat WBRT was only
8 weeks. Partial neurological improvement was
observed in 27 % of patients. Two patients most
likely died as a direct consequence of brain
necrosis (brain necropsy result). Both were
treated to rather high cumulative doses, espe-
cially if one calculates biologically equivalent
doses. In one case, WBRT to 32 Gy in 8 frac-
tions of 4 Gy was followed by WBRT to 30 Gy
in 10 fractions of 3 Gy (necrosis after 20 weeks

from reirradiation). In the other case, WBRT to
30 Gy in 10 fractions of 3 Gy was followed by
partial brain RT to 33 Gy in 10 fractions of 3 Gy
(necrosis after 11 weeks from reirradiation). The
reirradiation tolerance of the human brain is
reviewed in detail in other chapters of this book.

Limited, but more recent experience with 2
courses of WBRT in 72 patients, the majority
with primary lung cancers suggests that 31 % of
patients experienced a partial clinical response
after reirradiation (Sadikov et al. 2007). In
responders, the mean duration of response was
5.1 months. The median survival after reirradia-
tion was 4.1 months. One patient was reported as
having memory impairment and pituitary insuf-
ficiency after 5 months of progression-free sur-
vival. However, assessment of toxicity in this and
other similar series is hampered by their retro-
spective nature and the poor performance status
of most patients. The most frequent dose used for
the initial radiotherapy was 20 Gy in 5 fractions.
The most common reirradiation schema were
25 Gy in 10 fractions, 20 Gy in 10 fractions, and
15 Gy in 5 fractions. Median interval between the
two courses of brain radiation was 9.6 months,
with a minimum 8 weeks. The typical patient had
a performance status of 1 or 2. Patients with bet-
ter performance status experienced significantly
longer survival after reirradiation, comparable to
the study by Aktan et al. (2015; median
2.2 months if KPS <70; 5.3 months for all 34
patients). In initial nonresponders, median sur-
vival was only 0.9 months after reirradiation,
implying that this might be a crucial variable to
consider. Surprisingly, the interval between the
two courses had no impact on survival.

In another retrospective series of 52 patients, a
slightly better clinical response rate (42%) as
well as better median overall survival (almost
5 months) was reported (Cooper et al. 1990). The
major difference and potential explanation were
that patients were offered reirradiation only if
they maintained good general condition for at
least 4 months after initial WBRT (median 30 Gy
in 10 fractions of 3 Gy), excluding nonre-
sponders, and patients experiencing early decline.
The most common reirradiation regimen was
25 Gy in 10 fractions of 2.5 Gy.
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Another series, published in 1996 by Wong
et al. (86 reirradiated patients including 18 with
partial brain fields), included an equal number
of lung and breast cancer patients (31 each).
The median dose of initial WBRT was 30 Gy,
usually given in 10 fractions. The median inter-
val to reirradiation was 7.6 months, with a min-
imum of 6 weeks. The median dose of
reirradiation was 20 Gy, with a maximum
30.6 Gy. Complete or partial symptomatic neu-
rological improvement was observed in 27 and
43% of patients, respectively. The median
response duration was 2.8 months. Median sur-
vival was 4 months. The only significant prog-
nostic factor for survival was the absence of
extracranial metastases. Scharp et al. (2014)
analyzed 134 patients, of whom 60 were treated
with initial prophylactic WBRT (87 % had lung
cancer). The median interval was 13 months
(minimum 3) and the median doses 30 plus
20 Gy, both in 2-Gy fractions. Median survival
was 2.8 months, and clinical improvement was
observed in 39% of patients. Significantly
shorter survival was seen in patients with small
cell lung cancer, KPS <70, or progressive pri-
mary tumor. A series of 49 patients was reported
from Guo et al. (2014). Median interval was
11.5 months (minimum 1.5 months), median
initial dose 30 Gy, and median repeat dose
20 Gy. Median KPS was 70. Improved symp-
toms were reported in 27 %, and median sur-
vival was 3 months. Comparable results were
reported by Ozgen et al. (2013); median sur-
vival in 28 patients was 3 months and symp-
tomatic response rate 39 %.

