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MR Imaging and MR Spectroscopy
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Abstract

Multiparametric MR Imaging with high resolution
T2-weighted imaging (HR-T2WI), diffusion weighted
imaging (DWI), dynamic contrast enhanced MRI (DCE-
MRI), and MR spectroscopy (MRS) plays a crucial role
in the assessment, localization, staging, biopsy planning,
and therapy monitoring of prostate cancer (PCa) through
delivering unmatched soft tissue contrast as well as
functional information especially regarding cell density,
vascularization, and metabolism. It also helps identifying
tumors missed on PSA testing, DRE, and TRUS-guided
biopsy. HR-T2WI provides a clear depiction of the
prostate zonal anatomy and is indispensable for PCa
detection, localization, and accurate tumor staging. DWI
adds information about cellular density by quantifying
Brownian motion of interstitial water molecules and
thereby enabling the differentiation of benign from
malignant tissue. DCE-MRI is another functional imaging
technique which allows for characterizing pharmacoki-
netic features reflecting the prostatic vascularization
through a series of high temporal resolution T1-weighted
images following the administration of contrast medium.
In-vivo proton MRS investigates the biochemical
constituents of prostate tissue noninvasively. Metabolic
alterations caused by cancerous infiltration can be
identified as well as metabolic response in the course of
radiotherapy. While in the healthy gland citrate provides
the predominant signal in MR spectra, strong accumula-
tion of choline compounds indicates PCa, and the
choline/citrate ratio may serve as suitable biomarker
for malignancy. MRS allows simultaneous acquisition
of spatially localized spectra from a multitude of tissue
volumes as small as 1 cm3 or below, with complete
prostate coverage.

W.A. Willinek (&) � G. Decker � F. Träber
Department of Radiology, University of Bonn,
Sigmund-Freud-Str. 25, 53105 Bonn, Germany
e-mail: Winfried.Willinek@ukb.uni-bonn.de

H. Geinitz et al. (eds.), Radiotherapy in Prostate Cancer, Medical Radiology. Radiation Oncology,
DOI: 10.1007/174_2014_1034, © Springer-Verlag Berlin Heidelberg 2014
Published Online: 4 September 2014

3



1 The Role of Magnetic Resonance
Imaging (MRI) in the Diagnosis and
Therapy Monitoring of Prostate Cancer
(PCa)

The diagnosis of prostate cancer (PCa) is mainly based on
prostate-specific antigen (PSA) testing, digital rectal exam-
ination (DRE), and transrectal ultrasonography (TRUS) with
optional TRUS-guided biopsy. All these tests have relevant
limitations. PSA testing has a low specificity because some
conditions such as infections or benign prostatic hyperplasia
(BPH) can also induce PSA elevation (Romero Otero et al.
2014). Furthermore, some studies suggest that PSA testing
does not provide an accurate surrogate measure of cancer
cure or treatment efficacy up to the first 4–5 years after
radiation therapy (Vicini et al. 2005). DRE only allows the
posterior surface of the gland to be palpated and neither
offers high specificity nor sensitivity nor is it suitable for
therapy monitoring.

In case of a suspicious PSA or DRE result, initially a
TRUS-guided sextant biopsy with acquisition of 12 cores
minimum is recommended to be performed. Unfortunately,
TRUS biopsy is prone to underestimating the prevalence and
aggressiveness of the disease: about 35 % of PCas are missed
by the first biopsy (Djavan et al. 2001) and the highest
Gleason score is missed in about 46 % of cases (Noguchi
et al. 2001). This often leads to insufficient diagnoses, inac-
curate risk assessments, and ultimately a less-than-optimal
therapy. Furthermore, patients with understaged PCa may
undergo radical surgery without prognostic benefits.

About 15 % of PCa patients have normal PSA levels, and
no tumor is palpable in DRE. Unfortunately, among these
clinically silent tumors, about 15.6 % have a Gleason score
ranging from 7 to 9 (Thompson et al. 2004). Recent studies
reported a sensitivity and specificity by MRI of 84.2 and
66.6% respectively in the detection of clinically low-risk
PCa with Gleason scores less than or equal to 6. In contrast,
cancers with higher Gleason grades, i.e., clinically signifi-
cant tumors, had a detection accuracy of about 90 % (Kim
et al. 2014) and a negative predictive value of up to 95 %
(Arumainayagam et al. 2013). Other research groups found
diffusion-weighted imaging (DWI) at 3 Tesla (T) alone
detecting significant PCa with a sensitivity and specificity
ranging from 89 to 91 % and 77 to 81 %, respectively (Bains
et al. 2014). These data enhance the important role of MRI in
detecting those PCas that need more radical treatments.

Among imaging modalities, MRI is unmatched regarding
the morphologic and functional evaluation of the prostate
gland (Delongchamps et al. 2011). Computed tomography
(CT) does not provide sufficient tissue contrast discrimination
in the prostate. However, it is valuable in the assessment of

pelvic lymph nodes and bone metastases, although MRI has
been shown to be superior here too (Dotan 2008). A recent
study with 922 patients who received prostate multipara-
metric MRI (mp-MRI) before radical prostatectomy reported
a detection accuracy of 91 % for lymph node metastases with
a negative prediction value of 94.5 % (Jeong et al. 2013).

MRI can not only help identifying tumors missed on PSA
testing, DRE, and TRUS-guided biopsy but also increases
biopsy yields if performed before biopsy through prior
localization. This holds true especially in the anterior parts of
the prostate gland, which are typically only difficult to reach
by standard TRUS.

In the perspective of the above-mentioned limitations of
PSA, DRE, and TRUS, MRI represents an attractive imaging
modality with high spatial resolution and excellent soft
tissue contrast. For many PCa patients, MRI is currently the
only modality to delineate potentially malignant foci. In
consequence, MRI of the prostate is increasingly used for
detection and localization of PCa including consecutive
radiation therapy and radiation boost planning.

Assessment of radiation therapy effectiveness, tumor
recurrence, and therapy monitoring in PCa is still a chal-
lenge. Local recurrence of PCa is actually diagnosed by PSA
kinetics. Unfortunately, patterns of PSA kinetics cannot
conclusively differentiate between local therapy failure and
distant metastasis (Roach et al. 2006). DRE is difficult to
interpret during and after radiation therapy, due to associated
effects such as induced fibrosis. MRI and especially DWI
can reflect cellular changes in malignant tissue under
radiotherapy (Song et al. 2010). With the recent technical
advancements in MRI, preliminary studies showed that DWI
plays an important role in detecting PCa recurrence after
radiation therapy (Kim et al. 2009). Mp-MRI can also be
useful in the planning of radiation therapy by providing
important information for determination of the radiation
boost and coverage (Chang et al. 2014).

With the increasing availability of 3T MR systems, MRI
of PCa has dramatically improved. Most functional tech-
niques in mp-MRI benefit when moving from 1.5 to 3 T
(Lagemaat and Scheenen 2014). The intrinsic signal-to-noise
gain at 3 T allows for replacement of the endorectal coil by
phased-array coils which enhances patient comfort and
compliance. In the future, combined MR-PET may add
further molecular targets to the multiparametric information
that is provided already today. However, published data are
still limited, and further studies are necessary to establish the
clinical role of hybrid imaging in PCa.

Over all, according to the authors’ opinion, state-of-the-art
MR imaging is indispensable in the modern, interdisciplinary
work-up of PCa prioritizing T2-weighted and diffusion-
weighted sequences.

4 W.A. Willinek et al.



2 Multiparametric MRI (mp-MRI)

The first prostate MRI was performed in the mid-1980s
(Steyn and Smith 1984). Ever since then, prostate MRI
developed from a promising tool to a mature imaging
modality, gathering not only morphological but also func-
tional information. State-of-the-art mp-MRI preferably
performed at 3 T nowadays includes T2- and T1-weighted
imaging yielding morphological information as well as
DWI, dynamic-contrast-enhanced perfusion (DCE-MRI),
and MR spectroscopy (MRS) providing primarily functional
information (Table 1).

Bowel motion artefacts can be reduced by administering
an antiperistaltic agent such as butylscopolaminbromid.
Patients should be instructed about the importance of not
moving during image acquisition. An endorectal coil (ERC)
is not an absolute requirement at either 1.5 T or 3 T anymore,
but strongly recommended for imaging at 1.5 T (Beyersdorff
et al. 2003). 3 T MRI scanners and the associated higher
signal-to-noise ratio (SNR) provide excellent image quality
without ERCs, which in turn translates generally in better
patient acceptance. Phased-array coils with multiple receiv-
ing channels are currently used in standard clinical practice.

2.1 T2-Weighted Imaging

T2-weighted imaging (T2WI) can provide high spatial res-
olution and clear depiction of the zonal anatomy of the
prostate and therefore is indispensable for PCa detection,
localization, and accurate tumor staging. Anatomically, the
prostate gland has four distinct glandular regions, the
peripheral zone, central zone, transition zone, and the ante-
rior fibromuscular zone.

A healthy peripheral zone has homogeneous high signal
intensity (SI) on T2-weighted images, as it consists mostly
of glandular structures. The central zone has variable
amounts of inhomogeneous intermediate SI. Several studies
in the late 1980s established that PCa in the peripheral zone
is characterized by low T2 SI. This is due to unrestricted
growing of cancer cells that do not preserve the glandular
structure of the peripheral zone (Bezzi et al. 1988) (Fig. 1).

In the central and transition zone, an irregular low-SI area
without capsule resembling an “erased charcoal” or a SI-
disrespecting normal glandular structure, the capsule or the
urethra is considered malignant. High-grade cancers usually
have a lower SI than low-grade cancers (Wang et al. 2008).

Interpretation of T2WI includes the evaluation of all
adjacent structures in the male pelvis, especially capsule,
seminal vesicles, and posterior bladder wall for extra-
prostatic tumor invasion as well as for lymph nodes and

bone structures regarding lymphogenic or haematogenic
tumor spread.

Sensitivity and specificity for T2WI differ among studies,
Turkbey et al. found a sensitivity of 42 % and specificity of
83 % across all prostatic regions (Turkbey et al. 2010).

One drawback of T2WI alone is the limited specificity of
low-SI areas. Benign abnormalities such as chronic prosta-
titis, atrophy, scars, postirradiation or antihormonal treatment
effects, hyperplasia, and postbiopsy hemorrhage may mimic
a low-SI-resembling tumor tissue (Kirkham et al. 2006).

2.2 Diffusion-Weighted Imaging (DWI) and
the Apparent Diffusion Coefficient (ADC)

DWI adds important information about cellular density on a
tissue level to the morphological information from high-
resolution T2WI.

DWI as noninvasive, functional MR technique quantifies
the Brownian motion of water molecules within tissue.
Thereby, it enables not only qualitative but also quantitative
tumor assessment. Reduced water diffusion in PCa has been
attributed to increased cellularity through uncontrolled tumor
growth with a consecutive reduction of the extracellular
space. Therefore, DWI primarily provides an important
quantitative biophysical parameter that can be used to dif-
ferentiate benign from malignant prostatic tissue that shows
the typical pattern of high SI on images with high b-values
and low SI on the ADC map (Hosseinzadeh and Schwarz
2004) (Fig. 2a, b).

DWI in combination with T2WI is not only clinically rel-
evant for improved tumor detection and characterization, but
also increasingly used for therapy monitoring before, during,
and after treatment (Chenevert et al. 2002). There is evidence
that DWI allows to reflect cellular changes inmalignant tissue,
especially under radiation (Song et al. 2010).

DWI acquisition parameters should be optimized accord-
ing to the respective MR imaging system as well as to the
magnetic field strength that is implemented. The acquisition
of at least two different b-values, which specify the sensitivity

Table 1 Landmark studies correlating imaging modalities with histo-
pathological results

mp-MRI Histopathological
correlation

References

HR T2 Glandular morphology Bezzi et al. (1988)

DWI Gleason score Turkbey et al. (2011)

DCE-
MRI

Neoangiogenesis Engelbrecht et al. (2003)

MRS Cell metabolism Costello and Franklin (1997)

MR Imaging and MR Spectroscopy in Prostate Cancer 5



Fig. 1 Axial high resolution
T2-weighted TSE showing a PCa
lesion in the left peripheral zone
(white arrows)

Fig. 2 a Axial DWI
(b = 800 mm2/s) highlighting a
PCa in the left peripheral zone
(white arrows) and b
corresponding axial ADC map
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of diffusion weighting, is a prerequisite for the calculation of
ADC maps for accurate quantitative analysis. Selection of the
appropriate b-values for DWI is crucial because higher b-
values increase the sensitivity to detect changes in diffusion,
but at the same time impair the signal-to-noise ratio. Benefits
of DWI are the relatively short acquisition time and high
contrast resolution between tumors and normal tissue that is
comparable to positron emission tomography (PET; “PET-
like imaging”). A shortcoming of DWI is the vulnerability to
susceptibility-induced distortion artefacts due to air/tissue
interfaces, for example, at the boundary of the rectal wall.

DWI and the calculated apparent diffusion coefficient
(ADC) in particular have initially been used to assess tumor
aggressiveness, especially in brain cancers (Sugahara et al.
1999). In the meantime, several groups found out that ADCs
obtained from DWI were significantly lower in PCas with
higher Gleason scores (Turkbey et al. 2011). This allows for
noninvasive assessment of the aggressiveness of PCas that
are visible on MR images, which is an important predictor
for patient outcome, prognosis, and can also be useful in the
planning of radiation therapy.

2.3 Dynamic-Contrast-Enhanced MRI
(DCE-MRI, Perfusion Imaging)

DCE-MRI is a functional imaging modality following
the intravenous (i.v.) administration of gadolinium-based con-
trast medium allowing the characterization of pharmacokinetic
features reflecting the prostatic vascularization through a series
of high temporal resolution axial T1-weighted sequences.

Vascularization and angiogenesis in PCa are mostly
induced through the secretion of vascular growth factors in
reaction to the presence of local hypoxia or lack of nutrients
due to uncontrolled fast growth of malignant cells (Bonekamp
and Macura 2008). The resulting changes on a vascular level
can be assessed dynamically by DCE-MRI. As the prostate
gland is highly vascularized, a simple substraction of images
before and after gadolinium administration i.v. is insufficient
to properly delineate PCa, and a dynamic imaging series with
adequate temporal resolution is required instead to accurately
determine the time course of contrast media inflow and
washout.

Tumor vessels are generally more permeable and disor-
ganized than normal vessels. Because of the abundance of
tumor vessels in PCa and the corresponding vessel walls’
vulnerability and permeability, fast contrast arrival and rapid
washout are typically observed (Fig. 3a, b). It has been
demonstrated that the presence of washout is highly indic-
ative for PCa (Alonzi et al. 2007), even in the absence of low
SI in T2WI.

2.4 MR Spectroscopy of Prostate Cancer

2.4.1 1H-MR Spectrum and Metabolite Signals
While the morphologic and functional properties of normal
or neoplastic tissue in the prostate gland can be delineated
by MR imaging methods, in vivo proton MR spectroscopy
(1H-MRS) and spectroscopic imaging (1H-MRSI) investigate
its chemical composition noninvasively and thus yield further
insight into prostate metabolism and the metabolic alterations
caused by cancerous infiltration. Also, metabolic changes in
the course of radiotherapy can be monitored, and the
response of PCa to treatment may be assessed by MRS and
MRSI. Of the metabolites present in the prostate gland, cit-
rate (Cit), creatine/phosphocreatine (Cr), choline-containing
compounds (Cho), and polyamines (PA) have sufficiently
high tissue concentrations (above 1 mmol/kg) to be detected
by MRS at the magnetic field strengths used for in vivo
examinations. Cit is produced by oxidative phosphorylation
within the citrate cycle and is extensively stored in healthy
prostate tissue mainly in bound form as zinc citrate (Costello
et al. 2005). It has a 1H-MRS resonance at 2.65 ppm
(chemical shift relative to tetramethylsilane as reference)
arising from the non-equivalent methylene protons (CH2)
which are strongly coupled to form two almost overlapping
spin doublets. This leads to a characteristic 4-peak spectral
pattern at 3 T with two equally high central peaks spaced by
8 Hz and two smaller “outer” satellites each at 16 Hz distance
(corresponding to the J coupling constant of Cit) from the
central peaks. However, full resolution of all 4 peaks is
achieved in vivo only with excellent magnetic field homo-
geneity, while in many prostate MRS acquisitions at 3 T, the
two central constituents appear as a single broadened peak,
which is a general issue at the lower field of 1.5 T. Also, the
three methyl resonances of Cho, PA, and Cr covering the
spectral range of 3.21–3.03 ppm are often not completely
resolved, especially at 1.5 T, and therefore, usually the
summed intensity (tChoCr) of all peaks in this frequency
range is compared to the total area under the citrate compo-
nents, yielding a metabolite ratio, e.g. called tChoCr/Cit.

Although being itself a complex overlay of several con-
stituents such as glycerol phosphorylcholine (GPC), phos-
phorylcholine (PC), acetylcholine (ACho), and free choline,
the intensity of the Cho peak centered at 3.21 ppm in the
proton spectrum of prostate tissue may serve as a biomarker
for the detection of malignant disease, just in analogy to the
PSA value, with strongly increased Cho level or ratio
Cho/Cit being suspicious for PCa (Cornel et al. 1993). As
especially the phospholipids GPC and PC are key compo-
nents released in cell membrane turnover, extensive cell
proliferation as it is found in malignant tumors is often
accompanied by a characteristic elevation of the choline peak
in the 1H-MR spectrum. Simultaneously, the accumulation of
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citrate is inhibited in cancerous prostate tissue, and the MRS
intensity of the citrate peaks decreases (Costello and Franklin
1997). Therefore, both effects add up to increase the metab-
olite ratio Cho/Cit. In contrast, the summed area tChoCr
under the Cho, PA, and Cr spectral peaks and its ratio to Cit
are less sensitive to indicate PCa, because an elevation in
choline levels is at least partly counterbalanced by a reduc-
tion of Cr and PA in affected tissue. Nevertheless, in cases or
at field strengths with insufficient spectral separation of Cho
from the adjacent PA and Cr peaks, the tChoCr/Cit ratio may

still serve as a suitable marker to discriminate between benign
tissue and PCa, with values\0.8 being considered as normal
and tChoCr/Cit[1 as highly suspicious for malignant dis-
ease. Correspondingly, a Cho/Cit ratio below 0.5 may indi-
cate benign hyperplasia, while Cho/Cit ratio[0.6 suspects
PCa, with borderline assignment for values in between
(Crehange et al. 2011). However, such thresholds have to be
regarded with care as they may vary depending on the used
field strength, the scan parameters (mainly TR and TE) of the
MRS acquisition sequence, and the achieved spectral peak

Fig. 3 a Axial high temporal
resolution DCE-MRI with a PCa
lesion in the left peripheral zone
(red spot). b Corresponding
enhancement curve with relative
(green curve) and absolute
(orange curve) depiction of
contrast enhancement arrival and
consecutive washout
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resolution. Moreover, the metabolite ratios differ between the
prostate zones (with normal Cho/Cit being lower in the
peripheral zone), and the cutoff values for discrimination
between benign tissue and tumor have to be adjusted to the
respective location within the gland.

While 1H-MRS has been shown to be rather specific in
the detection of PCa (89–91 % specificity), its sensitivity
(75–77 %) is still inferior to other modalities (Manenti et al.
2006). One reason for missing a PCa lesion might be a too
small or lacking increase of choline in tumors with only
moderate cell proliferation, which is possibly associated with
a lower Gleason score. Such a correlation between the
Gleason score and the Cho levels in MRS has been found in
some, but not in all studies (Zakian et al. 2005; Scheenen
et al. 2007; Kobus et al. 2011). Also, PCa with focal size less
than 1 cm is prone to be missed by MRS due to its limited
spatial resolution, resulting in partial volume averaging with
healthy tissue and thus yielding metabolite ratios below the
chosen malignancy threshold. On the other hand, false-
positive findings may be derived from high Cho signal also
occurring in prostatitis, or if an intense narrow spectral peak
is observed in MR spectra from the posterior parts in the
basal region of the prostate, at the choline frequency of
3.2 ppm. This signal can be assigned to GPC contained in
the seminal vesicles, and attention has to be paid not to
mistake this “normal” GPC peak from seminal fluid with a
pathological elevation of choline levels suspecting prostate
cancer in that region.

2.4.2 1H-MRS Acquisition and Spatial Localization
The achievable spatial resolution for in vivo prostate MRS is
one of the major drawbacks of this technique as the size of a
tissue volume from which a proton MR spectrum is obtained
by far exceeds the spatial dimensions of all other MR
imaging methods and of most other imaging modalities. This
is a consequence of the more than 10,000-fold lower tissue
concentrations of the 1H metabolites of interest (Cho, Cr,
Cit) compared to the water protons used in MR imaging.
Moreover, the intense spectral peak of water at 4.7 ppm has
to be suppressed by suitable prepulses during MRS acqui-
sition (and additionally by filtering algorithms in MRS
postprocessing) to allow reliable quantification of the very
small metabolite peaks, even when their chemical shift rel-
ative to water is quite large. Also, MRS signals from dif-
ferent molecular groups in lipids may overlay and distort the
metabolite peaks, particularly of citrate, if the selected MRS
volume partially includes fatty tissue. In localized single-
volume (SV) 1H-MRS, the metabolite signals are collected
from within a brick-shaped tissue volume interactively
placed on localizer MR images, which is selected by com-
bining the excitation and refocusing RF pulses with mag-
netic field gradients for spatial encoding. This volume
selection can be performed either with the point-resolved

spectroscopy (PRESS) (Bottomley 1987) or the stimulated
echo acquisition mode (STEAM) (Frahm et al. 1989) tech-
nique. Although the SNR of the metabolite peaks in the
acquired MR spectra can strongly be improved by repeating
the excitation of the volume of interest (VOI) and accumu-
lating the MRS data (“signal averaging”), this may lead to
unacceptably long measurement times if VOI sizes smaller
than 2–3 cm3 are desired, even at higher magnetic fields with
their inherently better SNR. Therefore, in MRS of the
prostate, SV techniques are not suited for accurate locali-
zation of a tumor within the tissue as the required VOI size
would extend over a much too large part of the prostate
gland. SV-MRS of prostate cancer might thus only be of
interest if the tumor site is already known and the time
course of progression or response to therapy is to be
investigated in consecutive examinations.

2.4.3 MR Spectroscopic Imaging (MRSI)
By application of the MRSI technique (often also called
chemical shift imaging (CSI)), a 2D or 3D grid consisting of
a multitude of smaller voxels can be used to collect MR
spectra from each of these voxels. To achieve this, similar to
the principles of MR imaging, slice selection is performed
by gradient switching during RF excitation, and additional
phase encoding is applied for in-plane localization. In con-
trast to the MR imaging of water protons, however, it is not
possible to use frequency encoding to acquire a complete
row of the image following a single excitation, because the
different frequency components of the detected MRS signal
are already linked to the spectral information on the
metabolites of interest. Therefore, phase encoding for two
spatial directions (or even three in 3D-MRSI) has to be used,
and as a consequence, m × n spin excitations spaced by the
repetition time TR have to be performed to acquire the
desired matrix of m × n MR spectra from all 2D grid voxels.
Fortunately, the SNR in these spectra is not determined by
the spin signal only from the corresponding small voxel, but
from the total MRSI grid which above all is sampled m × n
times and accumulated. In this way, in-plane voxel sizes
around 1 cm2 or below can be utilized with sufficient
metabolite SNR in 2D-MRSI of the prostate, with typically
10 × 10–16 × 16 voxels over a grid extension of 8–12 cm.
Because a field of view (FOV) of this size is completely
surrounded by body tissue, back-folding of spin signal from
outer structures would happen, like in MR imaging with
such a small FOV, if only the 2D phase encoding was used
for in-plane volume selection. Therefore, additional PRESS
or STEAM localization of a VOI smaller than the margins of
the phase-encoded FOV but completely covering the pros-
tate gland has to be applied to avoid artificial signal con-
tribution in the spectra of the MRSI voxels, especially from
lipids. Suppression of such “outer volume” signals can also
be achieved by multiple regional presaturation bars closely
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adapted to the individual prostate shape. In most cases, the
cranio-caudal size of the prostate is too large to be entirely
included in a 2D-MRSI acquisition with a slice thickness of
1–2 cm, and a 3D phase encoding scheme with at least three
axial slices has to be used then. Fig. 4 shows an example for
the image-guided planning of such a 3D-MRSI acquisition
(TR/TE 1200/135 ms) with display of the 10 × 10 × 3 voxel
grid (red), the PRESS-localized VOI (green frame), and a
selection of spectra (yellow-framed voxels) from the
peripheral and from the central zone of the prostate within
the VOI. In this examination performed before radiotherapy,
a high Cho peak and low Cit level indicating extensive
tumorous infiltration are present in the spectra from the
posterior region of the prostate, with accentuation in the
right glandular lobe and apical. Just as the other techniques
of multiparametric MR imaging, also MRS and MRSI of the
prostate profit from the signal gain achievable by the use of
an endorectal RF coil for signal detection, and its application
allows to further decrease the minimum voxel size. While at

magnetic fields of 2 T or less, the application of ERCs for
prostate MRSI is mandatory, at 3 T the inherently higher
MR signal and the stronger sensitivity to susceptibility
artifacts caused by the endorectal placement might balance
out the advantages of such coils. Therefore, also considering
the signal increase gained by recent progress in MR detec-
tion sensitivity by digital RF chains and coil development,
the sole use of external surface coils will at 3 T supply
sufficient SNR and spatial resolution for MRSI, combined
with more patient comfort.

Corresponding to the cutoff values for the metabolite
ratios tChoCr/Cit and Cho/Cit cited before, but on a less
stringent scale and thus more considering the dependency of
such limits on the location within the prostate gland and on
the MRS scan parameters, the new PI-RADS diagnostic
grading of prostate lesions has been extended also to
assessment by MRS (Barentsz et al. 2012). In the qualitative
scoring of MRSI, only the peak heights for Cho and Cit are
compared, from PI-RADS 5 corresponding to “Cho[[Cit,

3D-MRSI  Slice1

Cho Cr
Cit

aFig. 4 3D-MRSI (TR/TE
1200/135 ms, acquisition matrix
10 × 10 × 3) of the prostate with
external surface coil at 3T in
a 74-year-old patient before
radiotherapy. Overlay of MRSI
grid (red) of isotropic 1-cm
voxels and PRESS selection
volume (green frame) on sagittal
and transversal T2W MR images,
and 2D array of selected MR
spectra arranged corresponding to
the yellow-framed voxels. a
Spectra from MRSI slice #1
(at the prostate apex) show
normal metabolite levels in the
anterior part of the gland and
demonstrate prostate cancer
focused right posterior, indicated
by strongly enlarged choline in
association with barely detectable
citrate (see up/down arrows). b
Acquired (red) and fitted (blue on
green baseline) spectra from 4
voxels in central MRSI slice (#2)
show steep transition from
unaffected area (upper row) to
clearly malignant tissue (lower
row) in directly adjacent voxels.
Vertical scaling of spectra in (b)
different from (a)

10 W.A. Willinek et al.



cancer is highly likely to be present” down to PI-RADS 1,
assigned when “Cho\\Cit, disease is highly unlikely to be
present.”

2.4.4 MRSI of the Prostate in Radiotherapy
Planning and Follow-Up

While the criteria described above can successfully be
applied in the differential diagnosis between malignant dis-
ease and benign hyperplasia by MRS and in the localization
of tissue with cancerous infiltration to define the target area
in radiotherapy planning, a severe problem is encountered
when response to therapy or residual/recurrent tumor has to
be assessed by MRS in follow-up examinations after or
during the course of radiation therapy: The citrate levels in
irradiated prostate tissue are strongly decreased due to the

metabolic damage induced by the radiation [“metabolic
atrophy” (Pickett et al. 2004)], and recovery will not be
achieved even years after the end of therapy. Therefore, all
metabolite ratios with Cit as denominator will distinctly be
elevated almost immediately after the first few radiotherapy
fractions even when the tumor responds well and degrades in
the course of irradiation. Figure 5 displays the typical
alterations of metabolite levels in the course of radiotherapy
in a case with prostate cancer located in the left central and
peripheral zone, with very low amplitudes of all metabolite
signals at therapy cessation demonstrating metabolic atro-
phy. A similar decline of the citrate levels (and corre-
sponding increase of Cho/Cit and tChoCr/Cit) can also be
seen in MRS already before radiotherapy in patients with
adjuvant antihormonal therapy (Mueller-Lisse et al. 2007).

b

Slice 2

Fig. 4 continued
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As the ratios Cho/Cr or Cho/(Cr+PA) will not be affected
that much by radiation-induced metabolic alterations,
strongly increased values or even the mere identification of a

distinct Cho peak in certain MRSI voxels may then serve as
remaining indicators for tumor residue or recurrence
(Westphalen et al. 2010). However, clear cutoff values for

MRSI before radiotherapy

MRSI after radiotherapy

MRSI at radiation half-dose

Cho

Cr Cit

Fig. 5 MRSI at 3 T in the course of radiation therapy of prostate
cancer in a 77-year-old patient. Display of MRSI grid and selected
voxels within PRESS volume on fat-suppressed TSE and correspond-
ing array of MR spectra acquired before the first therapy session (upper
row), after reaching half of the total radiation dose (middle row) and
shortly after the last therapy fraction (lower row). Initially, high Cho
peak and reduced Cr and Cit signals in almost all spectra from the left

glandular lobe indicate the cancerous infiltration. After reaching half
of the total dose, citrate is no more detectable anywhere in prostate
tissue, but Cho/Cr still remains elevated at the tumor location. In the
examination after therapy, only very few MR spectra show metabolite
signals above noise level, and this “metabolic atrophy” may be
associated with a successful response to radiotherapy
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these ratios cannot be defined easily, and due to general
signal reduction of all metabolites in the course of radio-
therapy, an artificial elevation in low-SNR spectra may also
be observed. In addition, a final decrease in initially high
values for Cho/Cr or Cho/(Cr+PA), indicating metabolic
atrophy (and thus a successful response to radiotherapy),
may be delayed even for months after therapy cessation.
Therefore, in our experience, MR spectroscopy in the
radiotherapy of prostate cancer should comprise an MRSI
acquisition straight before the beginning of therapy
(including antihormonal treatment) to assess tumor location
and extension within the gland for a possible definition of
target tissue for radiation boosts, and follow-up MRSI not
before several months after therapy end to check for focal
remaining or newly rising high choline levels. Nevertheless,
the relevance of posttherapy choline and citrate levels in
irradiated prostate tissue as prognostic factors for relapse-
free survival or for tumor recurrence still remains a contro-
versial issue and has to be investigated in further studies.

3 Summary

Multiparametric MR imaging and MR spectroscopy play a
pivotal role in the assessment of prostate cancer. Current
imaging should include morphology (T2-weighting), diffu-
sion, perfusion, and spectroscopy, preferably at higher field
strengths such as 3 T. State-of-the-art imaging allows for
tumor detection, local tumor staging, and therapy monitor-
ing. Future studies will provide even more evidence for the
value of MR imaging and MR spectroscopy, especially in
the context of therapy decision making.
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Abstract

The goal of prostate cancer therapy is to administer risk-
adjusted and patient-specific treatment with maximal
cancer control and minimal side effects. Modern radiation
techniques such as IMRT and IGRT for example enable
application of high dose irradiation to the primary/
dominant intraprostatic cancer lesions, to a local recurrent
nodule after radical prostatectomy, or to the loco-regional
lymph node metastases. Such approaches promise to offer
significantly improved long term results but require most
accurate imaging tools with the ability to reliably detect
not only the primary tumor and nodal involvement but
more importantly to precisely indicate their location and
extent. In addition presence of distant disease should be
reliably detected or excluded. In this review we present a
detailed overview over numerous PET/CT-studies, with
emphasis on choline-PET/CT, that investigated perfor-
mance of PET/CT in different clinical scenarios, spanning
from the initial presentation to PSA recurrent disease. We
discuss benefits and limitations of this imaging device in
the primary and salvage setting from the radio-oncologists
point of view. In the situation of PSA recurrence, there is
increasing evidence that in addition to local salvage RT of
the prostate fossa after radical prostatectomy, salvage
lymph node therapy seems feasible and advantageous for
a significant proportion of patients. The accuracy of
choline-PET/CT depends on absolute PSA level, PSA
kinetics and the investigation depth level (e.g. lesion
based vs. region based vs. patient based). Incorporation of
metabolic information from Choline PET/CT or other
forthcoming PET-tracers with similar or higher accuracy
in the process of RT treatment volume definition appears
beneficial for both primary and loco-regional recurrence,
when lymph node therapy is indicated.
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1 Introduction

Prostate Cancer (PCa) is currently second to lung cancer the
leading cause of cancer death in men (Bernard et al. 2010;
Strope and Andriole 2010), and is clinically a heterogeneous
disease characterized by an overall long natural course in
comparison to the other solid tumors, with a wide spectrum
of biologic behavior that ranges from indolent to aggressive
(Scher and Heller 2000). Though clinical nomograms based
on prostate-specific antigen levels, Gleason score at biopsy
and clinical stage at presentation have been developed for
probability prediction of lymphatic spread, distant metasta-
sis, and local recurrence (Heidenreich et al. 2008); diag-
nostic imaging modalities nowadays play an important
clinical role in the management of PCa. Due to its biologi-
cally and clinically heterogeneous course and appearance
evaluation and interpretation of imaging modalities is
challenging.

PET/CT has been extensively explored to evaluate the
extent of tumor spread both in the primary situation at
initial diagnosis and in the state of biochemical recurrence
to enable individual therapy concepts, and to assess treat-
ment response (Kelloff et al. 2009).

Different radiotracers have been studied, such as carbon
11 (11C) and fluorine 18 (18F) labeled choline, acetate, and
18F-fluorodeoxyglucose, 18F-fluoro-5-alpha-dihydrotestos-
terone (18F-FDHT), 11C-methionine and others (Nunez
et al. 2002; Albrecht et al. 2007; Dehdashti et al. 2005;
Kotzerke et al. 2000; Larson et al. 2004; Toth et al. 2005). To
reflect the use of radiopharmaceuticals from the clinicians
view only those tracers that have already been evaluated in
several clinical studies; and that are widely accepted and in
clinical use are discussed in this chapter. 18F and 11C-
choline are currently the most used tracer in this respect.
Although several studies have evaluated 11C-acetate, 18F-
fluorodeoxyglucose, and 18F-fluoride in PCa with interest-
ing and promising results, their potential clinical benefit
compared to labeled choline has not been entirely clarified in
certain clinical settings. To elucidate the potential value of
those tracers they are discussed additionally.

18F-labeled radiotracers, such as 18F-methylcholine or
18F-ethylcholine have a longer half-life than 11C-labeled
radiotracers (110 min vs. 19 min). Despite the advantages
of image properties of 11C-choline, the short half-life limits
utility in the clinical situation as it must be prepared for
each imaging study and cannot be transported off-site. 18F-
choline can be used in institutions without an on-site
cyclotron department and based on physicochemical prop-
erties; the short positron range of 18F results in higher
spatial resolution and consecutively in better image quality
(Bauman et al. 2012). Therefore, it is increasingly used in
many institutions in Europe.

2 Radiotracers

2.1 11C-Choline, 18F-Choline

Choline is a quaternary ammonium compound used for
phospholipid synthesis in cell membranes and transmem-
brane signaling (Lawrentschuk et al. 2006). Choline is
incorporated into cells via the adenosine-triphosphate
(ATP)-dependent choline transporter present in the cell
membrane and then phosphorylated to phosphocholine by the
choline kinase. Major mechanisms of phosphor-choline
accumulation in tumor-cells are the malignancy-induced
upregulation of choline kinase including enhanced choline
transport, subsequent choline kinase-mediated phosphory-
lation, and activation of phosphatidylcholine-specific phos-
pholipases (Iorio et al. 2010). Choline is an essential part of
cell membrane phospholipids and therefore labeled choline
derivates are ‘‘trapped’’ in the form of phosphatidylcholine
(lecithin) in the tumor cell membrane (Pieterman et al. 2002;
Jadvar 2011). The uptake of choline in tumor-tissue has been
shown to be related to the rate of tumor cell proliferation
(Bouchelouche et al. 2010). Biodistribution of 11C-choline
and 18F-fluorcholine/18F-fluorethylcholine is different. 18F-
choline has a longer half-life, but it is characterized by
urinary excretion, that is negligible in 11C-choline, and
therefore PET/CT-imaging with 18F-choline may interfere
in pelvic imaging caused by high tracer accumulation in the
bladder (Turkbey et al. 2009; Bouchelouche and Capala
2010). However, normal biodistribution of 18F/11C-choline
demonstrates relatively high accumulation in the pancreas,
liver, kidneys, and salivary glands, and variable uptake in the
bowel (Fig. 1). Before presenting an overview of PET/CT
technique and the available studies investigating the value of
11C/18F-choline PET/CT, we briefly discuss the other
above-mentioned tracers and their potential.

2.2 11C-Acetate

Acetate is absorbed by cells and converted into acetyl-CoA.
In this form, it can be involved into two different metabolic
pathways: either anabolic or catabolic. Anabolic means that
it can be used to synthesize cholesterol and fatty acids, thus
forming cell membrane elements. Catabolic means that it
can be oxidized in mitochondria by tricarboxylic acid cycle
to CO2 and H2O, thus producing energy. Liu (2006) sug-
gested that fatty acid metabolism, more than glycolysis,
may be increased in PCa cells. Preclinical studies suggest an
extensive involvement of the fatty acids synthesis pathway
in acetate uptake in PCa and the upregulation of the key
enzyme fatty acid synthase may play a role in genesis of
prostate carcinomas (Vavere et al. 2008; Pflug et al. 2003).
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Normal biodistribution of 11C-acetate demonstrates high
accumulation in the pancreas, variable uptake in the liver
and bowel, and some renal uptake, with little urinary
excretion. Therefore, the elimination of 11C-acetate does
not interfere with pelvic imaging (Seltzer et al. 2004; Fricke
et al. 2003). In general, the biodistribution of 11C-acetate is
very similar to 11C-choline. 11C-acetate, as well as the
other below-discussed tracers, has been investigated for
intra-prostatic primary tumor detection and staging as well
as for re-staging of PCa in case of biochemical relapse.
As with radiolabeled choline, the use of 11C-acetate for
accurate detection of intra-prostatic cancer and the differ-
entiation between cancer and normal prostatic tissue
or benign hyperplasia is not feasible (Kato et al. 2002;
Castellucci and Jadvar 2012). Kotzerke et al. (2002) found
no significant difference between the use of 11C-acetate and
11C-choline in the detection of local recurrence after radical
prostatectomy (RP), and Vees et al. (2007) found no sig-
nificant difference between the detection rate of 11C-acetate
and 18F-choline PET/CT. In summary, both 11C-acetate
and 11C-choline appear to be equally useful in imaging PCa

in individual patients, although more comparative data are
eligible. In the era of 18F-choline with its advantage of a
relatively long half-life, the potential of being used in
centers without on-site cyclotron and at least being com-
mercially available, it remains unclear if these studies will
be performed ever. Recently, acetate labeled with a longer
lived positron emitter, such as 18F, has been preliminary
explored in preclinical studies (Ponde et al. 2007). But
18F-fluoroacetate is not a functional analog of 11C-acetate
in normal physiology as it demonstrated prolonged blood
retention, rapid clearance from liver, excretion in bile and
urine, and high bone uptake due to defluorination (Lindhe
et al. 2009). Its potential clinical use in PCa remains to be
determined.

2.3 18F-Fluorodeoxyglucose (FDG)

Elevated glucose metabolism in malignant tissue in compari-
son with the normal tissue is based on increased expression of
cellular membrane glucose transporters (Glut-1) and enhanced
hexokinase II enzymatic activity in tumors (Gillies et al. 2008;
Macheda et al. 2005; Smith 2000). PET-imaging with
18F-FDG, an analog of glucose, tracks the glucose metabolism
of tissues. The integral role of FDG PET in oncology has been
proven for many different tumors in different clinical situa-
tions. However, determination of the exact utility of FDG PET
in PCa has not been defined so far and is still evolving (Jadvar
2011). FDG PET/CT showed a sensitivity of 80 % and a
positive predictive value of 87 % for detection of prostate
tumors with a Gleason score of 7 and greater in men who
present with more than an intermediate risk of PCa based on
elevated serum PSA level (Minamimoto et al. 2011). It
appears that FDG PET may reflect the prostate tumor biology
with more accumulation in more aggressive lesions that in less
aggressive or indolent lesions (Castellucci and Jadvar 2012).
18F-FDG accumulation may overlap in normal prostate tissue,
benign prostatic hyperplasia, and PCa tissues significantly, all
of which often coexist (Salminen et al. 2002) and false-
positive results may occur with prostatitis (Kao et al. 2008).
18F-FDG PET was less sensitive than 99m Tc-based bone
scintigraphy at identifying bone metastases (Shreve et al.
1996). Compared to other tracers 18F-FDG PET/CT seems
neither suitable in the diagnosis or loco-regional staging of
clinically organ-confined disease nor in the detection of locally
recurrent disease because of the relatively similar uptake of
18F-FDG by the post-therapy changes and malignant lesions
and because of the high level of excreted radiotracer in the
urinary bladder that may mask any lesions in adjacent tissues
(Liu et al. 2001). FDG PET/CT may be particularly useful in
men with advanced PCa (Fox et al. 2011) as it may distinguish
metabolically active osseous lesions from metabolically dor-
mant lesions (Morris et al. 2002). Other studies have also

Fig. 1 Normal distribution of 18F-choline
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shown a potential prognostic utility for FDG PET with gen-
erally higher tumor standardized uptake values (SUV) indi-
cating poorer prognosis than those with lower SUVs, which is
similar to the general experience with the other cancer types
(Oyama et al. 2002; Meirelles et al. 2010). In summary,
although FDG PET/CT is generally limited in the diagnosis
and staging of clinically organ-confined disease, it may be able
to reflect tumor aggressiveness, potentially detect disease sites
in a fraction of men with high serum PSA level at the time of
biochemical failure, and be useful in the objective assessment
of response to chemotherapy or anti-androgen therapy, and in
prognostication (Castellucci and Jadvar 2012).

2.4 18F-Fluoride

18F-Fluoride diffuses through bone capillaries into the bone
extracellular fluid. Its plasma clearance is very rapid and its
single-passage extraction efficiency is high. The fast blood
clearance of 18F-fluoride provides an optimal target to
background ratio. 18F-fluoride ions exchange with hydroxyl
groups in the hydroxyapatite, at the surface of bone crystals,
being particularly active at sites of bone remodeling with
high turnover. Therefore, 18F-fluoride uptake represents
osteoblastic activity in the neighborhood of osteoblastic,
lytic, or marrow-based bone metastases (Jana and Blaufox
2006; Even-Sapir et al. 2007). Recent studies have shown
good diagnostic performance of 18F-fluoride, resulting in a
sensitivity of 89 % with a specificity of 91 %, but compared
to 18F-choline there was no advantage; thus, the specificity of
96 % of 18F-choline was significantly higher with the same
sensitivity (Langsteger et al. 2011). Also in the recurrence
situation, 18F-fluoride was useful in the detection of occult
metastases (Jadvar et al. 2012). Although 18F-fluoride-PET is
widely considered superior to classical bone scintigraphy, no
prospective studies have yet demonstrated an incremental
benefit in staging or patient management. Further experience
with 18F-PET/CT is required before it may replace conven-
tional single photon bone scans, which are less expensive and
more widely available (Bauman et al. 2012).

2.5 Other Tracers

Other tracers have been or are under current investigation.
F18-FACBC (anti-1-amino-3-18F-fluorocyclobutane-1-car-
boxylic acid) is a synthetic l-leucine analog (Fox et al. 2012)
and 11C-methionine is a radiolabeled amino acid. As an
essential amino acid, L-methionine plays a central role in the
altered metabolism of cancer cells, and the latter has been
also studied extensively for brain tumor imaging (Grosu et al.
2005a, b, 2006, 2011); both tracers reflect increasing amino

acid transport as a precondition for protein synthesis. 18F-
FDHT (18F-fluoro-5a-dihydrotestosterone) tracks androgen
receptor expression and reflects binding capacity (Liu et al.
1992); androgen receptors are upregulated in castrate resis-
tant disease. 18F-30-deoxy-30-fluorothymidine (18F-FLT)
tracks the thymidine salvage pathway of DNA (Bading and
Shields 2008). Zr89-DFO-huJ591 is a monoclonal antibody
to an epitope on extracellular domain of prostate-specific
antigen (PSMA) promising for imaging and immunotherapy
purposes (Fox et al. 2012; Pandit-Taskar et al. 2008). These
radiotracers are able to visualize specific metabolic pathways
or cell receptors. However, their use in the clinical context
has not been clarified, thus requiring ongoing and future
studies; their potential clinical benefit lies beyond the scope
of this article.

3 Hardware and Technical Considerations

Integrated PET/CT imaging based on the intrinsic combi-
nation of PET and CT within a combined gantry adjustment
results in the acquisition of complementary image infor-
mation within a single examination protocol without the
need to reposition the patient (Townsend 2008). The first
PET/CT systems started in 2001, and since then staging and
restaging of cancer patients has been improved significantly
over stand-alone CT- and PET-data acquisition (Czernin
et al. 2007; Thorwarth et al. 2012). Modern PET/CT sys-
tems for clinical use combine a whole-body, full ring PET
and a multi-slice CT (Thorwarth et al. 2012; Lonsdale and
Beyer 2010). Scintillation detectors (typically lutetium
oxyorthosilicate (LSO)- or lutetium yttrium oxyorthosilicate
(LYSO)-based detectors) are circularly arranged and pro-
vide a transverse field-of-view of 60–70 cm with measured
isotropic image resolution of around 5 mm, but lesion
detectability in PET is not only defined by the spatial res-
olution of the system, but also by lesion contrast. Thus,
lesions that are smaller than the image resolution can still be
detected in PET if the contrast between lesion and sur-
rounding tissue is sufficiently high (Thorwarth et al. 2012).

The injected dose depends on the type of radiotracer and
is usually in the range of about 3–5 MBq/kg. The uptake
phase, the time span after tracer-injection, when the acqui-
sition of the PET-data starts depends on the kind of tracer
and on its half-life. Uptake times of 2–120 min are reported
in literature (Bauman et al. 2012). For example, delayed
imaging after injection of 18F-choline may improve the
performance of 18F-choline PET for localizing malignant
areas of the prostate, because studies have shown on dual-
phase PET of the prostate, areas of malignancy consistently
demonstrated stable or increasing 18F-fluorocholine uptake,
whereas most areas containing benign tissue demonstrated
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decreasing uptake (Wurschmidt et al. 2011; Kwee et al.
2006). PET imaging times for a single axial bed position
(15–22 cm) are in the range between 1–4 min, resulting in a
total emission imaging time for a whole body scan to about
20 min (Thorwarth et al. 2012).

A standard PET/CT examination for whole-body staging
contains a CT acquired either for the purpose of attenuation
correction (low-dose CT with possibility of anatomical
correlation) or acquired for the purpose of full diagnostic
information (full dose CT with oral and intravenous con-
trast-enhancement) followed in any case by a multi-step
PET emission scan. It is also possible to acquire both (low
dose and full dose multi-phase contrast enhanced CT).
Studies have shown that contrast enhanced CT images can
also be used for attenuation correction (Thorwarth et al.
2012; Beyer et al. 2004). PET/CT image quality and char-
acteristics depend on the type of examination-protocol, such
as patient preparation, administered amount of radiotracer
in relation to scan duration, and on the characteristics of the
overall system sensitivity, reconstruction method, and
settings (Boellaard et al. 2004, 2009). With the new of time-
of-flight (TOF) technology and resolution recovery during
reconstruction, image quality has been enhanced and con-
sequently the diagnostic quality of the PET images has been
improved (Lonsdale and Beyer 2010; Rapisarda et al. 2010;
Hoetjes et al. 2010). Consistent and standardized proce-
dures are essential for the expanded use of PET/CT as has
been proposed for FDG-PET/CT by the EANM (Boellaard
et al. 2010) and are at least desirable for other tracers used
in clinical routine. As with the rigorous protocol harmoni-
zation efforts by the EANM, every PET/CT center is
obliged to ensure high quality assurance to enable best
sensitivity and specificity for tumor staging.

Fig. 2 Patient with isolated lymphnode metastasis in the right
obturator fossa. PSA level at the time of imaging was 1.18 ng/ml.
26 months before this finding the patient has had already a solitary
lymphnode metastasis detected by 18F-choline PET/CT in the left
obturator fossa, which was consecutively resected and irradiated. PSA
level remained \0.2 ng/ml for 12 months after surgery and salvage
radiotherapy of pelvic lymphatics, but then slowly increased to
1.18 ng/ml. Because salvage lymphadenectomy and adjuvant radio-
therapy was well tolerated 26 months ago with no acute or chronic
toxicity, a second salvage lymphadenectomy is considered. At initial
diagnosis in 11/2006 this patient presented with a high risk PCa pT3a,
pN1 (2/15), cM0, R1, G3, Gleason Score 9 (5 + 4), initial PSA 16 ng/
ml. After radical prostatectomy adjuvant irradiation of the prostate
fossa (70 Gy) and adjacent lymphatics (45 Gy) was performed until
03/2007. Additionally adjuvant antiandrogen therapy with bicaluta-
mide 150 mg/die was given for 12 months

b
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4 PET/CT-Imaging of PCa in the primary
situation

4.1 Determining T-Stage

PET and PET/CT with 11C- or 18F-labeled choline deri-
vates have been used for detection and determination of
local tumor spread at primary PCa diagnosis. Some studies
with selected patient groups demonstrated relatively high
sensitivities for the detection of primary PCas (Reske et al.
2006; Martorana et al. 2006). Other studies reported lower
detection rates. Due to the inability of labeled choline to
reliably distinguish between PCa, normal tissue, benign
prostatic hypertrophy, or high grade neoplasia, studies
showed a high incidence of false-positive findings with
consecutively lowered specificity (Farsad et al. 2005; Scher
et al. 2007; Giovacchini et al. 2008).

4.1.1 11C-Choline
Studies evaluating visualization of primary prostate carci-
nomas with 11C-choline PET showed considerable overlap
of benign, hyperplastic prostate changes, and PCa (de Jong
et al. 2002; Sutinen et al. 2004). Farsad et al. examined the
usefulness of 11C-choline PET/CT for primary imaging of
PCa by correlating imaging findings and histopathologic
sextant analysis of axial step sections in 36 patients. All
patients underwent RP and pelvic lymph node dissection
after 11C-choline PET/CT. A control group consisted of five
patients receiving prostatectomy during surgery for bladder
cancer. On a sextant basis, histopathology was used to
evaluate 11C-choline uptake with respect to PCa, prostatitis,
benign prostatic hyperplasia, and high-grade intraepithelial
neoplasia (HGPIN). The sensitivity, specificity, accuracy,
positive predictive value, and negative predictive value of
PET/CT were 66, 81, 71, 87, and 55 %, respectively. In the 5
control subjects, high-grade prostate intraepithelial neoplasm
was detected at histologic examination in 16 of 30 sextants.
PET/CT showed increased 11C-choline uptake in 5 of 16
sextants. This study demonstrated the feasibility of using
11C-choline PET/CT to identify cancer foci within the
prostate. However, 11C-choline PET/CT had a relative high
rate of false-negative results on a sextant basis and prostatic
disorders other than cancer may accumulate 11C-choline
(Farsad et al. 2005). Reske et al. investigated 26 patients with
clinical stage T1, T2, or T3 and biopsy-proven prostate
carcinoma, who underwent 11C-choline PET/CT with sub-
sequent radical retropubic prostatovesiculectomy, and stan-
dardized prostate tissue sampling. Maximal standardized
uptake values (SUVmax) of 11C-choline within 36 segments
of the prostate were determined. PET/CT results were
correlated with histopathologic results, prostate-specific
antigen (PSA), Gleason score, and pT stage. The SUVmax of
11C-choline in PCa tissue was 3.5 ± 1.3 (mean ± SD) and

significantly higher than that in prostate tissue with benign
histopathologic lesions (2.0 ± 0.6; P \ 0.001 benign histo-
pathology vs. cancer). Visual and quantitative analyses of
segmental 11C-choline uptake of each patient unambigu-
ously located PCa in 26 of 26 patients and 25 of 26 patients,
respectively. A threshold SUV of 2.65 yielded an area under
the receiver-operating-characteristic (ROC) curve of
0.89 ± 0.01 for correctly locating PCa. The maximal
11C-choline SUVmax did not correlate significantly with
PSA or Gleason score, but did correlate with T stage (Reske
et al. 2006). In 43 patients with known PCa who had received
PET/CT before initial biopsy, Martorana et al. assessed
sensitivity of PET/CT for localization of nodules 5 mm or
greater (those theoretically large enough for visualization)
using RP histopathology as the reference standard. PET/CT
demonstrated a sensitivity of 83 % for localization of nodular
lesions measuring 5 mm or greater. Logistic regression
analysis revealed that only size had an influence on sensi-
tivity. For determination of extraprostatic extension sensi-
tivity of PET/CT was low in comparison with MRI (22 vs.
63 %, P \ 0.001). The authors concluded PET/CT has good
sensitivity for intraprostatic localization of primary PCa
nodules 5 mm or greater, but PET/CT does not seem to have
any role in staging of extraprostatic extension (Martorana
et al. 2006). A study exploring the diagnostic value of
11C-choline PET and PET/CT in a group of 58 patients with
suspicion of PCa was conducted by Scher et al. 11C-choline
PET and PET/CT demonstrated a sensitivity of 86.5 % and a
specificity of 61.9 % in the detection of the primary malig-
nancy. Mean SUVmax for primary malignancy was 4.3 ±

1.7 (2.2–9.8). Mean SUVmax for patients without malig-
nancy was 3.3 ± 0.9 (1.4–4.7) (P = 0.027). The authors
concluded that a differentiation between benign and malig-
nant lesions is possible in the majority of cases when image
interpretation is primarily based on qualitative characteris-
tics. SUVmax may serve as guidance, but false positive
findings may occur due to an overlap of 11C-choline uptake
between benign and malignant processes (Scher et al. 2007).
Giovacchini et al. (2008) performed 11C-choline PET/CT in
19 patients comparing post-prostatectomy histopathologic
sextant analysis axial step sections and 11C-choline PET/CT
imaging. Based on a sextant analysis with a 11C-choline
SUVmax cutoff of 2.5 PET/CT showed a sensitivity, speci-
ficity, positive predictive value, negative predictive value,
and accuracy of 72, 43, 64, 51, and 60 %, respectively. A
retrospective study compared the diagnostic performance of
MRI, 3-dimensional MR spectroscopy, combined MRI/MR
spectroscopy, and 11C-choline PET/CT for intra-prostatic
tumor sextant localization, with histology as the standard of
reference in 26 men with biopsy-proved PCa. The sensitivity
and specificity were 55 and 86 %, respectively, for PET/CT,
54 and 75 %, respectively, for MRI, and 81 and 67 %,
respectively, for MR spectroscopy. Therefore, in this study,
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11C-choline PET/CT demonstrated a lower sensitivity rela-
tive to MR spectroscopy alone or combined with MRI (Testa
et al. 2007). Souvatzoglou et al. evaluated the dependency of
the sensitivity of 11C-choline PET/CT for detecting and
localizing primary PCa on tumor configuration in the histo-
logic specimen in 43 patients who underwent RP. SUVmax
values were calculated in each segment and correlated with
histopathology. The authors found that small focal tumors
(\5 mm) and rind-like tumors were poorly detected on PET,
whereas larger and well-defined tumors were detected by
PET; additionally, PCa tissue could not be distinguished
from benign pathologies in the prostate as PCa-SUVmax was
not significantly different from BPH-SUVmax (benign
prostate hyperplasia) and prostatitis-SUVmax (Souvatzoglou
et al. 2011).

4.1.2 18F-Choline
PET and PET/CT with 18F-labeled choline derivates have
been examined for detection of prostate cancer foci and
determination of T-stage. Kwee et al. performed studies with
18F-choline at two different time points to evaluate the effi-
cacy of delayed 18F-choline imaging or imaging at two time
points for the localization of primary prostate carcinoma
(7 and 60 min) in 26 men. Tracer uptake in the prostate on the
initial and delayed images was measured on a sextant basis.
Prostate biopsy or whole-prostate histologic examination
after RP was used to classify a prostate sextant as a dominant
malignant region or probable benign region. The mean
SUVmax for malignant findings significantly increased from
7.6 to 8.6 between early and delayed acquisition. The mean
SUVmax for presumably benign lesions significantly
decreased between the initial and the late image (4.8–3.9).
The areas under the receiver operating characteristic curves
for distinguishing dominant malignant regions from probable
benign regions based on initial SUVmax, delayed SUVmax,
and retention index were 0.81, 0.92, and 0.93, respectively
(Kwee et al. 2006). In a subsequent study of Kwee et al., all
15 patients who underwent PET with 18F-choline prior to RP
histopathologic analysis was performed on step-sectioned
whole-mounted prostate specimens. The SUVmax corre-
sponding to prostate sextants on PET was measured by region
of interest analysis and compared with histopathologic
results. Histopathology demonstrated malignant involve-
ment in 61 of 90 prostate sextants. The mean total tumor
volume per specimen was 4.9 ml (range 0.01–28.7 ml).
Mean SUVmax was 6.0 ± 2.0 in malignant sextants and
3.8 ± 1.4 in benign sextants (p \ 0.0001). The area under
the receiver operating characteristic curve was 0.82 for
sextant detection of malignancy based on SUVmax mea-
surement. Tumor diameter directly correlated with sextant
SUVmax in malignant sextants (r = 0.54, p \ 0.05). The
authors concluded that 18F-choline PET can serve to localize
dominant areas of malignancy in patients with PCa.

However, PET with 18F-choline may fail to identify sextants
with smaller volumes of malignancy (Kwee et al. 2008). The
so far largest series, comprising 130 patients has been pub-
lished by Beheshti et al. In 111/130 patients, RP with
extended pelvic lymph node (LN) dissection was performed.
Patients were categorized into groups with intermediate
(n = 47) or high (n = 83) risk of extracapsular extension on
the basis of their Gleason scores and prostate specific antigen
levels. Significant correlation was found between sections
with the highest 18F-choline uptake and sextants with max-
imal tumor infiltration (r = 0.68; P = 0.0001) on RP speci-
mens (Beheshti et al. 2010).

4.2 N-Staging

4.2.1 11C-Choline
The first study demonstrating that 11C-choline may be
useful for identification of metastatic lymphnodes was
published by Kotzerke et al. (2000). They described a per
patient sensitivity of 50 % and specificity of 90 % in a
series of 23 patients with mixed disease stages.

De Jong et al. prospectively examined 67 consecutive
patients with histologically proven PCa with 11C-choline
PET. The results of PET were compared with the results of
histology of the pelvic lymph nodes and with follow-up
data. They reported values of 80, 96, and 93 % for per
patient sensitivity, specificity, and accuracy (de Jong et al.
2003). Schiavina et al. included 57 patients in a study with
proven PCa and an intermediate or high risk for lymph node
metastases. Patients underwent 11C-choline PET/CT prior
to prostatectomy and extended pelvic lymph node dissec-
tion. Fifteen patients (26 %) had lymphnode metastases,
and a total of 41 lymphnode metastases were identified. On
a patient analysis, sensitivity, specificity, PPV, NPV, and
number of correctly recognized cases at PET/CT were 60.0,
97.6, 90.0, 87.2, and 87.7 %, while on node analysis, these
numbers were 41.4, 99.8, 94.4, 97.2, and 97.1 %. The mean
diameter (in mm) of the metastatic deposit of true-positive
LNs was significantly higher than that of false-negative LNs
(9.2 vs. 4.2; p = 0.001) (Schiavina et al. 2008).

4.2.2 18F-Choline
Several authors reported about the performance of 18F-
choline in detecting metastatic lymphnodes. Husarik et al.
(2008) found a per patient sensitivity for nodal detection of
33 % among 43 patients. Beheshti et al. demonstrated in a
series of 130 patients a better performance of 18F-choline
PET/CT for detecting nodal involvement, particularly
among lymph node metastases greater than or equal to
5 mm in size. A total of 912 lymphnodes had been sampled
in these patients receiving RP because of high risk and
intermediate risk PCa. The reported per lesion sensitivity,
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specificity, positive, and negative predictive values were 66,
96, 82, and 92 %, respectively (Beheshti et al. 2010).
Poulsen et al. (2012) reported among 210 men with inter-
mediate- and high risk PCa undergoing lymphadenectomy
and RP a per patient sensitivity, specificity, negative pre-
dictive value and positive predictive value of 73 %, 88 %,
59 % and 93 %, while the corresponding values for
LN-based analyses were 56 %, 94 %, 40 %, and 97 %,
respectively. Both Beheshti and Poulsen focused on men
with intermediate- and high-risk PCa, which may account
for their findings of better performance of 18F-choline PET/
CT in assessing nodal disease.

4.3 M-Staging

In patients suffering from advanced PCa beside locoregional
lymphnode metastases frequently distant metastases occur.
Typically osseous metastases do appear in large percentage
in advanced disease stages. But also soft tissue metastases
in lung and liver may be found (Tuncel et al. 2008).

4.3.1 11C-Choline
Tuncel et al. studied the performance of 11C-choline in 45
patients with advanced PCa. Overall, 295 lesions were
detected: PET alone, 178 lesions; diagnostic CT, 221
lesions; PET/CT (low-dose CT), 272 lesions; PET/CT
(diagnostic CT), 295 lesions. Two thirds of the lesions were
located in the bone; one third in the prostate, lymph nodes,
periprostatic tissue and soft tissue (lung, liver). The use of
diagnostic CT did not result in a statistically significant
difference with respect to lesion localization certainty and
lesion characterization. PET-negative and PET/CT-positive
lesions were mostly localized in the bone (78 %, 91/117) as
were PET-positive and CT-negative lesions (72 %, 53/74).
Of the latter, 91 % (48/53) represented bone marrow and
9 % (5/53) cortical involvement. The authors concluded
that 11C-choline PET/CT improved assessment of metas-
tastic disease including skeletal manifestations, while
11C-PET/CT changed disease management in 24 % of
these 45 patients (Tuncel et al. 2008).

4.3.2 18F-Choline
In a preoperative series Beheshti et al. (2010) detected 43
bone metastases in 13/130 patients. Early bone marrow
infiltration was detected with only 18F-choline PET in two
patients. 18F-choline PET/CT led to a change in therapy in
15 % of all patients and 20 % of high-risk patients. Another
study from the same group of investigators correlated the
uptake of 18F-choline in bone metastases with the mor-
phologic changes on CT in 70 men with PCa. The standard
of reference was other imaging and clinical follow-up. The
overall sensitivity and specificity of 18F-choline for the

detection of bone metastases were 79 and 97 %, respec-
tively. Lytic lesions demonstrated higher metabolism than
blastic lesions. The authors identified 3 correlative PET/CT
patterns for bone metastases: lesions with 18F-choline
uptake only, probably representing bone marrow infiltration
without morphologic changes on CT; lesions with both 18F-
choline uptake and CT morphologic changes; and lesions
with no 18F-choline uptake, but displaying dense sclerosis
on CT (Hounsfield units [825), probably indicating non-
viable tumor (Beheshti et al. 2009).

18F-choline and 18F-fluoride have been compared in the
detection of bone metastases. Reported sensitivity, speci-
ficity, and accuracy was 81, 93, and 86 % for 18F-fluoride,
and 74, 99, and 85 for 18F-choline, respectively. This study
revealed that 18F-choline might be superior for early
detection (i.e., bone marrow involvement) of metastatic
bone disease and that in patients with 18F-choline–negative
suggestive sclerotic lesions, 18F-fluoride can be helpful,
with the limitation that 18F-fluoride PET could also be
negative in highly dense sclerotic lesions, presumably
reflecting treated disease (Beheshti et al. 2008). Therefore,
metabolic and morphologic changes of bone metastases are
dynamic processes, and combined imaging is best suited to
capture the natural course of these changes to allow for
management decisions and accurate assessment of treat-
ment response (Jadvar 2011).

5 PET/CT-Imaging of Recurrent PCa

RP and radiotherapy (RT) are the standard treatment
options for clinically localized PCa (Lu-Yao and Yao
1997). However, relapses after initial treatment of localized
PCa are not uncommon: the reported rates of biochemical
relapse after radical prostatectomy (RP) range from 20 to
53 %, most of them (95 %) occurring in the first 5 years
(Han et al. 2003). The reported data after 3D conformal
radiation therapy are similar (Chism et al. 2004). Salvage
RT is the mainstay therapy in the setting of biochemical
relapse after RP that offers the potential of cure. An increase
in serum PSA is the most accurate and early index for
detecting cancer recurrence or residual disease after RP
(Polascik et al. 1999). One of commonly used definitions
has been PSA C 0.2 ng/ml with one subsequent rise. The
American Urological Association and the European Asso-
ciation of Urology put forward a guideline that recom-
mended PSA C 0.2 ng/ml with a second confirmatory level
of[0.2 ng/ml as the definition of PSA relapse (Choo 2010).
After radiation treatment, a rising PSA level 2.0 ng/ml
above the nadir value is the most reliable indication of
persistent or recurrent disease (Heidenreich et al. 2011).
Four different recurrence patterns exist: (1) evidence of only
local recurrence in the prostatectomy bed or irradiated
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prostate gland; (2) evidence of only loco-regional metasta-
ses in the pelvic lymph nodes (3) distant metastases (most
commonly nodal or osseous), and (4) a combination of local
and distant recurrence (Sella et al. 2004).

In patients with biochemical relapse, knowing whether
the disease is localized in the prostatectomy bed, irradiated
prostate gland, respectively or whether metastasis are
present is essential for the treatment planning process.
Detection of any distant metastasis obviates the need for
local salvage treatment with curative intention. This clinical
situation requires a method with a high sensitivity and
specificity that allows an early detection of disease locali-
zation. In the setting of biochemical relapse with rather low
PSA levels, conventional radiological tools, such as ultra-
sound, including transrectal ultrasound in combination with
a TRUS-guided biopsy CT and bone scan proved to have
only low sensitivities and has therefore no established role
in the diagnostic work up in this clinical scenario (Connolly
et al. 1996; Deliveliotis et al. 2007; Naya et al. 2005; Sa-
leem et al. 1998; Scattoni et al. 2004; Shekarriz et al. 1999).
Modern functional imaging modalities like PET/CT offer
excellent additional information to clinical and therapeutic
variables and have shown to provide significant impact in
patient management and RT-planning that may translate
in consecutive improved disease control and survival rates
in different tumor entities (Grosu et al. 2006, 2009, 2011;
Nestle et al. 2009; Rischke et al. 2012a).

In the situation of biochemical relapse after primary
treatment of localized PCa, studies with choline-PET/CT
showed promising results to guide management approaches
as these imaging modalities can accurately identify the site
of recurrence. PET/CT as a whole body examination allows
evaluation of local recurrence and distant metastases in a
single step. Most of the studies evaluating patients with
PSA-recurrence were performed with labeled choline and
we focus on both these tracers. Some data were generated
using 11C-acetat; however 11C-acetate and 11C-choline
appear to be about equally useful in imaging PCa in indi-
vidual patients (Kotzerke et al. 2003).

5.1 11C-Choline

Many studies using 11C-choline have demonstrated the
value of 11C-choline PET or PET/CT in the situation of
PSA relapse. For example Picchio et al. compared 11C-
choline to FDG for restaging in 100 patients with bio-
chemical recurrence and a mean PSA of 6.6 ng/ml. Areas
with pathologic 11C-choline uptake were found in 47 % of
patients and in 27 % of patients using FDG-PET. After
1-year follow-up, 80 % of patients who had a negative 11C-
choline PET had an unchanged PSA (Picchio et al. 2003).
These results also show, that FDG plays virtually no role in

the situation of PSA-recurrence. Rinnab et al. examined 50
patients after primary therapy with 11C-choline PET/CT,
most of whom were compared to histopathology. The mean
(median, range) PSA level in patients with positive PET/CT
was 3.62 (2.42, 0.5-13.1) ng/ml, and that in patients with a
negative scan was 0.90 (0.95, 0.41–1.40) ng/ml. The sen-
sitivity at a PSA level of \2.5 ng/ml of PET/CT for
detecting recurrence was 91 % (95 % confidence interval,
71–99 %) (Rinnab et al. 2007). Reske et al. studied 49
patients who underwent 11C-choline PET/CT after radical
prostatectomy, of whom 36 patients had biochemical evi-
dence and histological evaluation of local recurrence. Thir-
teen patients had PSA\0.3 ng/ml and no evidence of active
disease after 1 year follow-up. Mean PSA of 2.0 ng/ml
(0.3–12.1) was found in the group of the 36/49 patients with
histologically confirmed local recurrence. 11C-choline PET/
CT was true positive in 23/33 patients and true negative in
12/13 controls (Reske et al. 2008).

The relationship between serum PSA value and 11C-
choline detection rate was first described by Krause et al.
They examined 63 patients with biochemical failure after
primary therapy (radiation therapy and radical prostatecto-
my). Within the whole patient group pathologic lesions were
seen in 35/63 patients (56 %). Detection rate for PSA val-
ues \1 ng/ml was 36 %, 43 % for a PSA-value 1–\2 ng/ml,
62 % for a PSA-value 2–\3 ng/ml, and 73 % for a PSA-
value C3 ng/ml (Krause et al. 2008). The linear correlation of
the 11C-choline detection rate and PSA value was confirmed
by Castellucci in a large cohort of 190 patients. In 106/190
patients data were available for calculation of PSA velocity
(vel) doubling time (dt). The detection rate was 12, 34, 42,
and 70 %, respectively, in patients with PSAvel \ 1 ng/ml/
year, 1 \ PSAvel B2 ng/ml/year, 2 \ PSAvel B 5 ng/ml/
year, and PSAvel[5 ng/ml/year. The 11C-choline PET/CT
detection rate was 20, 40, 48, and 60 %, respectively, in
patients with PSAdt [6 months, 4 \ PSAdt B 6 months,
2 \ PSAdt B 4 months, and PSAdt B 2 months. Trigger
PSA level and PSA velocity were found to be independent
predictive factors for a PET-positive result (P = 0.002;
P = 0.04) and PSAdt was found to be an independent factor
only in patients with trigger PSA less than 2 ng/ml (P =

0.05) using multivariate analysis (Castellucci et al. 2009).
Another study conducted by Castellucci et al. with 102

patients 11C-choline PET/CT was able to detect recurrent
disease in 28 % of the patients with biochemical relapse
characterized by low trigger PSA levels (PSA \ 1.5 ng/
ml). Very interestingly, 11C-choline PET/CT detected
distant unexpected metastases in 21 % of the patients. At
multivariate statistical analysis only PSA doubling time
and nodal status were shown to be significant and inde-
pendent predictive factors for positive 11C-choline PET/
CT. Therefore, 11C-choline could be suggested to be
performed early during initial biochemical relapse in
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patients presenting with fast PSA kinetics (Castellucci
et al. 2011).

Giovacchini calculated PSA doubling time retrospec-
tively in 170 patients and demonstrated that the percentage of
patients with positive 11C-choline PET/CT was 27 % for
PSADT [6 months, 61 % for PSADT between 3 and
6 months, and 81 % for PSADT\3 months. The percentage
of patients who displayed pathological 11C-choline uptake in
the skeleton significantly increased (p \ 0.05) from 3 % for
PSADT [6 months to 52 % for PSADT \3 months. Inter-
estingly, patients who displayed pathological 11C-choline
uptake in the prostatectomy bed were 0 % for PSADT
\3 months and 17 % for PSADT [6 months (p \ 0.05)
(Giovacchini et al. 2010). An additional analysis of these 170
patients showed that in patients with a positive 11C-choline
PET/CT have a significantly higher PSA-velocity (PSAvel)
than inpatients with negative scans. The percentage of
patients with a positive 11C-choline PET/CT was 21 % for
PSAvel less than 1 ng/ml per year, 56 % for PSAvel between
1 and 2 ng/ml per year, and 76 % for PSAvel more than 2 ng/
ml per year (Giovacchini et al. 2012). 11C-choline-PET/CT
has been shown to be a valuable diagnostic tool for the
detection of lymph-node metastases of recurrent PCa.
Scattoni et al. evaluated 63 nodal sites in 25 patients (median
PSA: 1.98 ng/ml) histologically and described a lesion-based
sensitivity, specificity, positive predictive value, negative
predictive value, and accuracy were 64, 90, 86, 72, and 77 %,
respectively. They concluded that the low negative predic-
tive value seems to depend on the limited capability of 11C-
choline-PET/CT to detect microscopic lesions, but the high
positive predictive value, even with low PSA values, pro-
vides a basis for further treatment decisions (Scattoni et al.
2007).

5.2 18F-Choline

Very similar to the published results of 11C-choline, the
detection rate obtained by using 18F-choline PET/CT is
higher among patients with higher PSA level at the time of
recurrence, shorter PSA doubling time, or higher initial
Gleason grade. Cimitan et al. described positive 18F-choline
scans in 54 patients examined for rising PSA post-radical
prostatectomy (n = 58), primary RT (n = 21), or under
anti-androgen therapy (n = 21). 18F-choline PET/CT were
rarely (3/38) positive among patients with PSA\4 ngml/ml
and initial Gleason grade B7, whereas all patients with a
PSA[4 ngml/ml and Gleason score[7 had positive scans.
In patients with PSA \4 ngml/ml and Gleason score [7,
18F-choline PET/CT was positive in 54 % of patients
(Cimitan et al. 2006). Pelosi et al. found that PET/CT
detected disease relapse in 43 % of cases (24/56). PET
sensitivity was closely related to serum PSA levels, showing

values of 20, 44, and 82 % in the PSA B 1, 1 \ PSA B 5
and PSA [5 ng/ml subgroups, respectively (Pelosi et al.
2008). Husarik et al. (2008) examined 68 patients for re-
staging at biochemical recurrence. They found a good sen-
sitivity of 83–87 % when PSA was [4 ng/ml. When PSA
was\4 ng/ml sensitivity decreased about 70–75 %. A total
of 71 patients with biochemical failure were studied by
Casamassima et al. after PCa treatment: prostatectomy
(n = 28), RT (n = 15), or both (n = 28). Detection of local,
pelvic, and extra-pelvic nodal and bone metastases was
found in 55 % of patients. Median PSA velocity was
0.40 ng/ml/year in PET-negative patients and 2.88 ng/ml/
year in PET-positive subjects (P \ 0.05) (Casamassima
et al. 2011). In terms of lymphnode recurrence detection
similar to Scattoni et al. (2007) the group of Tilki et al.
evaluated the accuracy of combined 18F–choline PET/CT in
the detection of lymphnode metastases in PCa patients with
rising PSA level after radical prostatectomy. The findings of
PET/CT were compared with the histologic results. A lesion-
based analysis yielded 18F-cholin PET/CT sensitivity,
specificity, positive predictive value and negative predictive
value of 40, 96, 76, and 83 %, respectively. A site-based
analysis yielded sensitivity, specificity, positive predictive
value and negative predictive value of 69, 73, 81, and 58 %,
respectively (Tilki et al. 2013).

Jilg et al. (2014) investigated 2,122 resected lymph
nodes (with 681 lymph nodes bearing metastases) of 72
patients with positive lymph nodes at choline-PET/CT in
the situation of PSA-recurrence. The reported sensitivity,
specificity, positive and negative predictive values, and
accuracy were region based 92 %, 84 %, 93 %, 82.0 % and
89 %, subregion based 81 %, 94 %, 92 %, 84 % and 87 %,
and lesion based 57 %, 98 %, 95 %, 83 % and 85 %,
respectively. 71 % of the metastases were in lymph nodes
with a less than 10 mm short axis diameter and would have
been missed when applying current diagnostic CT-criteria.

6 Summary of Data, Recommendations,
and Perspectives

6.1 Primary PCa

Although 11C-choline and 18F-choline have a slightly
different biodistribution both tracers are considered to pro-
vide similar staging information. Variability in the reported
study results reflects the heterogeneity among the type of
studies and the variability of the examined patients series:
e.g., small versus larger patient cohorts (n C 100), mixture
of different primary tumors, primary versus recurrent and
metastatic disease status, variability in Gleason scores and
PSA levels at the time of scanning. Scanning protocols
differed significantly among the studies, particularly in the
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timing of scan acquisition after tracer injection and the use
of PET versus PET/CT-scanners. In addition to variations in
scanning techniques, validation of positive and negative
findings was either done by correlation with clinical out-
comes or consensus gold standards based on clinical and
standard imaging (particularly in determining M-stage), by
histopathological results or by biopsy cores, respectively
(Bauman et al. 2012).

For the local tumor stage, the distinction between intra-
capsular (T1–T2) and extracapsular disease (T3–T4) is
particularly relevant for treatment decisions. But studies
that performed lesion-based or sextant based analysis only
showed limited sensitivities between 66 and 87 % and
moderate specificities between 43 and 86 % accompanied
by, for technical reasons, limited spatial resolution (please
see references in paragraph ‘Determining T-stage’). In
general PET/CT with 11C/18F-choline and 11C-acetate
should not be clinically recommended to locally stage pri-
mary PCa (Picchio et al. 2011a).

Regarding this restricted value in correctly localizing
and defining the extent of the primary tumor within the
prostate either using 11C- or 18F-choline, the value of using
this technique to guide biopsies in patients with elevated
PSA and suspicion of PCa (but repeatedly negative biop-
sies) is doubtful. Furthermore, it remains to be determined if
PET/CT can be successfully used for defining dominant
intraprostatic lesions for RT purposes. Histopathologic
studies revealed that most patients with PCa have at least
one or two dominant intraprostatic tumor lesions, although
PCa is a typically multifocal disease (Bott et al. 2010;
Karavitakis et al. 2011). For patients scheduled for primary
radical RT because of local PCa obtaining high doses is
crucial to achieve high biochemical control rates. But risk
of toxicity, especially in the rectal mucosa inevitably
increases too, thus requiring most precise and accurate
radiation techniques (Viani et al. 2009). Local PCa recur-
rence after primary RT usually originates from the origi-
nation of the primary tumor or the initial dominant
intraprostatic tumor burden (Cellini et al. 2002). Local dose
escalation on dominant intraprostatic tumor burden may
result in significant improved disease control without
increasing normal tissue complication probability (mainly
acute and chronic rectal mucositis/proctitis) as has been
calculated by Niyazi et al. in a mathematical model based
on different assumptions for responsiveness of PCa to
irradiation and different sensitivities and specificities of
choline PET (or any other appropriate imaging method). The
authors estimated that improved tumor control because of
focal dose escalation based on choline PET positive regions
has to be considered as realistically low, mainly due to the
limited sensitivity of choline PET and the limited specificity,
lacking the ability to reliably differentiate between cancer
and benign prostate lesions (Niyazi et al. 2010). However,

recent studies published by Pinkawa et al. demonstrated that
dose escalation using intensity-modulated RT for primary
PCa based on 18F-choline is feasible and does not lead to
significantly increased toxicity (Pinkawa et al. 2012).

Many studies have shown that Magnetic Resonance
Imaging (MRI) using anatomic and functional sequences
like Magnetic Resonance Spectroscopy (MRS), Dynamic
Contrast Enhanced MRI (DCE-MRI) and Diffusion
Weighted Imgaging (DWI) results in high accuracies in
detecting primary PCa due to excellent spatial resolution
with clear depiction of anatomy/pathoanatomy in combina-
tion with visualization of functional properties of prostatic
lesions. Combination of anatomic and functional sequences
at 3 Tesla results in reported sensitivities and specifcities of
80–88 and 96–100 %, respectively (Yakar et al. 2012).
When using functional MRI sequences dose escalation to
dominant intraprostatic lesion is feasible with low acute
toxicities (Fonteyne et al. 2008) and better sparing of the
rectal wall (van Lin et al. 2006). Further studies are needed
to elucidate the potential benefits of this dose escalation
concept, applying the high sensitivities and specificities of 3
Tesla MRI in the model of Niyazi; and this may result in a
potential benefit of this dose escalation strategy on dominant
intraprostatic lesions (Niyazi et al. 2010).

The knowledge of nodal involvement and distant disease
is crucial to plan the most appropriate treatment, tailored to
the patient. Currently, pelvic lymphadenectomy is the gold
standard to assess the status of pelvic lymph nodes, being
final diagnosis defined by histology (Heidenreich et al.
2008). A diagnostic imaging tool to noninvasively explore
patients and to detect metastases would be of particular help
in clinical management. In this respect choline-PET/CT is
attractive, as it offers maximum staging information in a
‘‘single’’ examination. For detection of lymph node metas-
tasis, 11C-and 18F-choline PET/CT specificity has been
reported fairly high. However, its lesion based sensitivity is
not appropriate. Sensitivities and specificities, reported up-
to-date, as described above, are in general about 61 and
96 % (Krause et al. 2013). A negative 11C/18F-choline
PET/CT study does not rule out the presence of clinically
and prognostic relevant micrometastases in loco-regional or
distant lymphnodes. However, when positive, PET/CT is
useful for patient management and treatment planning
(Picchio et al. 2011a).

11C/18F-choline PET/CT may provide to a significant
extent clinically relevant results in selected patients with
a higher pre-test probability of metastastic disease in
lymphnodes and in the skeleton; these are patients with
intermediate to high risk constellation based on established
parameters (initial PSA, Gleason-score and clinical T-status).
We do recommend performing choline-PET/CT-scanning in
patients with primary PCa characterized by high risk features
or local advanced disease, because studies and our own
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experience have shown that therapy management will be
changed in 15–24% of patients (Beheshti et al. 2010; Tuncel
et al. 2008). Prospective studies are desirable to clearly define
the clinical advantage compared to classical staging instru-
ments like bone scintigraphy. However, we recommend
choline-PET/CT in patients with PCa treated with primary
radiation therapy in order to detect positive lymphnodes in the
pelvis and to exclude bone metastases. If lymphnodes in the
pelvis are positive, we principally discuss the irradiation of
the pelvic lymphatics. IMRT of pelvic lymph node regions is
based on the consideration that loco-regional lymph node
involvement is a different clinical situation and not a surro-
gate of distant metastastic spread bearing the potential to
prolong the progression free survival or maybe even the
chance of cure (Morris et al. 2001; Crehange et al. 2012).

6.2 PSA Recurrence

In the situation of PSA recurrence, post radical prostatec-
tomy or post high dose irradiation of the prostate, there is
obvious evidence that PET/CT with 11C/18F-choline is
clinically indicated for the detection of lymph nodal and
bone metastases. Reported values of sensitivity and speci-
ficity for lymph nodal and distant metastases detection are
ranging between 64 and 98 % and between 90 and 100 %,
respectively (Picchio et al. 2011b).

The strength of 11C/18F-choline PET/CT is represented
by its high specificity and positive predictive values.
Likewise, Picchio et al. concluded we do recommend per-
forming choline PET/CT, when a lymphnode or distant
osseous recurrence is suspected. In this situation 11C/18F-
choline PET/CT should be performed as the first procedure
in restaging PSA relapse patients to provide individualized
therapy strategies as described below (Picchio et al. 2011a).

According to the results of Castellucci and Giovacchini,
obtained in relatively large patients series (Castellucci et al.
2011; Giovacchini et al. 2010) there is a clear relationship
between PET/CT detection rate and both trigger PSA values
and PSA kinetics, represented by PSA doubling time and
PSA velocity. Although the PSA value of 1 ng/ml has been
suggested as a cut off value in clinical practice, (Picchio et al.
2011b) in fact no definitive cut off PSA-value exists, that can
be used as general standard recommendation, when a PET/
CT-scan should be performed. Individual risk factors such as
PSA doubling time and PSA velocity must be considered. On
the other hand for detection of local recurrence at low PSA
values (�1 ng/ml) or when residual disease after radical
prostatectomy is suspected by elevated PSA values PET/CT
may not be useful. The reported sensitivity at PSA \ 1 ng/ml
was 20 % in the study of Pelosi et al. and 36 % in the study of
Krause et al. (2008) and Pelosi et al. (2008). Interestingly
even in patients with PSA recurrence and very short PSA

doubling times (\3 months) Giovacchini did not find any
local recurrent tumor (Giovacchini et al. 2010).

From the radiation oncologists point of view especially
patients who have a low likelihood for distant metastasis, a
precise imaging method for local staging is desirable. It
remains to be determined whether modern PET-scanners
(high resolution PET images with 2 9 2 9 2 mm voxel
size) and individual designed scanning protocols (e.g.
delayed imaging) may improve sensitivity of choline-PET/
CT at low PSA-levels. In principle, PET/CT is attractive for
RT-planning purposes as this examination can be carried
out in RT-position and used for RT-planning. Nevertheless,
for salvage-RT-planning purposes a more accurate imaging
method that allows coregistration with the RT-planning CT
to define directly a gross target volume (GTV) for local
dose escalation is desirable. The reason for this need is that
the outcome of salvage RT after radical prostatectomy
depends on several different variables and the most con-
sistent variable associated with PSA relapse-free outcome
has been PSA level prior to salvage RT (Symon et al. 2006;
MacDonald et al. 2004). The lower the PSA level is at the
time of salvage RT, the better is the treatment outcome of
salvage RT. Another variable is the optimal radiation dose
required for local control in patients with biochemical
relapse. A recently published regression meta-analysis
about the outcome of conventional salvage RT (radiation to
the whole prostatic fossa) comprised a total of 3,828
patients (Ohri et al. 2012). In this study, Ohri et al. identi-
fied increased salvage RT dose and decreased pre-salvage
RT PSA level as independent predictors of improved 5-year
biochemical free survival. Salvage RT dose was also
identified as an independent predictor of both late gastro-
intestinal and late genitourinary toxicity.

To lower the total dose to the organs at risk (e.g., rectal
mucosa, and bladder) and increase dose to macroscopic
tumor nodules modern IMRT (Intensity Modulated Radia-
tion Therapy)-RT-planning for dose escalation to macro-
scopic nodules of recurrent tumor in the fossa prostatica may
be appropriate (Rischke et al. 2012b). MRI using endorectal
coils has shown to visualize local recurrence in the prostate
fossa at low PSA-levels more accurately than any other
technique, the reported sensitivities and specificities were 79
and 100%, respectively (Casciani et al. 2008; Sciarra et al.
2008). Using an endorectal coil leads to distortion of local
anatomy; thus, these image data sets cannot be fused to
planning CT. A recent study investigating DCE-MRI without
endorectal coil in the detection of local recurrent PCa after
radical prostatectomy using an appropriate DCE-scanning
protocol showed a similar sensitivity at a high specificity
(Rischke et al. 2012c). Preliminary experience based on this
concept of focal dose escalation based on functional imaging
showed promising results without increased acute toxicity
(Kirste et al. 2011).
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Our recommendations are as follows: in case of moder-
ately elevated PSA-levels (e.g. B1.0 ng/ml), but rather short
PSA-doubling time (\6 months) a pre-salvage RT diag-
nostic work up with choline-PET/CT should be considered
to rule out possible lymphnode or osseous metastasis. If
PSA is [1.0 ng/ml, we recommend independently from
PSA-kinetics a choline-PET/CT. Though it is obvious that
with the current PET/CT-scanner technique these recom-
mendations will not produce positive findings in every
patient; it is definitely clear that any detection of distant
metastases has a major impact on patient management, e.g.,
local ablative concept versus palliative concept.

For evaluation of the prostate fossa in the situation of PSA-
relapse, whether there is local recurrence or not, we advocate
DCE-MRI even at low PSA levels (PSA B 0.5–1 ng/ml) as
has been shown, that all patients had positive MRI finding
with a PSA[0.54 ng/ml (Rischke et al. 2012c).

6.3 Perspectives in the Situation of Relapse
with Locoregional Lymphnode
Metastases

PSA relapse may occur not only as local recurrence, but
may also represent metastastic disease. The treatment of
only local recurrence with salvage RT has been investigated
extensively and general recommendations have been given
(Mottet et al. 2011).

Choline PET/CT may offer acceptable sensitivity and
specificity in the situation of locoregional lymphnode
relapse. Especially the finding of high regional sensitivity
of 92 % in conjunction with high specificity suggests whole
lymph node regions as a target in the absence of distant
metastases (Jilg et al. 2014). An example for 18F-Choline-
PET/CT-scan showing a nodal metastases is given in Fig. 2.
It has been discussed, that there may be a different outcome
between patients with bone metastases and patients with
solitary or few pelvic lymphnode metastases (Briganti et al.
2009). Two recent published studies included a relevant
number of patients and evaluated the benefit of extended
lymphadenectomy of patients with evidence of nodal
metastasis detected and guided by 11C/18F-choline PET/
CT (Rigatti et al. 2011; Jilg et al. 2012). Rigatti et al.
described a prolonged biochemical free survival and clinical
progression free survival at 5-year follow-up in 35 % of
patients (n = 72) receiving 11C-choline PET/CT guided
surgery. Jilg et al. evaluated the impact of salvage lymph
node dissection with adjuvant RT in patients with nodal
recurrence of PCa guided by 11C/18F-choline PET/CT. Of
52 patients treated with salvage lymph node dissections, 24
resulted in complete biochemical response followed by 1-
year biochemical recurrence-free survival of 71.8 %.

Clinical progression-free survival was 25.6 % and cancer
specific survival was 77.7 % at 5 years. These results show
that 11C/18F-choline guided salvage lymph node dissection
is feasible for the treatment of nodal recurrence of PCa and
that a specific population has a lasting complete PSA
response (Jilg et al. 2012). The rationale of this therapy
concept was the consideration that nodal/adjacent lymph-
atics may not be addressed solely by lymphadenectomy.
Therefore further adjuvant salvage RT of involved lymph
node regions may eradicate areas for high risk of micro-
scopic disease.

Others used 18F-choline PET for gross-tumor-volume
(GTV) definition in 71 patients with limited nodal recur-
rence after external beam radiation therapy. With stereo-
tactic body radiation therapy, reduction of gastrointestinal
toxicity was achieved and the 3-year disease control was
90 % (Casamassima et al. 2011). According to those
encouraging results of choline-PET/CT guided salvage
therapy in locoregional relapse further randomized studies
are needed to investigate whether salvage lymphonodecto-
my alone, in combination with adjuvant RT or RT alone
results in the best clinical and biochemical disease control.

6.4 Therapy Monitoring

PET/CT may offer a new instrument for therapy monitoring
and to predict earlier and more precise the outcome of a
certain therapy strategy, because conventional imaging
modalities like bone scintigraphy or CT may lag behind
tumor response. FDG-PET/CT may be useful for monitor-
ing metabolic response in aggressive PCa (Jadvar 2011).
The findings in the study of Beheshti et al. (2009) indicated
the potential of 18F-choline to detect early metabolic
response in patients under antiandrogen therapy. However,
further studies regarding therapy monitoring with PET/CT
of patients with metastastic disease are essential to elucidate
its potential benefit in palliative situations.

6.5 Closing Remarks

The main advantage of PET/CT is its capability to nonin-
vasively detect and localize recurrent disease as well as
detect distant metastasis in local advanced/high risk PCa in
one single step, with relevant consequences for patient
management. Very recently published, highly interesting
results of a study on 37 patients with biochemical recurrence
of PCa with head to head comparison of the performance of
Choline PET/CT vs. 68Ga-PSMA PET/CT showed signifi-
cant improved detection rates using the 68Ga-PSMA tracer.
68Ga-PSMA showed higher lesion to background contrast
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than Choline PET/CT and was more sensitive at low PSA
levels with detection of small lymph node metastases and
bone marrow metastases. PSMA is a cell surface protein that
is significantly overexpressed in PCa cells and therefore
provides a promising target for PCa-specific imaging and
therapy. Another striking aspect is the fact that no cyclotron
is required. 68Ga can be extracted from a commercially
available 68Ge/68Ga radionuclide generator. In contrast,
radiolabelling choline tracers require isotopes produced by a
cost-intensive cyclotron (Afshar-Oromieh et al. 2014).

Prospective clinical imaging trials using various PET
tracers, rigorously controlled for clinical state, therapy, and
well defined clinical endpoints are needed to further
establish the optimal role of PET/CT in the management of
PCa patients. However, incorporation of metabolic infor-
mation from Choline PET/CT or other forthcoming tracers
with similar or higher accuracy in the process of RT treat-
ment volume definition appears beneficial for both primary
and loco-regional recurrence, when lymph node therapy is
indicated.
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Abstract

The organ contouring section of this book provides a
summary of the available evidence on prostate cancer
target volume definition. The reader will find comprehen-
sive data supporting the extension of the clinical target
volume beyond the prostate for patients with risk factors
such as a high pre-treatment PSA value or a high Gleason
score. Furthermore the necessity to adapt planning target
volume margins according to the applied treatment
technique and verification method is elaborated.

1 Introduction

In general target delineation is not depending on radio-
therapy technique, whether 3D-conformal, IMRT or rota-
tion techniques are used. Tumor related risk factors such as
transcapsular tumor spread or tumor grading rather deter-
mine the extent of target volume delineation. Regarding
prostate cancer delineation the determining factors are
clinical tumor extension according to the UICC tumor stage,
the Gleason score as well as the number of positive biopsies
defined by random prostate biopsy and the PSA level. The
European Organization for Research and Treatment of
Cancer (EORTC) radiation oncology group (ROG) devel-
oped the first comprehensive guideline on target volume
definition for primary radiotherapy in prostate cancer which
was published in 2006. They provide thorough information
on target and organ at risk volume definition, imaging,
patient set-up and treatment verification (Boehmer et al.
2006). This chapter refers to clinical or prognostic risk
factors which are the commonly known factors as defined
according to the National Comprehensive Cancer Network
(NCCN) and Anthony D’Amico.
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2 International Commission on Radiation
Units and Measurement (ICRU) Volumes
Definition

ICRU 50, ICRU 62 and ICRU 82 provide a comprehensive
definition of target volumes and organs at risk (OAR) in
radiotherapy. The ICRU 50, published in 1993, presented
the first concept of standardizing definitions of target vol-
ume delineation and organs at risk (International Commis-
sion on Radiation Units and Measurements 1993). The 1999
supplement (ICRU 62) introduced additional volumes that
would change the extension of target volumes based on
published data on internal organ motion and positioning
uncertainties(International Commission on Radiation Units
and Measurements 1999). In its latest modification from
2010 the ICRU report 83 takes into consideration new
developments in imaging modalities as well as new radia-
tion techniques and their influence on target volume defi-
nition(International Commission on Radiation Units and
Measurements 2010).

The Gross Tumor Volume (GTV) comprises the mac-
roscopic tumor extension. These are all tumor manifesta-
tions that are visible clinically as defined by the TNM
system. Additional information is derived from imaging
techniques such as ultrasound, computed tomography (CT),
magnetic resonance imaging (MRI), functional MRI or
position emission tomography (PET), respectively. It may
not only include the primary tumor but also lymph node
metastases or distant tumor manifestations.

The Clinical Target Volume (CTV) is defined as the GTV
plus a volume that is considered at risk of containing sub-
clinical or microscopic disease. The extent of this margin
differs widely among different tumor locations or different
tumor histologies. Until now there is no consensus on how

the risk of subclinical disease is defined but typically a
probability of occult disease of 5–10 % is assumed to require
treatment. The consideration of the consequences of failure,
and the expected feasibility of salvage treatment furthermore
influence the clinical judgment(International Commission
on Radiation Units and Measurements 2010).

The Planning Target Volume (PTV) comprises the CTV
with an additional margin derived from internal organ
movement and patient set-up error. The PTV is the only
target structure of which the size changes depending on
the precision of the applied radiotherapy technique.
Without any measures to determine the exact position of
the prostate before or during the treatment fraction the
CTV-PTV margin should cover the mentioned errors to
provide a high probability of CTV coverage of the applied
radiotherapy.

The Internal Target Volume (ITV) was introduced first in
the ICRU report 62. The aim was to take into account
possible changes of the CTV in terms of size shape and
position. In prostate cancer these changes may be attributed
to varying volumes of adjacent organs, namely rectum and
bladder, which may cause altering CTV volumes.

The planning organ-at-risk volume (PRV) is directly
associated with the ITV. Due to varying filling states of
organs at risk the ITV allows for an improved determination
of doses received by organs at risk during a treatment
course. As volumes may vary substantially a precise mea-
surement of these doses is not possible as the volume of an
OAR may change not only between treatment fractions but
also within a single fraction (inter- and intrafraction devi-
ation). Furthermore a larger OAR volume may be advan-
tageous as well as a distinct disadvantage in certain clinical
situations. The rectum for instance may receive a signifi-
cantly lower dose when fully extended by the use of an
endrectal balloon, as the PTV positioned anteriorly will be
treated in a constant position. In a systematic review a
reduction of the rectal wall dose was shown in planning
studies when an endorectal balloon was used. Yet there are
no clinical studies to confirm whether rectal toxicities are
reduced as well. (Smeenk et al. 2010). Furthermore an
extended rectum may shift the prostate anteriorly and thus
may result in an increased rectal dose when no image gui-
ded radiotherapy is applied.

Current randomized trials have used a variety of target
delineations. Table 2 gives an overview of the available
randomized trials on hypofractionation and dose escalation
in primary prostate cancer radiotherapy. Obviously the
target volume definition is different in each trial although
prostate plus seminal vesicles were used as the CTV in most
trials. The definitions of the PTV margins are variable as
well, ranging from 3 to 20 mm.

The following paragraphs will collect and sum up the
available evidence on target volume definition.

Table 1 Risk group definition according to D’Amico and NCCN

Risk group Low Intermediate High

NCCN

T-Stage cT1c ? cT2a
and

cT2b - 2c
and/or

cT3 or

PSA \10 ng/ml
and

[10–20 ng/ml
and/or

[20 ng/ml
or

Gleason sum \7 =7 8–10

D’Amico et al.
(1997a, 1998, 1999)

T-Stage cT1c - 2a
and

cT2b and/or cT2c -

cT3 or

PSA \10 ng/ml
and

[10–20 ng/ml
and/or

[20 ng/ml
or

Gleason sum \7 =7 8–10

Note that the two classifications differ only by clinical stage in inter-
mediate and high risk tumors
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3 Pathological Considerations
for Prostate Cancer Clinical Target
Volume Delineation

3.1 CTV Delineation in Low-Risk Prostate
Cancer

Knowledge of the natural spread of prostate cancer is crucial
for determination of reasonable clinical target volumes. The
most comprehensive data on this issue can be derived from
pathological studies. The tumor related bottleneck factors for
CTV definitions are (a) the presence of extracapsular exten-
sion (ECE) and (b) seminal vesicle invasion (SVI).

In 1997 D’Amico et al. found in a retrospective analysis
of 749 prostatectomy specimens that the risk of pathologic
SVI as well as macroscopic extracapsular tumor extension
is only 2 % in low risk patients. They furthermore found
that the risk of PSA relapse is similar in patients undergoing
radical prostatectomy or radiotherapy when patients without
clinical risk factors were included (D’Amico et al. 1997b).
These factors were defined as PSA\10 ng/ml, clinical stage
\T2c and Gleason score \7, respectively. Further patho-
logical studies confirmed these results (Kestin et al. 2002).
Taking these findings into account there is no sensible
reason to include the seminal vesicles into the CTV in
patients with low risk prostate cancer. As the risk of ECE is
similarly low it is obvious to delineate the prostate only
as CTV defined by the visible boundaries on planning
computed tomography or magnetic resonance imaging. An
example of CTV delineation is shown in Fig. 1b.

Does this hold true for patients with clinical risk factors?

3.2 CTV Delineation in Intermediate-
and High-Risk Prostate Cancer

To shed light on this question it is useful to focus on the two
most relevant factors of tumor recurrence after definitive
therapy; namely extracapsular tumor extension and seminal
vesicle involvement. It is well understood that the risk for
these factors rises with increasing clinical risk factors. The
question whether the degree of extracapsular extension may
influence treatment outcome has been addressed by many
author. Just recently van Veggel published an outcome
study after radical prostatectomy focusing on the associated
pathological ECE evaluation. Evaluation of the biochemical
relapse rate of 134 patients according to different definitions
of ECE revealed a significant association of the extent of
ECE with the rate of biochemical relapse rates (van Veggel
et al. 2011). Their results confirmed studies from various
other authors (Epstein et al. 1993; Wheeler et al. 1998;
Davis et al. 1999). To be able to apply these results to target
volume definition in prostate cancer radiotherapy it is nec-
essary to evaluate the specific amount of extracapsular
tumor extension. In the largest published series The et al.
found that among all prostatectomy specimens with extra-
capsular tumor extension only 2.8 % show an extension of
more than 5 mm from the capsule (Teh et al. 2003). Several
pathological studies have confirmed that more than 90 % of
all patients who present with ECE have a radial tumor
extension from the capsule of less than 4–5 mm (Davis
et al. 1999; Schwartz et al. 2007; Sohayda et al. 2000).

CTV definition of the prostate gland plus an additional
circumferential margin of 5 mm would thus cover more
than 90 % of tumor extensions outside the prostate. At the
prostate rectum interface the anterior rectal wall represents

Table 2 Summary of target volume definitions in the published Phase
III trials

Phase III trials CTV-definition CTV-PTV margin

Arcangeli
et al. (2012)

prostate ? SV 10 mm uniform

Lukka et al.
(2005)

prostate 15, 10 mm at PRI

Pollack et al.
(2006)

prostate ? 9 mm
inferiorly ? proximal SV
(intermediate risk); whole
SV ? LN (high risk)

conv. IMRT: 8,
5 mm at PRI
hypo. IMRT: 7,
3 mm at PRI

Norkus et al.
(2009)

prostate ? base of SV 8–10 mm

Yeoh et al.
(2011)

prostate 2D-RT: 15, 20 mm
superior ? inferior
3D-RT: 15 mm
uniform

MD Anderson
(Kuban et al.
2008)

prostate ? SV ant. ? inf.:
12.5–15 mm
post. ? sup.:
7.5–10 mm

Dutch trial
(Al-Mamgani
et al. 2011)

prostate ± SV Arm A: 10 mm
(68 Gy)
Arm B: 10 mm
(68 Gy)
Arm B: 5 mm
(last 10 Gy)

PROG96-09
(Zietman et al.
2005)

prostate ? 5 mm 7–10 mm

GETUG 06
(Beckendorf
et al. 2011)

46 Gy: prostate ? SV
Arm A: prostate (24 Gy)
Arm B: prostate (34 Gy)

10 mm (5 mm
posteriorly)

MRC RT01
(Dearnaley
et al. 2007)

low-risk: prostate ? base
of SV ? 5 mm
intermediate ? high-risk:
prostate ? SV ? 5 mm

5–10 mm

Hypo-FX hypofractionation; SV seminal vesicles; LN lymph nodes;
IMRT intensity modulated radiotherapy; RT radiotherapy;
PRI prostate rectum interface
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a solid boundary for tumor cells so that the CTV can be
reduced posteriorly. An example is shown in Fig. 2.

Kestin and colleagues reviewed 344 prostatectomy
specimens with regard to SVI. They found that the tumor
never involves the whole SV; the most distant cancer found
was 1.5 cm apart from the SV tip. Including the proximal
2 cm of the SV into the CTV would include 90 % of
pathological involved seminal vesicles. In terms of certainty
of CT definitions of the seminal vesicle compared to path-
ological measurements they furthermore found that the two
methods are in well agreement (Kestin et al. 2002). Given
that 38 % of all patients showed at least one high risk
feature it seems advisable to include the proximal
2.0–2.5 cm of the seminal vesicles into CTV in order to
cover more than 90 % of all SVI. Finally only 1 % of

low-risk patients had a SVI which confirms not to include
SVs into CTV in this patient group. With each prognostic
high risk factor the rate of SVI rises from 15 % with one
high risk factor, 28 % with two and 58 % with three high
risk factors respectively.

With regard to CTV definition it may be reasonable
to include the base of the seminal vesicles (proximal
2–2.5 cm) into the CTV for all patients with high risk
features. Yet one must be aware that with only one high risk
factor the number of patients who are treated with a larger
CTV without having a SVI is considerably high. The
treating physician must refer to the available data to gain
informed consent with the patient.