Minniti et al. (2014) combined reirradiation
(25 Gy, 10 fractions) with concurrent temozolo-
mide (75 mg/m?). They treated 27 patients
whose median age was 54 years. Minimum KPS
was 60. Eighteen patients had lung cancer.
Median survival was 6.2 months. Seventeen
patients (63 %) had improved symptoms. Severe
toxicity was not observed. Survival was signifi-
cantly longer in patients with stable or absent
extracranial disease. Survival was slightly better
than in other studies, but interstudy comparison
is hampered by the heterogeneity of the differ-
ent study populations. Without randomized tri-

als, the role of temozolomide is difficult to
define.

Overall, the studies reviewed here reported
median survival of 2-6.2 months (median 4.0)
and improvement of symptoms in 27-70% of
patients (median 35%). Shorter survival was
seen in patients with KPS <70, progressive pri-
mary tumor, or extracranial metastases.

Helical tomotherapy can also be utilized in
patients who develop multiple brain metastases
in spite of previous WBRT (Sterzing et al.
2009). Both patients treated with this technique
had previously received 40 Gy in 20 fractions
of 2 Gy. The whole-brain reirradiation dose was
limited to 15 Gy, while the enhancing lesions
plus a 2-mm margin received 30 Gy in 10 frac-
tions of 3 Gy. In the first case, 8§ metastases
from breast cancer were present 18 months
after first-line WBRT. With a follow-up of
12 months, local control was achieved. In the
second case, 11 metastases from non-small cell
lung cancer were present 18 months after initial
WBRT. With a follow-up of 6 months, local
control was achieved. No serious toxicity was
recorded. In Fig. 1, we show an example of a
patient with multiple recurrent brain metastases
from breast cancer treated with tomotherapy.
The patient had received two prior courses of
WBRT, initially 30 Gy in 10 fractions and then
25 Gy in 10 fractions both achieving complete
responses; five subsequent individual recur-
rences were treated with two courses of SRS,
also resulting in complete response; the tomo-
therapy IMRT plan was utilized for 9 new
lesions, and the dose was 30 Gy in 15 fractions;
most of the normal brain was kept below 10 Gy,
and the patient has sustained local control more
than 8 months after this course of therapy and
for over 42 months since initial presentation
with brain metastases. The case illustrates that
with modern and advanced radiotherapy tech-
niques, innovative salvage options become pos-
sible, and anecdotally, in selected patients,
local control and durable survival are achieved.
Figures 2, 3, and 4 provide treatment details
regarding three other patients at one of the
authors’ institutions, utilizing other unique
radiotherapy approaches.
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Fig. 1 An example of a patient with multiple recurrent
brain metastases from breast cancer treated with tomo-
therapy. The patient had received two prior courses of
WBRT, initially 30 Gy in 10 fractions and then 25 Gy in
10 fractions both achieving complete responses; five sub-
sequent individual recurrences were treated with two
courses of radiosurgery, also resulting in complete
response; the tomotherapy IMRT plan was utilized for
nine new lesions, and the dose was 30 Gy in 15 fractions;
most of the normal brain was kept below 10 Gy, and the
patient has sustained local control more than 8 months
after this course of therapy and for over 42 months since
initial presentation with brain metastases

C. Nieder et al.

3 Reirradiation: Stereotactic
Radiosurgery

The potential advantages of SRS as salvage treat-
ment after WBRT were realized early during the
development of this technique (Loeffler et al.
1990). Several series published in the early 1990s
included some patients reirradiated with SRS
(Adler et al. 1992; Engenhart et al. 1993). Their
results lead to recommendations that patients with
recurrent lesions should be treated with stereotac-
tic high-precision techniques. The RTOG
embarked on a prospective phase I clinical trial of
SRS in recurrent, previously irradiated primary
brain tumors and brain metastases, one of few pro-
spective studies in the field. RTOG study 90-05
was a dose escalation trial, which included 100
patients with brain metastases and 56 with primary
brain tumors. The brain metastasis patients were
included after prior WBRT to a median dose of
30 Gy (Shaw et al. 1996, 2000). SRS could be
administered with a linear accelerator or Gamma
Knife. Eligible patients had received first-line
radiotherapy at least 3 months prior to study entry,
and in the study, the actual median interval was
17 months. Their KPS was >60 and life expec-
tancy >3 months. Seventy-eight percent had single
lesions. Dose was determined by the maximum
diameter of the tumor. Initial doses were 18 Gy for
lesions <20 mm, 15 Gy for lesions measuring
21-30 mm, and 12 Gy for lesions measuring
31-40 mm. Dose was prescribed to the 50-90 %
isodose line, which was to encompass the entire
enhancing target volume. The dose was escalated
in 3 Gy increments providing there was not an
excess of unacceptable toxicity. The trial eventu-
ally defined the maximum acutely tolerable SRS
dose in this setting, except for lesions <20 mm
where the dose was not escalated beyond 24 Gy
because of investigators’ reluctance. While small
lesions <20 mm can be treated with up to 24 Gy to
the margin of the lesion, those that measure
between 21 and 30 mm might receive 18 Gy and
those that measure between 31 and 40 mm 15 Gy.
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Fig.2 An illustrative case from one of the authors’ institu-
tions (Nordland Hospital Bodg, Norway). A 63-year-old
male patient was diagnosed with squamous cell lung cancer
stage III B in December 2007. He received systemic plati-
num-based chemotherapy and thoracic radiotherapy. In
November 2008, the patient collapsed, and a computed
tomography (CT) scan of the brain revealed four brain
metastases, maximum diameter 3.1 cm. No extracranial
metastases were detected; all laboratory tests were unre-
markable. The intrathoracic status was judged to be ongo-
ing partial remission. The patients Karnofsky performance
status (KPS) at that time was 70. Whole-brain radiotherapy
(WBRT) was administered (10 fractions of 3 Gy). Three
months later, CT scans of the brain showed partial remis-
sion of all four lesions. However, another 3 months later, all
4 lesions had increased in size. No additional new brain
metastases were detected. The patient was referred for sal-
vage treatment. When considering the key questions pre-
sented in Table 4, the following statements could be made.

Is the patient’s performance status after initiation of ste-
roid treatment at a level that justifies initiation of radiation
therapy? Yes, the KPS at the time of progression was 70.

Do laboratory tests point to advanced extracranial dis-
ease status and poor tolerability/efficacy of the planned
therapy? No, the only abnormal finding was slight anemia.

Are extracranial disease sites absent or controlled, and
if so, does one expect continued extracranial disease con-
trol? No extracranial metastases were detected, but the
primary tumor had increased slightly (less than 25 %, no
clinical symptoms).

Will systemic treatment be offered, or are there no
more options left? Second-line chemotherapy in case of
symptomatic progression of the lung tumor was an option.

Will brain control impact on the survival of the patient
or is treatment focused on palliation of symptoms? The
biggest threat at that time was death from uncontrolled
brain metastases.
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Will surgical intervention lead to rapid symptom
improvement or effective local control, if comorbidity and
other factors allow for consideration of invasive mea-
sures? Could the same goals be achieved without surgery?
No surgical candidate based on the number of brain
metastases. None of them caused hydrocephalus or other
immediately threatening complications.

Might the cumulative radiation dose to critical normal
tissue structures result in serious toxicity in patients with
expect prolonged survival? The probability of long-term
survival was considered low.

What would be the functional consequence of treat-
ment-induced injury? Not applicable.

How did the lesion(s) respond to initial radiotherapy and
how long is the interval? All 4 metastases had initially
responded, the interval of 6 months did permit reirradiation.