4 CT/MRI and Target Delineation

CT scans are still considered standard for target delineation.
There are two main reasons indicating that this will not
change thoroughgoing within the next 10 years. Firstly CT
scanners are available at the disposal of all radiotherapy
units and are mainly used as dedicated imaging systems.
Secondly treatment planning systems are nowadays
continuing to calculate tissue specific doses based on
Hounsfield units. Just recently the Department of Oncology
of the University Hospital in Helsinki, Finland commis-
sioned an MRI-only based treatment planning procedure for
external beam radiotherapy of prostate cancer (Kapanen
et al. 2012). Yet the use of MRI based systems across the
board will not be realistic within the next decade.

Using CT scans for prostate cancer treatment planning is
known to contain inaccuracies. An analysis of the patho-
logic prostate volume and the CTV delineated in 10 patients
whose preoperative CT scans were available showed an
almost twofold increase of the respective volumes (Teh
et al. 2003). Although the significance of this result is
limited due to the small number of analyzed CT scans the
issue of volume overestimation must be scrutinized.

a bFig. 1 Typical CT slice in the
mid-gland region. Arrows
indicate the fat layer at the
prostate rectum interface (a).
CTV contour of the same CT
slice (b)

Fig. 2 Contouring of the prostate plus a 5 mm margin to include the
possible periprostatic extension in patients with risk factors

36 D. Böhmer



It is a well-known fact that CT scans overestimate the
‘‘true’’ prostate volume by 20–60 % when compared with
MRI scans. Yet there is a lack of precise information on the
exact regions of overestimation. In a multiobserver study on
CT-MRI prostate delineation the volume overestimation was
40 % favoring the CT scans. The authors point out that the CT
volume did not encompass the whole MRI volume indicating
that the differences in size between CT and MRI are not
evenly distributed around the delineated prostate (Rasch et al.
1999). The largest differences are seen at the apex of the
prostate where the MRI is able to clearly distinguish between
apex, the urogenital diaphragm and the plexus Santorini. The
soft tissue contrast in MRI allows for an easily visible
boundary layer just as well at the prostate base, with the
higher signal intensity of the seminal vesicles compared to
the prostatic tissue. These two regions showed the largest
CT-MRI volume differences among the observers.

These findings are of crucial relevance in terms of target
volume definition. Whereas the risk of transcapsular
extension is very small in the anterior or anterolateral parts
of the gland, it is highest in the posterior and posterolateral
parts. Thus the periprostatic region at the prostate-rectum
interface is at the highest risk of tumor recurrence when
underdosed by radiotherapy.

That implies that we have to focus on the CT based
overestimation in these anatomic areas. To our knowledge
there is no study or paper giving details about this special
issue throughout the literature. But we do know that CT can
often discriminate precisely the posterolateral area cranially
of the apex region where there is usually a thin fatty layer
between the posterior surface of the prostate and the rectal
wall. Figure 1a shows an example of this area. Figure 1b
shows the prostate contour of this CT slice.

Considering a patient with intermediate or high risk
factors who has a substantial risk of transcapsular spread
and furthermore assuming the extracapsular extension to be
in most cases not larger than 5 mm the resulting contour for
the CTV is shown in Fig. 2. Note that any anatomic
boundary such as rectal wall, bone or muscle represents a
demarcation line which is usually not crossed by tumor cells
except in locally advanced T4 tumors. Thus the CTV con-
tour should include this boundary but should not include the
given organ.

5 CTV-PTV Margin

The PTV represents a security margin encompassing the
CTV that considers daily set-up errors of the patient and the
individual internal organ motion (see ‘‘CTV Delineation in
Intermediate-and High-Risk Prostate Cancer’’). This margin
may be defined uniformly or may be smaller towards the
prostate–rectum interface.

There is consensus that the PTV is being contoured by a
computer planning system as an automatically generated
margin. The PTV must not be generated by hand as for an
individual observer it is not possible to draw a three-
dimensional margin encompassing the CTV.

The CTV-PTV margin is depending on the type and
precision of the verification method of the patients’ daily
treatment as well as intrafractional motion but not on the
type of therapy, e. g. 3D-conformal or IMRT. Obviously a
daily online set-up verification and correction requires
smaller PTV margins compared to an offline verification
protocol that is performed once or twice weekly. Recently
image guided radiotherapy has emerged as a tool to verify
and if necessary correct the patients’ position before each
treatment by using cone beam CT, ultrasound, intraprostatic
fiducial markers or implanted electronic devices. These
systems are able to minimize interfraction motion to a great
extent.

There are numerous studies that tried to define the CTV-
PTV margin based on analyses of the number of verifica-
tions performed per week. The largest study with regard to
image guidance and inter- as well as intrafraction motion
was performed by Kotte et al. (2007). They analyzed more
than 11.000 measurements of online set-up verifications of
427 patients who were treated with a 5-field IMRT. All
patients had implanted fiducial gold markers and verifica-
tion was performed before each treatment session and
before each treated field. They found that there is sub-
stantial intrafraction motion with 66 % of all measurements
with a motion outside a range of 2 mm and 28 % outside a
range of 3 mm. The authors where able to demonstrate that
with a daily set-up correction systematic and random set-up
error were smaller than 1 mm. In conclusion they recom-
mend a minimum CTV-PTV margin of 2 mm when a daily
set-up verification of the prostate position is performed
before each treatment session.
Graf et al. conducted a study on 23 prostate cancer patients
with implanted gold markers and calculated the necessary
CTV-PTV margin relative to the frequency of set-up veri-
fications and corrections (Graf et al. 2009). Table 3 shows
their main results.

Margins were calculated using a formula developed by
van Herk (2004). The key message of this analysis states
that with daily set-up corrections a CTV-PTV margin of
5 mm is appropriate whereas once weekly or no correction
requires 10 mm margins (Graf et al. 2009).

The relevance of a constant or reproducible filling
status of the rectum and/or the bladder has not been of
major concern for decades. In 2005 De Crevoisier pub-
lished a landmark study of an increased risk of biochem-
ical relapse after prostate radiotherapy if the rectum had
been distended (filled) during planning CT. The authors
found on multivariate analysis that rectal distension was an
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independent risk factor for biochemical failure with a
hazard ratio of 3.89 (95 % C.I. 1.58–9.56, p = 0.003) (de
Crevoisier et al. 2005). This was confirmed in a subgroup
analysis of the Dutch dose escalation trial. The authors
found an increased risk of failure in patients with a 25 %
risk of seminal vesicle involvement and a risk of geo-
metric miss defined by anorectal volume [90 cm3 and
symptoms of diarrhea at least 25 % of the treatment time
(Heemsbergen et al. 2007).

Results from these studies provide evidence that an
empty rectum during planning CT provides improved
biochemical control in patients undergoing definitive
radiotherapy for prostate cancer. This involves only patients
who are treated with conventional verification techniques,
e. g. offline correction-protocols. In case of image guided
radiotherapy the risk of a geographic miss is reduced sub-
stantially because the image guidance positions the prostate
irrespective of the distension of the rectum.

The relevance of patient instructions with regard to
constant filling status of the rectum and bladder was
explored in a study to evaluate whether this patient
preparation yields an improvement of target stability. The
authors where able to demonstrate that with proper
patient instructions the calculated CTV-PTV margins
would be as low as with image guided radiotherapy (Graf
et al. 2012).

In summary CTV-PTV margins must be adapted to the
type of patient set-up verification and the frequency of these
verifications. With regard to treatment precision in prostate
cancer radiotherapy radiation oncologists may select from a
variety of verification options, namely implanted fiducial
markers or electronic devices, cone beam or MV-CT or
ultrasound However, these procedures are not yet available
throughout the radiotherapy community.

The significance of bladder and rectal filling status is
important and may help to reduce deviations in position and
shape of the prostate.
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LR left–right; SI superior–inferior; AP anterior–posterior; adapted from (Graf et al. 2009)

38 D. Böhmer
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Abstract

Recent developments in external beam radiotherapy for
prostate cancer (dose escalation, hypo fractionation)
require more accurate treatment delivery. This chapter
summarizes the value of external patient positioning
devices as well as diets to reduce prostate position
variability.

1 Introduction

The practice of external beam radiotherapy (EBRT) for
localized prostate cancer has undergone substantial changes
in the recent years. Several prospective trials consistently
demonstrated improved biochemical control after treatment
with escalated irradiation doses of 74–78 Gy. Studies with
long-term follow-up suggest that this improved biochemical
control transfers into improved freedom from distant
metastases (Zelefsky et al. 2011) and cancer-specific sur-
vival (Kuban et al. 2011). The low alpha/beta ratio of
prostate cancer was confirmed in a recent study based on
almost 6,000 patients and was independent of the risk
stratification and treatment with androgen deprivation
(Miralbell et al. 2012). This further supports evaluation of
hypo-fractionated protocol and early results are promising
(Arcangeli et al. 2012; Dearnaley et al. 2012). The role of
prophylactic pelvic irradiation remains controversial after
two randomized trials. However, despite the lack of high-
level evidence, pelvic irradiation is practiced by many
centers based on surgical practice of extended lymph node
dissection and experiences from other cancer types (Mor-
ikawa and Roach 2011), where prophylactic lymph node
irradiation is standard of care.

All these recent developments—escalation of the irra-
diation dose, hypo-fractionation and pelvic irradiation—
bear the risk of increased rates of toxicity. As a conse-
quence, an improved accuracy of external beam radiother-
apy (EBRT) is warranted to counterbalance all these
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potential detrimental effects. In principle, two technological
strategies are currently explored in EBRT of prostate can-
cer: (1) reduction of inter-fractional and intra-fractional
target position uncertainties to subsequently reduce safety
margins and improve sparing of critical Organs-At-Risk
(OAR); (2) improved conformity of the irradiation doses to
the complex shaped target volumes in prostate cancer to
minimize incidental irradiation of OARs.

2 Patient Positioning and External Patient
Immobilization

Four randomized trials have been conducted, all addressing
the issue of patient positioning and immobilization in
prostate cancer.

Nuttling et al. (2000) compared a ‘‘conventional treat-
ment position’’ (supine with a foam head pad and the ankles
immobilized in ankle stocks) and an immobilization system,
where a customized cushion supported the pelvis from the
iliac crest to the upper thigh; a foam head pad and ankle
stocks were used in analogy to conventional positioning.
Thirty patients were randomly assigned to these two posi-
tioning systems and patient setup errors detected in elec-
tronic portal images (EPI) were the primary endpoints of
this study. Based on a total of 1,600 EPIs, no statistically
significant difference in systematic and random patient
positioning errors were detected. Radiographers reported
that patients found the immobilization device more com-
fortable, but when using the immobilization device, they
noticed greater difficulty in patient positioning and align-
ment to skin tattoos. Based on the results of this study, the
authors stopped the use of the immobilization device in
their clinical practice.

Kneebone et al. (2003) randomly assigned 100 prostate
or bladder cancer patients to either prone positioning with
no immobilization devices or prone positioning using a
customized Uvex cast of the pelvis as well as ankle- and
shoulder-stabilizing devices. Patient setup errors based on
the pelvic bony structures were evaluated in weekly
acquired EPIs. The more rigid immobilization method sig-
nificantly decreased setup error uncertainties: major devia-
tions [10 mm were reduced from 31 to 11 %. Systematic
errors especially in anterior-posterior direction were
reduced by the more rigid immobilization (from 2.4 to
0.8 mm). No differences in patient comfort and total treat-
ment time were reported between the two positioning
procedures.

Bayley et al. (2004) asked the important question of
supine versus prone patient positioning in prostate cancer.
Twenty eight patients acted as their own controls: they were
randomly assigned to start treatment in either supine position

(immobilization in a customized Vac-Loc) or prone position
(immobilization in a customized Hip-Fix); after midpoint of
the irradiation course, treatment was re-planned and finished
in the other position. In contrast to the previous two studies,
prostate motion was analyzed via lateral EPIs of prostate
implanted fiducial markers. The study clearly demonstrated
that prostate motion in the anterior-posterior direction was
significantly smaller in the supine position. Larger safety
margins were required in prone position to account for this
increased prostate motion, which then resulted in increased
dose exposure of the OARs bladder, small bowel and rec-
tum. Additionally, supine position was significantly more
comfortable for the patients and setup was significantly
easier for the radiation therapists.

Rosewall et al. (2008) evaluated inter- and intra-fraction
prostate motion in a standard VacLok immobilization
device or in the BodyFix system incorporating an abdomi-
nal compression element, which may reduce abdominal
movement. Prostate motion was analyzed via daily pre and
posttreatment assessment of prostate implanted markers in
EPIs. In summary, immobilization in the BodyFix system
with abdominal compression did not influence inter-frac-
tional or inter-fractional prostate motion compared to a
standard VacLok.

These four studies suggest that patients should be treated
in supine position: advantages are reduced intra-fractional
prostate motion, best patient comfort, and simultaneously
easiest patient setup by the RTTs. No clear advantage of
more advanced immobilization devices compared to a
standard knee and ankle support could be demonstrated.

A potential benefit of any external patient positioning or
immobilization device is limited by internal prostate motion
independently from the bony anatomy of the pelvis.
O’Daniel et al. (2006) calculated safety margins for patient
setup based on skin marks and based on bone anatomy:
prostate position errors were evaluated in CT re-simulations
acquired 3 times per week. Safety margins calculated with
the van Herk formula were 12.2 and 10.4 mm in anterior-
posterior direction with the skin marks alignment and bone
alignment technique, respectively. Similar results were
reported by Beltran et al. (2008) in 40 prostate cancer
patients: safety margins for compensation of inter-fractional
prostate position errors were 9.8 and 10.7 mm for tattoo
alignment and bone alignment, respectively.

All these results show limited value of external patient
positioning and immobilization devices and clearly indicate
the need for image guidance with direct verification of the
prostate position to improve the accuracy of EBRT delivery.

Steenbakkers et al. (2004) however conducted an inter-
esting study where supine patient positioning was evaluated
with either legs flat on the treatment couch or with a knee
support. The study was conducted in 10 male volunteers
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with MRI scans in the different treatment positions. The
knee support shifted both the rectum and prostate dorsally
but the shift was larger for the rectum resulting in an
increased distance between the target and the OAR. This
reduced dose exposure of the rectum.

The study by Steenbakkers et al. also demonstrated the
impact of external patient positioning on the internal posi-
tion and geometry of the target and OARs. Even in the era
of IGRT, patient positioning should therefore be performed
with care to avoid complex changes of the patient’s anat-
omy, which cannot be corrected with a single couch shift.

3 Internal Prostate Immobilization
Strategies

This chapter will not discuss active internal prostate
immobilization strategies like the endorectal balloon, which
will be addressed in another section of the book (‘‘Internal
immobilization—from rectal balloon to hyaluronic acid’’).

Diets and/or anti-flatulent medications have been ana-
lyzed by several groups: it is the hypothesis that diets and/or
magnesia laxatives achieve a more regular bowel motion
and reduce rectal gas and thereby reduce inter-fractional
and intra-fractional prostate motion.

Initial promising results were reported by Smitsmans
et al. (2008), where feces and (moving) gas occurrence in
the cone-beam CT (CBCT) scans, the success rate of
automatic software-based CT—CBCT image registration,
and the statistics of prostate motion were assessed. A die-
tary protocol combined with magnesium oxide tablets was
practiced in 26 patients and compared to a reference cohort
of 23 patients without these interventions. Feces, gas, and
moving gas was significantly decreased in the diet group,
which also improved the feasibility of CBCT-based image
guidance. However, inter-fractional prostate motion was not
influenced by dietary intervention.

Further studies failed to demonstrate a reduction of inter-
fractional (Lips et al. 2011; McNair et al. 2011) or intra-
fractional (Nichol et al. 2010) prostate motion by diets and/
or magnesia laxative. The largest study by Lips et al. (2011)
evaluated dietary guidelines to obtain regular bowel
movements and to reduce intestinal gas by avoiding certain
foods and air swallowing. Intra-fractional prostate motion
was assessed in 739 patients treated without the diet and
105 patients were treated with radiotherapy after introduc-
tion of the diet. No data about the compliance of the patients
were available. Contrary to the hypothesis of the study, the
median intra-fraction prostate motion per patient was
increased after the introduction of the diet from 2.5 to
3.0 mm with the diet; the percentage of patients with clin-
ically relevant intra-fraction motion increased significantly
from 19.1 % without diet to 42.9 % with diet.

The same group of Lips et al. (Abdollah et al. 2012)
conducted a double-blind placebo-controlled randomized
clinical trial with magnesium oxide to reduce intra-fraction
prostate motion. Ninety two patients were randomly
assigned to either magnesium oxide (500 mg twice a day) or
placebo during the course of radiotherapy. The primary
outcome was intra-fraction prostate motion and quality of
life and acute toxicity were secondary outcome measures.
Intra-fractional prostate motion (treatment time 5–7 min)
was assessed daily via imaging of implanted fiducial mark-
ers. The results confirmed previous retrospective studies:
none of the primary or secondary endpoints showed a sig-
nificant difference between the two study arms and the
authors therefore concluded that there is no indication to use
magnesium oxide in clinical practice. Again, the authors
discussed either non-compliance or inefficacy of the mag-
nesium oxide as reasons for the negative results of this study.

4 Conclusions

In conclusion, internal motion of the prostate independently
of the pelvic bones is the major component of prostate
position uncertainties. This issue cannot be addressed with
rigid external positioning and immobilization devices. The
current literature therefore suggests supine patient posi-
tioning with a knee and ankle support for improved patient
comfort and reproducible patient setup by the RTTs. Diets
and/or anti-flatulent medications did not result in decreased
inter-fractional or intra-fractional prostate motion and can-
not be recommended for routine clinical practice. However,
even in the era of IGRT, patient positioning should be
performed with care to avoid complex changes of the
patients’ internal anatomy.

References

Abdollah F, Suardi N, Cozzarini C, Gallina A, Capitanio U, Bianchi
M, Sun M, Fossati N, Passoni NM, Fiorino C et al (2012) Selecting
the optimal candidate for adjuvant radiotherapy after radical
prostatectomy for prostate cancer: a long-term survival analysis.
Eur Urol 63(6):998–1008

Arcangeli S, Strigari L, Gomellini S, Saracino B, Petrongari MG,
Pinnaro P, Pinzi V, Arcangeli G (2012) Updated results and
patterns of failure in a randomized hypofractionation trial for high-
risk prostate cancer. Int J Radiat Oncol Biol Phys 84(5):1172–1178

Bayley AJ, Catton CN, Haycocks T, Kelly V, Alasti H, Bristow R,
Catton P, Crook J, Gospodarowicz MK, McLean M et al (2004) A
randomized trial of supine vs. prone positioning in patients
undergoing escalated dose conformal radiotherapy for prostate
cancer. Radiot Oncol J Eur Soc Ther Radiol Oncol 70(1):37–44

Beltran C, Herman MG, Davis BJ (2008) Planning target margin
calculations for prostate radiotherapy based on intrafraction and
interfraction motion using four localization methods. Int J Radiat
Oncol Biol Phys 70(1):289–295

Value of Patient Immobilization in External Beam Radiotherapy for Prostate Cancer 43



Dearnaley D, Syndikus I, Sumo G, Bidmead M, Bloomfield D, Clark
C, Gao A, Hassan S, Horwich A, Huddart R et al (2012)
Conventional versus hypofractionated high-dose intensity-modu-
lated radiotherapy for prostate cancer: preliminary safety results
from the CHHiP randomised controlled trial. Lancet Oncol
13(1):43–54

Kneebone A, Gebski V, Hogendoorn N, Turner S (2003) A random-
ized trial evaluating rigid immobilization for pelvic irradiation. Int
J Radiat Oncol Biol Phys 56(4):1105–1111

Kuban DA, Levy LB, Cheung MR, Lee AK, Choi S, Frank S, Pollack
A (2011) Long-term failure patterns and survival in a randomized
dose-escalation trial for prostate cancer. Who dies of disease? Int J
Radiat Oncol Biol Phys 79(5):1310–1317

Lips IM, Kotte AN, van Gils CH, van Leerdam ME, van der Heide
UA, van Vulpen M (2011) Influence of antiflatulent dietary advice
on intrafraction motion for prostate cancer radiotherapy. Int J
Radiat Oncol Biol Phys 81(4):e401–e406

McNair HA, Wedlake L, McVey GP, Thomas K, Andreyev J,
Dearnaley DP (2011) Can diet combined with treatment scheduling
achieve consistency of rectal filling in patients receiving radio-
therapy to the prostate? Radiot Oncol 101(3):471–478

Miralbell R, Roberts SA, Zubizarreta E, Hendry JH (2012) Dose-
fractionation sensitivity of prostate cancer deduced from radio-
therapy outcomes of 5,969 patients in seven international institu-
tional datasets: alpha/beta = 1.4 (0.9-2.2) Gy. Int J Radiat Oncol
Biol Phys 82(1):e17–e24

Morikawa LK, Roach M 3rd (2011) Pelvic nodal radiotherapy in
patients with unfavorable intermediate and high-risk prostate
cancer: evidence, rationale, and future directions. Int J Radiat
Oncol Biol Phys 80(1):6–16

Nichol AM, Warde PR, Lockwood GA, Kirilova AK, Bayley A,
Bristow R, Crook J, Gospodarowicz M, McLean M, Milosevic M

et al (2010) A cinematic magnetic resonance imaging study of milk
of magnesia laxative and an antiflatulent diet to reduce intrafraction
prostate motion. Int J Radiat Oncol Biol Phys 77(4):1072–1078

Nutting CM, Khoo VS, Walker V, McNair H, Beardmore C, Norman
A, Dearnaley DP (2000) A randomized study of the use of a
customized immobilization system in the treatment of prostate
cancer with conformal radiotherapy. Radiot Oncol J Eur Soc Ther
Radiol Oncol 54(1):1–9

O’Daniel JC, Dong L, Zhang L, de Crevoisier R, Wang H, Lee AK,
Cheung R, Tucker SL, Kudchadker RJ, Bonnen MD et al (2006)
Dosimetric comparison of four target alignment methods for
prostate cancer radiotherapy. Int J Radiat Oncol Biol Phys
66(3):883–891

Rosewall T, Chung P, Bayley A, Lockwood G, Alasti H, Bristow R,
Kong V, Milosevic M, Catton C (2008) A randomized comparison
of interfraction and intrafraction prostate motion with and without
abdominal compression. Radiot Oncol J Eur Soc Ther Radiol
Oncol 88(1):88–94

Smitsmans MH, Pos FJ, de Bois J, Heemsbergen WD, Sonke JJ,
Lebesque JV, van Herk M (2008) The influence of a dietary
protocol on cone beam CT-guided radiotherapy for prostate cancer
patients. Int J Radiat Oncol Biol Phys 71(4):1279–1286

Steenbakkers RJ, Duppen JC, Betgen A, Lotz HT, Remeijer P, Fitton I,
Nowak PJ, van Herk M, Rasch CR (2004) Impact of knee support
and shape of tabletop on rectum and prostate position. Int J Radiat
Oncol Biol Phys 60(5):1364–1372

Zelefsky MJ, Pei X, Chou JF, Schechter M, Kollmeier M, Cox B,
Yamada Y, Fidaleo A, Sperling D, Happersett L et al (2011) Dose
escalation for prostate cancer radiotherapy: predictors of long-term
biochemical tumor control and distant metastases-free survival
outcomes. Eur Urol 60(6):1133–1139

44 M. Guckenberger



Internal Immobilization: From Rectal Balloon
to Hyaluronic Acid

Gregor Goldner

Contents

1 Introduction .......................................................................... 45

2 Endorectal Balloon .............................................................. 45
2.1 Products.................................................................................. 46
2.2 Application and Patient’s Tolerance..................................... 46
2.3 Immobilization....................................................................... 46
2.4 Reproducibility ...................................................................... 47
2.5 Radioprotection of the Rectum/Rectal Wall ........................ 47
2.6 Impact on Rectal Toxicity .................................................... 48
2.7 Summary ................................................................................ 48

3 Rectal Spacer: Hyaluronic Acid (HA), Space OAR Gel,
Biodegradable Balloon ........................................................ 48

3.1 Products.................................................................................. 48
3.2 Application............................................................................. 49
3.3 Reproducibility/Stability and Radioprotection

of the Rectum/Rectal Wall.................................................... 49
3.4 Summary ................................................................................ 50

References ...................................................................................... 50

Abstract

Within the last decades, numerous adoptions in prostate
cancer radiotherapy were implemented. Advanced tech-
niques such as image-guided radiotherapy and (volu-
metric) intensity-modulated radiotherapy (VMAT/
IMRT) allowed to escalate dose resulting in local doses
applied of *80 Gy and more. However, dose escalation
is limited by toxicity of normal tissues, especially
anorectal toxicity and as a consequence various efforts
to protect the rectum such as the use of an endorectal
balloon or injection/insertion of a rectal spacer (hyalu-
ronic acid, gel, biodegradable balloon) are performed.

1 Introduction

Within the last decades, numerous adoptions in prostate
cancer radiotherapy were implemented. Advanced tech-
niques such as image-guided radiotherapy and (volumetric)
intensity-modulated radiotherapy (VMAT/IMRT) allowed
to escalate dose resulting in local doses applied of *80 Gy
and more. However, dose escalation is limited by toxicity of
normal tissues, especially anorectal toxicity and as a con-
sequence various efforts to protect the rectum such as the
use of an endorectal balloon or injection/insertion of a rectal
spacer (hyaluronic acid, gel, biodegradable balloon) are
performed.

2 Endorectal Balloon

Endorectal balloons (erB) are applied in external prostate
radiotherapy since many years resulting in numerous arti-
cles addressing its issue. Smeenk et al. recently published a
systematic review on the role of erB in prostate cancer
radiotherapy (Smeenk et al. 2010). The main goal is to
achieve immobilization of the prostate by reducing intra-
fractional and interfractional motion. Furthermore, due to
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distension of the rectum, the dose at the posterior rectal wall
might be minimized; in addition radioprotection is dis-
cussed due to stretching of the rectal wall leading to
hypoxia and due to lower dose at the air–rectum interface.
However patients’ tolerance, daily application, and repro-
ducibility of position, impact on toxicity are topics being
discussed.

2.1 Products

• Nordmann�, Rüsch AG, Germany (Fig. 1): is made of
rubber coated by silkolatex, filled with 40–60 cc of air
resulting in a diameter up to 4 cm. The balloon is 5 cm
long and fixed on a 30 cm rectal tube

• QLrad B.V.�, Netherland: is made of silicon, filled with
80 cc of air resulting in a diameter up to 6 cm. The
balloon is 3 cm long and fixed on a 20 cm shaft with
stopper

• E-Z-EM�, USA: is made of silicon, filled with 60–100 cc
of air resulting in a diameter of up to 6 cm. The balloon is
4–5 cm long and fixed on a 15 cm shaft

• Medrad�, USA: is made of latex, filled with 60–100 cc of
air resulting in a diameter up to 4 cm. The balloon is
9 cm long and fixed on a 33 cm shaft.

2.2 Application and Patient’s Tolerance

The erB is enveloped with a condom sheath and the condom
is lubricated, the ensheathed erB is carefully inserted into
the anorectum and then inflated with air for the daily
treatment. In case of proton therapy the balloon is filled
with water. The balloon catheter is then pulled back, such
that the balloon seats itself against the anorectal junction to

ensure reproducible position and, in case a stopper is
available, the stopper is adjusted. To minimize patients
discomfort during erB application local anaestetic gel might
be used. After radiotherapy is finished the erB is deflated
and gently removed. The whole workload needs about
2–3 min setup time (Van Lin et al. 2005; Patel et al. 2003)
per fractionation.

Within an Austrian–German multicenter trial, patients
acceptance of the erB was analyzed in 429 patients. No
major complaints were reported in 79 % of the patients and
erB application had to be stopped due to pain in 4 % of
patients only. Patients reporting acute rectal side effects
experienced significantly more erB discomfort (Goldner
et al. 2006). In another study, the number of treatments in
which the erB was tolerated was recorded. 3,561 patients
received proton irradiation of the prostate and seminal
vesicles with or without X-ray treatment of the pelvis. Only
2.4 % of patients refused the erB for 1 or more treatments.
A significant tolerance advantage (99.5 % vs. 95.7 %.) in
those who received protons alone (= local) compared with
combination treatment (local ? pelvic) could be detected
(Ronson et al. 2006).

2.3 Immobilization

It is expected that erBs reduce intrafraction and interfraction
motion of the prostate and as a consequence CTV—PTV
margins might be minimized. Intrafraction motion was
investigated by (Wang et al. 2012) measuring real-time
prostate motion in 29 non-erB patients and 30 erB patients.
Large motion up to 1 cm was only detected in the non-erB
group. Prostate motion increased as a function of treatment
time for displacements [2–8 mm for the non-erB group
and [2–4 mm for the erB-group. The symmetrical internal
margin could be reduced from 5 to 3 mm for 6 min treat-
ment time and beyond 6 min treatment time this margin
could be reduced from 9 to 5 mm. They concluded that the
erB reduced internal margin in almost all directions, espe-
cially in the anterior-posterior direction. Likewise (Smeenk
et al. 2012) observed a significant treatment time-related
reduction of intrafraction motion with the erB. Prostate
motion for 15 patients with erB was tracked in real time
using an electronic tracking system and compared to 15
patients without erB. Within the first 2.5 min prostate dis-
placements were negligible. After 10-min treatment time,
intrafraction motion of [5 and [7 mm was found in 0.7
and 0.3 % in the erB-group compared to 4.6 and 1.4 % in
the non-erB-group. Again the largest reduction of dis-
placement was found in the anterior-posterior direction.
Analyzing repeated CT-images with one minute intervals
(D’Amico et al. 2001) found a reduced maximum prostate
displacement in any direction from 4 to B1 mm by the use

Fig. 1 Endorectal balloon filled with 40 ml air (left) and deflated
(right)

46 G. Goldner



of a erB. With regard to interfractional motion Wachter
et al. (2002) were able to demonstrate that maximum dis-
placements of the prostate larger than 5 mm in the anterior-
posterior direction was reduced from 80 to 20 % by the use
of an erB. However, other studies were not able to confirm
that interfraction motion can be reduced by the application
of an erB (Van Lin et al. 2005; El-Bassiouni et al. 2006).
Van Lin et al. (2005) found no differences in systematic and
random prostate motion and concluded that erB application
did not reduce interfraction prostate motion.

2.4 Reproducibility

Several reports addressed the question of the reproducibility
of the erB position and its impact on the dose distribution
within the treatment volume as well as the organs at risk.
During radiation therapy for the treatment of prostate cancer
erB position and the impact position interventions was
investigated. Manual adjustment of the erB based on
information of cone-beam CT resulted in increased dose
coverage (D95) from 94 to 98 % and increased the simi-
larity in shape of the prostate to the radiotherapy plan (Jones
et al. 2012). The authors concluded that image-guided
interventions in erB volume and/or position during prostate
radiotherapy are necessary to ensure the delivery of the dose
distribution as planned (Jones et al. 2012). High variations
in erB position are found mainly in the superior—inferior
direction (Ahmad et al. 2005; Ciernik et al. 2003). Using an
erB with a stopper on the shaft might minimize this setup
variations. Due to potential setup variations reduced dose at
the prostate and or seminal vesicles might be caused. Image
guidance (Cone-beam CT or portal imaging verification)
should be performed to verify and if necessary adjust erB
position. In case erB application has to be stopped a new
treatment plan has to be performed.

2.5 Radioprotection of the Rectum/Rectal
Wall

Beside immobilization the erB might as well serve for
radioprotection of the rectum. Within external beam
radiotherapy, dose reduction up to 15 % at 1–2 mm depth
might be produced due to the tissue–air interface (The et al.
2005, 2002) and as a consequence dose at the rectal wall
might decrease. (Van Lin et al. 2007) were able to dem-
onstrate that the rectal mucosal regions receiving a dos-
e [40 Gy showed less severe teleangiectasia when an erB
was applied. This might be caused due to the tissue–air
interface and/or due to hypoxia within the rectal wall caused
by stretching and therefore resulting in radioresistance. The
dosimetric consequences and rectal wall sparing effect of an

erB in prostate cancer radiotherapy was investigated in
several studies. The anterior part of the rectal wall, adjacent
the peripheral zone of the prostate, will inevitably be in the
high-dose region due to the safety margin needed regardless
of treatment technique. However due to distension of the
rectum, at least the posterior part of the rectal wall can be
pushed away from the prostate and the high-dose region
(Figs. 2, 3). A comparative study of three types of erBs was
performed by van (Van Lin et al. 2005). A significant
reduction of rectal wall volumes exposed to [50 Gy
and [70 Gy could be detected with all types of erBs in case
of 3D-CRT (four-field-box technique). The larger the vol-
ume of the balloon, the more reduction of rectal wall
exposure could be achieved. However, in case of the use of
IMRT technique no significant difference could be detected.
A significant reduction of relative rectal wall volume at the
posterior wall could also be detected by Wachter et al. using
a 40 cc air filled balloon (Wachter et al. 2002) within

Fig. 2 Treatment plan: IMRT with endorectal balloon

Fig. 3 Treatment plan: four-field box technique with endorectal
balloon
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patients treated by a four-field box technique for localized
prostate cancer. Whereas, no statistically significant differ-
ence was observed at the anterior rectum wall, and in case
the PTV included also the seminal vesicles the advantage of
posterior rectal wall sparing was lost. Using a 60 cc air
filled balloon, a significant reduction of rectal wall volume
exposed to [60 Gy was also found by Patel et al. including
the seminal vesicles into the CTV (Patel et al. 2003). Patel
et al. analyzed dose-volume histograms with an inflated or
deflated balloon with both three-dimensional (3D)-confor-
mal and intensity-modulated radiation therapy. The erB
resulted in a mean fractional high-dose rectal sparing of
39 %. In addition they could demonstrate that the use of an
erB with a 3D-CRT plan produced about as much rectal
dose sparing as an image-guided IMRT plan without a
balloon, and inclusion of a balloon with IMRT produced
further rectal sparing (treatment plans with an erB in place
are shown in Figs. 2, 3).

2.6 Impact on Rectal Toxicity

Only one comparative study evaluating the impact of erB in
regard of toxicity has been performed until now. Analyzing
toxicity rates and endoscopic verified mucosal changes of
the rectum (Van Lin et al. 2007) compared 24 patients with
erB to 24 patients without erB within a prospective study
treating patients up to 67,5 Gy. The acute urinary and rectal
side effects were similar for the erB and non-erB group.
Late urinary toxicity in both groups was mild with no
Grade C3 and was comparable for both groups. Late rectal
toxicity (Grade C1) was significantly higher for the non-
erB group (5/24 vs 14/24 patients; p = 0.003) and rectal
bleeding was detected in 13 % in the erB group compared
to 33 % in the non-erB group (p = 0.17). A total of 146
endoscopies and 2,336 mucosal areas were investigated.
Significantly, less high-grade telangiectasia was observed in
the erB group at the lateral and posterior part of the rectal
wall. However, Van Lin et al. concluded that longer follow-
up and more comparative studies are necessary.

Toxicity data on dose escalation for localized prostate
cancer patients compared 66–70 Gy and 74 Gy within one
single institution. All patients were treated by four-field box
technique using an erB. Including a total of 398 patients
they reported on low rates of grade 3 rectal and urogenital
toxicity (1, 5 and 3, 3 %) after a median follow-up of
64 months (Goldner et al. 2009). The same group reported
on 178 primary prostate cancer patients treated within an
Austrian–German multicenter trial by three-dimensional
radiotherapy up to a local dose of 70 Gy or 74 Gy using an
erB. After a median follow-up of 74 months the 5-year

actuarial incidence rates for GI/GU grade C2 side effects
were 19 and 23 % (Schmid et al. 2012).

2.7 Summary

The erB is used within daily prostate cancer radiotherapy in
various departments. Intrafractional prostate motion seems
to be reduced by the use of an erB. With regard to inter-
fractional prostate motion not all reports were able to con-
firm a displacement reduction. However, position
verification and correction protocols have still to be per-
formed to avoid large variations. Radioprotection is dis-
cussed due to distension of the rectum, due to stretching of
the rectal wall leading to hypoxia and due to the tissue–air
interface. Endorectal balloons may therefore lead to
reduced rectal toxicity. But further clinical comparative
studies are necessary to confirm this hypothesis.

3 Rectal Spacer: Hyaluronic Acid (HA),
Space OAR Gel, Biodegradable Balloon

Within the last years, different tools have been tested and
implemented to reduce radiation of the rectum by increasing
the spatial separation toward the prostate in order to reduce
radiation dose even at the anterior rectal wall and as a
consequence rectal toxicity. Morancy et al. reported within
a small pilot study including three patients about injection
of patient’s blood between the rectum and the prostate.
However, only moderate separation was achieved and sta-
bility of distance lasted just for one week (Morancy et al.
2008). Hyaluronic acid, Space OAR gel, or biodegradable
balloons are used to create a longer lasting protective dis-
tance to the rectal wall resulting in lower doses applied
during the whole treatment course within external radio-
therapy. The number of reports is limited but steadily rising.
Most of these articles are dealing about applicability, sta-
bility, reduction of rectal dose-volume exposure, and impact
on acute toxicity.

3.1 Products

• Space OARTM System, Augmenix, USA: is a polyethyl-
ene glycol based gel consisting of two components which
are simultaneously injected and then polymerize within
10 s into a soft hydrogel.

• Hyaluronic Acid, Hyalgan, Sanofi Aventis USA/Synvisc
Genzyme Corporation, USA: is a modified degradable
polysaccharide.
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• ProSpace� (BioProtect Ltd, Israel) is a biodegradable and
inflatable interstitial balloon made of a polymer called
poly (lactide-co-ecaprolactone).

3.2 Application

The application has to be performed under local, spinal, or
light general anesthesia into the perirectal space between
Denonvilliers fascia and the anterior rectal wall under
transrectal ultrasound (TRUS) guidance in lithotomy posi-
tion. Care has to be taken to avoid injection into the rectal
wall. A needle is advanced transperineally and following
hydrodissection with a saline solution the gel is injected. In
case of hydrogel application procedure is limited by the
short time of chemical reaction of the two components. In
case a biodegradable balloon is used ,an introducer is placed
and 5–10 cc saline is injected to create space for subsequent
balloon inflation. The inflated balloon might be deflated and
replaced if misspositioned.

3.3 Reproducibility/Stability
and Radioprotection of the Rectum/
Rectal Wall

Clinical reports about the biodegradable balloon are limited
so far (Kovacs et al. 2010; Levy et al. 2009; Melchert et al.
2013). Levy et al. (2009) reported about the proper func-
tionality of the insertion-mounting device as well as the
balloon capability to retain its inflated form. Within a
multicenter study Melchert et al. were able to demonstrate a
remarkable reduction of rectal volume exposed to higher
radiation dose comparing dose-volume histograms prior and
after insertion of the biodegradable balloon in 26 patients
(Melchert et al. 2013).

Already in 2007 (Prada et al. 2009) reported on 27
patients receiving external and HDR-brachytherapy boost.
Before the second HDR fraction 6 mL of hyaluronic acid
(HA) was injected under TRUS guidance in the perirectal
fat creating a space between the rectum and prostate of
2.0 cm. For the HDR boost dose of 1150 cGy, the mean
Dmax at the rectum was reduced from 708 to 507 cGy
(p\0.001). The hyaluronic acid did not migrate or change in
mass/shape for close to 1 year. In 2009 the same group
compared 36 prostate cancer patients receiving permanent
interstitial brachytherapy with HA to 33 patients without
(Prada et al. 2009). After a median follow-up of 18 months
5 % of patients with HA vs 36 % of patients without
showed endoscopic verified rectal mucosal changes, and
rectal bleeding was found in 0 vs 12 % of patients.
Recently, the same group reported on 40 patients receiving
HDR-monotherapy with 19 Gy after transperineal HA

injection experiencing no acute toxicity Grade C2 was
observed (Prada et al. 2012).

Wilder et al. (2010) measured in 10 patients the anter-
oposterior dimensions of cross-linked hyaluronan gel during
high-dose rate brachytherapy (22 Gy) combined with
intensity-modulated radiation therapy (50, 4 Gy). The mean
distance at the start was 13 mm compared to 10 mm at the
end. None of the 10 patients reported acute diarrhea
according to the National Cancer Institute Common Ter-
minology Criteria for Adverse Events (NCI CTCAE v 3.0.)
Whereas, a control group of 239 patients receiving the same
treatment without rectal spacer reported 2.5 % Grade C2
acute diarrhea. The mean rectal IMRT doses per fraction
were reduced from 1.05 to 0.74 Gy with hyalform (Wilder
et al. 2011).

Hatiboglu et al. (2012) analyzed 27 patients receiving
hydrogel injection with regard to space creation, stability of
spacer, duration of procedure, and reduction of rectal dose
for prostate cancer patients receiving IMRT up to 78 Gy.
Before hydrogel insertion the mean space between prostate
and rectum was about 5 mm compared to about 15 mm
after insertion, resulting in a space creation of 10 mm. The
hydrogel stayed stable for 3 months and was absorbed after
6 months. The injection procedure time from TRUS inser-
tion to removal was 16 min. The mean rectal V70 was
reduced from 14.6 to 5.8 %. Evaluating 15 patients (Pink-
awa et al. 2013) found a stable distance between the pros-
tate and anterior rectal wall during the radiotherapy course
(before/end) after injection of the hydrogel spacer with a
mean distance of 1.6/1.5 cm at the base; 1.2/1.3 cm in the
middle and 1.0/1.1 cm at the apex. Furthermore, dosimetric
comparisons based on CT scans prior and after injection of
hydrogel were also performed by Pinkawa et al. (2011)
treating 18 patients up to 78 Gy. Regardless of treatment
technique (3D-CRT four-field technique or IMRT), a sig-
nificant reduction of rectal dose could be achieved. Relative
rectum volumes within the 50–76 Gy isodoses were
reduced by 30–67 % in 3D-CRT and by 22–89 % in IMRT
treatment plans, respectively.

The impact of such spacer with regard to quality of life
was analyzed in two papers. (Pinkawa et al. 2012) per-
formed a match pair comparison of patients treated by either
3D conformal radiotherapy (70.2 Gy) alone, intensity-
modulated radiotherapy (76 Gy) alone, or hydrogel spacer
with intensity-modulated radiotherapy (76–78 Gy) with 28
patients in each subgroup. Using a validated questionnaire
(Expanded Prostate Cancer Index Composite) patients were
surveyed before, at the last day and 2–3 months after
radiotherapy. Bowel bother scores were only significantly
different in comparison to baseline levels in the spacer
group. However more patients in the spacer group were
bothered by uncontrolled bowel movements, which might
be caused due to irritation of the anal sphincter. (Wilder
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et al. 2011) were able to demonstrate decreased bowel
bother scores in patients receiving hyalform spacer in 35
patients receiving intensity-modulated radiotherapy and
high-dose rate brachytherapy compared to a control group
of 5 patients without hyalform. Within a multi-institutional
phase II trial 52 patients received IMRT (78 Gy) after
injection of an absorbable hydrogel (Uhl et al. 2013). The
authors reported that 12 % of the patients (6/48) had acute
Grade 2 intestinal side effects. Within a first analysis
regarding ‘‘early’’ late toxicity after 12-month follow-up
none of the 27 evaluated patients suffered from [ grade 2
gastrointestinal side effects.

3.4 Summary

Absorbable spacers placed between the prostate and the
rectum prior to prostate cancer radiotherapy offer the pos-
sibility to reduce dose at the rectum. In contrast to the
endorectal balloon this reduction of dose is also involving
the anterior rectal wall. It could be demonstrated that these
spacers are sufficiently long stable to maintain the space
during the whole course of radiotherapy. Application has to
be performed under anesthesia due to its invasive character.
The aim of such spacer is to minimize rectal toxicity and/or
to escalate dose further. However, dose escalation is not
only limited by the rectum but also by other normal tissues
within or surrounding the PTV (e.g., urethra, bladder, and
anal sphincter). Patients receiving external radiotherapy
and/or brachytherapy showed favorable rectal dose-volume
parameters after implantation of such temporary spacers.
Acute rectal toxicity rates could be minimized however data
on late rectal toxicity have to follow.
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Abstract

Clinically relevant outcomes such as distant metastases
and death from prostate cancer do not occur for many
years after definitive treatment for localized prostate
cancer. In view of the long natural history of prostate
cancer, the identification and validation of surrogate
endpoints that can be measured earlier and correlate with
clinical progression or survival are of great utility in
clinical cancer research. With the introduction of prostate-
specific antigen (PSA) as a marker in the mid-1980s, PSA
has become an important tool for monitoring disease
progression following definitve treatment of localized
prostate cancer and the concept of ‘‘biochemical’’ recur-
rence, an event that precedes clinical recurrence by many
years, has been developed. Biochemical failure has
become widely accepted to evaluate the effectiveness of
definitive local therapies and is used for both research and
clinical purposes. Biochemical recurrence has been
investigated as a prognostic factor and as a potential
surrogate endpoint in different stages of disease; however,
on the basis of conflicting results from previous studies, a
consensus on the ability of biochemical failure to act as a
reliable surrogate endpoint for clinical progression and
survival has not yet been reached.

1 Definition of Biochemical Failure

Depending on the type of therapy, the level of PSA which
would be defined as indicating disease recurrence varies.
Many investigators have examined the appropriate defini-
tion of biochemical recurrence for clinical purposes and a
large number of different definitions of biochemical recur-
rence have been published (Cookson et al. 2007; Stephen-
son et al. 2006). However, strict definitions for biochemical
recurrence are necessary to identify men at risk for disease
progression and to allow comparisons among patients
treated similarly.
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1.1 Biochemical Recurrence After Radical
Prostatectomy

The most useful definition of biochemical recurrence pro-
vides a close correlation of biochemical recurrence with
clinical endpoints such as prostate cancer metastasis or
death from prostate cancer and should thus lead to a suitable
balance between early detection and treatment of prostate
cancer patients otherwise destined to experience clinical
disease progression (i.e., high sensitivity) and avoidance of
unnecessary treatment of men who would not develop dis-
ease recurrence (i.e., good specificity) (Cookson et al. 2007;
Nielsen and Partin 2007).

Following radical prostatectomy, the serum PSA level
should become undetectable within 6 weeks of surgery as its
source of production has been removed. Thus, a detectable
PSAfollowingradicalprostatectomyimplies residualprostate
tissue and most likely residual or recurrent prostate cancer.

Several cutpoints for determining PSA recurrence after
radical prostatectomy have been investigated (Freedland
et al. 2003). For patients with postoperative PSA levels
between 0.01 and 0.1 ng/mL, Freedland and colleagues have
shown that the risk of developing a PSA value higher than
0.1 ng/mL was 36 % at 1 year and 67 % at 3 years. Among
patients with postoperative PSA levels of 0.2–0.3 ng/mL,
the 1- and 3-year risks of additional PSA progression were
86 and 100 %, respectively. This led to their conclusion that
0.2 ng/mL represents the most reliable cutpoint to define
PSA recurrence after radical prostatectomy.

Incontrast,Amlingandcolleaguesfound3-yearratesofPSA
progressioninonly49 %ofpatientswithaPSAlevelof0.2 ng/
mL and a PSA progression rate of 72 % in patients with PSA
levels above 0.4 ng/mL (Amling et al. 2001). These findings
haveshownthatmenwithlowbutdetectablepostoperativePSA
values may not develop additional increases in PSA.

Stephenson and colleagues performed multivariate
regression analyses on a series of 10 candidate definitions of
biochemical failure after prostatectomy, testing their asso-
ciations with the subsequent development of distant metas-
tases (Stephenson et al. 2006). They demonstrated that a
PSA level of 0.4 ng/mL and rising after prostatectomy best
correlated with the development of distant metastases.

Given the high degree of variability that exists in the
prostate cancer literature, in 2007, the American Urological
Association (AUA) Prostate Cancer Guidelines Update
Panel has recommended a standard definition for bio-
chemical recurrence after radical prostatectomy based on a
literature review of studies published from 1991 to 2004.
Based on its clinical utility as a sensitive and portable
marker for disease recurrence, the Panel selected a value of
PSA for defining recurrence and recommended that bio-
chemical (PSA) recurrence following radical prostatectomy

should be defined as a serum PSA of C0.2 ng/mL, with a
second confirmatory level of PSA of C0.2 ng/mL. The first
postoperative PSA should be obtained between 6 weeks and
3 months following therapy (Cookson et al. 2007).

1.2 Biochemical Recurrence After
Radiotherapy

With radiation, the prostate remains intact and still produces
at least a small amount of PSA which can vary with con-
ditions such as prostatitis, the ‘‘bounce’’ phenomenon, gland
size, and length of time from treatment.

In a Consensus Conference sponsored by the American
Society for Therapeutic Radiology and Oncology (ASTRO)
in 1996 to establish a definition of biochemical failure after
external beam radiotherapy (EBRT), biochemical failure was
defined as three consecutive PSA rises after a nadir with the
date of failure as the point halfway between the nadir date and
the first rise or any rise great enough to prompt initiation of
secondary (salvage) treatment (American Society for Ther-
apeutic Radiology and Oncology Consensus Panel 1997).

Subsequent studies illuminated a number of fundamental
methodological limitations of this definition, and several
alternative candidate definitions of failure have been pre-
sented in the literature (Horwitz et al. 2005; Kuban et al.
2005). The Consensus Panel’s requirement for 3 consecu-
tive rises in PSA made the ASTRO definition highly sen-
sitive to the duration and frequency of follow-up. Indeed,
the Panel later recommended a minimum period of obser-
vation of 2 years, with PSA measurements quarterly for the
first 2 years and semi-annually thereafter. Furthermore, the
ASTRO definition was not linked to clinical progression or
survival and developed to address EBRT monotherapy only.
Another shortcoming was the potential for false positives
secondary to ‘‘benign PSA bounces’’.

In January 2005, a second Consensus Conference was
sponsored by ASTRO and the Radiation Therapy Oncology
Group (RTOG) in Phoenix, Arizona in order to address the
above-mentioned shortcomings of the ASTRO definition
including, most importantly, the lack of correlation with
clinical endpoints. The expert panel reviewed numerous
candidate definitions of failure using data from multiple
institutions in which patients were treated with brachyther-
apy and/or external beam radiation with or without hormonal
treatment, with priority on their specificity for predicting
subsequent clinical outcomes (local failure, distant failure,
initiation of hormonal therapy or PSA [25 ng/mL).

On the basis of this strategy, the panel recommended
definition of biochemical recurrence as ‘‘(1) a rise by 2 ng/mL
or more above the nadir PSA be considered the standard
definition for biochemical failure after EBRT with or without
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HT; (2) the date of failure be determined ‘‘at call’’ (not
backdated)’’ (Roach et al. 2006). Patients undergoing salvage
therapies such as androgen deprivation therapy, radical pro-
statectomy, brachytherapy, or cryosurgery not meeting these
PSA criteria for failure were also recommended to be
declared as failures at the time a positive biopsy is obtained or
salvage therapy is administered.

The panel also recommended that investigators be allowed
to use the ASTRO Consensus Definition after EBRT alone
(no hormonal therapy) with strict adherence to guidelines
including ‘‘adequate follow-up’’ but recommended the use of
the ASTRO consensus definition to be considered inappro-
priate when comparing patients treated with radiotherapy and
hormonal therapy to those treated without hormonal therapy.

2 Biochemical Recurrence as a Surrogate
Marker of Prostate Cancer Disease
Progression in Clinical Trials

Due to the long survival time of prostate cancer patients,
clinical trials of prostate cancer, especially those evaluating
treatments for clinically localized disease that are designed
with primary endpoints of overall or prostate cancer—
specific survival, require long follow-up periods. Biochem-
ical progression can be measured after a shorter follow-up
time. In recent years, an increasing number of randomized
clinical studies investigating modern local therapies for
localized prostate cancer has been reported using freedom
from biochemical failure as primary endpoint, however, data
on clinical outcomes or survival are limited.

2.1 Biochemical Recurrence After
Dose-Escalated Radiotherapy

A number of studies provide evidence for the efficacy of
dose-escalation in prostate cancer, and mature results from
randomized trials show that disease control using a PSA end
point improves with increasing radiation dose (Kuban et al.
2008; Peeters et al. 2006; Sathya et al. 2005; Zietman et al.
2010). To date, no randomized trial has documented a
survival advantage attributable to escalated radiation doses.

In 2011, Kuban and colleagues reported long-term fail-
ure patterns as well as survival rates using data from the
M.D. Anderson randomized dose-escalation trial for pros-
tate cancer (Kuban et al. 2011). They observed that higher
pretreatment PSA ([10 ng/mL) and high-risk patients who
were treated to the lower 70 Gy dose had nearly twice as
many PSA failures and more than four times as many

distant failures. These patients also had a significantly
higher risk of dying from prostate cancer. For overall sur-
vival, no significant difference was found between patients
treated with 70 Gy and those treated with 78 Gy, even in
case of high-risk disease or pretreatment PSA [10 ng/mL.

PSA failure increased the risk of death for the population
as a whole, however, PSA recurrence alone did not equate
to disease-related death within 10 years for the majority of
patients. The authors observed that patients at highest risk
of dying from prostate cancer were characterized by a
shorter median interval from treatment to biochemical
failure, and a more rapid PSA doubling time during that
interval, furthermore, they had high Gleason scores (9–10),
and a PSA [10.5 ng/mL at diagnosis.

2.2 PSA Recurrence and Hypofractionation

Data from prospective randomized trials to investigate
moderate hypofractionation have already been published
and doses used in these trials ranged from 75.6 to 80 Gy
(1.8–2 Gy per fraction) in the conventionally fractionated
arm versus 62–72 Gy with 2.4–3.1 Gy per fraction in the
hypofractionated treatment arm (Arcangeli et al. 2010; Ku-
ban et al. 2010; Pollack et al. 2011). In two trials, no dif-
ference in freedom from biochemical failures was reported
after median follow-up times of about 5 years. In contrast,
the early results by Arcangeli and colleagues who compared
hypofractionation with a conventionally fractionated dose-
escalated (80 Gy) schedule showed a significant improve-
ment in freedom from biochemical failures at 3 years in the
hypofractionation arm (Arcangeli et al. 2010).

In an update of the results, the increase in the freedom
from biochemical failure became insignificant, furthermore,
a difference in freedom from local failure and freedom from
distant failure was not observed. Only for patients with a
pretreatment PSA level of 20 ng/mL or less, an increase in
the 5-year rates of freedom from biochemical failure, free-
dom from local failure and freedom from distant failure was
found in subgroup analysis (Arcangeli et al. 2012).

The use of biochemical failure as an endpoint in hypo-
fractionation trials has been discussed controversially.
Improvement of biochemical control does not necessarily
mean better local tumor control because PSA failure does
not indicate whether failure is local or distant. It has there-
fore been suggested that the a/b ratio should more appro-
priately be evaluated by long-term results of freedom from
local failure as freedom from biochemical failure can be
affected, particularly in high-risk disease, by the presence of
occult metastases before treatment (Arcangeli et al. 2012).
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2.3 Radiotherapy for Biochemical Recurrence
After Radical Prostatectomy

Accumulating evidence indicates that postoperative radio-
therapy to the prostate bed favorably influences the course
of disease in men with adverse pathologic features. To date,
three phase 3 randomized trials of adjuvant radiotherapy
versus observation have reported improved freedom from
biochemical recurrence and local control (Bolla et al. 2005;
Thompson et al. 2009; Wiegel et al. 2009). In SWOG 8794,
adjuvant radiotherapy has been associated with improved
metastasis-free survival and overall survival whereas in
EORTC 22911, an impact on these end points has not been
demonstrated.

However, prostate cancer differs from most other malig-
nancies because of its slowly developing nature and even
resection of prostate cancer with positive surgical margins is
not always followed by rapid biochemical recurrence.

With the use of salvage RT, therapy- and treatment-related
complications are limited to patients who have evidence of
biochemical recurrence. In contrast to adjuvant radiotherapy,
no evidence from prospective randomized trials currently
shows that salvage radiotherapy improves freedom from
biochemical recurrence, local failure, distant metastasis,
cancer-specific survival, or overall survival but several
observational studies have reported durable responses to
salvage radiotherapy in a substantial proportion of high-risk
patients and reduced prostate cancer-specific mortality.

The optimal PSA cut point at which to administer sal-
vage radiotherapy is poorly defined, although it appears
salvage RT should be given at the earliest signs of PSA
recurrence, once the clinician is convinced a rising PSA
trend represents recurrent cancer. Currently, it is recom-
mended to offer salvage radiotherapy before the postoper-
ative PSA reaches 0.5 ng/ml (Stephenson et al. 2012).

However, previous findings have shown that men with
low but detectable postoperative PSA values may not have
additional increases in PSA, additionally the majority of
patients with biochemical recurrence will not develop a
local recurrence or distant disease. Therefore, a thorough
patient and physician discussion regarding risks and benefits
is strongly recommended and clinical decision to initiate
treatment should be individualized based on overall patient
risk factors and the use of other prognostic tools such as
nomograms considering tumor Gleason grade, pathological
stage, and PSA kinetics (Amling et al. 2001; Stephenson
et al. 2006, 2012).

2.4 Comparison of Local Therapies using
a PSA Endpoint

Given the absence of randomized clinical trials that directly
compare different treatment modalities, physicians and
patients have to rely largely upon the use of retrospective
studies to compare treatment results. The comparison of
outcomes from studies involving surgery (radical prosta-
tectomy or robotic radical prostatectomy), external beam
radiotherapy (3-dimensional conformal radiotherapy,
intensity modulated radiotherapy, protons), brachytherapy,
cryotherapy or high intensity focused ultrasound remains
problematic due to the nonuniformity of reporting results.
Furthermore, technical advances in these treatments have
made long-term comparisons difficult.

Endpointsother thanPSAbasedsuchassurvivalaresubject
to variables including patient age, comorbidities, aggressive
nature of the disease, etc., may be completely independent of
the treatment given and lead to false conclusions about a
treatment’s efficacy to eradicate all of the disease. By some
investigators, biochemical progression-free survival has been
suggested to be less dependent on confounding variables and
to more appropriately reflect the efficacy of the treatment in
eradicating disease (Grimm et al. 2012).

Recently, a comparative analysis of PSA relaps-free
survival outcomes was performed by Grimm and colleagues
to evaluate the effectiveness of different local treatment
approaches including surgery, external beam radiation
(conformal, intensity modulated radiotherapy, protons),
brachytherapy, cryotherapy, or high intensity focused
ultrasound (Grimm et al. 2012). The authors reported that in
terms of biochemical progression-free survival, brachy-
therapy provided superior outcome in patients with low-risk
disease. For intermediate-risk disease, the combination of
EBRT and brachytherapy appeared equivalent to brachy-
therapy alone. For high-risk patients, combination therapies
involving EBRT and brachytherapy plus or minus androgen
deprivation therapy appeared superior to seed implant
alone, surgery alone, or EBRT.

Major limitations of such an approach that have to be
taken into account include differences in the PSA kinetics
and differences in accepted standards of biochemical suc-
cess or failure following the different modalities of primary
local therapy. Given these limitations, findings from studies
comparing biochemical recurrence-free survival outcomes
following surgery and radiation for clinically localized
prostate cancer have to be interpreted very cautiously.
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3 Biochemical Failure as a Prognostic
Factor for Clinical Failure and Survival

Since the purpose of measuring post-treatment PSA is to
provide an early surrogate for clinical failure and disease-
specific survival, the relationship between the biochemical
and clinical parameters is critically important.

Patients who fail biochemically have been shown to be
more likely to die from prostate cancer compared to those
who do not experience biochemical relaps. Without PSA
failure, relapse of prostate cancer and deaths from prostate
cancer are extremely rare. However, disease-specific sur-
vival may only have a small impact on overall survival as
prostate cancer generally occurs in an elderly population
with many competing causes of death.

To date, the influence of biochemical failure on overall
survival has been the subject of only a few studies and the
results on the relationship between biochemical failure and
overall survival are conflicting with some reports failing to
demonstrate a relationship and others showing that
biochemical failure can predict overall survival (Kupelian
et al. 2002; Kwan et al. 2004; Pollack et al. 2003; Sandler
et al. 2000; Williams et al. 2004).

Kupelian and colleagues reported in 2002 their obser-
vations on the impact of biochemical relapse and con-
founding factors on overall survival rates during the first
10 years after definitive radiation therapy for localized
prostate cancer in a retrospective analysis on 936 cases. In

their study sample, biochemical failure after definitive
radiotherapy for localized prostate cancer was not signifi-
cantly associated with increased mortality within the first
10 years after initial therapy, although for patients dis-
playing biochemical relapse, a trend toward worse outcome
was observed at 10 years. The authors suggested that longer
follow-up from initial therapy would be needed to fully
understand the impact of biochemical failure on overall
survival and that significant differences might be observed
at 15 or 20 years after therapy (Kupelian et al. 2002).

Kwan and colleagues examined the relationship
between PSA failure and both overall survival and cause-
specific survival using data from 1786 patients who were
treated with radical radiotherapy for prostate cancer and
prospectively followed at the B.C. Cancer Agency
(BCCA). The authors found that biochemical failure was
not only associated with a poorer prostate cancer-specific
survival but also with overall survival leading to 5-year
overall survival rates of 79.5 % among patients who had
PSA failure versus 87.5 % among those who had not
failed (Figs. 1 and 2). In contrast to the Kupelian series,
the proportion of patients with more advanced stage of
disease was much higher, a fact that might have contrib-
uted to the different results. Examination of the effect of
PSA failure in different subgroups revealed a poorer
overall survival only in biochemically failed patients
younger than age 75 with high-risk disease (Kwan et al.
2004).

Fig. 1 Cause-specific survival in
patients with and without
prostate- specific antigen failure
(adopted from Kwan et al. (Kwan
et al. 2004))
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Previously, Soto and coworkers showed significantly
better overall survival rates in biochemically failed patients
with low-risk features and a pretreatment PSA velocity
of B2 ng/mL/year compared to high-risk patients in bio-
chemical recurrence (Soto et al. 2008). This emphasizes the
idea that not all biochemical recurrence events are equiva-
lent in terms of survival, and the need to determine whether
biochemical recurrences are clinically significant and as
such warrant further therapy. Thus, an increasing interest in
analyzing the ability of additional prognostic factors such as
the pretreatment initial prostate-specific antigen PSA, T
stage, and Gleason score as well as PSA kinetics to predict
for inferior prostate treatment outcomes, including survival
has been generated.

4 PSA Recurrence: A Valuable Surrogate
Marker in Clinical Trials?

The identification and rigorous validation of surrogate
endpoints for overall or disease-specific survival are of
great utility in clinical cancer research because the use of
surrogate endpoints substantially decreases the size and
duration of clinical trials allowing more rapid prospective
testing of hypotheses and potentially accelerating the
development of improvements in cancer treatment.

Established prognostic factors do not necessarily make
valid surrogate end points. Surrogate endpoints used in
clinical trials to evaluate the efficacy of new developmental

therapies should be associated with a clinically meaningful
outcome. To confirm surrogacy in patients treated with new
versus standard interventions, there must be a strong cor-
relation between the relative effect of the treatment on the
surrogate and the relative effect on the true endpoint
(Collette 2008; Collette et al. 2006; Johnson et al. 2003).

In recent years, biochemical recurrence by itself as well
as PSA kinetics have been analyzed as surrogate endpoints
to predict of prostate treatment outcomes in clinical studies.
Most commonly, the ‘‘Prentice Criteria’’ have been used to
demonstrate the validity of a putative surrogate endpoint
(e. g. PSA) as a replacement endpoint for a true endpoint
(e. g. survival). The Prentice Criteria require four conditions
to be fulfilled (Prentice 1989):
(a) There must be a statistically significant treatment effect

on the PSA endpoint (in univariate analysis)
(b) There must be a statistically significant treatment effect

on survival (univariate analysis)
(c) The PSA endpoint must be a statistically significant

prognostic factor for survival (univariate analysis)
(d) The treatment effect on survival must completely vanish

in a survival model with both the treatment and the PSA
endpoint as explanatory variables (multivariate analysis).

More recently, a methodology known as the ‘‘meta-
analytic validation’’ has been developed. This method con-
sists in deriving a model to predict in new trials the treatment
effect on survival from the observed treatment effect on the
PSA end point using survival and PSA data from several
randomized trials (Collette 2008; Collette et al. 2006).

Fig. 2 Overall survival in
patients with and without
prostate- specific antigen failure
(adopted from Kwan et al. (Kwan
et al. 2004))
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One of the first studies addressing the surrogacy issue
was reported by D’Amico and colleagues in 2003 who
studied PSA doubling time as a potential surrogate for
prostate cancer mortality in a non-randomized cohort of
5918 men treated with surgery and 2751 with radiation
(D’Amico et al. 2003). They showed that the Prentice cri-
teria were fulfilled when using PSA doubling time less than
3 months. However, the applicability of the results was
limited by the use of data from a community treatment
outcomes database, which were not collected prospectively
and the fact that only few patients actually had a PSA
doubling time shorter than 3 months. Nevertheless, PSA
doubling time at a cutpoint of less than 3 months emerged
as a promising surrogate endpoint candidate for prostate
cancer-specific mortality, and the place of PSA doubling
time in future surrogacy analyses was established.

Using data from the RTOG trial 92-02 that compared
short-term versus long-term androgen deprivation in addi-
tion to irradiation for T2c-T4 prostate cancer, Sandler and
colleagues showed that time to biochemical recurrence
(defined according to the ASTRO definition) was not a
surrogate for cancer-specific survival (Sandler et al. 2003).
Time to PSA failure was longer in the long-term androgen
deprivation arm but the survival time after PSA failure was
shorter. This was thought to be due to the finding that
secondary therapy was more successful in men failing short-
term androgen deprivation who survived longer than men
who failed long-term androgen deprivation.

Valicenti and colleagues reported from the same study
that post-treatment PSA doubling times of less than 6, 9,
and 12 months were statistically significantly associated
with prostate cancer—specific survival, but did not meet all
of Prentice’s requirements for a surrogate endpoint of
cancer-specific survival. Thus, the authors concluded that
the risk of dying of prostate cancer cannot fully be
explained by PSA doubling time (Valicenti et al. 2006).

Denham and colleagues studied the value of both PSA
doubling time and time to biochemical failure (defined
according to the Phoenix criteria) as surrogate candidates for
prostate cancer-specific mortality after primary therapy using
data from the Trans-Tasman Radiation Oncology Group
(TROG) trial 96.01 (Denham et al. 2008). In this trial, 802
patients receiving radiotherapy for locally advanced, non-
metastatic prostate cancer were randomly assigned to 0, 3, or
6 months neoadjuvant short-term androgen deprivation. The
authors reported that all four Prentice criteria were fulfilled
and that prostate cancer-specific mortality was successfully
predicted at all time to biochemical failure cutpoints between
1.5 and 2.5 years, and by PSA doubling time at the less than
12 and less than 15- month cutpoints. Best fits to prostate
cancer-specific mortality were provided by time to bio-
chemical failure at the less than 1.5 and less than 2 year
cutpoints and at the PSA doubling time cutpoint of less than

12 months. The predictive value of the surrogate endpoints,
time to biochemical failure less than 2 years and PSA dou-
bling time less than 12 months, is shown in the cancer-spe-
cific survival plots (Fig. 3). The authors concluded that time
to biochemical failure and PSA doubling time were prog-
nostic variables potent enough to act as surrogate endpoint
candidates for prostate cancer-specific mortality.

In the same dataset, Denham and colleagues also deter-
mined how the occurrence of biochemical failure itself
related to prostate cancer-specific mortality and demon-
strated that the occurrence of biochemical failure was a far
weaker predictor of cancer death than time to biochemical
failure (Denham et al. 2009). It was also shown that prog-
nostic factors for early cancer death changed dramatically at
biochemical recurrence. Highly prognostic factors at ran-
domization, such as high Gleason score grouping and
T classification, lost their prognostic importance, whereas
factors such as shorter time to biochemical failure and PSA
doubling time became powerful predictors of prostate can-
cer death at this time point.

In two meta-analytic validations using data from the
bicalutamide trials, biochemical progression-free survival as
surrogate for clinical progression-free survival in nonmeta-
static disease and for overall survival in metastatic disease
was studied. In patients with metastatic disease, two defi-
nitions of time to PSA progression (TTPP) were assessed:
(1) For TTPP-1, PSA progression was defined as a PSA
value above normal (4 ng/mL), representing a first increase
20 % above the nadir. (2) For TTPP-2, PSA progression was
defined as a PSA value 2.5 times the normal range (10 ng/
mL), representing a first increase 50 % above the moving
average (based on three consecutive measurements) nadir. In
the analyses, only a moderate correlation between the
treatment effects on the PSA end point and on the clinical
end point was observed. The authors concluded that a
treatment benefit for the PSA end point is not sufficient to
guarantee a benefit for the clinical end point but may help in
decision making to prematurely stop a phase 3 trial, as in the
absence of a clear benefit for the PSA end point, any benefit
on clinical relapse or survival is very unlikely (Collette et al.
2005, 2006; Newling et al. 2004).

D’Amico and colleagues assessed whether two metrics of
PSA (PSA value after completion of therapy (PSA end) and
PSA nadir) could act as surrogates for prostate cancer-
specific mortality (D’Amico et al. 2012). Their analysis
included individual patients’ data from two randomized
controlled trials—the Dana Farber Cancer Institute (DFCI)
95-096 trial (D’Amico et al. 2008) and the TROG 9601 trial
(Denham et al. 2008) that showed a statistically and clini-
cally significant reduction in prostate cancer-specific mor-
tality when 6 months of androgen suppression was added to
radiotherapy compared to radiotherapy alone. The cutoff
values were chosen on the basis of reports suggesting that a
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PSA nadir of more than 0.5 ng/mL after radiotherapy and
short-course androgen suppression was associated with an
increased risk of recurrence (Benchikh El Fegoun et al. 2008;
Lamb et al. 2011; Zelefsky et al. 1998). The authors found
that both PSA nadir and PSA end concentrations of more than
0.5 ng/mL were surrogates for prostate cancer-specific

mortality, permitting early identification of men in whom
radiotherapy and 6 months of androgen suppression is
insufficient for cure. The authors suggested that men with
PSA end values exceeding 0.5 ng/mL following radiotherapy
and 6 months of androgen suppression should be considered
for long-term androgen suppression. Additionally, clinical

Fig. 3 Time to prostate cancer
death from randomisation,
stratified by a time to
biochemical failure
(TTBF; \2 vs C2 years) and
b prostate-specific antigen
doubling time (PSADT; \12
months vs C12 months); adopted
from Denham et al. (Denham
et al. 2008)
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researchers could use the PSA nadir of more than 0.5 ng/mL
as an eligibility criteria for an early (at time of PSA nadir)
versus delayed (at time of PSA failure) intervention with
salvage androgen suppression (D’Amico et al. 2012).

5 Conclusion

PSA is an important tool for monitoring disease progression
following treatment of definitive localized prostate cancer
allowing for early measure of treatment failure, long before
clinical disease becomes evident or survival is affected.

However, a consensus on the ability of biochemical
failure to act as a surrogate endpoint for survival has not yet
been reached. Although most agree that biochemical failure
is a useful surrogate for treatment efficacy, the relationship
and timeline between PSA failure, clinical failure, and
survival is less well documented.

The value of biochemical recurrence by itself as a pre-
dictor of prostate cancer-specific mortality has been ques-
tioned lately because survival after biochemical recurrence
is highly variable. Thus, in recent years an interest in ana-
lyzing the PSA kinetics has been generated to help refine
the ability to predict of prostate treatment outcomes. Sev-
eral studies to identify a PSA endpoint as a surrogate end-
point for prostate cancer-specific survival have focused on
the kinetics of increasing post-treatment serum PSA levels
and have found that rapid PSA increases, or short post-
treatment PSA doubling times, after local therapy are
associated with the development of metastatic disease and
prostate cancer—specific mortality.

In studies, evaluating advances in local therapy for
prostate cancer, clinical failure has less frequently been
reported, mainly due to the fact that long-term follow-up is
necessary to measure this end point. However, as it is the
clinical recurrence that will impact survival, in clinical
trials, distant metastasis, and general clinical treatment
failure should be evaluated thoroughly along with overall
and prostate cancer–specific survival endpoints.
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Abstract

There is a substantial body of evidence supporting the
efficacy of primary radiotherapy in men with prostate
cancer. Unfortuantely, and especially men with prog-
nostic high risk prostate cancer will experience under-
treatment with fatal consequences in this population. On
the other hand, low risk patients should benefit from
diagnostic breakthroughs achieved by modern staging
techniques and optimised treatment developments, spar-
ing these men for unnecessary side effects and harms.
It is up to the uro-oncologic community to encourage
clinical randomised trials comparing radiotherapy with
surgery to improve the disease-specific survival and
overall outcome in these patients.

1 Introduction

Prostate cancer (PCa) is among the most commonly
occurring malignancies in the world and is one of the few
that continues to show an increasing incidence. Today, PCa
is the second leading cause of cancer-related deaths after
lung cancer in developed countries and major risk factors
include age, family, history, and ethnicity (Jemal et al.
2011). One man in six will develop PCa during his lifetime,
and one man in 34 will die of the disease (Bray et al. 2010).
The probability of developing PCa sharply increases in the
sixth decade of life and further increases after the age of
70 years (Kvale et al. 2010). The aging of the current
population means that the disease will become an even
greater public health issue in the near future.

For the concept of radiotherapy added to androgen
deprivation, an increased long-term survival, both prostate
cancer-specific survival (PCSS) and overall survival (OS),
has been shown in prospectively randomized trials for
patients with locally advanced or high-risk local PCa
(Warde et al. 2011; Bolla et al. 2009; Widmark et al. 2009).
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For the opposite concept, i.e., adjuvant androgen depriva-
tion therapy (ADT) added to external beam radiotherapy
(EBRT), the RTOG trial 85-31 showed improved 5-year-
disease-free survival (DFS) for patients with Gleason score
8–10 (Pilepich et al. 2005).

Still, life-expectancy of men in Western countries and
the biological course of PCa demands long-term follow-up
data to answer the challenges linked to this potentially
threatening disease in a satisfactory way.

What are the current lessons from large prospectively
randomized trials and how can we implement the increasing
insight into tumor biology to the daily decision-making
process? The necessary debate of PCa once raised by
Whithmore posing the famous questions about PCa—‘‘Is
cure possible for those in whom it is necessary? Is cure
necessary in those for whom it is possible?’’—has still its
appealing actuality. Moreover, are the clinical results from
pre-PSA trials or selected single-institution cohorts reflecting
overall and disease-specific disease satisfactory enough and
are these results transferable to today’s clinical cohorts?
There is an increasing awareness for unsustainable health
costs and long-lasting side effects in overtreated men.
Obviously, issues of survivorship related to treatment-
induced morbidity become more important in the near future.

Confronted with these challenges, will the future further
inspire patiently constructed randomized prospective trials
and wait for final overall survival rates to prove right or
wrong for modern treatment approaches in the end? These
questions are not trivial. The declining mortality in PCa also
depicted in countries without a population-based screening
program challenges the present paradigm (Center et al.
2012). In the past a number of randomized trials have
demonstrated a significantly improved patient outcome both
in surgical and radiotherapeutical series (Warde et al. 2011;
Widmark et al. 2009; Pilepich et al. 2001, 2005; Bill-
Axelson et al. 2011; Bolla et al. 1997; Hanks et al. 2003;
Zelefsky et al. 2008). The trend is likely attributed to
advances in curative treatment, such as surgical techniques,
more effective oncologic treatment especially in locally
advanced disease, and general technical improvements.
There is a preceding shift in daily practice to continuously
more skilled methods introduced in radiotherapy (intensity-
modulated-, proton beam-, or stereotactic treatment) and
also in surgery (robot-assisted) over the last decade. How-
ever, the verdict of recent years’ efforts in increasing early
detection of PCa is at present unclear. Still, there is no doubt
about the psychological distress for the patient having a
cancer diagnosis.

OS is the gold standard in reporting the treatment efficacy
for men treated with radiotherapy (RT) or prostatectomy
(PRECT). However, in an often slow progressing disease
such as PCa mainly manifested in an elderly population the
task to gain unconfounded OS data can be precluded. These

hurdles, the tumor biology, age, and comorbidity, make a
rational approach to this cancer entity demanding. Often, a
surrogate endpoint is introduced as a substitute for a clini-
cally meaningful endpoint that measures directly how a
patient feels, functions, or survives (Fleming and DeMets
1996). The National Institutes of Health in USA define a
surrogate marker as a biomarker intended to substitute for a
clinical endpoint. Consequently, it is tempting to use the
serum prostate-specific antigen (PSA) level as a surrogate
marker in PCa. In a retrospective data analysis of the RTOG
92-02 trial, Ray et al. using Prentice’s criteria (Prentice
2009; Ray et al. 2009) found that both distant metastasis and
general clinical failure at 3 years were possible candidate
surrogate endpoints for PCSS at 10 years. Notably, bio-
chemical relapse expressed by various PSA definitions is not
a robust surrogate endpoint for PCSS since increasing PSA
may pose little threat to longevity in many patients (Ste-
phenson et al. 2012).

In this chapter, we will mainly overview RT combined
with or without hormonal treatment in relation to the out-
come parameter OS, and expand the review on prospec-
tively randomized trials evaluating the effectiveness of RT
to PCSS.

In addition, recognizing surgery as an equal approach in
localized PCa and often the favored management in young
men with localized PCa, we will mention pivotal surgical
randomized prospectively trials as appropriate in the text.

The general risk evaluation of a patient with PCa is done
by the established risk factors serum PSA, histologically by
grading (Gleason score) and assessment of the tumor size
(T-category). These factors are included to form risk groups
allocating patients to low-, intermediate-, and high-risk.

Currently, patients with PCa are classified into the fol-
lowing risk categories (Heidenreich et al. 2011):

Low-risk:
PSA \ 10 ng/ml and biopsy Gleason score 6 and
T-category cT1c–cT2a.

Intermediate-risk:
PSA = 10.1–20 ng/ml or biopsy Gleason score 7 or
T-category cT2b–c.

High-risk:
PSA [ 20 ng/ml or biopsy Gleason score 8–10 or
T-category C cT3a.

2 Is Cure Necessary in Those for Whom it
is Possible? Localized Low-Risk PCa

The term localized carcinoma of the prostate refers to a
tumor that is clinically confined within the prostatic capsule
and with no evidence of metastatic spread.
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Currently, unfortunately there exists no molecular mar-
ker or any staging device that can distinguish between
clinically significant localized tumors from those that will
remain indolent throughout the patient’s life.

In the European Rotterdam Screening Prostate Cancer
study (ERSPC) a significant number of the detected cancers
(48 %) were regarded as indolent (Schroder et al. 2012).
Draisma et al. estimated that PSA testing introduced lead
time bias advancing the date of diagnosis by 12 years for
men B55 years and by 6 years for men[55 years (Draisma
et al. 2009).

Removing the prostate by radical prostatectomy provides
the best opportunity of pathologic staging thereby con-
firming early PCa and the chance of long-term cure. A life
expectancy [10 years is the most frequently used bench-
mark for definitive therapy for patients with localized PCa.
The overall 15 years PCSS for men with clinically localized
disease treated with radical prostatectomy is 93 %, for
Gleason scores 2–4, 5–7, and for 8–10 it is 98, 91, and
76 %, respectively (Eggener et al. 2011).

In the pre-PSA era a randomized study from Sweden
(SPCG-4) retrieved 695 patients with localized PCa
(cT1a–cT2) between 1989 and 1999 to either radical pro-
statectomy or watchful waiting. After a median follow-up of
8.2 years, surgery decreased prostate cancer-related death
by 44 % and overall mortality by 26 % when compared
with watchful waiting (Bill-Axelson et al. 2011). The
number needed to avert one death was 15 overall and 7 for
men under 65 years of age and there was no significant
reduction in death from other causes, PCa death, or risk of
distant metastases in those above 65 years. Because in that
trial the total number of deaths from PCa was high
(n = 136 men), it would require 20 men to undergo pro-
statectomy to save one man from death. In contrast to that
data from the pre-PSA era the 15-year prostate cancer-
specific mortality of localized disease for men aged
55–74 years with a Gleason score \7 was 1 % when post-
poning active treatment. To avoid overtreatment, in the PSA
era, active surveillance is more often recommended in men
with localized disease (Dall’Era et al. 2012).

Looking toward the PSA era one should be sensitized
that major events such as stage migration have occurred.
Pound and colleagues calculated the average time to met-
astatic disease after biochemical relapse to be 8 years after
local therapy, and an additional 5-year survival for those
patients who ultimately died of PCa (Pound et al. 1999).

The lead time and overdetection associated with PSA
screening make PCa outcome studies from the pre-PSA era
difficult to interpret in a contemporary setting. Parker et al.
estimated that the 15-year PCa survival benefit of radical
treatment in screened detected PCa was strongest in men
with high-grade disease, whereas current clinical practice

preferentially targets radical treatment to patients with low-
grade PCa (Parker et al. 2006).

Taking into account the risk of upgrading of contem-
porary Gleason grades, the mortality rates from the pre-PSA
era are likely to be biased by an artifact due to the Will
Roger phenomenon (Albertsen et al. 2005). The Will Roger
phenomenon refers to improvement in a factor mainly due
to change in observation, in case of PCa the Gleason
grading. In former studies Gleason score =\ 6 was quite
often found (SPCG-4 72 %), but due to the introduction of
pathological upgrading in prostatectomies there has been a
Gleason score shift attributing to higher grades in biopsy
material (Epstein et al. 2012). The practical implication of
this phenomenon is a worse prognosis in a patient with a
Gleason score evaluated in the pre-PSA era compared to a
patient with a Gleason score assessed in the PSA era.

Acknowledging the moderate survival benefits of treat-
ment with curative intent, the prostate, lung, colorectal, and
ovarian trial (PLCO) assessed also comorbidity as factor
influencing mortality effect of screening (Andriole et al.
2009). In this study the modified Charlson comorbidity
score (0 = none comorbidity, [= 1 = one or more
comorbid conditions) included a vast range of medical
conditions. No statistically significant interaction with
respect to PCa mortality and comorbidity was observed
after 13 years of follow-up (Andriole et al. 2012). In other
words, not even the discrimination between patients with or
without comorbidity was a helpful tool to select patients for
active treatment.

There is a paucity of clinical trials comparing surgery to
other treatment modalities. Due to very poor accrual the
attempt to compare outcome in low-risk men between
brachytherapy (BT) and PRECT, the SPIRIT trial, was
stopped (Wallace et al. 2006). Nevertheless, in a publication
using the SPIRIT data, patients receiving BT scored better in
the urinary and sexual domains, and in patient satisfaction
(Crook et al. 2011). In another recent attempt to compare
PRECT with BT, the SPARE trial was also abandoned due to
low accrual (Dall’Era et al. 2012; Eccles et al. 2013).

In the debate on active surveillance compared to actively
intervening in localized PCa issues of treatment-induced
morbidity should not be missed. A considerable number of
patients will be harmed by treatment-induced side effects
including erectile dysfunction, urinary leakage, and rectal
discomfort after primary treatment (Sanda et al. 2008;
Steinsvik et al. 2010; Stensvold et al. 2012). The overall
survival benefit for men treated with RT combined with
ADT for localized PCa comes with a price to be paid
regarding chronic fatigue after irradiation, cognitive
impairment, and a slightly increased risk of secondary
neoplasia (Brenner et al. 2005; Kyrdalen et al. 2010; Lilleby
et al. 2013; Morris et al. 2013).
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3 Is Cure Possible for Those in Whom it is
Necessary? Local and Locally Advanced
Intermediate to High-Risk PCa

Improvements in the field of radiation oncology such as
conformal radiation therapy, the use of intensity-modulated
radiotherapy (IMRT), and the use of fiducial markers to
employ image-guided techniques have optimized delivery
and cancer control but also reduced treatment-related
damage to surrounding tissues.

Supported by findings of residual cancer in post-radia-
tion biopsies the concept of dose escalation using higher
doses of radiation for organ-confined disease has been
consecutively implemented in modern radiation schedules.
In other words, the dose–response relationship has been
established for PCa in RT (Kuban and Dong 2004). In
regard to retrospective analyses of intermediate to high-risk
PCa high doses were needed to achieve tumor control.

At least four randomized trials investigated the effective-
ness of dose escalation in conformal RT (Zelefsky et al. 2008;
Martinez et al. 2003; Peeters et al. 2006; Valicenti et al. 2000).
All demonstrated a 10–20 % improvement in biochemical
control with doses =[74 Gy. Multiple trials have demon-
strated that doses of 78–81 Gy are needed to obtain sustained
control in localized high-risk PCa. If doses greater than 81 Gy
are needed, it remains controversial. Furthermore, hypo-
fractionation either delivered by IMRT or brachytherapy
techniques added interesting insights into successful radiation
schemes in the last decade (Kovacs et al. 2005). But impor-
tantly, none of these studies have so far reached significance
for PCSS or OS. In a recently published article by Viani et al.,
only biochemical DFS in five randomized, controlled trials
with a total of 2,812 were reported for dose escalated studies
evaluated by meta-analysis (Viani et al. 2009).

Six trials, including the Dutch and MRC RT01 study
(Dearnaley et al. 2007), evaluated PCSS with at least
median 5-year follow-up. The pooled results from these
trials showed a statistical benefit for high-dose RT in terms
of biochemical freedom of disease (BFS), for all low-,
intermediate-, and high-risk patients. There was no differ-
ence in the OS rate or PCSS, respectively (p = 0.38 and
p = 0.45) in the groups receiving dose-escalated RT or
conventional RT.

Thus, the role of dose escalation with RT appears
promising in all risk groups. However, none of the ran-
domized dose escalation trials demonstrated a disease-spe-
cific or overall survival benefit. So far only external
radiotherapy (EBRT) combined with ADT applying con-
ventional doses has shown improved overall and PCSS rates.

Recently, more medical evidence for the beneficial side
of active radiotherapeutic intervention in patients with
prognostic unfavorably intermediate to high-risk profiles
became available. In a newly published report from the MD

Anderson Cancer Center patients with low- and intermedi-
ate-risk treated with definitive RT were unlikely to die of
PCa (Kim et al. 2012). Men with high-risk disease had the
highest risk of dying from PCa following RT. Treatment
with ADT nearly halved the risk of PCa mortality.

Increasing dose of RT also led to a significant eradication
of tumor cells. In a recent report by Solberg et al., as many
as 22 % of prostate biopsies taken after radiotherapy in the
SPCG study showed evidence of residual cancer (Solberg
et al. 2011). Residual cancer was also associated with PSA
recurrence, local tumor progression, clinical recurrence, and
cancer-specific death. Similar figures have been presented
from the RTOG 94-08 data (ASCO-GU 2011 abstract #6).

In light of these results the outcome in prostate cancer-
specific mortality and published radiation doses from pre-
vious trials in high-risk and locally advanced PCa must be
regarded as suboptimal compared to today’s standards.
Nevertheless, various questions addressing the duration and
sequency of ADT in men with intermediate and high-risk
disease are still a matter of debate. Two recent meta-anal-
yses confirmed the inferiority of short-term ADT to 3-year
suppression for PCSS and OS at 5-year in prognostically
high-risk PCa (Kim et al. 2012; Bria et al. 2009; Shelley
et al. 2009).

3.1 Combined ADT and RT with Regard
to Outcome

The RTOG 85-31 randomized trial was designed to evaluate
the effectiveness of ADT, using goserelin, in locally
advanced PCa treated with EBRT (Pilepich et al. 2005).
Eligible patients were those with palpable primary tumors
extending beyond the prostatic gland or those with regional
lymph node involvement. In addition, patients with positive
margins and/or seminal vesicle affection after prostatecto-
my could be included. From 1987 to 1991, 977 patients
were enrolled. Median follow-up was 7.6 years for the
entire group and the 10-year absolute survival rates were
49 % for the combined arm versus 39 % for EBRT alone
(p = 0.002, see Table 1). The disease-specific mortality
was 16 % versus 22 % in favor of the adjuvant ADT group.

RTOG 86-10 assessed the impact of ADT before and
concurrent with RT (Pilepich et al. 2001). In that study, 471
men were randomly assigned to EBRT with or without ADT
plus flutamide between 1987 and 1991. ADT was admin-
istered for 2 months before and 2 months during EBRT.
Patients with bulky tumors with or without lymph node
affection and no sign of M+ disease were eligible. At a
median follow-up of 12.5 years, 456 patients were evalu-
ated. The median survival time was increased from 7.7 to
8.7 years. ADT significantly decreased the rates of disease-
specific mortality (35 % vs. 47 %, p = 0.006), increased
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disease-free survival (11 % vs. 3 %), and overall survival
(43 % vs. 34 %, Table 1).

Still, the clinical benefit was seen in Gleason score 2–6
tumors only, and not in patients diagnosed with a Gleason
score of 7–10.

In the EORTC 22,863, Bolla et al. assessed the role of
adjuvant ADT in high-risk patients (Bolla et al. 1997).
Patients in the adjuvant ADT arm received androgen sup-
pression on the first day of EBRT, and continued for
3 years. Follow-up was 66 months and 484 patients were
included. At 5 years the disease-free survival was 74 %
versus 40 % with ADT and without ADT and overall sur-
vival 78 % versus 62 % in the combined arm versus EBRT
alone (p = 0.001).

In the post-PSA era, several randomized trials have been
conducted by the RTOG. RTOG 92-02 investigated the
impact of neoadjuvant and concomitant ADT (4 months
totally) and the same radiotherapy in addition to 2 years of
adjuvant ADT (Hanks et al. 2003). Median follow-up was
5.8 years, patients with long-term ADT experienced a sta-
tistically significant improvement for all endpoints com-
pared to short-term ADT. Overall, a 10 % overall survival
advantage for those patients with a high Gleason score 8–10
and a longer course of ADT versus short-term course of
ADT was reported.

RTOG 94-13 compared two different sequencing
regimes of adjuvant ADT as well as the role of whole pelvic
EBRT (Lawton et al. 2007). This study was designed to
investigate if whole pelvis EBRT followed by a boost to the

prostate achieves a progression-free survival of at least
10 % compared to ADT and EBRT to the prostate only.
Due to unsuspected hormone/radiation interactions the
verdict is still not settled.

The EORTC 22,961 enrolled 970 patients with locally
advanced PCa to either 6 months of ADT and 70 Gy or
3 years of ADT plus 70 Gy (Bolla et al. 2009). Despite
improved progression-free survival in the long course ADT
arm, there were no overall survival differences so far.

In the SPCG-7 phase III trial the effect of endocrine
therapy alone compared to endocrine therapy combined
with EBRT (range 70–74 Gy) was assessed (Widmark et al.
2009). From 1996 to 2002, 875 patients with locally
advanced PCa (T3; 78 %) were randomized to endocrine
treatment alone (3 months of total androgen blockage fol-
lowed by continuous endocrine treatment using flutamide or
to endocrine treatment combined with EBRT). The primary
endpoint was PCSS. At a median follow-up of 7.6 years,
this study showed an absolute 12 % difference in mortality
in favor of the combined arm (23.9 % vs. 11.9 %, CI
4.9–19.1, relative risk = 0.44). The overall mortality was
halved at 10 years for prostate cancer-specific death.

The National Cancer Institute of Canada-Clinical Trials
Group/Southwest Oncology Group T94-0110 trial showed a
significant reduction in the mortality risks with the addition
of RT to ADT after median follow-up of 7 years (overall
survival 74 % with ADT ? EBRT compared to 66 % to
ADT, p = 0.0033) (Warde et al. 2011). This trial included
1,205 patients and provides convincing evidence that local

Table 1 Large randomized trials combining radiotherapy with androgen suppression

Trial Eligibility Arms DFS (%) OS (%)

RTOG 85-31 T3 or T1-2,
N+ or pT3

RT versus RT ? ADT 10 years
23 versus 37
(P \ 0.0001)

10 years
39 versus 49
(P = 0.002)

RTOG 86-10 T2b-4, N+ RT versus RT ? NHT 10 years
3 versus 11
(P \ 0.001)

10 years
34 versus 43
(P = 0.12)

RTOG 92-02 T2c-4, N+
sPSA \ 150 ng/mL

RT ? NHT
versus RT ? NHT ? ADT

5 years
28.1 versus 46.4
(P \ 0.001)

5-years
78.5 versus 80
(P = 0.73)

RTOG 94-13 T2c-4, N+
risk [ 15 %

WP ? NHT
WP ? ADT
PO ? NHT

4 years
59.6
48.9

4 years
84.7 versus 84.3
(P = 0.73)

T94-0110 T3 ADT ? RT versus ADT 7 years
74 versus 66
p = 0.0033

EORTC
22,863

T3-4 or T1-2
WHO 3

RT versus RT ? ADT 5 years
45 versus 74
(P \ 0.001)

5 years
62 versus 78
(P = 0 .002)

SPCG-7 T2-3, pN0
PSA \ 70 ng/mL

AA versus RT ? AA 10 years
29.6 versus 39.4

DFS disease-free survival, OS overall survival, RTOG Radiation Oncology Group, ADT adjuvant androgen deprivation therapy, AA antiandrogen
hormone treatment, EORTC European Organisation for Research and Treatment of Cancer, WHO World Health Organization, PSA prostate-
specific antigen, WP whole pelvis, PO prostate only, SPCAG Scandinavian Prostate Cancer Group
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control disease in the prostate improves survival in patients
with locally advanced PCa. Interestingly, treatment-induced
morbidity was not substantially different from the toxicity
seen in the ADT-only cohort.

Also, in earlier stage of PCa the influence of ADT was
investigated. D’Amico et al. designed a study testing 70 Gy
plus 6 months of ADT versus EBRT alone for patients with
intermediate risk (D’Amico et al. 2008). At a median follow-
up of 4.5 years they found an overall survival advantage at
5 years for the combined group (88 % vs. 78 %, p = 0.04).

The results of seven published prospective randomized
trials are acknowledged in Table 1.

3.2 HDR-Brachytherapy and LDR-
Brachytherapy Outcome

For intermediate and high-risk disease there are concerns
that BT alone may not adequately treat the periprostatic
tissues and micrometastic spread nearby, and therefore, it
may be used optimally as a boost in combination with EBRT
and ADT in prognostically high-risk patients. It also has a
potential biological advantage through the delivery of high
doses per fraction. Dose escalation is feasible by combining
RT with high-dose rate after loading BT, which provides
optimal intensity-modulated conformal radiation dose

delivery (Morris et al. 2013; Kuban and Dong 2004; Mar-
tinez et al. 2003). Hoskins’ group recently published their
findings applying neoadjuvant ADT to 76 % of their patients
and adjuvant ADT to almost all high-risk patients, and they
could demonstrate a significant dose–response relationship
in the HDR-BT/EBRT arm (EBRT 35.75 Gy ? HDR-BT
8.5 Gy 9 2) resulting in improved 31 % reduction in the
risk of recurrence compared to RT alone after a median
observation time of 7.1 years (Hoskin et al. 2012). Trimo-
dality therapy, a concept including ADT, RT, and a brach-
ytherapy boost technique, administered in one recent
population showed a favorable 5-year OS estimate (96 %) in
comparison with published reports on OS in similar series
employing only EBRT ± ADT (Lilleby et al. 2012). Lilleby
et al. found a high rate of PCSS (99.3 %, see Table 2)
compared with other series, conducted in a group of high-
risk patients after a median follow-up of 44.2 months (Lil-
leby et al. 2012). The rigorous surgical staging procedures
confirming pN0 status in most of the treated patients may
have contributed to these excellent results. Still, only pro-
spectively randomized trials can clarify the beneficial role of
long-term ADT with HDR-BT ? EBRT compared to
ADT ? EBRT in high-risk patients.

Conformal LDR-brachytherapy has shown acceptable late
side effects and especially low frequency of clinically rele-
vant rectal damage (Martinez et al. 2003; Yoshioka 2009).

Table 2 Comparison of outcome in patients treated with high-dose-rate-brachytherapy boost actuarial 5-year estimates

Reference Risk group No. of patients bNED (%) DFS (%) PCSS (%) OS (%) Period
(months)

Åstrøm et al. All
High
Intermediate
Low

214
47
87
80

82
56
87
92

91
80
93
94

97
86
100
100

89
74
92
94

48a

Galalae et al. All
High
Intermediate
Low

588
354
188
46

77
69
88
96

67
61
75
83

96
95
99
100

85
85
86
88

60b

Martinez et al. All
High
Intermediate
Low

207
35
75
97

74
50
75
85

68
41
72
77

98
97
97
100

92
91
93
92

58b

Lilleby et al. All
High
Intermediate

275
256
19

98.5
98.8
100

95.6
95.2
100

99.3
99.6
96

96.3
96.8
92

42a

Phan et al. All
High
Intermediate
Low

309
67
109
133

86
78
90
98

59a

Viani et al. All
High
Intermediate

131
66
65

81
71
87

62.8a

Observation period a median and b mean
bNED biochemical non-evidence of disease, DFS disease-free survival, PCSS Prostate cancer-specific survival, OS overall survival
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In a long-term follow-up study by Zelefsky et al. comparing
LDR-BT versus EBRT using IMRT in 729 patients, Grade 2
GI side effects were reported in 5.1 and 1.4 %, respectively
(Zelefsky et al. 2011). Grade 2 GU treatment-related toxicity
was more often described in the LDR-BT group 15.6 versus
4.3 % for the EBRT group (p \ 0.0001). There was no dif-
ference in Grade 3 GI toxicity for both treatment modalities.
The overall side effects are mild with low risk of developing
incontinence and loss of potency (Hinnen et al. 2010).

So far, only one small randomized study has been per-
formed (Giberti et al. 2009) comparing LDR-BT to PRECT
and others had been stopped prematurely due to insufficient
accrual (Crook et al. 2011; Eccles et al. 2013). However, the
results from multi-center collaborations (Morris et al. 2013;
Dickinson et al. 2013) show comparable biochemical dis-
ease-free intervals to PRECT and EBRT and add to the
growing body of evidence that LDR-BT is an effective and
durable treatment option for men with low-risk PCa. This
modality may be especially valuable for men unfit for active
surveillance or in those who wish active intervention.

4 Conclusion

PCa is a heterogeneous disease with indolent as well as
aggressive courses leading to overtreatment with significant
side effects in early small tumor volume PCa (Stamey et al.
1999) and undertreatment with substantial morbidity and
fatal outcome due to progressive disease in cases with
locally advanced cancers. As patients with an aggressive
course succumb to PCa, the right treatment decision
demands evidence-based facts on objective and consented
parameters to support it.

Due to improved outcome issues related to long survi-
vorship in PCa, adverse effects and quality of life should be
a fundamental integral part in each patient’s counselling.
Thus, there is considerable risk of being sidetracked by
randomization methodology when looking for small gains
in large groups. Instead, relevant healthcare breakthroughs
in terms of PCCS will presumably only be achieved by
identifying and including high-risk patients into randomized
trials in whom it is clinically necessary to improve cure with
acceptable morbidity. Modern staging and improvements in
diagnostic markers will presumably spare low-risk patients
from unnecessary intervention with the risk of treatment-
induced morbidity in the future.

This is not the beginning of the end. The next generation
of trials in PCa has to take into account the changing
landscape in PCa, integrating new achievements in molec-
ular diagnostics, and patient’s preferences leading to per-
sonalized medicine with modern radiotherapy as one major
treatment cornerstone.
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Abstract

As there seems to be no perceptible impact of treatment
choice onoverall survival of patientswith localized prostate
cancer, other criteria have to be taken into consideration
choosing the appropriate treatment option for the individual
patient. There is increasing awareness that predicted
functional outcomes, including quality of life, alongside
objective measures of late adverse genitourinary and
gastrointestinal toxicity are essential components of the
decision-making process in the management of patients
with prostate cancer. Assessing the impact of available
treatment modalities on health-related quality of life
(HRQOL) therefore is gaining further importance. This
chapter gives an overview of the main toxicity scoring
instruments and HRQOL measures. It furthermore sum-
marizes pathophysiological mechanisms of the mainly
reported late toxicities after radiotherapy and gives a short
overview of their possible treatment options. Due to the
large amount of studies on side effects and HRQOL in
prostate cancer patients it is beyond the scope of this chapter
to give a comprehensive review on this issue. Instead,
general aspects as well as particular problems and obstacles
regarding the assessment and interpretation of HRQOL-
Data will be highlighted.

1 Introduction

Patients with clinically localized prostate cancer have a
favorable long-term overall and cancer-specific rate of sur-
vival regardless of treatment choice. By now, there are only
a few completed prospective, randomized trials that evaluate
differences in survival outcomes between radical prostatec-
tomy and external beam radiation therapy (Alicikus et al.
2011; Birkhahn et al. 2011; D’amico et al. 1998). As there
seems to be no perceptible impact on overall survival, other
criteria have to be taken into consideration choosing the
appropriate treatment option for the individual patient. There
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is increasing awareness that predicted functional outcomes
including quality of life alongside with objective measures
of late adverse genitourinary and gastrointestinal toxicity are
essential components of the decision-making process in the
management of patients with prostate cancer. In this regard,
it has to be mentioned that even acute and late side effects in
published data are not easily comparable, mostly due to the
large variety of adapted toxicity scales (Hoeller et al. 2003).
In contrast to these more or less exactly and objectively
measurable treatment-related issues, the evaluation of health-
related quality of life (HRQOL) comprises even more
uncertainties and difficulties especially when comparing
current available data on HRQL for patients with surgery
versus radiotherapy or when comparing the results of dif-
ferent radiotherapy concepts. Besides to HRQOL inherent
issues, associated with the multifactorial and complex
quality of life (QOL) concept, there are also study-related
methodical and statistical uncertainties, making it hard
drawing a clear conclusion how and to what extent HRQOL
is influenced by prostate cancer treatment.

This chapter gives an overview on the main toxicity and
HRQOL scoring instruments. It furthermore focuses on
reported late toxicity after definitive radiotherapy for pros-
tate cancer and its impact on the patients’ HRQOL. Due to
the vast amount of studies on side effects as well as on
HRQOL in prostate cancer patients, it is beyond the scope
of this chapter to give a comprehensive review. Instead,
general aspects as well as particular problems and obstacles,
which to our opinion represent important issues, will be
highlighted.

2 Late Toxicity Scoring

2.1 RTOG/EORTC Late Morbidity System

The necessity of quantifying and scoring late effects has
always been a concern of radiation oncologists. Therefore, a
grading system was encouraged by the Radiation Therapy
Oncology Group (RTOG) and the European Organization
for Research and Treatment of Cancer (EORTC), called Late
Effects Morbidity Scales in the late 1970s. The Acute
Radiation Morbidity Scoring Criteria were developed in
1985 as complimentary to the Late Effects Scoring Criteria.
The RTOG/EORTC Late Radiation Morbidity Scoring
Scheme grades severity of reactions from 0 to 5. The cate-
gories can be summarized in the following manner. Zero
means the absence of radiation effects and 1, 2, 3 describing
mild, moderate to severe side effects. For grade 4, toxicities
usually are local necrosis or the loss of function concerning
the specific organ or tissue characteristic, whereas grade 5
effects lead to death. In most RTOG publications, major

toxicities have been reported as grades 3, 4, and 5 taken
together. Cumulative probabilities of “major” toxicities are
often presented as risk estimates at discrete intervals, such as
1 year and 2 year. These probabilities are also presented
graphically to show the propensity for continued increases
with time (Cox et al. 1995).

2.2 LENT-SOMA

The National Cancer Institute (NCI) consensus conferences
have led to the introduction of SOMA classification for late
toxicity: subjective, objective, management criteria with
analytic laboratory and imaging procedures. These scales,
specific for each organ, form a scaffold for understanding the
expression of later injury because their contents are the
substance of late effects in normal tissue (LENT) expression
(LENT-SOMA tables, Radiother Oncol. 1995; 35:17–60).