The image above shows the second largest brain
metastasis (diameter 2.9 c¢m, cystic lesion) and the con-
tralateral edema indicating the presence of another
lesion, which was slightly larger. When deciding between
stereotactic radiosurgery (SRS) and other options in this
case, the following facts were considered. Based on num-
ber and size of the lesions as well as the limited survival
expectation after second-line chemotherapy in patients
with relapsed non-small cell lung cancer, the patient was
not an ideal candidate for SRS. Repeat WBRT was not
necessary as no new lesions were present and the 4
metastases could be covered by a quite simple 3-dimen-
sional conformal radiotherapy technique with two iso-
centers and two non-overlapping pairs of opposing fields,
each covering two of the metastases. A dose of 30 Gy in
10 fractions of 3 Gy was given. As after the first course
(30 Gy WBRT), a partial remission was obtained. The
patient did not develop serious acute or late toxicity. He
died without obvious neurological deficits 6.3 months
after reirradiation as a result of pneumonia, which was
considered a complication of the primary lung cancer
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Median survival was 7.5 months. A 1-year sur-
vival rate of 26 % was observed. Some cases of
further local progression in spite of SRS were
observed, mainly within the first 6 months after
SRS. Long-term toxicity data for brain metastasis
patients are available only from the initial publica-
tion (Shaw et al. 1996). They are based on 64
patients. Four patients developed radionecrosis
requiring operation 5—14 months after SRS. From
the final report (Shaw et al. 2000), combined
radionecrosis data on patients with brain metasta-
ses and primary brain tumors are available. The
actuarial incidence was 8 and 11% at 12 and
24 months, respectively. This study therefore pro-
vides tentative evidence that retreatment with SRS
can produce local control in a certain proportion of
brain metastases patients, but the approximate
10% incidence of necrosis must be factored in.
Several options can be considered to either lower
this rate or possibly manage necrosis, including
fractionated stereotactic radiotherapy and the

C. Nieder et al.

recent use of bevacizumab, which might improve
symptoms and imaging findings resulting from
radionecrosis (Gonzalez et al. 2007; Torcuator
et al. 2009; Boothe et al. 2013).

Linear accelerator-based SRS was used in 54
patients with 97 metastases (recurrent after WBRT)
in another study (Noél et al. 2001). The patients’
KPS was 60-100. The median interval was
9 months, with a minimum of 2 months. The median
tumor volume was 1.2 cc. A median minimal dose
of 16.2 Gy was prescribed, while the median maxi-
mal dose was 21.2 Gy. No serious side effects were
reported with this dose prescription. Only 5 metas-
tases recurred after salvage SRS. The 1-year sur-
vival rate was 31%. RPA class was a significant
prognostic factor for overall survival. Comparable
outcomes were achieved in a retrospective series
that included 111 patients (Chao et al. 2008). SRS
doses were usually prescribed according to the
RTOG 90-05 guidelines. Median survival was
9.9 months. Twenty-five percent of patients devel-
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oped further local progression in spite of salvage
SRS. Poorer local control was observed in lesions
>2 cm, which usually had been treated with lower
radiation doses. Gwak et al. treated 46 patients with
100 recurrent metastases with CyberKnife radiosur-
gery (2009). The average dose was 23 Gy in 1-3
fractions. The median interval from WBRT was
5 months. The mean volume was 12.4 cc. Median
survival was 10 months, but 1-year progression-free
survival was only 57 %. In these patients with quite
large metastases, e.g., compared to the abovemen-
tioned series by Noél et al. (2001), acute toxicity
was observed in 22% of patients. Toxicity after
>6 months occurred in 21 %.

More recent data were derived from a retrospec-
tive review of 106 patients irradiated for a median
of 2 metastases (range, 1-12) with a median dose
of 21 Gy (range, 12-24) prescribed to the 50 % iso-
dose (Kurtz et al. 2014). With a median follow-up
of 10.5 months, local control was 83 % at 6 months
and 60% at 1 year. Median progression-free sur-

vival was 6.2 months. Median overall survival was
11.7 months from salvage SRS and 22 months
from initial diagnosis. Caballero et al. (2012) ana-
lyzed 310 patients. The median number of brain
metastases was 3 and interval from WBRT to SRS
8 months. The median survival was 8.4 months
overall and 12.0 vs. 7.9 months for single vs. mul-
tiple lesions (p=0.001). There was no relationship
between number of lesions and survival after
excluding patients with single metastases.
Retrospective population-based data from Canada
suggested that salvage SRS after WBRT was not
associated with compromised survival compared to
immediate boost SRS (Hsu et al. 2013).