2.3 CTCAE

As reported by Trotti et al. (Trotti et al. 2003), the (NCI)
Common Toxicity Criteria system (CTC version 1.0) was
first created in 1983 to aid in the recognition and grading
adverse effects of chemotherapy. It was updated and
expanded in 1998 (CTC version 2.0) but remained focused
on acute effects. In an effort to create a single grading
platform incorporating full surgical side effects as well as
late effects and pediatric criteria, the NCI has guided the
development of a significant revision of the CTC (CTCAE
version 3.0) in 2006. Nevertheless, it does not clearly and
consistently distinguish between early and late effects. Since
the third version, the CTC has been renamed the Common
Terminology Criteria for Adverse Events version 3.0
(CTCAE version 3.0) and was again updated in 2010
(CTCAE v4.0). Like the aforementioned scoring systems,
the CTCAE divides severity of adverse events into 5 grad-
uations. Grade 1 effects are minimal and usually asymp-
tomatic and do not interfere with functional endpoints.
Interventions or medications are generally not indicated for
these minor effects. Grade 2 effects are considered moderate
and are usually symptomatic, and interventions such as local
treatment or medications may be indicated. They may or
may not interfere with specific functions but not enough to
impair activities of daily living. Grade 3 effects are consid-
ered severe and very undesirable. There are usually multiple,
disruptive symptoms. More serious interventions, including
surgery or hospitalization, may be indicated. Grade 4 effects
are potentially life threatening, catastrophic, disabling, or
result in loss of organ, organ function, or limb. A grade 5
event is specified as death related to an AE.
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3 Quality of Life Measures

In contrast to the mostly physician-reported toxicity data,
evaluation of HRQOL is usually patient-reported. In this
regard, survey instrument measuring HRQOL in prostate
cancer as reported by Sommers and Ramsey (1999) should
be valid, reliable, responsive, and feasible. This means a
valid instrument is able to measure what it is intended for.
Reliability describes the ability of an instrument to yield the
same results on separate occasions at stable disease. A
reliable instrument therefore can distinguish between real
“intergroup” differences and statistical noise. A responsive
instrument further has the ability to find small differences
between analyzed groups. Currently, there is a wide range of
HRQOL questionnaires available more or less meeting these
criteria, and their use should be based on the purpose of the
assessment.

In general, the instruments used in HRQOL assessment
can be divided into generic or specific measures. The first
mentioned assess overall well-being by addressing general
health perceptions and social, emotional as well as physical
function. Furthermore, they allow comparing, e.g., health
states in prostate cancer with the general population and
other conditions. The specific measures predominantly aim
on domains and issues that are specific to a certain disease or
treatment. They focus on how dysfunction in a single organ
or disease affects overall HRQOL. By assessing what is
likely to be most relevant to an individual with the specific
disease, e.g., urinary dysfunction after prostate cancer
treatment or anxiety about recurrence of a malignancy, they
usually are able to detect HRQOL changes more often than
generic instruments. Nevertheless, there is an overlap of
generic and disease-specific instruments, and so their inter-
play must be considered when using HRQOL outcomes for
research or in clinical practice (Fossa et al. 1997). In the
section below, we review the most frequently used instru-
ments in the prostate literature.

3.1 Generic Health-Related Quality of Life
(HRQOL) Instruments

The RAND (Research and Development)-Organization
Medical Outcomes Study 36-Item Health Survey (SF-36)
and its shorter counterpart (SF-12) are the most commonly
applied generic instruments for men with prostate cancer
(Ware and Sherbourne 1992). The 36-item questionnaire
takes about 10 min to complete and includes eight domains
of health: physical function, role limitation owing to physi-
cal problems, bodily pain, general health perception, social
function, emotional well-being, role limitation resulting from
emotional problems, fatigue and energy. The SF-36 further
summarizes HRQOL into two domains, physical and mental,

which are most readily accessible to clinicians. The SF-12
includes only the two summary domains, but is similar to
SF-36 in clinical and research utility (Gandhi et al. 2001;
Jenkinson et al. 2001; Lim and Fisher 1999; Resnick and
Nahm 2001; Salyers et al. 2000). Due to the fact that both do
not specifically yield on bowel, sexual, and urinary function,
prostate cancer patients with a significantly decreased
function in these issues may have comparable scores to age-
matched men without prostate cancer (Litwin et al. 1995;
Schlenk et al. 1998).

3.2 Cancer-Specific HRQOL Instruments

General cancer-specific instruments offer a bit more nuanced
view of HRQOL in men with prostate cancer compared to a
generic measure.

The European Organization for the Research and Treat-
ment of Cancer Quality of Life Questionnaire (EORTC QLQ-
C30) is a generic core questionnaire developed 1988, with the
current version 3.0 of the QLQ-C30 available. It measures
broader aspects of cancer-specific HRQOL in five functional
domains (physical, role, cognitive, emotional, and social
functioning), a global health status scale, three symptom
scales (fatigue, nausea/vomiting, and pain), and six single
items (dyspnea, insomnia, appetite loss, constipation, diar-
rhea, and financial difficulties due to disease or treatment)
(Aaronson et al. 1993; Holzner et al. 2006). Modules specific
for diseases including cancers of the prostate (Vachalec et al.
2002), breast (Sprangers et al. 1996), lung (Bergman et al.
1994), head and neck (Bjordal et al. 1994) as well as other
sites have been developed. These modules can be used
separately or in conjunction with the core instrument.

The Functional Assessment of Cancer Therapy (FACT)
instrument contains the FACT-G a general, self-administered,
28-item survey which builds 5 domains/scales measuring
physical, social/family, emotional “well-being” and the rela-
tionship with the physicians (Holzner et al. 2006). It also can
be paired with a set of items specific to different tumor sites.

3.3 Prostate Cancer-Specific HRQOL
Instruments

There are several instruments specific to prostate cancer
available which can be used on their own or in conjunction
with generic HRQOL tools to assess quality of life in men
with prostate cancer.

Like aforementioned is it possible to the extend the
EORTC QLQ-CQ30 core questionnaire with the 25-item
EORTC QLQ-PR25 supplementary module that assesses
aspects of HRQOL specific to prostate cancer (van Andel
et al. 2008). The EORTC QLQ-PR25 has four domains
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focusing on sexual activity and functioning, urinary symp-
toms, bowel symptoms, and treatment-related symptoms
during the past 1 and 4 weeks.

The FACT-G instrument also can be enhanced using the
disease-specific FACT-Prostate (FACT-P) modifier (Esper
et al. 1997). It contains a 12-item prostate cancer subscale
focused on pain, erectile and urinary habits, and sense of
“manhood”.

The 20-itemUCLA-PCI is a “stand-alone” disease-specific
HRQOL instrument that besides to sexual, urinary, and bowel
function also evaluates bother, which reflects any distress
caused by dysfunction, obviously an important issue in
HRQOL as this describes the degree to which symptoms are
interfering with an individual’s life. The UCLA-PCI has been
widely validated inmenwith andwithout prostate cancer from
several ethnicities and countries and has been translated into
and validated in Chinese, Dutch, French, German, Icelandic,
Italian, Japanese, Portuguese, and Spanish.

The 50-item EPIC (Expanded Prostate Cancer Index
Composite) is a comprehensive instrument (Wei et al. 2000)
also designed to evaluate function and bother after prostate
cancer treatment. It was developed using parts from the
UCLA-PCI enhanced with items in part addressing more
radiotherapy-related voiding and storage symptoms, hema-
turia and hormonal symptoms. Several versions of the EPIC
have been validated, including a short form and an instrument
containing only hormonal domains (Szymanski et al. 2010).

4 Prostate-Specific Late Toxicity

4.1 Genitourinary Late Toxicity

In general, main acute genitourinary symptoms in prostate
cancer patients treated with radiotherapy comprise alguria and
increase in frequency, especially nocturia, urgency, obstruc-
tion, hematuria, and more uncommon urinary incontinence.
These symptoms can appear usually during the second half or
the last third of therapy and mostly resolve within 3 months
after treatment spontaneously. Severe side effects as fistulas or
obstruction are rarely reported and normally related to tumor
infiltration rather than to radiotherapy effects.

The development of late bladder injury is most likely
primarily manifested in a bladder wall fibrosis with resultant
loss of bladder wall compliance and contraction. The
underlying pathophysiology behind these changes is sup-
posed to be a radiation-induced damage to the vascular
endothelial cells with subsequent vascular hyperplasia, per-
ivascular fibrosis and in the end vascular occlusion that
occur months to years after exposition to radiation. The
resultant vascular ischemia leads to fibrosis and degeneration
of the bladder wall, which in turn causes the clinical bladder
dysfunction (Antonakopoulos et al. 1984; Stewart 1985,

1986). Stewart furthermore could show that acute epithelial
cell damage is not associated with late bladder dysfunction,
but together with the resulting inflammation of the bladder
wall, it is supposed to be one possible pathophysiological
mechanism for acute urogenital side effects.

Though the mechanisms of radiation-induced injury dif-
fering from acute to late toxicity, the latter mainly shows
similar symptoms, regarding frequency including nocturia
and urgency. Urinary incontinence, hematuria, and reduced
uroflow, caused by urethral stenosis, are observed to a lesser
extent.

Whether genitourinary acute and late side effects in gen-
eral are rather caused by radiation-induced changes of the
bladder itself or changes in the bladder neck including the
prostatic urethra is not clearly understood by now, since a
discrimination of the genitourinary symptoms regarding their
origin in clinical studies is probably not feasible, because of
their very similar irritative nature. However, there is indirect
evidence coming from data in the post-prostatectomy setting
where significantly less GU toxicity is observed (Grade 2:
2–5 % versus 15–30 %) (Wiegel et al. 2009; Zelefsky et al.
1997) at a similar to slightly lower dose range as compared to
the primary radiotherapy setting. Thus, it might be hypoth-
esized that clinically significant GU toxicity at least to some
extent may rather be caused by inflammatoric processes of
the prostate or the prostatic urethra than by changes com-
prising the bladder. Most likely due to these uncertainties
regarding the exact topographical or functional origin of late
urogenital toxicities no clear correlations between the dose
distribution and side effects could be found by now, though,
for example, there are already some considerations that
higher dose peaks to the bladder neck including the prostatic
urethra are associated with stronger voiding symptoms.

At least a characteristic pattern of complaints of the two
up-to-date most common radiotherapy modalities (EBRT
versus brachytherapy) could be identified and should be
incorporated into an individual treatment recommendation,
considering the patient-specific pretreatment symptoms.
Therefore, low dose rate brachytherapy, for example, is
usually not recommended to patients showing an elevated
pretreatment IPSS due to its possible higher obstructive and
irritative GU side effects.

4.2 Gastrointestinal Late Toxicity

4.2.1 Symptoms/Endpoints
The late gastrointestinal toxicity in prostate cancer patients
treated with radiotherapy is mainly generated by radiation-
induced rectal injury. Chronic proctitis occurs usually about
8–13 months after radiotherapy (Tagkalidis and Tjandra
2001), but late side effects can take up to 3 years to develop
(Fiorino et al. 2009). The main reported symptom is late
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rectal bleeding, which is easy to assess and due to its low
pre-treatment incidence easy to be detected as a radiation-
induced side effect. Further symptoms of chronic rectal
toxicity comprise elevated stool frequency, diarrhea and urge
as well as mucous discharge and pain. Rare late complica-
tions are deep ulcerations and fistulas which are mainly
associated with unnecessary biopsies to the anterior rectal
wall due to rectal bleeding after prostate brachytherapy
(Gelblum and Potters 2000; Theodorescu et al. 2000; Tran
et al. 2005). Late fecal incontinence is also rarely reported
after prostate radiotherapy, but might be underreported due
to the patient´s embarrassment reporting fecal incontinence
as well as due to the fact that the most prospective studies do
not properly asses incontinence as a specific clinical end-
point (Putta and Andreyev 2005). Nevertheless, even when it
is rarely reported fecal incontinence can profoundly affect
the patients’ quality of life. On the other hand, low to
intermediate grade rectal bleeding does typically not com-
promise the patients’ daily activities to a greater extend.
Furthermore, concerning gastrointestinal late toxicity many
symptoms and especially late rectal bleeding can subside
with further follow-up of more than 4–5 years as it has been
shown by Goldner et al. (Goldner et al. 2011) and others.
Therefore, studies evaluating late radiation-induced gastro-
intestinal toxicity should consider the incidence and preva-
lence of side effects with a sufficient follow-up.

4.2.2 Pathophysiological Changes
Rectal bleeding With regard to rectal bleeding chronic
radiation-induced rectal injury on the cellular level is char-
acterized by a progressive vasculitis with subsequent
thrombosis of small arteries and arterioles. This in turn can
lead to a bowel wall ischemia of varying severity. Serious
ischemia can consecutively cause necrosis with following
deep ulceration and fistula formation. Due to the forming of
small collateral vessels, longer-term changes are manifested
in the development of teleangiectasis and neovasculariza-
tion. These superficial small vessels are fragile and therefore
susceptible for trauma and subsequent mucosal bleeding
(Donner 1998). Moreover, the lamina propria can become
fibrotic, and collagen can be deposited under the superficial
epithelium. This again implies the risk of ulceration,
mucosal sloughing, and fistulization (Buchi and Dixon
1987). In addition, the rectal mucosa is more vulnerable
based on the reduced ability to regenerate which further
results a thin mucosa built of atypical endothelial cells. On
histopathological specimens of the rectal wall, small
abscesses can be seen in the deep crypts, and beneath the
intima, large foam cells can be found which are considered
to be evidence of radiation-induced vascular injury. In the
thickened and fibrotic submucosa, an infiltration by large
actiniforme fibroblasts is often observed, and the muscularis
propria also shows focal areas of fibrosis or penetrating

ulcers. In the serosa, similarly diffuse hyaline modifications
with immigration of fibroblasts as well as development of
teleangiectasia and ischemic changes in larger vessels are
observed. This ischemia results in the development of an
opaque and thickened tissue surrounding the rectal wall
(Zimmermann and Feldmann 1998).

Fecal Incontinence In contrast to rectal bleeding, the
exact pathophysiology of radiation-induced fecal inconti-
nence is not clearly understood by now. Due to the fact that
in several patients with clinical measurable incontinence, no
relevant morphologic changes of the anal sphincter complex
—regarding thickness, etc,—were detected (Petersen et al.
2007; Yeoh et al. 1998). A group of other factors is
hypothesized to build clinical correlates of incontinence.
Besides the core factor of a reduced sphincter tone, several
clinical signs are considered to be associated with radiation-
induced incontinence, like a reduced rectal compliance and
squeeze pressure (Berndtsson et al. 2002; Petersen et al.
2007; Yeoh et al. 1998). In this context, connective tissue
remodeling of the rectum, including smooth muscle cell
hypertrophy as well as decreased neural function due to
damages in the myenteric plexus controlling the continence-
related muscles, seems to be very important regarding the
development of fecal incontinence after radiotherapy. These
two processes are supposed to play a part in the reduction of
rectal volumes at sensory threshold, the reduction of maxi-
mal rectal tolerance, and the reduction of compliance after
pelvic radiation (Varma and Smith 1986; Varma et al. 1985,
1986). Moreover, a lumbosacral plexopathy was considered
to influence fecal continence after radiotherapy (Georgiou
et al. 1993; Iglicki et al. 1996). This presumable impact of a
nerve damage as a basic cause was confirmed by several
studies. For example, a significant decline in nerve density
of the internal anal sphincter about 6–12 months after
radiotherapy was reported by da Silva and interpreted as a
myenteric plexus injury (Dasilva et al. 2003). In addition, a
remarkable decreased electrosensitivity of the rectal wall
was observed after pelvic radiotherapy (Kushwaha et al.
2003). Taken together, anorectal dysfunction after pelvic
radiotherapy seems to be caused by a variety of patho-
physiological changes in different morphological and func-
tional structures responsible for fecal incontinence.

4.2.3 Predictors of Late Toxicity
Risk factors Patient-related risk factors for a higher inci-
dence of radiation-induced proctitis in general were found to
be a younger age, history of previous abdominal surgery,
hypertension, vasculopathy, diabetes and hemorrhoids as
well as acute radiation-induced proctitis, inflammatoric
bowel diseases, connective tissue diseases, and a mutation in
the ataxia–teleangiectasia gene (Garg et al. 2006; Gilinsky
et al. 1983; Lanciano et al. 1992; Potish et al. 1979;
Tagkalidis and Tjandra 2001).
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Dose volume histogram (DVH) parameters Since late
rectal complications are one of the main findings limiting
dose escalation in prostate radiotherapy and as they are
shown to be consistently correlated with DVH parameters, a
big interest of radiation oncologists in that issue is obvious.
This manifests in the enormous amount of data published in
the literature regarding the correlation of DVH parameters
with radiation-induced rectal acute and late toxicity.

Significant correlations of various dose volume parame-
ters especially with the endpoint of rectal bleeding were
found by numerous studies using EBRT for prostate cancer.
Unfortunately, endpoints as well as follow-up differed
between studies. Moreover, cutoff values for distinct dose
volume parameters extracted from single patient populations
are rarely prospectively verified in a second population.
Also, different dose volume parameters are rarely combined
and evaluated jointly; thus, a great part of dose volume
histogram information is discharged, when only single
parameters are evaluated. Nevertheless, QUANTEC (Quan-
titative Analysis of Normal Tissue Effects in the Clinic) and
other initiatives took an effort to define cutoff values that are
regarded to be clinically safe when using EBRT for prostate
cancer patients. Data of selected studies as well as the
QUANTEC recommendations are listed below.

Analyzing patients of an Italian intergroup study that were
treated to doses between 70 and 78 Gy Fiorino et al. (2002,
2003) stated the following recommendations for rectal dose
constraints with regard to the incidence of RTOG grade 2 late
rectal bleeding: fractional volume of the rectum receiving
≥50Gy (V50)\ 60, V60\ 45 , and V70\ 25 %. The last
mentioned cutoff value, e.g., V70\25 % was confirmed by
another study with the same RTOG endpoint, in patients
treated at the William Beaumont Hospital with adaptive
image guided 3D-CRT to total doses in the range from 70.2
to 79.2 Gy (Vargas et al. 2005). The V70 recommendation
was furthermore confirmed by Fiorino et al. later analyzing
patients of a multicenter study treated at 70–80 Gy. Rectal
late bleeding ≥ grade 2 was evaluated according to the
LENT-SOMA scale, and the DVH cutoff values in addition
to the V70 recommendation were comparable to the con-
straints stated above, e.g., V75 \ 5, V60 \ 40, and
V50\55 % (Fellin et al. 2009; Fiorino et al. 2008).

The proposed rectal constraints considering overall late
toxicity instead of rectal bleeding as a single clinical endpoint
are very similar to the already mentioned. Huang et al., for
example, published data from the MD Anderson Center ana-
lyzing 163 patients with regard to the incidence of late GI
toxicity 6 years after radiotherapy (total dose 74–78 Gy). The
overall late 61 toxicity RTOG grade 2 or higher was about
25 %. Correlating rectal DVH data with the incidence of late
toxicity they found that the percentage of the rectum receiving
a certain dose was more predictive of late rectal side effects
than the absolute volume and further recommended to keep the

rectal V60 below 40%, the V70 below 25%, the V75.6 below
15 %, and the V78 below 5 %, respectively (Huang et al.
2002). On the other hand, Cahlon et al. reported a grade 2 or
higher late rectal toxicity (CTCAE) of about 4 % even with a
V75.6\30 % and a V47\53 %, evaluating the data of 478
patients treated to a total dose of 86.4 Gy using IMRT (Cahlon
et al. 2008).

DVH data and fecal incontinenceWith a risk of less than
1 % severe fecal incontinence characterized as the need of
multiple pad use per week, it is a rare late radiation side
effect. Although the development of this condition is sup-
posed to be a multifactorial process, a significant correlation
of rectal DVH parameters with the incidence of fecal incon-
tinence could be demonstrated by some studies (Fiorino et al.
2008; Peeters et al. 2006). In contrast to rectal bleeding where
predominantly the higher dose regions are most predictive,
late fecal incontinence rather was associated with interme-
diate doses to larger volumes of the rectum. Two large studies
recommended a V40 of the rectum below 65 % as a predictor
for a low incontinence risk about 1–2 % (Fiorino et al. 2008;
Peeters et al. 2006).

In 2010, the RTOG published the QUANTEC data aim-
ing to develop a general dose constraint recommendation for
every organ site, by taking the main individual publications
into consideration. With regard to rectal toxicity, data were
summarized by Michalski et al. (2010) and they recom-
mended the following rectal dose constraints to limit grade
≥2 late rectal toxicity to\15 % and the probability of grade
≥3 late rectal toxicity to\10 %, when patients were treated
to a total dose of about 80 Gy using 1.8–2 Gy per fraction:
V50 \ 50 %, V60 \ 35, V65 \ 25, V70 \ 20, and
V75\ 15 %.

However, looking at these recommendations, some lim-
itations and several other aspects have to be considered. First
to mention is the fact that a planning CT scan is not nec-
essary reflecting the anatomical situation during the whole
course of treatment. Moreover, uncertainties in contouring
(e.g., inter- and intraobserver variability) have to be regarded
as further possible variables, when using the recommended
dose constraints.

Beyond the plain DVH data also spatial dose distribution,
i.e., the anatomical localization of radiation dose, seems to
be relevant for the prediction of rectal late effects, as some
authors found that doses to larger volumes of the distal
rectum are associated with a higher risk of late fecal
incontinence and rectal bleeding (Al-Abany et al. 2004;
Heemsbergen et al. 2005; Vordermark et al. 2003). Fur-
thermore, higher doses to the posterior rectal wall and upper
parts of the rectum are shown to be predictive for higher late
toxicity (Fiorino et al. 2002; Heemsbergen et al. 2005;
Munbodh et al. 2008; Peeters et al. 2006; Skwarchuk et al.
2000). In contrast to these data, there is good evidence that
very small volumes of the rectum can tolerate very high
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radiation doses when using prostate brachytherapy. Albert
et al. (2008), for example, reported DVH constraints from
LDR seed brachytherapy at UCSF and that the absolute
volume of the rectum receiving 100 Gy was predictive for
late proctitis needing argon laser treatment. Patients with a
V100 of more than 8 ccm had a 20 % incidence for the
above-mentioned toxicity, whereas none was seen in patients
with a V100 below 8 ccm. Furthermore, Waterman and
Dicker found the maximum point dose to the rectum also
predictive for RTOG ≥ 2 rectal bleeding reporting a 0.4 %
rate for a dose of 150 Gy, 1.2 % for 200 Gy, and 4.7 % for
300 Gy in their patient sample (Waterman and Dicker 2003).

4.2.4 New Radiation Techniques
The introduction of IMRT and IGRT techniques was sup-
posed to open the field for dose escalation without signifi-
cantly increasing rectal side effects. Due to an adequate
reduction of safety margins applying IGRT and due to the
higher dose conformity to the prostate by IMRT, rectal doses
should be reduced, which in turn should lead to lower rectal
side effects at equal or higher doses in the PTV. Indeed, sev-
eral studies—although not randomized—could observe this
positive effect (Cahlon et al. 2008; Zelefsky et al. 2002) and
were incorporated in the QUANTEC review (Michalski et al.
2010). Zelefsky et al. (2008) compared the long-term late
rectal toxicity after IMRT and 3D-CRT and demonstrated a
significant lower incidence of late rectal grade 2 or higher
toxicity in the high-dose IMRT arm as compared to the lower
dose 3D-CRT arm (5 % vs. 13 %). However, acute toxicity
was somewhat more pronounced in the high-dose IMRT arm.

Furthermore, several studies found reduced late rectal
mucosal changes after IMRT or 3D-CRT using endorectal
balloons (D’amico et al. 2006; Teh et al. 2005; van Lin et al.
2007), as they can reduce the rectal wall volumes receiving
higher doses than 40 Gy (van Lin et al. 2007). (See also
chapter “Internal immobilization—from rectal balloon to
hyaluronic acid”).

4.2.5 Treatment of Radiation-Induced Proctitis
Probably, due to the quite low incidence of late rectal side
effects that require treatment, there are only a few more or
less effective treatment options tested in prospective studies.
In a randomized double-blind study by Clarke et al., 30
sessions of hyperbaric oxygen at 2.0 atmospheres absolute
showed an improved healing response compared to the same
treatment with 1.1 atmospheres according to an absolute risk
reduction of 32 % (Clarke et al. 2008). The benefit of
sucralfate orally as well as rectally applied in the treatment of
radiation-induced proctitis could be shown in small retro-
spective studies (Kochhar et al. 1999; Sasai et al. 1998).
Kennedy et al. (2001) found a combination of vitamin E and
vitamin C significantly effective in reducing symptom indices
for bleeding, diarrhea, and urgency, analyzing 20 patients

prospectively, that developed symptoms after radiotherapy
for prostate cancer or gynecological malignancies. The by
now most effective symptomatic treatment for rectal bleeding
in patients suffering from proctitis is an argon laser therapy
(Kaassis et al. 2000; Taieb et al. 2001; Taylor et al. 2000;
Viggiano et al. 1993).

5 Impact of Radiotherapy on Quality
of Life of Prostate Cancer Patients

For several reasons, assessing the impact of available treat-
ment modalities especially on health-related quality of life
(HRQOL) is gaining importance for patients with localized
prostate cancer: At first in the PSA era, most patients are
asymptomatic, due to the early diagnosis after detecting
elevated PSA levels, thus “harming” the patients with side
effects is not counterbalanced by improving symptoms.
Furthermore, even without treatment, survival of many
patients with prostate cancer is good and might in early
stages not differ much from those actively treated. Active
surveillance strategies are presently gaining in popularity
among patients and physicians. Thus, the QOL impact of not
having (immediate) treatment-related side effects has to be
weighed against the effect of eventual symptomatic disease
progression and the issues of leaving the tumor untreated. In
the presence of several presumably equally effective treat-
ment options, data on the time course of side effects as well
as on HRQOL are essential components to facilitate decision
making by both patients and clinicians.

Within the last decades, an evolution of HRQOL
assessment took place from not considering HRQOL in
general at all to meanwhile excessively sampling “HRQOL
data” using multiple often institutional and not validated
questionnaires in a retrospective manner. In the last years,
HRQOL studies started to became more conformal using
with increased frequency established and validated ques-
tionnaires within prospective studies and—in a few cases—
even in the randomized setting (Al-Mamgani et al. 2011;
Hoskin et al. 2013). Nevertheless, due to the large variations
within the published literature regarding the endpoints, study
design, treatment details, and modalities as well as the used
measures and toxicity scores, it would go beyond the scope
of this chapter to give a comprehensive summary on this
topic. Rather, we like to focus on some crucial issues and
discuss selected studies.

5.1 Global HRQOL

Already in 1999, Lilleby et al. stated that in spite of con-
siderable malignancy and/or treatment-related morbidity,
global HRQOL was not or only slightly impaired in the
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majority of patients with localized prostate cancer after
definitive radiotherapy or radical prostatectomy with no
significant difference as compared to an age-matched normal
population. In their cross-sectional study, they evaluated
morbidity, side effects, and quality of life of 154 patients
who had undergone definitive radiotherapy and 108 patients
with radical prostatectomy at the Norwegian Radium
Hospital during 1987–1995. Using the EORTC-C30 core
questionnaire to assess the general HRQOL and furthermore
several disease-specific symptom scores like the IPSS, to
their point of view, general HRQOL dimensions (physical
function, emotional function, fatigue) are as a rule of greater
significance for HRQOL than sexuality and lower urinary
tract symptoms (Lilleby et al. 1999).

The finding that—independently of the used generic
score—global HRQOL is mostly not significantly or rele-
vantly affected by radiotherapy side effects also was reported
by the majority of recent published prospective and/or lon-
gitudinal studies using 3D-CRT, IMRT, or brachytherapy
(BT) alone or in combination with EBRT (Geinitz et al.
2010; Goineau et al. 2013; Huang et al. 2010; Lips et al.
2009; Pardo et al. 2010; Roeloffzen et al. 2010; Schaake
et al. 2013), even after dose escalation (Goineau et al. 2013;
Lips et al. 2009; Marchand et al. 2010), when comparing
baseline global HRQOL scales with the changes during
follow-up. Though some studies have the limitation of a
short follow, there is a growing number of long-term studies.
Hoskin et al., for example, reported on their randomized
study applying combined hypofractionated 3D-CRT and
HDR brachytherapy (Hoskin et al. 2013) and described no
significant or clinically relevant global HRQOL impairments
after a follow-up of 10.5 years. Another published ran-
domized trial treating patients with normofractionated 3D-
CRT to total doses of 68 Gy versus 78 Gy found clinically
relevant deterioration of HRQOL scales only in the high-
dose arm with regard to role and physical functioning,
whereas there was no significant or clinically relevant
deterioration in the corresponding scales of the low-dose arm
(Al-Mamgani et al. 2011). However, the follow-up of about
36 months in this study is still short. Some of the afore-
mentioned trials moreover compared the course of HRQOL
in their patient samples to an age-matched normative cohort
(Schaake et al. 2013). Though some significant HRQOL
impairments compared to the baseline and the normative
cohort were found, all changes showed no or only borderline
clinical relevance. Fossa et al. reported a significant corre-
lation of late RTOG/EORTC genitourinary or gastrointestinal
toxicity with global health status (Jereczek-Fossa et al. 2013)
and (Hoskin et al. 2013) reported it for genitourinary late
effects, not evaluating the impact of gastrointestinal effects.

Until 2014, no prospective data were published that could
demonstrate a clinically significant impact of specific treat-
ment-related side effects on HRQOL. In 2014, however,

Schaake et al. published the first study that demonstrated a
clinically significant effect for two specific treatment-related
adverse effects—e.g., urinary incontinence and rectal dis-
comfort—in a prospectively evaluated cohort of 227 patients
treated with external beam radiotherapy (Schaake et al.
2014). According to the authors, one explanation for the fact
that this association had not been demonstrated may origi-
nate in the circumstance that the more recent criteria from
Cocks et al. (2011, 2012) were used to assess the clinical
relevance of QOL changes. In contrast, the aforementioned
earlier studies used the criteria from Osoba et al. (1998)
to define clinical relevance. The Cocks criteria have the
advantage that for every single functional or symptom scale,
a specific graduation into categories was created, whereas
according to Osoba et al., changes in all scales were clas-
sified using the same graduation scheme, suggesting changes
clinically relevant, if scales increase or decrease to the
amount of at least 10 absolute points or 10 % of the total
scale range. The Cocks criteria additionally distinguish
between cross-sectional and longitudinal differences.

5.2 Disease-Specific HRQOL

Due to the fact that severe impairment of global health-
related QOL is rare in patients receiving primary radiother-
apy for prostate cancer, disease-specific health-related
quality of life events seem to be primary determinants of
outcome (Hoskin et al. 2013). In the last decade, disease-
specific health-related quality of life also was intensively
evaluated by numerous studies including some of the pre-
viously cited. Large variations with regard to the used study
designs, treatment parameters, treatment modalities, and
follow-up are making it very challenging to compare the
published results. However, some general patterns regarding
the time course of HRQOL after definitive radiotherapy may
be derived from the published data.

In general, the incidence of severe late disease-related
impairments of HRQOL is low, even if disease-specific
measures are used to assess HRQOL. In terms of EBRT, the
mean impairments of disease-specific HRQOL are mostly
reported to be slight or moderate. With regard to urinary
symptom and bother scales, the most pronounced deterio-
ration was consistently reported during the first months after
treatment, with a recovery of specific HRQOL scales
1–2 years after treatment (Geinitz et al. 2010; Gore et al.
2009; Huang et al. 2010). The further course beyond this
time was reported inconsistently, with a second slight and
gradual deterioration around 5 years after therapy observed
in some studies (Pardo et al. 2010). In contrast to that others
showed no further significant impairment (Goineau et al.
2013; Huang et al. 2010), including one study following
patients up to 10.5 years after treatment using combined
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EBRT and BT (Hoskin et al. 2013). In terms of bowel
symptoms and bother, a bit more pronounced impairments
with similar courses over time were reported. In this context,
often complete recovery from bowel bother was reported up
to 36 months after treatment (Pardo et al. 2010), whereas
some studies using predominantly IMRT showed not even
a significant deterioration of specific HRQOL scales after
the immediate first months after treatment or even during
the whole follow-up, comprising follow-up times up to
54 months (Geinitz et al. 2010; Goineau et al. 2013; Lips
et al. 2007; Marchand et al. 2010). With regard to IMRT,
there is growing information that in general, it seems to
be possible to carrying out dose-escalated radiotherapy
without producing further specific treatment-related HRQOL
impairments (Goineau et al. 2013; Jereczek-Fossa et al. 2013;
Lips et al. 2007; Marchand et al. 2010; Shinohara et al. 2013).

For low dose rate brachytherapy, only slight to moderate
impairments are reported after an initial pronounced deteri-
oration of urinary bother scales up to 1 year after treatment
with either a slow recovery not reaching baseline levels as
compared to EBRT arms (Huang et al. 2010) or a complete
recovery to baseline levels (Gore et al. 2009). In terms of
bowel functioning and bother scores or gastrointestinal
HRQOL, respectively, most studies reported no or only
slight impairments after brachytherapy.

5.3 Risk Factors

With regard to the reviewed literature, we found no risk
factor that consistently correlated with HRQOL changes in
all studies. Nevertheless, some treatment or patient-related
factors at least might be considered as potential risk factors
for HRQOL impairment such as hormonal therapy (Huang
et al. 2010; Marchand et al. 2010; Sanda et al. 2008), late
toxicity (Hoskin et al. 2013; Jereczek-Fossa et al. 2013;
Schaake et al. 2014), comorbidity (Schaake et al. 2013), and
age (Huang et al. 2010; Schaake et al. 2014).

5.4 Limitations and Issues Confounding
HRQOL Data

When interpreting HRQOL data in general several
methodical as well as statistical issues and uncertainties have
to be considered, some of which are listed below.

The inherent subjective nature of QOL assessment has to
be regarded as a general methodical issue making it difficult
in QOL studies to gain significant and comparable data that
is equivalent to the evaluation of clinical outcome and tox-
icity in patients. For example, by now, it is nearly impossible
to predict the impact of personal capacity, resources, and
personality traits, as well as coping strategies or response

shift, on the course of the HRQOL after therapy. A response
shift describes the patient’s ability to adapt their internal
standards, values, and the conceptualization of QOL. It can
lead to an improved HRQOL in spite of stable or even
increasing side effects (Schwartz et al. 2006). In addition,
there are a lot more patient-related factors which have not
been clearly understood by now. Beyond patient-related
traits, selection biases as a consequence of missing data in
case of low response rates have to be regarded as methodical
issues in QOL assessment. This potential bias is hard to
quantify as it is not possible to identify whether patients did
not return the questionnaires by random or due to health-
related problems. A further issue is more prostate cancer
specific, as most patients are elderly men and a decreasing
QOL in these populations is not uncommon even without a
cancer treatment, inter alia due to increasing comorbidities
(Goineau et al. 2013). Furthermore, the interpretation of
properly assessed data also might involve some uncertain-
ties, due to the fact that also the development of appropriate
instruments for data interpretation to some extent is still an
ongoing process. As discussed above, new definitions of
clinically relevant QOL changes lead to an identification of
previously not appreciated interferences of EBRT-related
adverse events with HRQOL (Schaake et al. 2014). A more
statistical issue comprises the effect that due to the low
incidence and prevalence of severe late effects in definitive
radiotherapy for patients with localized prostate cancer,
studies often might not have the statistical power to detect a
significant influence of late effects on HRQOL. This was
stressed by Schaake et al. (2014) in their study as (high
grade) fecal incontinence, a symptom that interferes with the
patient’s daily activities, did not correlate with HRQOL,
most likely due to its low incidence in that study.

6 Summary

The lack of prospective randomized studies with sufficient
follow-up comparing the impact of surgery, recent radio-
therapy techniques (IGRT/IMRT/conformal brachytherapy)
as well as active surveillance on toxicity and especially
HRQOL leaves many questions unanswered. Due to the
median life expectancy of 13.8 years after treatment (Walz
et al. 2007), an accurate prospective evaluation of HRQOL
and symptoms with a follow-up of about 10 years seems to be
necessary to understand the comprehensive experience of
men living with a diagnosis of prostate cancer. Nevertheless,
the possible risks of complications as well as the deterioration
of HRQOL must be carefully weighed against the risk of
relapse during the patient’s expected life span. For high-dose
radiotherapy, IMRT techniques should be used, as it could be
consistently shown that by means of IMRT dose escalation
most likely can be carried out without significantly increasing
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late effects or deteriorating the patients’ HRQOL. With
regard to quality of life research, further understanding of
patient-related traits and attitudes and their impact on post-
treatment HRQOL as well as new instruments rating HRQOL
perception appear to be worth studied.
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Abstract

Many studies have investigated the relationship between
dose and treatment outcome with regard to clinical or
biochemical disease free-survival. The relationship to
other endpoints such as overall survival and disease-
specific survival is still unclear, with different dose-
correlations detected in different studies. Currently,
several phase III randomised trials published in the
recent years provided their long-term results with high
level of evidence.

1 Introduction

In the last decade, the incidence of prostate cancer increased
in all industrialised countries. External beam radiation ther-
apy is decidedly one of the curative treatment options. Sev-
eral single institution and cohort studies published in the last
decade found a dose-response relationship in clinical and
biochemical disease-free survival as well as in treatment-
associated genitourinary and gastrointestinal toxicity. Some
trials also observed a dose-response in overall survival.

Rapid employment of modern technology in conformal
radiotherapy using 3D conformal techniques, intensity-
modulated radiotherapy, and image guidance has enabled
more precise and accurately treatment approach that allows
the delivery of higher radiation dose and improved disease
control with an acceptable level of side effects.

However, even better outcomes have been reported in
patients treated with modern techniques that allow the
radiotherapy doses in the prostate gland to be escalated
safely above 74 Gy. Nonetheless, although many studies
have investigated the relationship between dose and treat-
ment outcome with regard to clinical and biochemical dis-
ease-free survival, the relationship with other endpoints
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such as overall survival and disease-specific survival is still
unclear, with different dose relationships detected in dif-
ferent studies. Currently, several phase III randomised trials
published in the recent years provided their long-term
results with high level of evidence.

2 Randomised Dose Escalation Trials

Five randomised dose-escalated phase-III studies with
overall 2,332 patients published between 2005 and 2010
provided the long-term results with high level of evidence
(Table 1).

3 Influence of Radiation Therapy Dose
on Progression-Free Survival

The long-term data from five randomised trials published
between 2005 and 2010 confirmed the advantage of high
dose radiation therapy for patients with localised adeno-
carcinoma of the prostate (Fig. 1).1

Dearnaley et al. (2005) published the results of a Royal
Marsden NHS Trust and Institute of Cancer Research
(RMH) phase III dose escalation pilot study. The total of
126 men with localised (T1–T3b) prostate cancer were
randomised after an initial 3–6 month period of androgen
suppression to deliver a dose of 64 Gy with or without a

10 Gy boost (64 and 74 Gy arms) between 1995 and 1997.
The results showed that freedom from PSA failure was
higher in the 74 Gy arm compared to the 64 Gy arm, but
this did not reach conventional levels of statistical signifi-
cance with 5-year actuarial control rates of 71 % in the
74 Gy arm vs. 59 % in the 64 Gy arm (p = 0.10). There
was no difference in the time to restarting hormone therapy
between the randomised groups (5-year actuarial rate
15–16 % in each group).

The following randomised Medical Research Council
(MRC) RT01 trial with 843 men with localised prostate
cancer (T1–T3a, PSA \ 50 nag/mL), which were randomly
assigned to escalated dose (74 Gy; n = 422) or standard-
dose (64 Gy; n = 421) conformal radiotherapy was pub-
lished by Dearnaley et al. (2007). After a median follow-up
of 63 months, 5 year biochemical progression-free survival
(bPFS) was a 71 % in the escalated and a 60 % in the
standard group (p = 0.0007). In the subgroup analysis, no
heterogeneity of effect on bPFS according to risk groups
was found. Neither of these analyses showed that escalated
dose treatment is more or less beneficial in either of these
risk groups. The bPFS at 5 years for the standard and
escalated groups were 79 and 85 % in the low-risk group,
70 and 79 % in the intermediate-risk group and 43 and
57 % in the high-risk group, respectively. No significant
benefits were detected for clinical progression-free survival
(p = 0.064), local control (p = 0.16), freedom from sal-
vage androgen suppression (p = 0.12), and metastases-free
survival (p = 0.21).

Al-Mamgani et al. (2008) presented the analysis of the
Dutch dose escalation trial of radiotherapy for prostate
cancer. A total of 669 patients with localised prostate cancer

Table 1 Published randomised dose escalation trials using external beam percutaneous radiotherapy

Trial/update n Risk Groups (%) Dose Treatment modality End point Hormonal
therapy

Boston
Zietman et al. (2010)

393 Low
Intermediate
High

58
37
5

70.2 Gy
vs
79.2 Gy

3D
50.4 Gy/1.8 Gy +
proton boost

FFF 10 y
BF ASTRO
Phoenix

no

MD Anderson
Kuban et al. (2008)

301 Low
Intermediate
High

20
46
34

70 Gy
vs
78 Gy

3D
46 Gy/2.0 Gy +
boost

FFF 8 y.
BF ASTRO

no

Dutch
Al-Mamgani et al. (2011)

669 Low
Intermediate
High

18
27
55

68 Gy
vs
78 Gy

3D
50/Gy2.0 Gy +
boost

FFF 7 y.
BF ASTRO
Phoenix

6 months
–3 years

MRC
Dearnaley et al. (2007)

843 Low
Intermediate
High

24
32
44

64 Gy
vs
74 Gy

3D
64 Gy/2.0 Gy +
boost

FFF 5y.
BF nadir + 2 ng/ml

*6 months

RMH
Dearnaley et al. (2005)

126 Low
Intermediate
High

18
72
10

64 Gy
vs
74 Gy

3D
64 Gy/2.0 Gy +
boost

FFF 5y.
BF nadir + 2 ng/ml

*6 months

FFF freedom from biochemical or clinical failure, BF biochemical failure; ASTRO initial American Society for Radiation Oncology definition
for biochemical recurrence after radiation therapy for prostate cancer (three consecutive rises in serum PSA); Phoenix: definition of biochemical
failure according to the RTOG-ASTRO Phoenix Consensus Conference (PSA-rise of C 2 ng/ml above the nadir)

1 Metaanalysis from W. Budach. 95 % confidence intervals were
calculated for each trial using ‘‘Dose Effect Analysis Module’’ from
XLmTAT�.
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(T1–T4, PSA \ 60 ng/mL) were randomly assigned
1997–2003 to receive either 68 or 78 Gy. After a median
follow-up of 70 months, freedom from biochemical or
clinical failure (FFF) using the ASTRO definition was
significantly better in the 78-Gy arm than in the 68-Gy arm
(7-year FFF rate, 54 % vs. 47 %, respectively; p = 0.04).
The FFF using the Phoenix definition was also significantly
better in the 78-Gy arm than in the 68-Gy arm (7-year FFF
rate, 56 % vs. 45 %, respectively; p = 0.03). However, no
difference was found between the high- and low-dose arms
in freedom from clinical failure (70 % vs. 68 % at 7 years,
respectively, p = 0.68).

Between 1993 and 1998, the M. D. Anderson Cancer
Centre (MDA) enrolled 301 patients with localised (T1–T3)
prostate cancer in phase III dose escalation trial using 70 Gy
versus 78 Gy (Pollack et al. 2002, 2004; Kuban et al. 2003).
The long-term results with median follow-up 8.7 years
reported in 2008 by Kuban et al. (2008) showed superior
FFF with the ASTRO definition for the 78 Gy arm (78 %)
compared with the 70-Gy arm (59 %) for all patients
(p = 0.004), increasing with time. In a subgroup analysis an
even greater benefit was seen in patients with an initial
PSA [ 10 ng/mL (78 % vs. 39 % at 8 years, p = 0.001).
The clinical failure rate was significantly reduced in the
dose-escalated arm (7 % vs. 15 %, p = 0.014).

Zietman et al. (2010) published an update from the
PROG 95-09 randomised trial with 393 men with early
stage (T1–T2b, PSA B 15 ng/mL) prostate cancer treated
between 1996 and 1999 to a total dose of 70.2 or 79.2 Gy
using a combination of proton and photon beams (Peeters
et al. 2006; Zietman et al. 2005). Median follow-up was
8.9 years. The 10-year ASTRO biochemical failure (BF)
rates were 32.4 % for conventional dose and 16.7 % for
high dose radiation therapy (p = 0.0001). Men receiving
high dose radiation therapy were significantly less likely to
have local failure (p \ 0.0001). This difference held when
only those with low-risk disease (n = 227; 58 % of the total
population) were examined for ASTRO BF: 28.2 % for
conventional and 7.1 % for high dose (p = 0.0001). There
was a strong trend in the same direction for the intermedi-
ate-risk patients (n = 144; 37 % of the total cohort; 42.1 %
vs. 30.4 %, p = 0.06). Eleven percent of the patients sub-
sequently required androgen deprivation because of recur-
rence after conventional dose compared with 6 % after high
dose (p = 0.047).

In summary, dose escalation results in significantly
improved biochemical as well as clinical freedom from
failure, even in the presence of hormonal treatment. In the
subgroup analyses all risk groups seem to have a similar
benefit from dose escalation.

Kuban et al. (9) Zietman et al. (10) Al-Mamgani et al. (8) 

Dearnaley et al. (4) Dearnaley et al. (7) All data
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Fig. 1 Dose response curves in randomised trials on prostate cancer;
broken lines 95 % confidence interval (patient numbers and dose were
extracted from the respective publications, a correction for censored

cases could not be carried out, thus the confidence intervals might be
estimated a bit to narrow)
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4 Influence of Radiation Therapy Dose
on Gastrointestinal and Genitourinary
Late Toxicity

All the dose escalation randomised trials showed increased
risk of Radiation Therapy Oncology Group (RTOG) gra-
de C 2 late bowel toxicity, particularly rectal bleeding, in
the higher dose arms at the follow-up time of 5 years. For
example, in the MDA trial gastrointestinal (GI) toxicity
grade 2 or higher occurred twice as often in patients treated
in the dose escalation group, although genitourinary (GU)
toxicity grade 2 or higher was less and not statistically
significantly different (Kuban et al. 2008).

In the Boston study, there was a small increase in late
grade C 2 rectal morbidity in the high dose arm of the trial,
but no difference in grade C 3 toxicity. Similar to the MDA
trial results there was no statistical significant difference in
the late grade C 2 GU toxicity (Zietman et al. 2010).

No difference of late grade 2 or higher genitourinary
toxicity was seen in the conventional and dose escalation
groups in the Dutch trial (Al-Mamgani et al. 2008, 2011).
However, the cumulative incidence of late grade 2 or
greater gastrointestinal toxicity was increased in the 78 Gy
arm compared to the 68 Gy arm.

The MRC RT01 trial (Dearnaley et al. 2007) showed
significantly increased bowel toxicity in the escalated group
according to the RTOG grade C 2 scale within 5 years of
starting treatment. Late bladder toxicity was slightly
increased with an increased incidence of RTOG grade C 2
toxicity in this study.

Late bowel side effects (RTOG C 2) were recorded more
commonly in the 74 Gy group in the first 2 years after
randomisation in the Royal Marsden pilot study (Dearnaley
et al. 2005). No significant differences in late bladder side
effects were seen between the randomised groups using the
RTOG scoring system.

Obviously, high dose radiation therapy seems clinically
worthwhile in terms of biological and clinical progression-
free survival but at the costs of an increased incidence of long-
term adverse events. The dose escalation using 3D-treatment
planning results in a significant, but moderate increase of late
gastrointestinal and genitourinary toxicity (Table 2).

5 Influence of Radiation Therapy Dose
on Overall Survival

The benefit of higher dose has been shown mainly for bio-
chemical progression rates to date. Because prostate cancer
mostly occurs in an elderly population with competing
causes of death and the majority of patients do not have the
aggressive type of disease, it is very difficult to prove an
overall survival advantage, even in randomised trials.

Accordingly, no overall survival benefit was observed for
patients treated with dose escalation in all randomised trials
yet. The RMH pilot study (Dearnaley et al. 2005) observed
seven of nine prostate cancer death in men treated in the
64 Gy group. And the MRC RT01 trial (Dearnaley et al.
2007) reported 7-year overall survival rates of 75 % in both
treatment arms (p = 0.45), however, both trials were
underpowered for this endpoint. Furthermore, a difference in
overall survival rates between the treatment arms was neither
demonstrated in Dutch (Al-Mamgani et al. 2008) trial (75 %
vs. 75 % at 7 years, p = 0.45) nor in the Boston (Zietman
et al. 2010) trial (78.4 % vs. 83.4 % at 10 years, p = 0.41).

No survival advantage for the whole treatment group or
for any subgroup of patients was detected in dose-escalated
arm of the MDA trial after 8-years of follow-up. The actual
survival update recently published in 2011 by Kuban et al.
(2011) showed, that 10-years survival for the dose-escalated
group was slightly higher in the 78 Gy arm but this did
not reach significance. Patients under 70 years of age at

Table 2 Gastrointestinal (GI) and genitourinary (GU) late toxicity (RTOG grade C 2) in dose escalation trials

Trial Dose (Gy) n Analyses time Median
follow-up
(years)

GI
high dose vs. low dose

GU
high dose vs. low dose

M.D.
Anderson

70 vs. 78 301 At 10 y
cumulative

8.7 26 % vs. 13 %
(p = 0.013)

13 % vs. 8 %
(n.s.)

Boston
PROG
95-09

70.2
vs.
79.2

393 At 10 y cumulative 8.9 24 % vs. 13 %
(p = 0.09)

29 % vs. 25 %
(n.s.)

Dutch
NKI

68 vs. 78 669 At 7 y cumulative 5.8 35 % vs. 25 %
(p = 0.04)

41 % vs. 40 %
(n.s.)

MRC
RT01

64 vs. 74 843 At 5 y cumulative 5.3 33 % vs. 24 %
(p = 0.005)

11 % vs. 8 %
(n.s.)

RMH pilot 64 vs. 74 126 At 2 y cumulative 6.2 18 % vs. 11 %
(p = 0.02)

13 % vs. 8 %
(n.s.)
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treatment died of prostate cancer nearly three times more
frequently than of other causes when they were irradiated to
70 Gy, whereas those treated to 78 Gy died of other causes
more frequently. Patients aged 70 years or older treated to
70 Gy died of prostate cancer as often as of other causes, and
those receiving 78 Gy never died of prostate cancer within
10 years of follow-up. Factors predicting for death from
prostate cancer were pre-treatment PSA [10.5 ng/mL,
Gleason score 9 and 10, recurrence within 2.6 years of
radiation, and doubling time of \3.6 months at the time of
recurrence.

Although dose escalation results in fewer deaths from
prostate cancer in this trial no overall survival benefit was
observed.

More prospective trials with extended follow-up and,
furthermore, an endpoint of disease-specific survival are
needed to support the influence of radiotherapy dose on
prostate cancer-specific mortality.
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Abstract

The goal of the following chapter is to discuss the role of
intensity-modulated radiation therapy (IMRT) for clin-
ically localized prostate cancer. We review the important
aspects of patient selection for this therapeutic modality
as well as discuss the relevant published literature on
dose escalation. Additionally, a comprehensive review of
techniques and delivery of treatment are presented.
Finally, we discuss both the potential acute and late
toxicities associated with IMRT.

1 Introduction

Prostate cancer incidence is increasing in most developed
countries worldwide, and currently represents the second
most common cause of cancer and the sixth leading cause of
cancer deaths worldwide (Center et al. 2012). Fortunately,
prostate cancer mortality is decreasing or stable in most
of these countries, likely due to the earlier detection of
disease through PSA screening. Currently, prostate cancer
patients with clinically localized disease are presented with
numerous therapeutic options including radical prostatecto-
my, interstitial brachytherapy, and external beam radiation
therapy with increasing choices within these modalities. At
present, randomized data do not exist favoring one strategy
over another. Hence, patients are often faced with choosing
among treatments based on differences in quality-of-life
outcomes. External beam radiation therapy (EBRT) can be
regarded as the most widely available radiotherapy approach.

Intensity-modulated radiation therapy (IMRT) was
introduced into clinical use in the mid-1990s and is cur-
rently the most common form of radiotherapy used for the
treatment of prostate cancer in the United States (Nguyen
et al. 2011). The widespread adoption of IMRT stems from
its ability to deliver higher treatment doses to the prostate
while sparing normal surrounding tissues as compared to
more conventional approaches such as three-dimensional
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conformal radiation therapy (3D-CRT). This is critical as it
has been well established that higher radiation doses pro-
vide optimal treatment outcomes (Beckendorf et al. 2011;
Cesaretti et al. 2007; Kuban et al. 2008; Peeters et al. 2006;
Zietman et al. 2010). The use of IMRT is particularly
important when doses C80 Gy are implemented in order to
reduce normal tissue doses, particularly to minimize the risk
of radiation proctitis (Zelefsky et al. 2000). Image-guided
techniques have further contributed to advancing the pre-
cision, and ideally, the effectiveness of IMRT and will be
discussed in a subsequent chapter.

In this chapter, the methods of IMRT treatment planning
and delivery will be reviewed. This chapter will also
describe the long-term therapeutic outcomes and the
potential acute and long-term toxicities associated with
IMRT. Finally, recent innovations will be described.

2 Patient Selection

Selecting the appropriate candidates for external beam
radiotherapy using IMRT is important in order to optimize
patient outcomes. A pretreatment workup optimally
includes a magnetic resonance imaging (MRI) of the pros-
tate preferably with endorectal coil or, if available, a 3 tesla
machine, to assess the extent of local disease (extracapsular
extension, seminal vesicle invasion, or nodal spread)
(Fig. 1). Such information is often helpful when defining
target volumes during the treatment planning process. In
addition, important information regarding prostate volume
can be assessed. For patients with very large prostate vol-
umes, particularly in relation to small bladder volumes,
dosimetric constraints for the bladder may be exceeded
during treatment planning. In these cases, neoadjuvant cy-
toreductive hormone therapy may be useful to downsize the
prostate gland and optimize dose distribution to the target
and normal tissues. In the case of extracapsular extension
and/or seminal vesicle involvement, decisions regarding
expansion of the planning target volume (PTV) can be made

including the decision to encompass pelvic nodal regions if
appropriate.

Some patients may not be optimal candidates for EBRT
and may be better suited for other modalities. These include
patients with bilateral hip replacements in whom accurate
CT-based treatment planning is technically challenging due
to prosthesis artifact. In such cases, MRI-based simulation
or the use of CT-MRI fusion techniques can be used to
define the target more accurately with less artifact inter-
ference. Alternatively, ultrasound-guided brachytherapy
may be selected where the prostate can be visualized more
precisely. It is critical when planning EBRT to be able to
deliver a therapeutic dose to the prostate while minimizing
excess dose to the bowel and bladder. Patients with exces-
sive small bowel adjacent to the prostate target volume or
those who have received prior courses of pelvic radiother-
apy for non-prostate cancer malignancies such as rectal
cancers or testicular seminoma may not be able to receive
tumoricidal dose levels of external beam radiotherapy
safely and may be better managed with alternative modal-
ities, i.e., brachytherapy.

3 Dose Escalation

EBRT for prostate cancer has evolved dramatically since the
mid-1980s. Traditionally, bony landmarks were used to
delineate field boundaries designed to encompass the pelvic
lymph nodes, prostate and seminal vesicles (also known as a
4-field ‘‘box’’ technique). Using these fields, large volumes of
normal tissue were irradiated. This limited the radiation dose
that was safely deliverable to the prostate to 64 to 70 Gy and
doses above these levels were associated with a significant
morbidity risk, particularly with respect to the rectum and
bowel (Smit et al. 1990). Newer techniques which use three-
dimensional treatment planning and delivery such as 3D CRT
and IMRT have refined EBRT markedly allowing more
precise treatment delivery leading to more effective treatment
with improved tumor control and morbidity outcomes.

Fig. 1 Magnetic resonance
imaging (MRI) demonstrating
extracapsular spread on axial
image (green arrow) (a) and
seminal vesicle involvement
on coronal image
(orange arrows) (b)
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Five randomized trials have been reported to date dem-
onstrating a clear advantage to dose-escalated EBRT in
terms of biochemical control and are discussed further in
another section. Although there remains some controversy
over which patients benefit most from dose escalation, it
appears that intermediate and higher risk groups may derive
a larger benefit (Kim et al. 2012; Pollack et al. 2002).

Despite improvements achieved by dose escalation with
3D CRT, increasing radiation dose came at a cost. Approxi-
mately 15–35 % of patients receiving doses C70 Gy devel-
oped grade C2 rectal toxicity (Dearnaley et al. 2007; Kuban
et al. 2008; Zietman et al. 2010). In the M.D. Anderson
randomized trial comparing 70 and 78 Gy, grade C2 gas-
trointestinal toxicity rates were observed in 13 and 23 % of
patients, respectively (Pollack et al. 2002). Peeters et al.
reported an increased rate of rectal bleeding requiring laser/
transfusion (p = 0.07) in patients treated to 78 Gy compared
with 68 Gy (Peeters et al. 2006). Urinary morbidity has been
less consistently altered by dose escalation with some studies
showing similar outcomes (Michalski et al. 2010) and some
showing worse toxicity with dose escalation (Dearnaley et al.
2007).

In order to further establish the benefits of dose escala-
tion, the Memorial Sloan-Kettering Cancer Center initiated
a phase I/II protocol in 1988, whereby the prescription dose
was increased from 64.8 to 86.4 Gy in successive incre-
ments of 5.4 Gy (Leibel et al. 1994; Zelefsky et al. 1998). In
1996, IMRT was introduced as a therapeutic tool to over-
come the increased rectal toxicity seen with dose escalation
using 3D-CRT at doses C75.6 Gy. The first report dem-
onstrating the potential benefits of IMRT over 3D confor-
mal approaches was published by Zelefsky et al. in 2000
(Zelefsky et al. 2000). In that study, 61 patients received
81 Gy with 3D-CRT and 171 patients received the same
dose with IMRT. Twenty randomly selected patients were
planned with both IMRT and 3D-CRT. Toxicity and dosi-
metric analyses comparing the two techniques demonstrated
that IMRT resulted in better coverage of the CTV by the
prescription dose than 3D-CRT (p \ 0.01) and reduced the
volumes of rectal and bladder walls receiving 75 Gy
(p \ 0.01). Clinically, this translated into a reduced rate of
late grade 2 and 3 rectal bleeding in the IMRT group (2 vs.
10 %, p \ 0.001). In 2002, Zelefsky et al. reported the
safety of delivering doses of 81 Gy to the prostate using
IMRT in a larger cohort of 772 patients (Zelefsky et al.
2002). In that series, the 3-year actuarial likelihood of
developing grade C2 late genitourinary and gastrointestinal
toxicity was 15 and 4 %, respectively. Although at the time
follow-up was limited, IMRT resulted in at least equivalent
biochemical control rates as non-IMRT approaches, quell-
ing concerns that IMRT may result in underdosing of the

target due to constricted dose distributions. In a recent
update of these data with a median follow-up of 7 years, the
8-year likelihood of developing grade C2 late genitourinary
and gastrointestinal toxicity was 15 and \2 %, confirming
the long-term safety of this treatment (Cahlon et al. 2008).
In addition, biochemical control rates remained excellent
with 8-year actuarial PSA relapse-free survival rates for
patients in favorable, intermediate, and unfavorable risk
groups of 89, 78, and 67 %, respectively (p = 0.0004).

Others have found similar benefits of dose-escalated
IMRT. Vora et al. reported biochemical and toxicity out-
comes of dose-escalated IMRT (75.6 Gy) compared with
conventional doses (68.4 Gy) in a series of 272 patients and
found a 14 % improvement in 5-year biochemical control in
the high dose group (Vora et al. 2007). Higher dose IMRT
was well tolerated as there were no significant differences in
toxicity between the two groups. In a series of 133 patients
treated with 74–76 Gy using IMRT reported by De Meer-
leer et al., toxicity was also noted to be low with 17 and
19 % of patients experiencing late grade 2 GI and GU
toxicity, respectively (De Meerleer et al. 2007). Addition-
ally, biochemical outcome was excellent with 3-year
biochemical control rates of 100, 94, and 74 % for low-,
intermediate-, and high-risk patients, respectively.

The most updated analysis of the MSKCC dose escalation
experience has recently been reported including over 1,000
patients treated with IMRT to a dose of 86.4 Gy (Spratt et al.
2013). With a median follow-up of 5.5 years, the 7-year
biochemical relapse-free survival rates were 98.8, 85.6, and
67.9 % for low-, intermediate-, and high risk patients,
respectively. Late toxicity was minimal with \1 and 2.2 %
of patients experiencing late grade 2 or higher GI and GU
toxicity, respectively. The rate of acute grade 2 of higher GI
and GU toxicity was 4.4 and 21.1 %, respectively.

4 Techniques of IMRT Treatment
Planning and Delivery

The development of three-dimensional treatment planning
techniques has significantly improved the accuracy of
EBRT. Dedicated treatment planning CT and MRI scanners
in radiation oncology simulation suites allow the capture of
complete volumetric anatomical information which can be
directly imported into the treatment planning software.
Radiation therapy treatment plans are generated by a careful
definition of the target and normal tissues from which
customized beams can be individually shaped allowing
better shielding of organs at risk. The dose distributions can
then be analyzed either graphically in a dose–volume his-
togram (DVH) or on axial, sagittal, and/or coronal CT
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images. By using volumetric parameters to evaluate dose, a
more careful and complete analysis of target and normal
tissue dose distribution is achievable.

4.1 IMRT Treatment Planning

Three-dimensional (3D) conformal radiotherapy uses a
forward treatment planning process, whereby the dosime-
trist selects beam specifications (e.g., direction, weight,
shapes, and modifiers) and calculations are made based on
these settings. A trial and error-based approach is used to
select the best dose distribution from these specifications.
With IMRT, a mathematical approach called inverse plan-
ning is used. In this process, the target dose and coverage
are chosen, and then normal tissue dose and volume con-
straints are loaded into the computer program. An optimi-
zation algorithm modifies the intensity profile of each
radiation beam and the specific shape of each treatment field
or aperture in an iterative fashion until the desired dose
distribution is achieved. Each beam is nonuniform such that
the intensity of the beam varies across the treatment field.
By modulating the intensity of each beam, a steep dose
gradient is created between the PTV, rectum, and bladder,
typically allowing at least 85–90 % of the PTV to receive
the prescription dose while maintaining rectal and bladder
doses within established tolerances. Doses to organs over-
lapping the PTV such as the bladder and rectum are often
constrained to receive \100 % of the prescription. Given
the steep falloff of the dose gradient, accurate targeting
becomes increasingly important when implementing an
IMRT plan. Treatment planning studies have shown
improved conformality of dose distributions around the
PTV compared with 3D conformal treatment planning (De
Meerleer et al. 2000; Ling et al. 1996).

During the past 10–15 years, many techniques for IMRT
treatment have been implemented (e.g., ‘step and shoot’,
sliding window, helical fan beam, volumetric modulated arc
therapy (VMAT)), although they all share a goal of creating
a concave dose distribution by using multiple coplanar
fields arranged at each or nearly equal spacing about the
patient. At MSKCC, a 5–7 field beam arrangement is used
to encompass the PTV to dose levels of 81 Gy or higher
(Fig. 2). Other techniques include arc-based treatments or
specialized tomotherapy units which provide similar but
slightly different dose distributions (Fig. 3).

4.2 IMRT Treatment Delivery

In order to optimize the use of 3D conformal radiotherapy
and/or IMRT, improved methods of recognition and correc-
tion of geometric uncertainties such as setup error and organ

motion are necessary to integrate into treatment delivery.
Organ motion during a course of radiation therapy introduces
the potential for day-to-day variations in the position of the
prostate (interfraction motion) as well as during a 15–20 min
treatment session (intrafraction motion). Image-guided
approaches have provided a means to account for target
motion during radiation therapy and are discussed further in
other chapters. Briefly, several methods of image-guided
external beam radiotherapy are available and in the current
clinical use. One of the simplest techniques includes the use
of implanted gold fiducial markers which can be visualized
on two-dimensional X-ray images obtained immediately
prior to daily treatment from which positional corrections can
be made. Other methods include an ultrasound-based system
to detect and correct prostate, bladder, and rectum position-
ing using B-mode acquisition and targeting (BAT; Nomos
Corp., Sewickley, PA). The most recent and the most com-
plex approach includes the use of linear accelerators equip-
ped with CT capability which can be co-registered with
treatment planning CT scans.

At the Memorial Sloan-Kettering Cancer Center, we
routinely use intraprostatic fiducial marker placements to
guide the IMRT treatment. The placement of three radio-
opaque (typically gold) markers into the prostate via a
transrectal ultrasound-guided approach provides a simple
way of tracking motion of the prostate during radiotherapy.
The fiducial markers are placed prior to simulation and
digitally reconstructed radiographs (DRR images) can be
created on which the markers can be clearly seen (Fig. 4).
Daily imaging using an electronic portal imaging device
allows accurate pretreatment detection, verification, and
correction of the prostate position. Several studies have
shown this technique to have less user variability than
ultrasound-based methods, which require specialized train-
ing (Langen et al. 2003). Marker placement is generally

25    44   63 81 100%

Fig. 2 Dose distribution (% prescription dose) for a 5-field IMRT
plan
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Fig. 3 Isodose distribution of VMAT (volumetric modulated arc therapy) plan a axial view, b coronal view, c sagittal view

LAO RAO

LAO RAO

a

b

Fig. 4 Fiducial markers placed
in prostate visible on left anterior
oblique and right anterior
oblique digitally reconstructed
radiograph (a) and portal
image (b)
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well tolerated and marker migration is relatively rare
(Trichter and Ennis 2003). We recently reported the toxicity
profiles and biochemical outcomes from a cohort of 186
patients undergoing high-dose image-guided radiotherapy
(IGRT) for localized prostate cancer which were retro-
spectively compared with a similar cohort of 190 patients
treated with non-image-guided therapy (nIGRT) (Zelefsky
et al. 2012). For the IGRT cohort, the rate of grade 2 or
higher urinary toxicity was significantly less (10.4 vs.
20.0 %; p = 0.02) with no significant differences seen in
the rectal toxicity or biochemical outcomes.

A new system has been developed which allows for
monitoring of prostate motion during treatment delivery
(Calypso Medical Technologies Inc, Seattle, WA). This
system uses transponders, also placed transrectally, which
emit an electromagnetic signal when excited. Detection of the
signal by an alternating current magnetic array localizes the
transponders in real-time. The radiation beam may be turned
off should the target stray out of the radiation field or beyond a
preset motion constraint. Unpredictable intrafraction motion
shifts which would otherwise be unaccounted for are detect-
able and able to be corrected with this system. By increasing
the accuracy of treatment delivery in this way, smaller PTV
margins may be feasible and possibly further improve toxicity
profiles, although this is yet to be clinically established.

4.3 Disadvantages of IMRT

Despite the clear benefits of IMRT in terms of dose esca-
lation and normal-tissue sparing, there are some disadvan-
tages. First, IMRT treatment requires careful and precise
planning and quality assurance procedures which can be
time-consuming and complex. This can be cumbersome and
have an impact on the departmental resources, although
there are some commercially available systems which may
offset this efficiency concern. Secondly, the use of multiple
gantry angles and differential beam intensity increases the
treatment delivery time which may impact patient repro-
ducibility and increase intrafraction organ motion variabil-
ity. Increased uncertainty regarding target accuracy may be
addressed by implanted trackable fiducial markers or more
rapid treatment delivery (e.g., VMAT). Another concern
regarding the use of IMRT is an increase in low dose
radiation to non-target tissue (i.e., integral dose) due to
higher monitor unit (MU) requirements for IMRT delivery
and increased number of beams which raises some concern
regarding the risk of secondary radiation-induced cancer.
Zelefsky et al. recently reported a comparison of 2,658
IMRT, radical prostatectomy, and brachytherapy patients
with median follow-up of [7.5 years and did not identify
an increased secondary malignancy risk with the use of
IMRT compared to other modalities (Zelefsky et al. 2012).

Additional studies and long-term follow-up of IMRT
patients will be important to confirm these findings.

5 Sequelae of IMRT: Acute and Late
Toxicity

Radiation dose to normal tissues plays a major role in the
development of acute and long-term side effects from
radiotherapy; yet the relationship between dose and effect is
complex. In general, this relationship is sigmoidal such that
at low doses there is little observed effect; however with
larger doses, increasing and predictable effects are observed.
Additionally, patient-specific variables (e.g., diabetes,
smoking, collagen vascular disease, previous surgery) can
significantly affect this relationship. Known and unknown
genetic factors (e.g., ataxia telangiectasia mutated [ATM]
mutations) may also predispose some patients to more severe
side effects than expected (Cesaretti et al. 2007).

5.1 Urinary Sequelae

Urinary symptoms are the most common acute toxicities
associated with external beam radiation therapy for prostate
cancer. Typical acute urinary symptoms include both irrita-
tive (i.e., frequency, urgency, dysuria) and obstructive-type
(i.e., weak stream, incomplete emptying) symptoms. The
mechanism of injury is from urethral and bladder neck irri-
tation and inflammation. These symptoms are typically
gradual in onset and often respond to alpha blocker or anti-
inflammatory medications. Anti-cholinergic medication may
help patients with a significant urgency, but should be used
with caution in patients with obstruction. Since patients
undergoing radiotherapy may be at risk of developing a
urinary tract infection, this should be ruled out with urinalysis
and culture in patients with significant dysuria. For radiation-
related dysuria, a diet excluding bladder irritants such as
acidic foods and liquids is often helpful. Urinary analgesics
such as phenazopyridine may also be useful. Most patients’
symptoms are mild; however, reported rates of grade C3
acute urinary toxicity range from 0 to 15 % (Al-Mamgani
et al. 2009; Pollack et al. 2006; Zelefsky et al. 2000).

Following treatment, radiation-related acute urinary
symptoms typically resolve over 6–12 months. Late toxicity
is typically defined as symptoms occurring [90 days fol-
lowing treatment. Late grade 2 urinary toxicity occurs in
10–20 % of patients who undergo conformal radiotherapy
and may include similar symptoms as in the acute setting.
The mechanism of injury includes bladder neck and urethral
microvascular changes leading to fibrosis and stricture
formation. The reported rates of urethral stricture with
IMRT are \2 %. The incidence of urinary incontinence is
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rare with reported rates of 0.5 to 2 % in patients with a
history of TURP, hence these patients may not be amenable
to dose escalation [81 Gy. Hematuria, typically painless, is
a common yet rarely serious side effect that may occur
related to vascular changes in the urethra or bladder neck
and can be confirmed via cystoscopy.

5.2 Gastrointestinal Sequelae

Irradiation of the rectum and/or bowel can cause gastroin-
testinal sequelae in patients receiving radiation therapy for
prostate cancer. Acute gastrointestinal symptoms may
include abdominal bloating, gas, rectal urgency, tenesmus,
increased bowel frequency, or diarrhea. Often dietary mod-
ification, especially fiber supplementation, and/or over the
counter medications are effective and all that is necessary to
manage these symptoms during treatment. Some patients
may require brief courses of prescription anti-diarrheal
medication. Patients with a history of active inflammatory
bowel disease may be particularly predisposed to more
severe gastrointestinal symptoms and should be considered
for alternative therapy rather than radiotherapy.

Radiation proctitis is the most common late rectal tox-
icity and occurs in 10–20 % of patients. Remarkably, with
the more modern techniques described above such as IMRT
and IGRT, the incidence of grade 2 proctitis is less than
5 %. In approximately 1–2 % of treated patients, severe
rectal toxicity such as persistent bleeding or ulcer devel-
opment (grade 3 toxicity) associated with pain can be
observed. Typical endoscopic changes include hyperemia
and neovascularization. Symptomatically, patients may
experience intermittent rectal bleeding, often with straining
or constipation 1–2 years or more following treatment.
Conservative measures, including stool softeners and ste-
roid suppositories, are often all that is required. For the rare
patient with persistent, severe rectal bleeding, telangiectatic
vessels may be treated cautiously with endoscopic argon
plasma coagulation. Hyperbaric oxygen (HO) has been
shown to induce angiogenesis and may be helpful for
refractory symptoms. A randomized trial comparing HO to
sham therapy for refractory radiation proctitis demonstrated
an improvement in symptoms with HO (Oliai et al. 2012).

5.3 Erectile Sequelae

Erectile dysfunction is a common late effect of conformal
radiotherapy and occurs in 30–40 % of previously potent
patients (Pinkawa et al. 2009). Younger patients and those
who are optimally potent prior to EBRT are more likely to
retain potency following radiotherapy. A history of smoking
and/or vascular disease may predispose patients to a more

significant posttreatment erectile dysfunction. The precise
mechanism of radiation damage to erectile tissue is unclear,
but likely relates to endothelial damage (Akbal et al. 2008).
The damage to vasculature leads to penile arterial and
venous insufficiency as well as nerve damage. Phosphodi-
esterase-5 (PDE-5) inhibitors such as sildenafil citrate are
often effective in the treatment of erectile dysfunction fol-
lowing radiotherapy in approximately 60–70 % of affected
patients and may play a role in preventing radiation-induced
damage (Kedia et al. 1999; Mulhall et al. 2005). Predictors
of failure to respond to PDE-5 inhibitors include older age,
longer time after RT, duration of androgen deprivation
([4 months), and higher RT dose (Teloken et al. 2009).

6 Conclusion

Several technological advances over the last several dec-
ades have paved the way for a more precise and effective
radiation therapy for prostate cancer. IMRT has greatly
improved the ability for dose escalation while reducing late
radiation-induced morbidity and improving local tumor
control. Better local tumor control has translated into
improved distant metastases-free survival, particularly for
patients with intermediate- and high-risk disease and might
eventually lead to better survival. Further improvements in
these techniques are necessary to further optimize outcome
while low-risk patients may benefit from strategies aimed at
reducing treatment-related toxicity.

References

Akbal C, Tinay I, Sims�ek F et al (2008) Erectile dysfunction following
radiotherapy and brachytherapy for prostate cancer: pathophysiol-
ogy, prevention and treatment. Int Urol Nephrol 40:355–363

Al-Mamgani A, Heemsbergen WD, Peeters ST et al (2009) Role of
intensity-modulated radiotherapy in reducing toxicity in dose
escalation for localized prostate cancer. Int J Radiat Oncol Biol
Phys 73:685–691

Beckendorf V, Guerif S, Le Prisé E et al (2011) 70 gy versus 80 gy in
localized prostate cancer: 5-year results of getug 06 randomized
trial. Int J Radiat Oncol Biol Phys 80:1056–1063

Cahlon O, Zelefsky MJ, Shippy A et al (2008) Ultra-high dose (86.4
gy) IMRT for localized prostate cancer: toxicity and biochemical
outcomes. Int J Radiat Oncol Biol Phys 71:330–337

Center MM, Jemal A, Lortet-Tieulent J et al (2012) International
variation in prostate cancer incidence and mortality rates. Eur Urol
61:1079–1092

Cesaretti JA, Stock RG, Atencio DP et al (2007) A genetically
determined dose-volume histogram predicts for rectal bleeding
among patients treated with prostate brachytherapy. Int J Radiat
Oncol Biol Phys 68:1410–1416

De Meerleer GO, Fonteyne VH, Vakaet L et al (2007) Intensity-
modulated radiation therapy for prostate cancer: late morbidity and
results on biochemical control. Radiother Oncol 82:160–166

Intensity-Modulated Radiation Therapy 101



De Meerleer GO, Vakaet LA, De Gersem WR et al (2000)
Radiotherapy of prostate cancer with or without intensity modu-
lated beams: a planning comparison. Int J Radiat Oncol Biol Phys
47:639–648

Dearnaley DP, Sydes MR, Graham JD et al (2007) Escalated-dose
versus standard-dose conformal radiotherapy in prostate cancer:
first results from the MRC RT01 randomised controlled trial.
Lancet Oncol 8:475–487

Kedia S, Zippe CD, Agarwal A et al (1999) Treatment of erectile
dysfunction with sildenafil citrate (viagra) after radiation therapy
for prostate cancer. Urology 54:308–312

Kim MM, Hoffman KE, Levy LB et al (2012) Prostate cancer-specific
mortality after definitive radiation therapy: who dies of disease?
Eur J Cancer 48:1664–1671

Kuban DA, Tucker SL, Dong L et al (2008) Long-term results of the
M. D. Anderson randomized dose-escalation trial for prostate
cancer. Int J Radiat Oncol Biol Phys 70:67–74

Langen KM, Pouliot J, Anezinos C et al (2003) Evaluation of
ultrasound-based prostate localization for image-guided radiother-
apy. Int J Radiat Oncol Biol Phys 57:635–644

Leibel SA, Zelefsky MJ, Kutcher GJ et al (1994) Three-dimensional
conformal radiation therapy in localized carcinoma of the prostate:
Interim report of a phase 1 dose-escalation study. J Urol 152:
1792–1798

Ling CC, Burman C, Chui CS et al (1996) Conformal radiation
treatment of prostate cancer using inversely-planned intensity-
modulated photon beams produced with dynamic multileaf colli-
mation. Int J Radiat Oncol Biol Phys 35:721–730

Michalski JM, Bae K, Roach M et al (2010) Long-term toxicity
following 3d conformal radiation therapy for prostate cancer from
the RTOG 9406 phase I/II dose escalation study. Int J Radiat Oncol
Biol Phys 76:14–22

Mulhall J, Ahmed A, Parker M et al (2005) The hemodynamics of
erectile dysfunction following external beam radiation for prostate
cancer. J Sex Med 2:432–437

Nguyen PL, Gu X, Lipsitz SR et al (2011) Cost implications of the
rapid adoption of newer technologies for treating prostate cancer.
J Clin Oncol 29:1517–1524

Oliai C, Fisher B, Jani A et al (2012) Hyperbaric oxygen therapy for
radiation-induced cystitis and proctitis. Int J Radiat Oncol Biol
Phys 84:733–740

Peeters ST, Heemsbergen WD, Koper PC et al (2006a) Dose-response
in radiotherapy for localized prostate cancer: results of the Dutch
multicenter randomized phase III trial comparing 68 gy of
radiotherapy with 78 gy. J Clin Oncol 24:1990–1996

Peeters STH, Heemsbergen WD, Koper PC et al (2006b) Dose-
response in radiotherapy for localized prostate cancer: results of the
Dutch multicenter randomized phase III trial comparing 68 gy of
radiotherapy with 78 gy. J Clin Oncol 24:1990–1996

Pinkawa M, Gagel B, Piroth MD et al (2009) Erectile dysfunction after
external beam radiotherapy for prostate cancer. Eur Urol 55:227–234

Pollack A, Hanlon AL, Horwitz EM et al (2006) Dosimetry and
preliminary acute toxicity in the first 100 men treated for prostate
cancer on a randomized hypofractionation dose escalation trial. Int
J Radiat Oncol Biol Phys 64:518–526

Pollack A, Zagars GK, Starkschall G et al (2002) Prostate cancer
radiation dose response: results of the M. D. Anderson phase III
randomized trial. Int J Radiat Oncol Biol Phys 53:1097–1105

Smit WG, Helle PA, van Putten WL et al (1990) Late radiation
damage in prostate cancer patients treated by high dose external
radiotherapy in relation to rectal dose. Int J Radiat Oncol Biol Phys
18:23–29

Spratt DE, Pei X, Yamada J et al (2013) Long-term survival and
toxicity in patients treated with high-dose intensity modulated
radiation therapy for localized prostate cancer. Int J Radiat Oncol
Biol Phys 85:686–692

Teloken PE, Parker M, Mohideen N et al (2009) Predictors of response
to sildenafil citrate following radiation therapy for prostate cancer.
J Sex Med 6:1135–1140

Trichter F, Ennis RD (2003) Prostate localization using transabdom-
inal ultrasound imaging. Int J Radiat Oncol Biol Phys 56:
1225–1233

Vora SA, Wong WW, Schild SE et al (2007) Analysis of biochemical
control and prognostic factors in patients treated with either low-
dose three-dimensional conformal radiation therapy or high-dose
intensity-modulated radiotherapy for localized prostate cancer. Int
J Radiat Oncol Biol Phys 68:1053–1058

Zelefsky MJ, Fuks Z, Happersett L et al (2000) Clinical experience
with intensity modulated radiation therapy (IMRT) in prostate
cancer. Radiother Oncol 55:241–249

Zelefsky MJ, Fuks Z, Hunt M et al (2002) High-dose intensity
modulated radiation therapy for prostate cancer: early toxicity and
biochemical outcome in 772 patients. Int J Radiat Oncol Biol Phys
53:1111–1116

Zelefsky MJ, Kollmeier M, Cox B et al (2012a) Improved clinical
outcomes with high-dose image-guided radiotherapy compared
with non-IGRT for the treatment of clinically localized prostate
cancer. Int J Radiat Oncol Biol Phys 84:125–129

Zelefsky MJ, Leibel SA, Gaudin PB et al (1998) Dose escalation
with three-dimensional conformal radiation therapy affects the
outcome in prostate cancer. Int J Radiat Oncol Biol Phys
41:491–500

Zelefsky MJ, Pei X, Teslova T et al (2012b) Secondary cancers after
intensity-modulated radiotherapy, brachytherapy and radical pro-
statectomy for the treatment of prostate cancer: incidence and
cause-specific survival outcomes according to the initial treatment
intervention. BJU Int 110:1696–1701

Zietman AL, Bae K, Slater JD et al (2010) Randomized trial
comparing conventional-dose with high-dose conformal radiation
therapy in early-stage adenocarcinoma of the prostate: long-term
results from Proton Radiation Oncology Group/American College
of Radiology 95-09. J Clin Oncol 28:1106–1111

102 M. A. Kollmeier and M. J. Zelefsky



IGRT: How and When

Marciana Nona Duma and Patrick Kupelian

Contents

1 Techniques ............................................................................ 104
1.1 Portal Imaging Using Megavoltage Sources: Portal Films

and Electronic Portal Imaging Devices ................................ 104
1.2 Kilovoltage Radiographs: Room-Based or Gantry-Based

Systems .................................................................................. 104
1.3 Transabdominal Ultrasound .................................................. 104
1.4 In-Room CT........................................................................... 105

2 Clinical Implications............................................................ 105

3 Conclusion ............................................................................ 106

References ...................................................................................... 106

Abstract

This chapter gives an overview of IGRT techniques
employed in prostate cancer. The described techniques
include portal imaging using Megavoltage sources
(porta films and electronic portal imaging devices),
Kilovoltage radiographs (room-based or gantry-based
systems, transabdominal ultrasound, and in-room CTs.
An ideal IGRT system would allow for daily prostate
imaging without possible introduction of errors due
to image acquisition itself, it would do so within a
reasonable time frame, without the necessity for implanted
radio-opaque markers and preferentially without exposing
the patient to radiation. A solution that combines all
these features is inexistent so far. For the existing IGRT
techniques, there is a considerable lack of data whether
they lead to a reduced acute and chronic toxicity profile
in comparison with the non-IGRT approach, or if they are
associated with an improved local control. Nevertheless,
given the increasingly higher doses and smaller treatment
margins utilized, combined with the trend to hypofrac-
tionate radiation therapy, daily IGRT for prostate cancer
has become a necessity as an accurate and precise way
of delivering the intended dose to the PTV and the
OARs. The problem of interfractional prostate move-
ment and the possibility of setup errors are optimally
accounted for.

Techniques such as IMRT now provide a higher conformality
in dose distribution (see chapter on IMRT). With the
increased use of dose escalation using tighter margins in the
treatment of localized prostate cancer patients, proper
localization of target areas and organs at risk has become
necessary. Thus, image-guided radiation therapy (IGRT) has
become an integral part of prostate cancer radiotherapy.
Techniques that are able to depict the location of the tumor as
well as surrounding organs, in order to avoid potential losses
in local or regional control, are more and more introduced

M. N. Duma (&)
Klinik und Poliklinik für Strahlentherapie und Radiologische
Onkologie, Klinikum rechts der Isar, TU München,
Ismaninger Str. 22, 81675 München, Germany
e-mail: Marciana.Duma@mri.tum.de

P. Kupelian
Department of Radiation Oncology, UCLA, 200 UCLA Medical
Plaza, Str. B265, Los Angeles, CA 90095-6951, USA

H. Geinitz et al. (eds.), Radiotherapy in Prostate Cancer, Medical Radiology. Radiation Oncology,
DOI: 10.1007/174_2014_1009, � Springer-Verlag Berlin Heidelberg 2014
Published Online: 6 July 2014

103



into daily clinical practice (Hammoud et al. 2008). This
chapter gives an overview of IGRT techniques employed in
prostate cancer.

1 Techniques

Several methods of target localization are available in pros-
tate cancer: portal imaging devices using megavoltage (MV)
sources or imaging using kilovoltage (kV) X-rays, transab-
dominal ultrasound, and in-room CT scanning. Although
other methods, such as electromagnetic guidance, are avail-
able to perform proper target localization in prostate radio-
therapy, this chapter is limited to the actual image-based
methods mentioned above.

1.1 Portal Imaging Using Megavoltage
Sources: Portal Films and Electronic
Portal Imaging Devices

This widely used technique is based on X-ray imaging
generated by the megavoltage treatment source. The con-
ventional way of X-ray imaging on special films, called
portal films, was in the last decade replaced by electronic
portal imaging devices (EPID). The development of the
semiconductor detector systems (amorphous silicone flat-
panel detectors) offered imaging with a quality far better
than prior film-based systems.

1.1.1 Bone Matching EPID
Routine evaluation is done by comparing the bony structures
of the pelvis in the simulator generated image and the mega-
voltage treatment source image. The most important flaw of
bone matching EPID is evident: there is no direct correlation
to the real position of the prostate. To cope with this situation,
the visualization of the target volume was provided by
implanting imaging radiopaque markers into the prostate.

1.1.2 Implanted Markers EPID
Usually three gold seeds are placed within the prostate
using brachytherapy needles: one at each side of the base
and one at the apex. They are easily seen on EPID and their
variation within the prostate is very small over time. The
intermarker distance, a measure of the stability of these
implanted fiducials, has been documented to remain within
1 mm over a course of treatment (Kupelian et al. 2005).

When comparing skin alignment or bony alignment
to implanted markers EPID, Beltram et al. found out that

implanted markers allow a reduction of safety margins (Beltran
et al. 2008). The safety margins needed from the clinical tar-
get volume (CTV) to the planning target volume (PTV) when
daily localization is based on the implanted markers were
4.8 mm left–right (LR), 5.4 mm (inferior–superior) IS, and
5.2 mm anterior–posterior (AP) (Beltran et al. 2008).

1.2 Kilovoltage Radiographs: Room-Based
or Gantry-Based Systems

Two different types of kV imaging devices can be used for
guidance for prostate cancer: single or dual kV X-ray tubes
on the gantry of the linear accelerator (on-board imaging
system—OBI) (Jaffray et al. 1995; Takai et al. 2004;
Huntzinger et al. 2006) and in-room kV imaging systems
(Shirato et al. 1999).

Both approaches are designed to localize the bony
structure or fiducial markers as previously described for the
EPID. There is a better quality in imaging than the MV
portal imaging, but there is still no information available on
soft tissue or internal organ changes.

1.3 Transabdominal Ultrasound

The transabdominal ultrasound (US) was the first widely
used technique for daily soft tissue/prostate localization in
the treatment room. Several devices are available (Serago
et al. 2002; Langen et al. 2003). However, the agreement
between daily transabdominal US and implanted marker
registration is very low. Less than 51 % of the fractions
have an agreement within ±3 mm and the mean distance
discrepancy is 8.8 mm (Johnston et al. 2008; Scarbrough
et al. 2006).

Further, daily transabdominal ultrasound is prone to
large interobserver variability. In a study by Langen et al.,
the average range of couch shifts due to contour alignment
variability amongst eight users on the ultrasound were 7, 7,
and 5 mm in the anteroposterior (AP), superoinferior, and
lateral directions, respectively (Langen et al. 2003).

The effectiveness of daily ultrasound guided alignments
to an off-line correction protocol of daily bone alignment
plus a correction factor for systematic internal prostate dis-
placement was tested in a study by O’Daniel et al. (O’Daniel
et al. 2008). The daily bone alignment plus the factor for
systematic internal prostate displacement provided better
daily alignment precision and equivalent dose coverage
compared with daily US alignment (O’Daniel et al. 2008).
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1.4 In-Room CT

1.4.1 Kilovoltage CT

1.4.1.1 CT-On-Rail

This relatively uncommon configuration requires a very
precise knowledge of the geometric relationship to the
linear accelerator’s isocenter for placing a conventional CT
scanner in the treatment room to allow IGRT. Uematsu
et al. have developed this approach for several years using a
CT-on-rails (Siemens Primatom; Siemens Medical Solu-
tions, Concord, CA). Patients are set up with opaque BB
(branch-and-bound) marks on the triangulated fiducial skin
marks on the Linac table. The table is then rotated 180� to
allow the CT-on-rails to pass over the treatment table. The
exact position of the prostate gland is identified on CT
images of the treatment day and is compared to the position
seen on the simulation CT scans. The anterior, posterior,
superior, inferior, left, and right extreme points of the
prostate glands are plotted manually or recorded using an
image fusion software. From these points, the day-to-day
movements of the prostate glands are derived. The patient is
treated with the newly derived isocenter (Wong et al. 2005,
2008; Fung et al. 2005; Cheng et al. 2003).

1.4.1.2 Cone-Beam CT

Owing to the recent development of large area flat-panel
detector technology, volumetric images can be acquired in a
single revolution of the gantry by using a cone of rays
emanating from the source. The cone-beam CT (CBCT)
device is mounted on the gantry of the linear accelerator.
An automatic matching of the CBCT image and the kV CT
planning image is performed.

1.4.2 Megavoltage CT
There are different techniques to generate megavoltage CT
(MVCT) scans for image-guided radiation therapy, such as
single-slice, cone-beam MVCT, and tomotherapy helical
MVCT.

1.4.2.1 Single Slice Technique

The single slice technique has very little use in radiation
therapy. Nakagawa et al. have used MVCT for on-line cor-
rection in the clinical setting. The procedure involves posi-
tioning the patient according to skin markers, collecting a
single MVCT slice, evaluating it, and adjusting the patient’s
position accordingly (Nakagawa et al. 2000). Obviously, the
data provided by the single slice technique are very limited.

1.4.2.2 Cone Beam MVCT

The technique of a cone-beam CT (CBCT) has been pre-
viously described. The MV CBCT is using as a cone beam
source, the megavoltage treatment source.

1.4.2.3 Tomotherapy Helical MVCT

The megavoltage image is completed in a manner analo-
gous to a helical CT scanner. After the MVCT image is
acquired and reconstructed, it is registered with the kV CT
image to determine corrections to the patient’s position in
the lateral, longitudinal, vertical, and roll directions. For the
automatic registration, the algorithm can be chosen by bone
anatomy, bone and tissue anatomy, or full image registra-
tion. The system allows after automatic registration to apply
manual shifts to the setup. An automatic and manual couch
shift to the indicated position by the matching of the CTs is
done before applying the treatment.

Summary Several papers are available on IGRT by CT in
prostate cancer (Zhu et al. 2009; Nairz et al. 2008; Song
et al. 2006, 2007; Enmark et al. 2006; Gayou and Miften
2008; Barney et al. 2011). There is significant CT versus
implanted markers agreement. More than 70 % of the
fractions have an agreement within ±5 mm (LR 97.2 %; SI
72.7 %, and AP 72.4 %, respectively) (Gayou and Miften
2008; Barney et al. 2011). However, an automatic fusion
with a gray-value-based algorithm is not sufficient. Shi et al.
compared an automatic kV CBCT alignment to a manual
alignment to fiducial markers (Shi et al. 2011). The mean
3D distance discrepancy between the two techniques was
7.5 mm (range 0.4–20.6 mm). The fusion of the daily CT to
the planning CT should be done manually. Further, per-
forming a daily CT comes at a cost of additional radiation
dose to organs at risk/normal tissue (Table 1) (Ding et al.
2010; Shah et al. 2008).

2 Clinical Implications

Because of the relatively new employment of the previously
described IGRT techniques in the daily routine, there is a
lack of data regarding the clinical implications and reduc-
tion of toxicities in comparison with non-IGRT approaches.
Thus far, studies have shown that these strategies are fea-
sible in terms of treatment accuracy, with the attendant
reduction in margins and radiation exposure to nearby
critical organs.

Table 1 CT dose to normal tissue (fx: fraction)

CT Rectum
(Dose in
cGy/fx)

Bladder
(Dose in
cGy/fx)

Femoral heads
(Dose in cGy/
fx)

Diagnostic
multidetector
CT

1.74 1.83 4.05

kV CBCT 1.70 1.73 3.14

MVCT 1.05 1.04 1.02

IGRT: How and When 105



Table 2 depicts the mean CTV to PTV margins when
different daily IGRT techniques are employed (Beltran et al.
2008; Johnston et al. 2008; Gayou and Miften 2008).

However, whether these improvements lead to reduced
toxicities, as reported by patients, is uncertain. Song et al.
performed an evaluation of image-guided radiation therapy
technologies and their impact on the outcomes of hypo-
fractionated prostate cancer treatments by using NTCP and
TCP models (Song et al. 2006). The tattoo registered
technique had a significant reduction in TCP as the pre-
scription dose decreased. The differences between the
techniques other than the tattoo registered (image-guided
alignment to bony landmarks, to the daily CTV volume, or
alignment to the CTV volume with daily monitor units
updates), however, were small (\2.7 %) (Song et al. 2006).

No randomized trials are available. For the existing data,
greater patient populations and longer follow-up is needed
to determine the importance of IGRT in reducing the acute
and chronic toxicities. A study by Jereczek-Fossa et al.
(Jereczek-Fossa et al. 2011) assessed in a nonrandomized
fashion the acute toxicity of image-guided hypofractionated
radiotherapy. 179 patients were treated within the pro-
spective study with 70.2 Gy/26 fractions (equivalent to
84 Gy/42 fractions, a/b 1.5 Gy) using IGRT (transabdom-
inal ultrasound, ExacTrac X-Ray system, or cone-beam
computer tomography) techniques. The data of these
patients were compared to retrospective data of non-IGRT
patients. The acute toxicity rates were low and similar in
both study groups (Jereczek-Fossa et al. 2011). Similar
results were achieved in Klinkum rechts der Isar, Munich
Germany (Geier et al. 2012).

3 Conclusion

An ideal IGRT system would allow for daily prostate
imaging without possible introduction of errors due to
image acquisition itself, it would do so within a reasonable
time frame, without the necessity for implanted radio-opa-
que markers and preferentially without exposing the patient
to radiation (Soete et al. 2008).

A solution that combines all these features is inexistent
so far. For the existing IGRT techniques, there is a con-
siderable lack of data whether they lead to a reduced acute

and chronic toxicity profile in comparison with the non-
IGRT approach, or if they are associated with an improved
local control. Nevertheless, given the increasingly higher
doses and smaller treatment margins utilized, combined
with the trend to hypofractionate radiation therapy, daily
IGRT for prostate cancer has become a necessity as an
accurate and precise way of delivering the intended dose to
the PTV and the OARs. The problem of interfractional
prostate movement and the possibility of setup errors are
optimally accounted for.
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Abstract

Even if irradiation of pelvic lymph nodes in prostate
cancer is still under debate, there is abundant evidence that
a well-defined subgroup of prostate cancer patients benefit
from such treatment. Thus, the management of high risk
and node-positive patients has evolved significantly in the
past few years. New imaging tools such as MR, PET, and
sentinel procedures now allow surgeons and radiation
oncologists to better target lymph nodes or nodal metas-
tasis. Derived from surgical lymphadenectomy series,
sentinel lymph node, or PET/MR imaging data, there exist
precise guidelines for target volume delineation. In
addition, improved radiation technologies such as IMRT
and IGRT enable to deliver high-dose conformal radiation
to a target volume while minimizing toxicities to normal
tissues and allow differentiated dose prescriptions. In this
regard, adjuvant regions (suspected microscopic involve-
ment) are most often treated with 45–50 Gy overall dose.
In cases of macroscopic lymph node involvement, overall
dose on localized lymph node metastasis should be
escalated to ≥60 Gy, depending on tumor volume and
surrounding normal tissues. Besides conventional frac-
tionation schemes, first series using a moderate hypo-
fractionation to the prostate in combination with pelvic
node irradiation was reported. The encouraging results
must be validated in prospective clinical trials.

1 Introduction

Even if the irradiation of pelvic lymph nodes in prostate
cancer is still a matter of debate, it regained considerable
interest after the results of the randomized EORTC (Euro-
pean Organisation for Research and Treatment of Cancer)
22863 (Bolla et al. 2002) and RTOG (Radiation Therapy
Oncology Group) 94-13 (Roach et al. 2003) trials were
published.
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The EORTC 22863 trial randomized patients to receive
radiotherapy of the prostate and pelvic lymph nodes with
long term (3 years) versus no hormonal ablation. After the
10 years follow-up had revealed a significant benefit in
overall survival for the combined treatment arm (58.1 % vs.
39.8 %) without difference to an age-adjusted healthy cohort
(Bolla et al. 2010), it is the current standard therapy for high-
risk prostate cancer patients besides surgery. However, this
trial only randomized long term versus no hormonal ablation
therapy, but not the additional irradiation of pelvic nodes.
Thus, the benefit of an enlarged treatment volume remained
unclear.

The RTOG 94-13 trial randomized patients with an
estimated risk for lymph node involvement exceeding 15 %
(“Roach formula”) in four arms to receive either radiother-
apy only to the prostate with additional neoadjuvant or
adjuvant hormonal ablation or radiotherapy to the prostate
and the pelvic lymph nodes with additional neoadjuvant or
adjuvant hormonal ablation. Improved rates of biochemical
no evidence of disease (bNED) were observed in patients
receiving both neoadjuvant/concomitant hormonal ablation
and whole pelvis irradiation (Roach et al. 2003). A follow-
up analysis confirmed the initial report (Lawton et al. 2007).
Additionally, an analysis of field sizes revealed that larger
field sizes correlated significantly with improved outcome
(Roach et al. 2006; Roach 2009).

In contrast, the randomized French GETUG (Groupe
d’Etude des Tumeurs Uro-Génitales) trial published in 2007
did not corroborate that adjuvant inclusion of the pelvic
nodes increased the bNED rates (Pommier et al. 2007).
However, the inclusion criteria were different to the RTOG
and EORTC trials in regard to patients’ lower risk profile
and not defined hormonal ablation therapy.

Thus, at present, the role of adjuvant coverage of the
lymphatic drainage area is not yet finally clear. Chapters
“Treatment of Clinically Involved Lymph Nodes” and
“Hypo-fractionation in Prostate Cancer: Biological Aspects”
will discuss this topic in detail.

In addition to the results from the randomized trials, data
from PET-based studies provide—at least circumstantial—
evidence that the inclusion of the local lymphatics in adju-
vant radiation portals may be of importance for a subset of
patients. In this regard, several authors provide evidence for
effective salvage therapies for patients with isolated and
choline PET-diagnosed lymph node relapses (Rinnab et al.
2008; Budiharto et al. 2011; Passoni et al. 2014; Wurschmidt
et al. 2011).

Thus, at the moment, it can be assumed that a defined
subgroup of patients will substantially benefit from an
additional radiation treatment of the pelvic lymphatic
drainage. However, the result of a surgical or radiothera-
peutic adjuvant treatment relies on an adequate definition of
potentially involved lymphatic drainage areas.

2 Basic Considerations—Pelvic Target
Volume Definition

Before wide implementation of CT-based three-dimensional
(3D) radiotherapy planning in the later 1990s, radiotherapy
planning was performed on two-dimensional radiographics.
Thus, the pelvic target volume was oriented to bony ana-
tomical landmarks derived from historical lymphography
series.

Only after implementation of 3D conformal radiotherapy
planning in clinical practice CT planning image information
was available for each individual patient. However, for a
long time, radiotherapy was usually applied using simple
box techniques. Conventional four-field-techniques did not
allow precise individualizations of target volumes with
conformally effective sparing of organs at risk (Fig. 1). The
randomized EORTC, RTOG, and GETUG trials started
patient recruitment in the 1990s. Thus, necessarily they did
not include highly conformal radiotherapy techniques or
individualized target volume concepts.

Finally, modern radiotherapy techniques such as IMRT
(intensity modulated radiotherapy) required new approaches
for pelvic target volume definition as well as conceptions for
sparing organs at risk.

Whereas for several other solid pelvic neoplasms (for
example rectal cancer), detailed studies regarding the dis-
tribution of locoregional failures are available, there are
hardly such data for prostate cancer.

This is related to the fact that—for decades—the major
endpoint for outcome definition after curative treatment of
prostate cancer is biochemical failure rather than patho-
anatomically defined failure. Thus, in the past, it was not
exactly shown where and how often patients with prostate
cancer finally experience local, locoregional, and distant
failure. In addition, the rapid initiation of hormonal ablation
therapy after biochemical relapse often had blurred the fur-
ther topographic attribution of the individual relapse.

Therefore, available topographic data about microscopic
pelvic or lymph node involvements in prostate cancer had to
be considered since IMRT planning allowed and required
individualized target volumes.

3 Surgical Lymphadenectomy Data

Prostate cancer patients who are treated by radical prosta-
tovesiculectomy are mostly undergoing simultaneous pelvic
lymphadenectomy. Up to now, the therapeutic importance of
a lymphadenectomy procedure regarding potential survival
benefits is not finally clear. However, there are some lines of
evidence, that progression-free survival is improved when
lymphadenectomy is performed (Allaf et al. 2004; Bader
et al. 2003; Cheng et al. 2001; Hull et al. 2002).
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Aside of its questionable therapeutic role, lymphadenec-
tomy has to be understood as a staging procedure followed
by potential relevant therapy recommendations.

However, there are relevant differences with regard to
detailed lymphadenectomy modalities. In general, the ana-
tomic extension of pelvic lymph node surgery must be dis-
tinguished between “minimal/limited,” “modified/standard,”
and “extended” lymphadenectomy. The minimal lymphad-
enectomy technique only includes the obturator fossa region,
and the standard technique furthermore includes the lym-
phatic area along the external iliac veins, whereas the
extended lymphadenectomy area additionally contains all
lymph nodes along external, internal, and common iliac
vessels (Fig. 2).

Derived from large lymphadenectomy series in the recent
years with precise histopathological work-up procedures
(Allaf et al. 2004; Bader et al. 2002; Weckermann et al.
2005, 2006; Burkhard et al. 2002, 2005; Heidenreich et al.
2002; Briganti et al. 2006, 2007; Shariat et al. 2003;
Pagliarulo et al. 2006; Ferrari et al. 2006; Miyake et al. 2007;
Stone et al. 1997; Joslyn and Konety 2006) following key
conclusions can be drawn:
• the risk of locoregional seeding is higher than previously
assumed

• only for patients at a very low risk for lymph node
involvement the procedure of lymphadenectomy seems to
be dispensable with regard to morbidity or questionable
benefit

Fig. 1 Target volume definition of whole pelvis irradiation. Upper row CTV 3D-four-field planning. Lower row CTV IMRT planning

Fig. 2 Lymphadenectomy
techniques; 1 + 2 = modified
(standard), 2 = minimal,
1 + 2 + 3 = extended
lymphadenectomy
(Bader et al. 2002)
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• at least 10 lymph nodes should be removed when lym-
phadenectomy is performed (Briganti et al. 2006; Joslyn
and Konety 2006)

• rates of lymph node involvement are rising both by risk
profile and by anatomic extension of lymphadenectomy

• the individual lymphatic drainage in prostate cancer
patients is more variable than previously suspected

• nomograms based on limited or standard lymphadenec-
tomy data may underestimate rates of pelvic lymph node
involvement (Cagiannos et al. 2003; Partin et al. 1997)
From a radiation oncologist’s view point the lack of

information on microscopic lymph node involvement is of
special importance with regard to individual radiotherapy
treatment decisions—aiming in at least being comparable to
clinical outcomes of surgical strategies.

4 Sentinel Lymph Nodes in Prostate
Cancer

Weckermann and co-workers developed the prostate sentinel
concept using surgical data from more than 2,000 patients
(Wawroschek et al. 2003; Weckermann et al. 2007; Holl
et al. 2009). Based on a concise histopathological work-up
of gamma probe detected sentinel lymph nodes a modified
lymphadenectomy procedure was developed. In summary,
their findings suggest that a sentinel-guided lymphadenec-
tomy achieves comparable staging results when compared to
an extended lymphadenectomy procedure in terms of sen-
sitivity and specificity associated with less morbidity. Data
from other groups are in perfect accordance with the results
of Weckermann et al. (Bastide et al. 2009; Fukuda et al.
2007; Jeschke et al. 2008).

In an own series on 61 high-risk prostate cancer patients,
a SPECT-CT-based sentinel-imaging concept was tested
regarding the feasibility for individualized pelvic IMRT plan-
ning (Ganswindt et al. 2007, 2011). Although power of the
analysis is somewhat limited by the fact that a histological
work-up is inherently impossible, the observations regarding
number, location, and anatomical distribution of sentinel lymph
nodes were very similar to the available surgical sentinel data.

A key result is the fact that up to 30 % of putatively
involved lymph nodes would have been missed when stan-
dardized radiation portal or standard lymphadenectomy
areas would have been used (Fig. 3a, b). Thus, the following
key conclusions of the sentinel node concept in prostate
cancer can be drawn:
1. There is a considerable inter-individual pelvic drainagewith

a highly complex and variable lymph node architecture
2. Contrary to most other solid tumors in most cases more

than one sentinel node is detectable
3. The sentinel node concept has a high sensitivity (up to

98 %) and specificity—the rate of false negative but

histological positive sentinel nodes is in the range of 6 %
(Weckermann et al. 2007; Holl et al. 2009).
• Lymph nodes next to histopathological positive sentinel
nodes often show microscopic lymph node involvement
without being sentinel positive

• Macroscopic lymph node involvement decreases sensi-
tivity and specificity of the sentinel method—especially
with increasing risk profile

• “Sentinel-only” imaging data correlate well with surgical
data—partially with the exception of regions with close
proximity to bladder and seminal vesicles (potentially
due to bladder inside radio-nuclide accumulation)

• Risk of a geographic miss is predominant in the peri-
rectal and sacral lymphatic drainage areas, followed by
the regions along the external iliac chain and high iliac/
paraortic nodes

5 Guidelines for Pelvic Target Volume
Definition

To overcome the significant variations in the definition of
pelvic lymph nodes volumes in the past leading to possible
geometrical misses, the RTOG genitourinary radiation
oncology group prepared a consensus paper on pelvic lymph
node volumes for high-risk prostate cancer patients in 2009
(Lawton et al. 2009). It contains a concise summary of all
available data on the prostate lymphatic drainage including
surgical and sentinel-guided lymphadenectomy series as
well as the results derived from patterns of relapse studies
after the use of several radiation volume approaches (Roach
et al. 2006).

Key recommendations are:
1. The inclusion of following adjuvant areas in high-risk

prostate cancer patients: “distal common iliac, presacral
lymph nodes (S1–S3), external iliac lymph nodes,
internal iliac lymph nodes, and obturator lymph nodes.”

2. The lymph node clinical target volume include the ves-
sels (artery and vein) and a 7 mm radial margin being
careful to “carve out” bowel, bladder, bone, and muscle.

3. Volumes begin at the L5/S1 interspace and end at the
superior aspect of the pubic bone.

4. External iliac contours stop at top of femoral heads (boney
landmark for inguinal ligament), obturator contours stop
at top of symphysis pubis.
In addition to the RTOG consensus paper, the contouring

guidelines are at present available online (http://www.rtog.
org/CoreLab/ContouringAtlases/ProstatePelvicLymphNodes.
aspx).

Irrespectively of these standardized target volume re-
commendation, any individual diagnostic finding (including
sentinel, MRI- or PET data) on suspicious lymph nodes or
anatomic abnormalities in individual patients should possibly
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Fig. 3 a Cumulative sentinel lymph node distribution (virtual data set)
in 61 patients (left view from ventral above; right view from the left
side; sentinel nodes = pink, prostate = red, bladder = green, ves-
sels = blue/red) (Ganswindt et al. 2011). b Areas and anatomical

distributions of sentinel nodes with a potential geographic miss. A
geographic miss was observed in 98/324 (30 %) sentinel lymph nodes
in 40/61 patients (65.6 %) (Ganswindt et al. 2011)
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be taken into account during treatment planning especially
when treatment is performed by highly conformal techniques
(Meijer et al. 2013).

6 Treatment Planning 3D versus IMRT

Until today, numerous planning studies comparing 3D
conformal radiotherapy with IMRT for the treatment of
pelvic nodes in prostate cancer patients exist (Ganswindt
et al. 2005b, 2007; Nutting et al. 2000; Luxton et al. 2004;

Sanguineti et al. 2006). Due to the rapid implementation of
IMRT into clinical practice, valid prospective randomized
clinical trials comparing 3D versus IMRT in regard to
clinical outcome and toxicities are missing and will not be
available in the future.

However, approximately all planning studies based on
equal target volumes indicate a superiority of IMRT in terms
an improved sparing of organs at risk (bladder, small bowel,
rectum, bone), especially for high-radiation dose areas
(Fig. 4). In selected cases, target volume coverage may be
worse—depending on the individual constraints chosen.

Fig. 4 3D conformal radiotherapy versus IMRT dose-volume histo-
gram comparison of small bowel, large bowel, and rectum. Cumulative
dose-volume-histograms of 25 patients are shown. Solid lines denote

patients 1–25; lines connecting dots denote median of 25 patients.
(Ganswindt et al. 2007)
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In summary, the use of IMRT allows to apply higher
doses to the prostate without increasing acute or late toxic-
ities and in parallel allows for an highly conformal dose
coverage of pelvic lymph nodes with low acute and late
toxicity profiles (Ganswindt et al. 2007; Guckenberger et al.
2008; Sharma et al. 2011; Zelefsky et al. 2012; Vora et al.
2007; Al-Mamgani et al. 2009; Eade et al. 2008).

7 IMRT Planning and Treatment

Pelvic clinical target volume (CTV) delineation should be
routinely performed on a CT planning data set in exact
treatment position. Usually 3- or 5-mm CT slices are
applied, depending on different requirements for dose cal-
culation algorithms being used in a given institution.

In selected cases, a prone position (with belly board)
allows improved sparing of small bowel especially when
large parts of small bowel are located within the distal pelvic
area. However, in general, a supine position results in a more
stable patient position, still with adequate sparing of the
small bowels. Furthermore, it allows the use of image
guidance modalities including ultrasound imaging which is
impossible when patients are positioned in a prone position.

Planning and treatment should be performed with nearly
empty rectum and comfortably filled bladder. Bladder filling
improves sparing of relevant bladder wall and bowel vol-
umes. The irradiation with an empty rectum seems to be
associated with better clinical outcomes and less rectal tox-
icities (Heemsbergen et al. 2007; Engels et al. 2009; Reddy
et al. 2009; Jain et al. 2012).

Reasonable safety margins from CTV to PTV are in the
range of 5–10 mm; however, the choice of safety margins
depends substantially on individual positioning and image
guidance strategy being implemented in the given institu-
tion. Besides influencing bladder and rectal filling modern
image guidance tools as cone beam computed tomography,
ultrasound or fiducial markers allow to correct the related
position of the prostate during daily radiation treatment. In
this regard, it is of special importance not only to focus on
the moving prostate position, but also to sufficiently cover
the rather immobile pelvic node CTV (Ferjani et al. 2013;
Adamczyk et al. 2013; Xia et al. 2010).

8 Dose Prescriptions

Historically, the RTOG used 50.4 Gy to the pelvic nodes
followed by a boost to the prostate to cumulative 70.2 Gy
(single doses 1.8 Gy, 5/week) and EORTC trial prescribed
50 Gy (pelvic nodes) and 70 Gy (prostate), respectively, but
in single doses of 2.0 Gy, 5/week.

Currently, a cumulative dose of 70 Gy to the prostate in a
high-risk constellation is considered to be suboptimal
(Hanks et al. 2000; Pollack et al. 2002; Peeters et al. 2006;
Ganswindt et al. 2005a). Thus, when using pelvic IMRT, a
cumulative dose of 74–76 Gy to the prostate region seems
advisable. Several trials have shown that this is feasible
without increased toxicity profiles (Guckenberger et al.
2008; Zapatero et al. 2005).

One of the key features of IMRT technique is the pos-
sibility to employ different dose levels simultaneously
(simultaneous integrated boosts [SIB]) within one treated
volume. Thus, a dose prescription to the pelvic nodes of
50.4 Gy (single dose 1.8 Gy per fraction) and simultaneously
of 2.0 Gy single dose to the prostate is commonly used in
clinical practice at present. After these first 28 fractions with
SIB, irradiation is continued by a different boost treatment
plan of 14 Gy (18 Gy, respectively) without any dose split.

Dose constraints to the given organs at risk (bladder,
small bowel, rectum, colon, bone) should aim for a mini-
mum dose adherent to the recent QUANTEC data (Jackson
et al. 2010). Thus, each individual IMRT plan needs to be
reviewed consequently in order to optimize irradiated nor-
mal tissue volumes.

In how far different IMRT techniques [static (step and
shoot) techniques and dynamic techniques (sliding windows
with or without simultaneous gantry rotation, tomotherapy)]
may be advantageous has not been finally determined in
clinical trials. Based on theoretical assumptions, fast
dynamic techniques (intensity modulated arc therapy,
IMAT, “Rapid Arc”) may turn out to be advantageous in
terms of shortened treatment time and thus reduced intra-
fractional organ movements. However, on the other hand,
the exact dosimetry and quality assurance of highly modu-
lated IMRT may impose new and unexpected problems.

In how far particle therapy may improve the treatment of
prostate cancer pelvic nodes has not been determined at
present (Sheets et al. 2012). The fact that many pelvic organs
are mobile, air filled, and display extreme variations in organ
filling, indicate that these targets may not be optimal targets
for particle approaches.

In parallel with the implementation of standard IMRT
techniques covering prostate and the adjuvant pelvic lymph
nodes with normal fractionation schemata, several small
series using a moderate hypo-fractionation to the prostate in
combination with pelvic node irradiation were reported
(Alongi et al. 2012; Norkus et al. 2013; Krause et al. 2012).
Guckenberger recently reported on 41 patients treated with
32 × 2.3 Gy SIB to the prostate, according to 80 Gy
2 Gy-equivalent. The 5-year freedom from biochemical
failure (FFBF) was 78 % for high-risk disease with low rates
of observed toxicity by the use of IMRT and accurate image
guided radiotherapy (IGRT) (Guckenberger et al. 2014).
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9 IMRT Techniques in Node-positive
Patients

Widespread PSA screening has certainly led to increased
diagnosis of lower risk prostate cancer and recent studies
found a dropping incidence of lymph node metastases (even
less than 10 %) (Nguyen et al. 2009; Paul et al. 2010). How-
ever, the number of patients with nodal involvement at base-
line remains high in subgroups (up to 30–40 % in high-risk
patients (Crehange et al. 2012))—particularly when the
extension of lymphadenectomy and pathological work-up
procedures are taken into account (Briganti et al. 2008). Fur-
thermore, as mentioned above, the real risk of lymphonodular
seeding is higher than previously assumed (Weckermann et al.
2006; Heidenreich et al. 2002; Briganti et al. 2006; Shariat
et al. 2003; Pagliarulo et al. 2006; Miyake et al. 2007).

At a minimum, there are three different clinical start
points regarding node-positive prostate cancer patients and
radiation treatment approaches:

Firstly,
patients with prostate cancer at the time of first diagnosis
and synchronously macroscopic lymph node metastasis
(cN1) without any surgery.

Secondly,
patients with newly diagnosed prostate cancer and syn-
chronously clinical or subclinical lymphatic involvement,
but after surgery/lymphadenectomy (pN1).

Thirdly,
patients after primary treatment of prostate cancer and
metachronously loco-regional relapse at a site of the pelvic
lymphatic region (rN1).
Provided that lymph node involvement is considered as

origin, and not merely as surrogate for distant metastatic
spread, a loco-regional approach may be appropriate.
Ad 1 (cN1 patients):
Derived from some older retrospective series (Sands et al.
1995;Whittington et al. 1995;Wiegel and Bressel 1995) and a
number of subset-analyses of RTOG trials (75-06 (Hanks et al.
1998), 85-31 (Lawton et al. 2005) and 92-02 (Hanks et al.
2003)) there is strong evidence that also lymph node-positive
patients could achieve excellent local control rates when pel-
vic irradiation is combined with hormone therapy. Thereby,
the RTOG 85-31 subset analysis in 173 N1 patients revealed
biochemical progression-free survival rates at 5/9 years of
33 %/4 % and 54 %/10 %, respectively, in favor of the com-
bined treatment arm. Yet while the previously used “box
technique” did not allow higher radiation doses to involved
lymph nodes due to bowel toxicity, the dose required to treat
with a curative intent positive nodes is higher (i.e. ≥60 Gy).

In this context, new technologies such as IMRT and
IGRT make it possible to escalate the dose to positive nodes
beyond 50 Gy (Wang-Chesebro et al. 2006; Engels et al.

2009) and, in the meantime, this approach is recommendable
in cases of clinically detectable lymph node involvement
(Crehange et al. 2012). In an own series of 39 patients, we
demonstrated the feasibility of a “SIB technique” in node-
positive patients with moderate early and late toxicities after
a median follow up of 70 months [Fig. 5 (Muller et al.
2012)].
Ad 2 (pN1 patients):
There is no randomized controlled study that tested the role of
adjuvant pelvic radiotherapy in node-positive patients after
radical prostatectomy and lymphadenectomy. Da Pozzo et al.
(2009) and Briganti et al. (2011) performed a large retro-
spective matched analysis in [700 consecutive patients
treated 1986–2002 with adjuvant hormone therapy compared
with conventional radiotherapy combined with hormone
therapy. A total of 85 % of the irradiated patients had 4-field
box inclusion of the pelvic lymph node areas treated with a
median dose of 50.4 Gy, while the prostate bed was treated
postoperatively with a median dose of 68.4 Gy. With a mean
follow-up of 100.8 months, patients in the combined treat-
ment arm had significantly higher cancer-specific and overall
survival rates compared with patient treated with hormone
therapy alone at 5, 8, and 10 years after surgery (95, 91, and
86% vs. 88, 78, and 70%, and 90, 84, and 74% vs. 82, 65, and
55 %, respectively; p = 0.004 and p\0.001, respectively). A
follow-up analysis of 1107 patients confirmed adjuvant
radiotherapy as an independent predictor of better cancer
control outcomes (10-year cancer-specific mortality-free rate
87 %) in this multimodal setting (Abdollah et al. 2014).
Ad 3 (rN1 patients):
The cases of lymph node recurrent prostate cancer provide
an unfavorable situation in medical aftercare practice fol-
lowing primary treatment. In general, the gold standard is
systemic hormone therapy (Iversen and Roder 2008).
However, there are increasing data on salvage treatment
strategies within the meaning of surgical or/and irradiation
approaches.

Recently, a retrospective study in 59 patients with lymph
node metastases detected by [11C] choline PET/CT analyzed
the impact of pelvic/retroperitoneal salvage lymphadenec-
tomy (Suardi et al. 2014). With a median follow-up of 81
months, 35 patients (59.3 %) achieved biochemical response
(defined as PSA \ 0.2 ng/ml 40 days after surgery). The
8-year biochemical recurrence-free survival rate was 23 %,
the 8-year clinical recurrence-free and cancer-specific sur-
vival were 38 and 81 %, respectively. The only predictors
for clinical recurrence were preoperative PSA level (\4 vs.
≥4 ng/ml) and the presence of retroperitoneal lymph node
metastases. In addition, just under two thirds of the patients
subsequently received androgen deprivation therapy.

Similarly, Jilg et al. evaluated 47 PET positive patients
treated by salvage lymphadenectomy. A total of 27 patients
received adjuvant radiotherapy (mean dose 50.8 Gy) limited

118 U. Ganswindt and C. Belka



to the affected lymph node regions (Jilg et al. 2012). Even if
adjuvant radiotherapy in this small heterogeneous cohort had
no significant advantage, the 5-year cancer-specific survival
of 77.7 % was comparable to the results mentioned above.

Applying these promising results to a definitive radio-
therapy treatment option for (PET positive) rN1 patients, it is
highly important to use higher radiation doses to macro-
scopically involved lymph nodes due to the given dose-
effect relationship in prostate cancer. In a recent series, 83
patients were treated with a mean dose of 52 Gy to the
complete lymphatic drainage and simultaneously escalated
radiation doses to PET positive lymph nodes (mean SIB
dose 65 Gy) (Picchio et al. 2014). With a median follow-up
of 22 months in 70.2 % of the patients a complete bio-
chemical response could be observed. In 89.4 % of the
patients, a PET metabolic response was documented (43 %
complete and 47 % partial response, respectively). Only 6 %

of patients showed metabolic progression at the treated area,
but in 57.4 % new disease at distant sites occurred. Around
two third of patients received additive androgen deprivation
therapy and observed toxicities were low.

However, up to now there is no clear recommendation
regarding the target volume areas in rpN1 patients. Thus,
bearing in mind that PET or sentinel positive imaging of
lymph nodes may underestimate real microscopic involve-
ment (often located in close proximity to the detected lymph
nodes) (Allaf et al. 2004; Bader et al. 2002; Weckermann
et al. 2005, 2006; Burkhard et al. 2002, 2005; Heidenreich
et al. 2002; Briganti et al. 2006, 2007; Shariat et al. 2003;
Pagliarulo et al. 2006; Ferrari et al. 2006; Miyake et al. 2007;
Stone et al. 1997; Joslyn and Konety 2006), in the absence
of reliable data an inclusion of at least adjuvant areas or even
the complete lymphatic drainage may be more plausible
from the present point of view.

a b

c

Fig. 5 Example of pelvic IMRT with nodal SIB. Treatment plans with related isodoses (70 %/80 %/95 %/100 %) are shown for primary tumor
(a) and affected nodes (b). Related dose-volume-histograms of target volumes and organs at risk are demonstrated in (c) (Muller et al. 2012).
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10 Conclusion

In the past few years, the management of high risk and node-
positive prostate cancer patients has evolved significantly.
New imaging tools such as MR, PET, and sentinel node
procedures now allow surgeons and radiation oncologists to
identify and target nodal metastasis and/or lymph nodes with
a high risk of subclinical involvement. In addition, improved
radiation technologies such as IMRT and IGRT give radia-
tion oncologists the ability to deliver high-dose conformal
radiation to a target volume while minimizing toxicities to
normal tissues. Despite the lack of large randomized trials,
particularly with respect to increasingly complex treatment
constellations, there is abundant evidence that cancer-spe-
cific survival in high risk or lymph node-positive prostate
cancer patients may be improved by pelvic irradiation.

In this regard, an essential prerequisite to improve clinical
outcome by radiotherapy is a precise and risk-adapted patient
selection based on accurate staging procedures. Moreover,
highly optimized radiotherapy techniques in combination
with best imaging modalities allow both the optimal delin-
eation of target volumes and normal tissue sparing with
reduced toxicities.
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Abstract

The role of prophylactic whole pelvic irradiation in men
with clinically localized intermediate to high prostate
cancer continues to be one of the most hotly debated
topics among Radiation Oncologist. This review focuses
on the ‘‘Pro’’ side of the argument providing data from
prospective randomized trials, retrospective studies, and
studies based on patients receiving adjuvant or salvage
external beam radiation following a radical prostatecto-
my. The preponderance of data appears to support pelvic
nodal irradiation in appropriately selected patients,
however the author acknowledges the need for Phase III
Trials to confirm the benefits of this approach.

1 Introduction

Gleason Score (GS), T-Stage, percent positive biopsies, and
the level of the prostate specific antigen (PSA) when
combined are can be used to predict the probability of
lymph node involvement (LNI), which strongly correlates
with the risk of death from prostate cancer (Roach et al.
2006c; Eggener et al. 2011). For patients with locally
advanced disease the use external beam radiotherapy
(EBRT) combined with hormone therapy (HT) is now well
established as the standard of care (Roach et al. 2000;
Roach 2010). Although, the addition of HT to RT has
consistently demonstrated improvements in survival com-
pared to EBRT alone, to-date dose escalated EBRT has not
been shown to prolong survival (Roach 2007). This obser-
vation implies that control of local disease alone may be
inadequate for the cure of patients with the high-risk dis-
ease, invoking the notion that regional and/or systemic
disease need to addressed as well. Similarly, systemic
treatment with HT alone has been shown to be inferior to
HT plus EBRT, providing support for the notion that
effective local/regional therapy are also critical for cure of
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high risk patients. Thus, neither local, nor systemic therapy,
is enough. Perhaps regional therapy is required as well?

In theory, the effectiveness of high-dose EBRT directed
only at the prostate is likely to be limited by the presence of
disease outside of the field irradiated, including the pelvic
lymph nodes. Whole pelvic radiotherapy (WPRT) could
potentially improve the outcomes in patients with pelvic
LNI by sterilizing microscopic disease. Although, prophy-
lactic irradiation of lymph nodes is recommended in head
and neck, breast, and many others solid tumors, doubts
remain about the merits of this approach in prostate cancer
patients (Roach 2008).

There is a growing body of literature addressing the role
of WPRT versus prostate only radiation therapy (PORT)
with supporting the former compared to the latter (Morik-
awa and Roach 2011). Most of these data come from ret-
rospective studies, and most studies assess the benefits of
WPRT based on biochemical outcomes using serum PSA.
In this review, I discuss the rationale for treatment of
regional disease with WPRT combined with HT in patients
with clinically localized prostate who have significant risk
of LNI.

2 Pelvic Nodal Metastasis: Who,
how often and where?

Partin and associates were among the first to incorporate
pretreatment parameters to allow estimates to be made as to
the risk of LNI (Partin et al. 1993). Based on this data
Roach developed an equation (percent probability of
LNI = 2/3 PSA ? [(GS - 6) 9 10] (Roach 1993). This
equation was subsequently validated and although the
accuracy of Partin’s Nomogram and the ‘‘Roach Equation’’
has have recently been questioned the preponderance of
evidence supports their utility (Roach et al. 1994; Spevack
et al. 1996; Roach 2009a, b; Nguyen et al. 2009). The data
used to derive the so-called Partin’s Tables and the data
used to criticism the Tables and the ‘‘Roach Equation’’,
were almost entirely derived based on patients undergoing a
so-called ‘‘standard lymph node dissection’’ (SLD). Other
investigators who have performed extended lymph node
dissections (ELD) have reported that *40 % of involved
nodes would have been missed by SLD (Heidenreich et al.
2002, 2007). They concluded that the ELD was associated
with high rate of node metastasis outside of SLD field, and
recommended ELD in all patients with PSA [10 ng/ml and
a biopsy GS C7. Briganti et al. have demonstrated that [10
pelvic nodes should be sampled to give a reasonable chance
of detecting involved nodes but most of series alluded to
above on average include patients with far fewer nodes
(Briganti et al. 2007).

Perhaps the most compelling support for the so-called
‘‘Roach Equation’’ comes from an even more recent vali-
dation study performed using a cohort of patients under-
going an ELD (Abdollah et al. 2012). These investigators
concluded, ‘‘The Roach formula is still accurate and does
not overestimate the rate of LNI in contemporary prostate
cancer patients …’’. Also of note, given the fact that
40–50 % of metastatic pelvic lymph nodes lay out side of
the SLD areas, an additional 5–10 % outside of the typical
ELD areas and a false negative rate up to 30 % of patho-
logic involved nodes, it is plausible that the true estimate of
LNI is higher than estimated based on any available
nomogram or equation (Pagliarulo et al. 2006; Shariat et al.
2003; Ferrari et al. 2006; Miyake et al. 2007a, b).

3 Pelvic Lymph Node Irradiation: What is
the Evidence for Prostate Cancer?

The evidence concerning the potential value of WPRT in
conjunction with EBRT can be divided into three general
categories: (1) randomized trials; (2) retrospective studies
involving definitive radiotherapy and; and (3) retrospective
studies involving adjuvant and salvage EBRT post-radical
prostatectomy (RP). Data for these categories are summa-
rized in Tables 1, 2 and 3 below. As shown, most studies
suggest that the use of WPRT is associated with better
outcomes. In general, most of the studies failing to reach
this conclusion used a field size that was less than inclusive
of the whole pelvis. Several studies suggest that small
pelvic fields are unlikely to encompass the majority of the
lymph nodes at risk in high-risk patients (Morikawa and
Roach 2011).

3.1 Randomized Trials Evaluating
Prophylactic Radiotherapy

Table 1 summarizes the major phase III randomized trials
addressing WPRT either completed or in progress. Radia-
tion Therapy Oncology Group (RTOG) 7706 was the first
prospective trial comparing prostatic versus pelvic irradia-
tion and it failed to demonstrate a benefit to WPRT (Asbell
et al. 1988; Hanks et al. 1994). However, this study was
conducted in the pre-PSA era was relatively small and was
largely composed of patients with low risk disease. Low
risk patients (some of whom were surgically staged and
proven to be node negative), are the patients least likely to
benefit from WPRT, thus this study does not address the
role of WPRT in higher risk patients.

GETUG-01 was a small-randomized trial conducted in
France (n = 444) including patients clinically staged as
T1b-T3, N0 and randomized to WPRT or PORT. The
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authors concluded that 5-year PFS and overall survival were
similar in the two arms with 42 months follow up (Pommier
et al. 2007). However, patients in the WPRT arm had the
superior limit of the pelvic fields placed at the level of S1/
S2, and 55 % of patients in this study had pelvic lymph
node risk for metastasis \15 % (Roach equation). In addi-
tion, not all patients received HT (critical to the findings of
RTOG 9413, discussed below). Furthermore, the ASTRO
definition was used to assess biochemical failure, which
lacks sensitivity and specificity for clinical failure and death
in patients treated with HT compared with Phoenix defini-
tion (Roach et al. 2006b). Therefore, the results of GETUG-
01 should not be considered definitive proof against WPRT
due to the small size of the study, small field sizes used for
pelvic EBRT and patient selection.

The RTOG conducted the largest phase III Trial testing
the value of WPRT completed to date (Roach et al. 2003).
RTOG 9413 included a total of 1,323 patients with inter-
mediate to high-risk PC with risk of LN involve-
ment C15 % (Roach’s equation). This study compared
WPRT versus PORT as well as adjuvant HT (AHT) versus
neoadjuvant plus concurrent HT (NHT) with progression-
free survival (PFS) as the primary end point. This study
demonstrated that there was an improvement in PFS with
NHT ? WPRT.

The importance of field size on outcome was highlighted
in a post hoc analysis looking at field size among patients
treated on the NHT arms (chosen to avoid the timing bias
favor AHT). In this analysis we compared Arm 1
(NHT ? WPRT) (defined as having a superior border
placed at the L5 S1 junction, being *17 cm in length)
versus Arm 2 divided into two subgroups based on the
median field size used among patients randomized to this

arm. The larger of the PORT subgroups was called ‘‘mini-
pelvis’’ (MP) and was corresponded approximately to the
bottom of the sacroiliac joints (maximum field size
B11 9 11 cm but [10 9 11 cm) and compared to the
subgroup treated with the smaller field, called ‘‘prostate
only’’ with a maximum field size being \10 9 11. This
analysis showed that the 7-year DFS was 40, 35, and 27 %
for patients treated to WPRT, MP and ‘‘prostate only’’,
respectively (p = 0.02) (Roach et al. 2006a). Thus, there
appears to be a clear relationship between PFS and field size
in patients with intermediate to high-risk disease. On this
basis RTOG 0924 was designed to use even larger fields
than 9413. An intermediate update of RTOG 9413 contin-
ued to show an improvement in PSA control with
NHT ? WPRT compared to NHT ? PORT but perhaps
due to the timing bias (favoring the adjuvant arms), and
death from other causes (included in the PFS definition),
PFS survival differences were reduced (Lawton et al. 2007).

3.2 Retrospective Studies of Definitive
Prophylactic WPRT

Most retrospective studies support the role of WPRT as
shown in Table 2. Investigators from UCSF reported better
PSA control rates when WPRT was administered with NHT
particularly when patients had the risk of LNI between 15
and 35 % (Seaward et al. 1998a, b). Investigators from
University of Michigan divided their patients into 3 cate-
gories of LNI : low, 0–5 %; intermediate, [5–15 %; and
high, [15 % (Partin) and in the multivariate analysis con-
cluded that there was a statistically significant benefit with
WPRT (Pan et al. 2002). In a retrospective study from Yale,

Table 1 Phase III randomized trials evaluating WPRT versus PORT

First author Study design Key findings

Asbell et al. (1988)
and Hanks et al.
(1991)

Eligible patients (pts) had A2 (occult disease [3 ? chips &
poorly differentiated) and Stage B without clinical (imaging) or
biopsy ? LNI, randomized to PORT or WPRT to 45 Gy then a
boost to 65 Gy

At a median fu has been 7 yrs, (n = 445), no
benefit with WPRT. Path node (-) had a better
outcome

Roach et al. (2003,
2006a)

Phase Randomized Trial III testing whether WPRT improves
progression-free survival (PFS), with either neoadjuvant (NHT)
or adjuvant (AHT) HT

WPRT improves PFS. Larger fields associated
with better outcome with NHT

Pommier et al.
(2007)

444 pts with T1b-T3N0M0 randomized to 66-70 Gy to
prostate ± 46 Gy (top border S1/S2). 4–8 mo NHT allowed for
‘‘high-risk’’ pts. *55 % of pts had LN risk \15 % (Roach
equation)

WPRT did not improve OS or PFS but none of the
pts received WPRT defined as superior border at
L5 S1

Pollack RTOG
0534

Salvage RT & High-risk PORT versus WPRT Ongoing

Roach RTOG 0924 Trial target 2580 int. & High-risk PORT versus WPRT Ongoing

Modified from Morikawa and Roach (2011). HT hormonal therapy; int intermediate; fu follow up; LNI lymph node involvement;
path pathological; WPRT whole pelvic radiotherapy; PORT prostate only radiotherapy; PFS progression-free survival; OS overall survival
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Aizer et al. reported on 277 patients with at least a 15 %
likelihood of LNI, that the 4-year PSA control rate was
69.4 % in the PORT and 86.3 % in the WPRT group (Aizer
et al. 2009). In contrast, investigators from Fox Chase
concluded there was no benefit to the addition of WPRT in
patients with a risk of LNI [15 % (Roach Equation) (Jacob
et al. 2005). However, none of the patients included in their
study were treated with WPRT as defined on RTOG 9413,
most were treated with a MP field, and very few received
NHT and most were much more favorable than those
treated on RTOG 9413. Milecki et al. retrospectively
studied 162 high-risk patients and concluded that WPRT
combined with NHT improved cause specific survival
(CSS) and PSA control compared to PORT and HT.

3.3 Prophylactic WPRT Post Prostatectomy
and/or Nodal Sampling

Table 3 summarizes the outcomes of patients undergoing
post-operative radiotherapy. The patients included in these
series included those at high risk for LNI as well as those
known to have positive nodes pathologically as well as
those at risk for additional nodal involvement but without
gross nodal involvement by imaging. Spiotto et al. com-
pared PSA control among patients receiving WPRT to
prostate bed RT (PBRT) after RP (Spiotto et al. 2007). PSA
control was improved with WPRT compared to PBRT in
patients with a risk of LNI [15 %. Moghanaki et al.
reported similar findings among patients treated with

Table 2 Definitive retrospective series evaluating WPRT versus PORT

First author Study design Key findings

Seaward
et al.
(1998b)

Retrospective analysis of patients undergoing prostate only or WPRT with
and without HT

WPRT improves PFS

Pan et al.
(2002)

Retrospective analysis 3D-CRT (n = 1832), 3 categories of LNI: low,
0–5 %; int., [5–15 %; and high, [15 % (Partin Tables)

Benefit for int-risk pts with WPRT 2-year PSA
control, 90 % versus 81 % (p = 0.02)

Jacob et al.
(2005)

Retrospective, pts with risk +LN [15 % pelvic RT versus, partial pelvic, or
prostate only (n = 420). Concluded RT dose the major determinant of PSA
control

No benefit to WPRT. Criticism none of the pts
received WPRT as defined by RTOG 9413

Aizer et al.
(2009)

Retrospective, 277 pts with [15 % risk of LNI treated with prostate only
(75.5 %) or WPRT (24.5 %)

WPRT improved 4 yr control (69.4 % versus
86.3 %)

Milecki
et al. (2009)

Retrospective analysis including men with High-Risk Disease (n = 162)
with and without WPRT

5-yr CSS were 90 % versus 79 % (p = 0.01)
& PSA control 52 % versus 40 % (p = 0.07)

Modified from Morikawa and Roach (Morikawa and Roach 2011). HT hormonal therapy; LNI lymph node involvement; WPRT whole pelvic
radiotherapy; PORT prostate only radiotherapy; WPRT whole pelvic radiotherapy; PORT prostate only radiotherapy; PFS progression-free
survival; CSS Cause specific survival

Table 3 Post Op and/or pathologic node positive series evaluating WPRT versus PORT

First author Study design Key findings

Spiotto et al. (2007) 160 patients underwent adjuvant or salvage RT after RP. WPRT
resulted in PSA control in high-risk patients at 5-years 47 % versus.
21 % (p = 0.008)

Better PSA control for high-risk pts
receiving WPRT after RP

Da Pozzo et al. (2009)
and Briganti et al.
(2011)

Retrospective, 250 pts with LNI. 129 pts (51.6 %) with WPRT &
HT & 121 pts (48.4 %) HT alone

RT improved PSA control & CSS
(p = 0.002 & 0.009)

Matched comparison 117 pts AHT ? RT with 247 pts with RT
alone

RT improved CSS & OS (p = 0.004
& \ 0.0012)

Moghanaki et al.
(2013)

Study compared outcomes for pts who received SRT with WPRT
(n = 112) versus (PORT) (n = 135). 247 pts were analyzed with a
median fu of 4 yrs

Pts with PSA C 0.4 ng/mL, WPRT improve
PSA control (P = 0.03)

Johnstone et al. (2007) Surveillance Epidemiology End Results (SEER) registry used to
evaluate the efficacy of post-op RT in 1921 node ? pts who
underwent RP alone, or RP & RT

No significant survival benefit for +LN pts
receiving post-op RT

Tward (2013) Retrospective analysis using SEER data including men with High-
Risk Disease (cT1-T4, cN1) with and without WPRT

5-yr CSS: 90 versus 79 % (p = 0.01) & PSA
control 52 versus 40 % (p = 0.07),
respectively

Modified from Morikawa and Roach (Morikawa and Roach 2011). HT hormonal therapy; AHT adjuvant hormonal therapy; RP radical
prostatectomy; LNI lymph node involvement; SRT Salvage Radiotherapy; WPRT whole pelvic radiotherapy; PORT prostate only radio-
therapy; CSS Cause specific survival; OS overall survival
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salvage radiotherapy (SRT) (Moghanaki et al. 2013). This
inter-institutional retrospective study compared outcomes
for patients who received SRT at 2 separate academic
institutions with one favoring WPRT and the other favoring
PBRT. They concluded that ‘‘WPRT was not independently
associated with biochemical PFS in the multivariate model
(adjusted HR, 0.79; P = 0.20)’’. However, they also con-
cluded that ‘‘… restricting the analysis to patients with pre-
SRT PSA levels [/=0.4 ng/mL … WPRT was indepen-
dently associated with a 53 % reduction in the risk of bio-
chemical progression (adjusted HR, 0.47; P = 0.03).’’

Da Pozzo, Briganti, and Tward focused their post-oper-
ative series on patients with proven LNI (Da Pozzo et al.
2009; Briganti et al. 2011; Johnstone et al. 2007; Tward
2013). In their retrospective series from Italy Da Pozza and
Briganti showed that patients appeared to have improved
outcomes with the addition of EBRT although the technical
details (e.g., field sizes and doses) were not uniformly
applied, however roughly 85 % were believed to have had
WPRT.

Johnstone et al. used the Surveillance Epidemiology End
Results (SEER) registry database to assess the efficacy of
post-operative RT for patients ? for LNI after RP, while
Tward studied patients spared the RP (Johnstone et al. 2007;
Tward 2013). Johnstone analyzed 1921 patients with clini-
cally localized prostate cancer who underwent RP alone, or
RP followed by RT and documented LNI. They concluded
that there was no significant relative survival benefit for
+LN patients receiving post-operative RT and discouraged
the routine use of post-operative RT in patients with LNI
(p = 0.270). However, Tward et al. used SEER data to
evaluate the role of EBRT in patients with lymph node
positive disease without a prostatectomy. They concluded
that the addition of EBRT (presumably including pelvic
nodes) was associated with an improvement in cause spe-
cific and all cause survival.

4 Conclusions

Improvement technology should allow us to more effec-
tively cover pelvic lymph nodes, while escalating doses and
lowering morbidity associated with WPRT (Chan et al.
2008). Additional Trials are needed to confirm the role of
WPRT in patients with an intermediate to high risk of LNI
and to this end, in 2011 the RTOG launched RTOG 0924.
Despite a negative staging workup, occult LNI is a well-
known problem in high-risk and some intermediate risk
prostate cancer patients. It is not logical to ignore the body
of literature presented and only irradiate the prostate. To
date, essentially all major randomized trials including high-
risk patients demonstrating a survival benefit (RTOG 8610
thru 9202 and EORTC studies) incorporated WPRT.

Essentially, all of the studies that have failed to show the
benefit with ‘‘pelvic radiotherapy’’ did not in fact use true
WPRT (per RTOG 9413). The author argues that the results
of RTOG 9413 and the body of literature summarized above
establish WPRT in conjunction with HT as the standard of
care in patients with intermediate and high-risk disease.
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Abstract

According to the opinion of the author, to date—applying
evidence-based medicine—physicians should not per-
form prophylactic pelvic lymph node irradiation in
routine practice for locally advanced prostate cancer
because of the lack of any demonstrated benefit. In
addition, this treatment has a higher risk of acute and late
toxicities. Standard prognostic factors and nomograms,
failed to identify a subgroup of patients who may benefit
from pelvic lymph nodes irradiation. Several biases
including technical radiotherapy features (target volume,
dose) are discussed. Radiation oncologists should be
encouraged to participate in the ongoing RTOG 094
international randomized study.

1 Pelvic Radiotherapy in Locally
Advanced Prostate Cancer: What
are the Evidences?

To date, three published prospective randomized trials
(RTOG 77-06, RTOG 94-13, and GETUG-01) have been
conducted to answer that question. None of them have
demonstrated any benefit (nor even of a trend for a benefit)
for overall survival, metastases free survival nor biological
free survival. In addition, a higher risk for acute and late
toxicity has been observed with a significant higher inci-
dence of late grade 3 or more gastrointestinal toxicity in
the whole pelvic arm (5 vs. 1 % in the RTOG study)
(Asbell et al. 1988, 1998; Roach et al. 2003; Lawton et al.
2007; Pommier et al. 2007).

The conclusion appears to be obvious: referring to an
evidenced-based medicine approach, standard of care for
radiotherapy modality in patients with locally advanced
prostate cancer staged as cN0 or pN0 is not to irradiate the
pelvic nodes as long as a new phase III trial demonstrates its
benefit.
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2 Are there Some Subgroups of Patients
who may Benefit from Pelvic Node
Radiotherapy?

In general, pelvic radiotherapy may be beneficial only to
patients with lymph node involvement (LNI), no distant
metastases and a cancer locally controlled within the
prostate.

2.1 ‘‘Is Node-Positive Prostate Cancer Always
a Systemic Disease?’’

Indeed a potential benefit of pelvic radiotherapy may have
been masked especially with the outcome of bone metas-
tases as patients with high risk for LNI also have a high risk
of infra-clinic bone metastases (Briganti et al. 2008).

This has been indirectly shown by the long-term results of
the RTOG77-06 revealing that patients with a pN0 status after
laparotomy compared to patients staged only by lymphan-
giogram had a higher 12-year overall survival (48 vs. 38 %, p:
0.02) and disease-free survival (38 vs. 26 %, p: 0.003) and
developed less frequently bone metastases (14 vs. 27 %, p:
0.003) (Asbell et al. 1998). The absence of any therapeutic
gain with pelvic irradiation in any of these two subgroups may
signified that there is no need for pelvic irradiation in pN0
patients (subject to the accuracy of the staging!), and that
patients with LNI do not benefit from from pelvic radio-
therapy as most of them will develop bone metastases.

Indeed, the answer to the above-quoted question raised by
Briganti in his 2008 editorial (Briganti et al. 2008) is for-
tunately ‘‘no,’’ as long-term overall survival and disease-free
survival has been reported for patients with pathologically
proven positive nodes. Therefore some patients may benefit
from pelvic radiotherapy provided that there are accurate
tools to appropriately select those with pN1 M0 disease,
with a limited number of pelvic lymph nodes involved
(Briganti et al. 2008a, b, 2009; Swanson et al. 2006).

Unfortunately, the nomograms developed to predict
lymph node involvement have not only a low positive and
negative predictive value they also do not permit to identify
patients with a limited node involvement who may benefit
from pelvic radiotherapy.

2.2 May Patients with Low-Risk Features
for Node Metastasis Benefit from Pelvic
Radiotherapy?

The risk of pelvic LNI is possibly not negligible in patients
classified as low risks. Indeed, in a selected population with
a PSA value \10 ng/ml and a Gleason score \6, the
prevalence of LNI detected by scintigraphically guided

surgery was 5.4 and 11.3 %, respectively, for unilateral and
bilateral positive core biopsies in the Weckermann experi-
ence (Weckermann et al. 2006).

The GETUG-01 study allowed assessing the role of
pelvic radiotherapy in a subgroup of patients with a low risk
for LNI thanks to the stratification between ‘‘low risk
patients’’ (corresponding to the low-risk group according to
the D’Amico classification) versus a ‘‘high risk group’’
including patients that may have been classified as inter-
mediate and high-risk groups by the D’Amico classification
(D’Amico et al. 1998). In this low-risk group (92 patients,)
with a median follow-up of 3.5 years, the 5 years progres-
sion free survival was 83.9 versus 75.1 %, respectively, in
favor of whole pelvis irradiation, however this difference
was not significant (p = 0.21) (Pommier et al. 2007).
Moreover, in the multivariate analysis that considered three
level of node involvement risk stratified with the Roach
formula (Roach et al. 1994) ([15 vs. 15–35 vs. [ 35 %) as
well as concomitant hormonal therapy, pelvic radiotherapy
was not significant for progression free survival (p = 0.82).

2.3 May Patients with Intermediate
and/or High-Risk Features for Node
Metastasis Benefit from Pelvic
Radiotherapy?

The literature data is quite confusing regarding analysis of
more homogeneous subgroup with either intermediate or
high-risk features for LNI, first because of the nomogram
used to define the subgroups that do not lead to the same
outcome (i.e., Roach formula vs. Partin tables) and second
because of opposite conclusions.

In a subgroup analysis of the RTOG 94-13 patients with
‘‘intermediate risk’’ for LNI (defined as GS of 2 to 6 and
PSA [30 ng/ml or GS of 7 to 10 and PSA \30 ng/ml) a
significant difference was observed between the 4 arms in
favor of the whole pelvic RT associated with a neoadjuvant
and concomitant hormonotherapy (Roach et al. 2003).

Similar results have been published by Pan et al. (2002)
in a retrospective matched paired analysis. Patients were
retrospectively stratified in three groups using the updated
Partin tables (709 low-risk, 263 intermediate risk, and 309
high-risk patients). Multivariate analysis demonstrated a
statistically significant relative risk reduction for biological
progression for the entire population treated with pelvic RT,
but the beneficial effect appeared to be limited to the inter-
mediate risk group ([5–15 % according to Partin tables).

However, two other large retrospective studies using the
Roach formula to individualize patients in three LNI
prognostic groups failed to find any benefit for pelvic irra-
diation in multivariate analysis (Vargas et al. 2005; Jacob
et al. 2005).
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2.4 Does a Competitive Negative Effect
of a Lack of Prostate Local Control may
have Masked a Pelvic Radiotherapy
Benefit?

A dose effect has been demonstrated in terms of DFS linked
to a higher local control rate in case of exclusive RT in
intermediate risk patients (Pollack et al. 2002). However,
the role of dose escalation in case of combined EBRT and
HT is still under evaluation (i.e., the GETUG18 trial for
high-risk patients).

In that setting, the GETUG-01 methodology may be
criticized as many patients with high-risk features received
quite a low dose to the prostate bed (66–70 Gy) and no
hormonal therapy. There was a higher but nonsignificant
percentage of patients receiving exclusive low dose RT
(\70 Gy) in the pelvic arm. The RTOG-94-13 also used
doses that are at present considered as low (70 Gy), but all
the patients received an androgen blockage either adjuvant
or neoadjuvant and concomitant.

However, the rate of documented local relapse is quite
low in both randomized series and was similar in both arms.
Documented local progressions at 4 years for pros-
tate ? pelvis versus prostate only arms were, respectively,
8.9 versus 9.9 % in the GETUG-01 (personal updated data),
and 9.1 versus 8 % in the RTOG-94-13 trial (Roach et al.
2003) with no statistically significant difference among the
four arms (p = 0.67) (Lawton et al. 2007). Therefore, the
lack of local control in these randomized studies is not likely
to have hidden a potential benefit of pelvic radiotherapy.

Vargas et al. (Vargas et al. 2005) assessed the role of
pelvic RT in 596 patients with high risk of LNI (between 15
and 30 in 422 and above 30 % in 174 applying the Roach
formula) treated in three institutions with a high dose RT
with a combination of external beam RT and high dose rate
BT (average biologic effective dose [100 Gy). The policy
of two of the three institutions was to treat the pelvis nodes
(46–50 Gy) (312 pts), whereas the treated volume was
limited to the prostate and seminal vesicles in the third one
(284 pts). Short-term neoadjuvant/adjuvant HT was given in
42 % of patients. With a 4.3 years median follow-up, local
recurrence was low (3.1 and 5.2 % respectively for LNI
risk [15–30 and [30 %) and no benefit was seen in the
5-year rates of clinical failure, cause-specific survival, or
overall survival with pelvic radiation.

In Jacob et al. (Jacob et al. 2005) series including 420
patients with a [15 % risk of LNI, radiation dose to the
prostate was the most significant independent prognostic
factor of 5 years of freedom from biochemical failure in the
multivariate analysis, Gleason score, and initial prostate-
specific antigen level were also significant but the radiation

field size (e.g., ‘‘whole pelvis’’ vs. partial pelvis’’ vs. prostate
only) and androgen deprivation were not.

3 Is Radiotherapy Ineffective for Pelvic
Nodes, or is it Just a Matter
of ‘‘Technique, Pelvic Dose
and Hormonal Manipulation’’?

3.1 Is There an Interaction Between Pelvic
Irradiation and Hormonal Therapy?

The observed trend toward a statistical significance for
progression free survival and overall survival in favor of a
neoadjuvant and concomitant hormonal therapy compared
to an adjuvant only HT in the ‘‘whole pelvic arm’’ of the
RTOG 94-13 protocol may be due to the supra-additive role
of concomitant hormonal therapy and radiotherapy.

On the other hand, in Vargas et al. large series of patients
treated with high dose to the prostate (combining EBRT and
HDR-BT) with or without pelvic RT, not only pelvic nodal
irradiation did not demonstrate any benefit, but a detri-
mental role of short course of neoadjuvant HT has been
observed (Vargas et al. 2005, 2006).

3.2 Treated Volume: ‘‘Too Large’’ for Prostate
only Radiotherapy?

A potential bias in disfavor of the ‘‘pelvic arm radiother-
apy’’ in the RTOG94-13 trial is that first pelvic nodes relay
may have been irradiated in the ‘‘prostate only’’ (PO) arm
due to the use of standard techniques.

To assess that question Roach et al. performed a sub-
group analysis excluding patients randomized in the post-
radiotherapy adjuvant HT. Patients randomized in the ‘‘PO’’
arm were dichotomized by median field size (10 9 11 cm)
(‘‘MP field’’ vs. ‘‘PO field’’). A slight (not significant?)
difference was observed for 7-year PFS in favor of ‘‘MP
Field’’ compared to ‘‘PO field’’ (respectively 31 and 21 %)
but there was no difference between these two groups
regarding the 5 years biochemical failure (respectively 45
and 44 % in pairwise comparisons with whole pelvic RT)
(Roach et al. 2006).

In the GETUG-01 study, three-dimensional treatment
plan were mandatory for prostate bed irradiation and that
should limit the bias of an undesirable pelvic node irradi-
ation in the PO arm.

Therefore, it is unlikely that the true treated volume in
these two major randomized study may have mask a
potential benefit of pelvic node irradiation.
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3.3 Treated Volume: ‘‘Not Enough’’ for Pelvic
Radiotherapy?

According to the RTOG 75-06 randomized trial, irradiation
of periaortic nodes in addition to pelvic nodes in patients
with stage C or with stage A-2 or B with evidence of pelvic
nodes involvement does not improve distant metastases
occurrence, disease-free and overall survival (Pilepich et al.
1986).

Extended pelvic lymphadenectomy have permitted to
assess precisely the sites at risk for LNI and to demonstrate that
some of them (especially presacral and deep inguinal nodes)
are not encompassed by standard four-fields irradiation tech-
nique applied in the randomized studies (Heidenreich
et al. 2007). Based on these observations, several recommen-
dations has been proposed to delineate more accurately the
pelvic nodes clinical target volume (CTVN) (Taylor et al.
2005; Shih et al. 2005; Lawton et al. 2009) and to promote the
use of IMRT to ensure a better coverage of this CTV with a
lower toxicity than standard fields RT (Wang-Chesebro et al.
2006; Ganswindt et al. 2007).

3.4 Pelvic Dose

In the three randomized trials, dose delivered to the pelvic
nodes was equivalent (50.4 Gy with fractions of 1.8 or
46 Gy with fractions of 2 Gy) and are still considered to be
a standard. This low dose may be insufficient to control
metastatic lymph nodes and explain the lack of benefit for
pelvic radiotherapy in these trials.

Thanks to the development of IMRT, there are some
attempts to escalate the dose to the pelvic nodes but to date
no data are available on a potential dose effect on cancer
control outcomes (Muren et al. 2008; Hwang et al. 2012;
Guerrero Urbano et al. 2010).

4 Conclusion and Perspectives

To date, applying evidence-based medicine should lead
physicians not to perform prophylactic pelvic nodes irra-
diation in routine practice for locally advanced prostate
cancer because of the lack of any demonstrated benefit and
because of the higher risk of acute and late toxicities.

Indeed, the most important challenge for patients staged
as N0M0 would be to individualize the subgroup of patients
with a high probability of pN1 and at the same time a low
probability of having infra-clinic metastases. Partin tables
and Roach formula are very likely to under-estimate the real
percentage of patients with LNI as demonstrated by the data
from extended pelvic lymph node dissections (EPLND)
(Heidenreich et al. 2007) and new nomograms have been

recently developed and validated (Briganti et al. 2012; Walz
et al. 2012).

Modern imaging and less invasive surgical procedure
may also permit to prospectively assess in selected patients
the frequency and the characteristics of pelvic recurrence
(isolated or associated with concomitant local recurrence or
distant metastases) after prostate radiotherapy (with or
without pelvic irradiation), that means to perform a com-
plete restaging (i.e., using multi-parametric MRI and new
imaging modalities as Choline PET-CT) in case of biolog-
ical recurrence before starting palliative hormonal therapy.
Some of these patients may possibly beneficiate from a
salvage upfront or postoperative radiotherapy (Jilg et al.
2012; Jereczek-Fossa et al. 2012).

4.1 Is a Fourth Prospective Randomized Trial
(RTOG 0924) Necessary?

Non-accurate patient selection and several confounding
factors including inadequate irradiation technique and dose
may explain the negative results of the already published
three phase III studies. Every radiation oncologist should
therefore be encouraged to include patients in the interna-
tional recently launched RTOG 0924.

The high number of patients to be included (2580) may
at least permit to identify the characteristics of a subgroup
that potentially benefits from pelvic radiotherapy based on
already known prognostic factors but also based on ‘‘bio-
markers’’ to be extracted from the prospective collection of
biological material for ‘‘planned and future translational
research.’’
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Abstract

In high risk prostate cancer (PCa), the aim of androgen
deprivation therapy (ADT) is to improve the therapeutic
ratio of radiotherapy (RT) by potentiating irradiation
whatever its technique and destroying the infraclinical
disease located outside the irradiated volume. Many phase
III randomized trials have paved the way for establishing
the indications of the combination of ADT with external
irradiation. For locally advanced PCa, long-term ADT
(C2 years) with LHRH agonists combined with external
irradiation is a gold standard (level 1a of evidence); should
there be a significant comorbidity, a reticence of the
patients who want to remain potent or a poor tolerance, a
6-month duration may be proposed unless to choose an
anti-androgen monotherapy. For high risk localized PCa
4–6-months complete ADT is recommended (level 2a
evidence). For intermediate risk localized PCa, patients
may benefit from a combined approach with a short-term
ADT. IMRT has replaced conventional irradiation and
allows a dose escalation recommended for high risk PCa,
offering also the opportunity to treat intermediate risk
localized PCa without ADT. Patients have to be informed
of the potential morbidity of ADT and a close cooperation
is needed with general practitioners and specialists to
prevent or minimize harmful side effects as much as
possible and to maintain quality of life.

1 Introduction

To better control the growth of high risk prostate cancer
(PCa) the combination of a local treatment with a systemic
treatment has become mandatory, due to the limited curative
potential of definitive conventional irradiation (Bagshaw
et al. 1988; Hanks et al. 1995). High risk PCa include men
with locally advanced PCa (T3-4 N0-X M0) or localized PCa
(T1-2 N0-X M0) with either a Gleason score 8–10 and/or a
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baseline PSA [20 ng/ml (Scardino et al. 2003). Huggins and
Hodges introduced androgen deprivation therapy (ADT) in
the 1940s (Huggins et al. 1941), with surgical castration or
oestrogens, based on the dependence of prostatic epithelial
and adenocarcinoma cells on androgenic hormones, which
explains that more than 80 % of the patients respond to
orchidectomy or oestrogens (Schröder 1990). Their side
effects obliged clinicians to replace them by agonists of the
luteinising hormone-releasing hormone (LHRH) which had
the same efficacy (Parmar et al. 1985) with reversibility. As a
result of screening (Schroder et al. 2009), the incidence of
locally advanced PCa is decreasing while the incidence of
localized PCa is increasing, but ADT remains an important
part of the therapeutic panoply.

The positive results of phase III randomized trials have
promoted long-term adjuvant ADT (C2 years) as a standard
of care for locally advanced PCa, while short-term ADT
(4–6 months) is proposed to patients with intermediate or
poor risk localized PCa. Far from compensating a non
optimal RT, ADT has to be combined with optimal
modalities of RT because local control remains of para-
mount importance, all the more as intensified modulated RT
has replaced conventional irradiation and enables radiation
oncologists to increase the dose without increasing mor-
bidity (Zelefsky et al. 2008). We would like to consider
here: (i) the rationale of this combined approach, (ii) the
results of phase III randomised controlled trials focusing on
the duration and the chronology of HT with respect to RT,
(iii) the new options linked to the breakthrough of radiation
techniques and/or drugs, (iv) the morbidity and quality of
life referring to ADT, (v) the on-going phase III trials.

2 Rationale

The objectives of combining androgen deprivation with
external beam RT are: (i) to decrease both prostate gland
volume and prostate cancerous tissue, thereby decreasing the
clinical target volume (CTV) and improving bladder and/or
rectum dose volume histograms. (ii) to reduce the risk of
local relapse within the planning target volume by inhibiting
repopulation during irradiation. (iii) to decrease—thanks to a
spatial cooperation—the occurrence of distant metastases
due to the presence of an infraclinical disease at the time of
diagnosis, analog to breast cancer (EBCTCG 2005). (iv) to
improve the effectiveness of radiation by an additive or
supra-additive effect. To assess the effect of sequencing of
ADT by the means of castration and RT on PCa growth,
animal studies have been carried out on transplantable
androgen-dependant tumor, treated by radiation alone,
radiation preceded by orchiectomy, radiation followed by
orchiectomy ± androgen restauration. Zietman et al. (1997)
at the Massachusetts General Hospital have used a

transplantable murine mammary androgen-dependant tumor
(Shionogi tumour model) as allografts in the hind limbs of
athymic nude mice and have shown that neoadjuvant ADT
(given 12 days before RT) provides the greatest effect
according to TCD 50. Joon et al. (1997) used Dunning
R3327-G rat prostate tumors transplanted in the flanks of
Copenhagen rats, and a supra-additive apoptotic response
was obtained when castration was initiated 3 days prior to
radiation. Kaminski et al. (2003) have used R3327-G rat
prostate tumors implanted in the flanks of Copenhagen rats
and have calculated the tumor volume doubling time: the
results suggest that neoadjuvant ADT may result in pro-
longed suppression of tumor growth, even after testosterone
replacement. All these results were obtained from animal
models under experimental conditions that do not allow
hormonal treatment during and after irradiation to be
delivered in a more protracted way.

3 Combined Androgen Deprivation
Therapy and Radiation Therapy: Results
of Randomized Controlled Trials
(Table 1)

3.1 Locally Advanced Prostate Cancer

The main trials showing a benefit on overall survival were
launched by the Radiation Therapy Oncology Group
(RTOG) and the RTOG of the European Organization on
Treatment and Research on Cancer (EORTC). Devoted to
T3-4 N0-X M0 patients and sometimes bulky T2 patients,
these trials deal with an agonist analog of LHRH. Two trials
were carried out before the introduction of LHRH agonists
using conventional modalities of castration. One of these
trials, conducted at the MD Anderson Cancer Centre on a
cohort of T3 NX M0 patients (n = 78) treated with pelvic
RT ± diethylstilbestrol (DES, 5 mg), has shown a striking
difference in 15-year disease-free survival in favor of the
combined treatment, that did not translate into an
improvement of overall survival (Zagars et al. 1988). The
other trial, launched by the Medical Research Council
(Fellows et al. 1992), focused on 277 T2-4 NX M0 cases
treated by castration (n = 90), RT (n = 88) or combined
treatment (n = 99): irradiation was left to the discretion of
each center. Results of that trial showed that orchiectomy
delayed the onset of distant metastases, and RT or orchi-
ectomy proved equally effective in controlling local disease.

3.1.1 Concomitant and Long-Term LHRH
Adjuvant Androgen Deprivation Therapy

The EORTC trial 22863 was the first to show a gain in
overall survival ( Bolla et al. 1997). It recruited 415 patients
classified as T1-2 NO histological grade 3 WHO or T3-4 N0

138 M. Bolla et al.



T
a

b
le

1
P

ha
se

II
I

st
ud

ie
s

ad
dr

es
si

ng
th

e
us

e
of

an
dr

og
en

de
pr

iv
at

io
n

in
co

m
bi

na
ti

on
w

it
h

ra
di

at
io

n
th

er
ap

y
as

an
ad

ju
va

nt
tr

ea
tm

en
t

fo
r

pr
os

ta
te

ca
nc

er

S
tu

dy
Y

ea
r

of
pu

bl
ic

at
io

n
T

N
M

20
02

N
um

be
r

of pa
ti

en
ts

A
nd

ro
ge

n
su

pp
re

ss
io

n
th

er
ap

y
E

xt
er

na
l

ir
ra

di
at

io
n

E
ff

ec
t

of
ov

er
al

l
su

rv
iv

al

A
nd

ro
ge

n
su

pp
re

ss
io

n
+

ra
di

ot
he

ra
py

ve
rs

us
ra

di
ot

he
ra

py
al

on
e

(a
)

A
dj

uu
va

nt
(+

/–
co

nc
om

it
ta

nt
)

an
dr

og
en

su
pp

re
ss

io
n

E
O

R
T

C
22

86
3

B
ol

la
et

al
.

(2
01

0)
20

02
T

1–
2

po
or

ly
di

ff
er

en
ti

at
ed

M
0

or
T

3–
4N

0-
1

M
0

41
5

L
H

R
H

a
fo

r
3

ye
ar

s
70

G
y

R
T

S
ig

ni
fi

ca
nt

be
ne

fi
t

fo
r

co
m

bi
ne

d
tr

ea
tm

en
t

(H
R

=
0.

51
,

95
%

C
I:

0.
36

–0
.7

3,
p
=

0.
00

02
)

R
T

O
G

85
-3

1
P

il
ep

ic
h

et
al

.
(2

00
5)

20
05

T
3

or
N

1M
0

97
7

O
rc

hi
ec

ot
om

y
or

L
H

R
H

a
65

–7
0

G
y

R
T

S
ig

ni
fi

ca
nt

be
ne

fi
tf

or
co

m
bi

ne
d

tr
ea

tm
en

t(
p
=

0.
00

2)
se

em
s

m
os

tl
y

ca
us

ed
by

pa
ti

en
ts

w
it

h
G

le
as

on
sc

or
e

7–
10

G
ra

nf
or

s
et

al
.

(2
00

6)
20

06
T

3N
0–

1M
0

91
O

rc
hi

ec
to

m
y

65
G

y
R

T
S

ig
ni

fi
ca

nt
be

ne
fi

t
(p

=
0.

02
),

m
ai

nl
y

ca
us

ed
by

ly
m

ph
no

de
po

si
ti

ve
tu

m
or

s

D
’A

m
ic

o
et

al
.

(2
00

8a
)

20
08

T
2N

0M
0

(l
oc

al
iz

ed
un

fa
vo

ra
bl

e
ri

sk
)

20
6

L
H

R
H

a
+

fl
ut

.
6

m
on

th
s

70
G

y
3D

-C
R

T
S

ig
ni

fi
ca

nt
be

ne
fi

t
(H

R
=

0.
55

,9
5

%
C

I:
0.

34
–0

.9
0,

p
=

0.
01

)
th

at
m

ay
pe

rt
ai

n
on

ly
to

m
en

w
it

h
no

or
m

in
im

al
co

m
or

bi
di

ty

(b
)

N
ei

ad
ju

va
nt

an
d

co
nc

om
it

ta
nt

an
dr

og
en

su
pp

re
ss

io
n

T
R

O
G

96
-0

1
D

en
ha

m
et

al
.

(2
00

5)
20

05
T

2b
–T

4
N

0M
0

80
2

G
os

er
el

in
+

fl
ut

am
id

e
3

or
6

m
on

th
s

be
fo

re
+

co
nc

om
it

an
t

66
G

y
N

o
si

gn
ifi

ca
nt

di
ff

er
en

ce
in

ov
er

al
l

su
rv

iv
al

re
po

rt
ed

.
B

en
efi

t
in

pr
os

ta
te

-c
an

ce
r-

sp
ec

ifi
c

su
rv

iv
al

(H
R

=
0.

56
[0

.3
2–

0.
98

],
p
=

0.
04

)

R
T

O
G

94
-1

3
L

aw
to

n
et

al
.

(2
00

7)
20

07
T

1c
–T

4N
0-

1M
0

1,
29

2
2

m
on

th
s

ne
oa

dj
uv

an
t
+

co
nc

om
it

an
t

ve
rs

us
4

m
on

th
s

ad
ju

va
nt

W
ho

le
pe

lv
ic

R
T

ve
rs

us
pr

os
ta

te
on

ly
70

.2
G

y

N
o

si
gn

ifi
ca

nt
di

ff
er

en
ce

in
ne

oa
dj

uv
an

t
+

co
nc

om
it

an
t

ve
rs

us
ad

ju
va

nt
A

D
T

gr
ou

ps
(i

nt
er

ac
ti

on
su

sp
ec

te
d)

R
T

O
G

86
-1

0
R

oa
ch

et
.a

l.
(2

00
8)

20
08

T
2–

4N
0-

2
45

6
G

os
er

el
in

+
fl

ut
am

id
e

2
m

on
th

s
be

fo
re

+
co

nc
om

it
an

t

65
–7

0
G

y
N

o
si

gn
ifi

ca
nt

di
ff

er
en

ce
at

10
ye

ar
s

Sh
or

t-
ve

rs
us

lo
ng

-t
er

m
an

dr
og

en
su

pp
re

ss
io

n
ad

ju
va

nt
(–

co
nc

om
it

ta
nt

)
to

ra
di

ot
he

ra
py

R
T

O
G

92
-0

2
H

or
w

it
z

et
al

.
(2

01
0)

20
08

T
2c

–4
N

0-
1M

0
1,

55
4

L
H

R
H

a
2

ye
ar

s
ad

ju
va

nt
af

te
r

4
m

on
th

s
ne

oa
dj

uv
an

t
65

–7
0

G
y

R
T

p
=

0.
73

ov
er

al
l.

S
ig

ni
fi

ca
nt

be
ne

fi
t

(p
=

0.
04

4)
in

su
bs

et
w

it
h

G
le

as
on

8–
10

E
O

R
T

C
22

96
1

B
ol

la
et

al
.

(2
00

9)
20

09
T

1c
–T

2a
bN

1M
0

T
2c

–4
N

0-
1M

0
97

0
L

H
R

H
a

6
m

on
th

s
ve

rs
us

3
ye

ar
s

70
G

y
3D

-C
R

T
B

et
te

r
re

su
lt

w
it

h
3-

ye
ar

tr
ea

tm
en

t
th

an
w

it
h

6
m

on
th

s
(+

3.
8

%
su

rv
iv

al
at

5
ye

ar
)

A
nd

ro
ge

n
su

pp
re

ss
io

n
th

er
ap

y
+

ra
di

ot
he

ra
py

ve
rs

us
an

dr
og

en
su

pp
re

ss
io

n
al

on
e

S
P

C
G

F
-7

/S
F

U
O

-3
W

id
m

ar
k

et
al

.
(2

00
9)

20
09

T
1b

-T
2

G
ra

de
2–

3
T

3N
0M

0
88

0
L

H
R

H
a

3
m

on
th

s
+

co
nt

in
uo

us
fl

ut
am

id
e

70
G

y
R

T
ve

rs
us

no
R

T
S

ig
ni

fi
ca

nt
ly

be
tt

er
su

rv
iv

al
w

it
h

co
m

bi
ne

d
tr

ea
tm

en
t

(H
R

=
0.

68
.9

5
%

C
I:

0.
52

–0
.8

9,
p
=

0.
00

4)

N
C

IC
C

T
G

P
R

.3
M

R
C

P
R

O
7/

S
W

O
G

W
ar

de
et

al
.

(2
01

0)

20
10

A
S

C
O

T
3-

4
N

0M
0

1,
20

5
C

on
ti

nu
ou

s
L

H
R

H
a

60
–6

5
G

y
R

T
ve

rs
us

no
R

T
S

ig
ni

fi
ca

nt
be

ne
fi

t
in

fa
vo

r
of

co
m

bi
ne

d
tr

ea
tm

en
t

(H
R

=
0.

77
.9

5
%

C
I

0.
61

–0
.9

8,
p
=

0.
03

3)

F
re

nc
h

st
ud

y
M

ot
te

t
et

al
.

(2
01

0)
20

10
A

S
C

O
T

3–
4

N
0M

0
27

3
L

H
R

H
a

fo
r

3
ye

ar
s

70
G

y
3D

-R
T

ve
rs

us
no

R
T

S
ig

ni
fi

ca
nt

re
du

ct
io

n
of

cl
in

ic
al

pr
og

re
ss

io
n.

E
ff

ec
t

on
ov

er
al

l
su

rv
iv

al
no

t
re

po
rt

ed

T
ab

le
3

fr
om

B
ol

la
et

al
.

(2
01

0a
),

L
an

ce
t

O
nc

ol
og

y,
pa

ge
10

71
,

au
th

or
iz

at
io

n
gi

ve
n

Hormonal Therapy and radiation therapy: Randomized and Prospective Trials 139



M0 to compare RT with concomitant and adjuvant ADT to
RT alone, and a deferred ADT in case of relapse; 82 % of
the patients were T3, 10 % T4, and 89 % N0. The hormone
treatment was oral cyproterone acetate, 50 mg 3 times daily
for 1 month, beginning 1 week before the start of RT and
subcutaneous injection of Zoladex� 3.6 mg every 4 weeks
for 3 years starting on the first day of RT. The pelvic target
volume received 50 Gy and the prostatic target volume
20 Gy. With a median follow-up of 66 months, there was a
significant difference in overall survival, 78 % in favor of
the combination versus 62 % for RT alone (p = 0.001)
(Bolla et al. 2002). The 10-year results (median follow-up
of 9.1 years), confirm that the addition of HT increased the
clinical disease-free survival from 22.7 to 47.7 %
(P \ 0.0001), distant progression free survival (PFS) from
30.2 to 51.0 % (P \ 0.0001), and overall survival from 39.8
to 58.1 % (P = 0.0004). The 10-year PCa mortality was
30.4 % with RT alone and 10.3 % with long-term ADT
combined with RT (P \ 0.001) (Bolla et al. 2010a) and no
significant difference in cardiovascular mortality was noted
between treatment groups.

3.1.2 Long-Term LHRH Adjuvant Androgen
Deprivation Therapy

The RTOG Trial 85-31 was designed to evaluate the effec-
tiveness of indefinite Zoladex� alone after RT; 977 patients
with stages T3–T4 M0 with or without lymph node
involvement, or pT3 after radical prostatectomy in the event
of capsule invasion, positive margins, or seminal vesicle
involvement were included. Monthly administration of
Zoladex� was started during the last week of RT and was
continued indefinitely or until relapse (arm 1) or started at
relapse (arm 2); no antiandrogen was given at the very start
of Zoladex� to inhibit the initial rise of LH and then of
testosterone. Fifteen percent of patients had undergone
radical prostatectomy in arm 1 and 14 % in arm 2, and 29
and 26 % had lymph node involvement, respectively. The
pelvic target volume received 45 Gy and the prostate target
volume 65–70 Gy. Patients with a pT3 tumor received
60–65 Gy to the postoperative target volume. The combined
approach has been associated with all 8-year efficacy end-
points except overall survival (49 % vs. 47 % (p = 0.36));
subset analysis by Gleason score, revealed a significant
overall survival (p = 0.036) in favor of the adjuvant HT arm
for centrally reviewed Gleason 8–10 patients who had not
previously undergone prostatectomy (Lawton et al. 2001). In
the updated results of the trial after a median follow-up time
of 7.6 years, statistical significances were reached in favor
of the adjuvant HT arm for 10-year overall survival (49 % vs
39 %, p \ 0.002), 10-year incidence of distant metastases
(24 % vs 39 %, p \ 0.001), and disease specific mortality
(16 % vs 22 %, p = 0.005) (Pilepich et al. 2005).

A subset analysis of the RTOG 85-13 trial evaluated 173
patients with biopsy proven pN1 lymph nodes of whom 98
received RT plus adjuvant HT; with a median follow-up of
6.5 years multivariate analysis revealed that the combined
approach had a statistical impact on all endpoints: overall
survival (p = 0.03), disease-specific failure (p = 0.014),
metastatic failure (p \ 0.0005), and biochemical control
(p \ 0.0001) (Lawton et al. 1997). These data are in
keeping with those of Gransfors et al. (1998) who compared
for T1-4 pN0-3 M0 patients, the combination of orchiec-
tomy and RT (n = 45) to RT alone and androgen ablation
deferred at clinical disease progression (n = 46). The study
was prematurely closed due to an insufficient accrual, and
after a median follow-up of 9.3 years there was a significant
difference in overall survival (p = 0.02) and progression
free survival (p = 0.005) in favor of the combined arm; this
difference was mainly caused by lymph node positive
tumors. In conclusion, patients with pathologically or clin-
ically involved pelvic lymph nodes should be considered for
RT plus immediate long-term HT (level of evidence 2b).

3.1.3 Long-Term Anti-Androgen Adjuvant
Monotherapy

The Early PCa Program consisting of 3 randomized, dou-
ble-blind placebo-controlled trials included 1370 patients
with T1-4, any N M0 PCa. A nonsteroidal antiandrogen—
bicalutamide (Casodex�) 150 mg/day orally was given as
immediate adjuvant to RT during 2 years (trial 23), 5 years
(trial 24), or until progression (trial 25), as an alternative to
castration due to the potential benefits in term of sexual
interest, physical capacity, and maintenance of bone min-
eral density. At a median follow-up of 5.3 years (Tyrell
et al. 2005) bicalutamide 150 mg significantly reduced the
risk of disease progression (p = 0.003) in patients with
locally advanced PCa (n = 305).

3.1.4 Neoadjuvant and Concomitant Short-Term
Androgen Deprivation Therapy

The RTOG trial 86-10 was designed to test the potential
value of a combined ADT prior (2 months) and during RT
(2 months) with respect to RT alone, or at relapse: 471
patients with bulky (5 9 5 cm) tumors (T2-4) with or
without regional lymph node involvement were included:
7 % had a positive nodal status in the combined treatment
arm versus 9 % in the RT alone arm. Thirty percent of
patients had a T2 tumor, and 70 % were classified as T3-4.
Hormonal treatment consisted of oral flutamide (250 mg
3 9 day) and a subcutaneous injection of Zoladex� 3.6 mg
every 4 weeks (Pilepich et al. 2001). The pelvis received
45 Gy and the prostate target volume 65–70 Gy. At 8 years,
ADT has been associated with all efficacy endpoints except
overall survival, but subset analysis demonstrated that a
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significant enhancement in overall survival was seen in
patients with Gleason score 2–6: 70 % versus 52 %;
p = 0.015. These results were maintained at 10-year with a
significant difference in disease specific mortality (23 % vs.
36 %; p = 0.01), distant metastases (35 % vs. 47 %;
p = 0.006), disease-free survival (11 % vs. 3 %;
p \ 0.0001), but no difference in 10-year overall survival
(43 % vs. 34 %; p = 0.12) (Roach et al. 2008).

The Trans-Tasman Radiation Oncology Group 96.01 trial
has included 818 men randomly assigned to RT alone (66 Gy/
33 fractions) (Scardino et al. 2003; Denham et al. 2005)
3 months’ androgen deprivation with goserelin and flutamide
starting 2 months before RT; or 6 months’ ADT with the same
regimen starting 5 months before RT. After a median follow-
up of 10.6 years, compared with patients assigned RT alone,
those assigned to 3 months’ ADT had a decrease cumulative
incidence of PSA progression (p = 0.003), and local pro-
gression (p = 0.0005), and event-free survival (p = 0.0001).
Six months’ ADT-reduced PSA progression (p \ 0.0001) and
local progression (p = 0.0001) and led to a greater improve-
ment in event-free survival (p \ 0.0001); moreover 6 months’
ADT decreased distant progression (p = 0.001), cancer-spe-
cific mortality (p = 0.0008), and all-cause mortality
(p = 0.0008) compared with RT alone (Denham et al. 2011).

These two trials suggest that the significant impact of HT
on disease-specific survival is certainly due to the con-
comitant component of HT during RT. In the trial reported
by Crook’s et al. (2004), 378 patients were randomized
between 3 months or 8 months neoadjuvant combined ADT
with flutamide and gosereline before RT (66 Gy): with a
median follow-up of 44 months there was no impact on
biochemical control or survival.

Nevertheless, starting ADT 2 or 3 months before RT
(and continuing it during RT) may be useful to decrease the
tumor volume of high risk PCa and to improve the dose to
organs at risk.

3.1.5 Short-Term Neoadjuvant Versus Short-
Term Adjuvant Combined Androgen
Deprivation Therapy with Whole Pelvis
or Prostate Only Radiotherapy

RTOG 94-13 study is a four arm trial devoted to 1323 patients
T1c-4 N0 M0 PSA \100 ng with an estimated risk of lymph
node involvement [15 % based on the equation: risk of
positive nodes = (2/3) PSA + ((GS)-6) 9 10). The first
randomization is done between neoadjuvant concurrent ADT
(NCADT)—2 months before and 2 months during RT—and
4-month adjuvant hormone therapy (AADT) after RT; the
second randomization took place between whole pelvis
radiotherapy (WPRT) followed by a boost to the prostate or
prostate only radiotherapy (PORT). WPRT plus NCADT
improved the 4-year progression free survival (61 %) com-
pared with PORT + NCADT (45 %), PORT + AADT

(49 %) and WPRT + AADT (47 %) (p = 0.008) and there
was no advantage to WPRT over PORT without neoadjuvant
ADT (Roach et al. 2003). With longer follow-up progression
free survival and biochemical failure (Phoenix definition)
continue to favor the WPRT arm (p = 0.034 and 0.0098,
respectively) but we await the major secondary endpoints,
cause-specific and overall survival, since not enough events
had occurred (Lawton et al. 2007).

3.1.6 Long-Term Androgen Deprivation Therapy
Alone is Inferior to Long-Term Androgen
Deprivation Therapy Plus Radiation
Therapy

The above-mentioned studies have shown the efficacy of
hormonal treatment combined with RT, but the impact of
LTADT alone was not assessed so far. The SPCG-7/SFUO-3
trial has included 875 patients T1b–T2, G2–G3, or T3 any
WHO histological grade (1–3) (78 % of T3) with baseline
PSA \ 70 ng/ml; patients were randomly allocated to
endocrine treatment alone with 3 months of total androgen
blockade followed by continuous flutamide (n = 439
patients), or to the same endocrine treatment combined with
RT (n = 436 patients). After a median follow-up of
7.6 years, the cumulative incidence at 10 years for PCa
specific mortality was 23.9 % in the endocrine alone group
and 11.9 % in the endocrine plus RT group for a relative
risk of 0.44 (0.30–0.66); the cumulative incidence for
overall mortality was 39.4 % and 29.6 % with a relative
risk of 0.68 (0.52–0.89) (Widmark et al. 2009). In con-
clusion, in patients with locally advanced or high risk
localized PCa, the combination of RT to HT halved the
10-year PCa specific mortality and decreased overall mor-
tality with fully acceptable risk of side-effects, compared to
HT alone.

Protocol NCIC CTG PR-3/MRC PR07/SWOG included
1205 patients with T3-4 (n = 1057) or T2, PSA [ 40 ng/ml
(n = 119), or T2, PSA [ 20 ng and Gleason [ 8 (n = 25)
and N0-X M0 PCa who were randomized to lifelong ADT
(bilateral orchidectomy or LHRH agonist) with or without
RT (65–70 Gy to prostate ± 45 Gy to pelvic lymph nodes).
With a median follow-up of 6 years, the addition of RT to
ADT significantly reduced the risk of death (p = 0.033) and
the risk of specific death (p = 0.001) (Warde et al. 2010).

The Mottet trial included 273 patients with locally
advanced PCa T3-4 or pT3 N0 M0 randomly assigned to
lifelong ADT by LHRH agonist (leuproreline) with or
without RT (70 Gy to prostate plus 48 ± 2 Gy to pelvic
lymph nodes). With a median follow-up of 67 months, there
was a significant improvement of the 5-year disease-free
survival (p \ 0.001), metastatic disease-free survival
(p \ 0.018) loco-regional progression free survival
(p \ 0.0002), but the effect on overall survival was not
reported (Mottet et al. 2010).
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3.1.7 Short-Term Androgen Deprivation Therapy
is Inferior to Long-Term Androgen
Deprivation

The aim of RTOG protocol 92-02 devoted to 1554 patients
classified T2c-4N0, was to investigate the value of a long-
term adjuvant ADT (LTADT) after a short-term ADT
(STADT). All patients received 2 months of CADT with
Zoladex� and flutamide before RT, followed during RT; a
radiation dose of 65–70 Gy was given to the prostate.
Patients were randomly assigned to receive no additional
therapy or 24 months of Zoladex�. Compared with the
STADT, the LTADT arm showed significant improvement
in all efficacy endpoints except 5-year overall survival; in a
subset of patients Gleason scores 8–10, the LTADT arm had
significantly better overall survival: 81 % versus 70.7 %
(p = 0.04) (Hanks et al. 2003). The 10-year results con-
firmed significant benefits in all 10-year efficacy endpoints
terms except overall survival (p = 0.35); in a subset anal-
ysis the overall survival benefit was limited to patients with
Gleason score 8–10 (p = 0.006) (Horwitz et al. 2008).

EORTC (22863) and RTOG (85–31) trials have dem-
onstrated that LTADT ([2 years) is recommended for high
risk PCa (level I evidence) but they do not determine the
optimal duration of hormonal treatment combined with
external beam RT. That is why the EORTC equivalence
trial 22961 randomly assigned patients who had received
3D-CRT plus 6 months of ADT in two groups: one to
receive no further treatment (STADT) and the other to
receive 2.5 years of further treatment (LTADT) with a
LHRH agonist, triptoreline, Decapeptyl 11.25 mg�. An
outcome of noninferiority of STADT as compared to
LTADT required a hazard ratio of more than 1.35 for
overall survival, with a one-sided alpha level of 0.05. An
interim analysis showed futility, and the results are pre-
sented with an adjusted one-sided alpha level of 0.0429. 970
patients were randomized: 483 STADT and 487 LTADT.
At a median follow-up of 6.4 years, the 5-year overall
survival shows 84.8 % for the LTADT arm and 81 % for
the STADT arm with an estimated hazard ratio of 1.42
(P = 0.008). The 5-year clinical progression free survival
was 80.5 % for the LTADT arm and 68.7 % for STADT
arm (P \ 0.0001). The 5-year biochemical progression free
survival was 77.7 % on the LTADT arm versus. 56.8 %on
the STAD arm P \ 0.0001. In conclusion, the combination
of RT plus 6 months of ADT provides inferior survival as
compared with RT plus 3 years of ADT (Bolla et al. 2009).

Additional support can be found in a retrospective anal-
ysis assessing combined HT with RT (median follow-up
[45 months) which showed that long-term ADT (median
duration 25.6 months) improves 5-year overall survival

(87.5 %) with respect to short-term ADT (75 %)
(p = 0.009) in patients with a PSA level [20 ng/ml, irre-
spective of Gleason score and T stage (Berthelet et al. 2005).

3.2 Intermediate and High Risk Localized
Prostate Cancer

3.2.1 6-Month Neoadjuvant and Concomitant
Short-Term Androgen Deprivation Therapy

The Boston group published a small trial concerning 206
men with localized (T1b-T2b N0-X M0) but unfavorable-
risk PCa (baseline PSA C 10 ng/ml and B40 ng or a
Gleason score of at least 7); patients were randomized to
receive RT alone (70 Gy 3D-CRT) or RT plus 6 months of
ADT; low risk patients were ineligible unless they had
radiologic evidence of extracapsular extension or seminal
vesicle invasion. After a median follow-up of 4.5 years,
patients who received 3D-CRT plus ADT had a higher
survival (p = 0.04) and a lower cancer-specific mortality
(p = 0.02) (D’Amico et al. 2004). With a median follow-up
of 7.6 years, overall survival was higher for men who were
randomized RT and ADT compared with RT: 74 % versus
61 % (p = 0.01), but the survival benefit varies according
comorbidity: among the 49 patients with moderate or severe
comorbidity, the 8-year overall survival was 25 % for
those randomized to RT and ADT as compared to 54 % for
those with RT (p = 0.08) (D’Amico et al. 2008a).

3.2.2 4-Month Neoadjuvant and Concomitant
Short-Term Androgen Deprivation Therapy

In RTOG trial 94-08 (Jones et al. 2011) which has accrued
1979 patients with T1b–T2b localized PCa, a stratification
was done with PSA (B 20 ng/ml), histological grade and
nodal status. Patients were randomized between neodjuvant
CADT, 2 months before conventional RT (66.6 Gy) and
2 months during RT versus RT alone. The 10-year overall
survival was 62 % for the combined approach as compared
with 57 % (p = 0.03) among patients receiving RT alone.
Biochemical failure, distant metastases, and the rate of
positive findings on repeat prostate biopsy at 2 years were
significantly improved with RT plus STADT, but the gains in
overall survival and reductions in disease specific mortality
were mainly limited to men in the intermediate risk subgroup.

In conclusion, 6-month of neoadjuvant and concomitant
CADT combined with 3D-CRT (70 Gy) improved overall
survival in men with intermediate or poor-risk localized PCa
without moderate or severe comorbidity, meanwhile a con-
ventional RT (66.6 Gy) plus 4-month of CADT improves
overall survival only in men with intermediate localized PCa.
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4 New Trends

4.1 4–6 Month Combined Androgen
Deprivation Therapy Versus 6-Month
LHRH Analog

The rationale of using an anti-androgen in association with
an LHRH agonist is: (1) to block the androgens of adrenal
origin, which are left free to continue to stimulate PCa
(Labrie et al. 1993); (2) to block the androgen receptors
(AR) to prevent the so-called ‘‘flare’’ that can result due to
the surge in testosterone resulting from the use of LHRH
agonist; and (3) to contribute independent anti-tumor
activity. To know the optimal duration of combined
androgen blockade in high risk patients would require a
large phase III randomized trial. Since a meta-analysis of 27
randomized trials devoted to advanced PCa has shown that
the addition of an anti-androgen to androgen deprivation,
improved the 5-year survival by about 2 or 3 %, with a
range of uncertainty between 0 and 5 %, it is unlikely that
the effect would be very large (PCTCG 2000); but a small
effect in patients with metastatic disease might be larger in
men with high risk localized PCa analogous to the benefits
of adjuvant 5-Fu chemotherapy for regional as compared to
metastatic disease (Bauer and Spitz 1998; Colucci et al.
1999; Focan et al. 2000). Considering the positive impact of
4-month (Jones et al. 2011) or 6-month (D’Amico et al.
2008a) CADT on the overall survival of intermediate and
high risk localized PCa and the positive impact of 6-month
CADT on locally advanced PCa (Denham et al. 2011),
CADT has to be preferred to LHRH agonists alone.
Moreover, it has been shown that men with localized but
unfavorable-risk PCa who were treated with RT and
6-month of planned combined ADT appear to have an
increased risk of recurrence when treated with less than as
compared with 6 months of the antiandrogen; recurrence
risk was significantly decreased (p = 0.001) with each
additional month of antiandrogen use after analysis adjust-
ment for prognostic factors (D’Amico et al. 2008b).

4.2 Androgen Deprivation Therapy Plus Dose
Escalation

IMRT and image-guided RT allow dose escalation without
increasing acute or late toxicity; a meta-analysis of 7 ran-
domized controlled trials accruing 2812 patients showed a
significant reduction in the incidence of biochemical failure in
those patients treated with high dose RT (p \ 0.0001) (Viani
et al. 2009). The MD Anderson Cancer Center phase III trial
(Kuban et al. 2008), which accrued 301 patients with stage
T1b to T3, was the first to show an improvement in freedom
from biochemical failure or clinical failure in favor of the

78 Gy arm: 78 % as compared with 59 % for the 70 Gy arm
(p = 0.004) with an even greater benefit in patients with
initial PSA [10 ng/ml: 78 % versus 39 % (p = 0.0014).
Dose escalation will be more developed in a further chapter
devoted to that topic.

4.2.1 Intermediate Risk Localized Prostate Cancer
Two phase III trials have shown the gain in overall survival
linked to the combination of conventional RT with ADT
(D’Amico et al. 2008a; Jones et al. 2011). A retrospective
analysis on a cohort of 1044 patients with intermediate
(n = 782) or high risk (n = 262) PCa treated with dose
escalated external beam RT alone, brachytherapy or high
dose rate brachytherapy plus pelvic external beam RT, has
shown—with a 5-year median follow-up- that no advanta-
ges in any clinical endpoints at 8 years were associated with
ADT administration: the loco-regional failure rate was 5 %
with or without ADT and the 8-year cause-specific survival
was 97 % with ADT versus 99 % without (p = 0.20)
(Krauss et al. 2011). Another retrospective study concerning
919 stage T1–T3 N0M0 patients—with a median follow-up
of 97 months—treated with RT alone supports such an
approach: the 7-year local failure rate stratified by dose
group (\72 Gy, [72 but \82 Gy, and [82 Gy was 6, 2 and
2 %, respectively (p = 0.012) and the 7-year distant
metastases rate 9, 6 and 1 %, respectively (p = 0.008)
(Kupelian et al. 2008). The GETUG 14 randomized trial has
addressed this question in 377 patients with localized
intermediate risk PCa; lymphadenectomy was mandatory
when the risk of node involvement was [10 %. Patients
were randomly assigned to high dose RT (prostate 80 Gy;
seminal vesicles 46 Gy) either alone or in combination with
4-month CADT (flutamide + Decapeptyl� starting
2 months before RT). With 37 months median follow-up,
the 3-year biochemical or clinical control probabilities were
86 % and 92 % in RT and CADT-RT groups, respectively
(p = 0.09) and the 3-year biochemical control probabilities
91 % and 97 % (p = 0.04) (Dubray et al. 2011).

Dose escalation alone may be proposed to patients who
are reticent to short-term ADT due to comorbidities or
because they want to preserve their sexual health, provided
the prostate dose delivered by image-guided IMRT is
around 80 Gy.

4.2.2 High risk Localized Prostate Cancer
We do not have data comparing high dose RT alone (78/
80 Gy) vs 70 Gy plus ADT; the combined approach has to
remain with a dose escalation. Dearnaley et al. reported the
findings of the MRC Trial RT01 with 843 men with
localized PCa randomly assigned to standard dose (64 Gy)
or escalated dose (74 Gy), both delivered with conformal
RT with neoadjuvant CADT. The freedom from PSA failure
was better (p = 0.0007) for the dose escalated arm and the
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5 year control rate was 71 % for the dose escalated arm
compared to 60 % for conventional dose arm (p = 0.16).
Of note, there was also a trend for improved freedom from
salvage ADT (p = 0.12) and metastases-free survival
(p = 0.21) (Dearnaley et al. 2007).

4.2.3 Locally Advanced Prostate Cancer
Dose escalation will certainly have an impact on survival
outcomes, as suggested by the Zapatero trial (2005) based on
a cohort of 416 patients: low risk treated by 3D-CRT alone
(n = 181), intermediate risk allocated to receive neoadjuvant
4–6 months before and during 3D-CRT (n = 160) and high
risk receiving neoadjuvant and adjuvant 3D-CRT 2 years
after RT (n = 75). With a stratification for treatment groups
the 5-year biochemical disease-free survival for high risk
patients with ADT was 63 % for dose \72 Gy and, 84 % for
dose C72 Gy (p = 0.003). In a MSKCC retrospective anal-
ysis (Zelefsky et al. 2008), 296 T3 patients were treated with
dose escalation and 189 patients (43 %) were treated with
STAS prior to RT. They noted that 3D-CRT ± IMRT was
associated with excellent tumor control and survival out-
comes with a 10-year local control rates of 88 % and a
10-year cause-specific survival of 83 %, respectively 88 % for
T3a and 79 % for T3b. The incidence of late grade 3 urinary
and rectal toxicities was remarkable at only 4 and 1 %.

In conclusion, in the management of locally advanced
PCa treated by a combined approach-despite the absence of
level I evidence for a significant impact on overall sur-
vival—dose escalation with IMRT is recommended up to
76–78 Gy.

4.3 Pelvic Lymph Node Irradiation

This topic remains controversial. The RTOG 94-13 trial
(Crook et al. 2004; Roach et al. 2003; Lawton et al. 2007)
has shown a positive impact of neoadjuvant ADT on pro-
gression free survival with whole pelvic RT, not confirmed
by the GETUG-01 trial (Pommier et al. 2007): (i) the
GETUG trial included 444 T1b-T3 N0-pNX M0 patients
while more than 1200 were recruited in RTOG 94-13. (ii)
the GETUG trial allowed a STADT, but not required it for
patients in the high risk group; also 56.8 % of the patients
in that trial had a lymph node risk lower than 15 %
according to the Roach formula (thus the number of
patients at risk for positive nodes was much smaller than in
RTOG 94-13) (Roach et al. 2006). (iii) in GETUG no
patients received whole pelvic RT using the RTOG cut-off
at the L5 S1 interspace, which is considered by RTOG
investigators to be a critical determinant of outcome
(Pommier et al. 2007). (iv) no difference in 5-year PFS
between the pelvic (46 Gy) and prostate RT (66–70 Gy)
arm was noted in the GETUG trial, with a 42-month

median follow-up. The definition of the limit of the pelvic
fields is of paramount importance and Shih et al. (Shih et al.
2005) have shown that by using lymphotropic nanoparti-
cules-enhanced magnetic resonance imaging, 80 % of the
metastatic nodes were located only in the pelvis with a
superior border of 2 cm above the common iliac bifurca-
tion; moreover lateral rectal shielding to reduce the rectal
dose contribution resulted in an underdosage of the presa-
cral lymph nodes (Sanguineti et al. 2006).

In daily practice, pelvic irradiation is not considered for
localized or intermediate risk localized PCa; conversely
high risk and locally advanced PCa required pelvic irra-
diation all the more as an RTOG consensus on pelvic
lymph node CTVs was reached available as web-based
computed tomography images allowing to choose an
optimal IMRT technique to cover the correct lymph node
volume and to prescribe an appropriate dose Lawton et al.
(2009a, b).

4.4 Adjuvant Chemotherapy

Taxanes are radiosensitizing agents, which block the cell
cycle during the G2/M-phase, inhibit the antiapoptotic effect
of bcl-2, and induce apoptosis (Milas et al. 1999; Schiff et al.
1979). Moreover, docetaxel has been shown to produce a
cytotoxic effect during the S-phase, known to be radiore-
sistant (Hennequin et al. 1995). In androgen-dependent and
independent human PCa xenografts, docetaxel showed a
significant antitumoral effect in hormone-sensitive tumors
compared with mitoxantrone and estramustine (Oudard et al.
2003). In patients with castration-resistant prostate cancer,
the results of randomized trials showed a significant
improvement in biological response and survival in favor of
docetaxel-containing regimens compared with the reference
treatment (Petrylak et al. 2004; Tannock et al. 2004). These
results have prompted testing the drug in locally advanced
PCa within the frame of phase II trials assessing the feasi-
bility of concomitant (Kumar et al. 2004) or concomitant and
adjuvant docetaxel (Bolla et al. 2010b) with RT and phase III
randomized trials assessing the role of adjuvant docetaxel
with ADT and RT (RTOG 2009). The GETUG 12 trial has
addressed the role of neoadjuvant chemotherapy with doce-
taxel on PFS in a cohort of 413 high risk patients defined
as C1 of the following criteria: T3-4, Gleason score C8,
PSA C20 ng/ml, pN + ; patients were randomly assigned to
either goserelin 10.8 mg every 3 months for 3 years and 4
cycles of docetaxel 70 mg/m2 q3w plus estramustine 10 mg/
kg/d d1-5 (arm 1) or goserelin alone (arm 2). Local the RT
rapy was administered at 3 months which consisted of RT in
358 patients (87 %). Toxicity included grade 3–4 neutrope-
nia (27 %) with neutropenic fever in 2 % but no toxicity-
related death and no secondary leukemia. With a median
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follow-up of 4.6 years, the 4-year PFS was 85 % in arm
1 versus 81 % in arm 2 (p = 0.26) (Fizazi et al. 2011), but
data need to mature.

5 Health-Related Quality of Life-Related
to Androgen Deprivation Therapy

ADT with LHRH agonists is known to adversely affect
quality of life, leading to hot flushes, fatigue, impact on
cognitive function, depression, sexual side effects, anemia,
weight gain, insulin-resistance, bone mineral density loss
(Israeli et al. 2008; Shahinian et al. 2005), increased diag-
noses of cardiac disease (D’Amico et al. 2007), and meta-
bolic side effects Smith et al. (2008a). These side effects
assessed by a self-administered questionnaire (Potosky et al.
2001) are in relation with the prevalent comorbidities of the
patients and the duration of the treatment. With regard to
cardiovascular mortality the retrospective analysis made on
the data of the EORTC and RTOG trials by taking into
account all deaths linked to cardiovascular disease have
shown that LTADT did not increase the cumulative inci-
dence estimates of cardiovascular mortality as compared
with short term or no ADT Bolla et al. (2009, 2010a;
Efstathiou et al. 2008, 2009). Using data of the 92-02
RTOG trial, Smith et al. (2008b) have found that weight,
but not prevalent diabetes is associated with PCa mortality
in men undergoing combined treatment, but prevalent dia-
betes was associated with greater all-cause and non PCa
mortality. Many studies have demonstrated that chronic
ADT was associated with an increased risk of fractures:
Shahinian et al. (2005) studying records from the Surveil-
lance, Epidemiology, and end results database and Medi-
care, mention that of men surviving at least 5 years, 19.4 %
of those who received ADT had a fracture versus 12.6 % of
those not receiving this treatment (p \ 0.001). After RT and
6 months of androgen blockade, fatigue, hot flushes, and
sexual problems increased significantly both statistically
(p \ 0.001) and clinically (Bolla et al. 2009); for patients
continuing ADT after 6 months for 2.5 years more, there
were statistically significant differences between the groups
in term of insomnia (p = 0.006), hot flushes (p \ 0.001),
and sexual interest and activity (p \ 0.001), but overall
quality of life did not differ significantly between the two
groups (p = 0.37) (Bolla et al. 2009) . In the phase III
bicalutamide trial, the adverse events among patients
receiving 150 mg plus RT (n = 694) were breast pain
(74.8 %), gynaecomastia (66.6 %), diarrhoea (15.4 %),
asthenia (13.4 %), impotence (12.7 %), hot flushes (9.8 %)
which were mild to moderate [90 % of cases.

All these potential side effects have to be discussed in
depth with the patients, taking into account age, WHO
performance status, comorbidities, blood count, and the

recommendations of a multidisciplinary approach. They
must not dissuade radiation oncologists from prescribing
LHRH agonists after obtaining an informed consent, how-
ever the treating radiation oncologists must advise patients
to observe regular physical exercise and modification of diet
to prevent or minimize these side effects, and to pay
attention to a careful monitoring of blood pressure, lipid,
and glucose levels according to the status of the patient with
the help of the general practitioner. In case of long-term
ADT, an adequate timing for the measurement of bone
mineral density by dual-energy X-ray absorptiometry is also
recommended to enable a pharmacological treatment by
biphosphonate in case of osteoporosis when the T-score
is \2.5 (Diamond et al. 2004).

6 Ongoing Prospective Trials

The RTOG-0815 trial is devoted to intermediate risk
localized PCa. The aim is to demonstrate an overall survival
advantage in favor of dose escalation with respect to a
combination of a conventional dose EBRT plus a short-term
ADT started 2 months before RT. RT is carried out at the
discretion of treating physician with 3D-conformal RT or
IMRT, meanwhile dose escalation is achieved with EBRT
alone or brachytherapy (LDR or HDR); the target sample
size is 1520 patients.

The GETUG 18 phase III trial is assessing the value of a
dose escalation (80 Gy/40 fractions versus70 Gy/35 frac-
tions) in patients with a high risk localized PCa submitted to
a long-term androgen deprivation. The major end-point is
the 5-year biochemical and clinical disease-free survival;
the target sample size is 500 patients.

The RTOG 1115 phase III trial is aiming at evaluating
the difference in overall survival of patients with high risk
PCa treated by EBRT plus 24 months of CAB beginning
2 months before EBRT with respect to the same treatment
plus 24 months of steroid 17 alpha-monooxygenase TAK-
700. In both arms, patients undergo IMRT or 3D-conformal
RT to the whole pelvis, followed by a prostatic boost by
EBRT or brachytherapy; the target sample size is 900
patients.

7 Conclusions

In high risk PCa, the aim of ADT is to potentiate irradiation
whatever its technique and to destroy the infraclinical
disease outside the irradiated volume. Many phase III ran-
domized trials have paved the way for establishing the
indications of the combination of ADT with external irra-
diation. For locally advanced PCa, long-term ADT
(C2 years) with LHRH agonists combined with external
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irradiation is a gold standard (level 1a of evidence); should
there be a significant comorbidity, a reticence of the patient
and/or a poor tolerance, a 6-month duration may be pro-
posed. For high risk localized PCa a 4–6-month complete
ADT is recommended (level 2a evidence). For intermediate
risk localized PCa, patients may benefit from a combined
approach with a short-term ADT. Image-guided IMRT
allows a dose escalation for high risk PCa and may offer the
opportunity to treat intermediate risk localized PCa without
ADT. Nobody has the monopoly of the knowledge and the
right way to find an adequate compromise is the multidis-
ciplinary approach based on guidelines (Heidenreich et al.
2011). Patients have to be fully informed of the potential
morbidity of ADT and a close cooperation is needed with
general practitioners and specialists to prevent as much as
possible harmful side effects.