A large analysis of 2200 metastases treated with
Gamma Knife SRS also included a subgroup of 72
lesions that were reirradiated with a second SRS
(Sneed et al. 2015). Prescribed dose was chosen
primarily based on treatment volume or location in
the brainstem, not taking into account prior WBRT
or SRS. After prior SRS, the median dose was

<
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Fig.3 An illustrative case from one of the authors’ institu-
tions (Nordland Hospital Bodg, Norway). The patient is a
45-year-old female. In October 2004, she had noted a few
days of hypesthesia in her left leg, followed by slight hemipa-
resis and a seizure resulting in hospitalization. A magnetic
resonance imaging (MRI) scan of the brain revealed a tumor
in the right parietal lobe, presumably representing a glioma.
In November 2004, a partial resection (because of the prox-
imity to the motor cortex) was performed. Histology demon-
strated a malignant melanoma metastasis. Staging including
examinations of the eyes, head, and neck mucosa and total
skin, gynecological evaluation, bone scintigraphy, and com-
puted tomography (CT) scans showed an enlarged left adre-
nal gland as the only pathological finding. The adrenal mass
was removed completely by laparoscopic surgery, and histol-
ogy corresponded to that of the brain metastasis. Treatment
proceeded with postoperative whole-brain radiotherapy
(WBRT), 10 fractions of 3 Gy, without boost. In February
2005, the patient noted headaches and a decreasing general
condition. A MRI scan disclosed two new brain metastases
in the left parietal and temporal lobe, respectively (see image
below: previous resection cavity in the right parietal lobe,
new lesions in the left hemisphere). While the parietal tumor
could be resected completely, the temporal lesion was treated
with Gamma Knife radiosurgery (SRS). The peripheral min-
imum dose was 15 Gy.

In March 2005, the patient developed abdominal symp-
toms, and a CT scan showed a right abdominal mass presum-
ably representing inflammation in and around the vermiform
appendix and ovary. Surgery including ovarectomy and
appendectomy was performed, and the histology demon-

strated again the same type of malignant melanoma. The
tumor was limited to the vermiform appendix without spread
to peritoneum or lymph nodes and was judged to be removed
completely. After a symptom-free interval, routine MRI eval-
uation in November 2005 disclosed progression of the unre-
sectable SRS-treated temporal lesion, and a second Gamma
Knife procedure was performed. The interval to the previous
SRS was approximately 8 months. Since then, the patient
returned to repeated follow-up examinations including MRI
and CT scans. The last one was performed in March 2015,
i.e., more than 10 years after the first neurosurgical resection.
No potential signs of disease were detectable. The patient has
a Karnofsky performance status (KPS) of 80% resulting
from slight concentration and endurance problems. No radio-
necrosis or other serious complication was recorded in this
unusual case, which illustrates the potential impact of aggres-
sive local management in highly selected patients. Of course,
the potential diagnosis of radiation necrosis after SRS must
be excluded by appropriate imaging methods such as posi-
tron emission tomography (PET) with an amino acid tracer,
e.g., '"C-methionine, or newer MRI techniques incl. spec-
troscopy before proceeding to further radiation treatment. In
some cases, a histopathological diagnosis of recurrent metas-
tasis might be required. Further information on differentia-
tion between radionecrosis and recurrent tumor can be found
in the following studies and reviews: Sundgren 2009 (MR
spectroscopy), Barajas et al. 2009 (dynamic susceptibility-
weighted contrast-enhanced perfusion MRI), Dequesada
et al. 2008 (MRI), Terakawa et al. 2008 and Chung et al.
2002 (PET), Serizawa et al. 2005 (single photon emission
computed tomography), Walker et al. 2014 (overview)
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Fig.4 An illustrative case from one of the authors’ insti-
tutions (Nordland Hospital Bodg, Norway). The patient is
a 46-year-old female with triple-negative breast cancer
stage T1 NO MO. Two years after the initial diagnosis and
breast conserving treatment, headaches led to magnetic
resonance imaging (MRI) diagnosis of a single 7-mm-
large cerebellar metastasis. Pulmonary metastases were
detected at the same time. Arrows are needed to indicate
where the lesion is located

Treatment consisted of stereotactic radiosurgery and
systemic chemotherapy (two different lines, anthracycline
based and taxanes). Nine months later, four new brain

18 Gy and the median target volume size 0.94 cc.
Adverse radiation effects were judged on serial
MRI scans. The 1-year cumulative incidence was
20% for symptomatic and 37 % for overall adverse
radiation effects. Compared to SRS without any
prior or concomitant further radiotherapy, the haz-
ard ratio for adverse radiation effects after re-SRS
was 3.7 (95 % confidence interval 1.3—-10.8; multi-
variate analysis). Efficacy results were not reported.