References

Bagshaw MA, Cox RS, Ray GR (1988) Status of radiation treatment of
prostate cancer at Stanford University. NCI Monogr 7:47–60

Bauer TW, Spitz FR (1998) Adjuvant and neoadjuvant chemoradiation
therapy for primary colorectal cancer. Surg Oncol 7:175–181

Berthelet E, Pickles T, Lee KW, Liu M, Truong PT (2005) Long-term
androgen deprivation therapy improves survival in prostate cancer
patients presenting with prostate-specific antigen levels[20 ng/mL.
Int J Radiat Oncol Biol Phys 63:781–787

Bolla M, Gonzalez D, Warde P et al (1997) Improved survival in
patients with locally advanced prostate cancer treated with
radiotherapy and goserilin. N Engl J Med 337:295–300

Bolla M, Collette L, Blank L et al (2002) Long-term results with
immediate androgen suppression and external irradiation in
patients with locally advanced prostate cancer (an EORTC study):
a phase III randomised trial. Lancet 360:103–106

Bolla M, de Reijke TM, Van Tienhoven G et al (2009) Duration of
androgen suppression in the treatment of prostate cancer. N Engl J
Med 360:2516–2527

Bolla M, van Tienhoven G, Warde P et al (2010a) External irradiation
with or without long-term androgen suppression for prostate cancer
with high metastatic risk: 10-year results of an EORTC randmized
study. Lancet Oncol 11:1066–1073

Bolla M, Hannoun-Levi JM, Ferrero JM et al (2010b) Concurrent and
adjuvant docetaxel with three-dimensional conformal radiation
therapy plus androgen deprivation for high-risk prostate cancer:
preliminary results of a multicentre phase II trial. Radiother Oncol
l97: 312–317

Colucci G, Maiello E, Gebbia V et al (1999) 5-fluorouracil and
levofolinic acid with or without recombinant interferon-2b in
patients with advanced colorectal carcinoma: a randomized
multicenter study with stratification for tumor burden and liver
involvement by the Southern Italy Oncology Group. Cancer
85:535–545

Crook J, Ludgate C, Malone S et al (2004) Report of a multicenter
Canadian phase III randomized trial of 3 months versus 8 months
neoadjuvant androgen deprivation before standard-dose radiother-
apy for clinically localized prostate cancer. Int J Radiat Oncol Biol
Phys 60:15–23

D’Amico AV, Manola J, Loffredo M, Renshaw AA, DellaCroce A,
Kantoff PW (2004) 6-month androgen suppression plus radiation

therapy vs radiation therapy alone for patients with clinically
localized prostate cancer: a randomized controlled trial. JAMA
292:821–827

D’Amico AV, Denham JW, Crook J et al (2007) Influence of androgen
suppression therapy for prostate cancer on the frequency and
timing of fatal myocardial infarctions. J Clin Oncol 25:2420–2425

D’Amico AV, Chen MH, Renshaw AA, Loffredo M, Kantoff PW
(2008a) Androgen suppression and radiation versus radiation alone
for prostate cancer: a randomized trial. JAMA 299:289–295

D’Amico AV, Chen MH, Renshaw AA, Loffredo B, Kantoff PW
(2008b) Risk of prostate cancer reccurence in men treated with
radiation alone or in conjunction with combined or less than
combined androgen suppression therapy. J Clin Oncol
26:2979–2983

Dearnaley DP, Sydes MR, Graham JD et al (2007) Escalated-dose
versus standard-dose conformal radiotherapy in prostate cancer:
first results from the MRC RT01 randomised controlled trial.
Lancet Oncol 8:475–487

Denham JW, Steigler A, Lamb DS et al (2005) Short-term androgen
deprivation and radiotherapy for locally advanced prostate cancer:
results from the Trans-Tasman Radiation Oncology Group 96.01
randomised controlled trial. Lancet Oncol 6:841–850

Denham JW, Steigler A, Lamb DS, et al. (2011) Short term
neoadjuvant androgen deprivation and radiotherapy for locally
advanced prostate cancer: 10-year data from the TROG 96.01
randomised trial. Lancet Oncol 12(5): 145–149 (Epub ahead of
print)

Diamond TH, Higano CS, Smith MR, Guise TA, Singer FR (2004)
Osteoporosis in men with prostate carcinoma receiving androgen-
deprivation therapy: recommendations for diagnosis and therapies.
Cancer 100:892–899

Dubray BM, Beckendorf V, Guerif S et al (2011) Does short-term
androgen depletion add to high-dose radiotherapy (80 Gy) in
localized intermediate-risk prostate cancer? Intermediate analysis
of GETUG 14 randomized trial (EU-20503/NCT00104741) J Clin
Oncol 29(6):726–732:(suppl; abstr 4521)

Early Breast Cancer Trialists Collaboration Group (EBCTCG) (2005)
Effects of chemotherapy and hormonal therapy for early breast
cancer on recurrence and 15-year survival: an overview of the
randomized trials. Lancet 365:1687–1717

Efstathiou JA, Bae K, Shipley WU et al (2008) Cardiovascular
mortality and duration of androgen deprivation for locally
advanced prostate cancer: analysis of RTOG 92-02. Eur Urol
54:816–823

Efstathiou JA, Bae K, Shipley WU et al (2009) Cardiovascular
mortality after androgen deprivation therapy for locally advanced
prostate cancer: RTOG 85-31. J Clin Oncol 27:92–99

Fellows GJ, Clark PB, Beynon LL et al (1992) Treatment of advanced
localised prostatic cancer by orchiectomy, radiotherapy, or com-
bined treatment. A medical research council study. Urological
cancer working party-subgroup on prostatic cancer. Br J Urol
70:304–309

Fizazi K, Lesaunier F, Delva R et al (2011) Docetaxel-estramustine in
high-risk localized prostate cancer: first results of the French
Genitourinary Tumor Group phase III trial (GETUG12) J Cli Oncol
29 (suppl; abstr 4513)

Focan C, Bury J, Beauduin M et al (2000) Importance of 5-fluorouracil
dose-intensity in a double randomised trial on adjuvant portal and
systemic chemotherapy for Dukes B2 and C colorectal cancer.
Anticancer Res 20:4665–4672

Granfors T, Modig H, Damber JE, Tomic R (1998) Combined
orchiectomy and external radiotherapy versus radiotherapy alone
for nonmetastatic prostate cancer with or without pelvic lymph
node involvement: a prospective randomized study. J Urol
159:2030–2034

146 M. Bolla et al.



Granfors T, Modig H, Damber JE, Tomic R (2006) Long-term
followup of a randomized study of locally advanced prostate
cancer treated with combined orchiectomy and external radiother-
apy versus radiotherapy alone. J Urol 176:544–547

Hanks GE, Corn BW, Lee WR, Hunt M, Hanlon A, Schultheiss TE
(1995) External beam irradiation of prostate cancer. Conformal
treatment techniques and outcomes for the 1990. Cancer
75:1972–1977

Hanks GE, Pajak TF, Porter A et al (2003) Phase III trial of long-term
adjuvant androgen deprivation after neoadjuvant hormonal cytore-
duction and radiotherapy in locally advanced carcinoma of the
prostate: the Radiation Therapy Oncology Group Protocol 92-02.
J Clin Oncol 21:3972–3978

Heidenreich A, Bellmunt J, Bolla M et al (2011) EAU Guidelines on
Prostate Cancer. Part 1: Screening, Diagnosis, and Treatment of
Clinically Localized Disease. Eur Urol 59(6):1–71

Hennequin C, Giocanti N, Favaudon V (1995) S-phase specificity of
cell killing by docetaxel (Taxotere) in synchronised HeLa cells. Br
J Cancer 71:1194–1198

Horwitz EM, Bae K, Hanks GE et al (2008) Ten-year follow-up of
radiation therapy oncology group protocol 92-02: a phase III trial
of the duration of elective androgen deprivation in locally
advanced prostate cancer. J Clin Oncol 26:2497–2504

Huggins C, Stevens RE, Hodges CV (1941) Studies on prostatic
cancer. The effects of castration on advanced carcinoma of the
prostate gland. Arch Surg 43:209–243

Israeli RS, Ryan CW, Jung LL (2008) Managing bone loss in men with
locally advanced prostate cancer receiving androgen deprivation
therapy. J Urol 179:414–423

Jones CU, Hunt D, McGowan DG et al (2011) Radiotherapy and short-
term androgen deprivation for localized prostate cancer. N Engl J
Med 365:107–118

Joon DL, Hasegawa M, Sikes C et al (1997) Supraadditive apoptotic
response of R3327-G rat prostate tumors to androgen ablation and
radiation. Int J Radiat Oncol Biol Phys 38:1071–1077

Kaminski JM, Hanlon AL, Joon DL, Meistrich M, Hachem P, Pollack
A (2003) Effect of sequencing of androgen deprivation and
radiotherapy on prostate cancer growth. Int J Radiat Oncol Biol
Phys 57:24–28

Krauss D, Kestin L, Ye H et al (2011) Lack of benefit for the addition
of androgen deprivation therapy to dose-escalated radiotherapy in
the treatment of intermediate and high risk prostate cancer. Int J
Radiat Oncol Biol Phys 80:1064–1071

Kuban DA, Tucker SL, Dong L et al (2008) Long-term results of the
M. D. Anderson randomized dose-escalation trial for prostate
cancer. Int J Radiat Oncol Biol Phys 70:67–74

Kumar P, Perrotti M, Weiss R et al (2004) Phase I trial of weekly
docetaxel with concurrent three-dimensional conformal radiation
therapy in the treatment of unfavorable localized adenocarcinoma
of the prostate. J Clin Oncol 22:1909–1915

Kupelian PA, Ciezki J, Chandana AR et al (2008) Effect of increasing
radiation doses on local and distant failures in patients with
localized prostate cancer. Int J Radiat Oncol Biol Phys 71:16–22

Labrie F, Belanger A, Simard J, Labrie C, Dupont A (1993)
Combination therapy for prostate cancer. Endocrine and biologic
basis of its choice as new standard first-line therapy. Cancer
71:1059–1067

Lawton CA, Winter K, Byhardt R et al (1997) Androgen suppression
plus radiation versus radiation alone for patients with D1 (pN+)
adenocarcinoma of the prostate (results based on a national
prospective randomized trial, RTOG 85-31). Radiation Therapy
Oncology Group. Int J Radiat Oncol Biol Phys 38:931–939

Lawton CA, Winter K, Murray K et al (2001) Updated results of the
phase III Radiation Therapy Oncology Group (RTOG) trial 85-31
evaluating the potential benefit of androgen suppression following

standard radiation therapy for unfavorable prognosis carcinoma of
the prostate. Int J Radiat Oncol Biol Phys 49:937–946

Lawton CA, DeSilvio M, Roach M 3rd et al (2007) An update of the
phase III trial comparing whole pelvic to prostate only radiotherapy
and neoadjuvant to adjuvant total androgen suppression: updated
analysis of RTOG 94-13, with emphasis on unexpected hormone/
radiation interactions. Int J Radiat Oncol Biol Phys 69:646–655

Lawton CA, Michalski J, El-Naqa I et al (2009a) Variation in the
definition of clinical target volumes for pelvic nodal conformal
radiation therapy for prostate cancer. Int J Radiat Oncol Biol Phys
74:377–382

Lawton CA, Michalski J, El-Naqa I et al (2009b) RTOG GU Radiation
Oncology specialists reach consensus on pelvic lymph node
volumes for high-risk prostate cancer. Int J Radiat Oncol Biol
Phys 74:383–387

Maximum androgen blockade in advanced prostate cancer: an
overview of the randomised trials. Prostate Cancer Trialists’
Collaborative Group (2000) Lancet 355:1491–1498

Milas L, Milas MM, Mason KA (1999) Combination of taxanes with
radiation: preclinical studies. Semin Radiat Oncol 9:12–26

Mottet N, Peneau M, Mazeron J et al (2010) Impact of radiotherapy
(RT) combined with androgen deprivation (ADT) versus ADT
alone for local control in clinically locally advanced prostate
cancer. Proc Am Soc Clin Oncol 28(19):3107–3114 abstr
CRA4505

Oudard S, Legrier ME, Boye K et al (2003) Activity of docetaxel with
or without estramustinephosphate versus mitoxantrone in androgen
dependent and independent human prostate cancer xenografts.
J Urol 169:1729–1734

Parmar H, Philipps RH, Lightman SL, Edwards L, Allen L, Schally
AV (1985) Randomised controlled study of orchidectomy versus
long-acting D-Trp-6-LHRH microcapsules in advanced prostatic
carcinoma. Lancet 2:1201–1205

Petrylak DP, Tangen CM, Hussain MH et al (2004) Docetaxel and
estramustine compared with mitoxantrone and prednisone for
advanced refractory prostate cancer. N Engl J Med 351:1513–1520

Pilepich MV, Winter K, John MJ et al (2001) Phase III radiation
therapy oncology group (RTOG) trial 86-10 of androgen depriva-
tion adjuvant to definitive radiotherapy in locally advanced
carcinoma of the prostate. Int J Radiat Oncol Biol Phys
50:1243–1252

Pilepich MV, Winter K, Lawton CA et al (2005) Androgen suppres-
sion adjuvant to definitive radiotherapy in prostate carcinoma–
long-term results of phase III RTOG 85-31. Int J Radiat Oncol Biol
Phys 61:1285–1290

Pommier P, Chabaud S, Lagrange JL et al (2007) Is there a role for
pelvic irradiation in localized prostate adenocarcinoma? Prelimin-
ary results of GETUG-01. J Clin Oncol 25:5366–5373

Potosky AL, Knopf K, Clegg LX et al (2001) Quality-of-life outcomes
after primary androgen deprivation therapy: results from the
Prostate Cancer Outcomes Study. J Clin Oncol 19:3750–3757

Roach M 3rd, DeSilvio M, Lawton C et al (2003) Phase III trial
comparing whole-pelvic versus prostate-only radiotherapy and
neoadjuvant versus adjuvant combined androgen suppression:
Radiation Therapy Oncology Group 94-13. J Clin Oncol
21:1904–1911

Roach M 3rd, DeSilvio M, Valicenti R et al (2006) Whole-pelvis,
‘‘mini-pelvis,’’ or prostate only external beam radiotherapy after
neoadjuvant, concurrent hormonal therapy in patients treated in the
Radiation Therapy Oncology Group 9413 trial. Int J Radiat Oncol
Biol Phys 66:647–653

Roach M 3rd, Bae K, Speight J et al (2008) Short-term neoadjuvant
androgen deprivation therapy and external-beam radiotherapy for
locally advanced prostate cancer: long-term results of RTOG 86-
10. J Clin Oncol 26:585–591

Hormonal Therapy and radiation therapy: Randomized and Prospective Trials 147



RTOG 05-21:A phase III protocol of androgen suppression (AS) and
3D CRT/IMRT vs AS and 3D CRT/IMRT followed by chemo-
therapy with docetaxel and prednisone for localized high risk
prostate cancer. [PDF]. 2009; http://rtog.org/members/protocols/
0521/0521.pdf. Accessed 8 April, 2010

Sanguineti G, Cavey ML, Endres EJ, Brandon GG, Bayouth JE (2006)
Is IMRT needed to spare the rectum when pelvic lymph nodes are
part of the initial treatment volume for prostate cancer? Int J Radiat
Oncol Biol Phys 64:151–160

Scardino PT, Abbas F, Adolfson J (2003) Management of localized
and regional diseases. In: Denis K, Bartsch G, Khoury S, Murai M,
Partin A (eds) Prostate cancer: the 3rd international consultation on
prostate cancer. Health Publications, Paris, pp 219–247

Schiff PB, Fant J, Horwitz SB (1979) Promotion of microtubule
assembly in vitro by taxol. Nature 277:665–667

Schröder FH (1990) What is new in endocrine therapy of prostatic
cancer? EORTC Genitourinary Group Monograph 7. In: Newling
DWW, Jones WG (eds) Prostate cancer and testicular cancer.
Wiley-Liss, New York, pp 45–52

Schroder FH, Hugosson J, Roobol MJ et al (2009) Screening and
prostate-cancer mortality in a randomized European study. N Engl
J Med 360:1320–1328

Shahinian VB, Kuo YF, Freeman JL (2005) Goodwin JS (2007) Risk
of fracture after androgen deprivation for prostate cancer. N Engl J
Med 352:154–164

Shih HA, Harisinghani M, Zietman AL, Wolfgang JA, Saksena M,
Weissleder R (2005) Mapping of nodal disease in locally advanced
prostate cancer: rethinking the clinical target volume for pelvic
nodal irradiation based on vascular rather than bony anatomy. Int J
Radiat Oncol Biol Phys 63:1262–1269

Smith MR, Lee H, McGovern F et al (2008a) Metabolic changes
during gonadotrophin-releasing hormone agonist therapy for
prostate cancer. Differences from the classic metabolic syndrome.
Cancer 112:2188–2194

Smith MR, Bae K, Efstathiou JA et al (2008b) Diabetes and mortality
in men with locally advanced prostate cancer. J Clin Oncol
26:4333–4339

Tannock IF, de Wit R, Berry WR et al (2004) Docetaxel plus
prednisone or mitoxantrone plus prednisone for advanced prostate
cancer. N Engl J Med 351:1502–1512

Tyrell CJ, Payne H, Wa See et al (2005) Bicalutamide (‘Casodex’)
150 mg as adjuvant to radiotherapy in patients with localised or
locally advanced prostate cancer:results from the randomised early
prostate cancer programme. Radiat Oncol 76:4–10

Viani GA, Stefano EJ, Afonso SL (2009) Higher-than-conventional
radiation doses in localized prostate cancer treatment: a meta-
analysis of randomized, controlled trials. Int J Radiat Oncol Biol
Phys 74:1405–1418

Warde PR, Mason MD, Sydes MR et al (2010) Intergroup randomized
phase III study of androgen deprivation therapy (ADT) pus radiation
therapy (RT) in locally advanced prostate cancer (CaP)(NCIC-CTG,
SWOG, MRC-UK,INT:T94-0110;NCT00002633). Proc Am Soc
Clin Oncol. 28 abstr CRA4504

Widmark A, Klepp O, Solberg A et al (2009) Endocrine treatment,
with or without radiotherapy, in locally advanced prostate cancer
(SPCG-7/SFUO-3): an open randomised phase III trial. Lancet
373:301–308

Zagars GK, Johnson DE, von Eschenbach AC, Hussey DH (1988)
Adjuvant estrogen following radiation therapy for stage C adeno-
carcinoma of the prostate: long-term results of a prospective
randomized study. Int J Radiat Oncol Biol Phys 6:1085–1091

Zapatero A, Valcarcel F, Calvo FA et al (2005) Risk-adapted androgen
deprivation and escalated three-dimensional conformal radiother-
apy for prostate cancer: Does radiation dose influence outcome of
patients treated with adjuvant androgen deprivation? A GICOR
study. J Clin Oncol 23:6561–6568

Zelefsky MJ, Yamada Y, Kollmeier MA, Shippy AM, Nedelka MA
(2008) Long-term outcome following three-dimensional confor-
mal/intensity-modulated external-beam radiotherapy for clinical
stage T3 prostate cancer. Eur Urol 53:1172–1179

Zietman AL, Prince EA, Nakfoor BM, Park JJ (1997) Androgen
deprivation and radiation therapy: sequencing studies using the
Shionogi in vivo tumor system. Int J Radiat Oncol Biol Phys
38:1067–1070

148 M. Bolla et al.

http://rtog.org/members/protocols/0521/0521.pdf
http://rtog.org/members/protocols/0521/0521.pdf


Treatment of Clinically Involved Lymph Nodes

Arne Grün

Contents

1 Treatment of Clinically Involved Lymph Nodes ............. 149

References ...................................................................................... 151

Abstract

Today long-term survival in patients present with
lymphatic disease is not uncommon although treatment
approaches for prostate cancer patients with pelvic nodal
disease without further metastatic spread is highly indi-
vidual as no clear evidence on the superiority of any
approach exists. Practical aproaches can be extrapolated
from studies on high-risk patients.

Abbreviations

ADT Androgen deprivation therapy
CSS Cancer-specific survival
DFS Disease free survival
DSS Disease-specific survival
EBRT External beam radiotherapy
ePLND Extensive pelvic lymph node dissection
FU Follow-up
LAPC Locally advanced prostate cancer
LN Lymph node
PFS Progression-free survival
OS Overall survival

1 Treatment of Clinically Involved
Lymph Nodes

Lymph node metastases are a major prognostic factor in
prostate cancer (Gervasi et al. 1989). Studies correlating the
number of positive lymph nodes with cancer outcome show
a negative trend for progression-free survival (PFS) and
overall survival (OS) with increasing nodal tumor burden
(Boorjan et al. 2007; Briganti et al. 2009).
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Since the dawn of the PSA-era a shift toward early
localized disease has occurred and the relative number of
lymph node-positive prostate cancer patients has decreased
(Palapattu et al. 2004). Nowadays the prevalence of pN+
disease in RRP-series is 2.5–5 % (Nguyen et al. 2009; Paul
et al. 2009), a cN+ situation is even more rare. Data solely
concerning the subgroup of cN+ patients is sparse and hence
the optimal treatment approach for clinically LN-positive
prostate cancer patients is unclear. Evidence can only be
extrapolated from large studies either pooling stage III-IV
patients (thus also including locally advanced T3-4 patients
or pN+ patients with histologically proven nodal metastases)
or studies on ‘‘high-risk’’ patients (which might also include
patients with a statistically high risk for lymphatic disease
predicted by nomograms without overt metastatic disease).

Although the 7th edition of the AJCC cancer staging
manual groups N+ and M+ patients together as stage IV,
today long-term survival in patients with lymphatic disease
is not uncommon. According to the current NCCN treat-
ment guideline on prostate cancer (version 2.2014) cN+
patients should either receive ADT alone or RT in con-
junction with 2–3 years of neoadjuvant/concomitant or
adjuvant ADT.

Patients unable or unwilling to undergo any treatment
can also be offered observation. Due to the fact that even in
patients with node-positive prostate cancer the onset of
symptomatic disease progression might take months to
years, observation might prove a reasonable approach in
elderly patients or patients unable or unwilling to go
through local or systemic treatment. EORTC 30891 looked
at histologically confirmed prostate cancer patients (T0-4)
with or without nodal involvement (cN0-2) without meta-
static disease (M0) ineligible for local treatment and ran-
domized between immediate and deferred ADT. In the
delayed treatment arm ADT was initiated when symptom-
atic disease progression occurred. At a median FU of
7.8 years there was a small but statistically significant dif-
ference concerning OS favoring immediate ADT of 42
versus 48 %. An advantage in DSS or symptom free sur-
vival could not be shown. Median time to initiation of ADT
in the deferred arm was 7 years (Studer et al. 2006).

In a recent SEER-data analysis Tward and co-workers
identified 1,100 patients diagnosed between 1988 and 2006
with histologically confirmed prostate cancer with nodal
involvement receiving either radiotherapy or no definitive
treatment (Tward et al. 2013). With a median FU of
90 months the 10-year CSS was 50.3 % for patients without
definitive treatment and 62.5 % for patients receiving radio-
therapy (HR 0.66, 95 % CI 0.93–0.99, p 0.01). On multi-
variate analyses radiotherapy, year of diagnosis, and low and
intermediate grade were correlated with improved CSS.

Hormonal treatment alone might offer effective disease
control in patients with limited life expectancy or who are
unable or unwilling to undergo definitive treatment. From
trials including pN+ patients we know that ADT alone may
achieve similar OS and DFS rates at 5 years compared to
definitive local treatment approaches. In a series published by
Zagars et al. on pN+ patients treated with ADT alone a poi-
gnant drop-off in survival was seen at 8 years to 57 % where
it had been as good as 80 % at 5 years. No clear predictive
factors on outcome could be identified. Tumor grade affected
the risk for progression but not OS (Zagars et al. 1994). This
accords with the results presented by Aus et al. on ADT alone
in pN+ patients who could only show a trend toward worse
CSS in dependence of tumor grade (Aus et al. 2003).

Combination procedures offer a greater chance of long-
term cure and hence higher probability of prevention of
symptoms caused by recurrent or progressive disease. From
the large RCTs (RTOG trials 85-31, 86-10, 92-02, and
EORTC trial 22961) we know that the combination of
EBRT with hormonal therapy can produce excellent long-
term disease control even in locally advanced prostate
cancer patients. All of those trials included pN+ and cN+
patients. Doses to the prostate ranged from 65 to 70 Gy with
44–50 Gy to the pelvic lymphatics.

The pivotal EORTC trial published by Bolla et al.
compared EBRT and no further treatment vs. EBRT plus
3 years of an LHRH agonist in LAPC patients (T3-4, N0-1).
With a median FU of 66 months OS and DSS at 5 years
could be increased from 62 to 78 % and from 79 to 94 %
respectively (Bolla et al. 2002). These results could be
confirmed in the 10 year update published in 2010 (Bolla
et al. 2010).

There were large differences in the duration of hormonal
therapy in the aforementioned studies. The EORTC 22961
study corroborated the superiority of long-term ADT
(3 years) over short-term ADT (6 months) with a statistical
benefit in 5 year prostate-specific mortality (Bolla et al.
2009). Hence, current guidelines recommend the use of
long-term (2–3 years) over short-term (6 months) ADT in
LAPC patients receiving EBRT.

2 Practical Guideline

If standard noninvasive staging procedures remain
inconclusive and surgical staging-approaches cannot
be performed a PET-scan might help identifying nodal
disease. To avoid unnecessary extension of radiation
portals due to suspicious nodes in atypical localiza-
tions, it might be warranted to obtain a lymph-node
biopsy.
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Treatment approaches for prostate cancer patients
with pelvic nodal disease without further metastatic
spread is highly individual since no clear evidence on
the superiority of any approach exists. An EBRT-only
approach including 45–50 Gy to the pelvic lymphatics
will not be able to eradicate bulky nodal disease.
Curative doses of *70 Gy to bulky nodal sites will
seldom be possible without exceeding constraints to
organs at risk.

Hence, we would start a cN+ patient in whom no
surgical intervention is planned on 3 month neoadju-
vant ADT to down-size nodal disease. In a CR situation
45–50 Gy to the pelvic lymphatics should suffice to
eradicate microscopic residual disease. A PR situation
can either call for a prolongation of neoadjuvant ADT
by another 3 months or a boost of *60 Gy can be
delivered simultaneously or sequentially to remaining
nodal disease. In a situation with persisting bulky nodal
disease high precision techniques such as SBRT or
CyberknifeTM might enable one to apply curative doses
to remaining sites without exceeding constraints to
organs at risk (Jereczek-Fossa et al. 2012).
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Abstract

Recent radiobiological modeling of experimental and clinical
data suggests a low a/ß ratio for prostate cancer. If this
assumption holds true, it represents a unique opportunity for
exploiting a therapeutic window with hypo-fractionated
radiotherapy schedules, especially in case a/ß for prostate
cancer is lower than that for rectal complications. This
chapter will—after general considerations on fraction-
ation and the a/ß ratio—summarize the current scientific
status on the assumed a/ß for prostate cancer and relevant
normal tissue complications and discuss the potential and
the caveats of hypo-fractionation for prostate cancer.

1 History and Radiobiological Basis
of Dose Fractionation in Radiotherapy

Dose fractionation in radiotherapy was originally based on
systematic clinical studies by French radiotherapists, in
particular by Regaud in the 1920s, performed mainly in
head and neck cancer. The criterion was a treatment sche-
dule, which provided the best balance between local tumor
control and unacceptable normal tissue complications.
Since the 1930s, daily fractionation for 4–6 weeks became
generally accepted as providing the best treatment outcome.
Minor modifications were made depending on tumor his-
tology and normal tissue sensitivity. Biological mechanisms
did not play any role in the general concept of fractionation
schedules in radiation oncology.

This approach changed radically with the publications by
Withers (1975, 1985). He identified four different biological
processes which take place during the intervals between
dose fractions thus determining the overall treatment
response of tumor and normal tissues. They are generally
known as the four R’s of fractionated radiotherapy:

R1 Recovery from sublethal radiation damage
R2 Reoxygenation
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R3 Redistribution
R4 Repopulation

Whereas R1, recovery from sublethal radiation damage
depends mostly on the dose per fraction, R2–4 depend on
time, i.e., the duration of the interval between fractions and
overall treatment time. It was generally accepted that the
most important factor was recovery from sublethal radiation
damage, which had been demonstrated first by Elkind and
Sutton in 1960 in vitro (Elkind and Sutton 1960). This new
paradigm also lead to a thorough re-evaluation of the for-
malisms of how to describe the shape of cell survival
curves. The old formulas which were based on target theory
were replaced by the linear quadratic formula which origi-
nated from the dual radiation action model of Rossi (1979).

Notwithstanding this theoretical background of either
formalism, neither is really supported by radiobiological
mechanisms involved in tumor cure or early and late normal
tissue damage. Nevertheless, the linear quadratic formula is
widely accepted due to the fact that it ‘‘works’’: it is easy to
use and, as long as it is not overstressed, it is safe.

2 The Dependence of the Tumor Cure
Dose on the Dose Per Fraction: The
Alpha/Beta Ratio of Tumors

In vitro experiments by Elkind and Sutton in 1960 dem-
onstrated that with each successive radiation dose in mul-
tiple fraction experiments, the surviving fractions of
clonogenic cells decreased by a constant factor (Elkind and
Sutton 1960). Therefore, with increasing radiation dose, the
number of clonogenic cells in a cell population decreases
exponentially. The same effect has been demonstrated to
happen in murine tumors in vivo. Considering a course of
30 fractions of 2 Gy and a surviving fraction after 2 Gy of
50 %, the total effect of this treatment would result in a
surviving fraction of 10-9. This means that if the tumor
contained 1 billion tumor stem cells, only one cell on
average would survive, and according to the rules of Pois-
son statistics, there would be a probability of local tumor
control of 37 %. Therefore and most importantly, minor
differences in surviving fractions at 2 Gy would result in
major differences in cure probability. These considerations
are the reason for using as one simple criterion of tumor
radiosensitivity the SF2 value, i.e., the surviving fraction
after 2 Gy. Whereas in fractionated irradiation, cell survival
decreases strictly according to an exponential survival curve
with the slope defined by the surviving fraction of the first
dose, the exact shape of the survival curve for a single dose
and its deviation from an exponential is defined by the
‘‘shoulder,’’ which is usually determined by a parameter

derived from the linear quadratic formula, the a/ß ratio. The
lower the alpha beta ratio, the more does the effect of
fractionation depend on the dose per fraction. Therefore, the
a/ß ratio is generally used as the most important criterion of
fractionation sensitivity of a normal tissue or of a tumor.
The only safe way to determine the alpha beta ratio in vivo
(and in vitro) is by comparing isoeffective doses given in
fractionated irradiation with different doses per fraction,
following the equation proposed by Withers et al. (1983):

D1 � 1 þ d1
a=b
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¼ D2 � 1 þ d2

a=b

� �
¼ D3 � 1 þ d3

a=b

� �
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D1, D2, and D3 are isoeffective total doses, e.g., doses

which cause 50 % of local tumor control (TCD-50); d1, d2,
and d3 are the respective doses per fraction; a/ß is a tissue,
effect, or tumor-specific constant.

The validity of the a/ß value derived this way depends
crucially on the condition that except for the different
dose fractionations under study all other conditions in both
arms of the fractionation study are equal, in particular
tumor size and stage, follow-up and treatment outcome
criterion, dose specification, other treatments and, above
all, overall treatment time. This is difficult to achieve in
human tumors if retrospective studies are analyzed but can
be precisely achieved in experiments using transplanted
mouse tumors.

Using this method, a/ß ratios have been determined for a
large number of experimental tumors, in particular isogenic
mouse tumors. These values have been collated by Williams
et al. (1985). Values of a/ß ratios from 48 different exper-
imental tumors ranged from 1 to 35 Gy with a mean value
of approximately 10 Gy. Based on this review, it is gener-
ally recommended that in case no specific data are available
for the particular tumor under consideration, a default a/ß
value of 10 Gy should be used for tumors.

3 The Dependence of Human Tumor Cure
Doses on the Dose Per Fraction: The
Alpha/Beta Ratio of Human Cancers,
in Particular of Prostate Cancer

The number of clinical studies which permit the reliable
analysis of a/ß values is limited. In skin cancers, Trott and
colleagues calculated a value of about 10 Gy (Trott et al.
1981). Several studies in squamous cell carcinomas of the
head and neck found similar results (Stuschke and Thames
1999). However, there was considerable variation due to the
fact that the different tumor groups differed with regard to
size, dose distribution, or overall treatment time.
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The first cancer in which clinical radio resistance was
attributed to a high fractionation sensitivity/low a/ß value
was malignant melanoma. In vitro, large variation between
different cell lines isolated from human malignant mela-
nomas with a/ß values ranging from 1 to 50 Gy and SF2
values ranging from 0.15 to 0.75 have been observed
(Rofstad 1986). Studies of transplantable mouse melanomas
yielded a/ß values between 6 and 14 Gy. Early retrospective
evaluation of clinical fractionation schedules yielded con-
flicting results by either showing a higher (Habermalz 1981)
or lower (Trott et al. 1981) rate of complete response rate
with higher doses per fraction. In the largest retrospective
study on fractionation sensitivity an a/ß ratio of 2.5 Gy was
estimated (Overgaard et al. 1986), which was later recal-
culated to be equal to 0.6 Gy (Bentzen et al. 1989). Finally,
a randomized clinical study performed on 126 patients with
metastatic melanomas comparing the results of four frac-
tions of 8 Gy with 20 fractions of 2.5 Gy did not record any
difference in outcome (Sause et al. 1991). In conclusion, the
retrospective analyses of response rates of melanomas to
different fractionation protocols have produced conflicting
results rendering reliable a/ß estimation impossible.

More recently, a low a/ß ratio for breast cancer has been
postulated by Whelan et al. (2002). This lead to a large
randomized clinical study called START, which is still in
progress but various interim reports have been published
(Haviland et al. 2013).

To date, the most important retrospective clinical anal-
yses on fractionation sensitivity of human cancers are those
on prostate cancer and a wealth of a/ß estimates have been
published since then.

In vitro experiments and calculation of PSA doubling
times after external beam radiotherapy from clinical data
yielded a slow cell cycle time for prostate cancer compared
to other tumor types (Pollack et al. 1994; Haustermans et al.
1997). Based on the assumption that the potential cell
doubling time of a particular tumor is associated with the
fractionation sensitivity, the experimental findings were
considered not compatible with a presumed a/ß ratio
[8 Gy. This notion formed the initial basis to reconsider
the presumed a/ß ratio of prostate cancer and resulted in the
seminal work by Brenner and Hall (1999) as well as Fowler
et al. (2001) to estimate and derive a a/ß ratio from retro-
spective clinical data. As detailed above, in order to cal-
culate a a/ß value, isoeffective fractionation schedules have
to be employed. Brenner and Hall used two datasets on
isoeffective treatments from external beam radiotherapy and
low dose rate iodine seed brachytherapy to arrive at an
estimated a/ß value of 1.5 Gy (95 % CI 0.8–2.2 Gy).
Extending this approach to include isoeffective LDR
implant strategies with 103-Paladium (Fowler et al. 2001)
and to then available hypo-fractionated data (Chappell et al.

2004), a similar a/ß ratio around 1.5 Gy was established
again.

Still, one has to bear in mind that in order to derive a a/ß
value with this approach simplified assumption were made
the most relevant will be discussed briefly.

To eliminate the ß component in their calculation and for
the lack of available hypo-fractionation datasets, Brenner
and Hall (1999) used data from LDR brachytherapy where
complete sublethal damage repair could be assumed.
Though elegant in principle, a completely different dose
distribution with inherent dose heterogeneity and dose rate
in LDR brachytherapy was compared to homogenous
EBRT, all factors differently affecting biologically effective
dose. It was even reported that implantation edema may
negatively affect dose rate and hence BED (Van Gellekom
et al. 2002).

Looking at the derived parameters for a and ß, the
assumed number of clonogenic cells was claimed to be
considerably underestimated and not congruent between
LDR and EBRT.

However, each of these retrospective analyses were
based on the assumption that repopulation during a course
of radiotherapy of prostate cancer can be neglected and that
there was no ‘‘time factor.’’ As repopulation in prostate
cancer with an assumed Tpot of 42 days was not considered
relevant during a course of normo-fractionated radiother-
apy, it had not been taken into account. Still, at least with
protracted treatments such as LDR brachytherapy it should
have been considered.

Though criticized for uncertainties to the assumption
inherent to this approach, these initial analyses stirred a
wealth of research interest, especially as data of hypo-
fractionated regimens became available and were incorpo-
rated to overcome the limitations in comparing EBRT and
BT datasets.

To overcome some of the limitations when using brach-
ytherapy datasets, several groups compared large EBRT only
patients cohorts and calculated a/ß values between 1.4 and
3.7 (Williams et al. 2007; Proust-Lima et al. 2011; Leborgne
et al. 2012).

Interestingly, no difference of a/ß ratios between the
different prostate cancer risk groups were found so far
(Nickers et al. 2010; Miralbell et al. 2012).

The analysis of a nine-institution database of nearly 5,000
patients treated for prostate cancer with different radiotherapy
schedules by Thames et al. (2010) proved that overall treat-
ment times is a significant determinant of outcome of radio-
therapy in low and intermediate-risk patients treated to 70 Gy
or higher. A time factor equivalent to 0.24 Gy/d was esti-
mated. This lead Baumann et al. (2010) to suggest that
the apparent low a/ß ratio was artificially caused by the
different overall treatment times of hypo-fractionated and
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the conventional treatment schedules. Vogelius and Bentzen
(2012) estimated a mean time factor from several studies of
0.3 Gy/day. Incorporating this time factor into the analysis
of the a/ß value also correcting for the lack of isoeffectiveness
of the different schedules using a logistic dose response with a
gamma-50 of one increased the a/ß value from close to zero to
4 Gy (Table 1).

Recalculations taking the different confounding factors
into consideration still mostly arrived at a/ß ratios below
5 Gy.

In conclusion, with regard to the available data the a/ß
value of prostate cancer indeed seems considerably lower
compared to other common tumor entities and may be
assumed to be at around 3–4 Gy. Therefore, we regard the
a/ß value derived by Vogelius and Bentzen (2012) as the

most reliable figure, which we will use in the discussion of
the radiobiological justification of hypo-fractionated radio-
therapy of prostate cancer.

Due to the inherent uncertainties in the derivation of the
a/ß ratio in all theoretical analyses of retrospective data, a
reliable a/ß estimate with narrower confidence intervals is
only to be expected from large prospective randomized
trials comparing different EBRT fractionation schedules
with sufficient long-term follow-up but this is unlikely to be
available in the near future.

4 The Fractionation Sensitivity of Critical
Normal Tissues in Radiotherapy

The radiobiological justification of hypo-fractionated radio-
therapy rests on the assumption that the fractionation sensi-
tivity or a/ß ratio of the cancer tissue is significantly lower
than that of the critical complications in the normal tissues
inevitable exposed to high radiation doses. In their seminal
work, Brenner and Hall (1999) estimated an a/ß value of
prostate cancer tissue of 1.5 Gy and an a/ß value for rectal
complications of 5 Gy. If these values would be correct, there
would not be any further discussion on the radiobiological
basis of hypo-fractionation in radiotherapy of prostate cancer.
But there are serious doubts on the validity, not only of the
fractionation sensitivity of the cancer tissue but even more so
on the validity of the value for rectal complications.

One of the most critical normal tissues to be considered
in the optimization of prostate cancer radiotherapy is the
recto-sigmoid, the rectum, and anal canal. In clinical prac-
tice, severity scores are used to report treatment outcome
but these scores are a mixture of different manifestations of
late radiation damage. These scores have been developed,
e.g., by the RTOG to compare severity and rates of com-
plications from different treatment protocols, however, they
are of very limited value for clinical radiobiology research
such as estimating a/ß ratios (Trott et al. 2012). Four dif-
ferent types of symptoms following the development of late
normal tissue damage in the rectum of patients after treat-
ment for prostate cancers have been identified, namely
rectal bleeding, urgency/frequency, tenesmus, and fecal
incontinence (Trott et al. 2012). Each of these symptoms is
likely to be caused by a different pathogenic mechanism;
each of them is also related to a different distribution of the
radiation dose in the rectum. This means that volume-based
or surface-based NTCP models which have been used to
normalize dose distributions are of very limited value for
clinical research. The severity of bleeding is related to the
area of the rectal wall which exceeds a threshold dose.
Urgency and frequency are also related to the area of rectal
mucosa which develops severe early reactions. However, a
different geometric dose distribution is likely to influence

Table 1 Published a/ß estimates based on clinical data comparing
different fractionation schedules either as external beam radiotherapy
(EBTRT) or high-/low-dose brachytherapy (HDR-BT or LDR-BT)

Author Radiation treatment Estimated a/ß
value (95 % CI)

Brenner and Hall
(1999)

EBRT, LDR-BT 1.5 Gy (0.8–2.2 Gy)

King et al. (2000) EBRT, LDR-BT 4.96 Gy
(4.1–5.6 Gy)

Fowler et al. (2001) EBRT, LDR-BT 1.49 Gy
(1.25–1.76 Gy)

Brenner et al. (2002) EBRT + HDR-BT 1.2 Gy
(0.03–4.1 Gy)

Wang et al. (2003)a EBRT + HDR-BT 3.41 Gy
(2.56–4.26 Gy)

Chappell et al.
(2004)

EBRT, LDR-BT 1.44 Gy
(1.22–1.76 Gy)

Bentzen et al.
(2005)

EBRT 1.12 Gy
(3.3–5.6 Gy)

EBRT
(Hyperfractionation)

8.3 Gy (0.7–16)

Wiliams et al.
(2007)

all pts. 2.6 Gy (0.9–4.8 Gy)

EBRT pts. only 3.6 Gy (0.9–?)

Nickers et al. (2010) EBRT 3.41 Gy
(2.56–4.26 Gy)

Shaffer et al. (2011) EBRT, LDR [30 Gy (5.5–?)

Proust-Lima et al.
(2011)

EBRT only 1.55 Gy
(0.46–4.52 Gy)

Nickers et al. (2010) EBRT 3.41 Gy
(2.56–4.26 Gy)

Leborgne et al.
(2012)

EBRT 1.86 Gy (0.7–5.1)

Miralbel et al.
(2012)

EBRT 1.4 (0.9–2.2 Gy)

Vogelius and
Bentzen (2012)a

EBRT 1.93 Gy (0.27–4.14)

a The only studies taking a time factor into consideration
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severity. Fecal incontinence is an effect, which depends on
the radiation dose in the anal sphincter. Experimental data
suggest that not only does the critical target area/volume
differ between the different complication types, but also the
effects of dose per fraction are likely to be different (Trott
et al. 1981). Whereas for telangiectasia, the a/ß ratio is low
and may be\3 Gy, it is higher for the chronic inflammation
causing fibrosis. No data are available for sphincter damage.
To use a single value for the four different radiobiological
mechanisms of potential ano-rectal complications of
radiotherapy for prostate cancer as it has been done in the
justification of hypo-fractionation in radiotherapy for pros-
tate cancer is certainly inadequate.

Several studies used results from randomized and non-
randomized clinical studies comparing hypo-fractionation
and conventional fractionation in radiotherapy of prostate
cancer to estimate a/ß values (Marzi et al. 2009; Tucker
et al. 2011; Leborgne et al. 2012) and all arrived at values
only little smaller than the original estimate of Brenner and
Hall (1999). This is probably due to the fact that all used
essentially the same approach, comparing incidence of
RTOG scores of grade 2 or more. The confidence limits of
these estimates were high, including the accepted value of
the a/ß ratio for the prostate cancer tissue. The main aim is
to prevent quality of life impairing late complications (e.g.,
greater or equal than grade 3). However, complications of
this severity are rare (\1 % of all patients, whereas the rate
of grade 2 complications is[10 %). It is for this reason that
the moderate severity complications are used for analysis
hoping that the fractionation sensitivity of severe compli-
cations is the same as that for moderate severity compli-
cations but there is no scientific evidence supporting this
assumption. It is obvious that a direct estimate of the
fractionation sensitivity of severe rectal complications
cannot be derived from clinical trials data alone, for the
various reasons listed above.

There are only few experimental data available which
could be used to assist in this task. Dubray and Thames (1994)
analyzed the existing data from animal experiments on the
response of the rodent rectum to fractionated or low dose rate
exposure, in particular the experiments performed by the
Munich group and summarized by (Trott et al. 1981). They
concluded that the a/ß value was about 4–5 Gy, similar to the
values used in the justification of hypo-fractionated treatment
schedules. However, Kummermehr and Trott (1994) pointed
out that these values are the result of pooling data, which are
related to very different radiobiological mechanisms. A large
proportion of ‘‘late’’ normal tissue damage in patients as well
as in rats, such as ulceration, severe telangiectasia, severe
fibrosis is a typical consequential late normal tissue damage
which is associated with a very different fractionation sensi-
tivity, i.e., much less than ‘‘genuine’’ late normal tissue
damage. Pooling fractionation data from both clinical

endpoints into one endpoint is likely to yield an alpha beta
value half-way between that for early damage and late dam-
age. Kummermehr and Trott (1994) warned that pooling late
normal tissue effects which may not represent the response of
the same tissue component in the various treatment protocols
may produce unsafe results. A major factor in this interaction
of early and late normal tissue damage is related to regener-
ative processes such as repopulation which crucially depends
on overall treatment time. Also Dubray and Thames (1994)
warned to combine early and late injury of the rectum in order
to produce the clinical endpoint (which may be telangiectasia,
fibrosis, chronic inflammation) and that therefore an increase
of ‘‘late’’ rectal radiation damage might be expected to occur
with decrease in overall treatment time.

However, besides dose per fraction and overall treatment
time, the anatomical dose distribution in the rectal wall is
another, probably even more important determinant of the
type and severity of rectal complications. Yet, no estab-
lished consensus on how to delineate the rectum/rectal wall
and which criteria/constraints to use for a ‘‘safe’’ dose-
volume histogram has been developed to date.

5 Therapeutic Ratio of Hypo-
fractionation: Clinical Evidence
and Their Limitations

Most of the aforementioned studies arrived at the conclu-
sion that prostate cancers are particularly sensitive to
changes in dose per fraction and that this would be com-
patible with a very low a/ß ratio of\2 Gy. Since this value
would be lower than that for late complications of critical
normal tissues for which a value of 3 Gy has been generally
recommended, an improved therapeutic ratio could be
expected from hypo-fractionation. This intriguing situation
would allow for two approaches to significantly improve the
therapeutic window for the cure of prostate cancer.

Isotoxic dose escalation: While the current standard
treatment with conventionally fractionated radiotherapy
[70 Gy employing modern image-guided and intensity-
modulated radiotherapy already yields low toxicity rates,
further radiation dose intensification seems possible main-
taining the same theoretical toxicity profile without
unnecessary prolongation of treatment duration.

Isoeffective dose reduction: As not all risk groups may
benefit from dose intensification, another approach could be
to reduce biologically effective dose to normal tissues while
maintaining an isoeffective tumor dose. While reducing
again overall treatment time, patients could benefit from
negligible risk of serious side effects.

Several randomized clinical studies have been initiated
following this argument, although due to considerable
uncertainties to estimate the a/ß value with tight confidence
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intervals, the assumption of a tumor a/ß value of 1.5 Gy as a
basis to derive isoeffective/isotoxic schedules has to be
viewed with caution. Some of these studies now start to
yield mature data to derive tentative a/ß estimates. Yet,
clinical results are very encouraging even though they
indicate a low a/b value of 3–4 Gy rather than the presumed
1.5 Gy (Arcangeli et al. 2012; Lukka et al. 2005; Pollack
et al. 2006; McBride et al. 2011).

Contrary to the wide-spread trend toward hypo-fraction-
ation in radiotherapy for prostate cancer, Valdagni et al.
(2005) initiated a prospective clinical trial, which compared a
dose of 74 Gy in 2 Gy fractions with hyper fractionation of
79 Gy in two daily doses of 1.2 Gy, completing treatment in
about the same overall treatment time. The results published
so far are in favor of a hyper fractionated approach.

Table 2 shows the theoretical divergence for presumed
isoeffective treatment schedules if the initial assumptions on
prostate cancer (1.5 Gy) or rectal toxicity (3 Gy) prove to
be inaccurate as outlined in Chaps. 17.3 and 17.4. The a/ß
values chosen for recalculation represent the more realistic
a/ß ratio of four for prostate cancer and theoretical a/ß
values for different toxicity endpoints of rectal toxicity.

As seen in Table 2, a clinically relevant large therapeutic
window can be achieved sparing normal tissue while at the
same time significantly escalating the dose to the tumor.
Especially, extreme hypo-fractionation seems an appealing
approach in this scenario. If the assumptions on a/ß for
prostate cancer and normal tissue hold true, this would
represent a unique opportunity for radiotherapy of malig-
nant tumors. Even if a/ß for prostate cancer approximates
3–4 Gy rather than the presumed 1.5 Gy in most clinical
trials, a benefit in terms of significantly reducing overall
treatment time while maintaining isoeffectivity and isotox-
icity can still be derived.

On the other hand, there is the theoretical risk that all
assumption prove wrong and the gain from hypo-fractionation
solely relies on reducing overall treatment time overcoming

repopulation. In this case some of the proposed schedules
should prove inferior. Especially, extreme hypo-fractionated
schedules would be prone to such deviations in estimated a/ß
ratios, since in addition the validity of the LQ model has been
questioned for single fraction doses greater than 8 Gy.

Long-term follow-up with late toxicity data need to be
awaited to truly judge whether a therapeutic gain can be
reached with an intermediate a/ß value for prostate cancer
(approx. 3–4 Gy) which is similar or little higher than the a/
ß value for rectal toxicity.

6 Conclusion

Though most studies point to a low alpha-beta ratio of
prostate cancer, a reliable value with tight confidence values
has not yet been established. Since a time factor has been
neglected so far, clinical results for hypo-fractionation still
could partly reflect isoeffectiveness due to reduction in
overall treatment time (as compensation for repopulation)
and not solely a low alpha-beta ratio. In addition, the
assumption of a single alpha-beta ratio for rectal toxicity
has to be reconsidered. Different effects may be observed
for different treatment schedules depending upon fraction-
ation, clinical and planning target volumes as well as how
normal tissues are being delineated and late normal tissue
damage is being quantified and scored.

Therefore, some uncertainty remains as to whether a/ß of
prostate cancer is really lower than that for rectal toxicity
and whether biological optimization of treatment schedules
should only rely on one parameters of dose fractionation.

Nevertheless, if the assumptions on a/ß for prostate
cancer and normal tissue hold true, this would represent a
unique opportunity for radiotherapy of prostate cancer with
regard to either dose escalation or normal tissue sparing or
shortening overall treatment time for those patients many of
whom are of very advanced age.

Table 2 Selected isoeffective schedules for fractionation schemes used in clinical studies recalculated for different a/ß ratios for prostate cancer
and rectal toxicity

Fx schedule
(dose per fraction/total dose)

NTD2Gy NTD2Gy Reference

Prostate cancer Rectal toxicity

a/ß = 1.5 Gy
a/ß = 3.0 Gy

a/ß = 2.0 Gy
a/ß = 8.0 Gy

2.625 Gy/52.5 61, 9 Gy 59, 1 Gy 60, 7 Gy 55, 8 Gy Lukka et al. (2005)

3.13 Gy/50 Gy 66, 2 Gy 61, 4 Gy 64, 2 Gy 55, 7 Gy Livsey et al. (2003)

3.0 Gy/57.0 Gy 73, 3 Gy 68, 4 Gy 71, 3 Gy 62, 7 Gy Khoo and Dearnaley (2008)

2.5 Gy/70.0 Gy 80, 0 Gy 77, 0 Gy 78, 8 Gy 73, 5 Gy www.rtog.org/members/protocols/0415/0415.odf

2.7 Gy/70.2 Gy 84, 2 Gy 80, 0 Gy 82, 5 Gy 75, 1 Gy Pollack et al. (2006)

3.63 Gy/58.1 Gy 85, 1 Gy 77, 0 Gy 81, 7 Gy 67, 5 Gy Ritter et al. (2007)

7.25 Gy/36.25 Gy 90, 6 Gy 74, 3 Gy 83, 8 Gy 55, 3 Gy Pawlicki et al. (2007)

Only hypo-fractionated schedules were selected in case of randomized phase III trials. NTD2Gy: normalized total dose 2 Gy
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The euphoric assumptions have already triggered different
clinical studies ranging from moderate to ultra fractionated
schedules. So far, clinical results are encouraging and indic-
ative of low a/b value though it rather approximates to 3–4 Gy
than the presumed 1.5 Gy. Long-term evaluation with regard
to biochemical failure rates and late toxicity and prudent
evaluation und interpretation of the results is necessary before
implementing these schedules in routine clinical practice.

Despite all these cautious caveats, (moderate) hypo-frac-
tionation combined with modern IGRT and IMRT techniques
is an intriguing model of optimally pairing radiobiology
with radiation physics and has the potential to significantly
improve outcomes in prostate cancer.
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Abstract

During the last decade, improved physical sparing of
normal tissues with the most recent technologies and a
better understanding of prostate cancer radiobiology
has prompted a number of moderate as well as extreme
hypofractionation trials using different treatment sched-
ules with the aim of exploring the outcome and toxicity of
shorter regimens. The hypofractionated regimes appear
to be associated with excellent results and toxicity
similar to that observed after conventional fractionation
courses, in spite of the numerous variables relative to
different distributions in the risk categories or androgen
deprivation delivery in the trials. However, the relatively
short follow-up and the single-arm nature of these
reports do not permit any meaningful comparisons with
the conventional regimes. Until now, six controlled
randomized trials of moderate hypofractionation have
been published. Notwithstanding the similar outcome
and toxicity results between hypo and conventional
fractionation, two of these studies used a 2D technique
delivering total doses that are now considered insuffi-
cient and inconclusive for treating prostate cancer. In the
most recent trial, reporting equivalent 2 year toxicity
rates, the follow-up is still too short to evaluate the
clinical outcome of the two schedules. The three
remaining trials report similar biochemical outcomes
between the short and standard regimes. Only one trial
has a sufficiently long follow-up to confirm the equiv-
alence of the two regimes in terms of biochemical,
clinical local and distant failure, and overall and disease-
specific survival. This trial also shows that in some
subgroups of patients, i.e., those with a pretreatment
PSA B 20 ng/mL or with a T-stage C 2c, hypofraction-
ation may be better than conventional fractionation in
terms of both local failure and disease-specific survival.
These results suggest that moderate hypofractionation
for prostate cancer does not increase treatment-related
toxic effects or decrease efficacy, although they still need
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to be confirmed by trials with more patients. The
premature results of extreme hypofractionation (or
SBRT) studies, although associated with good treatment
tolerance, excellent early biochemical outcomes and low
late toxicity rates, do not lead to any firm conclusions on
the clinical benefits of these regimes in comparison to
escalated conventional dose fractionation. Given that a
certain number of uncertainties exist in extrapolating
biological effects to very large fraction size, the results of
extreme hypofractionation need to be confirmed by
appropriate randomized trials with a sufficiently long
follow-up and accurate evaluation of long-term tolerance
and toxicity.

1 Introduction

The better physical sparing of normal tissues using three-
dimensional (3D) or intensity modulated radiation (IMRT)
techniques has resulted in a re-evaluation of the use of a few
large dose fractions with shorter treatment duration. The
delivery of a reduced number of higher dose fractions
(hypofractionation) is based on the assumption that prostate
cancer has a low a/b ratio. In radiobiology, the a/b ratio,
defined as the dose at which killing of cells by linear (a) and
quadratic (b) components is equal, is used to quantify the
fractionation sensitivity of tissues and tumours. Recent
analyses and reviews of tumour control in prostate cancer
(Fowler et al. 2001; Brenner et al. 2002; Williams et al.
2007) have suggested an a/b value to the order of 1–3 Gy,
which is somewhat lower than the value typically ascribed
to the adjacent late-responding normal tissues (Steel 2003).
If this is indeed the case, hypofractionation would offer a
unique opportunity to optimize the therapeutic ratio taking
advantage of the potential heightened sensitivity of prostate
cancer to radiation dose fractions in comparison to the
surrounding organs at risk (i.e., rectum, bladder, and ure-
thra). Fewer but larger-than-conventional fractions for a
lower total dose should achieve efficacy equivalent to
higher doses delivered with conventional fraction sizes. On
the other hand, a radiotherapy course given in a reduced
number of sessions should be less distressing for elderly
patients with prostate cancer, especially when they live
some distance from the radiotherapy center, and for those
who might be more attracted by quicker treatments, such as
radical prostatectomy , or even non-definitive approaches
such as androgen deprivation therapy (ADT). A decrease in
overall treatment time of 3–4 weeks by hypofractionation
with respect to conventional fractionation would have a
substantial effect on the quality of life and health costs.

A further reduction in the number of fractions and overall
treatment time can be delivered by the technique known as
‘‘extreme hypofractionation’’ which is synonymous with

stereotactic body radiotherapy (SBRT) and consists of the
delivery of few fractions (usually 4–5) of very large doses
(usually 7–8 Gy per fraction). The safe delivery of such
treatment regimes, however, other than the favorable ther-
apeutic ratio offered by the low a/b ratio of prostate cancer,
also requires the employment of highly focused radiation
beams delivering full doses to the target volume with a
rapid fall-off to minimize the dose absorbed by the sur-
rounding critical normal tissues. Because of the delivery of
very large doses per fraction, extreme hypofractionation
also requires the use of techniques employing daily image
guidance, which allow the use of a minimal CTV to PTV
margin, and maximizes the treatment accuracy by daily
patient repositioning and correction for the inter- and—in
case of continuous or multiple imaging or tracking during
treatment—intra-fraction organ movements.

2 Moderate Hypofractionation

The possibility of reducing the number of fractions has
prompted several hypofractionation trials using different
treatment schedules with the aim of exploring the outcomes
and toxicity of hypofractionation regimens. The trials with
longer follow-ups are listed in Table 1 together with the
available published randomized phase III studies. The
hypofractionated regimes appear to be associated with
excellent results and toxicity similar to that observed after
conventional fractionation, in spite of numerous uncon-
trolled variables like different distributions in risk catego-
ries or differences in the frequency of ADT in these trials.
However, the relatively short follow-up and the single-arm
nature of most of these reports do not permit any mean-
ingful comparisons with conventional regimes (Fonteyne
et al. 2012; Kupelian et al. 2007; Leborgne and Fowler
2009; Miralbel et al. 2012; Cowan et al. 2007; Faria et al.
2011; Higgins et al. 2006; Livsay et al. 2003; Rene et al.
2010; Thomson et al. 2012; Ritter et al. 2001; Martin et al.
2007).

3 Results from Randomized Studies

3.1 Tumour Control

All published randomized phase III hypofractionation trials
are also summarized in Table 1. In the Canadian study
(Lukka et al. 2005), a total of 936 patients were randomized
to receive 66 Gy in 33 fractions in 6.5 weeks or 52.4 in 20
fractions in 4 weeks, which corresponds to an equivalent
dose given at 2.0 Gy per fraction (EQD2) of 61.9 Gy for an
a/b of 1.5 Gy. None of the patients received ADT. There
was a trend toward a better 5-year Freedom From
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Biochemical Failure (FFBF) rate in the conventional frac-
tionation versus hypofractionation group (59.95 % vs.
52.95 %) with a hazard ratio of 1.18 (95 % CI of 0.99–1.41)
with no difference to the overall survival (87.6 % vs.
85.2 %). In the Australian trial (Yeoh et al. 2011), 217
patients were randomized to receive 64 Gy in 32 fractions
in 6.5 weeks or 55 Gy in 20 fractions in 5 weeks (EQD2 of
66.8 Gy for an a/b of 1.5 Gy), and none of the patients
received ADT. There were no differences between the
hypofractionated and conventional schedules with the esti-
mated 5-year FFBF ± Freedom From Clinical Failure
(FFCF) of 57.4 % versus 55 %, and overall survival of
86.4 % versus 84.1 %. The total dose delivered by both
trials was less than 76–80 Gy, now considered a standard-

of-care. Both were designed and performed before the
studies suggesting a low a/b for prostate cancer (with no
attempt to make the arms isoeffective), and did not provide
any conclusive evidence with regard to outcomes (Lukka
et al. 2005; Yeoh et al. 2011).

Another two randomized trials have been undertaken in
the U.S. (Pollack et al. 2011; Kuban et al. 2010) and their
results have only been reported in an abstract form. The
randomized trial by Pollack et al. (2011), compared 76 Gy
delivered in conventional 2.0 Gy fractions (CIMRT) to
70.2 Gy delivered in 2.7 Gy fractions (HIMRT) in 303
intermediate- and high-risk patients. At 5 years, no statis-
tically significant difference in outcome was observed, with
5-year BF rates of 14.4 and 13.9 %, respectively, between

Table 1 Nonrandomized and randomized* hypofractionation trials: Schedules, equivalent doses in 2 Gy fractions and biochemical outcome

Reference No.
Pts

Dose/fx size/# fxs EQD2
a/b = 1.5 Gy
(tumor) (Gy)

EQD2 a/
b = 3 Gy
(late effects)
(Gy)

Med F/U
(mos)

Risk
class

% 5-year
FFBF

Fonteyne et al.
(2012)

113 55 Gy/3.4 Gy/16 fx 77.0 70.4 47 L-I-H 94

Kupelian et al.
(2007)

770 70 Gy/2.5 Gy/28 fx 80 77 45 L-I-H 82

Leborgne and Fowler
(2009)

130 78 Gy/2 Gy/39fx 78 78 49 L-I-H 90

89 61.5 Gy/3.1 Gy/20fx 80.8 75.0 L-I-H 88

Miralbel et al. (2012) 403 74.2 Gy/1.86 Gy/38.5fx 71.2 72.1 52 L-I-H 70

71 56 Gy/4 Gy/14 fx 88.0 78.4 41 L-I-H 78

Cowan et al. (2007) 325 50 Gy/3.1 Gy/16fx 65.7 61.0 84 L 77

Faria et al. (2011) 89 66 Gy/3 Gy/22fx 84.9 79.2 51 I 95

Livsay et al. (2003) 705 66 Gy/3 Gy/22fx 84.9 79.2 60 L-I-H 56

Higgins et al. (2006) 300 52.5 Gy/2.625 Gy/20 fx 61.9 59.1 58 L-I-H 45

Rene et al. (2010) 129 66 Gy/3 Gy/22fx 84.9 79.2 51 L-I 98

Thomson et al.
(2012)

30 60 Gy/3 Gy/20fx 77.1 72.0 84 H 50

30 57 Gy/2.85 Gy/20fx 70.8 66.7 58

Ritter et al. (2001) 64.7 Gy/2.9 Gy/22fx 81.3 76.3 56 I 91.5

317 58.1 Gy/3.63 Gy/16fx 85.2 77.0 37 I 96.1 (3y)

51.6 Gy/4.3 Gy/12fx 85.5 75.3 28 I 98.7 (3y)

Martin et al. (2007) 92 60 Gy/3 Gy/20 fx 77.2 72 38 L-I-H 85

Lukka et al. (2005)* 466 52.5/2.625 Gy/20 fx 61.9 59.1 68 L-I-H 57.7

470 66 Gy/2 Gy/33 fx 66 66 L-I-H 62.3

Yeoh et al. (2011)* 108 55 Gy/2.75 Gy/20 fx 66.8 63.2 48 L-I-H 57.4

109 64 Gy/2 Gy/32 fx 64 64 L-I-H 55.5

Pollack et al. (2011)* 150 70.2 Gy/2.7 Gy/26 fx 84.2 80 [60 L-I-H 86.1

150 76 Gy/2 Gy/38 fx 76 76 [60 L-I-H 85.6

Kuban et al. (2010)* 101 75.6 Gy/1.8 Gy/42 fx 71.3 72.6 56 L-I 92

101 70.2 Gy/2.7 Gy/26 fx 84.2 80.0 L-I 96

Arcangeli et al.
(2012)*

85 80 Gy/2 Gy/40 fx 80.0 80.0 70 H 79

83 62 Gy/3.1 Gy/20 fx 81.5 75.6 H 85

EQD2 Equivalent Dose in 2 Gy fractions, L low risk, I intermediate risk, H high risk, FFBF freedom from biochemical failure

Hypofractionation and Stereotactic Treatment 165



the two fractionation schedules. Kuban et al. (2010),
reported on a randomized trial comparing a conventional
CIMRT of 75.6 delivered in 42 fractions to a hypofrac-
tionated HIMRT of 72 Gy delivered in 30 fractions for 204
patients, some of whom also received a contemporary ADT.
No statistically significant difference in FFBF was observed
between the former and latter fractionation groups, with
5-year rates of 92 and 96 %, respectively.

The randomized phase III trial by our group (Arcangeli
et al. 2010) was designed to compare the effects of a con-
ventional fractionation of 80 Gy at 2 Gy per fraction in
8 weeks versus a hypofractionation schedule of 62 Gy at
3.1 Gy per fraction in 5 weeks (4 fractions per week) to the
prostate and seminal vesicles, using 3D-CRT, in patients
with high-risk prostate cancer who were also receiving a
9-month ADT. The two arms were hypothesized to be
isoeffective with regard to tumour control, assuming a fairly
low a/b ratio of 1.5–1.8 Gy. The results of this trial have
recently been updated (Arcangeli et al. 2012). At a median
follow-up of 70 months, hypofractionation was only
slightly better, with a nonsignificant improvement in actu-
arial FFBF compared to conventional fractionation, with
5-year rates of 85 % and 79 %, respectively (p = 0.065).
No difference between the two fractionation schedules was
detected in the 5-year rates of Freedom From Local (FFLF:
93 % vs. 91 %, respectively, p = 0.33) or Distant Failure
(FFDF: 90 % vs. 85 %, respectively, p = 0.29). However,
the analysis of a subgroup of patients stratified according to
the prognostic factors showed that in the subgroup with a
pretreatment PSA level of 20 ng/mL or less, hypofraction-
ation was significantly better than conventional fraction-
ation in all three endpoints, with 5-year rates of 95 % versus
83 % (p = 0.02), 100 % versus 92 % (p = 00.01), and

98 % versus 87 % (p = 0.04), for FFBF, FFLF, and FFDF,
respectively (Table 2). Also in the subgroup with a Gleason
Score C(4 ? 3), hypofractionation was significantly better
than conventional fractionation, but only for FFBF, with
5-year rates of 83 % versus 66 % (p = 0.01). For the entire
population the actuarial analysis of survival showed no
significant difference in either the overall or cancer specific
survival between the short and long radiation schedules,
with 5-year OS rates of 92 % versus 82 % (p = 0.16),
respectively, and Cause Specific Survival (CSS) rates of
98 % versus 92 % (p = 0.13), respectively. In the subgroup
with a pretreatment PSA of 20 ng/mL or less and in that
with a T-stage C2c, however, the actuarial analysis of CSS,
showed a significantly better outcome in the hypo than the
conventional fractionation group, with 5-year rates of
100 % versus 89 % (p = 0.03), and 100 % versus 87 %
(p = 0.01), respectively (Table 3). We also looked at
mortality, by calculating the Hazard Risk of the Overall
(OM) and Cancer Specific Mortality (CSM) as a function of
time for both fractionation arms (Fig. 1). While CSM was
found to be only a small fraction of OM in the hypofrac-
tionation arm, in the conventional fractionation arm most of
the deaths resulted from prostate cancer. Hypofractionation
was confirmed as a significant predictor of CSS by multi-
variate analysis (HR = 0.15, CL = 0.019–1.27).

To obtain a rough estimation of efficacy of some frac-
tionation schedules, we plotted the biochemical results of
all hypofractionation trials (Table 1) together with those of
the most representative dose escalation studies of conven-
tional fractionation, reported in Table 4.

Figure 2 shows a dose response curve of the 5-year bio-
chemical tumour control probability (TCP) versus EQD2.
The FFBF points from each trial are plotted relative to their

Table 2 5-year freedom from failure rates according to prognostic factors in a randomized trial of conventional versus hypofractionated
radiotherapy (Arcangeli et al. 2012)

FFF rates Prognostic factors Total

iPSA B 20 iPSA [ 20 GS B (3 ? 4) GS C (4 ? 3) T \ 2c T C 2c

Biochemical

Convent 83 72 94 66 85 74 79

Hypo 95 73 88 83 89 83 85

p-value 0.02 0.4 0.5 0.01 0.3 0.08 0.06

Local

Convent 92 91 97 87 93 90 91

Hypo 100 85 95 91 100 89 93

p-value 0.01 0.5 0.5 0.15 0.05 0.9 0.35

Distant

Convent 87 84 98 76 91 82 86

Hypo 98 81 91 89 89 91 90

p-value 0.04 0.95 0.25 0.08 0.85 0.2 0.3

Convent Conventional Fractionation, Hypo Hypofractionation, FFF freedom from failure, iPSA pretreatment PSA, T T-stage, GS Gleason Score
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equivalent EQD2 for an assumed a/b ratio of 1.5. Notwith-
standing the numerous unaccounted variables in these trials
(patient risk class, use of ADT, etc.), all data from conven-
tional dose escalation and hypofractionation trials are rea-
sonably well fitted by the solid line dose response curve,
confirming the low value of a/b for prostate cancer.

3.2 Late Toxicity

All the trials confirmed that moderate hypofractionation for
prostate cancer does not increase treatment-related toxic
effects or decrease efficacy. Of the five randomized trials
reporting the toxicity results at more than 3 years, the
Australian and Canadian trials (Lukka et al. 2005; Yeoh
et al. 2011) delivered lower EQD2 doses and could not be
compared with the more contemporary trials. However,
neither trial showed any significant difference in late tox-
icity between long and short schedules. In the two U.S.
trials, the EQD2 doses to normal critical organs, assuming
an a/b value of 3 Gy, were higher in the hypofractionated
than in the conventional arm. However, Pollack et al. (2011)
reported 5-year C G2 late toxicity rates of 8.9 and 13.8 %
(p = 0.2) for GU, and 4.1 and 5.9 % (p = 0.5) for GI
toxicity, for the conventional or hypofractionated arm,

respectively. The corresponding 5-year C G2 late toxicity
rates reported in the Kuban et al. (2010) trial were 19 and
19 % for GU, and 6 and 14 % (p = NS) for GI toxicity.

A recent U.K. trial (Dearnaley et al. 2012) compared
74 Gy delivered in 37 fractions in 153 patients to 57 Gy in
19 fractions and 60 Gy in 20 fractions delivered to 151 and
153 patients, respectively, for stage I–II prostate cancer. In
patients with a median follow-up of about 50 months, a
comparable toxicity between the three treatment schedules
was reached at 2 years. The incidence of side effects sub-
sequently stayed at about the same level, with G2 or worse
late GI toxicity in 4.3, 3.6, and 1.4 % of patients receiving
74, 60, and 57 Gy, respectively. Grade 2 or worse late GU
toxicity was 2.2, 2.2, and 0 %, respectively. However, long-
term follow-up results, especially for late genitourinary
toxic effects, are needed, notably because the prostatic
urethra and bladder neck still receive high fraction sizes. In
the randomized study done by our group, the conventional
total dose of 80 Gy was compared with the EQD2 dose of
approximately 75 Gy delivered to normal tissues. In the
hypofractionation and conventional fractionation schedules,
the 3-year late C G2 complication rates were 17 and 14 %,
for GI toxicity, and 16 and 11 % for GU toxicity, respec-
tively, with no significant difference between the two arms.
The incidence of complications increased with time.

Table 3 5-year cancer-specific survival rates according to prognostic factors in a randomized trial of conventional versus hypofractionated
radiotherapy (Arcangeli et al. 2012)

Prognostic factors 5-year cancer-specific survival rate p-value

Conventional fraction Hypofraction

iPSA B 20 89 100 0.03

iPSA [ 20 96 97 0.85

GS B 3 ? 4 97 100 0.90

GS C 4 ? 3 87 97 0.10

T-stage \ 2c 97 96 0.90

T-stage C 2c 87 100 0.01

All patients 92 98 0.15

iPSA pretreatment PSA, GS Gleason Score, T T-stage

Fig. 1 The Hazard Risk of the
Overall (OM) and Cancer
Specific Mortality (CSM) as a
function of time for both
conventional and
hypofractionation arms in the
randomized trial of conventional
versus hypofractionation
(Arcangeli et al. 2012)
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However, rectal toxicity seemed to reach a plateau in both
treatment groups at 20–26 months after treatment, while
urinary toxicity continued to increase after 4 years (Arc-
angeli et al. 2011).

3.3 Acute Toxicity

RTOG scoring criteria are commonly used to report acute
toxicity. Most trials report rectal bleeding as the objective
end-point, which impacts the quality of life. Differently

from late toxicity, acute rectal toxicity occurs during or
within 3 months after completion of treatment and is tem-
porary. However, the acute effects may be severe enough to
interrupt the planned course of treatment in 10 % of the
patients. In addition, with conventional fractionation
regimes, a high rate of acute rectal toxicity is now recog-
nized to be associated with late proctopathy (Michalski
et al. 2010).

Out of all six randomized trials, a detailed description of
acute toxicity was only reported in the U.K. and our study
(Dearnaley et al. 2012; Arcangeli et al. 2011). Both studies
reported a slightly higher but not statistically significant rate
of grade 2 or more GI and GU acute toxicity in the short
over the long treatment arms, with an earlier peak for both
rectal and urinary toxicity in the former arm. In our study,
the median interval to toxicity detection was 22 and 36 days
(p = 0.001) for GI and 15 and 23 days (p = 0.002) for GU
in the hypofractionation and conventional fractionation,
respectively. However, there was no difference in the
duration of either GI or GU toxicities between the two
treatment schedules (p = 0.31 and 0.34, respectively)
(Arcangeli et al. 2011).

We also tested the correlation between acute and
late C G2 toxicity and found that it was statistically sig-
nificant for GI and marginally significant for GU in the
group of patients treated with conventional fractionation,
while no correlation was found for either GI or GU in the
hypofractionation arm (Arcangeli et al. 2011), likely
because of the higher sensitivity of late damage to high
dose/fraction.

Acute effects, on the contrary, are more dependent on
overall treatment time and, therefore, to avoid excessive
toxicity with hypofractionation schedules, the duration of
treatment should be long enough to allow mucosal repop-
ulation. This relationship has been well described by the

Table 4 Biochemical outcome from the most relevant dose escalation trials

Reference No. Pts Dose/fx size/# fxs Med F/U (mos) Risk class % 5-year FFBF (*)

Kuban et al. (2008) 150 70 Gy/2 Gy/35 fx 116 L-I-H 87

151 78 Gy/2 Gy/39 fx 116 L-I-H 88

Dearnaley et al. (2007) 421 64 Gy/2 Gy/32 fx 64 L-I-H 60

422 74 Gy/2 Gy/37 fx 63 L-I-H 71

Al-Magmani et al. (2010) 331 68 Gy/2 Gy/34 fx 70 L-I-H 51

333 78 Gy/2 Gy/39 fx 70 L-I-H 63

Kuban et al. (2003) 1087 67 Gy/2 Gy/33.5 fx 65 L-I-H 36

78 Gy/2 Gy/39 fx 65 L-I-H 45

Zelefsky et al. (2008) 358 70.2 Gy/1.8 Gy/39 fx 79 L-I-H 61

471 75.6 Gy/1.8 Gy/42 fx 79 L-I-H 74

741 81 Gy/1.8 Gy/45 fx 79 L-I-H 85

477 86.4 Gy/1.8 Gy/48 fx 79 L-I-H 82

L low risk, I intermediate risk, H high risk, FFBF freedom from biochemical failure. (*) Average of FFBF patients with/without ADT
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Fig. 2 The dose response curve (solid line) of the 5-year FFBF versus
equivalent dose at 2 Gy/fraction (EQD2) assuming an a/b ratio of
1.5 Gy for prostate cancer. Squares and circles represent the 5-year
FFBF data for patients treated with hypofractionation or conventional
schedules, respectively, as reported in Tables 1 and 4
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Fowler formula (Fowler 2005), and by a model developed
according to data of our group (Strigari et al. 2009).

4 Extreme Hypofractionation
(Stereotactic Body Radiotherapy)

In recent years, several clinical studies have employed only
a few very large dose fractions, mainly in low risk, localized
prostate cancer, with the aim of exploring the feasibility of
such extreme hypofractionation schedules. The attempt to
further reduce the treatment duration in prostate cancer is
based on the emulation of the HDR- brachytherapy hypo-
fractionated approach in an alternative, more suitable way,
allowing for steep dose gradients that resemble brachy-
therapy dose distributions, without the need for hospital-
ization, catheterization, and the discomfort of keeping the
delivery needles inserted for an extended time period. The
rational of extreme hypofractionation in prostate cancer
mainly depends upon the extrapolation from results
obtained by the moderate hypofractionation which, in turn,
have not yet been fully established. Furthermore, there are
still significant uncertainties on the validity of the linear
quadratic model for predicting the tumour response to such
large dose fractions.

Several prospective trials of extreme hypofractionation
have already been published and several others are currently
underway. The results of the more relevant SBRT trials are
summarized in Table 5. Many of these trials were carried
out by the Cyberknife� and were planned to explore the

feasibility of applying the shorter schedules to treat low/
intermediate risk, localized prostate cancer. It is estimated
that approximately 10,000 prostate patients have been
treated with the CyberKnife� since 2003 (Katz et al. 2010).
Katz et al. (2011) published the largest CyberKnife� SBRT
series to date with the treatment of 304 prostate cancer
patients. The first 50 were treated with 35 Gy in 5 fractions;
the remaining 254 patients were escalated to 36.25 Gy in 5
fractions. With a median follow-up of 48 months, no grade
3 late GI toxicitywas documented and only one grade 3 late
urinary toxicity (2 %) was reported in the escalated group.
The actuarial 4 year biochemical control rates were 97, 93,
and 75 % in low-, intermediate-, and high-risk patients,
respectively. Overall potency preservation was 87 %.
Freeman and King (2011) reported on the outcomes for low-
risk prostate cancer patients with a median follow-up of
5 years after SBRT administered to a total dose of 35 Gy in
5 fractions: Only one late grade 3 genitourinary toxicity
occurred and the actuarial 5-year FFBF rate was 93 %.
McBride et al. (2011) reported on 45 patients with low-risk
prostate adenocarcinoma treated to a total dose of
36.25–37.5 Gy delivered in five consecutive fractions. After
a median follow-up of 44.5 months there was one episode
of late grade 3 urinary obstruction , and there were two
episodes of late grade 3 proctitis. The FFBF rate at 3 years
was 97.7 %. Fuller et al. (2011) reported on 49 low-and
intermediate-risk patients treated with 38 Gy delivered in 4
fractions using an HDR-like dose distribution. After a
median follow-up of 36 months, no late grade 3 GI toxicity
but only 4 % late grade 3 GU toxicity were detected.

Table 5 Summary of outcomes from SBRT trials with a follow-up of more than 30 months and at least 40 enrolled patients

Study Schedule Number of
patients

Risk
class

Medi F/U
(mos)

Late grade 3 GU
toxicity (%)

Late grade 3 GI
toxicity (%)

FFBF (%)

CyberKnife

Katz et al.
(2011)

35–36.25 Gy in
5 fx

304 L-I-H 48 2 – 97, 93, 75 at
4 years

Freeman and
King (2011)

35 Gy in 5 fx 41 L 60 \1 – 93 at 5 years

McBride et al.
(2011)

36.25–37.5 Gy
in 5 fx

45 L 44.5 \1 – 97.7 at 3 years

Fuller et al.
(2011)

38 Gy in 4 fx � 49 L-I 36 4 – 96 at 3 years

Kang et al.
(2011)

32–36 Gy in 4
fx

44 L-I-H 40 – – 100, 100, 90.9
at 5 years

King et al.
(2012)

36.25 Gy in 5
fx

67 L 32.4 3.5 – 94 at 4 years

Gantry-based systems

Madsen et al.
(2007)

33.5 Gy in 5 fx 40 L 41 – – 90 at 4 years

Boike et al.
(2011)

45–47.50 Gy in
5 fx

45 L-I 30, 18, 12 4 2 plus 1 grade 4 100 at
1–2.5 years

L low, I intermediate, H high
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The median PSA was 0.4, 0.2 and 0.1 ng/mL at 24, 36 and
48 months, respectively. The 3-year actuarial FFBF was
96 %. Kang et al. (2011) reported the results of a retro-
spective study on 44 patients with prostate cancer using a
schedule of 4 fractions to a total dose of 32–36 Gy. After a
median follow-up of 40 months there were no grade 3 or
higher treatment-related toxicities and the 5-year FFBF rate
of low-, intermediate-, and high-risk patients was 100, 100,
and 90.8 %, respectively.

The first long-term outcomes from a prospective trial of
SBRT for low-risk prostate cancer were published by King
et al. (2012) who pooled 67 low-risk patients who received
35–36.25 Gy delivered in 5 fractions. After a median fol-
low-up of 2.7 years, there were no grade 3 or higher rectal
toxicity, no grade 4 urinary toxicity, and 3.5 % grade 3
urinary toxicity. The authors also found that low-grade
toxicities were substantially less frequent in the alternate-
day (QOD) versus daily dose (QD) regime for both gas-
trointestinal and genitourinary toxicity. The 4-year actuarial
FFBF was 94 %. Madsen et al. (2007) reported a pioneering
experience using a linac-based SBRT on 40 patients with
localized prostate cancer delivering 33.5 Gy in 5 fractions.
After a median follow-up of 41 months, only one acute
grade 3 GU toxicity was detected and no instances of late
grade 3 or higher toxicity was encountered. The actuarial 4-
year FFBF was 90 %. Recently, Boike et al. (2011) evalu-
ated the tolerability of escalating doses of linac-based
SBRT in patients with intermediate-risk prostate cancer, by
using fiducial markers and either megavoltage or kilovolt-
age CT for daily set-up verification. Three groups of 15
patients each received 45, 47.5, and 50 Gy (the highest
SBRT dose reported to date), respectively, in 5 fractions
every other day. After a median follow-up of 30, 18, and
12 months, respectively, grade C 2 and C 3 GI toxicity
occurred in 18 and 2 %, respectively, and grade C 2
and C 3 GU toxicity in 31 and 4 %, respectively, of all
patients, with a biochemical control rate of 100 %.

The premature results of these studies, although associ-
ated with good treatment tolerance, excellent early bio-
chemical outcomes and low, late toxicity rates, did not lead
to any firm conclusions on the clinical benefits of these
regimens in comparison to escalated conventional dose
fractionation. Nevertheless, a strong interest amongst the
radiation oncologist community in the adoption of SBRT
for localized prostate cancer has recently prompted the
Radiation Therapy Oncology Group (RTOG) to open a
randomized non-inferiority phase II trial, RTOG 0938 ,
comparing delivery of 36.25 Gy in 5 fractions over 2 weeks
to 51.6 Gy in 12 fractions over 2.5 weeks (Lukka 2012).

The current 3- to 4-year FFBF rates of [90 %, reported
in all SBRT published trials with a sufficient follow-up,
seem to be consistent with the 5-year rates of *90–95 %

reported in trials of conventional escalated doses of
78–80 Gy. However, given the uncertainties, which exist in
extrapolating biological effects to very large fraction size,
these results need to be confirmed by appropriate random-
ized trials with a sufficiently long follow-up and accurate
evaluation of long-term tolerance and toxicity, particularly
of the urethra which is an unavoidable organ at risk in the
irradiation of prostate cancer.

5 Conclusion

Prostate cancer is the leading cancer in men, with more than
382,000 new cases (22 % of all cancer in men) and 89,300
deaths estimated during 2008 in 40 European countries
(Ferlay et al. 2012). The current standard options for local
treatment include radical prostatectomy, brachytherapy
(seed implantation or interstitial HDR), and dose-escalated
external beam irradiation given at conventional dose frac-
tions in an exhaustive overall treatment time. Current con-
ventionally fractionated radiotherapy courses for prostate
cancer at escalated doses are the longest treatment courses
among those used for any tumours. Shorter effective
regimes may provide an alternative to the more invasive
treatment options with a significant impact on the patient’s
ability to contine working without the need for numerous
daily visits to radiotherapy departments and extended tox-
icity and recovery time. Although, currently, there is no
established evidence that the hypofractionated regimes are
at least equivalent to conventional fractionation radiother-
apy, several preliminary results from randomized and
nonrandomized trials suggest that moderate hypofractiona-
tion could be considered as a standard treatment of prostate
cancer, once established results with a longer follow-up
confirm the early good clinical outcomes and quality of life
measures achieved with shorter observation periods.

In spite of the promising results from several, small, and
preliminary single-institutional studies, extreme hypofrac-
tionation regimes are largely unverified and need to be
better evaluated by more adequate randomized studies. The
technologic advances required by the SBRT technique,
together with precise daily target localization, hold suffi-
cient promise to warrant broader investigation.
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Abstract

Standard whole gland radiation therapy for prostate
cancer results in high cure rates but impacts quality of
life. Active surveillance is an alternative but has not been
widely embraced. Focal therapy represents a middle
ground between these two treatment options. In this
paper we will review the rationale, patient selection
considerations, technical planning issues, and recent
clinical data for prostate focal therapy.

1 Introduction

The majority of newly diagnosed men with prostate cancer
will have low risk disease. They will be faced with the
decision to pursue definitive treatment or active surveil-
lance. Definitive treatment results in significant changes in
long-term quality of life and recent data questions whether
treatment in low risk men impacts overall survival com-
pared with observation (Sanda et al. 2008; Wilt et al. 2012).
Active surveillance is an alternative to definitive treatment
but ideal patient selection and monitoring is challenging and
has limited its adoption (Klotz et al. 2010). Focal therapy
presents a middle ground between definitive whole gland
therapy and active surveillance. The goal of a ‘‘male
lumpectomy’’ is to achieve equal cancer control to whole
gland therapy but to reduce the risk of short and long term
changes in quality of life. The stakes are high as long-term
PSA control rates are already in the 90 % range (Grimm
et al. 2012) for low risk patients and late toxicities for
brachytherapy are about 5–10 % for genitourinary side
effects, 1–5 % for gastrointestinal side effects, and 30–40 %
for developing erectile dysfunction (Yamada et al. 2012).
Ultimately there is still room to improve the therapeutic
ratio for prostate cancer treatment and focal therapy may
help achieve this. In this paper we will review the rationale,
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patient selection considerations, technical planning issues,
and recent clinical data for prostate focal therapy.

2 Understanding the Rationale
for Focal Therapy

One of the strongest arguments against focal therapy is the
multifocal nature of prostate cancer is incompatible with
partial gland treatment (Mouraviev et al. 2007; Tareen et al.
2009). The index lesion hypothesis is a controversial
rebuttal to multifocality being a limitation for focal treat-
ment. It suggests that regardless of whether prostate cancer
is multifocal or not disease progression is typically driven
by the largest tumor focus, or index lesion (Ahmed 2009).
The argument then follows that by treating the index lesion
with ‘‘active surveillance’’ of small satellite lesions that
focal treatment may be a reasonable alternative to whole
gland therapy. To explore the evidence for and against the
index lesion hypothesis there are three questions that need
to be discussed: (1) Does maximum tumor size correlate
with prostate cancer treatment outcomes? (2) Does the
index lesion harbor the most aggressive prostate cancer
tumor cells? (3) Is there such a thing as insignificant pros-
tate cancer?

2.1 Does Maximum Tumor Size Correlate
with Treatment Outcomes?

The staging system for most cancers includes tumor size,
however, prostate cancer does not. One of the issues is that
prostate cancer growth is irregular and not spherical as in
other disease sites. This results in a weaker correlation
between maximum tumor diameter and tumor volume.
There are also multiple other well-established prognostic
factors such as Gleason score which correlate with tumor
volume making the independent value of tumor volume on
outcomes more difficult to discern. Challenges do exist in
correlating tumor volume and treatment outcomes but there
is solid data to support a correlation. In an analysis of 379
prostatectomy specimens percent Gleason 4/5, cancer vol-
ume, lymph node status, and vascular invasion indepen-
dently predicted biochemical progression (Stamey Ta
1999). Rates of PSA control were 86 % in men with a
cancer volume of 0.5–2.0 cm3, 61 % with 2.0–6.0 cm3,
33 % with 6.0–12.0 cm3, and 3 % for [ 12.0 cm3 of can-
cer. This data is compelling but can be criticized for rep-
resenting cases predating the PSA era and therefore not
necessarily holding true in a PSA screened population.
When reviewing the literature for correlations between
maximum tumor volume and outcomes in more contem-
porary series the literature is mixed in its conclusions. In

nine papers tumor volume was an independent predictor of
biochemical recurrence while it was not in eight others
(Epstein 2011). This discordance is multifactorial and
includes variable patient populations, different tumor
quantification methods, and interrelated prognostic vari-
ables. There is also indirect evidence for maximum tumor
volume correlating with outcomes. At least two series show
the PSA progression probability for multifocal tumors is
better than for unifocal tumors. This suggests that smaller
incidental tumors may have little prognostic significance
(Wise et al. 2002; Noguchi et al. 2001). Outside the pro-
statectomy literature there is also data to support an index
lesion hypothesis in radiation oncology. Cellini et al. per-
formed a semiquantitative evaluation of the site of prostate
cancer recurrence based on clinical examination and
imaging prior to and after therapy (Cellini et al. 2002). In
12/118 patients with an intraprostatic recurrence all 12 had
recurrence within their initial tumor volume. These findings
have subsequently been confirmed in a study of 9 patients
showing radiation failures were located at the same location
on pretreatment and postradiation MRI. These imaging
findings were verified on salvage prostatectomy pathology
(Pucar et al. 2007). In another study MR imaging and MR
spectroscopy was used in nine patients to show that the site
of failure after radiation was at the same location as the
dominant baseline tumor in 8/9 cases (Arrayeh et al. 2012).
Additional data from salvage prostatectomy series follow-
ing radiation failure suggests that ‘‘recurrent’’ cancer after
radiation does not represent a new tumor but is usually the
regrowth or persistence of the original cancer (Arakawa
et al. 1995; Cheng et al. 1999). There is certainly data to
support a correlation between maximum tumor size with
clinical outcomes, however, the evidence is mixed regard-
ing its independent prognostic value. Further evidence
based on contemporary series is needed to definitively
answer this question.

2.2 Does the Index Lesion Harbor the Most
Aggressive Prostate Cancer Tumor Cells?

Studies show that most, if not all, metastatic prostate can-
cers have a monoclonal origin suggesting that despite
prostate cancer being a multifocal and heterogenous disease
that a single precursor cancer cell leads to metastatic disease
(Mehra et al. 2008; Liu et al. 2009). This data argues that
not all cancer foci within the prostate gland are important
for predicting clinical outcomes. What remains controver-
sial though is whether this single precursor cancer cell
resides within the index lesion. Data supporting that the
most aggressive cells are located within the index lesion
include the fact that histological features of poor prognosis
including Gleason score, extracapsular extension, and
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seminal vesicle invasion are almost always associated with
the index lesion (Karavitakis et al. 2011). In one recent
series of 100 radical prostatectomy specimens there was no
case where a satellite focus had a higher Gleason score than
the index lesion. There were only 2 cases where the satellite
foci had extracapsular extension. In one case both the
satellite lesion and the index lesion extended beyond the
capsule and in the second only the satellite lesion extended
outside. In both of these cases the satellite focus actually
measured [0.5 cm3 (a marker of significant disease). No
satellite lesion was found to invade the seminal vesicles.
The results from this study are compelling but would be
strengthened with clinical follow-up data. There are older
series showing a correlation between the index lesion and
biochemical outcomes. Wise et al. reviewed prostatectomy
specimens from 486 patients and correlated the volume of
the index tumor versus the index tumor plus satellite lesions
with biochemical disease free survival. With a median
follow-up of 3.2 years biochemical outcomes were similar
when just considering the index tumor volume versus the
index tumor plus satellite lesions (Wise et al. 2002). In a
much larger series of 1,159 men treated with radical pro-
statectomy pathologic and biochemical outcomes were
compared between patients with unifocal versus multifocal
disease (Rice et al. 2009). There were significantly higher
rates of positive surgical margins, Gleason score 8–10 dis-
ease, and biochemical recurrence in the single focus group.
Noguchi et al. also looked at the prognostic value of sec-
ondary cancers in 222 patients treated with surgery
(Noguchi et al. 2001). 24 % had a single tumor, 39 % had
an index tumor with secondary cancers \0.5 mL, and 37 %
had an index tumor with secondary cancers [0.5 mL. There
were no differences in baseline features between the groups
on multivariate analysis. The group with multifocal smaller
secondary cancers had better outcomes than those with a
single index lesion. These data suggest that multifocal
disease in and by itself does not portend a poorer prognosis
but that the index lesion is the main driver of outcomes.
This data needs, however, to be tempered by other studies
showing non-index lesions can determine not only the
pathological stage but also be important determinants of
blood-borne and lymphatic metastasis (Ruijter et al. 1996;
Djavan et al. 1999; Schmidt et al. 2006; Gburek et al. 1997;
Miller and Cygan 1994).

2.3 Is There Such a Thing as Insignificant
Prostate Cancer?

It is estimated that 20 % of prostate cancer patients have
unifocal disease . If only these patients are appropriate

candidates for focal therapy then only a small proportion of
men will be eligible for this treatment. Alternatively, if we
accept that only the index lesion needs to be treated and
active surveillance of insignificant disease is appropriate
then the pool of candidates for focal therapy dramatically
increases. The term insignificant prostate cancer is used
somewhat interchangeably in the literature with indolent,
minimal, minute, low volume, and microfocal (Trpkov et al.
2010). The most commonly used terms are indolent and
insignificant but there are slight differences in their defini-
tions. An indolent cancer is one that, regardless of the
lifespan of the patient, would never become clinically
manifest (Ploussard et al. 2011). Insignificant cancer is a
subset of indolent cancers that factors in patient age and
comorbidities (Ploussard et al. 2011). The concept of
insignificant disease was based on work by McNeal and
presented by Stamey et al. when he reported on the tumor
volume of incidental prostate cancer found in 139 cysto-
prostatectomy specimens (Stamey Ta et al. 1993). They
concluded that tumors \0.5 cm3 are unlikely to become
clinically significant during the lifespan of a patient and
need not be treated. Epstein et al. subsequently validated
this threshold and the ‘‘Epstein’’ criteria are the most
commonly used criteria to define insignificant disease
(Epstein 1994). Insignificant disease is defined as prostate
cancers with Gleason score B6, organ confined disease, \3
positive biopsy cores, B50 % involvement of any one core,
and PSA density \0.15 ng/mL (Epstein 1994; Bastian et al.
2004; Epstein et al. 1998). Clinically, the concept of
insignificant disease serves as the cornerstone of active
surveillance. The 10 year prostate cancer specific survival
for low risk patients on active surveillance is 97 % (Klotz
et al. 2010). This suggests that there really is a group of
prostate cancer patients with disease that is unlikely to be
significant and therefore should just be monitored. The
challenge is actually being able to identify this group of
patients. The Epstein criteria, for example, are only able to
correctly predict a prostate tumor volume \0.5 cm3 on final
pathology 75–80 % of the time (Ploussard et al. 2011).
Many other authors have attempted to develop predictive
models/nomograms for predicting insignificant disease at
the time of surgery yet all of them misclassify patients in
10–20 % of cases (Makarov et al. 2007; Nakanishi et al.
2007; Chun et al. 2008). These data demonstrate that pre-
operative variables are insufficient to define insignificant
disease. When considering the totality of evidence for and
against the index lesion hypothesis one is left in limbo
regarding which patients to select for focal therapy.
Depending on how one interprets the existing literature
appropriate focal therapy candidates could run the spectrum
from including only those with truly unifocal disease to
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those with an index lesion and insignificant prostate cancer
satellites.

3 Identifying Candidates for Focal
Therapy

Regardless of whether one agrees with the index lesion
hypothesis or only believes in treating unifocal disease there
are limitations in characterizing the location, size, extent,
multifocality, and biological potential of prostate cancer.
The fact that 80 % of secondary non-index foci within the
prostate gland are less than 0.5 mL (Villers et al. 1992)
makes it unlikely that existing imaging technologies can
characterize all prostate cancer foci. This makes it more
realistic to focus patient selection on defining an index
lesion and the absence of significant disease elsewhere. This
concept of a biologically unifocal tumor was coined by
Bostwick et al. and is an important concept in focal therapy
patient selection (Bostwick et al. 2006). Estimates for how
many men may have biologically unifocal disease ranges in
the literature from about 50–65 % (Karavitakis et al. 2012;
Bott et al. 2010).

The ideal way to identify patients with biologically
unifocal lesions is an area of intense investigation. The
greatest controversy centers on the ideal biopsy method to
ensure accurate and detailed mapping of the true extent of
disease. One thing we know is that a systematic sextant
biopsy is a poor sampling tool to accurately predict the
extent and significance of disease (Noguchi et al. 2001).
Others have examined sextant versus 12 core extended
biopsy strategies to predict unilateral prostate cancer. Tak-
ing more cores does improve the diagnostic accuracy of
predicting unilateral disease (49 vs. 59 %, p \ 0.05) but
this technique is also not ideal (Tsivian et al. 2010). Onik
et al. took things a step further and compared 180 patients
with biopsy proven unilateral prostate cancer on transrectal
ultrasound (TRUS)-guided biopsies with biopsy outcomes
using a transperineal mapping (TPM) approach (Onik et al.
2009). Mapping was done using a brachytherapy grid under
TRUS guidance and biopsies were taken every 5 mm
throughout the prostate. For the 84 patients who had C10
cores taken on their initial TRUS (mean 13.9) and were
thought to have unilateral disease 60 % actually had bilat-
erally disease. Of the 100 patients who were thought to have
low risk disease 26 % had an increase to Gleason score C7
and 50 % thought to have unilateral disease actually had
bilateral disease. These results demonstrate that TPM
biopsies have a high accuracy in defining the extent of
disease.

Although TPM biopsies are currently the most accurate
method of finding all disease there are not many studies
comparing the chances of finding significant cancer for

different biopsy techniques. Computer simulation modeling
can provide some insight to determine the ideal biopsy
method to find clinically significant disease with one such
study doing modeling on 96 prostates acquired at radical
cystoprostatectomy. They simulated how well 12 core
transrectal, 14 core transrectal, and TPM biopsies are in
finding clinically significant disease (Gleason score C7 and/
or lesion volume 0.5 mL or greater) (Lecornet et al. 2012).
Receiver operating curve analysis to detect and rule out
clinically significant disease was 0.69, 0.75, 0.82, and 0.91
for 12 core transrectal biopsies with random localization
errors of 15 and 10 mm, 14 core transrectal biopsies, and
TPM biopsies using a 5 mm sampling frame. All biopsy
approaches missed patients with clinically significant
prostate cancer, however, only 1 % were missed on TPM
biopsies versus about 5–15 % with other transrectal
approaches. This suggests that TPM biopsies are the ideal
method to identify clinically significant disease. A similar
type of simulation was done on radical prostatectomy
specimens that compared five different TRUS biopsy tech-
niques to transperineal biopsy. TRUS biopsy missed
30–40 % of lesions C0.2 mL and C0.5 mL while TPM
biopsy missed only 5 % of such lesions (Hu et al. 2012).

While TPM biopsy is the most accurate way to identify
clinically significant disease it is expensive, cumbersome,
invasive (the above Onik study took a median of 50 cores),
and can have complications. Improvements in MRI imaging
and in particular multiparametric MRI (mp-MRI) imaging
have led some to advocate that mp-MRI with targeted
biopsies may rival the accuracy of TPM biopsy.

In one study that used 3T MRI that included diffusion
weighted imaging, MR spectroscopy, and dynamic contrast-
enhanced MR and did a one-to-one histopathological cor-
relation the positive predictive value of mp-MRI to detect
prostate cancer was 98, 98, and 100 % in the overall
prostate, peripheral zone, and central gland (Turkbey et al.
2011). There was a significantly higher sensitivity for
tumors larger than 5 mm in diameter and for tumors with a
Gleason score greater than 7. The positive predictive value
for detecting prostate cancer in the peripheral zone using all
4 sequences was 98 % which was significantly higher than
using T2 W MRI alone (positive predictive value 69 %).
The negative predictive value (83–90 %) was, however,
similar for the different sequences and did not improve by
using all 4 sequences. These results demonstrate that mp-
MRI has a high sensitivity for identifying prostate cancer
lesions but is best for finding lesions greater than 5 mm in
diameter.

For the lesions that are too small for mp-MRI to reliably
characterize it appears that these cancers are of little sig-
nificance. In one study standard 12 core TRUS followed by
TRUS/MRI-fused biopsy of specific target lesions was
performed on a group of 125 patients with low suspicion
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prostate lesions on mp-MRI (Yerram et al. 2012). 77
patients (62 %) on TRUS/MR fusion biopsy had no cancer
detected, 38 had Gleason 6, and 10 had Gleason 7 (3 ? 4).
There were no cases of Gleason 4 ? 3 or greater. 15
patients had a prostatectomy and none were upgrade to high
risk prostate cancer. In total 88 % either had no cancer or
clinically insignificant disease. This data shows that mp-
MRI can identify a population of low risk patients that are
unlikely to harbor high risk disease.

Given TPM biopsy is the most accurate method for
mapping out the extent of disease a comparison between
this technique and transperineal mp-MRI-targeted biopsies
was carried out in 182 men. The goal was to see whether
there were differences in finding clinically significant
prostate cancer (maximum cancer core length of C4 mm
and/or Gleason score C3 ? 4). A median of 30 cores was
obtained for the TPM biopsies versus 5 for the MRI-tar-
geted approach. The rate of finding clinically significant
cancer between the two biopsy methods was similar. The
rate of finding insignificant cancer was, however, higher
with TPM biopsies versus MRI targeted ones (17 vs.
9.3 %). These results show that a targeted approach has
encouraging rates of detecting clinically significant prostate
cancer but further study is needed as 16 % of cases in this
series defined as having insignificant cancer on targeted
biopsy had clinically significant cancer on transperineal
biopsies (Kasivisvanathan et al. 2013).

In a different approach a prebiopsy mp-MRI that inclu-
ded diffusion weighted imaging was performed and fol-
lowed by a 14 core biopsy (8 transperineal and 6 transrectal)
(Matsuoka et al. 2012). 135 patients then went on to have
radical prostatectomy. They divided patients into those with
lobes with no cancer, lobes with indolent cancer, and lobes
with significant cancer. Indolent was defined as \0.5 cm3

and GS B3 ? 4. The negative predictive value of diffusion
weighted imaging and the prostate biopsy was 96 % for
predicting lobes with significant cancer.

mp-MRI-targeted imaging is improving and further
evolution of this technique may soon rival TPM. Until that
time TPM biopsies still represent the gold standard for
characterizing the full extent of disease.

4 Technical Issues Related to Focal
Therapy with Radiation Therapy

There are multiple treatment platforms for delivering focal
treatment including high intensity frequency ultrasound
(HIFU), cryoablation, laser therapy, photodynamic therapy,
and radiation. There is growing literature with non-radiation
techniques but relatively little on radiation-based ones.
Proposed definitions for different types of focal therapy
were presented in a recent consensus statement on focal low

dose rate brachytherapy (Langley et al. 2012). Three types
of focal brachytherapy were proposed: (1) ultra-focal
(treatment of an index lesion plus margin), (2) hemi-focal
(treatment to half a gland), and (3) focused therapy (full
dose to the involved hemi-gland but a reduced dose to the
contralateral gland) (Fig. 1). Definitions for contouring
targets were also introduced including F-GTV for the gross
visible or clinically demonstrable cancer, F-CTV for the F-
GTV plus a margin for clinically insignificant disease, and
F-PTV for the F-CTV plus a margin to compensate for
uncertainties in image registration and treatment delivery.
No recommendations for actual margin sizes were sug-
gested. There is some data from Turkbey et al. that corre-
lated the size of index lesions on mp-MRI with their actual
size on prostatectomy specimens for 135 patients (Turkbey
et al. 2012). MRI tumor volume tended to overestimate the
size of the lesion on final pathology by a mean of 7 % and
size correlation was best for lesions [0.5 cm3. A significant
limitation of this study is that a universal shrinkage factor
was used. Data on image registration errors between pre-
procedural MRI and MRI-guided procedures are reported
around 1.3 mm while those for TRUS to MRI a bit larger at
2.4 mm (Hu et al. 2012; Fedorov et al. 2012).

Irrespective of the approach (ultra-focal, hemi-focal,
focused) there are technical considerations to consider as
well. A hemi-focal approach does not require either TRUS/
MRI fusion or MRI-based brachytherapy seed/catheter
insertion. The target can be adequately encompassed as the
urethra serves as the midline and is clearly defined with a
foley catheter and aerated jelly. On the other hand if one
considers implanting just the peripheral zone as a hemi-
focal technique then using ultrasound alone is likely not
sufficient. Other more ultra-focal approaches are even
riskier in terms of inadequately encompassing the target and
should be done using TRUS/MRI fusion or MRI-based
approaches. In fact, some have argued that a disadvantage
of radiation therapy for focal therapy is the fact that there is
no real time feedback of tissue destruction.

There are additional considerations with defining targets
based on mp-MRI for focal therapy. mp-MRI shows a
lesion in about 84 % of cases (68, 89, and 100 % of patients
with NCCN low, intermediate, and high risk disease)
(Kamrava et al. 2013). This means approximately 30 % of
low risk patients will not have an identifiable target for an
ultra-focal approach. When patients do have a lesion it still
needs to be biopsied and cannot be assumed to be cancer. A
modified version of the European Society of Uroradiology
guidelines has been used to stratify the suspicion of cancer
for target lesions. Based on TRUS/MRI fusion biopsies,
patients with a cancer suspicion score of 5 have a 94 %
chance of having prostate cancer but only 29 % of low risk
patients have a score of 4–5 (Kamrava et al. 2013; Sonn
et al. 2013). So there will be many low risk patients with
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either no target lesion or a lesion with a low suspicion score.
The effect of hormone therapy on the conspicuity of MRI
target lesions also needs to be considered as hormones can
change the appearance of targets (Groenendaal et al. 2012).

The best radiation technique (low dose rate seeds, high
dose rate brachytherapy, stereotactic body radiation ther-
apy, intensity-modulated proton therapy) for focal therapy
is also unknown. When using a low dose rate approach the
above consensus statement suggests a preplanned approach
that ideally includes mp-MRI fusion with TRUS. Real time
intraoperative dose planning is also ideal. In deciding
between 125I, 103Pd, and 131Cs it was felt 125I has the most
favorable characteristics. Stranded or linked seeds were
recommended in the periphery with loose seeds centrally to
provide more flexibility. Lower seed activity (*0.5 U) was

also felt to be advantageous as it allows for seeds to be
spaced closer together.

There are no consensus guidelines for other radiation
techniques but there is one dosimetry paper that has
examined the magnitude of dose reduction with standard
high dose rate brachytherapy whole gland versus hemi-
gland treatment (Kamrava et al. 2013) (Fig. 2). 10 whole-
gland high dose rate prostate implants were used to generate
10 whole-gland and 20 hemi-gland (consisting of left and
right) treatment plans using Inverse Planning Simulation
Annealing using Oncentra Masterplan (Nucletron). The
hemi-gland contour was a modification of the whole gland
contour whereby the urethra was used to divide the volume
into a left and right hemi-gland. Hemi-gland treatment
decreased the Davg to the rectum, bladder, and urethra by a

Hemi-Focal TherapyUltra-Focal Therapy Focused Therapy

a

b

c

Fig. 1 Examples of different types of focal therapy. Ultra-focal
therapy refers to treating a a specific target lesion or b multiple
target lesions with a margin. Hemi-focal therapy refers to treating
a half the gland with the urethra serving as midline or b treating the
peripheral zone only. Focused therapy refers to differentially treating
parts of the prostate gland. Examples of this include a full dose to

the prostate gland but with sparing of the urethra and neurovascular
bundles, b full dose to the prostate gland and a boost to a target
lesion, and c full dose to a target lesion but less than full dose to the
whole prostate gland. Blue circle = prostate gland, red filled
circle = urethra, red open circles = treatment target, orange rect-
angle = neurovascular bundle
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difference of 7.0, 5.9, and 16.3 %. Another dosimetric
consideration with radiation therapy which is not true with
other ablative technologies is the fact that the dose of
radiation therapy does not fall off immediately outside of
the target. This ‘‘spill dose’’ may be advantageous if this
dose is adequate to treat insignificant disease that falls
within this ‘‘spill dose’’ region but may be a disadvantage
when considering retreatment options. In the above-

mentioned HDR dosimetry study the ‘‘spill dose’’ was
determined for one case and it was determined that the V50

to the contralateral gland was 40 % (Kamrava et al. 2013).
This means that if one were to retreat the contralateral
hemi-gland and sum the dose from the original plan and the
retreatment plan then one would overdose the organs at risk
(Kamravaet al. 2013). A modified contour is necessary with
a modified dose to meet current dose constraints (Kamrava

Fig. 2 Examples of the isodose distribution (blue = 100 %, yel-
low = 110 %, white = 50 %) with high dose rate brachytherapy
hemi-gland treatment. These images are axial slices of a high dose rate
brachytherapy implant where the whole prostate gland contour was
split into right and left hemi-gland contours with the urethra serving as
the midline. Figure 2a demonstrates the isodose distribution of a right
hemi-gland treatment, a left hemi-gland treatment, and a summation of

the right and left hemi-gland plans demonstrating that simply adding
the two hemi-gland plans overdoses normal tissues. Figure 2b shows
the extent of ‘‘spill’’ from a right and left hemi-gland treatment into the
contralateral hemi-gland. Figure 2c demonstrates an example of a left
hemi-gland treatment, a matching field in the event of a contralateral
failure, and a summation of the two plans showing acceptable doses to
organs at risk
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et al. 2013). The example presented in this dosimetric study
did not consider issues such as prostate deformation and
size changes following treatment and so the reality of
combining dose from an initial implant and retreatment will
certainly be more complicated.

5 Clinical Outcomes with Focal Therapy

There is a growing body of focal therapy clinical data.
Trying to draw definitive conclusions from the existing
literature is challenging. Studies vary greatly in inclusion
and evaluation criteria, treatment technique, endpoints,
definition of failure, posttreatment assessment protocols,
and measures of toxicity. A great deal of insight can still be
gleaned, though, from the existing literature. The largest
study to date investigating focal therapy was recently
updated by Nguyen et al. (Nguyen et al. 2012). 318 patients
were treated using intraoperative MRI guidance to deliver
low dose rate brachytherapy using 125I (minimum dose
137 Gy) to the peripheral zone only. Entry criteria included
being T1c, having a PSA \ 15 ng/mL and a biopsy Gleason
score 3 ? 4 or less. 88 % of patients had Gleason score
3 ? 3 and 83 % of the patient cohort was low risk. With a
median follow-up of 5.1 years 91.5 % of patients had PSA
control by nadir ? 2 and 78.1 % at 8 years. Nadir ? 2 for
low risk patients at 5 and 8 years was 95.1 % and 80.4 %
but this improved to 95.6 % and 90.0 % using nadir ? 2
and PSA velocity [0.75 ng/mL per year. For intermediate
risk patients PSA failure-free survival was 73 % at 5 years
and 66.4 % at 8 years. When looking at the cohort of 36
patients who failed by the nadir ? 2 definition 16/22 with a
PSA velocity [0.75 ng/mL per year had a suspicious lesion
on MRI that was biopsy positive for a local recurrence
(Gleason 3 ? 3 in 5, Gleason 3 ? 4 in 2, Gleason 4 ? 3 in
2, Gleason 4 ? 4 in 1, Gleason 3 ? 5 in 1, and Gleason
4 ? 5 in 2). For the 10 patients with nadir ? 2 failure but
PSA velocity \0.75 ng/mL per year only 2 had suspicious
lesions on MRI. Both underwent 12 core biopsy and one
Gleason score 3 ? 3 = 6 disease was found. Based on this
data PSA velocity greater than 0.75 ng/mL per year in
addition to nadir ? 2 better predicts failure in this less than
whole gland treatment setting. While this provides some
evidence-based guidance, PSA kinetics post partial gland
therapy are ultimately not well understood. Our limited
understanding of PSA changes post partial gland treatment
serves as an impediment to defining ideal follow-up and
definitions of failure.

Other focal therapy radiation approaches have used
intensity modulated radiation therapy to spare the urethra in
a more focused therapy approach. A randomized phase II

study of urethra sparing treatment versus standard whole
gland therapy for NCCN low risk patients was recently
published (Vainshtein et al. 2012). The prescription dose
was 75.6 Gy and for the urethral sparing plans the mean
proximal and distal urethral doses were limited to 65 Gy
and 74 Gy, respectively. Patients had to have no visible
lesion within 5 mm of the prostatic urethra seen on MRI.
The primary endpoint was a change in urinary health related
quality of life at 3 months using the Expanded Prostate
Cancer Index (EPIC) quality of life questionnaire. 16
patients were randomized and the trial was subsequently
halted as no significant differences in EPIC urinary health
related quality of life at 3 months was observed. At a
median follow-up of 4.7 years three patients had PSA
failure in the urethral sparing group but there were none in
the standard treatment group. Two out of the three patients
with PSA failure had biopsy proven local failure contra-
lateral to the original site of disease. It is likely that using a
1.5T MRI with no multiparametric sequences that the MRI
understaged some of these patients.

Outside of radiation therapy there are a number of
important focal therapy studies. HIFU and cryoablation are
the most developed techniques, however, multiple other
techniques are emerging (Bozzini et al. 2013). The most
important non-radiation data comes from a group in the
United Kingdom that focuses on the use of HIFU (Ahmed
et al. 2011). They conducted a Phase I/II trial in men with
either low or intermediate risk disease (PSA B 15, Gleason
score B4 ? 3, stage BT2b). They had to have unilateral
disease as assessed by TRUS guided biopsies, mp-MRI, and
TPM biopsies. Hemi-gland treatment with the urethra
defining the mid-gland was delivered using the Sonablate
500. The trial was powered to see if focal therapy signifi-
cantly reduces the risk of erectile dysfunction at 12 months
post-treatment. 20 patients were enrolled and 75 % of them
had D’Amico based intermediate risk disease. mp-MRI at
6 months showed residual cancer in the treated lobe in 2
men but no suspicious lesions in the untreated lobe in any.
There was an 80 % decrease in PSA seen at 3 months that
persisted at 12 months (7.3 vs. 1.5 ng/mL). 2 patients with
positive mp-MRI at 6 months had biopsies. Both had low
volume disease with 1 mm Gleason 3 ? 3 in 1 of 4 and 1 of
5 biopsies. One patient elected to undergo active surveil-
lance and the other was retreated with HIFU. 89 % of
patients achieved the trifecta status of pad-free, leak-free
continence, and erections sufficient for intercourse. This
same group subsequently published the first study using an
ultra-focal HIFU approach (Ahmed et al. 2012). Low risk
patients (PSA B 15, Gleason score B4 ? 3, stage BT2a)
were included and evaluated using 1.5T mp-MRI and
transperineal template mapping biopsies. The edges of the
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ablative zone needed to be at least 10 mm from a neuro-
vascular bundle or at least 5 mm from both neurovascular
bundles if disease was bilateral. Untreated areas could not
have any histological evidence of prostate cancer. A max-
imum of two areas could be treated and were treated with at
least 3–5 mm margins. Primary outcomes were feasibility,
patient acceptability, and side-effect profile. Secondary
outcomes were histological and imaging measures of cancer
control. 41 men were treated with 49 % receiving unilateral
one area ablation, 37 % receiving bilateral two area abla-
tion, and 15 % receiving a midline one area ablation.
Median PSA level at baseline was 6.6 ng/mL and at
12 months follow-up was 1.9 ng/mL. 39 patients had a
biopsy at 6 months with a mean of 6 cores taken. mp-MRI
at 6 months showed signs of residual cancer in the treated
areas in nine men and was confirmed on biopsy in seven of
them. Two men had negative mp-MRIs but positive biop-
sies. Both demonstrated clinically insignificant disease. Of
the men with positive biopsies five chose active surveillance
and four chose retreatment with HIFU. Of the 31 men with
good baseline function 84 % achieved the trifecta status of
being leak-free, pad-free, erections sufficient for inter-
course, and with no evidence of clinically significant dis-
ease on mp-MRI at 12 months. Cryotherapy is another very
common focal therapy technique and the largest cohort of
patients treated with this modality was reported from the
Cryo On-Line Database (COLD) registry (Ward and Jones
2012). Focal therapy to a portion of the gland was per-
formed in 1,160 patients (47 % low risk and 41 % inter-
mediate risk) with biochemical control (old ASTRO
definition) at 36 months of 75.7 %. This is similar to the
biochemical recurrence-free survival of patients treated
with whole gland cryotherapy treatment at 75.1 %. Toxicity
rates were either similar or better in the focal versus whole
gland cryotherapy group: urinary incontinence 1.6 versus
3.1 %, new-onset erectile dysfunction 41.9 versus 67.6 %,
rectourethral fistula 0.1 versus 0.4 %, urinary retention 1.2
versus 1.6 %. Definitive conclusions from this data are
limited because of the lack of defined criteria for treating
patients.

Radiation, HIFU, and cryotherapy are all viable treat-
ment modalities for focal therapy. Whether one modality is
superior to another is not known and further studies are
needed to determine the ideal use of each modality.

6 Conclusions

Focal therapy for prostate cancer is an emerging treatment
option for the overtreatment of prostate cancer. Its goal is to
provide equivalent tumor control while reducing acute and
late term morbidities. Initial data appears promising,

however, much more work is needed to consider this stan-
dard of care. Patients interested in focal therapy should be
enrolled on well-designed clinical trials so definitive con-
clusions regarding this treatment approach can be made.
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Abstract

Within recent years permanent interstitial brachytherapy
of the prostate has become an widely accepted, attractive
treatment approach typically for the low-risk prostate
cancer. In the hands of an experienced brachytherapist, it
is a safe and feasible therapy with acceptable toxicity. Its
application might further be extended to intermediate to
high risk cancers, possibly in combination with androgen
deprivation therapy or external beam radiotherapy. In this
chapter, state of the art approaches as well as controversies
are discussed, and recent literature is reviewed. While the
technical details of this demanding procedure itself are
presented elsewhere, the following focuses on selected
topics like patient selection, indications and contraindica-
tions, dosimetry and definitions of recurrence.

Abbreviations and Acronyms

ABS American Brachytherapy Society
ADT Androgen deprivation therapy
BED Biologically effective dose
BFFF Biochemical freedom of failure
bNED Biochemical no evidence of disease
bPFS Biochemical progression-free survival
CSS Cause-specific survival
CTV Clinical target volume
D90 Dose in Gray, which is delivered to 90 %

of the contoured volume
DRE Digital rectal examination
DSS Disease-specific survival
EBRT External beam radiotherapy
FFBF Freedom from biochemical failure
FFP Freedom from progression
GI Gastrointestinal
GU Genitourinary
IIEF International index or erectile function
IPSS International prostate symptom score
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LDR Low dose rate
LUTS Lower urinary tract symptoms
OS Overall survival
p/r/u Prefixes for dosimetric values D90, V100 (“p”—

prostate, “u”—urethra, and “r”—rectal contour)
PBC Positive biopsy cores
PCSM Prostate cancer specific mortality
PD Prescribed dose
PDE-5 Phosphodiesterase type 5
PPC Percentage of positive biopsy cores
PSA Prostate specific antigen
PSI Permanent seed implantation
PTV Planning target volume
SVB Seminal vesicle biopsy
TRUS Transrectal ultrasound
TUR-P Transurethral resection of prostate
V100 Volume in cm3, which gets 100 % of PD

1 Why Seeds?

The permanent implantation of radioactive seeds (PSI) has
become a commonly accepted and effective treatment option
mainly for low-risk prostate cancer. Obviously, the one day
minimal-invasive treatment procedure provides several
advantages for patients. In practice, this technique has to
compete with surgical and conservative treatment modali-
ties, thus brachytherapists often need to argue in terms of
disease control, toxicity, quality of life and economical
burden to support its use.

Excellent long-term outcomes can be achieved with PSI
(Taira et al. 2011; Sylvester et al. 2011; Stone and Stock
2014a). It is mainly recommended for low-risk patients, but
it also has proven, often in combination with other treatment
modalities, its successful use in intermediate- and high-risk
tumors.

A recent study emphasized the superior outcome for all
risk groups in comparison to other current primary treatment
options, when PSI was used alone or in conjunction with
external beam radiotherapy (EBRT) or androgen deprivation
therapy (ADT) (Grimm et al. 2012).

During EBRT, the prostate and the seminal vesicles show
an intrafractional motion of a few millimeters. The longer a
single treatment fraction lasts, the higher is the probability of
a significant displacement of the target organ. Several
approaches like endorectal balloon application, fiducial
markers and intrafractional image guidance are undertaken
to minimize the problem of inappropriate prostate dose
coverage. However, field margins of 0.5–1.5 cm are

recommended for EBRT, which can be reduced to 0.5–1 cm
with daily portal imaging (Hansen and Roach III 2010).
During brachytherapy however, the dose coverage depends
on the seed arrangement within the prostate and follows the
natural movement of the organ. Hence, a reduction of safety
margins to 2–3 mm is possible mainly to cover potential
extracapsular extension. Due to the reduced margins, the
organs at risk like bladder and rectum can largely be saved
from the high dose region, which might ultimatively trans-
late into reduced toxicity. On the other hand, misplacement
of seeds can lead to severe injury of adjacent normal tissues.

Some studies regarding patients with low-risk prostate
cancer, suggest that PSI results in a more complete ablation
of the prostate gland’s metabolism than EBRT (Pickett et al.
2004, 2006). This might be an indicator for a superior
radiobiological effect of LDR brachytherapy in the treatment
of prostate cancer.

2 Guidelines and Recommendations

Brachytherapy of the prostate follows a curative intention,
wherefore careful attention should be paid to current treat-
ment recommendations and an appropriate patient selection.
These may be the main influencing factor for the effective-
ness and (long term) toxicity of this treatment approach.
Every treatment outside of guidelines concerning selection
of tumor stage and functional characteristics may lead to a
reduced tumor control probability or a higher risk for
adverse effects.

The American Brachytherapy Society has published a
detailed consensus guideline for permanent prostate brach-
ytherapy (Davis et al. 2012). It focuses on patient selection,
contraindications, and the pre-, intra- and postoperative
procedures.

A shorter overview provides the current guideline of the
American Society for Radiation Oncology (Rosenthal et al.
2011) and the National Comprehensive Cancer Network
(NCCN) (Mohler et al. 2012; NCCN 2012).

European Guidelines from the European Society for
Therapeutic Radiology and Oncology were published by
Ash et al. (2000).

In Germany, a collaborative group released an evidence
based guideline for the early diagnosis, diagnostic practice
and treatment of prostate cancer (Deutsche Gesellschaft für
Urologie 2011).

Moreover, summarized results from the Prostate Cancer
Results Study Group were published in 2012. This interna-
tional group conducted a comprehensive literature review and
provides detailed informations to assist treatment decisions
(Grimm et al. 2012).
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3 Patient Selection

Usually, treatment decisions are made on clinical risk cate-
gories, which predict the future probability of an outcome.
According to T-Stage, Gleason pattern and PSA-Value
patients can be primarily categorized in three risk groups
(low-, intermediate- and high risk) (Tables 1 and 2). Fur-
thermore, functional characteristics affecting functional
outcome are taken into account (IPSS, urodynamic param-
eters, TURP in medical history).

The pre-treatment risk stratification is an area of current
debate. Critical prognostic parameters such as tumor exten-
sion, invasion of the prostate capsule or the seminal vesicles
and Gleason score are ultimately available only after sur-
gery. At primary diagnosis, a clinical T stage is stated by the
urologist due to pathological findings in digital rectal
examination or transrectal ultrasound, which is prone to
significant interobserver variability and staging errors.

Reese et al. found errors in assigning the correct clinical
stage in 35.4 % of patients. Most of them resulted in patient
downstaging, and TRUS findings are frequently disregarded
(Reese et al. 2011). 25 % of patients with Gleason 6 in one
or two biopsy cores might reveal a higher Gleason score or
extraprostatic extension at prostatectomy (Katz et al. 2011).

In comparison to urologists using pathological findings to
predict the outcome after prostatectomy, radiation oncolo-
gists have to accept obvious uncertainties in clinical staging
categories before therapy. This might strongly affect clinical
outcomes.

Concerning thismatter, nomograms have been developed to
give a more precise prediction of treatment success, compli-
cations and acute and long-term morbidity (Stephenson

and Kattan 2006; Zelefsky et al. 2012; Kaplan et al. 2012;
Roeloffzen et al. 2011). Another nomogram is applied to
patients with favorable-risk prostate cancer considered for
brachytherapy to estimate the risk for Gleason score upgrading
(Bowes et al. 2012b). While these nomograms can help
selecting a treatment for prostate cancer, they should not be
used as a surrogate for physician’s treatment recommendations.

Additional radiological examinations (high-quality mag-
netic resonance imaging, spectroscopy) could improve
evaluation of tumor location and support accuracy in therapy
decision and planning. Imaging fusion techniques with
ultrasonography have been established for image-guided
prostate biopsy (Hoeks et al. 2011) or post-implant dosim-
etry (Bowes et al. 2013a). In future, image-guided prostate
brachytherapy may open up new therapy approaches (e.g.
dose escalation in sub-volumes of the prostate, salvage
brachytherapy following EBRT). However, in low risk
cancer, usually additional examinations including MRT are
currently not recommended.

The difficulty in assigning biochemical failure to risk
groups in patients following brachytherapy still remains
challenging. Some authors discuss the weakness of the
existing three-group stratification system in detail (Rodrigues
et al. 2012). They mention novel prognostic factors and the
introduction of further risk categories, such as very-low-risk
and very high-risk strata. Others refer to the inhomogeneity
of intermediate-risk group and suggest a division into a low-
intermediate risk group and a high-intermediate risk group
(Beasley et al. 2008; Williams et al. 2006). However, the
author’s stratification system did not integrate essential risk
factors such as amount of high-grade cancer, Gleason pattern
4+3 versus 3+4.

Table 1 Risk group criteria for clinically localized prostate cancer T1-T2c N0 M0

Low risk Intermediate risk High risk

Seattle
Zelefsky et al. (1998)

(all factors)
T1-2
+ GS ≤6
+ PSA ≤10

(one factor)
[T2
/ GS ≥7
/ PSA[10

2 or 3 factors
[T2
/ GS ≥7
/ PSA[10

Mount Sinai
Sylvester et al. (2003)

(all factors)
\T2c
+ GS\ 7
+ PSA ≤10

(one factor)
≥T2c
/ GS ≥7
/ PSA[10

2 or 3 factors
≥ T2c
/ GS ≥7
/ PSA[10

Boston
D’Amico et al. (1998)

T1c-T2a
+ GS ≤6
+ PSA ≤10

T2b
/ GS = 7
/ PSA[10 and ≤20

T2c
/ GS 8–10
/ PSA[20

AUA
Thompson et al. (2007)

T1c-T2a
+ GS ≤6
+ PSA ≤10

T2b not qualifying for high risk
/ GS = 7
/ PSA 10–20

T2c
/ GS 8–10
/ PSA[20

+ and; / or; ± and/or; T-Stage AJCC 1992
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3.1 Patient’s Selection

The patient’s decision, which therapy fits their needs best, is
often influenced by the personal attitude of their physician as
well as their own attitude. In one study by Anandanas et al.,
60 % of the patients with early prostate cancer, who chose
radical prostatectomy (40 %), did so because they wanted
physical removal of their tumor. Twenty-seven percent of
men with EBRT (31 %) had fear of other treatment options,
and the main reason (39 %) for choosing brachytherapy
(21%) was lifestyle consideration. There was no predominant

reason for choosing Active Surveillance (8 %). After 2 years,
all patient groups (Surgery, EBRT, PSI, and Active Surveil-
lance) showed comparable satisfaction with their treatment
decision (Anandadas et al. 2011). Other studies showed a
significant better patient satisfaction following PSI compared
to Surgery or EBRT (Crook et al. 2011; Wagner et al. 2011).

Remarkably, choosing radiation isgenerally amoredifficult
decision than choosing surgery (Sidana et al. 2012). Because
“Doctor’s recommendation” is the main reason for selecting a
treatment, there might be a difference between surgeons and
radiation oncologists in terms of persuasive power or

Table 2 Risk group criteria for prostate cancer

Low risk Intermediate risk High risk

Merrick et al. (2008) ≤T2a
+ GS ≤6
+ PSA ≤10

(one factor)
T2b
/ GS = 7
/ PSA 10–20

2 or 3 factors of
intermediate
/ (≥T2c
/ GS 8–10
/ PSA ≥20)

NICE
Great Britain
Graham et al. (2008)

(all factors)
T1-T2a
+ GS ≤6
+ PSA\10

T2b-T2c
/ GS = 7
/ PSA 10–20

T3–T4
/ GS 8–10
/ PSA[20

CaPSURE
USA
Cooperberg et al. (2003)

T1-T2a (1997 TNM system)
+ GS ≤6
+ PSA ≤10

T2b
/ GS = 7
/ PSA 10–20

T3-T4
/ GS 8–10
/ PSA[20

PPC classification
Australia (T1c-T3)
Huang et al. (2012)

+ GS 2–6
+ PSA ≤10
Or
(GS = 7
± PSA 10–20)
+ PPC ≤50 %

not low/high risk (GS 8–10
± PSA[20)
+ PPC[50%

ESMO
Horwich et al. (2010)

T1-2a
+ GS ≤7
+ PSA\10

not low/high risk T3–T4
/ GS 8–10
/ PSA[20

Five Level Risk Stratification
(any T)
Australia
Beasley et al. (2008)

PSA\7.5
+ GS ≤6

Low int. High int. High Extreme

PSA
7.5–15
+ GS ≤6

(PSA 15–20
+ GS ≤6)
/ (PSA ≤10
+ GS ≥7)

(PSA 20–30
+ GS ≤6)
/ (PSA
10–20
+ GS ≥7)

(PSA[20
+ GS ≥7)
/ (PSA[30
+ GS ≤6)

NCCN
USA
NCCN (2012)

Very low Low T2b-T2c
/ GS = 7
/ PSA 10–20

High Very high

T1c
+ GS ≤6
+ PSA ≤10
+ PBC\3
+ PPC\50 %
PSA-density\0.15 ng/
ml/g

T1-T2a
+ GS ≤6
+ PSA ≤10

T3a
/ GS = 8–10
/ PSA[20

T3b–T4:
(locally
advanced)

EAU
Heidenreich et al. (2011)

cT1-T2a
+ GS 2–6
+ PSA\10

cT2b-T2c
/ GS = 7
/ PSA 10–20

cT3a
/ GS 8–10
/ PSA[20

cT3b-T4 N0
any T, N1

+ and; / or; ± and/or; T-Stage AJCC 1992

190 R. Thamm



argumentation (Patient is “too young for less aggressive treat-
ment”, “Avoid RT: difficult to treat recurrence”).

Holmes et al. presented a patterns of care study of the
relationship between age, the likelihood of extraprostatic
cancer and primary therapy. Patients younger than 50 years
receive more often primary surgery. In older patients, there
may be a higher use of conservative treatment, even with
[50 % likelihood of extraprostatic cancer (Holmes et al.
2012). Thus, multidisciplinary consultation should be
established as a standard, to result in individualized treatment
recommendations based on age, risk strata and comorbidities.

4 Risk Groups

4.1 Low-Risk

Traditionally, PSI is a domain of low-risk cancer, mostly
defined as cT1c-2a, Gleason Score 2–6, and PSA ≤10 ng/ml.
This stage describes a localized growing tumor with esti-
mation of low malignancy. Therefore, every local treatment
approaches should result in comparable high cure rates.

Despite plenty of single institutional studies with pre-
sentation of long-term results, randomized studies are rare.
In the low-risk group, excellent biochemical relapse-free
survival up to 95.6 % (12 year) and 85.9 % (15 year) are
reported (Taira et al. 2011; Sylvester et al. 2007). Studies
with the largest patient numbers report biochemical freedom
of failure (BFFF) in about 88 % of the patients (Stone et al.
2011), with clinical stage, Gleason Score, PSA level and
biological effective dose as significant predictors.

A matched-pair analysis proved a superior biochemical
control of PSI after 5 years in comparison to EBRT (94 vs.
88 %) (Pickles et al. 2010). For low-risk patients with
assumed organ-confined disease, there may be no advantage
of additional EBRT.

In studies regarding surgery, it is often unclear if the risk
stratification is based on the pre-therapy assumed T-stage, or
on the histopathological report. With more accurate knowl-
edge on the exact tumor burden, the risk classification is more
reliable, and statistics may show better outcomes for “real”
early tumor stages. Therefore, comparison of outcomes after
prostatectomy with those following PSI is complex.

Older series should not further be used for argumentation,
because of lower radiation doses, higher PSA median in
EBRT group and ancient techniques used for PSI (D’Amico
et al. 1998).

In a comprehensive review of papers published during
2000–2010, PSI provides superior outcome regarding PSA-
free progression in patients with low-risk disease in com-
parison to surgery, EBRT and other treatment approaches.
(Grimm et al. 2012).

A cohort analysis of outcomes after radical prostatectomy
or brachytherapy in 371 men with low- or intermediate risk
prostate cancer recently was published by Fisher et al.
Five years after surgery, bRFS rates for low—and interme-
diate-risk disease were 96.1 and 90.6 %, and 92.5 and
95.8 % after brachytherapy, respectively (Fisher et al. 2012).

Due to the lack of randomized trials, the Deutsche
Krebsgesellschaft (German Cancer Society) has started a
preference based study to evaluate surgery, EBRT, PSI and
active surveillance in low risk and low-intermediate risk
patient groups. Patients participating in this study will be
randomized in nine substudies according to their preferred
treatment options (PREFEREnce based randomized evalua-
tion of treatment modalities in low or early intermediate risk
prostate cancer) (Schmedders et al. 2011).

4.2 Intermediate-Risk

Definitions for intermediate-risk criteria may be different
from series to series, therefore outcome results may vary
slightly. An intermediate-risk tumor is more aggressive than
low risk tumors, but still organconfined. The risk for local
infiltration of the prostate’s capsula or the base of the sem-
inal vesicles is strikingly increased, thus the extent of peri-
prostatic treatment margins of PSI plays an important role if
it is used as a single therapy approach for these patients.
Regarding biochemical free progression in the intermediate
risk group, PSI alone seems to be equivalent to PSI + EBRT.
(Grimm et al. 2012; Merrick et al. 2005).

The direct comparison of surgery with radiotherapy-based
approaches like EBRT, PSI or the combination of both to
prove the superiorness of any therapy approach is still a
reason for intensive disputes between urologists and radio-
oncologists (Eastham 2004; Petros 2004). In the lack of
prospective, randomized trials, this question still remains
open.

While some retrospective surveys reported almost com-
parable results for BRFS in patients with low- and inter-
mediate risk (Fisher et al. 2012; Merrick et al. 2001), other
groups seem to clearly recommend radiotherapy-based
options in the treatment of all risk strata of prostate cancer
(Grimm et al. 2012).

Survival is still high. In a retrospective single institution
analysis, Merrick et al. report that at 8 years, 95.7 % of
patients (n = 251) were free of biochemical failure after PSI
alone for intermediate risk cancer (Merrick et al. 2005).

Survival results may vary, when different risk group
scoring schemes are used. Sylvester et al. presented bio-
chemical relapse-free survival results in patients with inter-
mediate risk prostate cancer, treated with PSI plus
neoadjuvant EBRT. After 10 years, biochemical relapse-free
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survival were 77, 93, 90 % for Seattle risk group, Mt. Sinai
risk group and D’Amico risk group, respectively (Sylvester
et al. 2003). Disease-specific survival rates range between
87 % (10-year) (Hinnen et al. 2010), 95 % (10-year) (Henry
et al. 2010) and 99.3 % (12-year) (Taira et al. 2011).

In the intermediate risk group, PSI is often combined with
EBRT.

Long-term (8-years) results of RTOG 0019 (Phase II
EBRT+PSI, primary endpoint: grade 3–5 genitourinary and
gastrointestinal toxicity, closed in 2001) revealed 15 % grade
[3 toxicity (urinary frequency, dysuria, proctitis). Forty-
two % complained of grade 3 impotence. Unfortunately,
EBRT (45 Gy) consisted of a outdated four-field technique
(Lawton et al. 2012). Current techniques for PSI and EBRT
are able to reduce side-effects when used in combination.
Zelefsky reported 4 years after real-time intraoperative
planning for PSI combined with intensity-modulated radio-
therapy with no gastrointestinal Grade 3–4 complications
and only one of 127 patients developed a Grade 3 urethral
stricture (Zelefsky et al. 2008). Therefore, modern tech-
niques should claimed as the standard approach when PSI is
combined with EBRT.

Data of the randomised RTOG 0232 study, (accrural
closed in 2012) are awaited and will report on differences
between freedom from progression (FFP) 5 years after
EBRT + PSI vs. PSI alone in intermediate risk patients.
Remarkably, intermediate risk in that study is defined as
Gleason Score = 7 with PSA\10 ng/ml or GS\7 and PSA
10–20 ng/ml, which is a subgroup of D’Amicos intermedi-
ate-risk definition (RTOG 2011).

In a retrospective series, Tanaka et al. reported a signif-
icantly higher late gastrointestinal (GI) and genitourinary
(GU) toxicity in patients with EBRT+PSI. As expected, pre-
implantation-IPSS was a significant predictor for acute GU
toxicity and the combination of EBRT+PSI was predictive
for late GU toxicity. The rectal volume receiving at least
100 % of the prescribed dose (rV100) was associated with
late GI toxicity (Tanaka et al. 2013).

As the combination of EBRT and PSI carries the potential
risk of increased side effects and complications, this treatment
option should only be performed in experienced centers.

The most common indication for the combination of PSI
with androgen deprivation (ADT) is prostate size reduction
to avoid pubic arch interference during needle insertion.
There are no randomized studies proving a benefit for sur-
vival. In the retrospective study by Lee et al., the 5-year
actuarial freedom from biochemical failure rate increased
significantly, when ADT was given 3 months before and
after PSI. The best outcome (94 %, n = 40) had patients with
a higher implant dose (D90[140 Gy) and ADT (Lee et al.
2002).

New data suggest a need for additive ADT only in lower
dose PSI with BED\150 Gy (Stock et al. 2012b).

When a five-level risk stratification system is used, the
cut-off for advantageous use of ADT is the high-intermediate
risk group, defined as an initial PSA of 15–20 ng/ml with a
GS ≤6 or a PSA ≤10 with a GS ≥7. In this group, 5-year
biochemical control (bNED) with or without ADT were 72
and 58 % respectively (Beasley et al. 2008).

Beyer et al., in their retrospective review of 2.378 con-
secutive PSI cases (33 % intermediate risk, 19.5 % with-
ADT) reported a surprising effect of short-course ADT
3–6 months before and 3 months after PSI: at 10 years,
overall survival was significantly worse with ADT (20 vs.
44 % in hormone naïve patients, p = 0.02) (Beyer et al.
2005).

In conclusion, the combination of PSI and ADT should
be administered with careful consideration, especially in the
intermediate risk group.

4.3 High-Risk

The high-risk group is defined as clinical stage T2c or
Gleason[7 or PSA[20 ng/ml and has a high probability of
microscopic, clinical occult metastases already at diagnosis.
Interstitial PSI for these patients is an insufficient mono-
therapy approach due to the limited dose range of this
treatment modality.

According to the guidelines, patients should receive
supplemental EBRT ± ADT. In a meta-analysis, this man-
agement appears superior to more localized treatment
approaches such as surgery, EBRT or PSI alone (Grimm
et al. 2012). Results of studies using the SEER Database
showed, that treatment approaches including PSI in addition
to EBRT in high-risk cancers lead to a significant reduction
in 10-year prostate cancer-specific mortality (PCSM)
(13.4 % for PSI+EBRT vs. 21.1 % for EBRT alone) (Shen
et al. 2012). The key benefit of brachytherapy (also in
combination with EBRT) in high-risk cancers is the ability to
deliver a higher biological effective dose than with EBRT
alone, however, the high effectiveness in this situation can
only be achieved when the dose is able to completely
enclose clinical occult tumor.

In case of high risk patients: (Gleason Score ≥7 or PSA
[10ng/ml or clinical stage ≥T2b) who elect PSI as their
treatment component of choice, seminal vesicle biopsy
(SVB) can be offered as a further diagnostic step. If positive
for tumor invasion (9.9 %), additional seeds can be posi-
tioned in the anterior wall of the seminal vesicles (Stone
et al. 2012).

The high-risk group may consist of several subgroups.
Fang et al. (Fang et al. 2011) described a series of patients
(n = 174) with Gleason Score 8–10 tumors and a relative low
pretreatment PSA value of ≤15 ng/ml who received PSI.
Most of the patients (91.4 %) were additionally treated
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with EBRT with 45 Gy. Short-term or long-term ADT was
administered in 64.9 % of patients. For this group, ten-year-
outcomes were surprisingly excellent: biochemically pro-
gression free survival (bPFS) was 90 % and overall survival
(OS) was 69.4 %. Interestingly, the use of ADT did not
significantly impact bPFS, CSS or OS.

Bittner et al. (2012) defined a “very-high risk group” with
the following criteria: any Gleason Score 10 or Gleason
Score 8–9 with [50 % of positive biopsy cores (PPC) or
Gleason Score 8–9 with PSA[20 ng/ml or any T3 or any
PSA[40 ng/ml.

At 12 years, bPFS was 86.5 % and OS 60.5 % (all
patients received PSI, 91.6 % EBRT and ADT 76.3 %).
Remarkably, death from diseases of the heart was still more
than twice as likely as death from prostate cancer.

High-risk patients with EBRT ± PSI may profit by
additive ADT, when distant microscopic disease is expected.
In a prospective, non-randomised data set, Beasley et al.
(Beasley et al. 2008) found an increase of biochemical
control, when ADT was added to EBRT (55 % vs. 42 %
without ADT, p = 0.004).

One retrospective study demonstrated that combined
therapy with EBRT and PSI seems to be superior compared
to dose-escalated EBRT. Additional use of ADT decreases
biochemical failure and prostate cancer specific mortality.
The authors report the greatest benefit was observed for
long-term ADT (Shilkrut et al. 2012).

In the newest publication of Stone and Stock, the factors
influencing 15-year cause-specific and all-cause survival
(ACS) of patients treated with PSI were analyzed. In the
analyzed patient group, long term ADT ([6 months) has a
significant negative impact on ACS in both younger and
older men. Therefore long term ADT has to be administered
carefully, especially when other risk factors such as car-
diovascular comorbidities or diabetes are present (Stone and
Stock 2014a).

4.4 Gleason Score 3+4 Versus 4+3

After radical prostatectomy, patients with a higher primary
Gleason pattern have higher rates of extracapsular extension
or seminal vesicle invasion. Consequently, the risk for bio-
chemical failure is significantly higher (Alenda et al. 2011).
It is assumed, that tumors with Gleason 3 pattern are more
benign than those with Gleason pattern 4 (Lavery and
Droller 2012).

In a survey, the difference in primary Gleason pattern
played only a subsidiary role in brachytherapy (Stock et al.
2012a; Herbert et al. 2012), although conflicting results have
been reported (Uesugi et al. 2012; Bittner et al. 2013). The
authors detected no significant effect on biochemical failure
after 10 years independent from supplemental EBRT or

ADT (Stock et al. 2012a). Anyhow, patients with Gleason
pattern 4+3 deserve careful consideration of additional risk
factors (PSA[10 ng/ml, clinical Stage, volume of cancer on
biopsy). PSI alone, and a biologically effective dose (BED)
≤160 Gy2 might lead to increased biochemical failure, while
combined therapy (e.g. ADT and PSI or PSI and EBRT)
seems to be the treatment of first choice (Stock et al. 2012a).

4.5 Does Age Matter?

Younger men (\50 years) with prostate cancer are more
frequent candidates for surgery, because urologists typically
recommend surgery as the best chance of long-term cure.
Younger patients also feel that radiation is a less aggressive
therapy than surgery or they are concerned about difficulties
in case of tumor recurrence after radiotherapy (Sidana et al.
2012).

In fact, younger patients (in this study defined as
≤60 years), at average have smaller, better differentiated
tumours, with a consequently better prognosis than patients
over 60 years (Hinnen et al. 2011). Additionally, younger
patients (\50 years) seem to have a lower incidence of
extraprostatic extension, seminal vesicle involvement and
non-organ-confined disease rate compared with older men
aged from 60–69 years (Khan et al. 2003). Therefore, with a
higher prevalence of organ-confined disease, all local treat-
ment approaches like radical prostatectomy—but also PSI—
may lead to similar survival results in the treatment of younger
patients with prostate cancer. Ten years after surgery (PSA
\0.2 ng/ml) and PSI (Phoenix, +2 ng/ml above nadir), bio-
chemical free survival of younger patients (\60 years) is about
78–81 and 91.3–95 %, respectively (Khan et al. 2003; Burri
et al. 2010; Shapiro et al. 2009). However, this raw compar-
ison does not qualify to deduce any treatment preference.

Merrick et al. presented a data set of 42 consecutive
patients ≤50 years with PSI ± supplemental therapies. All risk
groups were represented in this cohort. Due to the small
patient number in the particular risk groups, they reported the
cause-specific survival, bPFS, and OS only for the entire
cohort, which was: 100, 97.7, and 100 %, respectively
(Merrick et al. 2008). The same group presented a retro-
spective report of young patients (≤54 years, n = 108) who
underwent PSI or EBRT+PSI for clinically localized prostate
cancer (cT1c-T2N0M0). At 8 years, biochemical progres-
sion-free survival was 96, 100 and 75 % (three of four
patients) for the groups with low, intermediate and high-risk
tumor, respectively (Merrick et al. 2006).

Another study presented the results of 175 patients
(≤55 years) with PSI for T1-3 prostate cancer. Additionally
EBRT + ADT was administered to selected low-, interme-
diate- and high-risk patients. Freedom from biochemical
failure (FFBF) after a median follow-up of 4.7 years was
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98.7, 97.1 and 89.3 % in the low, intermediate and high risk
group, respectively (Boo et al. 2012).

Hinnen et al. presented 10-year outcomes in patients aged
≤60 years with PSI as monotherapy for locally confined,
intermediate or well-differentiated tumors: FFBF, disease-
specific survival and overall survival were 63, 87 and 81 %,
respectively (Hinnen et al. 2011). For low, intermediate and
high risk patients, a 10-year freedom from progression was
reported from Shapiro et al. as 91.3, 80 and 70.2 %, com-
pared to 91.8, 83.4, and 72.1 % respectively, for men
60 years or older (Shapiro et al. 2009). Similar results were
published from other groups (Burri et al. 2010).

Only few studies have analysed survival rates of elderly
men, but the data suggest an effective and safe monotherapy
in over 75 years old men. In one study, the 5-year FFBF rate
was 91.3 % (OS 95 %) with 5 % grade 3 genitourinary
toxicity (Chiumento et al. 2013).

In conclusion, young men achieve excellent biochemical
control rates with PSI for localized prostate cancer. With
regard to comorbidities and adverse effects, administering
PSI to elderly patients should be practiced with careful
consideration. Patient age alone should not influence treat-
ment decisions.

4.6 Does Size Matter?

Patients with prostate gland size \20 cm3 are often con-
sidered poor candidates for prostate brachytherapy. Some
studies have published the association between small glands
and inadequate dosimetry, larger 1-month edema, lower D90
and higher intracapsular seed density (Liu et al. 2010;
McNeely et al. 2004).

Small prostate sizes seem to be associated with an
increased risk of occult higher-grade disease and extracap-
sular extension. An increased risk for Gleason upgrade was
described by Turley and revised later as an effect of the
biopsy technique (Turley et al. 2008a, b).

It has to be emphasized, that for high-quality PSI of small
sizes, brachytherapy team experience and the achievement of
adequate treatment margins is substantial. Under this con-
dition, PSI of smaller glands is at no higher risk of treatment
failure than in men with larger prostates (Liu et al. 2010;
Taira et al. 2012; Mayadev et al. 2010).

The common recommendation is to be cautious with PSI of
large prostates[60 cm3 at the time of implantation (Davis
et al. 2012). Depending on prostate size, but also on individual
pelvic anatomy, intraoperative patient position and technique,
some prostate glands may be covered by the pubic arch on
both lateral or ventral sides (“pubic arch interference”). Thus,
these regions can not be punctured with the implantation
needles, which may result in insufficient dose coverage.

Larger prostates, up to 100 cm3 are technically chal-
lenging, but toxicity and outcomes are acceptable (Dallas
et al. 2012). Despite of conflicting results, there are broad
hints for an increased urinary retention after PSI in patients
with large gland size (Crook et al. 2002a). A nomogram can
be used to predict the risk for acute urinary retention.
Besides prostate size, factors such as IPSS and ADT are
elements of the scoring system. Prostate protrusion is a
substantial predicting factor for post-PSI urinary retention,
especially in larger glands (Roeloffzen et al. 2011, 2012).

Larger glands may result in an overdosage of the anterior
rectum and the bladder neck, as a result of a broader contact
area.

In case of larger glands, several techniques are used to
overcome technical issues such as pubic arch interference:
exaggeration of intraoperative lithotomy position, downsiz-
ing with 5-α reductase inhibitors or angling the rectal probe
tip anteriorly. With the use of special equipment, oblique
needle guidance supports a more precise implantation
approach than free-hand insertion of the needles (Ryu et al.
2012).

Second, conventionally used ultrasound transducers
generate an angulated image field in the axial plane. Larger
glands tend to “wrap” around the rectum, especially when
the ultrasound tip is forced ventrally or the rectal balloon is
overfilled with water for better imaging. Some modern
ultrasound devices are equipped with a greater image field
angle in the axial plane, which is necessary to display dor-
solateral regions of very large prostate glands.

Neoadjuvant ADT reduces gland size by an average of
approximately 30 % in 3–4 months (Petit et al. 2007), but
involves the risk of urinary retention and prolonged cather-
ization (Crook et al. 2002a; Lee et al. 2010).

On the other hand, a survey with a larger patient number
didn’t confirm this observation. There was no significant
increase in urinary retention, although the ADT-group had
higher pre-treatment IPS-Scores. Furthermore, IPSS
increased less and returned to pre-implantation baseline
more rapidly when ADT was used. Only a subgroup of men
with an IPSS ≥15 showed beneficial influence of the use of
neoadjuvant ADT on the risk of urinary retention. In sum-
mary, patients with large glands and minimal urinary
symptoms lack the need for neoadjuvant ADT, as long the
brachytherapy team has the expertise to treat them (Stone
et al. 2010a; Blasko 2004).

In conclusion, no clear relationship exists between large
prostate size and increased urinary toxicity. Anyhow, due to
existing hints, patients should be informed about the
potentially increased risk.

Outcome parameters like PSA failure rate are not influ-
enced by the prostate volume (Aaltomaa et al. 2011; Dallas
et al. 2012).
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4.7 Does Dose Matter?

Commonly, whole prostate D90, V100 and BED are accepted
as dosimetric values for defining PSI implant quality. These
metrics can be stratified in different subcategories as
explained further below (see “Postplanning”) and a lower
dose has an obvious impact on biochemical and local control
(Miles et al. 2010; Ho et al. 2009; Stock et al. 1998). Nev-
ertheless, this correlation may not be assumed in general. Ash
et al. reported that there is only a significant dose response
relationship in low risk, but not in intermediate or high risk
prostate cancer (Ash et al. 2006). This may be attibuted to
different causes. Firstly, there are different criteria for PSA or
local failure (ASTRO, Phoenix, post-treatment biopsies),
which may result in different statistical outcomes. Secondly, a
low whole-prostate D90 is not always associated with treat-
ment failure, when enough dose is delivered to the tumor-
affected parts of the prostate (Sidhu et al. 2002). Further on, in
intermediate and high risk cancers there might be a higher
prevalence of clinical occult microscopic disease outside the
prostate which cannot be treated by PSI alone. In this case, an
optimal implant with high D90 will possibly result in bio-
chemical failure. At least, data sets regarding intermediate or
high risk patient groups with additional ADT need longer
follow-up periods to appreciate the impact of higher doses on
biochemical control (Stone and Stock 2014b).

In conclusion, there is obvious evidence to regard dosi-
metric values like D90, V100 or BED as suitable metrics for
the estimation of implant quality, but when these metrics are
correlated with biochemical treatment failure, multiple
aspects have to be taken thoughtfully into account.

5 Indications

Patients with low-, intermediate- and high-risk (Table 1)
localized prostate cancer may be candidates for PSI alone or
in combination with additional therapy approaches like
EBRT and/or ADT.

In short, patients with low-risk disease are ideal candi-
dates for PSI as monotherapy. In intermediate risk, the
combination of EBRT and PSI appears equivalent to PSI
alone, on the condition that the brachytherapy team provides
high expertise and dose margins are selected wide enough.
For high-risk patients, combination therapies involving
EBRT and PSI ± ADT appear superior to localized
approaches (Grimm et al. 2012; Davis et al. 2012).

Before decision-making, patient’s life expectancy should
be estimated, especially if comorbidities are present. Gen-
erally, a life expectancy of [10 years for low-grade and

[5 years for intermediate risk patients is suggested (NCCN
2012; Davis et al. 2012; Frank et al. 2011).

Patients with a PSA [50 ng/ml are unlikely to benefit
from local treatment due to the high risk for extraprostatic or
metastatic disease. Some authors, however, have demon-
strated reduction of prostate cancer mortality even in patients
with highly elevated PSA-levels (Bittner et al. 2012).

According to the NCCN and German guidelines (NCCN
2012; Deutsche Gesellschaft für Urologie 2011), additional
imaging is not mandatory in low-risk disease. A bone scan is
indicated if the following factors are present: T1 and PSA
[20 ng/ml, T2 and PSA[10 ng/ml, GS[7, T-Stage[T2 or
symptomatic skeletal disorders. Pelvic CT or MRI is indi-
cated with a PSA[10 ng/ml, in higher T-stages, or when the
nomogram-predicted risk for lymh node involvement is
above 20 %.

If brachytherapy is considered as a monotherapy and clin-
ically atypical aspects are present (e.g. 1 positive biopsy core
and PSA[10 ng/ml or 100 % positive biopsy cores in T1c),
MRI with an endorectal coil and additional sequences, may be
helpful. For treatment planning purposes, a standard body
array coil MRT is advantageous over endorectal coil MRI, due
to its anatomic distortion of the prostate (Albert et al. 2013).

In selected cases, a seminal vesicle biopsy can provide
additional information especially if a lesion is detected in
MRI that might originate from bleeding after initial prostate
biopsy.

PET/CT is not recommended for primary staging, but
may help to exclude patients with distant metastases in high-
risk groups from local therapy approaches.

6 Contraindications

Several conditions are considered as absolute or relative
contra-indications for prostate brachytherapy.

After transurethral resection of the prostate (TUR-P) PSI
should be postponed for 6–12 moths. It depends on the size
of prostatic defect, whether PSI succeeds with adequate dose
distribution, but these patients are at a higher risk for seed
loss, urethral necrosis, strictures and incontinence (Ishiyama
et al. 2012; McElveen et al. 2004). Limited TUR-P or
transurethral incision of the prostate 6 months before PSI for
patients with lower urinary tract syndromes (LUTS), ele-
vated IPS-Score or postvoid residual volume [100 ml
appears to be safe and doesn’t result in retention, urethral
necrosis or incontinence (Ivanowicz et al. 2012).

Patients with anticoagulants should stop it at least seven
days before implantation. Surprisingly, patients with anti-
coagulants show a superior biochemical control, since
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anticoagulants may modulate tumor proliferation, angio-
genesis and metastasis (Choe et al. 2010).

The Management of pubic arch interference is discussed
elsewhere (see “Does Size Matter?”).

The International Prostate Symptom Score (IPSS) is a
validated tool of the American Urological Association
(AUA) to quantify benign prostatic hyperplasia symptoms.

In short, the use of IPSS is a commonly accepted tool
among prostate brachytherapists for scaling acute urinary
morbidity due to its simplicity. The preimplant IPSS corre-
lates with the duration of postimplant obstructive symp-
tomatology, patients with a score[20 are reported to be in
29 % risk of retention (IPSS\10: 2 %, IPSS 10–20:
19.11 %) (Terk et al. 1998). Therefore patients with an IPSS
above 15, and post-void residual volumes above 100 cm3 are
regarded as poor candidates for PSI (Frank et al. 2011).

Other groups defined a three-tier system: patients with an
IPSS of 0–8 do well after PSI, patients with an IPSS of 9–19
do fair, and PSI is not recommended above an IPSS of 20
(Ash et al. 2000).

To predict the risk for acute urinary retention after PSI, a
nomogram may be used, which includes the pre-implantation
IPS-Score (Roeloffzen et al. 2011).

The flow maximum in uroflowmetry Qmax is another
component of treatment decision recommendations. Patients
with Qmax[15 ml/s are optimal for PSI. PSI is not recom-
mended for patients with Qmax\10 ml/s (Ash et al. 2000).

This parameter is typically reduced in patients with ure-
thral strictures and higher age, therefore it has a great value
in recognising and quantifying existing urinary impairments
before PSI, if age is taken into account.

In patients with an IPS-Score ≥7, measurement of uro-
flow and postvoid residual volume should be carried out
when missing (Crook et al. 2002a).

Early voiding disorders after PSI are caused by the
traumatic effect of needle implantation and mild swelling of
the gland, late disorders are caused by the effects of radio-
activity. Therefore, Qmax decreases in the first 1–3 months
after PSI, and returns to baseline one year after seed
implantation. The changes of IPSS correlate well with the
objective parameters Qmax and voided volume (Tanaka
et al. 2009; Mallick et al. 2003).

7 Implantation Methods

The technique of permanent seed implantation has been
described in many publications. While the basic technique of
real-time, rectal ultrasound assisted PSI is similar in all
centers (Fig. 1), slight modifications may consist in the type
of applicator (Needles vs. Mick-Applicator) and seeds used
(stranded vs. single vs. both types used).

7.1 Loose Versus Stranded Seeds

Stranded seeds are fabricated with absorbable spacer mate-
rial, which fix the distance of 1 cm between the centers of
two serial seeds. In some models, loose spacers of different
length can be used to build individual designed strands. The
main advantage of stranded seeds is the capability of mini-
mizing the risk for seed loss.

Newer studies using free seeds reported about seed loss in
about ¼ of patients: 22.8 % (Taussky et al. 2012), 25.6 %
(Miyazawa et al. 2012), 24.7 % (Sugawara et al. 2011), and
30 % (Reed et al. 2007).

Loose seeds can migrate through the venous system to the
lungs, abdomen and pelvis or are excreted with urine or
ejaculate. Rare locations are the coronary artery (risk of
myocardial infarction) (Zhu et al. 2006; Davis et al. 2002),
the renal artery (Nguyen et al. 2009) or the vertebral venous
plexus (Hau et al. 2011; Wagner et al. 2010).

Most of the seeds get lost right after PSI (day 1–day 30),
but few patients can loose it up to one year later (Kono et al.
2010; Miyazawa et al. 2012).

Factors predicting seed loss are the number of needles,
number of seeds, preoperative prostate volume or expertise
of the brachytherapy team (Miyazawa et al. 2012; Kono
et al. 2010; Sugawara et al. 2009; Taussky et al. 2012).

Dosimetry is not significantly altered, when only a few
seeds are lost (Sugawara et al. 2011; Taussky et al. 2012;
Stone and Stock 2005).

Unfortunately, one patient experienced a secondary small
cell lung cancer 10 years after PSI with detection of the seed
in middle of the pulmonary tumor (Chen et al. 2012).

One study compared stranded seeds versus loose seeds.
While loose seeds migrate preferably in the lung, stranded
seeds are mostly excreted with urine (Saibishkumar et al.
2009). Surprisingly, overall seed loss was more frequent in
the patient group with stranded seeds, which might be biased
by low patient number (n = 40) or wrong technique. Another
randomized study with 64 patients reported seed loss ten-
dentially twice as often in patients with loose seeds (Reed
et al. 2007).

However, it is necessary to distinguish between the
implantation of single seeds in “safer” areas, like the centers
of both prostate lobes, which can be clearly identified in real
time ultrasonography. “Unsafe” areas like the peripheral
prostate capsule, periprostatic venous system (Stone and
Stock 2005) or the direct adjacent parts of the base of
bladder or intraprostatic urethra may lead to a higher risk for
seed loss.

As standard, the seed size is approximately 4.5 mm in
length and 0.8 mm in diameter. When a thinner seed model
is used, the edema after implantation might be reduced,
which may result in lower toxicity. On the other hand,
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visibility in ultrasound might be impaired. Roberts et al.
demonstrated that the main advantage of thinner seeds is a
higher resolution in postplanning-CT, which leads to better
visual separation of closely spaced seeds (Roberts et al.
2012). Of notice, seed loss to the lung seems not to depend
on seed diameter (Wong and Sylvester 2012).

Some authors compared dosimetrical values of stranded
vs. loose seeds. Due to the fact, that the natural prostate
length is not a multiple of 1 cm (distance between stranded
seeds), differences are to be expected. Therefore stranded
seeds have a trend toward lower D90 and V100 values (Reed
et al. 2007; Saibishkumar et al. 2009).

Obviously, with loose seeds the isodose contour might
enwrap the prostate in a smoother way. But when larger
treatment margins are indispensable (e.g. in intermediate-
risk groups), this might be achieved easier and safer with

stranded seeds in the outer periphery of the prostate gland
than with single seeds (or with higher activity). Unfortu-
nately, there are no studies evaluating this issue.

In some areas of the prostate, single seeds are advanta-
geous. Due to the natural bending of the intraprostatic ure-
thra, the use of stranded seeds in the center of the prostate
may carry the risk of an overdosage of the middle urethra. In
this case, single seeds might be placed in the apical or basal
region. To prevent seed lost, single seeds with both-sided
attached spacer material may be used.

Langley and Laing (Langley and Laing 2012) presented a
new real-time technique called “4D Brachtherapy”. This
technique uses a combination of stranded seeds around the
periphery of the prostate gland and loose seeds within the
central area. The planning procedure is based on simple
ultrasound based measurements, and the number of stranded

Fig. 1 View of setup for permanent seed implantation. The patient is
placed under general anesthesia in exaggerated lithotomy position. A
biplane rectal ultrasound system with template (two-directional coor-
dinate system with prefabricated perforations at regular 3–5 mm
intervals), stepper (mounting device) and rectal balloon is applied. The
urethra may be visualized on the ultrasound images by a urinary
catheter or aerated ultrasound gel. Special fixation needles may be used
to minimize prostate motion during procedure (not illustrated). After
image acquisition of the prostate in 3–5 mm-steps (plus one slice in

cranial and caudal direction: “cut above” and “cut below”), brachy-
therapy planning is performed. During the implantation procedure, the
needles with preloaded (stranded) seeds are inserted at the planned
coordinates of the template. The precise position of the needle is
detected on the real-time ultrasound images (axial plane). Then, in the
longitudinal ultrasound plane, the needle is pushed forward to the
intended depth. While the wire stylus is fixed, the needle is slowly
pulled out, and the seeds are ejected in the tissue of the prostate gland
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and single seeds is calculated by a nomogram. During the
implant, the precalculated nomogram-based plan is trans-
ferred to the patient, and dosimetry is recalculated and
optimized. Single seeds are used to bring dosimetry to per-
fection. The authors commend their technique, because it’s
fast and less time consuming than common real time
methods. Second, 4D-Brachytherapy is causing lesser
edema, and is reliable and easy adjustable to irregular-
shaped glands. The risk of migration is lower, because loose
seeds are not placed near the venous plexus, and the
dosimetry is beneficial, for the reason that some stranded
seeds can be used just outside the capsule (Langley and
Laing 2012).

An established company has improved single seeds with
a specially engineered coating. The AnchorSeeds® were
found to have a significant lower migration trend, especially
in the apical region (Badwan et al. 2010; Bowes et al.
2012a).

7.2 Postplanning

Approximately one month after PSI, volume changes of the
prostate from temporary prostatic edema have diminished.
At this time, post-implant quality assurance computed
tomographic scans (QA-CT) are recommended to verify
proper dosimetry (Davis et al. 2012). Alternatively, QA-CT
is performed on day 0 or day 1 after implant.

The ideal moment to perform the CT depends on the type
of isotopes as well. For I-125 and Pd-103 implants with
longer half-life period, 1 month interval has proven ade-
quate. For Cs-131, with a half-life decay of 9.69 days, the
day 14 QA-CT may be most accurate (Smith et al. 2012).

On CT images, prostate gland contours are often obscured
by metallic seed artefacts and edema. Accurate prostate
contouring is a challenging work, and small inaccuracies may
lead to distinct deviation of dosimetry values such as D90 and
V100. Experienced brachytherapists may interpret contours
of prostate gland more precise, but still interobserver varia-
tions in D90 between 9.3 and 30.3 Gy are reported in the
literature (Crook et al. 2002b). Another study of the same
group revealed a systematic overestimation of CT-contoured
prostate volume. Apparently, adjacent normal tissue is erro-
neously designated as prostate, especially in basal and apical
regions (Petrik et al. 2012; Maletz et al. 2012).

When possible, an MRI-CT fusion should be employed to
verify prostate contours post implant. But the technique
of MRT-CT fusion is also prone to errors, since clear land-
marks may be absent (seeds are hardly visible in T2). Special
MRT sequences (T2, contrast-enhanced T1-weighted ima-
ges) should first be established and optimized in close col-
laboration with the radiologists (Ohashi et al. 2012; Bowes
et al. 2013b).

Fortunately, processing seed reconstruction results only
in few mistakes and interobserver varability, when CT-MRT
fusions are used (De Brabandere et al. 2012).

If MRT is not available, fusion of preimplant TRUS with
1-month postimplant CT appears as a reasonable alternative
for the postplanning procedure (Bowes et al. 2013a).

Publications with detailed information about suboptimal
dosimetric postplanning results are very rare. Keyes et al.
classifies three groups of implant quality: a post-implant-
V100 of[85 % is “good”, whereas a V100 of 75–85 % is
“suboptimal” and a V100 of\75 % is “poor”. For the last
400 patients of a vast PSI program, the percentage of good,
suboptimal and poor implants were 88, 10, and 2.3 %,
respectively. Only 0.7 % of patients underwent a second top-
up implantation (Keyes et al. 2004).

In an Australian data set of 255 patients, 6 patients
(2.4 %) were identified with suboptimal implant reasoned in
equipment/technical problems, patient movement during
implantation or extensive post-implant edema. Those
patients underwent re-implantation. In this publication,
implant quality was defined as a D90 of ≥145 Gy (“good”),
145 Gy[ D90 ≥ 130 Gy (“adequate”), 130 Gy[ D90 ≥
110 Gy (“potentially acceptable”) and an “inadequate” D90
\ 110 Gy (Marcu and Lawson 2013).

7.3 Salvage Brachytherapy After Radical
Prostatectomy

Treatment for patients with evidence of local recurrence after
radical prostatectomy usually consists of EBRT. There are
only few studies with low patient numbers concerning PSI as
salvage option. All of them presupposed a biopsy proven
local recurrence after radical prostatectomy, which had to be
clearly recognizable on ultrasound images. As a first side
note, sensitivity and specificity of digital rectal examination
(DRE) and TRUS are 72.4 and 64.8 % versus 86.2 and
53.5 %, respectively. Biopsy is most probably negative,
when PSA\0.5 ng/ml and TRUS / DRE are unsuspicious
(Naya et al. 2005). Second side note, most local recurrences
after surgery occur at the anastomotic site (56–76 %),
bladder neck (26 %), retrovesical space (4–33 %) and more
than one site (14 %) (Leventis et al. 2001; Nguyen et al.
2012; Liauw et al. 2012). In endorectal MRI, recurrence was
seen in 37 % of men with a PSA[0.3 ng/ml versus 13 % if
the PSA is ≤0.3 ng/ml (Liauw et al. 2012).

In a Spanish survey 42 patients were treated with low
dose rate brachytherapy (145 Gy) in the anastomotic region.
Five-year biochemical disease free survival was 88.6 % and
cancer-specific survival was 97 %. No Grade 3 or 4 gas-
trointestinal and genitourinary toxicity has been described
(Gomez-Veiga et al. 2012). In a case report published by
Gaztañaga and Crook, dose escalation with combined
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external beam (46 Gy) and low-dose (LDR) brachytherapy
(115 Gy) was presented as a feasible treatment option
(Gaztañaga and Crook 2012).

7.4 Salvage Brachytherapy After EBRT

Radical prostatectomy, cryosurgery and brachytherapy are
current salvage treatment options for prostate cancer recur-
rence after primary radiation therapy.

In a Dutch study, a total of 129 patients with biopsy proven
recurrence after primary EBRT or PSI were retrospectively
analyzed. Biochemical failure (PSI, cryosurgery: Phoenix,
surgery: PSA[0.1 ng/ml) occurred in 81, 61 and 66% ofmen
treated with salvage LDR-brachytherapy, salvage cryosur-
gery, or salvage surgery, respectively. In all salvage therapy
groups, 30%ofmen suffered from grade[3 genitourinary and
gastrointestinal toxicity, therefore patients should be selected
with care before offering salvage options (Peters et al. 2012).

High toxicity is expectable, when seeds are placed too close
to the rectal wall or the urethra. One method of minimizing
these problems is to use an intraoperative dosimetry and
planning system (Stock 2004). The poor outcome of local
salvage therapy is explainablewith a lack of diagnostic tools to
discriminate between patients with truly localized recurrence,
and those with presence of microscopic disseminated disease.

Aaronson et al. presented a very plausible proceeding.
The prescribed dose to the recurrent cancer site (determined
by magnetic resonance spectroscopy and biopsy results) was
144 Gy, while 108 Gy were delivered to the remaining
prostate gland. With this approach, no notable severe com-
plications were reported, and after 30 months, cancer-free
survival was 96 % and biochemical relapse-free survival was
88 % (Aaronson et al. 2009).

A prospective phase II trial of the radiation therapy
oncology group (RTOG 0526) was activated in 2007 and
closed to accrual on January 2014.

One hundred Patients after primary EBRT of T1-T2c, GS
2-7, PSA ≤20 ng/ml prostate cancer, a local recurrence
[30 months after EBRT and a current PSA\10 ng/ml were
to be included. The treatment concept involved a PSI with
140 Gy encompassing the PTV, which was defined as the
prostate CTV plus margin (anterior, lateral 2–3 mm, pos-
terior 0 mm, cranial and caudal 5 mm) (Crook 2007). The
results are expected with attention.

8 Dosimetry

Guidelines for dose selection involve the intraoperative
planning and the postplanning procedure. For seed order, the
seed number is estimated preoperatively by performing an
ultrasound examination with computer planning (“Pre-Plan”),

which should give the best results. Alternatively, seed num-
ber can be taken from a look-up table based on inhouse
analyses or published literature (Cohen et al. 2002).

8.1 Seed Quantity

The number of seeds depends from the size of the prostate
and single seed activity used. Usually, nomograms are used
to determine the approximate seed count based on prostate
volume, and additional 5–10 % are added for uncertainties.
When loose seeds are implanted, the used total activity
may be 15–23 % higher in comparison to stranded seeds
(Kudchadker et al. 2008). Somehow, this effect may be
caused by three-dimensional reasons: stranded seeds are
allowed to be placed near the surface of the prostate capsule
and loose seeds must be placed deeper, while both have to
deliver enough dose to the PTV surface.

8.2 Seed Activity and Total Activity

Most centers use low activity of seeds (0.4 mCi per seed), but
there is no consensus regarding optimal seed activity. By
experience, low activity might beneficial in smaller glands,
whereas higher activity (0.6 mCi) reduces the number of
needles in larger prostates and possibly the procedure costs.
In fact, seed implants with a higher source strength seem to
improve the probability of excellent implant quality due a
better dose coverage, while there are no differences in the
rectal and urethral doses between high- and low activity seeds
(Narayana et al. 2005). Another study has shown that neither
dose homogenity nor conformality is compromized with a
lower source strength (Thomas et al. 2007). However, finally
the own experience determines which activity of seed is used.

8.3 EBRT Combined with PSI

If EBRT is combined with PSI (110 Gy), the prescribed dose
for EBRT is in the range of 41.4–50.4 Gy (1.8 Gy–2 Gy/d).
Neither the optimal sequencing of PSI and EBRT is clear,
nor the ideal time interval. PSI before EBRT possibly
exposes tissues to radiation simultaneously, but EBRT dose
may be adjusted in inadequate dosimetrical results of
brachytherapy. Secondly, in times of image guidance, the
implant may be used as well-identifiable landmark. Indeed,
current practice and clinical trials favor EBRT followed by
PSI (RTOG 2011; Bittner et al. 2012; Merrick et al. 2011).

For calculation of the biological effective dose (BED) for
EBRT and the low-dose-rate permanent decaying implants
the formula in the publication from Stock can be used (Stock
et al. 2006).

Permanent Seed Implantation 199



8.4 CTV and PTV

The clinical target volume (CTV) is defined as the whole
prostate as seen in rectal ultrasound. The seminal vesicles are
not usually included within the clinical target volume. A
margin of 2–3 mm is added to generate the planning target
volume (PTV).

In high risk prostate cancer, the PTV may consist of
the prostate gland with a 5 mm margin (posteriorly 2 mm).
The proximal 1 cm of the seminal vesicles should also be
included in the planning target volume (Bittner et al. 2012).

8.5 Intraoperative Planning

The most detailed recommendations are offered by the
ESTRO/EAU/EORTC group (Salembier et al. 2007). For
reasons of clarity, the abbreviations in the following text
obtain prefixes for the particular organ: “p”-D90 for the
prostate, “r”-D10 for the rectal or “u”-D90 for the urethral
contour.

The dose constraints for the PTV (prostate plus margin)
are: pD90[100 % of prescribed dose (PD), pV100 ≥95 %,
pV150 ≤50 %. The primary and secondary parameters for
the rectal contour are rD2cc ≤ PD and rD0.1cc\200 Gy, and
for the prostatic urethra uD10 \150 % of PD and uD30
\130 % of PD, respectively. The GTV should be encom-
passed by the 150 % isodose.

8.6 Post-Planning

At first, the actual number of seeds in the target area is
detected. This could be obtained using CT scout views. If
there are missing seeds, a chest X-ray is recommended.

After contouring of CTV-P (prostate), CTV-PM (prostate
+ 3mm margin), rectum (“r”) and the intraprostatic urethra
(“u”, as long it is recognizable in CT images by use of urinary
catheter), the detection of the seeds in the CT / MRT images is
performed by the automatic seed finder feature of the planning
software. The primary parameters should be reported for both
CTV-P and CTV-PM: D90, V100, V150. Secondary param-
eters are V200 and D100. For the organs at risk primary
parameters are rD2cc and uD10. Secondary parameters are
rD0.1cc, rV100, uD0.1cc, uD30 and uD5 (Salembier et al. 2007).
The American Brachytherapy Society (ABS) recommends to
determine following postoperative dosimetric parameters:
pD90, pV100, pV150, uV150, uV5, uV30 and rV100 (Davis
et al. 2012).

pD90 is the minimum dose received by 90 % of the
contoured prostate, and is commonly accepted as a prog-
nostic parameter for biochemical outcome. pV100 and the

average treatment margin have also shown some correlations
with cancer control (Orio et al. 2007) in addition to clinical
parameters such as primary Gleason grade 4 (Uesugi et al.
2012), perineural invasion and post-treatment PSA values
(Ding et al. 2012).

An acceptable dose range for postimplant pD90 may be
130–180 Gy for I–125 as long as normal structures are not
overdosed. High-risk patients may benefit from a pD90
[180 Gy (Davis et al. 2012; Potters et al. 2010).

Regarding BED values, Stock et al. found a significant
dose-response relationship between increasing BED and
higher biochemical control as well as negative re-biopsy
rates. In that paper, the formulas for calculating BED in
EBRT and PSI are presented and annotated in detail (Stock
et al. 2006). In short, implants that yield BED values less
than 150 Gy should be potentially addressed with reim-
plantation or the addition of supplemental external beam
irradiation (Hughes et al. 2005). Stone presented a study
with 584 patients receiving PSI and EBRT combined with
PSI and found an improved local control with a BED of
[200 Gy (α/β=2 Gy) (Stone et al. 2010b). This can be
achieved with postimplant pD90 of 188 Gy (I–125) or
110 Gy in combination with EBRT (45 Gy).

8.7 Organs at Risk

Higher dose levels to the prostate correlate with improved
tumor control, but this should be balanced with respect to the
morbidity of the organs at risk.

Critical organs are the anterior rectum wall and the
intraprostatic urethra, which are outlined during intraopera-
tive procedure. It is clear that complications are both dose
and volume dependent.

In the ESTRO recommendations for prostate PSI, the
rectum dose parameters are rD2cc ≤100 %, D0.1cc (~Dmax)
\200 Gy (Salembier et al. 2007). To reduce the probability
for rectal toxicity, Merrick et al. recommends that the
anterior rectal mucosal point dose should be limited to a
maximum of 85 % of the prescribed dose. Only a length of
10 and 5 mm of the anterior rectal mucosa should receive
100 and 120 % of the prescribed dose, respectively (Merrick
et al. 1999). The risk of late proctitis remains below 5 %,
when the total rectal surface (as seen in the postplanning CT)
receiving 100, 150 and 200 Gy is ≤30, ≤20 and ≤10 %
(Waterman and Dicker 2003). As the total rectal surface is
not seen in intraoperative procedure, absolute volume rec-
ommendations are more useful: the 3-year bleeding rate in
patients with rV100 ≤1 cm3 was 14 % (Harada et al. 2012).
A 5-year survey in 1006 patients reported a late RTOG ≥2
toxicity of 5.8 %, when less than 0.6cc of outer rectal wall
receives 100 % of the prescribed dose (Keyes et al. 2012).
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The intraprostatic urethra is usually identified on the
rectal ultrasound images due to the typical contrast of an
urinary catheter. Some authors discuss the anatomical
changings of the urethra when a catheter is used. Without
catheter, the urethra can be visualized with aerated gel.
Under this condition, the urethra shows a more slit-shaped
curved configuration and the real size of the urethra may
appear larger when defined by gel. With the use of catheters,
the urethra shows a more straight run through the prostate
(Anderson et al. 2010). Thus, some brachytherapists rec-
ommend the instillation of aerated gel prior to insertion of
the catheter or directly inside the lumen of a thinner catheter
to visualize the urethra more accurate and to minimize ure-
thral distortion. Defining a margin around the catheter lumen
may result in lower urinary toxicity, but might be detri-
mental to the plan quality. It is uncertain what happens to the
position of the seeds relative to the urethra once the catheter
is removed. Especially in smaller glands (\30 cm3), the
removal of the catheter may lead to an shrinkage of the
prostate contour. This results in higher dosimetric parame-
ters (Shirvani et al. 2011).

In studies concerning urinary morbidity or in published
recommendations for dosimetric parameters there is a lack of
contouring details for the prostatic urethra. Assuming that
the urethral volume is defined by the catheter contour, uD10
should be lower than 150 % of the prescription dose
(uD30\ 130 %) (Salembier et al. 2007).

Several series with urethral-sparing techniques (maximal
urethral dose of 100–140 % of prescribed dose) have not
demonstrated a lower urinary morbidity. In addition, neither
individual dose constraints to urethral subsegments such as
“base”, “midprostate”, “apex”, or “urogenital diaphragm”
segments predict for decrease of lower urinary tract symp-
toms (Allen et al. 2005). Otherwise, a recent study demon-
strated that urinary morbidity is more a consequence of
sources placed in the vicinity of the urethra than of dose-
volume parameters. The authors recommend a minimum
distance of 5 mm between the sources and the urethra
(Pinkawa et al. 2012).

The risk for development of urethral strictures is
increasing, when the apical and periapical urethra is
receiving higher doses (Earley et al. 2012). In a study of 425
patients, Merrick et al. reported on a rate of urethral stric-
tures of 3 %. All strictures involved the membranous urethra
and the authors comment, that PSI-induced urethral stric-
tures become less common if seeds are placed more than
5 mm distant from the prostate apex (Merrick et al. 2002a).
Therefore these urethral regions require more attention in the
implantation procedure.

The neurovascular bundle and penile bulb may play a
serious role for conserving long term erectile function,
although contrary results have been published (Whaley et al.
2012). Since no dose recommendations can be given at

present (Crook et al. 2005), “general” dose sparing for these
organs should be taken into consideration (Snyder et al.
2012; Roach 2012). Due to the complex pathophysiology,
the early use of PDE5 inhibitors for erectile function pres-
ervation should be included into clinical treatment pathways
(Stember and Mulhall 2012).

9 Spikes, Bounces and Recurrences

In contrast to surgery, the post-treatment PSA does not reach
zero values after brachytherapy. Typically, PSA levels after
seed implantation decline over a period of 2–5 years to nadir.
In some patients, PSA levels might present transient rises
with a following decline to pre-spike level, which are called
spikes or bounces (Beriwal et al. 2012). The biological
reason for this phenomenon remains unclear, but this PSA
rise can be very stressful and may cause unnecessary
investigations or salvage treatments. Even in 44–56 % of
patients with biochemical failure according to Phoenix
(nadir + 2 ng/ml) or ASTRO criteria (3 successive increa-
ses), PSA might decrease again (Thompson et al. 2010;
Toledano et al. 2006).

Therefore there is a need to define a method or in the
simplest way a threshold value, which might be able to dis-
tinguish between benign bounces and biochemical relapses.

The absolute rate of bounces among patients after
brachytherapy quoted in the in the literature depends on the
definition of the PSA bounce magnitude. In recent studies,
an increase of 0.2 ng/ml is mostly used to define a PSA-
bounce, although different definitions with threshold values
of 0.1, 0.4 or 2 ng/ml are used as well (Caloglu and Ciezki
2009). PSA bounces occur 12.5–19 months after brachy-
therapy with a height of 0.29–1.7 ng/ml and duration of
7–36 months. The frequency is 25–35.9 % of patients,
although higher rates are reported (Tanaka et al. 2012;
Mazeron et al. 2012a, b; Hinnen et al. 2012; Beriwal et al.
2012; Thompson et al. 2010). In the study by Toledano, the
frequency of PSA bounces was 55, 49, 32 and 15 % using a
definition of ≥0.1, ≥0.2, ≥0.4 and[1 ng/ml, respectively.
16 % of patients with PSA bounce showed a second PSA
spike (Tanaka et al. 2012). 90 % of PSA bounces occur in
the first 3 years of follow-up (Hinnen et al. 2012).

PSA bounces seem to occur more frequently in younger
men (\65–70 years) and patients with lower body mass
index (Mazeron et al. 2012b; Delouya et al. 2012; Thomp-
son et al. 2010; Patel et al. 2004).

In 4.8–15 % of patients high-magnitude bounces can
mimic PSA failure (Hinnen et al. 2012; Mazeron et al.
2012a; Crook et al. 2007). In the report of Thompson, 5.3 %
of 1,006 patients had reached the Phoenix definition of
biochemical failure. But in 44 % of those patients, PSA
decreased again and a benign bounce was assumed. These
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patients were significantly younger (\70 years), tended to
meet the Phoenix criteria much sooner (\38 months), had
shorter time to reach the nadir (median 6 months) and a
shorter PSA doubling time (5.1 months) (Thompson et al.
2010).

Dosimetric parameters predictive of a PSA bounce are
controversially discussed. Higher implant dose, the prostate
volume receiving 150 % of the prescribed dose (V150) and
the minimal percentage of dose received by 90 % of the
urethra (%UD90) were associated with higher rates of the
bounce phenomenon (Stock et al. 2003; Merrick et al. 2002b;
Tanaka et al. 2012). For the prediction of biochemical tumor
control after brachytherapy a pD90 [140–160 Gy is an
accepted dosimetric predictor as discussed before.

In contrast to EBRT, a PSA bounce of 0.2–0.4 ng/ml is
not a predictor of biochemical failure (Bernstein et al. 2012).
Moreover, a PSA bounce after PSI is strongly related to
better outcome in terms of biochemical failure, disease-
specific survival, and overall survival (Hinnen et al. 2012;
Patel et al. 2004; Aaltomaa et al. 2011). But with higher
bounce amplitudes (≥1 ng/ml), the biochemical failure rate
increases (McGrath et al. 2010).

In short, PSA bounce occurs in a substantial percentage
of cases, and simple PSA threshold values are not sensitive
enough to foresee biochemical relapse after brachytherapy.
Some authors were analyzing PSA kinetics after seed
implantation and observed characteristic findings in patients
with biochemical relapse. First, a PSA percentage of[20 %
of pretreatment value 6 months after implant is highly
associated with relapse risk with sufficient sensitivity
(72.4 %) and specificity (79.8 %). Specificity rises to
91.3 %, when a cutoff value of 30 % of pretreatment value is
used (Paoluzzi et al. 2012). Patients achieving post-treatment
PSA nadir levels of \0.5 ng/ml in ≤5 years have signifi-
cantly higher long-term freedom from biochemical failure
(Ko et al. 2012; Aaltomaa et al. 2011). Hazard ratios for
biochemical relapse were 1, 4.96, 27.57, and 65.10 for PSA
levels 12 months after seed implantation at ≤1, 1.01–2,
2.01–3 and[3 ng/ml, respectively (Ding et al. 2012).

The reason of insufficient PSA decrease might be
explained by minor radiosensitivity, occult metastatic dis-
ease or low-quality treatment (poor dosimetric result).

In conclusion, at suspicion of biochemical failure after
3 years of follow-up (when PSA bounce is less probably), a
re-biopsy might be carried out to prove recurrent tumor.
When positive, salvage treatment options might be offered to
the patient. The probability of positive biopsy rates depends
on the biologically effective dose. At BED values of ≤140,
140–180 and[180 Gy, the probability of positive biopsy rate
is about 15.1, 6.7 and 2.5 %, respectively (Stock et al. 2006).

In the first 3 years after brachytherapy, the current
ASTRO Phoenix definition (Roach et al. 2006) should be
commonly used for detection of PSA failure. When the PSA

increases \2 ng/ml above the nadir, further follow up is
necessary to exclude the presence of a benign PSA increase.

Re-Biopsy should be undertaken only in due consider-
ation of dosimetric BED and D90-values, post treatment
PSA kinetics and in awareness of the PSA bounce rate of
15 % triggering failure criteria.

10 Quality Assurance

Quality assurance (QA) is essential in prostate brachyther-
apy. The American Brachytherapy Society (ABS) recom-
mends to establish a well-documented quality improvement
program that assures all staff members are trained and
competent. All junior faculty should undergo extensive
training and competency review (Davis et al. 2012).

Several Studies investigated the impact of experience on
dosimetric data. Some of them found a learning curve with a
plateau reached from 10 to 30 patients (Loiselle et al. 2009;
Merrick et al. 2007). Other publications demonstrate the
effect of the learning curve on the implantation procedure
(reduction of operating room time, needles and seeds), tox-
icity (acute urinary retention, post-implant-IPSS, prostate
edema), the decrease in the rectal doses (D0.1cc and R100),
while the prostate D90 does not change significantly (Le Fur
et al. 2012; Keyes et al. 2006).

Nevertheless, special teaching programs should be
established in each institution to guarantee high quality
procedures, including all steps in prostate brachytherapy:
• patient selection
• ultrasound simulation
• treatment planning
• implant process
• post-implant dosimetry
• follow-up

Except patient selection and follow up, all terms can be
trained in dry runs using an ultrasound training system,
which consists of an prostate phantom mounted on a table,
an ultrasound device/laptop-system with prostate planning
software installed and a stepper unit with a stabilizing table
mount.

Proctoring by experienced practitioners is strongly
recommended for the first implantations. The follow-up
examinations should be conducted in a study-like way.
Patients should undergo pre- and post-radiotherapy assess-
ment of toxicity and quality of life using standardized
questionnaires (IPSS, IIEF, QLQ-C30 / QLQ-PR-25).

The Radiation Therapy Oncology Group (RTOG) sup-
ports a credentialing program by the Radiological Physics
Center (MD Anderson). It consists of a facility question-
naires and a knowledge assessment. At least 10 TRUS
guided prostate implants should have been performed before
a faculty can participate in studies. The credentialing process
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would be a two-step process: a physics/dosimetry review
and a clinical review.

In a newer publication, Zelefsky et al. report a concerted
effort of the Quality Research in Radiation Oncology
(QRRO). In this survey, postplanning dosimetry of several
treating institutions within the United States were re-evalu-
ated by an remote expert reviewer. This approach of inde-
pendent quality assessment provides an opportunity for self-
assessment and might be used for license recertification in
the credentialing programs (Zelefsky et al. 2013).

In summary, each brachytherapist needs to insure that his
own training is superb and consistently meets high quality
standards.

11 Conclusions

In this chapter, recent publications are summarized to give an
overview of selected topics of low dose rate brachytherapy of
prostate cancer. The effectiveness of this treatment approach
has been proven over several decades and is comparable with
competing therapies such as surgery or EBRT.

In the United States, the utilization of brachytherapy of
prostate cancer decreases significantly.

The reason for declining PSI rates are increasing numbers
of prostatectomies. Surgery in patients with localized pros-
tate cancer is accounted for nearly 44 % of treatment before
2000, and about 60 % of patients in 2010. Further reasons
for the decline of PSI rates are modern developments of
EBRT techniques, reimbursement with IMRT, changing
patient/physician preference, or lack of emphasis on brach-
ytherapy during radiation oncology training (Mahmood et al.
2014; Martin et al. 2014). But for the next decades, a dra-
matic triplication of new prostate cancer cases is forecasted
(Quon et al. 2011). It looks doubtful, that this future situa-
tion can be managed by institutions offering several weeks
lasting EBRT treatments. Therefore international radiother-
apy organizations should improve medical education and
encouragement of radiooncologists in terms of high-quality,
one-day lasting brachytherapy.
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Abstract

Recent radiobiological findings support that the a/b-ratio
for prostate adenocarcinoma is less than that for the
normal organs that ordinarily constrain the delivery of
radiation therapy. As a result, hypofractionation has
attracted greatly renewed interest and during the last 15
years a special interest in the implementation of brach-
ytherapy (BRT) has evolved for the treatment of localized
prostate cancer. Especially high-dose-rate (HDR) BRT is
recently gaining momentum as an alternative to low-dose-
rate and technological improvements in image guidance
and real-time treatment planning place this interventional
radiooncological modality at the forefront of innovation in
radiotherapy. This chapter will explore the rationale for
HDR BRT as a highly conformal method of dose delivery
and safe biologic dose escalation through hypofraction-
ation. Oncological outcome data and toxicity profiles will
be discussed for the combination with external beam
radiotherapy and in the monotherapy setting. In addition
to clinical results of primary and salvage treatment
protocols, dose-fractionation schedules and normal tissue
dose constraints used by various centres are also reported.

1 Introduction

In patients with clinically localized prostate cancer, per-
manent low-dose-rate (LDR) brachytherapy (BRT) (Potters
et al. 2005; Zelefsky et al. 2007; Battermann et al. 2004),
external beam radiotherapy (EBRT) (Kupelian and Meyer
2011; Kuban et al. 2008; Dearnaley et al. 2007; Zelefsky
et al. 2008) and interstitial (IRT) high-dose-rate (HDR)
BRT alone (Zamboglou et al. 2012; Demanes et al. 2011;
Hoskin et al. 2012) or in combination with EBRT (Galalae
et al. 2004; Pistis et al. 2010; Kotecha et al. 2013; Prada
et al. 2012; Deutsch et al. 2010; Martinez et al. 2002;
Demanes et al. 2005) are commonly used treatment options.
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These modalities have shown biochemical control (BC)
rates comparable to those of patients treated with radical
prostatectomy D’Amico et al. (1998, 2002). In the absence
of randomized clinical trials of sufficient size, however, the
optimal therapeutic strategy for organ-confined prostate
cancer remains controversial and treatment assignment
appears influenced by physician bias and patient preference
(Harlan et al. 2001). Notwithstanding, during the last
15 years a special interest in the implementation of BRT
has evolved and a large body of literature corroborates the
efficacy of both permanent LDR and temporary HDR BRT
in the treatment of localized prostate cancer. Especially,
HDR is recently gaining momentum as an alternative to
LDR BRT and technological improvements in image
guidance and real-time treatment planning place this inter-
ventional radiooncological modality at the forefront of
innovation in radiotherapy (RT).

2 Background

2.1 Rationale for HDR Brachytherapy

A large body of literature corroborates that radiation dose
escalation for organ-confined prostate cancer improves local
(LC) and biochemical disease control (Kuban et al. 2008;
Dearnaley et al. 2007; Zelefsky et al. 2008; Peeters et al.
2006; Kupelian et al. 2008). In addition, persistence of local
disease has shown to be associated not only with a higher
incidence of biochemical failure, but also increased rates of
distant metastasis (Kupelian et al. 2008; Coen et al. 2002;
Zelefsky et al. 2008). Recent research suggests that eradi-
cation of locally confined disease by dose-escalated radical
RT results not only in improved metastasis-free survival
(MFS), but also improved prostate cancer-specific mortality
(Zelefsky et al. 2008, 2011; Kim et al. 2012; Nguyen et al.
2013; Pahlajani et al. 2012). In this context, emerging
radiobiological data indicate that prostate adenocarcinoma
has a low a/b-ratio, 1.2–3.0 Gy, suggesting that biological
dose escalation can be achieved by hypofractionated treat-
ment schemes (Brenner et al. 2002; Nath et al. 2009; Fowler
et al. 2001; Brenner and Hall 1999; Ritter et al. 2009). High-
dose-rate BRT optimally exploits the radiobiological
advantage of large fraction sizes while ensuring superior
conformality. It enables the anatomy-based optimization of
the spatial dose distribution by accurately controlling radi-
ation source positions and modulating source dwell times
(Mavroidis et al. 2010; Karabis et al. 2005). This permits an
active partitioning of radiation between the prostate and
healthy organs without unacceptable dosimetric changes
caused by source migration and tissue deformity as can be

the case with LDR implants (Kono et al. 2010; Knaup et al.
2012; Franca et al. 2009) or due to significant intrafraction
motion occurring frequently during treatment delivery times
encountered in intensity-modulated external beam radio-
therapy (IMRT) (Shah et al. 2011; Algan et al. 2012; Mu-
tanga et al. 2012). Temporary HDR BRT is not limited by
positioning uncertainties as the target is immobilized by the
implanted catheters and treated within very short treatment
times. Since there is no permanent implant with HDR, no
long-term radiation protection issues exist as in the case of
LDR BRT. In addition, the precise dosimetry allows the
technique to be used in combination with EBRT. This is of
particular relevance when it may be necessary to extend the
treatment volume to include areas of extraprostatic exten-
sion or pelvic lymphadenopathy to a moderate dose whilst
administering a high-dose boost to the prostate. Surgical and
RT series have led to the identification of several clinical
pathologic factors associated with extraprostatic extension,
presence of regional lymphadenopathy, or development of
metastatic disease (D’Amico et al. 2002; Sung et al. 2007;
Davis et al. 1999; Han et al. 2001, 2003; Zelefsky et al. 2007;
Hanks et al. 2001; Briganti et al. 2009). These include serum
prostate-specific antigen (PSA), Gleason score (GS),
and clinical tumor (T) stage, allowing the classification of
patients into risk group categories of low-, intermediate- and
high-risk according to stratification schemes as described by
D’Amico et al. (1998), Zelefsky et al. (1998), or the National
Comprehensive Cancer Network (Mohler et al. 2010).
Consequently, patients are aimed to be treated according to
their risk of local recurrence or progression after radical
treatment. Although no direct prospective comparison with
EBRT or BRT has been made, surgical series have demon-
strated that following radical prostatectomy, a considerable
proportion of patients will relapse, particularly where sur-
gical margin positivity or extraprostatic disease extension
are present (Aydin et al. 2004; Chuang et al. 2007). This
therapeutic crux from a surgical point of view is reflected in
a unique comparative study by Grimm et al. looking at all
modern treatment outcomes based on the different risk group
stratifications in more than 52,000 patients with localized
prostate cancer (Grimm et al. 2012). According to the find-
ings, BRT alone or in combination with EBRT, depending
on the risk stratification category, appear superior to surgery
alone or definitive EBRT in terms of long-term BC. The
comparatively high clinical efficacy is causally explicable by
the higher dose that can be prescribed when IRT BRT is used
for treatment and by virtue of a higher dose within the
implant. Therefore, it is reasonable to assume that further
improvements in the therapeutic ratio of prostate RT can be
generated by escalating the treatment dose using image-
guided hypofractionated HDR BRT.
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2.2 Radiobiological Considerations

Radiobiological research demonstrates that the probabilities
of acute and late radiation reactions vary between normal
tissues and tumors and between different RT dose-fraction-
ation schedules. The a/b-ratio, a means of expressing the
sensitivity of a particular tissue to altered fraction size, is
used to estimate the impact of a given schedule on tumor
control and toxicity while enabling comparisons between
different treatment schedules. Tissues and tumors with a low
a/b-ratio have a higher sensitivity to changes in fraction size
than those with a high a/b-ratio. The attractiveness of HDR
BRT over LDR BRT and conventional EBRT is explained
particularly by the fact that radiobiological evidence sup-
ports a low a/b-ratio, 1.2–3.0 Gy, for prostate adenocarci-
noma, which is lower than the a/b-ratio of acutely and late
reacting normal tissues (Brenner et al. 2002; Nath et al.
2009; Fowler et al. 2001; Brenner and Hall 1999; Tucker
et al. 2011; Brenner 2004; Miralbell et al. 2012). For prostate
cancer, this implies that a hypofractionated dose regimen is
favored for optimal tumor control with a reduction in late
sequelae. Image-guided hypofractionated HDR BRT with
anatomy-based dose optimization is an excellent method for
conformal dose escalation in terms of both radiation biology
and physics (Lee 2009). In order to compare HDR regimes
with EBRT treatment schemes, the linear-quadratic formula
as described by Fowler at al. (2001) is usually used:

BED ¼ nd 1 þ d

a=bð Þ
� �

where BED is the biologically effective dose as a measure
of the true biological dose delivered by a particular RT
regime, n the number of treatment fractions and d the dose
per fraction. To understand by intuition, the comparison of
schedules consisting of different total doses or doses per
fraction is also possible by converting each RT schedule
into an equivalent schedule in 2Gy-fractions, which would
give the same biological effect:

EQD2 ¼ nd
1 þ d

a=bð Þ
� �

1 þ 2
a=bð Þ

� �

where D is the total treatment dose and d the dose per fraction.
Based on those formulae for calculating isoeffect relation-
ships, when comparing HDR BRT with definitive conven-
tional EBRT (including dose-escalated IMRT), the clinically
delivered doses with HDR BRT regimens are up to 50 %
higher compared to conventional EBRT schemes (Hoskin
et al. 2012; Kotecha et al. 2013; Fatyga et al. 2009; Masson
et al. 2012; Bolla and Poppel 2012; Hoskin 2008; Martinez
et al. 2011; Yoshioka et al. 2013a, b; Zaorsky et al. 2013).

2.3 Patient Selection for HDR Brachytherapy

Based on the assumption that failure to eradicate organ-
confined prostate cancer may lead to the development of
metastatic disease, patients without advanced disease may
benefit most from dose-escalated RT in terms of improved
LC, BC, and MFS (Zelefsky et al. 2008a, b, 2011; Kupelian
et al. 2008; Coen et al. 2002; Kim et al. 2012; Nguyen et al.
2013; Pahlajani et al. 2012). Accordingly, the main indica-
tion for HDR treatment is histologically proven localized
prostate cancer in patients considered otherwise suitable for
radical treatment (Yamada et al. 2012; Hoskin et al. 2013).
Mature results exist for the application of HDR BRT as a
boost modality in combination with EBRT for intermediate-
and high-risk disease. In addition, evolving clinical evidence
implicates its effective use as monotherapy with encouraging
results reported for mainly low—and intermediate—but also
selected cases of high-risk disease. However, monotherapy
with curative intent for high-risk disease should still be
considered investigational and more mature data are needed
to confirm its role. In the clinical setting of regional lym-
phadenopathy with or without distant disease spread, HDR
BRT may be implemented combined with EBRT in indi-
vidualized treatment schemes in order to avoid increased
toxicity where conventional conformal EBRT is employed
with the goal of LC.

Pre-treatment investigations for HDR BRT should be no
different from those for other forms of radical treatment and
should follow the EAU guidelines (Hoskin et al. 2013; He-
idenreich et al. 2011). All patients considered for IRT irra-
diation should have histological confirmation of malignancy.
Staging tests for evaluation of prostatic disease burden and
of any extraprostatic extension should include digital rectal
examination, transrectal ultrasound (TRUS) and, if indi-
cated, computed tomography (CT) and/or magnetic reso-
nance imaging (MRI) and bone scintigraphy. In equivocal
cases of regional lymphadenopathy, laparoscopic pelvic
lymphadenectomy (Touijer et al. 2011) or choline positron
emission tomography (Evangelista et al. 2013) may be
considered. Even though functional outcome is predicted by
the baseline urinary function (Eid et al. 2013), neither larger
gland size nor previous transurethral resection of the prostate
(TURP) are absolute contraindications for treatment.
Transperineal implantation in lithotomy position enables the
complete and safe coverage of prostate volumes appreciably
greater than 60 ccm provided a sufficiently broad pelvic inlet
and freedom from lower urinary tract symptoms (LUTS)
requiring treatment (Yamada et al. 2012; Le et al. 2013;
White et al. 2013; Monroe et al. 2008; Rogers et al. 2012). In
addition, temporary IRT implantation with HDR irradiation
is safely feasible at [3 months after TURP given freedom
from persistent LUTS and provided a sufficient amount of

High-Dose-Rate Brachytherapy in the Treatment of Clinically Localized Prostate Cancer 213



residual gland volume for image-based three-dimensional
(3D) treatment planning including precise organs at risk
identification (Luo et al. 2009, 2013; Peddada et al. 2007;
Ishiyama et al. 2012). However, limited resection-TURP
may also be part of an interdisciplinary patient management
prior to planned HDR BRT when a prominent median lobe is
encountered during staging. Selection criteria for HDR BRT
combined with EBRT or as monotherapy are shown in
Table 1. Unlike for permanent LDR implants, in temporary
HDR BRT the IRT catheters can be placed next to extra-
capsular lesions or the seminal vesicles also into the bladder
pouch, if necessary. Therefore, the indication for HDR BRT
is by various groups extended to even T4 tumors (Kotecha
et al. 2013; Yoshioka et al. 2011, 2013; Sakamoto et al.
2011). Nevertheless, in cases of previous pelvic EBRT or
surgery resulting in anatomical changes of the organs of the
small pelvis, a very careful evaluation of the potential risks
and benefits should be performed.

3 Brachytherapy Techniques

Interstitial catheter insertion is usually performed under
spinal or general anesthesia with various catheter placement
patterns being described. Extensive experience exists for the
technique of real-time TRUS-guided implantation (Zam-
boglou et al. 2012; Demanes et al. 2009, 2011; Hoskin et al.
2012; Martinez et al. 2002; Lee 2009; Corner et al. 2008;
Ghilezan et al. 2011), however, MRI-based techniques have

also been implemented in clinical practice (Ménard et al.
2004; Lakosi et al. 2011).

In general, implant dosimetry is based on 3D image data
sets for definition and delineation of the target volume
(prostate gland = planning target volume, PTV) and the
organs at risk (OAR’s, i.e., intraprostatic urethra, anterior
rectal wall, and urinary bladder). The clinical workflow
includes the creation of virtual volumes prior to implantation
for inverse treatment pre-planning and volume studies after
catheter insertion for treatment planning prior to irradiation
(Mavroidis et al. 2010; Karabis et al. 2005). Treatment
planning after TRUS-guided implantation is most com-
monly performed using either CT- (Martinez et al. 2002;
Demanes et al. 2005; Galalae et al. 2002; Hoskin et al. 2007)
or TRUS-imaging (Zamboglou et al. 2012; Demanes et al.
2011; Hoskin et al. 2012; Ghilezan et al. 2011). For CT-
based planning, the image data set should be contiguous with
no more than 3 mm slice thickness in the axial plane.
Imaging should extend the prostate in the craniocaudal
extension and should include sufficient normal anatomy for
meaningful normal tissue dosimetry (Yamada et al. 2012).
When more than one implantation is performed, it is not
uncommon for the prostate to have varying volumes
between the procedures. This has to be taken into account by
planning each BRT fraction separately. In contrary to the
totally TRUS-based clinical workflow with intraoperative
real-time treatment planning, CT-based planning bears an
additional risk for catheter re-arrangement and target vol-
ume changes due to transferring of the patient to a CT-
scanner, which constitutes a deviation of the patient setup
(Whitaker et al. 2011; Holly et al. 2011; Seppenwoolde et al.
2008). From this perspective, the totally TRUS-based tech-
nique illustrates the standard of care in prostate BRT
ensuring improved 3D implant stability (Milickovic et al.
2011).

Representatively described, transperineal implantation is
performed under TRUS-guidance using a continuous probe
movement technique and a perineal template to aid catheter
placement (Martin et al. 2004). For pre-planning, transversal
ultrasound images of the prostate, urethra, and anterior rectal
wall are acquired in real-time and 3D volumes are recon-
structed based on 1.0 mm image distance. The PTV is
defined as the entire prostate gland without margins. Contour
definition for the rectum extends 10 mm cranially from the
prostatic base and 10 mm caudally from the prostatic apex.
Urethra contouring encounters the intraprostatic urethra
marked by the insertion of a radiopaque three-way Foley
catheter and extends by 5 mm caudally to include the apical
membranous urethra. The urinary bladder is contoured based
on the TRUS-based visible volume. Based on the acquired
3D anatomy, the appropriate virtual needle positions are
generated, the needle source dwell positions located within
the PTV are activated, and the radioactive source dwell

Table 1 Patient selection criteria for image-guided high-dose-rate
brachytherapy in the treatment of clinically localized or locally-
advanced prostate cancer

Inclusion criteria

Stages T1–T3ba

Any GS

Any PSA level

Exclusion criteria

TURP within 3 months

Urinary flow rate \10 ml/s

IPSS [ 20

Pubic arch interferenceb

Lithotomy position not possiblec

Anesthesia not possible

Rectal fistula
a T4 included with curative intent in the protocols of selected centers
(Kotecha et al. 2013; Yoshioka et al. 2011, 2013; Sakamoto et al.
2011)
b, c relevant for TRUS-guided techniques, not relevant for MRI-gui-
ded implantation (Ménard et al. 2004; Lakosi et al. 2011)
PSA prostate-specific antigen, TURP transurethral resection of the
prostate, IPSS international prostate symptom score, TRUS transrectal
ultrasound, MRI magnetic resonance imaging, GS Gleason score
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times are calculated using an intraoperative treatment
planning system (Fig. 1). Dose volume histograms (DVH’s)
for the PTV and OAR’s are calculated for evaluation of the
anatomy-based dose optimisation. If the pre-planning
dosimetry parameters fulfill the dosimetric protocol, TRUS-
guided implantation of catheters is performed at the previ-
ously determined positions (Fig. 2). After completion of
implantation, a final 3D TRUS data set is acquired for
intraoperative real-time treatment planning. Planning target
volume and OAR’s contouring is checked and updated
according to the new image set. Real needle positions are
reconstructed and dwell positions located within the PTV are
activated ensuring the 3D dose distribution fulfills the
dosimetric protocol (Fig. 3). The prescribed dose is the
intended minimum dose delivered to the PTV surface.

Given the extreme heterogeneity in clinically imple-
mented dose-fractionation schedules, it is difficult to
establish absolute dose guidelines for total physical pre-
scription doses and normal tissue dose constraints. For
comparison, Table 2 lists dose-fractionation schedules and
normal tissue dose constraints used by various centers. For
example, the William Beaumont Hospital monotherapy
protocol consists of one IRT implant that delivers four
fractions of 9.5 Gy in 2 days under spinal anesthesia with
an interfractional interval of at least 6 h (Demanes et al.
2011). The current Offenbach Hospital monotherapy pro-
tocol consists of three implants each delivering one fraction
of 11.5 Gy under spinal anesthesia with all implants sepa-
rated by 21 days (Zamboglou et al. 2012). The Mount
Vernon Cancer Center combined treatment protocol

consists of 35.75 Gy EBRT delivered in 13 fractions fol-
lowed within 6 days by an HDR boost. Interstitial implan-
tation is performed under general anesthesia with one
implant delivering a total dose of 17 Gy in two fractions
within 24 h (Hoskin et al. 2007). At the Catalan Institute of
Oncology, combined treatment is delivered with 60 Gy
conventionally-fractionated EBRT followed within 21 days
by a single-fraction HDR boost of 9 Gy under spinal
anesthesia (Pistis et al. 2010).

In MRI-based techniques, catheter placement is performed
transperineally and maximum insertion depth, direction, and
positional control of the implanted catheters are estimated by
interactive MR-scanning (Ménard et al. 2004; Lakosi et al.
2011). Number, geometrical alignment, and distance between
the catheters depend on the size/shape of the prostate and the
alignment of the intraprostatic urethra. Total physical pre-
scription doses and dose restrictions for OAR’s are in
accordance with the protocols listed in Table 3. Irrespective
of the imaging modality for interventional guidance or
treatment planning, IRT HDR irradiation is performed using a
remote afterloading system. Iridium 192 is the most com-
monly used isotope with an average energy of 380 keV, a
half-life of 73.8 days and a half value layer of 2.5 mm of lead
(Nag et al. 2003).

Fig. 1 Three-dimensional reconstruction of the prostate, urethra,
rectum, and bladder with ideal template needle trajectories for TRUS-
guided implantation as calculated for pre-planning by the real-time
treatment planning system SWIFT/Oncentra Prostate (Nucletron B.V.,
Veenendaal, The Netherlands). The virtual perineal template is
displayed on the right side

Fig. 2 High-resolution template with implanted interstitial steel
needles (200 mm length, 1.9 mm diameter). The transducer probe
for TRUS-guidance is attached to a floor-mounted stepping unit and
inserted into the rectum. A thin intestinal tube for the discharge of
intestinal gases is inserted laterally to the probe and is partly visible
behind the lower right angle of the template
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Fig. 3 Intraoperative real-time TRUS-based treatment planning.
a Three-dimensional reconstruction of the prostate, organs at risk
(i.e., rectum, urethra, bladder), in situ needles and the intraprostatic
source dwell positions as calculated using the real-time treatment
planning system SWIFT/Oncentra Prostate for the final treatment plan;

b Isodose distribution after anatomy-based dose optimisation. The
isodose color code convention is: dark red 300 % {iso-
dose = 28.5 Gy}; orange 200 % {isodose = 19.0 Gy}; yellow 150 %
{isodose = 14.25 Gy}; turquoise 100 % {isodose = 9.5 Gy}. The
100 % isodose was set to encompass the red delineated prostate capsule

Table 2 Total physical prescription doses and normal tissue dose constraints (as percent of prescribed high-dose-rate brachytherapy reference
dose or absolute dose value) of various brachytherapy schemes

Treatment
protocol

PTV Rectum Bladder Urethra D90

(%)
V100

(%)
V150

(%)

Demanes et al.
(2011)a

CET 7.0 Gy 9 6 (42 Gy) D0.1 ccm B 80 % D0.1 ccm B 80 % D0.1 ccm B 110 % [100 [97 –

WBH 9.5 Gy 9 4 (38 Gy) D0.1 ccm B 75 % D0.1 ccm B 80 % D0.1 ccm B 120 % [100 [96 –

Zamboglou
et al. (2012)a

9.5 Gy 9 4 (38 Gy) D0.1 ccm B 80 % D0.1 ccm B 80 % D0.1 ccm B 120 % C100 C90 B35

11.5 Gy 9 3 (34.5 Gy) D0.1 ccm B 80 % D0.1 ccm B 80 % D0.1 ccm B 120 % C100 C90 B35

Prada et al.
(2012)a

19 Gy 9 1 (19 Gy) D 0.1 ccm B 75 % – D 0.1 ccm B 110 % – – –

Hoskin et al.
(2007)b

37.7 Gy EBRT +
2 9 8.5 Gy (17 Gy) BRT

D2.0 ccm \ 6.7 Gy – D10 \ 10 Gy – – –

Kotecha et al.
(2013)b

45–50.4 Gy
EBRT + 3 9 (5.5–7.5 Gy)
BRT

D0.1 ccm B 100 % – D0.1 ccm B 120 % – C100 –

Pistis et al.
(2010)b

60 Gy EBRT + 1 9 9 Gy
BRT

D2.0 ccm B 75 % – D2 % \ 120 % C105 C98 B50

PTV planning target volume, EBRT external beam radiotherapy, BRT brachytherapy, HDR high-dose-rate, D10 HDR dose delivered to 10 % of
the organ, D0.1 ccm minimum HDR dose to the most exposed 0.1 ccm of the organ, D2.0 ccm minimum HDR dose to the most exposed 2.0 ccm of
the organ, D2 % minimum HDR dose to the most exposed 2 % of the organ, V100, V150 percent of PTV receiving 100 % and 150 % of the HDR
prescription dose, CET California Endocurietherapy Cancer Center, WBH William Beaumont Hospital.
a HDR monotherapy
b Combined treatment with additional EBRT
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4 Clinical Data

4.1 HDR Boost in Combination with EBRT

In patients with organ-confined prostate cancer, radiation
dose escalation has shown to improve both LC and BC
(Kuban et al. 2008; Dearnaley et al. 2007; Zelefsky et al.
2008, 2011; Peeters et al. 2006; Kupelian et al. 2008; Kim
et al. 2012; Nguyen et al. 2013; Pahlajani et al. 2012;
Pollack et al. 2002; Zietman et al. 2010). However, the
benefits of local dose escalation must be weighed against
the risks of toxicity to the surrounding healthy tissues. The
combination of EBRT and HDR BRT allows the safe
delivery of high biologic equivalent doses to the prostate
not achievable in terms of conformality even by adaptive
image-guided IMRT (Kupelian and Meyer 2011).