4 Reirradiation: Fractionated
Stereotactic Radiotherapy
(FSRT)

A normal brain tissue dose recommendation in
SRS planning is to limit the volume receiving
10 Gy or more to 10-12 cc. For larger tumors, or
those in proximity to critical sensitive structures,
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metastases were found (supra- and infratentorial; one
example is shown above).

The pulmonary metastases progressed at the same
time. The patients Karnofsky performance status was 70.
She received palliative whole-brain radiotherapy (WBRT),
30 Gy in 10 fractions of 3 Gy. She then started third-line
chemotherapy with capecitabine. A partial remission of
all 4 brain metastases was achieved, but the pulmonary
disease progressed further. The patient died 5 months
after WBRT from progressive pulmonary metastases with
pleural and pericardiac effusions

fractionated high-precision treatment with ste-
reotactic localization and mask fixation of the
head might offer a solution (Fig. 5). Only rela-
tively small patient series are available to assess
the outcomes with this approach. A Japanese
series included seven patients with previously
irradiated brain metastases (Tokuuye et al. 1998).
The patient characteristics are comparable to
those from other SRS series, but lesion size was
larger. Fractionation was individualized, e.g.,
33 Gy in 11 fractions of 3 Gy or 24 Gy in 4 frac-
tions of 6 Gy. In these selected patients, results
comparable to those of the RTOG SRS trial were
found. In a Canadian study, SRS was used in
smaller lesions (n=35, maximum diameter 3 cm
for supratentorial and 2 cm for posterior fossa
metastases, dose of 22.5 Gy prescribed to the
90 % isodose), while a split dose was used in
larger ones (29.7 Gy at the 90 % isodose surface



Brain Metastases

Fig.5 A hypothetical case with a rather large metastasis
in the brain stem where the therapeutic ratio of stereotac-
tic radiosurgery is small. The long-term tumor control

in 2 fractions, n=69) (Davey et al. 2007). A total
of 180 metastases were treated in these 104
patients. The median time from WBRT to SRS
was 7.6 months, and from WBRT to fractionated
treatment, it was 6 months. Median survival after
retreatment was 4 months after SRS and 6 months
after 2 fractions.

The results of FSRT after SRS in 43 patients
with 47 lesions were reported by Minniti et al.
(2016). The patients received three daily frac-
tions of 7-8 Gy. The 1l-year survival rate was
37% and the 1-year local control rate 70 %.
Compared to NSCLC and breast cancer metasta-
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probability with a margin dose of 14 Gy, as displayed
here, is not satisfactory. Under such circumstances, frac-
tionated stereotactic radiotherapy might be considered

ses, those from malignant melanoma were sig-
nificantly less likely to be locally controlled.
Better KPS and stable extracranial disease pre-
dicted for longer survival. The risk of radiologi-
cal changes suggestive of radionecrosis was 34 %
at 1 year (crude rate 19% or 9/47 lesions).
Fourteen percent of patients had associated neu-
rological deficits RTOG grade 2 or 3. Figure 6
shows examples of amino acid (MET and FET)
positron emission tomography (PET) after SRS.

As reported by Holt et al. (2015), surgical resec-
tion is often favored after initial SRS because it
provides pathological characterization of any
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Fig.6 After stereotactic radiosurgery for brain metastases, amino acid (MET and FET) positron emission tomography
(PET) may facilitate differentiation between local recurrence (a) and radiation-induced toxicity (b)

residual tumor. Their experience with SRS fol-
lowed by surgery and further FSRT or SRS to the
tumor bed relates to 15 lesions in 13 patients. Ten
lesions received adjuvant radiotherapy; the remain-
ing 5 were treated after additional local tumor
growth was detected. Malignant melanoma was the
prevailing pr