Two randomized trials have helped to show the superi-
ority of HDR BRT combined with EBRT over EBRT alone
in the radical treatment of localized prostate cancer. In the
mid-1990s, Sathya et al. (Sathya et al. 2005) assigned 104
patients to conventional EBRT of 66 Gy in 33 fractions or to
35 Gy HDR BRT to the prostate with supplemental con-
ventional EBRT of 40 Gy in 20 fractions. At a median fol-
low-up of 8.2 years, the authors reported biochemical failure

in 17 patients of the combined arm compared with 33
patients in the EBRT alone arm (P = 0.0024). Overall sur-
vival was 94 % in the combined arm versus 92 % in the
EBRT arm without statistically significant differences in
acute and late toxicity. The authors reported 2.0 % Grade
3–4 genitourinary (GU) and 3.9 % Grade 3–4 gastrointes-
tinal (GI) adverse events at 18 months for the combined arm
compared to 3.8 and 1.9 %, respectively, for the EBRT arm.
Almost a decade later, Hoskin et al. (2007) randomized 220
patients to receive either hypofractionated EBRT alone or
hypofractionated EBRT plus HDR BRT. The EBRT group
(n = 111) received 55 Gy in 20 fractions, whereas the
combined treatment group (n = 109) was given 35.75 Gy
EBRT in 13 fractions plus a 17-Gy HDR boost applied in
two fractions within a single implant. With a median follow-
up of 30 months, a significant improvement in actuarial
biochemical relapse-free survival was seen in favor of the
combined treatment schedule. The mean biochemical fail-
ure-free survival in the BRT arm was 5.1 versus 4.3 years in
the EBRT only group (p = 0.03) with no significant differ-
ence in late bowel or bladder reactions between the two arms
when considering Grade 2 and greater severity. The results
of these randomized trials are in line with the oncological
outcomes in large retrospective series reporting promising

Table 3 Literature results of high-dose-rate brachytherapy as boost modality to external beam radiotherapy for localized prostate cancer

Treatment scheme

Study n Total EBRT
dose (Gy/fx)

Total HDR
dose (Gy/fx)

Total BED/
EQD2 (Gy)

Follow-
up (y)

Biochemical controla

Galalae et al.
(2002)

144 40/20 18/2 219/94 Median
8.2

74 %/69 % all risk groups at 5 years/
8 years

Pistis et al. (2010) 114 60/20 9/1 203/87 Mean
2.7

97.4 % IR and HR at 4 years

Kotecha et al.
(2013)

229 45–50.4/25–28 16.5–22.5/3 171–226/74–97 Median
5.1

95 % LR at 7 years, 90 % IR at 7 years,
57% HR at 7 years (81 % HR with
BED [ 190 Gy)

Martin et al.
(2004)

102 45/25 20–28/4 191–251/82–108 Median
2.6

100 % LR/IR at 3 years, 79 % HR at
3 years

Prada et al. (2012) 252 46/23 21–23/2 292–366/109–137 Median
6.1

84 %/78 % HR at 5 years/10 years

Åström et al.
(2005)

214 50/25 20/2 269/116 Median
4

82 % all risk groups at 5 years

Martinez et al.
(2002)

207 46/23 16.5–23/2–3 184–306/79–131 Mean
4.4

52 % all risk groups for
EQD2 \ 93 Gy and 87 % all risk
groups for EQD2 [ 93 Gy at 5 years

Noda et al. (2011) 59 50/25 15–18/2 191–243/82–104 Median
5.1

100 % LR at 5 years, 92 % IR at
5 years, 72 % HR at 5 years

Hoskin et al.
(2007)

220 35.75/13 17/2 214/92 Median
2.5

Mean PSA relapse-free survival for all
risk groups 4.3 years

LR low-risk group, IR intermediate-risk group, HR high-risk group, y years, BED biologically effective dose considering an a/b-ratio for prostate
cancer of 1.5 Gy, EQD2 biologically effective dose administered in 2 Gy-fractions considering an a/b-ratio for prostate cancer of 1.5 Gy, EBRT
external beam radiotherapy, BRT brachytherapy, HDR high-dose-rate, fx fraction(s)
a Biochemical failure defined by the Phoenix definition (absolute nadir plus 2 ng/ml)
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long-term biochemical relapse-free survival rates (Pistis
et al. 2010; Kotecha et al. 2013; Prada et al. 2012). Pistis
et al. (2010) treated 114 patients with intermediate- and
high-risk prostate cancer using a treatment schedule con-
sisting of mean 60 Gy conventional EBRT, followed
3 weeks later by a single-fraction 9 Gy HDR boost yielding
a total combined BED1.5 of 203 Gy. The generated overall
BC at 4 years was 97.4 % with no higher grade acute or late
GI and GU adverse events. Kotecha et al. (2013) treated 229
patients with an HDR BRT boost followed 3 weeks later by
supplemental EBRT. The boost consisted of three fractions
BRT of 5.5–7.5 Gy per fraction and supplemental EBRT of
conventionally fractionated IMRT delivering 45.0–50.4 Gy.
The generated BED1.5 levels ranged from 171 to 226 Gy
with a median value of 191.5 Gy. The 7-year biochemical
relapse-free survival rates were 95, 90, and 57 % for low-,
intermediate-, and high-risk patients, respectively, with a 7-
year BC of 81 % among high-risk patients with BED1.5

values[190 Gy. The reported incidence of late Grade 3 GU
and GI toxicity was 3.1 and 0.4 %, respectively. In a scheme
consisting of EBRT interdigitated with BRT, Prada et al.
(2012) reported on 252 high-risk patients treated with 46 Gy
EBRT and two fractions HDR BRT (on day 5 and 15 of
EBRT) of 10.5–11.5 Gy yielding total combined BED1.5

doses ranging from 292 to 366 Gy. The accomplished 5- and
10-year BC rate was 84 and 78 %, respectively, with 2.7 %
late Grade 3 GU and no late GI toxicity.

Even though a variety of clinically implemented dose
schedules make uniform recommendations concerning the
optimal combined dose regime difficult, the literature data
on HDR BRT with supplemental EBRT are consistent and
reproducible (Table 3). The high clinical efficacy of the so-
called ‘‘combined treatment protocols’’ is explicable by the
higher dose that can be prescribed when BRT is used for
treatment and by virtue of a higher dose within the implant.
Most authors use BRT fractions ranging from 6 to 10 Gy
yielding total physical HDR doses of 12–20 Gy applied in
two to four fractions. The supplemental EBRT doses range
from 45 to 54 Gy, generating total BED1.5 and EQD2 doses
in the range of 171–366 Gy and 74–137 Gy, respectively
(Galalae et al. 2002, 2004, 2006; Pistis et al. 2010; Kotecha
et al. 2013; Prada et al. 2012; Martinez et al. 2002, 2003,
2005, 2011; Demanes et al. 2005; Sathya et al. 2005; Vargas
et al. 2006; Martin et al. 2004; Aström et al. 2005; Hir-
atsuka et al. 2004; Noda et al. 2011; Deger et al. 2005;
Morton et al. 2010; Agoston et al. 2011; Izard et al. 2006;
Pellizzon et al. 2008; Phan et al. 2007; Viani et al. 2009).
The reported rates of late Grade 3 GU adverse events are far
less than 5 % in the majority of HDR boost series com-
paring favorably with high-grade late GU toxicity rates in
modern dose-escalating EBRT series (Peeters et al. 2006; de
Meerleer et al. 2004; Hanks et al. 2000).

Overall, HDR BRT with supplemental EBRT enables the
highly conformal administration of escalated biological
doses to the prostate while ensuring favorable toxicity
profiles. At this point, there is no consensus about the role
of androgen deprivation therapy (ADT) in combination with
HDR BRT for the treatment of locally-confined prostate
cancer. Temporary hormonal ablative treatment may not be
of additional advantage since it has not shown to be asso-
ciated with improved oncological outcomes (Galalae et al.
2004; Demanes et al. 2009; Hoskin et al. 2007; Martinez
et al. 2003, 2005).

4.2 HDR Monotherapy

Mature results from different institutions demonstrate HDR
monotherapy to be an excellent option for the definitive
treatment of organ-confined disease. Constant and repro-
ducible 5-year BC rates have been reported for patients with
low-risk (85–97 %), intermediate-risk (93–97 %), and high-
risk (79–88 %) prostate cancer (Zamboglou et al. 2012;
Demanes et al. 2011; Hoskin et al. 2012; Yoshioka et al.
2011, 2013; Rogers et al. 2012; ; Corner et al. 2008;
Ghilezan et al. 2011; Martin et al. 2004; Mark et al. 2010;
Barkati et al. 2012; Grills et al. 2004; Martinez et al. 2001,
2010; Komiya et al. 2013; Ghadjar et al. 2009; Prada et al.
2012) using a variety of dose-fractionation regimes. Table 4
lists dose-fractionation schemes and associated BEDs of
monotherapy protocols from the literature.

Even though direct comparisons are difficult, the clinical
outcomes yielded with single- or multiple implant regimes
are consistent. Martinez et al. (2010) treated 248 low-
and intermediate-risk patients employing one implant at 3
fractions of 9.5 Gy (n = 171) or two implants at 3 fractions
of 7.0 Gy (n = 77). Their reported overall BC was 88 % at
5 years. Mark et al. (2010) reported an actuarial BC rate of
88 % at 8 years in 301 patients for all risk groups utilising
two implants at 3 fractions of 7.5 Gy. Similarly, Rogers
et al. (2012) reported a BC rate of 94 % at 5 years in 284
intermediate-risk patients treated with two implants at three
fractions of 6.5 Gy. Both Mark et al. (2010) and Rogers
et al. (2012) included clinical stages CT2b with no exclu-
sions for any GS or pre-treatment PSA in the series by Mark
et al. (2010). These recently published data corroborate the
experience of other groups (Zamboglou et al. 2012; Hoskin
et al. 2012; Yoshioka et al. 2011) indicating that HDR BRT
is applicable for monotherapy over a range of risk groups
including intermediate and carefully selected high-risk
cases. In line with this experience, large monotherapy series
failed to verify GS, pre-treatment PSA, or clinical T-stage
as significant predictors of risk of biochemical failure
(Hoskin et al. 2012; Rogers et al. 2012; Yoshioka et al.
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2011; Tselis et al. 2013). Hoskin et al. (2012) reported on a
group of 197 patients with a 4-year BC rate of 87 % in 86
high risk cases. Those included stages CT3 in 21 %,
GS C 8 in 10 %, and PSA [ 20 in 25 % of cases with 92 %
of high-risk patients receiving temporary ADT of median
6.3 months duration. In the series by Tselis et al. (2013), the
BC at 80 months for low-risk, intermediate-risk and high-
risk patients was 90, 92, and 82 %, respectively. There was
no statistically significant difference between these risk
groups. However, 60 % of the high-risk patients received
for median 9 months ADT including all patients with
PSA C 20 ng/ml, 93 % of patients with GS C 7b (4 + 3),
and 52 % of all cases staged [T2b. Nonetheless, the
potential advantage of temporary ADT for patients treated
with HDR monotherapy remains an issue of ongoing dis-
cussion as no corroborative evidence exclusive to this
modality exists (Krauss et al. 2011).

Gastrointestinal and GU morbidity of monotherapy series
has been shown to be low with consistent toxicity incidences
across all scales. Hoskin et al. (2012) reported up to 16 % late
Grade 3 GU adverse events with 7 % urethral strictures
requiring surgery. Ghilezan et al. (2011), however, only
documented 1.1 % late Grade 3 toxicity with no strictures
requiring urethrotomy and overall 23 % Grade 2 adverse
events. Zamboglou et al. (2012) encountered 3.5 % late
Grade 3 GU morbidity with 1.8 % of patients developing

urethral strictures requiring surgical intervention. Data on
erectile dysfunction after HDR monotherapy have been rarely
reported using various multidimensional or ordinal scales for
assessment. However, potency preservation rates of 75–90 %
are documented in the recent literature (Zamboglou et al.
2012; Rogers et al. 2012; Ghadjar et al. 2009; Prada et al.
2012). Late rectal toxicity rates following HDR monotherapy
have also been reported to be low. Hoskin et al. (2012)
encountered 14.6 % Grade 2 adverse events with 1 % Grade 3
toxicity. Ghilezan et al. (2011) documented 4 % Grade 2 and
overall 1.1 % Grade 3 adverse events. In the analysis by
Zamboglou et al. (2012), 1.6 % of patients experienced Grade
3 rectal morbidity with 0.6 % of patients requiring rectal
surgery for Grade 3 radiogenic mucositis. So far, no ran-
domized trial has ever compared LDR and HDR mono-
therapy, but nonrandomized evaluations have confirmed that
both acute and late high-grade toxicities are less frequent after
HDR than LDR monotherapy (Grills et al. 2004; Martinez
et al. 2010). This may reflect the accuracy and reproducibility
of the HDR dosimetry, which eliminates uncertainties in the
spatial accuracy of dose delivery (Yamada et al. 2012).

Overall, the clinical outcome data of HDR monotherapy
reflect current radiobiological considerations for optimal
tumor control through hypofractionation. The BED in
Table 4 ranges from 208 to 299 Gy, with a median value of
256 Gy, considering an a/b-ratio of 1.5 Gy. However, even

Table 4 Literature results of high-dose-rate brachytherapy as monotherapy for localized prostate cancer

Treatment protocol

Study n Gy/fx Fractions
(Implants)

Total Median
f/u (y)

Biochemical controla BED
(Gy)

EQD2
(Gy)

Yoshioka et al. (2011) 111 6.0 Gy 9 (1 Implant) 54 Gy 5.4 93 % IR at 3 years, 85 %
HR at 3 years

270 116

Yoshioka et al. (2013) 63 6.5 Gy 7 (1 Implant) 45.5 Gy 3.5 96 % IR at 3 years, 90 %
HR at 3 years

243 104

Hoskin et al. (2012) 197 8.5–9.0 Gy 4 (1 Implant) 34–36 Gy 4.5–5 95 % IR at 4 years, 87 %
HR at 4 years

227–252 97–108

10.5 Gy 3 (1 Implant) 31.5 Gy 3

13.0 Gy 2 (1 Implant) 26 Gy 0.5

Rogers et al. (2012) 284 6.5 Gy 6 (2 Implants) 39 Gy 3 94 % IR at 5 years 208 89

Mark et al. (2010) 301 7.5 Gy 6 (2 Implants) 45 Gy 8 88 % all risk groups at
8 years

270 117

Prada et al. (2012) 40 19.0 Gy 1 (1 Implant) 19 Gy 1.6 100 % LR at 32 months,
88 % IR at 32 months

260 111

Demanes et al. (2011) 298 7.0 Gy 6 (2 Implants) 42 Gy 5.2 97 % LR/IR at 5 years 238–279 102–119

9.5 Gy 4 (1 Implant) 38 Gy

Zamboglou et al.
(2012)

718 9.5 Gy 4 (1 Implant) 38 Gy 4.4 95 % LR at 5 years,
93 % IR at 5 years, 93 %
HR at 5 years

279–299 119–128

9.5 Gy 4 (2 Implants) 38 Gy

11.5 Gy 3 (3 Implants) 34.5 Gy

LR low-risk group; IR intermediate-risk group; HR high-risk group; f/u follow-up; y years; BED biologically effective dose considering an a/b-
ratio for prostate cancer of 1.5 Gy, EQD2 biologically effective dose administered in 2 Gy-fractions considering an a/b-ratio for prostate cancer
of 1.5 Gy, fx fraction
a Biochemical failure defined by the Phoenix definition (absolute nadir plus 2 ng/ml)
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for an a/b-ratio of 3.0 Gy, the BED would be in the range of
123–167 Gy. In comparison with LDR implants, where
attempts are made to attain a BED2.0 [ 200 Gy by mainly
adding EBRT (Stone et al. 2007, 2010), HDR monotherapy
can generate BED2.0 values far higher than 200 Gy in a
significant part of the fractionation schedules listed in
Table 4. The values for EQD2 in Table 4 range from 89 to
128 Gy for an a/b-ratio of 1.5 Gy (77–104 Gy for an a/b-
ratio of 3.0 Gy), which may be mostly impossible to
administer with conventional EBRT.

4.3 HDR Salvage for Locally Recurrent
Disease

Up to 60 % of prostate cancer patients that underwent rad-
ical therapy for clinically localized disease will harbor a
biochemical recurrence (BCR) within 10 years after treat-
ment (Djavan et al. 2003; Brachman et al. 2000; Bruce et al.
2012). The ideal management of these patients remains a
controversial clinical issue (Bruce et al. 2012). Despite the
primary treatment-related variation in the definition of BCR
and the difficulty to differentiate between local or distant
relapse based on PSA follow-up, clinical data suggest that up
to 70 % of patients with a rising PSA will have local disease
as the only demonstrable site of recurrent disease (Chen
et al. 2013; Ahmed et al. 2007; Pound et al. 1999). Others,
however, cite that most patients with BCR will experience
micrometastatic disease and will therefore not benefit from
local salvage treatment modalities (Chen et al. 2013; Ngu-
yen et al. 2007). However, new promising molecular
imaging approaches are evolving in order to improve accu-
rate patient selection and provide more precise localization
possibilities that can be used for optimization of salvage
therapy modalities (Ahmed et al. 2007; Ward et al. 2005).

Different therapeutic options such as salvage ADT or local
procedures, such as salvage radical prostatectomy, salvage
cryosurgical ablation, salvage photodynamic therapy, sal-
vage thermal ablation, salvage high-intensity focused ultra-
sound and salvage radiation therapy (RT), including all forms
of salvage EBRT and/or salvage BRT are currently clinically
practiced (Ward et al. 2008). For pathologically proven local
failure after previous definitive treatment, salvage HDR BRT
(sHDR BRT) with or without ADT appears to be an effective,
well-tolerated approach with a curative potential in accu-
rately selected patients (Chen et al. 2013; Lee et al. 2007;
Scala et al. 2009; Pellizzon et al. 2009). Even though most
clinical data are derived from small retrospective studies, the
disease control and toxicity rates using sHDR BRT compare
favorably with those reported using other treatment modali-
ties (Chen et al. 2013; Pellizzon et al. 2009). Lee et al. (2007)
treated 21 patients (median pre-salvage PSA of 3.8 ng/ml
with median pre-salvage GS of 7) after primary EBRT of

median 66.6 Gy with 36 Gy sHDR BRT in 6 fractions using
two TRUS-guided implants separated by 1 week. The
reported BC at median 18.7 months of follow-up was 89 %
with 86 % Grade 2 and 14 % Grade 3 GU adverse events at
3 months after BRT. Pellizzon et al. (2009) treated 17
patients after median 68 Gy primary EBRT with a HDR BRT
dose ranging from 34–36 Gy, achieving long-term (median
follow-up of 47 months) BC of 70.5 % associated with a
47 % incidence of acute Grade 2 rectal toxicity and 6 %
incidence of Grade 3 late rectal toxicity. The rate of symp-
tomatic urethral strictures was 17. 6 %. Scala et al. (2009)
reported a short-term (median follow-up of 18.5 months) BC
rate of 70 % in a series of 10 patients (median pre-salvage
PSA 5.8 ng/ml), who underwent sHDR BRT after either
primary EBRT or LDR BRT. All patients received 36 Gy
HDR BRT in 6 fractions using two TRUS-guided temporary
implants separated by 2 weeks. The authors reported 70 %
Grade 2 or greater late GU toxicity and 0 % Grade 2 or
greater late GI toxicity. Similarly, Oliai et al. (2013) reported
on a group of 22 patients, who underwent sHDR BRT with or
without ADT after primary treatment with EBRT, LDR BRT,
or HDR BRT with supplemental EBRT, receiving 36 Gy
HDR BRT in 6 fractions using two TRUS-guided implants.
At a median follow-up of 45 months, the generated BC rate
was 75 %. Urethral strictures requiring TURP developed in
32 % of patients and Grade 2 hematuria manifested in 18 %
of patients. In the series by Chien et al. (2013), which is the
largest series of patients treated with sHDR BRT after pre-
vious definitive RT, 52 patients were analyzed. After path-
ologic confirmation of locally recurrent disease, patients
received 36 Gy HDR BRT in 6 fractions. Median follow-up
was 59.6 months with an actuarial BC rate of 51 % at 5 years.
Acute and late Grade 3 GU adverse events were observed in
only 2 % and 2 % of patients, respectively. No Grade 2 or
higher acute GI adverse events and 4 % Grade 2 late GI
toxicity were documented. In summary, sHDR BRT with or
without ADT for locally recurrent disease after initial radical
treatment, compared with other salvage modalities, is a
promising radiotherapeutic approach with an acceptable
acute and late toxicity profile. However, more research and
longer follow-up are needed to evaluate this salvage modality
in comparison with other existing treatment alternatives.
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Abstract

Randomized trials on postoperative radiotherapy for
prostate were reviewed. Target volume consensus
guidelines were compared and discussed with respect
to inter-observer variability, normal tissue exposure and
size of the target volume.

1 Randomized Trials on Early
Postoperative Radiotherapy

Early postoperative radiotherapy after radical prostatectomy
to a dose of 60–64 Gy with conventional fractionation can
reduce the hazard of biochemical relapse of high-risk
prostate cancer by a hazard ratio of about 0.5. This long-
term effect has been shown by three randomized trials
(Bolla et al. 2012; Thompson et al. 2009; Wiegel et al.
2009). These randomized trials were heterogeneous by the
various postoperative risk groups of patients included. All
trials included patients with pT3a or pT3b tumors with or
without positive resection margins. The EORTC trial
included also patients with pT2 tumors and positive resec-
tion margins, the ARO/AUO trial patients with pT4 tumors.
All trials required a pN0 status. Postoperative PSA serum
levels had to achieve undetectable values in the ARO/AUO
trial with assays having PSA detection limits of 0.1 ng/ml
or lower. Therefore, patients in this trial got adjuvant
radiotherapy according to the strict definition of undetect-
able PSA values at the time of radiotherapy. In the SWOG
and EORTC trial, 66–70 % of patients had postoperative
PSA serum levels below 0.2 ng/ml. Early postoperative
radiotherapy started within 18 weeks after surgery in all
these trials. PSA relapses at 5 years were found in 58, 46,
and 46 % of patients in the control arms of the SWOG,
ARO/AUO, and EORTC trials. The cancer-specific mor-
tality rate was only 4 % in the EORTC trial at 10 years.
Therefore, it is difficult to detect a significant effect of
postoperative radiotherapy on survival within this time span
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despite the large effect on biochemical relapse. In addition,
56 % of patients in the control arm of the EORTC study
received salvage radiotherapy after PSA-progression
diminishing differences between treatment arms on the
survival endpoint. In the EORTC trial, no effect of post-
operative radiotherapy on the cumulative risk of distant
metastases was found and the cumulative risk at 10 years
was 11 % in both ams. On the other hand, the crude rates of
distant metastases were 35/211 in the control and 17/214 in
the postoperative radiotherapy group in the SWOG trial at a
median follow-up of 10.9 years, indicating a certain effect
of postoperative radiotherapy on the development of distant
metastases (Thompson et al. 2006). If one assumes that the
effect of postoperative radiotherapy on the development of
distant metastases is smaller than the local effect and given
that the hazard ratio on freedom from biochemical relapse is
0.5, then the hazard ratio on local tumor control should be
even smaller than 0.5. The treated prostate bed volumes in
the EORTC trial were rather large. The mean 95 % isodose
volume in the initial series treated up to 50 Gy was 930 cm3

and in the second series 535 cm3, as known from a dummy
run for quality assurance (Davis et al. 2002). Similar large
volumes were treated in SWOG trial. Here a four field or an
arch technique was allowed. For the four-field approach
9 9 9 cm2 or 10 9 10 cm2 anterior or posterior fields were
used. As an additional requirement, parts of the rectum have
to be blocked in the lateral beams (Swanson et al. 2007).
Some toxicity of postoperative radiotherapy was reported
from these three trials. The risk of late grade 2+ gastroin-
testinal toxicity attributable to radiotherapy was B4 %, the
risk of late grade 2+ genitourinary toxicity was B12 % in
all trials. In addition, late grade 3 side effects were below
3 % in the EORTC and ARO/AUO trials.

2 Postoperative Salvage Radiotherapy

Salvage radiotherapy is an alternative to postoperative
adjuvant radiotherapy and should be performed early at
PSA serum levels \ 0.5 ng/ml having a postoperative PSA
rise or a PSA persistence in patients after prostatectomy
with a pN0 or pNx lymph node status. Analyses of retro-
spective studies showed a 2.6 % loss of biochemical
relapse-free survival for an incremental PSA level of
0.1 ng/ml after salvage prostate bed radiotherapy (King
2012). In addition, there are hints for a dose response in the
range of total dose between 60 and 70 Gy (King 2012).
When starting salvage RT at a PSA level below 0.2 ng/ml,
long-term biochemical relapses-free survival approaches
65 %, which is similar to the results of the randomized trials
with early or adjuvant postoperative radiotherapy (King
2012). Additional prognostic factors for biochemical
relapse after postoperative radiotherapy are prostatectomy

Gleason score, PSA doubling time, and androgen depriva-
tion during salvage therapy (Stephenson et al. 2007).
However, mature randomized data on salvage therapy are
missing. Randomized trials on dose-response (e.g., SAKK
09/10), target volume (e.g., RTOG 0534 with whole pelvic
versus prostate bed alone of salvage radiotherapy), or
additional androgen deprivation and salvage radiotherapy
(e.g., RTOG 0543), or comparison with adjuvant postop-
erative radiotherapy (Radicals, GETUG-17/0702, Raves)
are under way. Until these data are available, the highest
evidence for postoperative radiotherapy comes from the
above three randomized trials on early postoperative
radiotherapy (Bolla et al. 2012; Thompson et al. 2009;
Wiegel et al. 2009). As a consequence of these trials,
adjuvant prostate bed radiotherapy has gained the status of a
standard treatment option after prostatectomy with the
highest grade of recommendation for patients with pT3 pN0
tumors and positive surgical margins. But what are the
optimal target volumes for postoperative radiotherapy and
are they clearly defined?

3 Target Volume Definitions of Prostate
Bed Radiotherapy, Inter-Observer
Variability, Prostate Bed Coverage,
and Associated Normal Tissue
Dose–Volume Exposure

Four target volume delineation consensus guidelines were
published for post-prostatectomy prostate bed radiotherapy
based on different strategies (Michalski et al. 2010a; Post-
manns et al. 2007; Sidhom et al. 2008; Wiltshire et al. 2007).
The Toronto Group and the Australian/New Zealand Radi-
ation Oncology Genito-Urinary Group described the ana-
tomic boundaries of the prostate bed (Sidhom et al. 2008;
Wiltshire et al. 2007). The EORTC consensus started with
analyses of the locations of local recurrences after radical
prostatectomy and the extents of extracapsular tumor
extensions found in surgical series (Postmanns et al. 2007).
The RTOG consensus tried to estimate the clinical target
volume by a statistical simultaneous truth and performance
level estimation method from contour datasets created by 11
experts for two exemplary cases (Michalski et al. 2010a).
Contouring protocols can reduce inter-observer variation in
the target volumes (Mitchell et al. 2009). Remaining vari-
abilities in prostate bed delineation following the EORTC
guidelines were analyzed by Ost et al. (2011). The mean
intersection volume for the prostate bed and seminal vesicles
volumes delineated by six physicians was only 5.0 and
0.9 ml, respectively, for 10 cases. The mean union volumes
were 41 and 25 ml for the prostate bed and seminal vesicles,
respectively. The highest variability of the target volumes
was observed in the posterior and superior directions.
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In conclusion, contouring following the EORTC guideline
gives room for considerable residual inter-observer vari-
ability. Croke et al. (2012) analyzed the agreement of the
clinical target volumes for 20 postoperative prostate cancer
patients contoured according to the four mentioned guide-
lines and found that the clinical target volumes according to
the EORTC guideline were significantly smaller than those
according to the other guidelines. In comparison with the
macroscopic tumor volumes on preoperative MRI, the
clinical target volumes did not cover the gross tumor in C16
of 18 patients by a varying extent, irrespectively on the
guideline used. The whole prostate on preoperative MRI was
covered by the clinical target volume according to the dif-
ferent guidelines in none of the patients. Especially, the base
and the posterior aspects of the prostate capsule were poorly
covered. While preoperative imaging might not be highly
predictive for the location of postoperative recurrences,
these data should caution not to choose too small target
volumes in the superior and posterior directions where
anatomic boundaries are less defined than in the lateral,
anterior, and inferior directions. Malone et al. analyzed the
dose–volume exposures of the rectum and bladder by
treatment plans based on the four contouring guidelines
(Malone et al. 2012). The restrictive Quantec dose–volume
constraints for the rectum were only met in 1 of 20 cases

with 3D-conformal treatment plans for target volumes
according to each of the guidelines (Michalski et al. 2010b;
Malone et al. 2012). Highly conformal tomotherapy IMRT
plans allowed maintaining Quantec rectal constraints in 5 of
20 patients in that study. The fact, that rectum dose–volume
exposure can be reduced by IMRT has also been shown in
other series in the postoperative situation (Koontz et al.
2009). An endorectal balloon is used in some institutions in
the postoperative situation after prostatectomy to reduce the
dose to the rectum (Ishiyama et al. 2013). In our institution,
we use rectal balloons filled with 100 ml air together with
IMRT in most patients in the postoperative situation. The
endorectal balloon allows to spare parts of the dorsal aspect
of the rectum and can reduce the high dose volume in the
rectum substantially (Fig. 1).

In order to be well protected against too small clinical
target volume, it is useful to consider the anatomy-based
target volume definition of the Toronto group (Wiltshire
et al. 2007) and in addition to use the RTOG consensus
definition (Michalski et al. 2010a). The RTOG consensus
decreased the inferior border of the CTV from 8 mm in the
guideline from Toronto to at least 8–12 mm below the ves-
icourethral anastomosis. The superior boundary was defined
by the superior surgical clips if present or 5 mm above the
inferior border of the vas deferens by the Toronto consensus.

Fig. 1 Axial dose distribution of
prostate bed 7-field IMRT a with
and b without an endorectal
balloon
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The RTOG guideline modified that border so that the CTV
usually had not to extend more than 3–4 cm above the level
of the symphysis in general. Seminal vesicles remnants have
to be included in the clinical target volume according to the
RTOG consensus. The posterior caudal boundary is the
anterior border of the rectal wall and the levator ani and may
be somewhat concave around the anterior–lateral aspect of
the rectum. The posterior cranial boundary is the mesorectal
fascia. The lateral caudal boundaries are the medial borders
of the levator ani and obturator internus muscles. The lateral
cranial borders are defined by the sacrorectogenitopubic
fascia. The anterior borders are the posterior edges of the
pubic bones inferiorly. Above the superior aspect of the
pubic bone, the CTV retracts posteriorly and encompasses
the 1–2 cm of the posterior bladder wall at the minimum.
With that definition, more than 1,000 patients were treated
within the RTOG-0534 trial to the prostate bed alone or to the
prostate bed in the second series after pelvic radiotherapy
including pelvic nodal stations.

In the case of gross residual or recurrent disease, the
macroscopic tumor has to be included with a margin of
1 cm according to the Toronto guidelines. In addition,
surgical clips outside the above boundaries should be
included excluding high lymphadenectomy vessel clips.

4 Conclusion

Postoperative adjuvant or salvage radiotherapy can offer a
substantial chance of long-term freedom from PSA pro-
gression. The risk of severe late effects of this treatment
modality is usually low, as found in the randomized trials
on early postoperative radiotherapy using 3D techniques.
Modern IMRT radiotherapy techniques can reduce the
rectum and bladder exposure further. Care has to be taken to
cover the posterior and superior aspects of the prostate bed.
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Abstract

The optimal management of patients with adverse
clinical and pathologic features concerning the risk of
a biochemical recurrence after radical prostatectomy is
still under discussion. The two treatment approaches for
patients with undetectable PSA are immediate adjuvant
radiotherapy or observation followed by early salvage
radiation therapy in case of PSA increase out of the
undetectable range. The purpose of this chapter is to
review the rationale, results, and possible side effects of
adjuvant radiotherapy with main focus on the three
randomized phase III trials: Southwest Oncology Group
(SWOG) 8794, the European Organization for Research
and Treatment of Cancer (EORTC 22911), and the
German Cancer Society (ARO 96-96/AUOAP 09/95).
All three trials demonstrated a benefit in terms of bNED
(biochemically no evidence of disease) after adjuvant
radiotherapy compared to a ‘‘wait-and-see’’ policy. The
greatest benefit was achieved in patients with positive
margins and pT3 tumors. The rate of side effects was
comparably low. It remains unknown if early salvage
radiation therapy initiated after PSA failure is equivalent
to adjuvant radiotherapy. At the present time, there are
no published randomized trials to compare adjuvant
radiotherapy versus salvage radiation therapy.

1 Introduction

For patients with low-risk prostate cancer/localized disease
and/or higher age active surveillance or watchful waiting
are suitable options regarding side effects and quality of life
(Kyrdalen et al. 2013; McVey et al. 2010; Cooperberg et al.
2011; Budaus et al. 2012). Alternatively, and for more
advanced stages, radical prostatectomy (RP) and radiation
therapy are the two major first-line therapeutic options.
There are multiple established risk factors for recurrence of
prostate cancer after RP such as infiltration of the seminal
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vesicles, advanced tumor stage, positive surgical margins, a
high Gleason score, and a high pre-RP PSA level (Chun
et al. 2006; Salomon et al. 2003; Swindle et al. 2005;
Pfitzenmaier et al. 2008; Pinto et al. 2006). However,
recurrences do even occur with a favorable pattern of risk
parameters; their overall absolute rates in terms of bio-
chemical relapse are 15–30 % (Cooperberg et al. 2005;
Stephenson et al. 2007, 2012; Bianco et al. 2005), while
with adverse features, figures greater than 60 % have been
reported (Kawamorita et al. 2009; Swanson et al. 2007).

Post-RP PSA should fall below detection threshold
within 4–6 weeks (biochemically no evidence of disease;
bNED), as its serum half-life is only 2–3 days (Lotan and
Roehrborn 2002). Measurable PSA levels after RP indicate
residual prostatic tissue, either malignant or benign (BPH).
In the former case, persisting PSA levels predate clinically
evident disease and do correlate well with disease
progression.

A PSA value of C0.2 ng/ml is a widely accepted
threshold to state biochemical relapse if confirmed in a
second measurement, while minimum detectable concen-
trations are approximately 1 pg/ml or less (Chikkaveeraiah
et al. 2011; Triroj et al. 2011), (Stephenson et al. 2007;
Wiegel et al. 2009b; Freedland et al. 2005; Heidenreich
et al. 2011; Wenz et al. 2010).

Vital tumor tissue is histopathologically proven by
biopsies form the vesicourethral anastomosis in up to 53 %
of all patients with rising PSA after RP without clinical
correlates suggestive of recurrent tumor (Shekarriz et al.
1999).

Rising PSA values serve as a surrogate marker of
recurrence after primary therapy, as they precede metastatic
progression and tumor-specific death by several years
(Stephenson et al. 2006). However, patients with (slowly)
rising PSA values do not coercively develop distant
metastases. Although there is no fixed relation between PSA
level and risk of metastasis, bone scintigrams at a
PSA \7 ng/ml are mostly negative, while at [20 ng/ml
they are quite likely to be positive (Gomez et al. 2004;
Mottet et al. 2011).

The optimal management of patients with adverse
clinical and pathologic features concerning the risk of a
biochemical recurrence after RP continues to be a source
of controversy. The two treatment approaches for the
postoperative management of these patients are immediate
adjuvant radiation therapy in men with an undetectable PSA
or observation followed by early salvage radiation therapy
in case of PSA persistence or increase after initially post-
operative undetectable values.

The purpose of this chapter is to review the rationale,
results, and possible side effects of adjuvant radiotherapy with
main focus on the three phase III randomized trials SWOG
8794, EORTC 22911 and ARO 96-02/AUO AP 09/95.

2 Adjuvant Radiotherapy

Adjuvant radiotherapy (ART) implies that the patient has
achieved an undetectable post-RP PSA level and, despite
this apparent success, is irradiated. Evidently, a dilemma
results from the unavoidable overtreatment by ART, which
must be justified by clinical advantage.About 40–50 %
percentage of the patients are presumably overtreated,
which is the percentage of bNED 5 years after RP alone
(King 2012; Briganti et al. 2012). Furthermore, in patients
with tumor spread beyond the pelvis, ART is useless and
thus 30 % of ART patients are expected to develop pro-
gression or die despite treatment (King 2012; Richaud
et al. 2010). Such concern probably causes low ART
application rates (Tyldesley et al. 2012; Showalter et al.
2012; Hoffman et al. 2011). On the other hand, ART
might be superior to (delayed) salvage radiation therapy
for those patients who are at higher risk of post-RP
recurrence and who could profit from early initiation of
radiotherapy.

3 Randomized Clinical Trials

Definitive evidence that adjuvant radiotherapy improves the
outcome of men with pathologically advanced prostate
cancer is available from three phase III randomized trials:
Southwest Oncology Group (SWOG) 8794, the European
Organization for Research and Treatment of Cancer
(EORTC) 22911, and the German Cancer Society (ARO 96-
02/AUO AP 09/95).

All three trials demonstrated a benefit in terms of bNED
after adjuvant radiation therapy (60–64 Gy) compared to a
‘‘wait-and-see’’ policy, mostly for pT3 cN0 or pN0 tumors
(Table 1).

3.1 Southwest Oncology Group (SWOG) 8794

The SWOG 8794 was a randomized multi-institutional
prospective trial of ART with 60–64 Gy versus observation
alone for locally advanced prostate cancer following RP.
Between 1988 and 1997, the study enrolled 425 patients
with pathological stage T2 or T3 tumors who met at least
one of the following pathological criteria: extracapsular
extension, positive surgical margin, or seminal vesicle
invasion. Pelvic lymph node dissection was obligatory, an
undetectable PSA level before study entry was not man-
datory. Thirty-three percentage of men in both arms had a
serum PSA level [0.2 ng/ml at the time of randomization.
A total 8 % of patients received pre-RP androgen depriva-
tion therapy (ADT) (Thompson et al. 2006, 2009; van der
Kwast et al. 2007).
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Patients randomized to the ART arm began radiotherapy
within 18 weeks after surgery. Treatment delivery was done
utilizing 2D-based planning aimed at the prostatic fossa and
paraprostatic tissues.

The primary end point in this study was metastasis-free
survival. bNED was a secondary end point. A biochemical
failure was defined as PSA level [0.4 ng/ml.

At the time of initial publication of the study (median
follow-up 10.6 years), there was a significant benefit for
patients treated with ART in terms of PSA relapse-free
survival (median time to PSA relapse 10.3 vs. 3.3 years;
p \ 0.001) and recurrence-free survival (median time 13.8
vs. 9.9 years; p = 0.001).

In the observation arm, the use of salvage radiotherapy was
not mandated by protocol. Ultimately a total of 70 men (33 %)
received postoperative radiotherapy, mostly for a rising
serum PSA level. The median PSA level at the time of salvage
radiotherapy in these patients was 1.0 ng/ml, which would
be considered ‘late’ salvage therapy by current standards.

By 5 years, twice as many men in the observation arm
had received hormonal therapy versus in the ART arm (21
vs. 10 %; p \ 0.001).

The initial report did not reveal advantage for ART
concerning metastasis-free survival or overall survival.
However, after a median follow-up of 12.5 years, a sub-
sequent publication demonstrated a significant improvement
in metastasis-free survival (12.9 years for the observation
arm vs. 14.7 years for the ART arm; p = 0.016) as well as in
overall survival in favor of ART (59 % for the ART arm vs.
48 %, observation arm; p = 0.023). The authors calculated
that, on average, 12.2 patients had to be treated with ART to
prevent one case of metastatic disease and 9.1 patients to
prevent one death. It is interesting to note that the differences
between the treatment groups become measurable not before

10 years, highlighting the importance of long-term follow-
up in these patients.

However, the rate of observed distant metastasis was low
(37 men in the observation arm and 20 men in the radio-
therapy arm) and the majority of events in the analysis of
metastasis-free survival and overall survival in both groups
were deaths without evidence of metastatic prostate cancer
(77 of 114 men in the observation arm and 73 of 93 men in
the radiotherapy arm). Consequently, it has been argued that
the survival benefit after ART was largely due to a lower
rate of competing-cause deaths without evidence of distant
metastasis, and that the impact of ART on metastatic dis-
ease and cancer-specific death was still uncertain.

3.2 European Organization for Research
and Treatment of Cancer (EORTC) 22911

The EORTC 22911 was a phase III clinical trial of ART
versus no immediate further treatment for patients with pN0
M0 prostate cancer with non-organ-confined disease
(extracapsular extension or seminal vesicle invasion) or
positive margins. All patients had ilio-obturator lymphad-
enectomy. A total of 1,005 men \75 years were accrued to
the trial between 1992 and 2001. An undetectable PSA
following prostatectomy was not mandatory for study
enrollment. In total, 69.5 % of the patients had an unde-
tectable PSA following RP. A total of 10 % of the patients
received pre-RP ADT (Bolla et al. 2005, 2012).

For patients randomized to the ART arm, radiotherapy
was initiated within 16 weeks following surgery, after
recovery of urinary function. RT was delivered using
2D-based treatment planning to a total dose of 60 Gy over a
period of 6 weeks.

Table 1 Overview of all three randomized trials for adjuvant radiation therapy after radical prostatectomy

Reference n Inclusion criteria Randomization Definition of
biochemical
recurrence

Median
follow-
up

Biochemical
progression-free
survival (bNED)

Overall survival

Thompson et al.
(2009), SWOG
8794

431 pT3
pN0 ± involved
SM

60–64 Gy
versus ‘‘wait
and see’’

[0.4 152 mo. 10 years: 53 versus
30 % (p \ 0.05)

10 years: 74
versus 66 %
Median time:
15.2 versus
13.3 years
p = 0.023

Bolla et al.
(2012), EORTC
22911

1005 pT3 ± involved
SM pN0
pT2 involved
SM

60 Gy versus
‘‘wait and see’’

[0.2 127 mo. 10 years: 61 versus
38 % (p \ 0.001)

81 versus 77 %
n.s.

Wiegel et al.
(2013b), ARO
96-02

388 pT3 (± involved
SM) pN0
PSA post RP
undetectable

60 Gy versus
‘‘wait and see’’

[0.05 +
confirmation

112 mo. 10 years: 56 versus
35 % (p \ 0.0001)

82 versus 86 %
n.s.

n.s. not significant, PSA Prostate Specific Antigen, SM surgical margins
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The ‘revised primary end point’ of the study was PSA
progression (initially it was metastasis-free survival),
defined as an increase of more than 0.2 ng/ml over the
lowest post-RP value measured on three occasions at least
2 weeks apart.

Overall, 301 (30 %) of men had a serum PSA
level [0.2 ng/ml at the time of randomization (157 in the
observation arm, 144 in the radiotherapy arm). In the
observation arm, patients with biochemical or local recur-
rence were recommended to receive salvage radiotherapy.
However, only 113 (51 %) of men with recurrent cancer
after RP in the control arm received salvage radiotherapy,
and 45 % of these received ‘late’ radiotherapy on the basis
of clinically evident locoregional recurrence.

After a median follow-up of 5 years, biochemical pro-
gression-free survival (bPFS), clinical progression-free sur-
vival, and the cumulative rate of locoregional failures were
significantly improved in the ART group (74 vs. 56 %;
p \ 0.0001 for bPFS). In total, 22.5 % of men in the
observation arm subsequently underwent pelvic RT and 9 %
eventually required hormonal treatment. Overall, the rates of
distant metastasis (seen in 18 men in the observation arm and
19 in the radiotherapy arm) and deaths from prostate cancer
(15 in the observation arm and 8 in the radiotherapy arm)
as secondary endpoints in both arms were low and not sig-
nificant different as well as in overall survival (p = 0.7).

Updated results with 10 -year follow-up data showed a
continued bPFS advantage in favor of ART (61 vs. 41 %;
p \ 0.001) and a nonsignificant trend toward improved
overall survival in the ART group (81 vs. 77 %; p [ 0.1).

3.3 German Study Group (ARO 96-02/AUO AP
09/95)

The third phase III trial of ART versus a wait-and-see policy
for patients with non-organ-confined prostate cancer (path-
ological stage pT3 pN0) with or without positive margins
enrolled a total of 385 patients between 1994 and 2004.
Approximately 11 % of patients received pre-RP ADT. All
patients were required to have undergone a pelvic lymph
node dissection. Unlike the SWOG and EORTC trials,
patients were required to have an undetectable PSA following
RP. Seventy-eight patients did not achieve an undetectable
PSA and were excluded from treatment according to random
assignment. Of the remaining 307 patients, 34 patients on the
RT arm did not receive RT and five patients on the wait-and-
see arm received RT. Therefore, 114 patients underwent RT
and 154 patients were treated with a wait-and-see policy
(Wiegel et al. 2009a, 2013b).

The primary end point of the study was bPFS. A bio-
chemical failure was defined as a PSA increase out of the
undetectable range with a consecutive confirmation.

Unlike the prior two studies, patients in this trial were
treated with more modern 3D conformal RT. RT was pre-
scribed to a dose of 60 Gy and initiated within 6–12 weeks
following RP.

Over a median follow-up duration of 54 months, 67
progression events were observed in the observation arm
and 38 in the radiotherapy arm, most of which were due to
biochemical recurrence. Five-year progression-free survival
was 54 and 72 % in the observation and radiotherapy arms,
respectively (p = 0.0015). The benefit in favor of adjuvant
radiotherapy was also observed when the 78 patients with
persistent serum PSA elevation after radical prostatectomy
were included in the analysis (p = 0.05), and persisted
across all subgroups, with the exception of those with
negative surgical margins. There was no benefit for
metastasis-free survival or overall survival.

In the meantime, an update with data of 10-year follow-up
was presented at the 2013 Genitourinary Cancers Symposium
in Orlando, Florida. At 10 years, freedom from biochemical
failure was achieved in 56 % of the adjuvant radiotherapy arm
versus 35 % of the wait-and-see arm, for an absolute differ-
ence of 21 % favoring adjuvant treatment (p = 0.00002). No
significant benefit was observed for adjuvant radiotherapy
regarding metastasis-free survival or overall survival, though
the trial was not powered to show this.

For patients with positive surgical margins, adjuvant
radiotherapy had a clear advantage: Biochemical control
was achieved in 55 versus 27 % of those in the wait-and-see
arm, for an absolute difference of 28 %. Baseline factors
associated with greater efficacy of adjuvant radiotherapy
included higher Gleason scores, higher PSA levels, and
more aggressive tumors. In a multivariate analysis, adjuvant
radiotherapy reduced the risk of biochemical failure by
54 %. The relative risk of biochemical failure was reduced
for patients with positive surgical margins, higher PSA
level, stage T3a/b, and higher Gleason scores.

3.4 Clinical Trials Overview

Patients with pT3 tumors and positive margins have been
demonstrated to benefit most from ART (30 % bNED after
5 years) (Bolla et al. 2005; Thompson et al. 2006; Van der
Kwast et al. 2007; Wiegel et al. 2009a). The 10-year follow-
up data of all three trials confirm these results (Bolla et al.
2012; Wiegel et al. 2013b). In the prospective study of the
South Western Oncology Group (SWOG), overall survival
was improved from 13.5 years without to 15.2 years with
ART (Thompson et al. 2009).

It is notable that the three randomized studies have used
different definitions of biochemical progression: SWOG:
PSA [0.4 ng/ml, EORTC: PSA [0.2 ng/ml, ARO/AUO:
PSA [0.05 ng/ml.
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Consequently biochemical recurrences (as an increase of
PSA over the detection threshold) were detected earlier in
the latter two studies, which explains the apparently worse
results of the ARO study including patients with more
favorable risk profile (undetectable PSA after RP)
(Table 1).

In the EORTC and SWOG trials radiation was based on
2D treatment planning, where the prostatic fossa and
paraprostatic tissue were targeted by using large treatment
portals. Obviously, precise definition of target volumes was
not essential, which is in great contrast to modern 3D
conformal radiation treatment techniques such as IMRT.
Compared to 2D-based planning, IMRT provides significant
normal tissue sparing, but also demands exact definition of
target volume.

Due to more precise techniques in treatment delivery, the
Radiation Therapy Oncology Group (RTOG) (Michalski
et al. 2010), the EORTC Radiation Oncology Group (Poort-
mans et al. 2007), and other cooperative groups (Wiltshire
et al. 2007) have created consensus guidelines for delineation
of target volumes for post-prostatectomy patients.

In 2011, Daly et al. reported the results of a meta-analysis
of the three randomized clinical trials comparing radical
prostatectomy alone to radical prostatectomy plus adjuvant
radiation therapy for the treatment of men with prostate
cancer and at least one of the following adverse pathologic
features: extracapsular tumor extension, positive surgical
margins, or seminal vesicle invasion. In total, 1,815 men
were studied (385 from ARO, 1005 from EORTC, and 425
from SWOG). Analysis of oncological outcome was per-
formed at 5- and 10-year time points. At this date, 10-year
follow-up data were only available from the SWOG trial. An
improved bPFS after ART could be demonstrated at 5 and
10 years with risk differences (RDs, risk difference is the
risk in the treated group minus the risk in the control group)
of 0.16 (95 % confidence interval [CI], 0.21–0.11) and 0.29
(95 % CI, 0.39–0.19), respectively. Furthermore, at
10 years, adjuvant radiation improved overall survival (RD:
0.11; 95 % CI, 0.20–0.02) and reduced the risk of metastatic
disease (RD: 0.11; 95 % CI, 0.20–0.01) (Daly et al. 2011).

3.5 The Role of Positive Margins

Notably, central pathological review on the outcome at
5 years in the EORTC trial demonstrated positive surgical
margins interacting statistically significantly with the
treatment effect, to such an extent that the treatment benefit
in patients with negative margins did not remain significant.
The hazard ratio for the treatment benefit in the group with
negative surgical margins was 0.87 (p = 0.601), compared
to 0.38 (p \ 0.0001) in the group with positive surgical
margins according to the review pathology. Excluding the

patients with a PSA of [0.2 ng/ml after prostatectomy, the
hazard ratio for postoperative irradiation was 1.11
(p = 0.740) and 0.29 (p \ 0.0001) for the patients with
negative and positive margins, respectively (Van der Kwast
et al. 2007). This benefit was also seen in the real adjuvant
situation with the undetectable PSA before the start of
radiation therapy (Wiegel et al. 2009a, b). After a median
follow-up of nearly 5 years, there was a significant benefit
from adjuvant radiation therapy for bNED: 72 versus 54 %
(p \ 0.03). In the subgroup of pT3 R1-tumors this benefit
increased from 18 to 28 % (Wiegel et al. 2009a).

The location, the extent and the number of positive sur-
gical margins after radical prostatectomy are significant
predictors of biochemical progression after radical prosta-
tectomy. The investigators of the Cleveland Clinic/Ohio
found in their retrospective multi-institutional series of
7,160 patients treated with radical prostatectomy 1,540
patients with positive margins. The 7-year progression-free
probability was 60 % in those patients, resulting in a hazard
ratio for biochemical recurrence of 2.3 in the case of positive
surgical margins compared with negative margins. The risk
of biochemical recurrence was increased in patients with
multiple versus solitary positive surgical margins (HR 1.4)
and extensive versus focal positive surgical margins
(adjusted HR 1.3) (Stephenson et al. 2009). Summing up the
data from randomized trials and large retrospective series
patients with positive margins and pT3-tumors have the
largest profit from postoperative radiation therapy.

3.6 pT2 R1 Tumors

In the EORTC trial, when the data of patients with pT2
tumors and positive surgical margins were analyzed, there
was a significant benefit with regard to 5-year biochemical
progression-free survival rate in the irradiated group (76.4
vs. 52.2 % in the wait-and-see group) (Bolla et al. 2005).
However, these data come from a subgroup analysis and
biochemical progression-free survival was not the primary
end point of this study. Therefore, the results must be
interpreted with caution. The possible benefit of radiother-
apy must be weighed out carefully in consideration of
potential late effects as impaired erectile dysfunction.

4 The Impact of Pathology Review

The precise histologic assessment of RP specimens in
patients with prostate cancer is of major importance for an
accurate risk assessment of disease recurrence. The three
histopathologic parameters of greatest prognostic impor-
tance are pathologic stage, Gleason score, and surgical
margin status, where pathologic stage includes assessment
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for seminal vesicle invasion and extraprostatic extension.
Several studies have previously evaluated interobserver
variability between local pathologists and review patholo-
gists in Gleason score in both the settings of needle biopsy
and RP specimens (Allsbrook et al. 2001a, b; Glaessgen
et al. 2004a, b; Oyama et al. 2005). In contrast, only five
studies have evaluated interobserver variability in patho-
logic staging and margin status after RP (Van der Kwast
et al. 2006; Ekici et al. 2003; Evans et al. 2008; Kuroiwa
et al. 2010; Netto et al. 2011).

It is well known that pathology review has a significant
impact on the results of randomized studies of definitive
treatment of prostate cancer (Lawton et al. 2001). The
RTOG trial 8531 randomized patients with locally
advanced prostate cancer to either androgen suppression
therapy (AST) or no AST after the administration of RT. In
a subgroup of patients with pathologically reviewed biopsy
specimens with Gleason score 8–10, there was a significant
difference in overall survival (Lawton et al. 2001). How-
ever, comparable information is scarce concerning the
postoperative treatment of prostate cancer.

The first published results came from the EORTC 22911
trial: 552 radical prostatectomy specimens (approximately
50 % of the patients) were retrospectively reviewed by a
single pathologist with experience in urogenital pathology
who examined all slides of the sample series (Van der
Kwast et al. 2006, 2007). While there was a close concor-
dance between local and review pathology regarding sem-
inal vesicle invasion (94 %), less agreement was reached
for extraprostatic extension (58 %) and for surgical margin
status (69 %). An agreement rate cannot be given for the
Gleason score, because it was not determined by the local
pathologists in the EORTC trial (van der Kwast et al. 2006).

Biochemical progression was significantly delayed in all
subgroups of men treated with adjuvant radiotherapy in
EORTC 22911 (p B 0.02 for all comparisons) (Bolla et al.
2005). However, the subsequent retrospective study involv-
ing central pathology review found that only surgical margin
status was significantly associated with a benefit of adjuvant
radiotherapy treatment (p \ 0.01), and that the treatment
benefit in patients with negative margins was not significant,
irrespective of other risk factors (p = 0.6) (Van der Kwast
et al. 2007). Among patients with positive surgical margins, a
beneficial effect on biochemical recurrence was seen with
adjuvant radiotherapy treatment in men with high Gleason
score cancers and those with seminal vesicle invasion.

In the German ARO/AUO study, a prospective pathol-
ogy review was performed on 85 % of RP specimen of 307
patients with undetectable PSA to investigate the influence
of pathology review on the analysis. There was a fair con-
cordance between pathology review and local pathologists
for seminal vesicle invasion (91 %), surgical margin status
(84 %), and for extraprostatic extension (75 %). Agreement

was much less for Gleason score (47 %), whereby the
review pathology resulted in a shift to Gleason score seven.
In contrast to the analysis of progression-free survival with
local pathology, the multivariate analysis including review
pathology reveals positive surgical margins and Gleason
score [6 as significant prognostic factors (Bottke et al.
2013b). The authors conclude, that phase 3 studies of
postoperative treatment of prostate cancer should be
accomplished in the future with a pathology review. In daily
practice, a second opinion by a pathologist experienced in
urogenital pathology would be desirable, in particular, for
high-risk patients after RP.

This is why the PREFERE study has included pathology
review as a mandatory step for study inclusion in the design
of the nationwide German prostate cancer trial Evaluation of
Four Treatment Modalities in Prostate Cancer with Low or
‘‘Early Intermediate’’ Risk (PREFERE), which has just
opened (Wiegel et al. 2013a; Bottke et al. 2013a). PREFERE
is a prospective randomized multicenter trial developed
to compare the four possible treatment options currently
recommended by the European guidelines (Heidenreich et al.
2011) for favorable risk prostate cancer (radical prostatec-
tomy, external beam radiotherapy, permanent seed implan-
tation, and active surveillance) (Wiegel et al. 2013a).

5 Optimal Radiation Dose

To date there is no established consensus regarding the opti-
mal prescription dose for adjuvant radiotherapy. Petrovich
et al. have indicated that even low doses in the range of
45–50 Gy are beneficial in terms of local control and disease-
free survival (Petrovich et al. 1991, 2002). The findings of the
three randomized studies have been obtained with a pre-
scription dose of 60 Gy with conventional irradiation over
6 weeks.

Based on American Society of Therapeutic Radiation
Oncology recommendations, a dose of 64 Gy or higher
(with conventional fractionation) should be prescribed
(Thompson et al. 2013). Valicenti and Gomella have dem-
onstrated evidence of improved biochemical outcomes
using higher radiation doses. Despite higher doses, in fact,
treatment is generally well tolerated with minimal late
severe toxicity (Valicenti and Gomella 2000).

6 Adjuvant RT of Pelvic Lymph Nodes?

The three randomized trials included only patients with cN0
or pN0-disease. The effect of adjuvant RT in node-positive
prostate cancer has not yet been prospectively assessed.
However, there are interesting retrospective data raising the
question whether men with nodal involvement confirmed
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during prostatectomy could benefit from adjuvant RT. A
recent retrospective study reported a significant positive
impact of RT in combination with hormonal therapy in
patients with nodal metastases treated with RP and pelvic
lymph node dissection (Da Pozzo et al. 2009). However,
this study was limited by a potential patient selection bias
mainly due to its retrospective and unmatched design. In
fact, patients treated with adjuvant RT were those affected
by more aggressive disease. For this reason, no effect of
adjuvant RT on cancer-specific survival was demonstrated
on univariate survival analyses. There was significant gain
in predictive accuracy when adjuvant RT was included in
multivariable models predicting biochemical recurrence-
free and cancer-specific survival (gain: 3.3 and 3 %,
respectively; all p \ 0.001).

In a huge retrospective series, Briganti et al. assessed the
effect of adjuvant RT in node-positive prostate cancer
including two homogeneous matched patient cohorts
exposed to either adjuvant RT plus HT or adjuvant HT alone
after surgery. In this series from Milan and Jacksonville a
total of 703 patients were treated, with a median follow-up of
95 months. Patients were matched for age at surgery, path-
ologic T stage and Gleason score, number of nodes removed,
surgical margin status, and length of follow-up. The overall
survival advantage was 19 % in favor of adjuvant radiation
therapy plus hormonal treatment compared with hormonal
treatment alone. Similarly, higher survival rates associated
with the combination of HT plus RT were found when
patients were stratified according to the extent of nodal
invasion (namely, B2 vs. [2 positive nodes; all p B0.006)
(Briganti et al. 2011). Because of the retrospective nature of
this series with no standardized definition of target volumes,
radiation dose and duration of hormonal treatment, these
results should be interpreted with caution. However, it pro-
vides support for this treatment in selected cases, whereas it
should be validated in prospective clinical trials.

7 Additional Use of Hormone Therapy
to ART

It is now clearly established that the standard nonoperative
management for patients with locally advanced prostate
adenocarcinoma includes long-term ADT. Two previous
cooperative group trials have demonstrated an overall sur-
vival advantage for high-risk patients with an intact prostate
treated with 2–3 years of ADT as compared to patients
treated with short-term ADT (Bolla et al. 2009; Horwitz
et al. 2008). It remains unknown if there is a benefit for the
addition of adjuvant ADT for men with high-risk, node
negative prostate adenocarcinoma initially treated with RP
and pelvic lymph node dissection. The primary rationale for
use of ADT post-RP is to (1) improve local control by

eradicating disease in a hypoxic scar that may be radiore-
sistant; (2) address micrometastatic disease which may have
spread to the lymph nodes or distant sites; and (3) alter PSA
kinetics in patients who will eventually relapse (Hanlon
et al. 2004; Kaminski et al. 2003; Rossi et al. 2011).

Previous studies have indicated a potential benefit for
men at high risk of recurrence treated with combination
therapy. A secondary analysis of patients status-post an RP
enrolled on Radiation Therapy Oncology Group (RTOG)
85-31 (Corn et al. 1999), a phase III trial comparing stan-
dard external beam RT plus immediate ADT versus RT
alone for patients with nonbulky prostate cancer, found a
biochemical control advantage for patients who received
combination therapy as compared to men treated with RT
alone. With a median follow-up of 5 years, the progression-
free survival for men treated with combination therapy was
estimated to be 65 % as compared to 42 % for men treated
with RT alone (p = 0.002). Similar results were seen in a
retrospective study performed at Stanford University (King
et al. 2004). A subsequent RTOG study (P-0011) was
designed to determine the benefit of combination therapy
for man with unfavorable prognostic factors and an unde-
tectable PSA treated with ART. This trial was unfortunately
closed due to poor accrual (Elshaikh et al. 2011).

Recently, Abdollah et al. evaluated the long-term sur-
vival of prostate cancer patients who have experienced
biochemical recurrence after RP and ART. Patients with a
short time to biochemical recurrence, a Gleason score of C8
and C2 positive lymph nodes had lower survival rates than
other patients (Abdollah et al. 2013).

In ongoing EORTC trial 22043, patients with Gleason
score 5–10, undetectable PSA and pathological stage
pT2R1 or pT3a-b will be randomized within 3 months after
radical prostatectomy between postoperative irradiation
alone or postoperative irradiation and short-term adjuvant
androgen deprivation for 6 months. The primary trial end-
point is 5-year biochemical progression-free survival.

Another large randomized study is underway; RADI-
CALS aims to recruit [4,000 patients and addresses both
the comparison of ART versus SRT and the question of
additional hormone treatment (using a gonadotropin-
releasing hormone analog) and its appropriate timing after
RP (Parker et al. 2007).

8 Side Effects and Toxicity

The three randomized clinical trials included prospective
collection of data on gastrointestinal or genitourinary tox-
icity in the two cohorts (ART vs. observation). However, it
should be mentioned that in the EORTC and SWOG trials
radiation was based on 2D treatment planning which did not
enable significant normal tissue sparing. In contrast, modern
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3D-based radiation treatment techniques such as IMRT
allow for minimization of dose to the rectum and bladder.

In the SWOG 8794 study, 3.3 % of postoperative irradi-
ated patients developed grade 3 or higher adverse events such
as rectal bleeding or proctitis as compared to 0 % of patients
in the observation group (p = 0.002). The incidence of ure-
thral strictures was significantly higher in the immediate
postoperative RT group (17.8 vs. 9.5 %. RR 1.9, p = 0.02).
Total urinary incontinence occurred in 6.5 % of men in the
RT group as compared to 2.8 % of men in the observation
group (RR 2.3, p = 0.11) (Thompson et al. 2006).

In the EORTC trial, there was no significant difference in
high-grade (grade 3 or higher) toxicity between both arms,
ART and observation. At 5 years, the cumulative incidence
of late grade 3 events was 4.3 % versus 2.6 % (p = 0.0726).
Though, in the ART cohort all late grade 2 and 3 toxicity
events combined were more prominent (p = 0.0005).
Unlike the SWOG trial, the EORTC trial did not assess total
urinary incontinence, however in an interim analysis there
was no significant difference concerning urinary inconti-
nence between the two treatment arms (Bolla et al. 2005).

In the German study, which utilized 3-D-based radiation
treatment planning, the incidence of late grade 3 or higher
adverse events was only 0.3 % (Wiegel et al. 2009a). One
patient developed a urethral stricture in the observation arm,
compared to two patients in the ART arm. Urinary incon-
tinence was not assessed in this trial.

In the EORTC study, 100 randomized patients were
evaluated concerning the continence situation. There was no
difference in the number of fully continent patients after
24 months between the group receiving 60 Gy and the
group under observation (Van Cangh 1998).

It may be difficult to differentiate side effects of RT from
pre-existing disabilities and sequelae of RP. At least
equivalent rates of severe genitourinary complications fol-
lowing RP alone have been reported in a SEER data base
analysis of 11,522 patients (Begg et al. 2002). Formenti et al.
investigated the rate and degree of incontinence and erectile
dysfunction after nerve-sparing RP with or without adjuvant
RT. Unfortunately, follow-up examinations only comprised
a questionnaire with inherent weaknesses. No difference was
found between 72 patients who underwent both RP and RT
and 138 patients who underwent RP only when total doses of
45–54 Gy were applied (Formenti et al. 1996).

9 Adjuvant Versus Salvage Radiation
Therapy

PubMed shows [250 entries between 2008 and 2012 for a
search of adjuvant radiotherapy, radical prostatectomy and
just under 200 entries for salvage radiotherapy. While
prospective randomized trials are underway to compare

ART and SRT, many retrospective/indirect analyses into
that question have been conducted (Thompson et al. 2006;
Bolla et al. 2005; Wiegel et al. 2009a, b; Stephenson et al.
2007; Neuhof et al. 2007; Trock et al. 2008; Loeb et al.
2008; Bernard et al. 2010; Siegmann et al. 2011; King and
Kapp 2008). Some are nonrandomized retrospective series
comparing ART and SRT or ART and surveillance with
delayed treatment. A consistently higher improvement in
local control and freedom from biochemical failure (FFBF)
has been observed in adjuvant radiation therapy compared
with salvage radiation therapy patients. The 5-yr FFBF rates
are approximately 69–89 % after adjuvant radiation ther-
apy. Local control is 96–100 % after adjuvant radiation
therapy and 79–93 % after salvage radiation therapy
(Bottke et al. 2007, 2012; Bartkowiak et al. 2013a, b).
Recently, Trabulsi and colleagues studied a group of
patients undergoing adjuvant radiation therapy with a mat-
ched control group undergoing salvage radiation therapy
after biochemical failure. Using a multi-institutional data-
base of 2,299 patients, 449 patients with pT3–4 N0 disease
were eligible, including 211 patients receiving adjuvant
radiation therapy and 238 patients receiving salvage radia-
tion therapy. Adjuvant radiation therapy significantly
reduced the risk of long-term biochemical progression after
radical prostatectomy compared with salvage radiation
therapy (5-yr FFBF was 73 % after adjuvant radiation
therapy compared with 50 % after salvage radiation ther-
apy; p = 0.007). Gleason score eight was a significant
predictor of FFBF (Trabulsi et al. 2008). These results were
confirmed by others (Budiharto et al. 2010), but Ost et al.
reported a better outcome after salvage radiation therapy
compared with adjuvant radiation therapy (Ost et al. 2011).
For all of these reasons, the best choice for treatment
(adjuvant radiation therapy vs. salvage radiation therapy)
has to be discussed individually with each patient, taking
into account the possible risk for overtreatment with
immediate postoperative irradiation.

In 2007, a prospective randomized study was initiated to
address this question as well as the potential role of con-
comitant androgen deprivation (Parker et al. 2007). The
RADICALS (Radiotherapy and Androgen Deprivation in
Combination After Local Surgery) trial is an effort to
evaluate adjuvant versus salvage radiation therapy. Patients
are randomized after surgery to early or delayed radiation.
Delayed radiation will be given when there are either two
consecutive PSA rises and a final PSA [0.1 ng/ml or three
consecutive PSA rises. The planned accrual is 2,600
patients with cause-specific survival being the primary
outcome. There is a second randomization regarding
androgen deprivation therapy.

In the meantime, the American Society for Radiation
Oncology (ASTRO) and the American Urological Associ-
ation (AUA) has published ‘‘The Adjuvant and Salvage
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Radiotherapy After Prostatectomy: ASTRO/AUA Guide-
line,’’ a comprehensive review of 324 research articles of
English-language publications within the Pubmed, Embase,
and Cochrane databases, published from January 1, 1990
through December 15, 2012 (Thompson et al. 2013).
According to this guideline, physicians should offer adju-
vant radiotherapy to patients with adverse pathologic find-
ings at prostatectomy (i.e., seminal vesicle invasion,
positive surgical margins, extraprostatic extension) and
should offer salvage radiotherapy to patients with PSA or
local recurrence after RP in whom there is no evidence of
distant metastatic disease. The decision to administer
radiotherapy should be made by the patient and the multi-
disciplinary treatment team with full consideration of the
patient’s history, values, preferences, quality of life, and
functional status (Thompson et al. 2013).

10 Second Malignancies

One point that was not included in the above model is the
risk of second malignancies. This is an issue of growing
concern specifically with modern multiportal radiation
techniques (Bartkowiak et al. 2012). Presumably, the risk is
most prominent after first cancer therapy at a younger age.
After prostate cancer treatment with definitive IMRT
(n = 897) or brachytherapy (n = 413), no significantly
increased rates of second cancer were observed within or
out the treatment field compared with the general popula-
tion extracted from the National Cancer Institute’s Sur-
veillance, Epidemiology, and End Results dataset combined
with the 2000 census data (Zelefsky et al. 2012). While the
cohorts were small and follow-up was comparably short
regarding the potentially long latency of radiation induced
tumors, there was a positive trend toward early diagnosis,
resulting from routine surveillance and increased awareness
of patients after the first malignancy.

11 Conclusions

Treatment decisions after prostatectomy require risk
assessment. Adjuvant radiotherapy (ART) provides
improved biochemical relapse-free survival, and poten-
tially, overall survival for patients at high-risk following
prostatectomy compared to a wait-and-see policy. The long-
term results of the completed randomized trials will identify
subgroups of patients who profit from ART. For others,
such as pN ? with B2 involved nodes, new randomized
trials are planned.

It remains unknown if early salvage radiation therapy
(SRT) initiated after a PSA failure is equivalent to ART. At
the present time, there are no published randomized trials to

compare ART versus SRT. Until the ongoing trials hope-
fully settle this question ART should be regarded as an
option at least in the case of positive surgical margins.

Modern radiation therapy techniques like intensity-
modulated radiation therapy (IMRT) or arc radiation ther-
apy and image-guided radiotherapy (IGRT) are going to
become standards. The resulting reduction of toxicity may
influence the decision about how and when to apply
radiotherapy in post-RP prostate cancer patients.
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Abstract

Salvage radiation therapy is the sole curative treatment
for patients experiencing biochemical relapse after
radical surgical treatment of prostate cancer. The main
dilemma in salvage radiation therapy is, whether or not
biochemical relapse represents purely localized recurrent
disease in the prostatic fossa or systemic micrometasta-
sis. Initiating salvage radiation therapy at an early time
point raises its chances of success, but may lead to
overtreatment of patients. Target volume definition and
treatment techniques are a matter of current research,
with still many questions unanswered. Strategies of
treatment escalation either by increasing the treatment
dose or combining radiation therapy with androgen
deprivation therapy are being addressed in clinical trials.

1 Introduction

Within 5 years after radical prostatectomy (RP) 15–40 %
(Han et al. 2003; Ward and Moul 2005) of the patients
experience a biochemical relapse, defined as rising prostate
specific antigen (PSA). The risk may be even higher with
longer follow-up (Amling et al. 2000) and in patients with
an initial PSA value higher than 10 ng/ml and a Gleason
Score C7 (Kupelian et al. 1997). Histopathologic risk fac-
tors for recurrent disease include higher Gleason Score,
extracapsular extension (pT3a), invasion of the seminal
vesicles (pT3b), and positive resection margins (R1).

Asymptomatic biochemical relapse evolves to bone
metastasis after a median time of 8 years (Pound et al.
1999). Systemic disease progression is more pronounced
with PSA-doubling time of \12 months, resulting in a
5-year-metastatic progression-free survival of less than
20 % (Slovin et al. 2005).

Salvage radiotherapy (RT) is the only potentially cura-
tive treatment in this situation, with the aim to eradicate
local recurrence, prevent metastasis, and provide a durable
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freedom from further disease progression. The risk of bio-
chemical relapse is particularly high in patients, who were
eligible for adjuvant RT directly after surgery due to risk
factors such as pT3a-stage and/or R1-resection, but who did
not receive this therapy due to patient’s and/or physician’s
preference.

The main argument for omitting adjuvant radiotherapy
and resorting to salvage radiotherapy in case of biochemical
relapse is the avoidance of overtreating patients, who may
have been cured by surgery alone. Three randomized con-
trolled trials compared adjuvant RT versus observation in
patients with risk factors (pT3a/R1) after RP and demon-
strated improved biochemical control rates (Bolla et al.
2005; Thompson et al. 2006; Wiegel et al. 2009) through
adjuvant RT, whereas metastasis-free survival and overall
survival was improved in one of these trials after 12.7 years
of follow-up (Thompson et al. 2009). However, despite
having high-risk factors for local recurrence after RP,
approximately 45–54 % of the patients on the control arms
of these studies did not experience biochemical relapse
(Bolla et al. 2005; Thompson et al. 2006; Wiegel et al.
2009). Thus, overtreatment with adjuvant radiotherapy is an
issue and selective (early) salvage treatment for patients
with biochemical relapse might be an alternative strategy.
Salvage RT has only been studied in retrospective studies
with doses ranging from 64 to 72 Gy. The dose level has
often been guided by the absence or presence of macro-
scopic tumor recurrence and the preirradiation PSA. The
level of evidence concerning the effectiveness and tolera-
bility of salvage RT is thus not as high as in the adjuvant
setting.

Randomized trials are currently investigating the role of
adjuvant and salvage RT, focusing on timing of treatment
initiation, interaction with androgen deprivation therapy
(ADT), and efficacy of different radiation dose levels.

2 Definition of Biochemical Relapse

Approximately 15–40 % of prostate cancer patients expe-
rience a rise in PSA after RP. The definition of biochemical
relapse after RP remains a matter of controversy, with
several definitions found in the literature.

The current National Comprehensive Cancer Network
(NCCN)-guidelines (NCCN 2012) define biochemical
relapse after RP as either ‘‘failure of PSA to fall to unde-
tectable levels’’ or ‘‘PSA detectable and rising at 2 or more
subsequent determinations’’. The Guidelines of the Euro-
pean Association of Urology (EAU) (European Urology
Association 2012) state that ‘‘after RP, a serum PSA level of
more than 0.2 ng/mL can be associated with residual or
recurrent disease’’.

At least one study has demonstrated, that a postoperative
PSA of 0.1 ng/ml does not necessarily translate into a high
risk of subsequent biochemical relapse (Schild et al. 1996).
Several surgical series (Paul et al. 2004; Shah et al. 2001;
Tongco et al. 2001) have shown residual normal prostate
tissue remains after RP, especially in the bladder neck and
apex regions, which may be responsible for low, yet
detectable postsurgical PSA values.

Stephenson et al. carried out a systematic analysis on
3,125 patients to define appropriate PSA thresholds for
disease progression (Stephenson et al. 2007). A PSA of
0.2 ng/ml and rising was found as adequate for selection of
patients to undergo salvage RT, while a PSA of 0.4 ng/ml
followed by another rise was deemed most appropriate to
define patients in high risk to develop metastatic disease.
Ultra-sensitive PSA-testing may allow to detect multiple,
consecutive PSA-rises highly suggestive of biochemical
relapse, despite the highest PSA-value being B0.2 ng/ml.

The authors believe that biochemical relapse after RP
should be defined as a PSA [0.2 ng/ml confirmed by a
second measurement.

3 Filtering Out the Patients with a Pure
Local Tumor Recurrence

Salvage RT provides the sole curative option after RP in
case of biochemical relapse. However, a sizable amount of
patients undergoing salvage RT will not respond to treat-
ment, showing a continuous PSA rise after therapy or only a
short-lasting PSA remission.

Predictive factors for a long-lasting biochemical pro-
gression-free survival (bPFS) after salvage RT include
(Stephenson et al. 2007; Meng et al. 2002; Wiegel et al.
2009; Pazona et al. 2005; Buskirk et al. 2006; Ward et al.
2004; Macdonald et al. 2008):
(a) A slow slope of PSA, defined as: a rise [1 year after

surgery, PSA-doubling time[12 months, PSA-increase
within 12 months (PSA-velocity/year) \0.75 ng/ml

(b) A better differentiated cancer (Gleason Score \8)
(c) Positive resection margins
(d) Negative pelvic lymph nodes.

Diagnostic procedures can help to detect local recurrence
and rule out distant metastasis. Magnetic resonance imaging
(MRI) of the pelvis using a 3 tesla machine or an endorectal
coil combined with dynamic contrast-enhanced or diffusion-
weighted techniques may have a higher sensitivity than
standard MRI or computed tomography (CT). This maybe
even further increased by adding MR-spectroscopy in cases
with previous negative biopsies of the prostatic fossa (Huch
Böni et al. 1996; Sciarra et al. 2008, 2010; Giannarini et al.
2012). The accuracy of detecting tumor cells may be around
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90 %, but is not conclusively agreed by all authors (Liauw
et al. 2012). However, solely endorectal coils and 3 tesla
MRI have so far been introduced into widespread clinical
practice, partially due to reimbursement issues with more
advanced and expensive techniques.

Choline positron emission tomography (C-PET) has the
major advantage over MRI in its ability to detect not only
local recurrent disease, but also to rule out systemic
metastasis. The sensitivity of C-PET increases with PSA
and with increasing PSA-velocity, with a detection rate of
50 % and higher for PSA-doubling times of less than
3 months (Picchio et al. 2011); a current review suggests to
consider C-PET as a diagnostic procedure in case of PSA
[1 ng/ml, whereas others describe a sensitivity of more
than 80 % only for PSA-levels beyond 1.7 ng/ml (Picchio
et al. 2011; Graute et al. 2012). In summary, results are
heterogeneous, with the sensitivity depending on PSA-
magnitude and velocity of 38–98 %, and a detection rate of
15–91 % for PSA-values between 1 and 3 ng/ml.

Routine radionuclide bone scans cannot be recom-
mended for patients with rising PSA after RP, who are
being considered for salvage RT. Both the sensitivity and
negative predictive value are too low to guide clinical
management (Cher et al. 1998).

Perhaps the most pragmatic approach to identify patients
profiting from salvage RT may be to measure PSA imme-
diately before commencing treatment and again at a dose
level of 50 or 60 Gy (Wiegel et al. 2002). Patients will most
probably not benefit from salvage RT, if the PSA continues
to rise during treatment at these dose levels. These patients
may be spared of treatment-related toxicity by early ter-
mination of salvage RT between 50 and 60 Gy. This strat-
egy can only be followed in patients receiving pure salvage
RT without ADT. Although this strategy cannot be gener-
ally recommended due to its low level of evidence, it could
be considered for patients being treated for rising PSA with
adverse prognostic features indicative of systemic disease
(high Gleason score, short PSA-doubling time and high
PSA velocity).

4 Timing of Treatment

A critical question in the management of patients with
biochemical relapse, who are planned to undergo salvage
RT, is when to start treatment.

Retrospective analyses demonstrated enhanced bPFS in
patients with low PSA before treatment (Stephenson et al.
2007; Meng et al. 2002; Wiegel et al. 2009; Pazona et al.
2005; Buskirk et al. 2006; Ward et al. 2004; Macdonald
et al. 2008). On the other hand, early salvage RT can lead to
earlier treatment-related toxicity or interfere with the post-
surgical recovery of the patient, including bladder control

and sexual function. The NCCN guidelines (NCCN 2012)
do not state at which PSA-threshold salvage RT should be
initiated and merely suggest administering salvage RT
before the PSA exceeds 1.5 ng/ml. The guidelines of the
EAU (European Urology Association 2012) suggest to ini-
tiate salvage RT at PSA-levels \0.5 ng/ml.

A radiobiological model to predict bPFS according to
PSA prior to salvage RT was developed by pooling in the
data from numerous published patient series. For every
additional 1 ng/ml of PSA prior to salvage RT a drop in
bPFS was estimated at 18.3 % (Ohri et al. 2012). This is in
good accordance with another recent publication, empha-
sizing the early onset of salvage RT, while losing bPFS of
even 2.6 % for each incremental 0.1 ng/ml (King 2012).

The introduction of ultra-sensitive PSA-testing may lead
to overtreatment of patients with low, yet detectable and
rising PSA-levels \0.2 ng/ml. These patients may have
never experienced a true biochemical relapse without any
treatment, so that ultra-sensitive PSA-testing must be used
with caution (European Urology Association 2012).

The authors believe, that salvage RT should preferably
be initiated at PSA-levels of [0.2 ng/ml and \0.5 ng/ml,
provided that the patient has completed his postsurgical
recovery and his life expectancy beyond prostatic cancer is
still respectable and above 5 years. Patients undergoing
ultra-sensitive PSA-testing as follow-up may show multiple
consecutive PSA rises. Advising treatment at PSA\0.2 ng/
ml is legitimate in these cases, following a throughout
discussion with the patient about the pros and cons of early
salvage RT including the possibility of overtreatment.

5 Target Volume Definition

Target volume definition for prostate cancer can be more
challenging than in the primary treatment setting. Both the
European Organisation for Research and Treatment of
Cancer (EORTC) and the Radiation Therapy Oncology
Group (RTOG) have developed consensus guidelines for
the postoperative clinical target volume (CTV) delineation
of the prostatic fossa (Poortmans et al. 2007; Michalski
et al. 2010). These guidelines define the boundaries of the
CTV by anatomical structures visible in the RT planning
CT. It does, however, seem prudent to take into account the
initial size of the prostate and delineate the CTV accord-
ingly, if preoperative imaging is available. Imaging studies
describe the majority of the tumor recurrences at the ure-
thral anastomosis and also in the previous seminal vesicle
area. It seems appropriate, with missing initial preoperative
imaging, to calculate the extension of the prostate based on
the pathologists report, with the apex usually being located
at the inferior junction of the pubical arch. The location of
the rectum has to be taken into account as well, usually
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being shifted ventrally between the former seminal vesicle
region and lymphatic drainage of the small pelvis.

The question of elective treatment of the pelvic lymph
nodes in the postoperative setting remains open. All three
randomized studies on adjuvant RT (Bolla et al. 2005;
Thompson et al. 2006; Wiegel et al. 2009) defined only the
prostatic fossa as CTV. One retrospective study has dem-
onstrated superior bPFS through pelvic nodal irradiation
over only prostatic fossa RT in high-risk patients (pT3a/b,
Gleason Score C8, initial PSA [20 ng/ml) (Spiotto et al.
2007). However, 17 % of patients in that study had patho-
logic pelvic nodes (pN1) found during RP. A retrospective
study in pN1 patients compared adjuvant ADT with or
without pelvic irradiation and showed superior bPFS and
cancer-specific survival (CSS) through adjuvant pelvic
irradiation (Da Pozzo et al. 2009). Finally, the efficacy of
elective nodal irradiation in the setting of primary prostate
RT is still highly debatable; as shown in the RTOG-9413
and GETUG-01 studies (Lawton et al. 2007; Pommier et al.
2007). An appropriate guideline for delineation of pelvic
lymph nodes to be contoured in prostate RT has been
published by the RTOG (2012).

The authors believe, that salvage RT for the majority of
patients should only target the prostatic fossa, according to
international published guidelines. Some patients may profit
from elective nodal irradiation, particularly those harboring
high-risk tumor features (CT3a, Gleason score C8, initial
PSA [20 ng/ml), especially if an adequate pathologic
staging of the pelvic lymph nodes has not been performed
during RP. In patients experiencing biochemical relapse
after RP and with a known pN1-stage disease, it seems
advisable to include the pelvic lymph nodes in the RT
volumes too. On the other hand, pelvic RT should be
withheld from patients bearing typical risk factors for
clinically relevant late sequela as severe enteritis.

6 Radiation Therapy Techniques

Conformal RT techniques have been widely employed in
the primary treatment of prostate cancer. 3D-conformal RT
(CRT) has replaced conventional RT, allowing for dose
escalation without greater risk for genitourinary (GU) and
gastrointestinal (GI) toxicity (Dearnaley et al. 1999). The
attempt to safely escalate the total dose delivered to the
prostate has led to the introduction of intensity modulated
RT (IMRT, Fig. 1). High-dose IMRT has replaced CRT in
many centers, demonstrating so far a favorable toxicity
profile (Sheets et al. 2012).

The role of modern RT techniques in the post-prosta-
tectomy setting is not well defined, due to the lack of pro-
spective studies in this area. Some recent trials have
compared the dose distribution of CRT and IMRT, with a
superiority of IMRT regarding the coverage of the prostate
bed and the reduction of radiation dose to the organs at risk
(Riou et al. 2012).

Most published retrospective clinical studies have
included patients treated over decades with different RT
techniques. In the past couple of years, evidence from single
institution experiences has emerged on the role of modern
techniques in the salvage RT setting. A retrospective study
from the Memorial Sloan-Kettering Cancer Center has
demonstrated lower rates of late GI toxicity with IMRT than
with CRT. Late GU-toxicity was not influenced by the RT
technique. It is important to note, that the majority of the
patients in this study were treated with doses C70 Gy
(Goenka et al. 2011). An Italian retrospective study dem-
onstrated lower rates of acute upper GI toxicity with IMRT
than with CRT, probably because of better sparing of small
bowel through IMRT (Alongi et al. 2009). Quite favorable
acute and late GU/GI toxicity rates have been reported in a
single institution study of image-guided IMRT (Nath et al.

Fig. 1 Dose distribution with an IMRT plan for salvage RT of the prostatic fossa, prescribed dose 66 Gy, 7 beams (XIO�, Elekta).
Pink prostatic fossa, white clinical target volume, orange planning target volume, yellow bladder, blue rectum
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2010). IMRT is particularly attractive in the case of pelvic
nodal irradiation from the dosimetric point of view (Digesú
et al. 2011).

The authors believe that the use of highly conformal
techniques for salvage RT is justified. Whether IMRT and
image-guided RT (IGRT) lead to a better outcome or limit
treatment-related toxicity, cannot be definitely answered
based on current evidence. However, the so far published
results from small retrospective trials seem promising.
Therefore IMRT and IGRT should be used, whenever they
are available.

7 Treatment Outcome

Treatment outcome after salvage RT for biochemical
relapse is defined as:
(a) response to treatment
(b) bPFS
(c) incidence of acute and late treatment related toxicity.

Response to treatment describes the percentage of
patients, who will experience a PSA drop after salvage RT.
This measure indicates how many patients had—at least in
part—a biochemical relapse because of a microscopic local
recurrence. The range of possible PSA response differs from
study to study, due to differences in patient characteristics
and the proportion of patients also receiving concomitant
ADT. Published series have shown PSA-response rates of
80–95 % (Pazona et al. 2005; Buskirk et al. 2006; Pisansky
et al. 2000; Neuhof et al. 2007; Stephenson et al. 2004).

The biggest published series reported bPFS at 5-year
post-treatment in the range of 35–45 % (Buskirk et al. 2006;
Ward et al. 2004; Pisansky et al. 2000; Neuhof et al. 2007;
Stephenson et al. 2004; Geinitz et al. 2012). Interestingly
the Kaplan–Meier-plots show a continuous drop in bPFS
even beyond 5 years after treatment. These late relapses
could be indicative of secondary tumor relapse in the
prostatic fossa rather than activated micrometastatic disease
because of the long interval following primary treatment.

The incidence of acute and late treatment-related toxicity
has been inconsistently reported in published trials. Late
treatment-related toxicity seems to be in the range known
from adjuvant RT trials. In a large review late Grade 2 GU
and GI toxicity was evident in 10 and 4 % of all patients
respectively, while less than 1 % of all patients experienced
Grade 3 toxicity (Feng et al. 2007). Compromising urinary
continence is a major concern in salvage RT. Patients with
incomplete continence before salvage RT are almost four
times more likely to suffer from urinary incontinence at
3 years after treatment, than those who had complete uri-
nary continence before salvage RT (Pearse et al. 2008).

Nevertheless, in the majority of the retrospective trials,
the applied total doses have been below 70 Gy, and may in
the near future be considered too low. With increasing dose,
increasing toxicities might result, especially while the uri-
nary tract cannot be spared even with modern RT tech-
niques. Dose escalation trials are necessary, and have to be
carried out carefully.

One critical point concerning the value of salvage RT in
prostate cancer is the potential influence of a prolonged
bPFS on CSS and overall survival. Data from retrospective
studies provide conflicting evidence. One study found no
decreased mortality with salvage RT despite a large benefit
in bPFS (Boorjian et al. 2009). On the other hand, two
studies provide retrospective evidence in larger patient
populations, that CSS can be increased through salvage RT
in patients having both a short (\6 months) and long
(C6 months) PSA-doubling time (Trock et al. 2008; Cotter
et al. 2011).

8 Treatment Escalation: Radiation Dose

Average salvage RT doses given in most retrospective
studies ranged from 64 to 70 Gy. The NCCN and EAU
guidelines (NCCN 2012; European Urology Association
Guidelines on Prostate Cancer 2012) recommend a salvage
RT dose of 64–68 Gy and 64–66 Gy, respectively. In fact
these recommendations seem reasonable, considering there
are no prospective dose-comparing studies for salvage RT
and that higher doses may potentially lead to treatment-
related toxicities. On the other hand, some authors advocate
dose escalation in salvage RT as well (King 2012; King and
Spiotto 2008; King and Kapp 2008), based on the experi-
ence of dose escalation in primary RT for prostate cancer
(Viani et al. 2009). The interesting dose level seems to be in
the direction of 70 Gy, within the steep part of the dose–
effect curve and a projected 2–3 % absolute gain in bPFS
per additional Gy of RT dose (King 2012; King and Kapp
2008). Higher doses of salvage RT, however, may be
associated with late treatment-related toxicity, as for
example shown in an IMRT-study with 75 Gy to the pros-
tatic fossa leading to 30 % Grade 2 GU-toxicity (Meerleer
et al. 2008). Recently, a radiobiological model has been
proposed to predict the impact of dose escalation in salvage
RT on terms of bPFS and GI/GU-toxicity (Ohri et al. 2012).

The authors recommend a salvage RT dose of 64–66 Gy
for the majority of patients undergoing salvage RT. Selected
patients with intact urinary continence may benefit from a
dose escalation to 70 Gy. In patients with macroscopic
disease recurrence in the prostatic fossa it seems plausible
to prescribe higher RT doses (70–74 Gy).
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9 Treatment Escalation: Androgen
Deprivation Therapy (ADT)

Randomized trials have shown that ADT given concomi-
tantly to primary RT for prostate cancer can improve overall
survival (Nguyen et al. 2011). This effect is attributed both
to absolute tumor cell kill within the prostate as well as
battling micrometastatic disease. The absolute number of
tumor cells in the prostatic fossa in case of a biochemical
relapse should be rather low (provided a macroscopic
recurrence is excluded and treatment started at an early
timepoint). Thus, the main target for ADT additional to
salvage RT should be micrometastatic disease. On the other
hand, if dose escalated salvage RT leads to higher bPFS
(King and Spiotto 2008; King and Kapp 2008), the con-
comitant use of ADT in patients with only low risk of
systemic disease may only be beneficial when standard dose
salvage RT (64–66 Gy) is prescribed.

Two prospective trials have combined salvage RT with
LHRH-analog either for 2 years within a phase-II—or until
tumor progression within a randomized phase-III-trial,
demonstrating excellent results in terms of bPFS (78 % at
7 years and 65 % at 5 years), far superior to those reported
by retrospective trials on salvage RT alone (Choo et al.
2009; Corn et al. 1999). Both trials could not demonstrate a
better local control, metastasis-free survival or overall sur-
vival, questioning the real value of immediate androgen
suppression instead of delayed use of hormonal treatment if
deemed necessary (Corn et al. 1999).

Small retrospective studies also show a trend for better
bPFS through combined modality treatment, the interpre-
tation of these results hampered however due to limited
follow-up and possible selection bias (Katz et al. 2003;
Tiguert et al. 2003; Taylor et al. 2003; King et al. 2004).
Preliminary results of the randomized RTOG 9601 trial
comparing salvage RT with or without 24 months of bica-
lutamide show a superior bPFS and a decreased cumulative
incidence of distant metastasis in the combined modality
arm. The effect of combined treatment on the primary trial
endpoint overall survival is however not yet visible at
7 years of follow-up (Shipley et al. 2011).

Since ADT is the standard treatment following bio-
chemical failure after salvage RT, one must question whe-
ther bPFS and MFS are eligible endpoints when comparing
the outcome after salvage RT or combined salvage RT and
ADT. Overall survival may not be influenced, if ADT is
given at first upon further disease progression after salvage
RT and may therefore represent a more appropriate end-
point. The possible impairment of quality of life through
ADT (especially if given over a longer period of time, like
in the RTOG 9601 trial) should also be considered.

The authors believe, that salvage RT for biochemical
relapse should be given without ADT, until definite results
from randomized trials are available showing an improved
overall survival while preserving a high quality of life in
those men. Patients with macroscopic recurrence can be
treated with combined RT and ADT, because of the higher
local tumor load. This strategy is based on the favorable
results of combined RT and ADT in primary prostate cancer
treatment (Nguyen et al. 2011).

10 Future Directions: Running Trials

A considerable number of randomized trials (Table 1) are
currently underway, seeking answers to important questions
in the field of postoperative RT for prostate cancer.

The RTOG 0534 trial is randomizing patients to salvage
RT of the prostatic fossa with or without ADT, while in the
third study arm patients are receiving additional RT of the
pelvic lymph nodes (Prostate radiation therapy 2012).
A UK-led trial is testing multiple questions by randomizing
patients to immediate postoperative or salvage RT with or
without ADT of different durations (Radiation therapy and
androgen deprivation therapy 2012). A similar approach is
being followed in an EORTC-trial, randomizing patients to
adjuvant or salvage RT with or without ADT (Radiation
therapy with or without hormone therapy 2012). Adjuvant
versus salvage treatment with a combination of RT and
ADT is the focus of an active French trial (Radiation
therapy with or without Goserelin 2012). A Japanese ran-
domized trial has completed accrual testing salvage ADT
with or without RT (Trial to evaluate radiotherapy 2012).
The Trans-Tasman Radiation Oncology Group (TROG) is
randomizing patients to adjuvant or early salvage RT
(Radiotherapy—Adjuvant Versus Early Salvage (RAVES
2012). The MAPS-study is looking at focal dose escalation
through integrated boost techniques based on dynamic
contrast-enhanced MRI (Radiation therapy in treating
patients 2012). A more straightforward approach is being
followed by a Swiss-German trial, which is testing dose
escalation (64 vs. 70 Gy) to the prostatic fossa with special
interest to modern RT techniques (Radiation therapy in
treating 2012).

It is expected, that these trials will shed light in the field
of postoperative RT by directly answering critical questions
on timing of treatment as well as necessity of RT dose
escalation and value of ADT. Further retrospective analyses
of the large groups of patients to be included in these trials
in combination with tissue analysis may help us to clarify
which groups of patients are served the best with more or
less aggressive treatment approaches.
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11 Conclusions

Salvage RT is the sole potentially curative treatment for
biochemical relapse after RP in patients with prostate can-
cer. Salvage RT should be performed as early as possible,
ideally with a PSA-value between 0.2 and 0.5 ng/ml. Since it

is not clear, which groups of patients will not benefit from
such a potentially curative treatment, salvage RT should not
be withheld from any subgroup of patients with biochemical
relapse. The optimal timing and dose of postoperative RT as
well as its combination with ADT are currently being tested
in phase-III trials. Patients with biochemical relapse after RP

Table 1 Overview of active studies on postoperative RT

Title Setting Randomization Inclusion criteria Primary
endpoint

Status

RTOG 0534 (Shipley et al. 2011) Salvage 1. Prostatic fossa RT
2. Prostatic fossa
RT ? ADT
(4–6 months)
3. Prostatic and pelvic
node RT + ADT
(4–6 months)

PSA C 0.1 \ 2.0 ng/ml
R0-1
GS B 8

Freedom from
progression

Active since
02/08

RADICALS (Radiation therapy and
androgen deprivation therapy 2012)

Adjuvant
versus early
salvage

First randomization
1. Adjuvant RT
2. Early salvage RT
Second
randomization
1. RT
2. RT ? ADT
(6 months)
3. RT ? ADT
(24 months)

First randomization
PSA B 0.2 ng/ml
one or more
– pT3/4
– GS 7–10
– pre-RP PSA [ 10 ng/ml
– R1

Disease specific
survival

Active since
10/07

EORTC 22043 (Radiation therapy
with or without hormone therapy
2012)

Adjuvant
and early
salvage

Adjuvant setting
1. RT
2. RT ? ADT
(6 months)
Early salvage setting
1. RT
2. RT ? ADT
(6 months)

pT2 R1 or pT3 R0-1
GS 5–10
Adjuvant setting
PSA \ 0.2 ng/ml
Early salvage setting
PSA \ 0.5 or 3 rises

bPFS at 5 years Active since
05/09

GETUG 17/0702 (Radiation
therapy with or without Goserelin
2012)

Adjuvant
versus early
salvage

1. Adjuvant
ADT ? RT
2. Early salvage
ADT ? RT

PSA 0.2–2 ng/ml
pT3a-pT4 R0-1
GS \ 8

Event free
survival at
5 years

Active since
12/07

JCOG0401 (Trial to evaluate
radiotherapy 2012)

Salvage 1. ADT (until
progression)
2. RT ? ADT
(until progression)

PSA 0.4–1.0 ng/ml
pT1-2

Time to
treatment
failure

Accrual
complete
(2004–2011)

RAVES TROG 08.03
(Radiotherapy - Adjuvant Versus
Early Salvage (RAVES) 2012)

Adjuvant
versus early
salvage

1. Adjuvant RT
2. Early salvage RT

PSA B 0.1 ng/ml
one or more
– pT3a/b
– R1

Biochemical
failure

Active since
03/09

MAPS (A phase III randomized
trial 2012)

Salvage 1. Standard salvage RT
2. Mapped tumor
salvage RT with
integrated boost

PSA 0.1–3.0 ng/ml
detectable lesion in the
prostatic fossa

Biochemical
control at
5 years

Active since
06/11

SAKK 09/10 (Radiation therapy in
treating patients 2012)

Salvage 1. 64 Gy RT
2. 70 Gy RT

PSA \ 2.0 ng/ml
pT2a-pT3b R0-1

Freedom from
biochemical
progression

Active since
01/11

RT radiotherapy; ADT androgen deprivation therapy; PSA prostate specific antigen; bPFS biochemical progression-free survival; RP radical
prostatectomy; GS Gleason Score
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should be treated whenever possible within clinical trials in
order to answer these open questions as soon as possible.

Outside clinical trials 64–72 Gy are the standard dose of
salvage RT, the exact dose to be defined by absence or
presence of macroscopic recurrence and the urinary conti-
nence status of the patient prior to treatment.
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potential conflict of interest related to this review. There are no
financial disclosures from any author.
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Abstract

Radiotherapy is widely utilized as primary therapy for
clinically localized prostate cancer. Biochemical recur-
rence after external radiotherapy or brachytherapy occurs
in up to 60 % of patients treated for prostate cancer
within 10 years. Salvage radical prostatectomy repre-
sents a secondary local treatment with curative intent in
patients with organ confined prostate cancer recurrences
following radiation therapy. Patients most likely to
benefit from salvage prostatectomy have low-risk dis-
ease, a pretreatment PSA velocity \2.0 ng/ml per year at
the time of initial presentation, an interval to PSA
failure [3 years, and a PSA doubling time [12 months.
In experienced hands, morbidity is low with a continence
rate of approximately 80 % depending on the type of
previous radiation therapy. Long-term oncological con-
trol can be achieved in more than 75 % of the patients.
Despite these well-established oncological outcomes,
salvage radical prostatectomy is infrequently performed
or reported.

1 Introduction

Prostate cancer is the second most commonly diagnosed
and the sixth leading cause of death in men worldwide
(Jemal et al. 2011). Despite improved methods of delivery
(ultrasound-guided brachytherapy, three-dimensional con-
formal techniques, and intensity-modulated radiotherapy)
that have permitted the administration of higher radiation
doses with fewer side effects, up to one-third of patients
treated with radiation therapy for clinically localized pros-
tate cancer will have evidence of treatment failure (Zietman
et al. 2005; Zelefsky et al. 2002). However, data from
Cancer of the Prostate Strategic Urologic Research Endea-
vor (CaPSURE) identified that 63 % of patients have an
increase in their serum PSA level within 10 years after
radiotherapy (Agarwal et al. 2008). Apart from expectant
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management and systemic therapy, there are four available
local treatment options for radio-recurrent prostate cancer:
salvage radical prostatectomy, salvage cryoablation, sal-
vage brachytherapy, and salvage high-intensity focused
ultrasound HIFU (Kimura et al. 2010). The role of salvage
radical prostatectomy has evolved, with recent series
showing improved results for the treatment of radiation-
recurrent prostate cancer. In this chapter, we review the
current status of salvage radical prostatectomy after failure
of radiotherapy with regard to patient selection, oncological
efficacy, functional outcomes, and complications.

2 Diagnosis of Radiation-Recurrent
Prostate Cancer

The vast majority of patients with local recurrence of pros-
tate cancer after radiation therapy are identified by an ele-
vated and rising serum PSA level. Biochemical recurrence
after radiotherapy is defined by the American Society for
Therapeutic Radiation and Oncology (ASTRO) as a rise in
serum PSA by C2 ng/ml from the nadir PSA after radio-
therapy (‘‘Phoenix definition,’’ Roach et al. 2006). The
challenge for the clinician is to determine whether the PSA-
level elevation originates from local persistence of cancer or
from distant metastases or both. Currently, there is no con-
sensus on when and how to detect and cure local recurrence
of prostate cancer after failed radiotherapy. Overall,
60–72 % of patients with a rising PSA level and a negative
metastatic evaluation after external beam radiotherapy have
biopsy-confirmed local persistence of disease (Bianco et al.
2005). When a prostate cancer recurrence is diagnosed by
rising PSA-values, most current guidelines recommend a
confirmatory prostate biopsy in case local salvage therapy is
considered (Mottet et al. 2011; Mohler et al. 2010).

3 Patient Selection for Salvage
Prostatectomy

Careful patient selection for effective salvage therapy with
curative intent implies that some patients will not fulfill the
criteria for local salvage treatment and will require pallia-
tive or systemic salvage treatment strategies. According to
current guidelines, a candidate for salvage radical prosta-
tectomy should fulfill the following requirements: surgically
curable disease at initial radiation, no evidence of metastatic
disease, a postradiation biopsy confirming prostate cancer,
and a live expectancy long enough to benefit from inter-
vention (Mohler et al. 2010; Mottet et al. 2011). Patients
most likely to benefit from salvage prostatectomy have

low-risk diseases (PSA \10 ng/ml, Gleason-Score B6, and
clinical T1c or T2a tumor status), pretreatment PSA
velocity \2.0 ng/ml per year at the time of initial presen-
tation, interval to PSA failure [3 years, PSA doubling time
[12 months. In addition, men with pre-salvage PSA lev-
els [10 ng/ml, pre-salvage T3/T4 disease, or pre-salvage
Gleason scores C7 on a rebiopsy sample without significant
radiotherapy effects are unlikely to be cured by salvage
prostatectomy (Nguyen et al. 2007). Imaging evaluation of
locally recurrent prostate cancer to plan salvage therapy
remains challenging (Jadvar and Alavi 2009). In one study,
11C-Choline (Fig. 1) was determined to localize recurrence
in a higher percentage of men after primary radiation
therapy than after radical prostatectomy (78 % vs. 38 %,
respectively) (de Jong et al. 2003). Nevertheless, the role of
PET/CT imaging in localizing radio-recurrent prostate
cancer remains unclear and needs further evaluation.

4 Surgical Technique of Salvage
Prostatectomy

Radical prostatectomy is the local salvage treatment
modality with the longest history. Several authors described
salvage radical prostatectomy to be a challenging procedure
with a high probability of encountering locally advanced
disease at surgery and corresponding surgical complications.
Carson et al. showed the feasibility of prostatic surgery after
radiotherapy with 18 patients who underwent radical pro-
statectomy as an adjuvant therapy after radiotherapy with
acceptable surgical morbidity (Carson et al. 1980). Salvage
radical prostatectomy (Fig. 2) is performed with the same
technical steps described for anatomic radical prostatectomy

Fig. 1 11C-Choline PET/CT showing increased uptake on the left
side corresponding to radio-recurrent prostate cancer
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(Walsh 1998), despite expected technical difficulties such as
unclear plane of dissection and adherences, especially in the
posterior aspect of the prostate, where rectal injury is a major
concern (Chade et al. 2012). Yet, several authors describe
that salvage prostatectomy as currently performed is similar
in its degree of difficulty to standard radical prostatectomy
and not as challenging as previously reported (Rogers et al.
1995; Zincke 1992; Pontes et al. 1993). However, these
surgeons are usually experienced in radical prostatectomy
and pelvic surgery, and none has reported an analysis of
his or her learning curve with salvage prostatectomy.
Moreover, there has been no report specifically addressing
and comparing critical aspects of the procedure, allowing a
more comprehensible evidence-based guideline (Chade
et al. 2012). The feasibility of salvage prostatectomy after
EBRT alone is frequently described as the same as primary
radical prostatectomy (Rogers et al. 1995). Although there is
no evidence to confirm any difference in complications
according to the method of radiotherapy (EBRT vs. brach-
ytherapy), authors eventually describe greater difficulty
and surgical complexity at salvage prostatectomy after
brachytherapy because of increased adhesions (Gotto et al.
2010).

5 Oncologic Outcomes of Salvage
Prostatectomy

As salvage radical prostatectomy is technically demanding,
experienced surgeons are needed to optimize outcomes.
Accordingly, relatively few centers have reported on salvage

radical prostatectomy. The study with the largest number of
patients is a recently published multi-institutional collabo-
ration project that included high volume referral centers
(Chade et al. 2011). In a systematic review of salvage pro-
statectomy the median follow-up of the reported studies
ranged from 18 to 84 months, which may explain the wide
variation in findings of oncologic outcomes across those
studies with less biochemical control in studies with longer
follow-up. Thus critical analyses should be limited to those
studies with longer follow-up periods (Chade et al. 2012).
None of the published studies on salvage prostatectomy
adequately studied potential oncologic differences between
salvage prostatectomy after external beam radiotherapy
and after brachytherapy or between distinct radiotherapy
techniques (three-dimensional conformal radiotherapy,
intensity-modulated radiotherapy) or radiotherapy doses
(Chade et al. 2012).

Table 1 summarizes the specimen characteristics of
some of the largest salvage prostatectomy series. Positive
surgical margin rate varied from 11 to 36 %. Pathologic
organ confined disease was reported in 25–71 % of studies.
Lymph node dissection was reported infrequently in the
studies and was not standardized among different institu-
tions. Also, no studies were able to analyze the impact of
pelvic lymph node dissection on cancer-specific survival.

The 5-year biochemical recurrence-free survival rates
typically range from 50 to 60 % in most salvage prosta-
tectomy series. At 10 years, the biochemical recurrence-
free probability ranges from 37 to 47 %. The definition of
biochemical-free recurrence after salvage prostatectomy
was different in almost each publication. Table 2 summa-
rizes the oncologic outcomes of some of the largest salvage
prostatectomy series. Series from single centers reported
probabilities of cancer-specific survival from 65 to 77 % at
10 years (Bianco et al. 2005; Ward et al. 2005; Sanderson
et al. 2006), while the multi-institutional collaboration study
reported an 83 % cancer-specific survival at 10 years
(Chade et al. 2011). Overall survival varied from 54 to
89 % at 10 years (Chade et al. 2012).

In the series from Mayo Clinic and Memorial Sloan-
Kettering Cancer Center/Baylor Medical Center, men who
had PSA levels \10 ng/ml at the time of salvage prosta-
tectomy had significantly lower estimates of PSA failure
compared with men who had PSA levels C10 ng/ml
(Bianco et al. 2005; Ward et al. 2005).

Oncologic outcome was worse for patients who under-
went salvage cystoprostatectomy compared with patients
who underwent salvage prostatectomy, with a 5-year bio-
chemical disease-free survival rate of 19 % versus 63 %,
respectively, in the Mayo Clinic series and 30 % versus
50 %, respectively, in the Wayne State series (Ward et al.
2005; Gheiler et al. 1998).

Fig. 2 Intraoperative aspect after salvage radical prostatectomy with
a catheter and anastomotic sutures in the urethral stump. On the right
side there are brachytherapy seeds in the Denonvilliers fascia. On the
left side the neurovascular bundle could partly be preserved
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The neoadjuvant androgen deprivation before salvage
prostatectomy was poorly reported, or patients were ana-
lyzed in mixed cohorts. Prospective data to support the use
of neoadjuvant androgen deprivation in the salvage pro-
statectomy setting are missing. Retrospective data from the
Mayo Clinic and the Netherlands Cancer Institute series

showed no reduction in positive margin rate or improve-
ment in outcome with neoadjuvant androgen deprivation,
although it is possible that the selection of men with more
advanced disease to receive androgen deprivation
obscured any potential benefit (Ward et al. 2005; van der
Poel et al. 2007).

Table 1 Specimen characteristics of contemporary open salvage prostatectomy series

Series Number of
patients

PSA
(ng/ml)

pT2
(%)

CpT3 (%) pT3b
(%)

PSM
(%)

Gleason-score Lymph
node
metastasis
(%)

B6 7 C8

Multicenter
(Chade et al. 2011)

404 4.5 45 53 30 25 14 37 24 16

MSKCC/Baylor
(Bianco et al.
2005)

100 5.9 35 23 33 21 17 62 13 9

Mayo Clinic
(Ward et al. 2005)

121 8.5 N/A 61 N/A 21 14 59 27 N/A

USC (Sanderson
et al. 2006)

51 8.0 25 59 N/A 36 20 36 44 16

Aachen
(Heidenreich et al.
2010)

45 7.8 71 11 18 11 33 47 20 20

Wayne State
(Gheiler et al.
1998)

38 14 39 61 29 13 N/A N/A N/A 16

Rome (Leonardo
et al. 2009)

32 2.3 53 47 N/A 34 38 N/A N/A 0

PSM positive surgical margin, N/A not available

Table 2 Oncologic outcomes of contemporary open salvage prostatectomy series

Series Number of
patients

Follow-up
(years)

PSA [ 10
ng/ml (%)

Time to RP
(months)

pT2
(%)

Disease-free rate (%) Cancer-specific
survival

5 years 10 years 5 years 10 years

Multicenter
(Chade et al. 2011)

404 4.4 N/A 41 45 48 37 92 83

MSKCC/Baylor
(Bianco et al.
2005)

100 5 29 40 39 65 43 93 73

Mayo Clinic
(Ward et al. 2005)

138 6.4 29 40 39 65 43 90 77

USC (Sanderson
et al. 2006)

51 7.2 36 62 25 47 47 85 65

Aachen
(Heidenreich et al.
2010)

55 1.9 47.3 32 73.3 87 (2 years) N/A N/A N/A

Wayne State
(Gheiler et al.
1998)

40 3 48 58 43 47 N/A N/A N/A

Rome (Leonardo
et al. 2009)

32 2.9 N/A 31 53 75 (35 months) N/A N/A N/A

RP radical prostatectomy N/A not available
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6 Surgical Complications of Salvage
Prostatectomy

Salvage prostatectomy has not been widely accepted for the
treatment of radiation-recurrent prostate cancer because of a
historical concern that most men will recur and fear of the
procedure’s associated surgical morbidity. Radiotherapy-
induced cystitis, fibrosis, and tissue plane obliteration have
been factors leading to significant complications, such as
rectal injuries, anastomosis strictures, and urinary inconti-
nence. In the MSKCC early experience, surgeons reported
an incontinence rate of 58 % and a major complication rate
of 33 %, including a 15 % risk of rectal injury (Rogers et al.
1995). These complications are associated with extensive
fibrosis between the bladder, prostate, and rectum. In con-
temporary open salvage prostatectomy series, rectal injury
occurred in 0–3.6 % of patients, and anastomotic stricture
varied from 12.5 to 41 % (Table 3). Major complications
(Clavien 3–5) occurred in 0–25 % of patients, and estimated
blood loss varied between 119 and 1000 ml. Except for the

early series that reported high rates of blood loss because of
locally advanced and challenging procedures, most authors
thereafter showed blood transfusion rates similar to the
standard radical prostatectomy procedure in their institu-
tions (Chade et al. 2012).

7 Functional Outcomes of Salvage
Prostatectomy

The potential for cure with salvage radical prostatectomy
must be balanced against the risks of substantial potential
toxicities. Postoperative development of sexual and urinary
dysfunction represents the mainstay limitations for pre-
serving quality of life, when tumor burden becomes a less
important issue. These risks are greater in the salvage
prostatectomy setting than in the de novo setting because of
radiation changes in the operation field that may cause
fibrosis and merging of tissue planes used for dissection. In
open salvage prostatectomy series, urinary continence

Table 3 Surgical complications of contemporary open salvage prostatectomy series

Series Year Number of
patients

Perioperative
complications
(%)

Rectal injury
(%)

Urinary
incontinence
(%)

Anastomotic
stricture (%)

MSKCC
(Stephenson et al.
2004)

1993–2003 60 13 2 32 32

Mayo Clinic
(Ward et al. 2005)

1990–2000 89 27 3 44 23

USC (Ward et al.
2005)

1983–2002 51 N/A 2 27 41

Aachen
(Heidenreich et al.
2010)

2004–2008 55 27.3 3.6 20 10.9

Wayne State
(Gheiler et al.
1998)

1992–1997 30 17 3 50 17

Rome (Leonardo
et al. 2009)

2001–2004 32 N/A 0 16 12.5

N/A not available

Table 4 Functional outcomes of contemporary open salvage prostatectomy series

Series Number of
patients

Continence Preservation of erectile function

0–1 pad (%) 0 pads (%) +PDE5-Is

MSKCC (Stephenson et al. 2004) 100 68 39 45 % N/A

Aachen (Heidenreich et al. 2010) 55 80 68 4/15 10/15

Rome (Leonardo et al. 2009) 32 84 22 N/A 9 %

PDE5-Is PDE-5 inhibitors, N/A not available
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defined by zero pads after salvage prostatectomy, ranged
from 22 to 68 % (Table 4). This seems to be related, in part,
to radiation-induced sphincteric dysfunction, as published
continence rates have not improved markedly over time
despite better patient selection, less pelvic fibrosis, and
changes in surgical technique (Kimura et al. 2010). Erectile
dysfunction was previously thought to be an inevitable
consequence of salvage prostatectomy. However, cavernous
nerve preservation is feasible in selected patients with good
preoperative erectile function, who might recover potency
after bilateral nerve-sparing salvage prostatectomy
(Masterson et al. 2005).
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Abstract

Proton beam therapy (PBT) is an up-coming technology
within the framework of radiation oncology. To date,
patients with low to intermediate prostate cancer represent
the largest group of patients treated with protons. This
patient group was of special interest because of expected
low toxicity and high tumor control rates. However, there
is no published data demonstrating a benefit for protons
compared to other radiation modalities. Therefore, pro-
spective randomized phase III trials comparing photon
radiation (RT) with that of PBT are needed including
evaluation of quality of life after treatment. On the other
hand, PBT might be superior to other radiation techniques
for advanced prostate cancer where there is a need for
pelvic lymph node irradiation, especially in younger
patients with a long life expectancy. Also for this sub-
group of prostate cancer patients prospective randomized
phase III trials comparing RT and PBT are needed. The
significance of PBT within the framework of modern
radiation oncology in general will be dependent on
accrual of scientific data of treated patients. Smaller and
less cost-intensive facility layouts with faster beam
application are needed. Permanent establishment of
protons in radiation therapy will also be dependent on
financial resources provided by healthcare systems. That
will be finally a political discussion in most countries.

1 Introduction

Proton radiation therapy (PT) has become an increasing
factor in high-tech medicine in the field of oncology. A small
number of companies in the global market offer $100 million
PT facilities with all-inclusive packages. High numbers of
patients with short-term treatments are needed to reimburse
these projects. Because of localization and size of tumor as
well as planned therapy volumes, prostate cancer promises
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fast treatments with expected low incidences of severe side
effects. Therefore prostate cancer patients increasingly wish
to undergo PT instead of established treatment modalities.
Even the name PROton leads to positive associations in
comparison to X-ray therapy. Several patients expect PT as a
treatment option without any side effects.

On the other hand, recently there was a first publication
comparing intensity-modulated radiation therapy, proton
therapy, or conformal radiation therapy and morbidity and
disease control in localized prostate cancer. IMRT com-
pared with PT was associated with less gastrointestinal
morbidity (Sheets et al. 2012).

The main problem of the study was a comparison after
propensity matching of a multi-center IMRT database of
9,437 patients with a single institution database of 685 PT
patients, based on the Surveillance, Epidemiology, and
Results (SEER)-Medicare-linked database. The results were
inconsistent with follow-up data of several studies’ patients
including also prospective trials of PT (see below).

Nevertheless, the scientific evidence of PT for prostate
cancer in the framework of radiation oncology has to be
questioned, especially regarding the fact that even at high
ranked university-based PT facilities in the U.S., up to 70 % of
treated patients get a therapy for their low-risk prostate cancer.
This chapter gives a short but comprehensive overview of the
technological and clinical aspects in PT for prostate cancer.

2 Development of Proton Radiation
Therapy (PT)

The principal technology of PT is well known and is in use
since the 1950s. Hence, it is as old as photon radiation therapy
(RT) with linear accelerators. But because of its technologi-
cal complexity as well as the uncertainty to verify its targets
and doses, PT was limited to a few research centers treating
low numbers of patients. Only with the development of 3-D
planning systems based on data offirst computer tomographs,
exact calculations of a proton beam in a patient could have
been realized for PT. It was the beginning of modern PT using
its physical characteristics of improved dose distribution in
tumor and reduced radiation dose to surrounding normal
tissues. Harvard Cyclotron (HCL) research center in Boston
became the first PT facility using CT planning in the mid-
1970s. Table 1 summarizes patients treated worldwide by the
end of 2013. Of 108,066 patients treated worldwide with
particle therapy, proton therapy has been applied in 95,325
patients (88.2 %), and carbon ion therapy in 12,741 patients
(11.8 %) (Table 1). Taking into account all facilities (in
operation and out of operation), these numbers increase to
122,399 patients (total), 105,631 treated with protons
(86.3 %) and 16,768 with C-ions or other heavy ions (13.7 %)
(frequent updates at PTCOG website). Hence, a large series

of patients have been treated with proton therapy, while
treatment with C-ions can be still considered experimental.
Although proton radiation therapy has been available for
many decades, until recently it was only applied in a rela-
tively small number of approximately 20 centers worldwide.
Increased clinical experience with protons, as well as exten-
sive research in the physics, biology, and clinical aspects of
proton therapy have led to increasing acceptance and interest
in proton therapy among radiation oncologists. Numerous
proton therapy facilities are currently being built and planned
worldwide. The number of patients treated with protons will
increase substantially in the near future.

Nowadays, protons are an accepted treatment modality
for tumors in difficult to treat locations, i.e., in the area of the
skull base or along the spinal axis, also including sarcomas
involving the thoracic chest wall, as well as malignancies in
pediatric patients, where minimizing normal tissue radiation
exposure is of paramount importance. Outcome analyses
demonstrate very satisfying tumor control rates and at the
same time low incidence of radiation-induced toxicities (Hug
and Slater 2000; DeLaney et al. 2009; Rutz et al. 2008).

3 Physical Characteristics of Protons

PT with its physical characteristics of superior dose deposition
in a given tumor and reduced radiation dose to surrounding
normal tissues offers an inherent geometric advantage. Lower
entrance doses as well as sharp dose falloff at the distal edge
of the beam result in a significant higher conformality in
comparison to photons. The main disadvantage of the proton
beam is the worse lateral dose falloff and the range of uncer-
tainties when treating tissues of different densities especially
if there are inter- and intra-fractional changes during treat-
ment (Fig. 1).

4 Radio-Biological Effectiveness (RBE)
of Protons

According to the International Commission on Radiation
Units and Measurements (ICRU) report 78 (ICRU 2007) the
radio-biological effectiveness (RBE) of protons is compa-
rable with the RBE of photons. Dose units expressed as
physical dose have a difference of about 10 % in favor of
protons (Paganetti et al. 2002). The usually constant RBE of
1.1 in comparison to photons is an advantage of the proton
beam. Nevertheless, one has to estimate a higher RBE at the
distal edge of the proton beam. Also, the intensity of the
linear energy transfer (LET) influences the RBE (see also
the following chapter ‘‘There is Evidence of the Superiority
of Protons or Heavy Ions, Pro’’). Comparable proton or
photon doses have a similar cell-killing effect on tumors and
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Table 1 Patient statistics for facilities in operation (by end of 2013): 95,326 proton treatments and 12,741 carbon ion treatments

Country Who, where Particle S/C/SCa

Max.
energy
(MeV)

Beam directions Start of
treatment

Total
patients
treated

Date of
total

Canada TRIUMF, Vancouver p C 72 1 horiz. 1995 175 Dec-13

Czech
Republic

PTC Czech r.s.o., Prague p C 230 3 gantries, 1 horiz. 2012 140 Dec-13

China WPTC, Wanjie/Zibo p C 230 2 gantries, 1 horiz. 2004 1,078 Dec-13

China IMP-CAS, Lanzhou C-ion S 400/u 1 horiz. 2006 213 Dec-13

England Clatterbridge p C 62 1 horiz. 1989 2,446 Dec-13

France CAL, Nice p C165 1 horiz. 1991 4,936 Dec-13

France CPO, Orsay p S 250 1 gantry, 2 horiz. 1991 6,432 Dec-13

Germany HZB, Berlin p C 250 1 horiz. 1998 2,312 Dec-13

Germany RPTC, Munich p C 250 4 gantries, 1 horiz. 2009 1,811 Dec-13

Germany HIT, Heidelberg p S 250 2 horiz., 1 gantryb 2009, 2012 503 Dec-13

Germany HIT, Heidelberg C-ion S 430/u 2 horiz., 1 gantryb 2009, 2012 1,368 Dec-13

Germany WPE, Essen p C 230 4 gantriesc, 1 horiz. 2013 32 Dec-13

Italy INFN-LNS, Catania p C 60 1 horiz. 2002 350 Dec-13

Italy CNAO, Pavia p S 250 3 horiz., 1 vertical 2011 76 Dec-13

Italy CNAO, Pavia C-ion S 480/u 3 horiz., 1 vertical 2012 105 Dec-13

Japan HIMAC, Chiba C-ion S 800/u horiz.c, verticalc 1994 8,073 Dec-13

Japan NCC, Kashiwa p C 235 2 gantriesc 1998 1,226 Mar-13

Japan HIBMC, Hyogo p S 230 1 gantry 2001 4,223 Dec-13

Japan HIBMC, Hyogo C-ion S 320/u horiz.,vertical 2002 1,935 Dec-13

Japan PMRC 2, Tsukuba p S 250 2 gantries 2001 2,967 Dec-13

Japan Shizuoka Cancer Center p S 235 3 gantries, 1 horiz. 2003 1,590 Dec-13

Japan STPTC, Koriyama-City p S 235 2 gantries, 1 horiz. 2008 2,306 Dec-13

Japan GHMC, Gunma C-ion S 400/u 3 horiz., 1 vertical 2010 985 Dec-13

Japan MPTRC, Ibusuki p S 250 3 gantries 2011 919 Dec-13

Japan Fukui Prefectural Hospital PTC,
Fukui City

p S 235 2 gantries, 1 horiz. 2011 428 Dec-13

Japan Nagoya PTC, Nagoya City, Aichi p S 250 2 gantries, 1 horiz. 2013 199 Dec-13

Japan SAGA-HIMAT, Tosu C-ion S 400/u 3 horiz., vertical,
45 deg.

2013 62 Dec-13

Poland IFJ PAN, Krakow p C 60 1 horiz. 2011 39 Dec-13

Russia ITEP, Moscow p S 250 1 horiz. 1969 4,320 Dec-13

Russia St. Petersburg p S 1000 1 horiz. 1975 1,386 Dec-12

Russia JINR 2, Dubna p C 200d 1 horiz. 1999 995 Dec-13

South
Africa

NRF—iThemba Labs p C 200 1 horiz. 1993 521 Dec-13

South
Korea

NCC, IIsan p C 230 2 gantries, 1 horiz. 2007 1,158 Dec-13

Sweden Uppsala p C 200 1 horiz. 1989 1,356 Dec-13

Switzerland PSI, Villigen p C 250 2 gantriese, 1 horiz. 1984, 1996,
2013

7,045 Dec-13

USA, CA Loma Linda p S 250 3 gantries, 1 horiz. 1990 17,829 Dec-13

USA, CA UCSF p C 60 1 horiz. 1994 1,621 Dec-13

USA, MA NPTC, MGH Boston p C 235 2 gantriesc, 1 horiz. 2001 7,345 Dec-13

USA, IN IU Health PTC, Bloomington p C 200 2 gantriesc, 1 horiz. 2004 1,927 Dec-13

(continued)
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similar toxic effects on normal healthy tissues (Paganetti et al.
2004). This results in an excellent estimation of expected
toxicities in comparison to applied doses during the treatment
planning process. Established tolerance doses in RT are
generally transferable to PT. All available publications on
treatments with protons confirmed it. No publication has
raised the issue of unexpected acute or late toxicity. Any
described incidence of late toxicity was related to high dose

escalation rather than use of protons. The initial concept of
physical dose distribution and effectiveness has not been
called into question by clinical results. However, no phase III
trials were available comparing protons and photons. Most
proton radiation therapy data were based on retrospective
reviews and only for a few indications data were based on
phase I/II trials of single institution experiences. Multi-
institutional collaboration was very limited.

5 Technological Innovations

Common passive scattering systems (Fig. 2) will be replaced
by developed scanning systems in the medium term. Activi-
ties of most vendors are going into this direction. Spot scan-
ning-based PT has been pioneered at Paul Scherrer Institute
(PSI) and is in routine clinical use since 1996. Presently,
PSI remains the only facility with long-term experience
(Fig. 3).

Spot scanning will be the preferred technology, because
of its excellent dose distribution and the planning option to
use intensity modulated proton therapy (IMPT) (Fig. 4).
IMPT is routinely used in patient treatments at PSI, if the
dose can be safely applied because several uncertainties need
to be taken into account when working with spot scanning

Table 1 (continued)

Country Who, where Particle S/C/SCa

Max.
energy
(MeV)

Beam directions Start of
treatment

Total
patients
treated

Date of
total

USA, TX MD Anderson Cancer Center,
Houston

p S 250 3 gantriesc, 1 horiz. 2006 4,746 Dec-13

USA, FL UFPTI, Jacksonville p C 230 3 gantries, 1 horiz. 2006 5,085 Dec-13

USA, OK ProCure PTC, Oklahoma City p C 230 1 gantry, 1 horiz, 2
horiz/60 deg.

2009 1,364 Dec-13

USA, PA UPenn, Philadelphia p C 230 4 gantries, 1 horiz. 2010 1,744 Dec-13

USA, IL CDH Proton Center, Warrenville p C 230 1 gantry, 1 horiz, 2
horiz/60 deg.

2010 1,329 Dec-13

USA, VA HUPTI, Hampton p C 230 4 gantries, 1 horiz. 2010 767 Dec-13

USA, NY ProCure Proton Therapy Center,
New Jersey

p C 230 4 gantries 2012 512 Dec-13

USA, WA SCCA ProCure Proton Therapy
Center, Seattle

p C 230 4 gantries 2013 86 Dec-13

USA, MO S. Lee Kling PTC, Barnes Jewish
Hospital, St. Louis

p SC 250 1 gantry 2013 1 Dec-13

USA, CA Scripps Proton Therapy Center, San
Diego

p C 250 3 gantries, 2 horiz. 2014 1 Feb-14

Particle therapy facilities in operation: Information about technical equipment and patient statistics. Last update: 24 March 2014
a S/C/SC = Synchrotron (S) or Cyclotron (C) or SynchroCyclotron (SC)
b With beam scanning
c With spread beam and beam scanning
d Degraded beam
e With beam scanning, Gantry 1 since 1996, Gantry 2 since 2013

Fig. 1 Dose distribution of different beam qualities

266 R. A. Schneider



technology. Especially, limits of the innovative IMPT have
yet not been reached aside from its well-known less robust-
ness to movements of the patient or target. Density uncer-
tainties in the treatment volumes can decrease as well the
robustness of IMPT plans (Lomax 2008a, b). To treat moving
targets with spot scanning posed already a challenge, how to
use IMPT in these cases will be one of the most interesting
and important scientific projects for the next years.

Faster scanning techniques will enable to apply multiple
target repainting (Gantry 2 at PSI). This implies a fast double
magnetic scanning with speeds of 1 and 2 cm/ms, fast
dynamic energy variations with the beam line, and degrader
before the gantry (100 ms for changes of 5 mm in proton

range). Beam analyses at Gantry 2 are promising, also as the
potential of the intensity modulation at the ion source for
dose painting. Fast target repainting may enable to treat
moving tumors with conformal scanning in all situations.

Other technological innovations as multileaf collimators,
in-room CT for positioning, and 4-D images as well as
beam-eye-view (BEV) X-ray images at the nozzle will
increase the precision and quality assurance especially
when treating moving targets and will be implemented into
new facility layouts.

Nozzles will be designed with minimal material in the
beam, in order to keep the size of the scanning beam small
at all energies (\3–4 mm sigma between 100–230 MeV).

range-shifter wheel

scatter foils

collimator

compensator

entrance dose

100% dose

target volume

Fig. 2 Technique of scattered
proton radiation therapy

Target

Magnetic 
scanner

Range 
shifter’ plate

Patient

Proton 
pencil 
beam

Spot scanning speed on Gantry1:

3 000 Spots / min

Fig. 3 Spot scanning technique:
developed at Paul Scherrer
Institute (PSI) and in clinical
practice since 1996
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The nozzle can be moved longitudinally to reduce the air
gap between nozzle and patient at the iso-center. That will
give the option to mount collimators and compensators on
the nozzle. Even simulation of the scattering technique with
a system capable of delivering the most advanced intensity
modulated proton therapy will be possible (Gantry 2, PSI).

Depending on the expected patient groups gantry layouts
will be the gold standard in PT, especially for smaller facil-
ities with 1–2 treatment rooms. Fixed beam rooms might be
an optional technique if treatments are focused on, e.g.,
prostate cancer. Nevertheless, the freedom to deliver beam on
the supine positioned patient from any direction will be
important. Good access to the patient table at any time on a
fixed floor should be offered by the vendors.

Finally, small treatment units are under development at the
leading companies to spread out proton therapy facilities.
Several radiation oncology centers are not only limited by
financial resources but also by space for a large facility with
cyclotron or synchrotron and beam line. Compact systems will
give the option to add 1–2 treatment rooms to the existing
equipment. Several companies are working on these specifi-
cations. First treatments are expected in the near future.
Operation and application of beam delivery as well as quality of
the beam have to be compared with established technologies.
On the other hand, an ideal design for a facility has not yet been
created. Customers will be still the testers of new technological
solutions. To decide for the best facility layout spending a high
amount of money will not be easy, because life expectancy of a
proton therapy facility is calculated with 25–30 years.

6 Developmental Stages of PT
for Prostate Cancer

6.1 Stage I: Safety, Feasibility

The first scientific evaluation of PT for prostate cancer was
done at Harvard Cyclotron. Shipley et al. (1995) initialized
a prospective dose escalation study at Massachusetts Gen-
eral Hospital (MGH), Boston. Photon RT with total doses of
67.2 Gy was given in 4-field box technique to arm A and B.
Randomized patients in arm B also received an additional
perineal PT boost to a total dose of 75.6 Gy.

The dose escalation arm was not only an innovative
concept for PT but also for RT, because external beam doses
in excess of 70 Gy were uncommon at the start of trial. A
disadvantage of the study was the long accrual from 1982 to
1995 with a low total number of 202 patients. Due to the long
accrual time, the low-dose level arm was already outdated at
the time of reporting and doses in the high dose arm were
already accepted routinely in many photon centers.

Apart from these limitations, results showed a significant
better local tumor control rate in the high dose arm for patients
with Gleason 8–10 with slightly increased low Grade rectal
bleeding rates (primarily Gr. 1) in the high dose group (34 %
vs. 16 %). Survival rates in both groups were similar. As a
positive effect of the study it contributed to awareness of partial
rectal wall tolerance (Hartford et al. 1996; Benk et al. 1993).

The worldwide first hospital-based PT facility started at
Loma Linda University Medical Center (LLUMC), California,
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Fig. 4 Proton treatment
delivery; the three ‘‘orders’’ of
proton therapy compared (PSI
2001)
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in 1992. The scientific focus of interest was prostate cancer
with temporarily up to 80 % of treated PT patients. With more
than 15,000 treated patients in about 20 years, LLUMC is the
facility with the highest number of prostate cancer treated
with protons. Some prostate studies were (co-) initiated by
LLUMC. In general, all prostate patients were treated
according to study protocols.

Design of the initial study was a protocol with normo-
fractionated doses up to 74–75 Gy (Slater et al. 2004). In
total 1,255 patients were recruited. Local tumor control
rates were dependent on the initial PSA score before PT.
Grade 3 toxicities were observed in only 0.3 % of the
patients. The study showed the practicability and safety of
applied homogeneous PT doses to the prostate in excess of
70 Gy (RBE) with low incidences of higher grade toxicity
rates. The published results caused increased inquiries of
patients regarding PT for prostate cancer.

6.2 Stage II: Introduction into Routine
Clinical Use

A following randomized prospective dose escalation study
was initialized by the cooperation of LLUMC with MGH.
Initial treatment for all patients was photonRT with a total
dose of 50.4 Gy followed by a PT boost up to 70.2 Gy
versus 79.2 Gy. About 393 patients with T1b-T2b stage had
been enrolled from 1996 to 1999. An update after a median
follow-up time of 8.9 years showed similar results for
overall survival rates as well as for high grade toxicity rates
in both groups but showed increased biochemical tumor
control rates for the high dose arm with 83.3 % versus
67.6 % for the lower dose arm (Zietman et al. 2010).

6.3 Stage III: Stagnation

Multiple treatment planning comparisons between photons
and protons regarding treatment of the low risk prostate
cancer patient have been published. Differences were
mainly decreased integral doses when planning with pro-
tons. Mainly volumes of PT and IMRT were compared
(Trofimov et al. 2007; Vargas et al. 2008).

6.4 Stage IV: Renaissance of Clinical Trials

Several studies were recently started in the U.S. For exam-
ple, the Proton Collaborative Group (PCG) was established
to organize controlled multicenter trials for protons. First
results are expected during the next couple of years.

6.4.1 Dose Escalation for Standard Fractionation-
Testing the Limits

A prospective toxicity study was created by LLUMC and
MGH with escalation to total doses of 82 Gy (RBE) at
2.0 Gy per fraction using opposed lateral beams. For tech-
nical reasons, dose modulation (IMPT) was not possible.
First volume was treated up to 50 Gy with a safety margin
of 10 mm except the posterior part (5 mm), followed by
treatment of the prostate without any margin up to 82 Gy
(RBE).

After a median follow-up time of 32 months, results of
late GU Grade C2/C3 toxicity rates were 30 and 8 % and
late GI Grade C2/C3 toxicity rates were 12 and 1 % (Coen
et al. 2011). Therefore, toxicity rates were comparable to
RT trials with dose escalation to the prostate. Nevertheless,
Zietman et al. showed impressively the expected dose limits
if applying homogeneous scattered proton radiation doses to
the prostate with acceptable late morbidity.

6.4.2 Hypofractionation
LLUMC used in a following prospective phase II trial, a
moderate hypofractionation scheme with daily doses of
3 Gy (RBE) for patients with low-intermediate risk (Slater
2009). With a total dose of 60 Gy (RBE) and an estimated
alpha/beta ratio of 1.5, study designs took into account the
biologic dose limitations of the Zietman trial. Also, in this
study prescribed doses to the prostate have to be homoge-
neously applied. Till date there is no evidence for an
increased higher grade toxicity rate (personal communica-
tion Carl Rossi) (Fig. 5).

A phase III study of mildly hypofractionated image
guided PT with or without androgen suppression for inter-
mediate risk adenocarcinoma of the prostate was designed
by the PCG. Arm I consists of conformal PT alone with

Fig. 5 Dose distribution at the prostate. Lateral opposed beam arrange-
ment, scattered proton beams, water-filled rectal catheter, LLUMC
(Courtesy of Carl Rossi)
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2.5 Gy (RBE) 5 days a week in 28 treatments over 5.5–
6.5 weeks and with a total dose of 70.0 Gy (RBE). Patients
randomized to arm II receive the same PT doses but with
additional androgen suppression for 6 months (Proton
Collaborative Group and Vargas 2011).

Henderson at University of Florida Proton Therapy
Institute (UFPTI) started a phase II study of hypofraction-
ated PT for low and intermediate risk prostate cancer
(Henderson 2011). Dose per fraction is 2.5 Gy (RBE) up to
a total dose of 70 Gy (RBE) for low risk patients, but
72.5 Gy (RBE) for the intermediate risk patient. A first
report of early outcomes suggest high efficacy and minimal
toxicity with only 1.9 % Grade 3 GU symptoms and
\0.5 % Grade 3 GI toxicities (Mendenhall et al. 2012).

There are only a few European publications on PT for
prostate cancer. Johansson et al. from Uppsala University
Hospital recently published the outcome of an inhomoge-
neous group of 278 patients with T1b to T4N0M0 disease.
Patients received initial photon RT of 50 Gy, given in 25
fractions. If HDR brachytherapy boost was geometrically
impossible because of a large prostate volume above
55–60 cc, patients received a PT boost of 20 Gy (RBE) in
daily fractions of 5 Gy (RBE). Fifty-three percent of the
patients received also neoadjuvant androgen deprivation
therapy. Medium follow-up was 57 months. The 5-year
PSA progression-free survival rate was 100, 95, and 74 %
for low-, intermediate-, and high-risk patients, respectively.
Late Grade 2, 3, and 4 GU toxicities were scored in 11, 7,
and 2 % of the patients, respectively. No Grade C3 GI
toxicity rates were observed (Johansson et al. 2012). The
authors stated that a hypofractionated PT boost combined
with external beam RT is associated with excellent cur-
ability of localized prostate cancer and acceptable fre-
quencies of treatment toxicity.

6.4.3 Extreme Hypofractionation
Vargas is Principal Investigator for the PCG of a prospec-
tive randomized trial for low risk adenocarcinoma of the
prostate. The control group receives treatments with a daily
standard fractionation of 1.8 Gy (RBE) up to a total dose of
79.2 Gy (RBE). Patients in arm II get extreme hypofrac-
tionation with single doses of 7.6 Gy (RBE), given in 5
consecutive days of 1–2 weeks to a total dose of 38 Gy
(RBE) (Proton Collaborative Group and Vargas 2010).
There are no publications yet on early outcome, especially
regarding toxicity rates available. But results of this trial
will probably significantly influence future procedures in PT
for low-risk prostate cancer patients.

6.4.4 Combined Modality Therapy
PCG also designed a phase III study of image guided PT
with or without chemotherapy (Docetaxel) for high risk
adenocarcinoma of the prostate. The control group gets

treatment with a daily standard fractionation of 1.8 Gy
(RBE) up to a total dose of 79.2 Gy (RBE) and androgen
deprivation. Assessment of the number of Freedom From
Failure (FFF) events comparing the chemotherapy arm to
the standard treatment arm is the primary objective (Proton
Collaborative Group and Vargas 2012).

UFPTI started a phase II trial for high risk prostate
cancer patients. PT is given in combination with Docetaxel
chemotherapy and androgen deprivation (Mendenhall
2009). The primary objective is the frequency and severity
of acute and chronic toxicity after PT in combination with
chemotherapy and androgen deprivation.

6.4.5 Spare Organs at Risk
An increasing number of RT centers implement injections
of hyaluronic gel as a rectal-prostate spacer for treatment of
prostate cancer. A first planning comparison of IMRT,
VMAT, and IMPT was recently published. Only IMPT
managed to decrease the rectal dose after spacer injection
for all dose levels, generally with no observed increase
to the bladder dose (Weber et al. 2012). Another advantage
of these devices will be a reduced density uncertainty and
therefore range uncertainty of protons within the treatment
volume regarding the rectal filling. There is probably no
need anymore for water filled rectal catheters in these
patients if using these spacers.

6.4.6 Photons Versus Protons
Recently, a first intercomparison phase III trial was initiated
by MGH and the University of Pennsylvania (UPENN), 461
patients were recruited. The outcome after PT versus IMRT
for low or low-intermediate risk prostate cancer was eval-
uated. Daily doses were 1.8 Gy (RBE) or Gy per fraction, 5
days a week in 44 treatments up to total doses of 79.2 Gy
(RBE) or Gy (Efstathiou and Bekelman 2012). A first
publication has dealt with the issue of prospective prefer-
ence assessment of patients’ willingness to participate in a
randomized controlled trial (Shah et al. 2012). Forty-six
eligible patients were enrolled. The study group identified
five major themes that impacted patients’ willingness to
participate in the trial: altruism/desire to compare treat-
ments, randomization, deference to physician opinion,
financial incentives, and time demands/scheduling. The
authors stated that these findings would inform the
recruitment efforts of a planned randomized controlled trial
comparing IMRT with PT.

7 Biologic Targeting

All the above described PT trials and comparisons in gen-
eral followed the same treatment planning concepts with
homogeneous dose distribution to the prostate including
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safety margins to all directions, typically using two lateral
beams and a water filled rectal catheter. Biologic targeting
with dose painting is not used for technical reasons. But this
is a decade-old practice in brachytherapy with increased
tumor control rates, but low incidences of higher grade
toxicities. Especially in high risk patients, doses to the
prostate gland could be modulated according to the natural
behavior of prostate cancer with increased doses to the
capsule and dose reduction to the urethra (Galalae et al.
2004).

Interestingly, dose distribution of IMPT fields with its
inhomogeneities can be used in a relatively similar way to
HDR brachytherapy. Corresponding to location and dura-
tion of a positioned radioactive source also with scanned

proton beam spots, high and low doses to small volumes are
possible if the size of the used pencil beam is small enough
(Fig. 6a, b). In comparison to dose distribution in HDR
brachytherapy, IMPT planning is independent of the manual
ability of the attending physician. Rather, to estimate the
robustness of an IMPT plan is decisive. This requires inten-
sive examination of planning procedures in IMPT and
knowledge of its uncertainties (Lomax 2008a, b).

A first IMPT plan imitating BT concepts and highly
conformal RT was published by PSI and showed possible
advantages of IMPT technology in comparison with estab-
lished PT treatment concepts with scattered protons (Rutz
and Lomax 2007). Nevertheless, using IMPT in this way
for (extreme) hypofractionation in the moving prostate
needs further scientific evaluation regarding robustness and,
therefore, safety of such a treatment.

8 Pelvic and Abdominal Proton
Radiotherapy

8.1 Preclinical Data

In particular, target volumes of complex shapes, such as the
pelvic regional lymph nodes, can be irradiated with highly
precise 3-D dose conformation. Site (the anatomical situa-
tion of a target and its relation to sensitive normal tissues),
size (the extension and volume of a target as compared to
neighboring healthy structures and the anatomical com-
partment), and shape (forms with various degrees of irreg-
ularity) of a given target challenge any radiation modality.
Protons offer the highest inherent geometrical dose preci-
sion inside and the lowest dose load outside a given target
volume.

Whole pelvic radiation therapy (WPRT) is commonly
given in the management of intermediate to high-risk
prostate cancers. However, it entails irradiation of a con-
siderable volume of rectum, urinary bladder, small bowel,
and bilateral femoral heads. Intensity-modulated radiother-
apy (IMRT) has introduced novel dosimetry that often
features increased dose heterogeneity to target and low
to intermediate dose levels to non-target normal structures.
This raises questions of the biologic effects of IMRT
compared to conventional treatment in general. However,
increasing the delivered radiation dose may increase the
probability of local tumor control but carries a risk of
greater adverse effects unless the volume of normal tissue
treated along with the tumor can be reduced as it is possible
by proton therapy.

The proton radiation beam possesses unique physical
properties that allow its shape to be sculpted in tissue in
order to achieve—especially in the particular case of large
and very irregular locoregional target volumes in high risk

Fig. 6 a Selective sparing of the urethra and simultaneous dose
escalation (Rutz and Lomax 2007). b Selective intraprostatic boost as
part of biologic targeting of clonogenic centers (Rutz and Lomax
2007)
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prostate cancer—very conformal dose depositions. It lowers
also the dose in non-target healthy pelvic tissue in close
vicinity to high-dose treatment areas and avoids simulta-
neously direct dose deposition in normal structures in target
volume remote areas. Reduced dose not only applies to a
reduced dose load to normal tissues adjacent to the target
volume (prostate region and pelvic regional lymph nodes),
but also the significant reduction of the total percentage of
an anatomical compartment (e.g. the pelvis) or even of the
entire body exposed to irradiation (Chera et al. 2009).

A feasibility analysis in the sense of a technical/dosi-
metric comparison with modern intensity modulated photon
beam radiation documented a significant reduction of small
bowel dose by using spot scanning-based proton radio-
therapy for administration of therapeutic doses in the region
of regional lymph nodes (Widesott et al. 2011). The plans of
eight patients with high risk prostate cancer previously
treated with Helical Tomotherapy (HT) were compared
with intensity modulated proton therapy (IMPT) plans with
two quasi-lateral fields (-1008; 1008). A vertical ‘‘virtual
block’’ was designed in IMPT plans at midline of the bowel
cavity (BC) to avoid field crossing (allowing no volume of
the block to receive more than 10–15 Gy) and increasing

the IMPT plans’ robustness. PTV’s and Organs at Risk
(OAR’s) dosimetric data were evaluated and a normal
tissue complication probability (NTCP) calculation was
performed for rectum using several sets of parameters (m, n,
TD50) according to the literature.

This first pre-clinical study demonstrated comparable
PTV coverage between HT and IMPT, improved V95 %
and conformity indexes for IMPT, and lower maximum
dose in the prostate with HT. The main benefit of IMPT was
the decreased dose deposition at low and intermediate dose
levels of healthy tissues (rectum, bladder, and small bowel).
See also (Fig. 7a, b).

8.2 Potential Win–Win Situation of Protons
in the Abdomen and Pelvis

Still underestimated is the potential win–win effect of pro-
ton radiation therapy in close proximity to moving organs at
risk in the abdomen and pelvis. Radiation with protons will
not only reduce irradiated intestine in general but will also
result in unstable high dose areas to moving organs at risk at
the distal edge of the beam if these organs located in close
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proximity to the treatment volume. These two advantages
could be described as the win–win effect of protons in the
abdomen and pelvis (Schneider et al. 2013).

Even modern highly conformal photon irradiation tech-
niques will not imitate this effect, because the moving organ
at risk in close proximity to the target will not move outside
high dose volumes because of the physical limitations of
photons in comparison to protons.

Dose escalation at the high dose target by accepting
higher constraints at OAR’s, e.g., small bowel or rectum in
selected cases may result in a higher tumor control rate
without any compromising of dose to the target (Fig. 8).
Especially for advanced tumors in the abdomen and pelvis
with necessary lymph node involvement proton therapy
could be an advantage.

8.3 Innovative Dose Escalation to Pelvic
Lymph Nodes

It is still not yet solved whether pelvic lymph nodes should
be included when treating high risk prostate cancer patients.
The Prostate Cancer Results Study Group recently pub-
lished a comparative analysis of PSA-free survival out-
comes of different risk groups based on reviews of initially
18,000 papers (Grimm et al. 2012). For high-risk patients,
a combination of external beam RT with brachytherapy
appeared to be superior to more localized treatments.

A present, PT study at PSI for high-risk patients intends
to escalate the dose loco-regionally in histological proven
pelvic lymph node metastatic disease in a postoperative
setting following surgery. The trial has been approved by
the ethics committee. The goal will be dose escalation to
infiltrated pelvic lymph nodes up to 68 Gy (RBE) delivered
in 34 fractions and depending on the surgery procedure
76.5 Gy (RBE) to the prostate given as a concurrent boost.
Primary objectives will be technical safety, feasibility, and
reproducibility of the daily patient positioning as well as the
benefit in terms of biochemical tumor control (PSA relapse-
free survival).

9 Proton Radiotherapy and Secondary
Malignancies

Publications from our group as well as other particle centers
suggest a reduction of risk for secondary malignancies by
use of protons. Several treatment planning comparisons
of photons versus protons have been published showing
decreased integral doses when planning with protons. The
larger the planned volume the better will be the confor-
mality of a proton beam plan. Nevertheless, first clinical
data published by MGH did not yet show a significant lower
rate of secondary malignancies after proton therapy in
comparison to photon radiotherapy (Chung et al. 2013). The
photon data (558 patients) were sampled from the claims

Fig. 8 Distal dose falloff of a
proton treatment, non-
circumferential high dose areas at
small bowel loop, treatment of a
sarcoma patient
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database of the Surveillance, Epidemiology, and End Results
(SEER) program and matched with 558 proton patients. The
authors were unable to find matches for another 476 proton-
treated patients. This retrospective study had several potential
limitations. SEER patients who moved outside of SEER areas
were no longer followed. Most of the proton irradiated
patients received 20 % of their total dose from photon radi-
ation. Proton therapy patients who were successfully matched
with SEER patients differed from unmatched proton patients
who had rare diseases with relative poor prognosis.

A third of the matched patients had prostate cancer.
Nevertheless, there was no significant difference described
between proton and photon radiated patients.

On the other hand, substantial reduction of risk for sec-
ondary malignancies is particularly important for postop-
erative adjuvant treatment of prostate cancer, because life
expectancy in these patients is relatively long despite their
metastatic course of disease. Thus, secondary malignancies
are likely to be experienced. Further investigation with
longer follow-ups and higher numbers of patients is prob-
ably needed to get valid results and to finally identify
patient groups that would profit from proton beam therapy.

10 Significance of PT for Prostate Cancer

Similar to modern surgical treatment concepts, also prostate
cancer technologies in radiation oncology, e.g., RT and
BT have been impressively developed during the past
two decades. Conformality and calculation of doses as well
as improved quality of imaging lead to dose escalation to
the prostate gland with increased tumor control rates and
decreased toxicity rates of pelvic organs at risk.

PT, especially of the low to intermediate risk prostate
cancer, competes not only with modern surgical procedures
but also with established and well-tolerated radiotherapeutic
modalities. Nevertheless, technical capabilities in PT have
been not yet exploited. Far from it, PT is just at the beginning
of rapid developments in several technological subareas.

In the U.S., surgery and all highly advanced (photon)
radiation oncology methods are at a higher level of treat-
ment costs than in European countries more comparable to
PT therapy. This is often not only dependent on the tech-
nology used, but also dependent on the treating institution.
Yu et al. evaluated a group of Medicare beneficiaries
66 years and older who received PT or IMRT for prostate
cancer during 2008 and 2009. GU side effects were sig-
nificantly reduced at 6 months or 12 months post-treatment
of protons, but median Medicare reimbursement was sig-
nificantly higher for PT ($32.428) than for IMRT ($18,575)
(Yu et al. 2013). Early toxicity outcome is comparable to

another study of Gray et al. from MGH. Outcomes of 370
patients were reviewed, 94 of them treated with PT, 123
patients treated with 3D conformal RT and 153 treated with
IMRT. At 2- to 3-month follow-up, patients treated with PT
reported minimal decreased GI function, whereas patients
with RT reported modest bowel changes. However, at 1
and 2 years, patients in all three groups reported a
decreased QOL regarding bowel function. Regarding GU
toxicity all patients reported a decreased QOL. But for the
PT group the adverse event also took longer to develop
(Gray et al. 2013).

11 Summary

Because of its usually less complicated and fast treatment
procedures, especially when using hypofractionation
schemes, PT for low risk to intermediate prostate cancer is
of high importance for established and upcoming PT
facilities. Till date there is no publication showing a benefit
for protons in comparison to other radiation oncology tools
in the treatment of low risk prostate cancer patients. But
there is also no evidence for a worse outcome regarding
tumor control rates as well as toxicity rates when using
established treatment doses for PT except for the publica-
tion of Sheets et al. (Sheets et al. 2012).

A benefit for protons might be the treatment of especially
younger patients with long life expectancy with advanced
prostate cancer where pelvic lymph node irradiation is indi-
cated. Multicenter studies with higher numbers of patients
should be established to objectify differences between RT
and PT regarding tumor control rates and toxicity. Especially,
prospective randomized controlled phase III trials comparing
RT and PT are needed. UPENN and MGH started such a
study. Managing of patient distribution as well as outcome of
this trial will lead to further steps to this direction.

The significance of PT within the framework of modern
radiation oncology in general will be dependent on the
scientific elaboration of data capture of treated patients
at established and upcoming facilities. Therefore, It will
mainly lie in the hands of the responsible physicians and
medical physicists whether the influence of the complex and
cost intensive protons will increase or not in the longer
term. The permanent establishment of protons in radiation
therapy will also be dependent on financial resources pro-
vided by healthcare systems. That will be finally a political
decision in most countries.

Nevertheless, more honesty regarding intra- and inter-
disciplinary discussion of PT, just in analogy to all available
therapy modalities for low risk to intermediate prostate
cancer, would be desirable.
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Abstract

This chapter deals with the question of whether irradiation
of the prostate with protons or other particles is superior
to X-rays. The physical and biological principles of
particle beam therapy are presented and the clinical
aspects of proton and carbon ion therapy of the prostate are
discussed. Relevant studies of particle therapies are
introduced and discussed relating to differences in com-
parison to modern X-ray techniques.

1 Introduction

Relatively radiation ‘‘resistant’’ (to conventional doses of
radiation) tumors such as prostate cancer require innovative
radiotherapy, which produce a higher dose deposition to the
tumor and a steeper dose gradient to the surrounding tissue to
minimize radiogenic side effects. Both are possible through
the physical advantage of the depth-dose distribution of the
particles in the tissue.

Concerning ion beam therapy, the most frequently asked
question remains: Is ion beam therapy superior to the cur-
rent standard of care with photon treatment? This leads to
fundamental questions: When is one type of radiation better
than another? On the one hand if a therapy is aiming for
higher cure rates, and on the other hand if therapy is better
tolerated because of lower rates of side effects, should ion
beam therapy be adopted as the standard of care? For this
purpose, systematic reviews were performed (Allen et al.
2012; Olsen et al. 2007; Lodge et al. 2007).

In the following, the advantage of ion beam therapy is
examined.

The current medical use is limited to irradiation with
protons and carbon ions. In 1946, proton therapy was intro-
duced by Robert R. Wilson at the Lawrence Berkeley Lab-
oratory in the USA (Wilson 1946; Creutz and Wilson 1946).
The first application with a patient occurred less than 10 years
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later. In 1975, the first heavy ions were used for therapy. The
first proton therapy center was opened in 1990 in Loma
Linda, USA. In 1994, the first heavy ion therapy center
opened in Chiba, Japan. From 1997 to 2008, the department
of radio-oncology at the University of Heidelberg gained
clinical experience with heavy ions at the GSI (Society for
Heavy Ion Research) in Darmstadt, Germany. Since 2009,
patients have been treated at the Ion Beam Therapy Center
(HIT) in Heidelberg, Germany. Globally, more than 70,000
patients have been treated with protons and over 7,000
patients with carbon ions. A list of current patient numbers
and locations for particle therapy have been published on the
website of the Particle Therapy Cooperative Group (PTCOG,
http://ptcog.web.psi.ch/). Irradiation with other heavy ions
aside from carbon ions has simply not been explored enough,
but will certainly be of future interest.

2 Physical Principles

The physical and biological characteristics of proton beams
differ from those of heavier particles. Therefore, particle
therapy is divided into two categories: ‘‘proton therapy’’
characterized by low linear energy transfer (LET) and
‘‘heavy ion therapy’’ with high LET characteristics. The term
‘‘heavy ions’’ is used for ions heavier than helium ions. The
term ‘‘charged particles’’ contains both protons and heavy
ions. In principle, ‘‘particle therapy’’ also covers radiation
therapy with electrons, pions, and neutrons. In this context,
we would like to restrict particle therapy to charged particles
with masses equal to or heavier than protons.

The physical advantage of particle therapy compared to
photon irradiation lies in the more favorable depth-dose
distribution in the tissue (Fig. 1). Photon irradiation enters
the body and reaches the maximum dose just below the skin
surface. In the deeper trajectory through the body, the
radiation dose decreases until it exits the body (red line).
Hence, the healthy tissue is harmed in front of and behind
the tumor with a certain dosage.

In contrast, protons or heavier particles such as carbon
ions enter the body at very high speed. Particles pass through
the tissue, slow down, and lose energy in atomic and nuclear
interactions in the trajectory in front of the tumor. This
reduces the energy of the particles, which in turn causes more
interactions with electrons. Maximum interactions occur at
the end of range causing maximum energy transfer and thus
maximum dose deposition within the target area. The Bragg
peak describes the sharp dose increase in a well-defined
depth and the rapid dose fall-off beyond the maximum (blue
line). Since the width of the Bragg peak is in the millimeter
range and usually not wide enough to cover a treatment
volume, several of these Bragg peaks must be superimposed
to treat a tumor of a certain length and volume, respectively.

These superimposed Bragg peaks are called spread-out
Bragg peak (SOBP) (Fig. 1, green and yellow line). After the
loss of energy at the maximum, the dose drops off abruptly to
almost zero. The ‘‘residual dose’’ beyond the Bragg peak is
referred to as fragmentation tail. It is formed by interaction of
the ions with atomic nuclei in the body, and is usually
\10 %. The radiation plan parameters for ion therapy must
be very exact as even the slightest inaccuracy in the beam
application can lead to imprecision in the range of the ion
beam. Optimal treatment plans and precise patient posi-
tioning are necessary to obtain a high-dose deposition within
the tumor region with maximum protection of healthy tissue
surrounding the tumor.

The uncertainty of range of the ions (higher dose con-
centration at the end of the range of the beam) in human
tissue is one of the major hurdles of radiation therapy with
ions (Paganetti 2012). For various reasons, the localization
of the ‘‘actual’’ dose deposition during treatment can differ
from that of the treatment plan, for example, if patient
positioning is inaccurate or if the bladder or rectal charac-
teristics change. Therefore, several measurements should be
made even during the actual dose delivery, e.g. via positron
emitters (PET camera) (Frey et al. 2014) or the induced
gamma radiation (Compton camera) (Mackin et al. 2012).

The ratio of Bragg peak dose to the dose in the entrance
area is larger for heavy ions compared to protons. Due to
their larger mass, angular and energy straggling becomes
negligible for heavy ions compared to protons. Therefore,
heavy ions have an improved dose conformation as opposed
to photons or protons resulting in better preservation of
healthy tissue surrounding the target in physical treatment
planning. Additionally, heavy ions reveal a strong increase
of the LET in the Bragg peak compared to the entrance
region (Schulz-Ertner et al. 2006). The biological advantage
of high LET radiation was already proposed in neutron
therapy, in contrast however, in heavy ion radiotherapy the
high LET area can be conformed to the tumor.

Fig. 1 Characteristic depth-dose distributions of photons, carbon
ions, and protons in water
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2.1 Production of Charged Particles

Compared to photon beams, charged particles have the
basic differences that they are slowed down while passing
through tissue and thus have a finite range. The energy
required to treat a tumor depends on the depth of the target
in the body. Treatment with protons requires energy
between 80 and 250 MeV. For these energies, cyclotrons
are used to produce proton beams with sufficient energies
and intensities. The energy required to treat deep-seated
tumors with heavy ions is much higher compared to pro-
tons. A proton beam of 150 MeV can penetrate 16 cm in
water; the same penetration depth for carbon ions can be
achieved with energies of 3,000 MeV. To accelerate par-
ticles to such high energies, synchrotrons are better suited
than cyclotrons. A synchrotron produces pulsed beams,
and the energy can be varied from one cycle to the other
with a few MeV steps. Thus, modulation of the Bragg
peak can be achieved to scan a deep-seated tumor without
absorbers, avoiding scattering and degradation of sharp-
ness in energy. However, particle acceleration in syn-
chrotrons is much more difficult and more cost-intensive
than in cyclotrons.

2.2 Beam Delivery and Application Systems

2.2.1 Beam Delivery
Most experience with charged particles therapies has
mainly been acquired with horizontal beam lines (Fig. 2).
The success of a radiotherapy treatment is strongly
increased through the possibility of applying the beam to
the target using different angles (multiple field irradiation).
A gantry for charged particles, however, lies in another
dimension compared to photons. Although the weight of a
proton gantry is around 100 tons and has a diameter of
10 m, an isocentric gantry for carbon ions has a weight of
600 tons, a length of 20 m, and a diameter of 12 m (Haberer
et al. 2004). The enormous size and weight as well as the
high spatial accuracy required for the beam position at the
isocenter of the target volume was the reason why such a

gantry was not built until 2008 in Heidelberg/Germany
(Haberer et al. 2004). The first worldwide heavy ion gantry
was brought online in October 2012 (Fig. 3).

The Heidelberg Ion Therapy Center (HIT) (Fig. 4) pro-
vides protons and carbon ion beams using the raster scan
technique. Arbitrary particle numbers can be applied to
each raster point that is defined by longitudinal range and
transverse deflection of a narrow ion beam. This technique
of fluence modulation allows generating almost arbitrarily
shaped dose distributions in three dimensions, typically
only using two beam directions. Treatment plans are usu-
ally classified by the way of dose optimization to generate
the particle number distributions: single field uniform dose
(SFUD: optimization of individual beams yields homoge-
neous dose distributions for each beam) and intensity
modulated particle therapy (IMPT: simultaneous multiple
beam dose optimization, may yield inhomogeneous dose
distributions of the beams complementing one another).
Both algorithms are driven by dose constraints for the target
volume and surrounding organs at risk (Schulz-Ertner et al.
2006).

2.2.2 Beam Application
Two different principle methods for beam application exist,
the passive and active beam shaping (Schulz-Ertner et al.
2006). Passive beam shaping was the first method devel-
oped and is still the most commonly used method in heavy
ion therapy (Fig. 5). After the broadened beam is incoming,
the variable range shifter (typically a number of homoge-
neous plastic plates of different thickness which can be
moved into the beam) has to shift the dose into the planned
depth. The compensator and collimator are patient-specific
devices and adapt the dose distribution to the size and shape
of the target volume.

In contrast to the passive beam shaping, in which a
customized compensator compensates inhomogeneities of
the tissue, in the active raster scanning method, the beam
intensity and energy range can be modulated by variation.
The tumor is divided into isoenergetic layers, which are
sequentially scanned (Fig. 6). The advantage of the active
raster scan method is the possibility to scan the target

Fig. 2 The interior view of the horizontal beam line treatment room of the Heidelberg Ion Beam Therapy Center (HIT) in Germany (D) in Fig. 4
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volume in three dimensions and the dose distribution can be
tailored to any irregular shape without any patient-specific
devices, as mentioned above. Additionally, the high-dose

region can be conformed to both the proximal and distal
ends, in contrast to the passive beam shaping, where only
the depth dose can be tailored to the distal end of the target

Fig. 4 The build-up of the Heidelberg Ion Beam Therapy center
(HIT). In the ion sources (A) ions are produced by snatching parts of
the electron cloud of the atoms. The ions are bundled to a beam in
electric and magnetic fields and are accelerated to high speed,
approximately 10 % of the speed of light, in the linear accelerator (B).
In the synchrotron (C), the ions are kept in circular orbits due to
superconducting magnets. During approximately one million

circulations, the high frequency powered accelerator structures
increase the velocity of the ions up to 75 % of the speed of light.
On the way to the treatment room (D), the ion beam is conducted and
bundled in vacuum tubes (E) by magnets. The world’s first ion gantry
(F) with a length of 20 m, a diameter of 12 m, and a total weight of
600 tons, which moves around the patient, went online in October
2012

Fig. 3 The interior view of the Gantry treatment room of the Heidelberg Ion Beam Therapy Center (HIT) in Germany, equates (D, F) in Fig. 4
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volume (Schulz-Ertner et al. 2006). The integral dose and
the target volume receiving high-LET radiation are mini-
mized in case of the active raster scan technique.

3 Biological Principles

The number of ionization events in a certain volume, the so-
called ionization density, can specify the effectiveness of a
certain kind of radiation. Since this quantity is difficult to
measure, linear energy transfer (LET) is mostly used. The
LET is a biophysical quantity and describes the number of
ionizations per distance and is thus a measure of the effect
of ionizing radiation on biological tissue. Sparsely ionizing
radiation (low-LET \10 keV/lm) and densely ionizing

radiation (high-LET [10 keV/lm) are distinguished. At a
cellular level, the high-LET is characterized by a high local
dose in the nucleus, thus the possibility of lethal radiation
damages increases (Scholz et al. 2001). The higher the LET,
the higher the relative biological effectiveness (RBE). The
RBE is the ratio of biological effectiveness of one type of
ionizing radiation relative to another (here the use of a
photon irradiation of a conventional linear accelerator is set
to equal one), given the same amount of absorbed energy.
RBE can increase with increasing LET to the optimum
ionization density; for high LET, however, saturation
effects come into effect, which prevent a further increase in
action. The RBE of SOBP protons increases with decreas-
ing dose or dose per fraction and increasing depth in the
SOBP, with the magnitude of both effects likely being
dependent on the a/b ratios of the target cells or tissues
(Gerweck and Kozin 1999). The increase in RBE with depth
in a SOBP translates into a displacement of the distal edge
of the RBE-weighted SOBP to a larger depth (Carabe et al.
2012). Clinical proton beams should always be designed to
avoid risk organs at the distal drop-off of the beam. Dif-
ferent tumors respond differently to high-LET radiation.
Especially, so-called late-reacting tissues, i.e., prostate
tumors, which grow very slowly and usually are not very
sensitive to radiation, react to high-LET radiation with
increased RBE. The RBE is thus dependent on the tumor
entity (nature of the tissue), the single-dose (different local
dose distribution), the LET and the ionization density, but
independent of oxygenation and cell cycle.

However, the existing experimental biological data is
insufficient to define a clear correlation between RBE
and dose per fraction or a/b value for in vivo endpoints
(Paganetti et al. 2002). In general, it is known that RBE
increases with dose-averaged linear energy transfer (LETd),
whereas it decreases with increasing dose and a/b value
(Gerweck and Kozin 1999; Paganetti et al. 2002; Carabe
et al. 2013). An increased RBE due to an increased LETd and
dose drop-off could cause a shift in the biologically effective
range of the beam by 1–2 mm (Robertson et al. 1975;
Paganetti et al. 2000). Several authors contemplated how to
allow an estimation of range uncertainties by varying
biological effectiveness for treatment planning purposes
(Carabe et al. 2012; Bohlen et al. 2012). Biological range
uncertainties are an additive to the physical range uncer-
tainties, so treatment sites that involve very inhomogeneous
tissues with low a/b values, could benefit from contem-
plating toward varying RBE values (Carabe et al. 2012).

The RBE value of 1.1 for protons has proven to be a
good average representation across the SOBP at any dose
and for all tissues (Paganetti et al. 2002), whereas the RBE
of carbon ions varies from 1.4 to 5.0 (Jones 2009). If one
wants to increase the accuracy of a treatment to levels
below 5–10 % of uncertainty, biological effect variations

Fig. 5 Principle of passive beam shaping used for charged particle
therapy, see text. The lines in the body to the treatment volume
represent the distal fall-off that can be shifted to the depth by using a
range shifter

Fig. 6 Principle of active beam shaping. The beam is scanned in
vertical and horizontal directions via two pairs of scanner magnets. By
switching the energy of the synchrotron, the position of the Bragg peak
can be changed resulting in the adaption of the scanned region to the
dimension of the target in-depth
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must be considered. Proton RBE is known to be dependent
on the a/b value of prostate tissue. The range of a/b values
reported for prostate tumors (1.2–5.0) implies that the proton
RBE for these tissues could vary significantly compared to
the commonly used generic value of 1.1 (Carabe et al. 2013).
The uncertainty in the range of the biological dose profile is
smaller at higher doses, which could imply that the use of
hypofractionated regimens reduces the overall range
uncertainty (physical and biological) associated with protons
beams (Carabe et al. 2012). Due to these considerations and
the fact that proton RBE varies with fractionation, a com-
parison of proton and photon treatments should be made
with caution.

4 Clinical Aspects

The success of irradiation in patients with localized prostate
cancer correlates with the administered dose (Hall 2006;
Kupelian et al. 2007; Tsuji et al. 2005; Yu et al. 2011;
Zelefsky et al. 2001). This is well known for patients with
an intermediate risk profile and was also recently found in
patients with a low-risk profile (Gleason score \7; PSA
\10 ng/ml) (Zietman et al. 2010a). Higher doses lead to
higher complication rates particularly to the rectum
(bleedings, fistula, and ulcer), urethra (stenosis), and blad-
der (chronic cystitis).

The rate of side effects is not only dependent on the dose
but also on the radiation technique used. In a randomized
study in the 1990s, it was noticed that the rectum toxicity was
lowered significantly with the application of 3D-CT-based
radiation planning compared to simulator-based planning
(Dearnaley et al. 1999). In a dose escalation study by the MD
Anderson, Pollack et al. described a volume dependency of
the rectum toxicity (rectum volume irradiated with [70
Gy: toxicity �II or higher after 5 years 13 % or 51 % by
B25 % or [25 % rectum volume C70 Gy) (Pollack et al.
2002). Due to the use of intensity modulated radiotherapy it
is possible to increase the doses up to 76–81 Gy whereat the
side effects in comparison to 3D-conformal radiotherapy in
the same dosage could be lowered significantly to the level of
radiation series with a total dose of 64–70 Gy. This mono-
centric historic comparison showed a significantly higher
cure rate (Zelefsky et al. 2001).

5 Proton Radiotherapy

More than 2,000 prostate cancer patients treated with proton
therapy were reported in the literature. Toxicity was in an
acceptable range while dose escalation utilizing a proton
boost had an improved outcome. Preliminary results with
proton only therapy are also available and similar to

combined therapy with protons and photons. Dosimetric
studies suggest that the greatest benefit for conformal pro-
ton therapy lays in a reduced mean integral dose, which
could translate into fewer secondary malignancies.

The number of proton beam centers increased rapidly in
the last decade, from 20 centers operating worldwide in
2001, to 39 centers in 2011 (available at: http://ptcog.web.
psi.ch/ptcenters.html). Proton beam therapy has been used
in research applications since the 1950s and entered clinical
practice in the first proton therapy center in Loma Linda in
1990 (Jarosek et al. 2011).

To compare the effectiveness of single proton therapy
versus photon therapy (IMRT), randomized phase III trials
would be needed with extremely long observation times,
especially in low-risk prostate cancer patients. Currently,
there are no randomized controlled trials and only a few
well-conducted cohort studies have compared proton beam
irradiation to other treatments.

Commonly mentioned refutations of the detractors of
proton therapy on the one hand, say that no evidence exists
for the comparative effectiveness or the harmfulness of
proton therapy, and on the other hand the high costs of
treatment. One report cited that the costs of providing
proton therapy were twice as much as any other radiother-
apy (Zietman et al. 2010b).

However, the physical dose distribution of protons argues
against photons (Fig. 7). It is obvious that parts of the risk
organs still remain in the target volume: base of bladder,
urethra, and the facing wall of the rectum. The tolerance
dose of the urethra, which is at the center of the target vol-
ume, is[85 Gy. A prospective study with a fraction scheme
of 48 x 1.8 Gy = 86.4 Gy reported urethral strictures of
\3 % (Cahlon et al. 2008). For both the bladder and rectum,
studies found a high volume effect. The TD 5/5 for radiation
of 2/3 of the bladder is 80 Gy, whereas it is 65 Gy for
radiation of the whole bladder (Emami et al. 1991). For the
rectum, high volume effects are known as well (Kuban et al.
2008). With proton radiation it is possible to especially
preserve the posterior rectum wall in comparison to photon
radiation, which leads to lesser rectal complication rates. For
the proton irradiation we know the retrospective analysis
data from Loma Linda (Slater et al. 2004), as well as the
randomized study from Boston, in which a proton boost to a
total dose of 79.2 Gy versus 70.2 Gy was used after irradi-
ation with photons to a dose of 50.4 Gy. The study showed a
significant advantage to the high-dose arm with an accept-
able side effect rate (2 % acute and chronic side effects CTC
grade 3 or higher) (Zietman et al. 2010a).

Concerning the survival rate data, a few major studies
were conducted. One of the major dose-escalation studies
was carried out at the proton center in Boston. Zietman et al.
2005, 2010a randomized 393 patients with a PSA\5 ng/ml
to a low-dose arm (50.4 Gy photon therapy + 19.8 GyE
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proton boost) and a high-dose arm (50.4 Gy photon + 28.8
GyE proton boost). The analysis revealed a significant dif-
ference in biochemical recurrence-free survival in favor of
the high-dose arm. Subgroup analysis of low and high risk
patients (depending on the Gleason score) showed a signif-
icant advantage for the high-dose group in both cases. An
impact on the overall survival rate was not observed. Both
acute and late toxicities were not increased in either arm
compared to the incidence of comparable photon studies.
A Japanese phase II study of Nihei et al. 2005 with a similar
patient population and treatment approach had similar
results and toxicity events.

Boston performed a further dose escalation as well as a
comparative study examining photon against proton boost in
patients with advanced prostate cancer (T3-4 N0-2) in 202

cases (Shipley et al. 1995). Patients were randomized in a
low-dose arm (50.4 Gy photon + 16.8 Gy photons) or a
high-dose arm (50.4 Gy photon + 25.2 GyE protons). A
statistically significant difference in local control (84 % in the
high-dose arm vs. 19 % in the low-dose arm after 8 years)
was only observed in the subgroup of less differentiated
carcinomas (no effect for the total study population).
Regarding late toxicities, the incidence of rectal bleeding was
increased significantly in the high-dose arm and the incidence
of urethral strictures showed a statistical trend to an increase.

In 2007, Mayahara et al. (2007) published acute toxicity
data of proton therapy of the prostate (n = 287) with a total
dose of 74 GyE. No acute gastrointestinal toxicity[grade 1
was seen. Genitourinary acute toxicity grades 2 and 3 were
reported in 39 and 4 % of the patients. The use of androgen
deprivation therapy and a large irradiation field size were
risk factors in the occurrence of genitourinary acute toxic-
ity. The toxicity data was supported by a heavy ion study of
Ishikawa et al. (2008) who found persistent GU toxicity
grade 1 in 21 % and grade 2 in 2 % in patients using long–
course antihormonal treatment C24 months.

Combination radiotherapy of pelvic lymphatics and
sequential proton boost to the prostate was performed by
Yonemoto et al. (1997) in a prospective study. A total of 106
patients with locally advanced prostate cancer and a high
risk of recurrence were treated within this trial. Primary
tumor and pelvic lymph nodes initially received 45 Gy
photons followed by a proton boost of 30 GyE to the pros-
tate. Only three patients had a local recurrence at 2 years, in
another two patients a biochemical recurrence appeared
without evidence of local relapse. Grade 1 and 2 late tox-
icities were numbered at 12 %, grade 3 and 4 toxicities were
not found. Seven years later, Slater et al. 2004 published
retrospective data of 1,255 patients treated according to the
concept of Yonemoto. The biochemical recurrence-free
survival after 5 years was 73 %. In the event of a PSA level
\4 ng/ml before treatment, the biochemical recurrence-free
survival was 90 %. Grade 3 or 4 gastrointestinal and geni-
tourinary late side effects were reported with 1 %. The third
major publication of Loma Linda is an evaluation of Rossi
et al., who compared the prognosis of prostate cancer
patients above and below 60 years (Rossi 2004). The result
stated that no treatment decision should be made based on
the patient’s age if the prognosis is the same.

Since there are no data for hypofractionated irradiation of
the prostate with protons, a study in Heidelberg was initiated
in 2012 exploring the effectiveness and feasibility of this
treatment. The dose concept is 20 9 3.3 GyE according to a
hypofractionated irradiation schedule that is used at various
institutions to treat patients with prostate cancer with carbon
ions (see below).

Fig. 7 Comparison of the dose distribution of a carbon ion, b proton,
c IMRT (tomotherapy) irradiation of the prostate. To spare the rectum,
a spacer gel is placed between the prostate and the rectum (in a + b the
green OAR, in c the mint OAR), see Fig. 8. Depicted are the isodoses:
dark blue (10 %), light blue (30 %), green (50 %), yellow (70 %),
orange (90 %), red (95 %), and pink (107 %) of the applied dose
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6 Carbon Ion Radiotherapy

Due to its mass, carbon ions have a higher biological
effectiveness compared to protons with comparable dose
profile. In 1994, carbon ion radiotherapy started at the
National Institute of Radiological Sciences (NIRS) in
Chiba/Japan. Between June 1995 and March 2000, two
phase I/II dose-escalation studies were carried out. Both
studies were dose-escalation studies of hypofractionated
carbon ion radiotherapy for both early and advanced stage
prostate carcinoma patients to establish a new technique and
to determine the optimal radiation dose. Akakura et al. 2004
presented the first of the two phase I /II studies after treating
96 patients in dose-escalation steps from 54 to 72 GyE in 3
GyE per fraction. The analysis revealed only one patient
with ‘‘local failure’’ at the lowest applied dose level of
54 GyE. The toxicity data showed that 5 patients (36 %) of
14 developed grade 3 late toxicities of the rectum and
bladder/urethra at dose level 72 GyE. Due to the high tox-
icity rate at the dose level of 72 GyE this arm was closed
and the applied total dose was limited to a maximum dose
of 66 GyE. The second phase I/II trial was started in
January 1998 using a shrinking radiation field technique for
both early and advanced prostate cancer. Patients with a
T1b-T2aN0M0 (UICC TNM classification of 1997) prostate
cancer were treated with a total dose of 60–66 GyE, patients
with a T2b-T3b were treated with fixed doses of 66 GyE in
combination with hormonal therapy. The study was com-
pleted in March 2000. No grade 3 or worse late toxicities
occurred (Akakura et al. 2004). Of 96 patients who enrolled
in the two phase I/II studies, 37 suffered from low-risk
prostate cancer. This subgroup revealed excellent results in
terms of biochemical recurrence-free survival of 96 % at
5 years, treated with a total dose of 60–66 GyE (Shimazaki
et al. 2006).

To validate the feasibility and efficiency of hypofrac-
tionated carbon ion therapy, a phase II study was initiated in
April 2000 using shrinking field technique and the recom-
mended dose fractionation (66 GyE in 20 fractions over
5 weeks) obtained from the phase I/II studies, and was
completed in October 2003 (Ishikawa et al. 2006a). A total
of 176 patients were enrolled and local control was achieved
in all but 1 patient. The 5-year biochemical recurrence-free
survival was 83.2 % for all patients and 100 % for patients
with low-risk prostate cancer. No late toxicity CTC grade 3
or higher was found (Tsuji et al. 2005). Grade 1 and 2 gas-
trointestinal (GI) and genitourinary (GU) toxicity were
observed in 13 % and 2 % (GI) and 21 % and 2 % (GU) of
the patients (Ishikawa et al. 2006a). Thereupon, predictive
risk factors were explored for the occurrence of gastroin-
testinal and genitourinary side effects. The use of anticoag-
ulation therapy and dosimetric parameters were predictive

parameters for the occurrence of rectal bleeding (Ishikawa
et al. 2006b). The use of long-course androgen deprivation
therapy (ADT C 24 months) increased grade 1–2 genito-
urinary morbidities. The use of ADT C 24 months and
acute genitourinary toxicity were associated with the
occurrence of persistent toxicity (Ishikawa et al. 2008). The
quality of life in men treated with carbon ion therapy for
prostate cancer, in the absence of hormonal therapy, showed
no significant decrease 12 months after radiotherapy
(Wakatsuki et al. 2008).

The publication of Tsuji et al. (2005) describes the
results of an even larger patient group (n = 201) with T1 to
3 localized prostate cancer underlining the excellent clinical
results and a low incidence of side-effects highlighting the
great potential of carbon ion therapy for relatively ‘‘radia-
tion resistant’’ prostate cancer. In this series no patient
developed grade 3 genitourinary or gastrointestinal toxici-
ties. High-risk patients received neoadjuvant hormonal
therapy for 2-6 months. Although anterior and lateral safety
margins of 10 mm and a posterior margin of 5 mm were
added to the CTV for the initial planning target volume, the
posterior margin was reduced to fit the anterior rectal wall
for the latter half of the carbon ion radiotherapy series to
reduce rectal toxicity. The 5-year biochemical disease-free
survival rate was 83.2 % for all patients. A 5-year bio-
chemical disease-free survival rate of 100 % was achieved
in 37 low-risk patients, whereas a rate of 80.5 % was
observed in 164 high risk patients. Biochemical disease-free
survival rates after carbon ion radiotherapy appear higher
than with modern photon IMRT and proton radiotherapy
especially for patients with high-risk prostate cancer
(Ishikawa et al. 2012). However, high-risk patients at NIRS
received neoadjuvant hormonal therapy. The promising
results obtained with carbon ion therapy need to be con-
firmed in controlled clinical trials.

In an initial study in Heidelberg, Nikoghosyan et al.
(Nikoghosyan et al. 2011) tested the feasibility and safety of
the active beam modulation of carbon ion irradiation to the
prostate. A carbon ion boost of 6 9 3 GyE in combination
with an IMRT photon radiation of 30 9 2 Gy was tested.
Radiotherapy was very well tolerated without any grade 3
or higher acute toxicity. Acute anal bleeding grade 2 was
observed in two of 14 patients. Rectal tenesmus grade 1 was
reported by three other patients. At the Heavy Ion Center in
Heidelberg, since May 2012 a prospective randomized
phase II trial is being carried out exploring the safety and
feasibility of primary hypofractionated irradiation of the
prostate with protons and carbon ions in the raster scan
technique (dose concept: 20 9 3.3 GyE). 92 patients with
localized prostate cancer will be enrolled. In Fig. 7, a
comparison of the different dose distribution of carbon ions
(a), protons (b), and photon IMRT [helical tomotherapy (c)]
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is displayed. In the case of carbon ions, the dose in the
entrance region is possibly overestimated. Currently, the
Local Effect Model (LEM) I- model has been integrated in
the treatment planning system. In radiotherapy with carbon
ions, the calculation of the biological effective dose during
treatment planning is crucial for treating tumor patients
adequately. For the modeling of the complex relationship
between physical dose and relative biological effectiveness
(RBE), the ‘‘Local Effect Model’’ (LEM) has been used for
more than 1,000 patients—with excellent clinical results. At
the same time, however, it is known that for the current
version of the ‘‘Local Effect Model’’ (LEM I), there are
some discrepancies between the model predictions and the
experimental data. In particular, this includes the overesti-
mation of the relative biological effectiveness in the
entrance area (Elsasser et al. 2008; Karger and Jakel 2007).

For this reason, the model has been constantly refined, so
that today a generalized version (LEM IV) is available. Due
to the lower mass of protons, the lateral scattering is higher
compared to carbon ions. The lateral dose decrease is less
steep compared to heavy ions (Fig. 7a, b). Figure 8a, and b
shows the dose profiles of protons and carbon ions for both
risk organs, rectum and bladder in comparison. The steep
lateral dose gradient of carbon ions causes a steep dose
decrease to the risk organs in direction of propagation of the
ion beam. Figure 8c shows the left-right dose profile in a
logarithmic scale in favor of carbon ions.

In Chiba/Japan, the radiooncologists completed more
than 1,300 prostate treatments. The current recommended
dose fractionation is 57.6 GyE in 16 fractions over 4 weeks,
but a new clinical trial using further hypofractionated car-
bon ion radiotherapy with 12 fractions over 3 weeks is

1

10

100

0 0,2 0,4 0,6 0,8 1 1,2 1,4 1,6 1,8 2 2,2 2,4 2,6 2,8 3 3,2 3,4 3,6 3,8 4 4,2 4,4 4,6 4,8 5 5,2 5,4 5,6 5,8 6 6,2 6,4 6,6 6,8 7 7,2 7,4 7,6 7,8 8 8,2 8,4 8,6 8,8 9 9,2 9,4 9,6 9,8 10 10,210,410,6 10,8 11

PA pr of i le SBO car bon

PA pr of i le SBO pr oton

Rectal dose profile (posterior-anterior)

0

10

20

30

40

50

60

0 1 2 3 4

distance [cm]

do
se

 [%
]

carbon SBO-rectal dose
profile PA

proton SBO-rectal dose
profile PA

Dose profile-Bladder (posterior-anterior)

0

20

40

60

80

100

120

0 0,5 1 1,5 2 2,5

distance [cm]

do
se

[%
]

carbon SBO -bladder

proton SBO-bladder

a b

c
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currently being carried out. Hypofractionated radiotherapy
for localized prostate cancer has recently attracted attention,
due to the assumed low value of a/b-ratio for prostate
cancer which might be lower than the values of the organs
at risk like urethra, bladder, rectum (Peschke et al. 2011;
Brenner et al. 2002). Based on the LQ model, hypofrac-
tionated radiotherapy has benefits in view of local tumor
response and reducing genitourinary and gastrointestinal
side effects (Fowler et al. 2003; Macias and Biete 2009;
Livsey et al. 2003; Arcangeli et al. 2010).

At the last follow-up of Japanese data (Ishikawa et al.
2012), the 5-year overall survival and cause-specific sur-
vival (CSS) rates were 95.3 and 98.8 %, respectively. The
5-year CSS rates according to the risk groups (low risk: T1/
T2a with GS B 6 and PSA \ 20 ng/ml,; intermediate risk:
GS = 7 with T1/2 and PSA \20 ng/ml; high risk: T3, PSA
[20 ng/ml or Gleason-Score C8) were 100, 100, and
97.9 % for low, intermediate, and high-risk groups. Bio-
chemical relapses were observed in 63 (6.8 %) of 927
patients, but local tumor control was achieved in all but 8
(0.8 %) patients. Hence, the 5-year biochemical relapse-free
and local control rates were 90.6 and 98.3 %, respectively.
The 5-year biological relapse-free rates according to the risk
groups were 89.6, 96.8, and 88.4 % for low, intermediate,
and high-risk groups. As a notable result, the 5-year rate of
high-risk patients who were treated with a combination of
carbon ion radiotherapy and androgen deprivation therapy
was almost the same as that of the low-risk patients treated
by carbon ion radiotherapy alone. This result could prove
the high impact of carbon ions on tumor control for locally
advanced tumors as well as the reasonable use of androgen
deprivation therapy (Ishikawa et al. 2012). Further, hypo-
fractionation of carbon ion radiotherapy appears attractive
and might be realized in combination with new methods for
tumor tracking.

7 Irradiation Verification in Ion Treatment

A possibility to verify the applied ion treatment, is the
administration of a positron emission tomography (PET)
shortly after irradiation (Enghardt et al. 2004; Parodi et al.
2007a, b; Nishio et al. 2008; Hsi et al. 2009). The PET
offers an indirect three-dimensional, in vivo, noninvasive
verification of the ion treatment. This kind of diagnostics is
possible due to a transient b+-activity occurring as a by-
product within the therapeutic irradiation. The b+-activity is
the result of nuclear reactions between beam ions and target
nuclei of irradiated tissue. By fusing the measured activity
with the treatment plan as well as the patient’s anatomy,
given by the actual computed tomography scan, it is pos-
sible to draw conclusions about the actual dose delivery.
Especially in cases in which the beam particles have to

penetrate highly inhomogeneous tissue (i.e., bone, air,
muscle, and metal (Jakel and Reiss 2007), the precision of
the intended dose distribution could become distorted by
minimal positioning errors or inaccuracies in treatment
planning algorithms. The activity levels induced by the
irradiation are of a much lower magnitude than typical
diagnostic PET conditions known from nuclear medicine. In
order to achieve reasonable statistics, the PET data acqui-
sition must take approximately 30 min. An example of the
first post-radiation PET-CT imaging of a patient with
prostate cancer undergoing scanned proton irradiation is
illustrated in Fig. 9. After completion of the fifth thera-
peutic treatment fraction of 3.3 GyE via a right and a left
proton field, the patient was transferred to the PET-CT
scanner, which is located in the room next to the treatment
room. The patient is then, immobilized in the same position
as during therapy. The signal is dominated by disintegration
of 11C radionuclides with a half-life of approximately
20 min. Unfortunately, the 15O radionuclides with a half-
life of approximately 2 min disintegrate largely during the
transfer time of the patient to the PET/CT imaging. In
addition to the noise of the low-statistics PET data, imaging
is furthermore hampered by the quick wash-out of induced
activity mainly by perfusion. First post-therapeutic mea-
surements of prostate patients treated at HIT support the
feasibility of the available imaging concept for treatment
monitoring. For a conclusive verification of the applied
irradiation, a more detailed quantitative analysis is needed
(Bauer et al. 2013a, b).

Fig. 9 Combined PET/CT scan to verify ion irradiation at the ion
center of Heidelberg. a shows the planned dose by the commercial
TPS overlaid onto the planning CT in sagittal, coronary, and axial
layers. b shows the PET image acquired approx. 7 min after proton
irradiation overlaid onto the control computed tomography, merged
and visualized in the same layers as in a. In the prostate, the activity is
already washed out. Due to progress in time, the right side of the pelvis
is stronger in activity compared to the earlier irradiated left side
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8 Radiation-Induced Neoplasms

Exposure to ionizing radiation may result in secondary
malignancies. The period of latency is anywhere between
20 and 40 years after exposure (Schulz-Ertner et al. 2006).
The incidence of radiogenic neoplasms depends on the
applied dose and the dose rate of radiation, the type of
radiation, the biology and volume of irradiated tissue
(integral dose), and the age and sex of patient. Proton and
carbon ion radiation, when compared to photon irradiation,
allow delivery of increased radiation dose to the tumor
while decreasing the dose to risk organs. The use of proton
radiation therapy is not associated with a significantly
increased risk of secondary malignancies compared to
photon therapy (Chung et al. 2013).

Athar et al. (2010) assessed the comparison of lateral
out-of-field doses in 6 MV IMRT and secondary neutron
equivalent dose contributions in proton therapy. Close to the
target, protons offer a distinct advantage due to the lower
integral dose. Out-of-field, but within approximately 25 cm
from the target, the scattered photon dose of IMRT turned
out to be roughly a factor of 2 lower than the neutron
equivalent dose from proton therapy. At further distances to
the target ([25 cm), protons offer an advantage, resulting in
doses that are a factor 2–3 lower.

All published studies of irradiation of the prostate with
ions used a passive beam modulation. The advantage of
the active beam modulation with a raster scan technique
(Haberer et al. 2004) is the lower production of neutrons,
therefore the risk of secondary malignancies should be lower.
Despite the more exact dose application, the passive beam
modulation has no advantage in developing less secondary
cancer compared to IMRT irradiation (Hall 2006).

As the application of proton and carbon ion therapy have
been used for treatment of prostate cancer for the past
10–15 years, and as we have perfect comparison groups,
due to the rise in active surveillance groups in addition to
surgery groups, useful secondary malignancy rates should
be available within the next decades.

9 Outlook

In the past two decades, in nearly 40 centers worldwide,
valuable clinical experience has been gained in particle
therapy. The irradiation data from the prostate cancer patient
groups with particles have demonstrated high rates of local
and biochemical control as well as low rates of urinary and
rectal toxicity. Together with the development of new tech-
nologies, especially for beam application and treatment
planning, there will likely be a broader implementation of

ions in clinical settings that allow for an optimal exploitation
of the physical and biological potential of protons and heavy
ions. Current research includes explorations of dose escala-
tion, hypofractionation, and quality of life outcomes.
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Abstract

Photon therapy is a safe and effective treatment for
localised prostate cancer. It is used widely and has a
strong evidence base. For three decades, proponents of
proton and heavy ion therapy have claimed that these
modalities have theoretical advantages which will trans-
late into clinical benefit. However, there is no current
evidence to support this. In this chapter we will assess
the theoretical and clinical evidence for proton and
heavy ion therapy and compare this with that for photon
therapy. The health economic perspective will also be
examined. We will show that there is no evidence for the
superiority of protons or heavy ions over photon therapy.

1 Introduction

In this chapter we will show that, in the treatment of
localised prostate cancer, there is no evidence for the
superiority of protons or heavy ions over photon therapy. To
set the scene, photon therapy has been successfully used by
radiation departments for decades and the evolution from
fixed fields to conformal radiotherapy and IMRT (intensity
modulated radiotherapy) has resulted in progressive
improvements in biochemical control and reduced toxicity
(Dearnaley et al. 1999, 2007; Cahlon et al. 2008). Long-
term follow-up of patients treated with IMRT has demon-
strated excellent biochemical control and acceptable late
toxicity (Spratt et al. 2012). Additionally, newer techniques
such as image guidance and stereotactic body radiotherapy
(SBRT) have the potential to further improve the thera-
peutic ratio of photon treatments, and produce better out-
comes for patients (King et al. 2012). In view of this, photon
treatment for localised prostate cancer has set a high stan-
dard for alternative modalities to beat.

Those in favour of proton and heavy ion therapy claim
that their theoretical advantages (particularly regarding dose
distribution) will translate into superior benefit for
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patients—for example, with reduced late normal tissue
toxicity allowing dose escalation. However, notwithstand-
ing over 30 years of research with proton therapy for
localised prostate cancer, there is no clinical data to support
this assertion and, as is clear from the title of this chapter,
we are concerned with evidence for the superiority of pro-
ton or heavy ion therapy.

There remains a significant lack of evidence in this field,
in that no phase III trials comparing proton or heavy ion
therapy with photon therapy exist. As we shall see, there is a
good quality phase III trial comparing photons with a
higher- and lower-dose proton boost, but this provides little
information with regard to the current discussion. Ulti-
mately, phase II studies and retrospective comparisons
make up the majority of the data available. Pro-proton
groups have argued that a phase III trial of protons versus
photons is unnecessary, as the advantages of proton therapy
are self-evident (Goitein and Cox 2008). We disagree with
this, as will be seen in the coming discussion.

Health economics is also a significant factor here. The
setup and running costs of a proton or heavy ion facility are
far in excess of even the most advanced photon facility. As
such, evidence for superiority of these therapies must be
strong before the allocation of resources toward proton or
heavy ion therapy can be justified.

In this chapter we will discuss the current theoretical and
clinical evidence for proton and heavy ion therapy. Our
contention is that these therapies are at very best equivalent
to current photon therapy, but at a much greater cost.

2 Theoretical and Planning
Considerations

2.1 Physical Properties

The physical properties of proton and heavy ion beams
produce steep dose fall-off at depth and at beam margins.
Dose can drop from 90 to 10 % over a distance of a few
millimetres. Protons and heavy ions are much more sensi-
tive to tissue inhomogeneities than photons and Hounsfield
units on computed tomography planning scans must be
converted to relative stopping power of each tissue (Joiner
and Kogel 2009). A relative biological effectiveness (RBE)
of 1.1 is quoted for protons and this value is used by
treatment planning programs and when comparing doses to
photon therapy (Paganetti et al. 2002). However, RBE may
be significantly higher in the terminal part of the proton
beam and as much as two to four times higher in the final 2
cm of a heavy ion beam (Kramer et al. 2003). There is
therefore significant uncertainty and complexity in plan-
ning, compared with photon treatments.

2.2 Organ Motion

It is well established that there is significant variability in
the intra- and inter-fraction position of the prostate during
radiotherapy treatment. This variability is introduced due to
day-to-day differences in rectal, and to a lesser extent
bladder, filling. It is also established that this movement can
compromise planning target volume (PTV) coverage in
photon and proton therapy (Wang et al. 2011). The PTV
margin required to account for this motion in photon ther-
apy has been estimated as 6–7 mm in the anterioposterior
direction (Wu et al. 2001). Image-guided therapy systems
(using implanted fiducial markers) are now in routine use
for photon treatments and have had success in reducing
PTV and associated rectal and urinary toxicity (Zelefsky
et al. 2012b). With regard to proton and heavy ion therapy,
given the uncertainties around dose distribution close to the
treatment volume (see Sect. 2.1) and the fact that image
guidance is not routine, there are significant theoretical
concerns regarding toxicity to surrounding tissues. This is
particularly the case for patients where the rectal wall is
very closely applied to the posterior aspect of the prostate.

2.3 Planning Studies

In an important planning study, Trofimov et al. compared
dose distributions for IMRT (using seven equally spaced
coplanar fields) and conformal proton therapy (two parallel
opposed lateral fields). A dose of 79.2 Gy/GyE was used
(Trofimov et al. 2007). This study found that IMRT dem-
onstrated better conformity to the target volume and
equivalent rectal dose when compared with conformal
proton therapy. Furthermore, the volume of bladder
receiving 70 Gy or above was reduced by 34 % with IMRT.
Another group compared IMRT with intensity modulated
proton therapy (IMPT) (Cella et al. 2001). Both IMRT and
IMPT plans used five coplanar fields. For dose up to 99 Gy/
GyE conformity to the target volume and organ at risk
sparing were equivalent. Thus, in theory, clinical toxicity
should be equivalent for IMRT and photon treatments at
equivalent doses. If this is the case, there is no scope for
dose escalation with proton therapy and no clear theoretical
ration for its use.

2.4 Second Malignancy Risk

One advantage of proton therapy and heavy ion therapy
over IMRT regularly cited by those advocating these
treatments is the theoretical reduction in radiation-induced
malignancy risk. IMRT treatments irradiate a significantly
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larger volume to a low dose (under 30 Gy) when compared
with proton treatments. This is the so-called ‘‘low dose
bath’’ (Miralbell et al. 2002). Although this increases the
theoretical risk of second malignancy, the uncertainty in
these calculations may be up to 30 % (Fontenot et al. 2010).
A recently published study looking at second malignancy
after high-dose IMRT showed an in-field second malig-
nancy risk of 4.8 % at 10 years with a mortality rate of
0.7 % also at 10 years. Just under 900 patients were
included. As such, second malignancy may be less relevant
to the majority of patients treated for prostate cancer, who
are over the age of 70. Additionally, it appears from this
data that many second malignancies are treatable or curable
(Zelefsky et al. 2012a). There is no clinical evidence
comparing second malignancy after photon treatment with
that after proton or heavy ion treatment.

3 Review of Clinical Evidence

3.1 Photons Versus Protons or Heavy
Ions Alone

3.1.1 Phase III Data and Systematic Reviews
There are currently no reported randomised clinical trials
comparing photon treatments with proton or heavy ion
therapy alone (De Ruysscher et al. 2012). In localised
prostate cancer, multiple systematic reviews of the available
clinical data have concluded that, at present, there is no
evidence of benefit for proton or heavy ion therapy over
photon therapy, with regard to toxicity or tumour control
(Brada et al. 2007, 2009; Lodge et al. 2007; Olsen et al.
2007; Allen et al. 2012). In the light of these facts alone it is
clear that strong evidence for the superiority of proton or
heavy ion therapy to photon therapy is lacking.

3.1.2 Phase II Data
Proponents of proton therapy feel that its potential theo-
retical advantages, particularly with regard to dose distri-
bution, will translate into a reduction in treatment-related
toxicity (Goitein and Cox 2008). If dose-limiting late rectal
and urinary toxicity can be reduced with proton therapy, it
is claimed that dose escalation could then be undertaken.
There is abundant evidence from photon therapy that higher
doses of radiation reduce biochemical relapse in the treat-
ment of localised prostate cancer—although a survival
benefit has not yet been demonstrated (Viani et al. 2009).
Naturally, this improvement comes at the cost of increased
late (urinary and rectal) toxicity, and this has limited
escalation of dose above 80–90 Gy in 2 Gy fractions,
although further clinical benefit is predicted.

However, from the available phase II data, there is no
clinical evidence that late toxicity is reduced with proton

therapy compared with photon therapy. In fact, in a recent
report on the American College of Radiology 03–12 study,
26 % of patients receiving conformal proton monotherapy
to a dose of 82 GyE experienced RTOG (Radiation Therapy
Oncology Group) grade two or above late toxicity (Coen
et al. 2011). This study looked at a cohort of 85 men with a
median follow-up of just under 3 years who were treated
with a parallel opposed lateral beam technique. It concluded
that further proton dose escalation with a conformal tech-
nique risked unacceptable late toxicity. A collaborative
phase II study by three Japanese proton institutions enrolled
151 patients to be treated with the lower dose of 74 GyE
using a conformal parallel opposed beam technique. At 2
years, CTC late grade two or above toxicity was 4.1 and
2.0 % for genitourinary and gastrointestinal symptoms,
respectively. These studies can be compared with the
Memorial Sloane-Kettering Cancer Centre (MSKCC)
review of 170 patients treated with a dose of 81 Gy using a
five field IMRT technique (Alicikus et al. 2011). At 10
years of follow-up actuarial prostate-specific antigen (PSA)
relapse-free survival was 81, 78, and 62 % for low-, inter-
mediate-, and high-risk disease. Grade two or greater late
genitourinary and rectal toxicity was 16 and 3 %, respec-
tively. A further review by the same group of over 1000
patients treated with 86.4 Gy photon IMRT with a median
follow-up of 7 years found that grade two or above late
genitourinary and rectal toxicity was 21.1 and 4.4 %,
respectively (Spratt et al. 2012). The Fox Chase Cancer
Centre have also produced published results for IMRT with
doses of 74–78 Gy (Eade et al. 2008). A 3 year actuarial
grade two and above genitourinary and gastrointestinal
toxicities were 3.5 and 2.4 %, respectively.

Turning to therapy with carbon ions, a Japanese group at
Chiba University have recently reported on over 700
patients treated with hypofractionated carbon ion therapy
for localised prostate cancer (Okada et al. 2012). Doses of
66–57.6 GyE in 20–16 fractions were used. Late toxicities
of grade two or above for the 664 patients with at least 1
year of follow-up were 8.0 and 2.4 %, respectively, for
genitourinary and gastrointestinal symptoms. A comparison
can be made with patients treated in the hypofractionated
arms of the multi-centre United Kingdom CHHiP study
(Dearnaley et al. 2012). Patients in these arms (150 patients
each) received 60 Gy in 20 fractions or 57 Gy in 19 frac-
tions using IMRT. At 2 years RTOG grade two and above
toxicity was under 3 % for bladder toxicity and less than
4 % for bowel toxicity.

In summary, although with the caveat that we are com-
paring between series, it must be concluded that the avail-
able phase II evidence does not show an advantage for
proton or heavy ion treatments over photon therapy with
regard to toxicity. Furthermore, although there are not a large
quantity of mature phase II data on proton and heavy ion
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therapy, it appears that these treatments are at best equiv-
alent to photon therapy in terms of tumour control (Jensen
et al. 2011). These factors argue against the possibility of
significant dose escalation with protons or heavy ions.

3.1.3 Population-Based Retrospective Studies
Although no prospective comparative studies exist, a recent,
large retrospective study has yielded some important results
(Sheets et al. 2012). This study used the United States
SEER (Surveillance, Epidemiology and End Results) data-
base to identify patients treated with radiotherapy for
localised prostate cancer. The SEER database links to
several population-based cancer registries and includes
around a quarter of the United States (US) population. The
investigators identified 684 men treated with proton therapy
and these were propensity-matched to the same number of
patients treated with IMRT. Patients were treated between
2002 and 2007. The investigators found that diagnoses of
urinary incontinence, erectile dysfunction and need for
additional cancer therapy (a surrogate for disease relapse)
were equal between the groups. However, diagnoses of
gastrointestinal morbidity and the need for related proce-
dures, such as colonoscopy, were significantly higher in the
group treated with proton therapy. Acknowledging the
limitations of this retrospective study, it provides the best
long-term comparative evidence of photon and proton
therapy. Not only does it show no difference in cancer
outcome, but it also shows a potential increase in gastro-
intestinal toxicity, which is consistent with theoretical
concerns about the uncertainty of proton therapy dose dis-
tributions, particularly without image guidance. In a similar
population-based retrospective cohort study Kim et al.
identified 4645 patients treated with IMRT and 337 treated
with proton therapy alone or as a boost to photon therapy
(Kim et al. 2011). This study found a hazard ratio of 0.30
(0.19–0.47) for any gastrointestinal toxicity, in favour of
IMRT (compared with proton therapy).

3.2 Photons With a Proton or Heavy Ion Boost

As discussed above, no phase III trials comparing photons
with proton or heavy ion therapy have been reported.
However, there is mature outcome data from a phase III trial
comparing two proton boost doses in addition to conformal
photon therapy in patients with localised prostate cancer
(Zietman et al. 2005). This study was undertaken by two US
institutions—Massachusetts General Hospital (MGH) and
Loma Linda University Medical Centre (LLUMC)—who
recruited 393 patients with low and intermediate risk disease
between 1996 and 1999. All patients received 50.4 Gy of
conformal photon therapy to the prostate. Patients were
randomised to receive either a 19.8 or 28.8 GyE boost with

conformal proton therapy. Patients were treated with a single
perineal proton beam (MGH) or lateral opposed beam pair
(LLUMC). At a median follow-up of 8.9 years, rates of
biochemical control were 68 and 83 %, respectively for the
low (70.2 GyE) and high (79.2 GyE) dose arms. In the high-
dose arm, late genitourinary toxicity of grade two and above
was seen in 27 % and late gastrointestinal toxicity in 24 %
(Zietman et al. 2010).

However, a number of conformal photon-only dose-
escalation trials have also been performed comparing
68–70 Gy doses with 78–80 Gy doses (Pollack et al. 2002;
Peeters et al. 2006; Michalski et al. 2012). A meta-analysis
of these studies, and others, including over 2500 patients,
found an improvement in biochemical control of between 14
and 20 %, dependent on disease risk, when escalating from
70 to 80 Gy (Viani et al. 2009). Grade two late genitourinary
toxicity in those treated with high-dose conformal radio-
therapy is around 10 % and late gastrointestinal toxicity
approximately 15 %, at 5 years (Zelefsky et al. 1999).

Thus, dose escalation can be achieved with conformal
photon therapy alone with similar outcomes to using a
proton boost. The MGH/LLUMC study only tells us that a
higher dose of radiation improves outcomes in localised
prostate cancer. It is not informative on the question of
whether protons are superior to photons. Furthermore, data
from IMRT photon studies indicate that 80 Gy and higher
can be delivered to the prostate with late toxicity much
lower than that seen with conformal photon or proton
therapy (Eade et al. 2008; Alicikus et al. 2011; Spratt et al.
2012).

With regard to heavy ion therapy, the University of
Heidelberg group in Germany have published early results
delivering 78 GyE with a combination of IMRT photons
and a carbon ion boost (Nikoghosyan et al. 2011). Only a
small number of patients (14) had been recruited to this
phase II trial and equivalent acute toxicity to IMRT alone
has been reported.

3.3 Image-Guided Therapy

Much of the outcome data available for proton therapy are
for conformal techniques. These techniques have been
superseded in photon therapy by the advent of intensity
modulated radiotherapy, increasingly given with image
guidance. There is good evidence that these techniques
reduce toxicity and therefore allow dose escalation in
excess of 80 Gy (Spratt et al. 2012). Intensity modulation
and image guidance have more latterly been adopted in
proton therapy. Again, only phase II data are available, but
evidence that proton therapy is superior is lacking. A recent
phase II study reported by the University of Florida Proton
Therapy Institute investigated 211 patients treated with

294 D. R. Henderson and N. van As



image-guided proton therapy (Mendenhall et al. 2012). An
intraprostatic fiducial marker technique was used for image
guidance. Patients were treated with 78–82 GyE, dependent
on risk group, with systemic therapy being given in high-
risk cases. A 2 year prevalence of grade two and above late
toxicity was 24 % for genitourinary and 4 % for gastroin-
testinal. Compare this with an MSKCC series of 186
patients treated with image-guided IMRT photons to a dose
of 86.4 Gy (Zelefsky et al. 2012b). At 3 years, grade two
and above late genitourinary toxicity was 10 % and late
rectal toxicity 1 %. A similar study by the Tohoku Uni-
versity group using image-guided IMRT to a dose of 80 Gy
found 5-year rates of late genitourinary toxicity of 6.0 %
and with 6.3 % for late gastrointestinal toxicity (Takeda
et al. 2012). Similar outcomes for disease control were
reported in these studies. Clearly it is not optimal to com-
pare across series, but these data are difficult to construe as
evidence for the superiority of proton therapy.

Newer and more advanced techniques such as stereo-
tactic body radiotherapy (SBRT) give an indication that the
maximum therapeutic ratio for photon treatments has yet to
be reached. A recently reported phase II trial using
CyberKnife technology to deliver 36.25 Gy in five fractions
provides encouraging results (King et al. 2012). This tech-
nology uses real-time tracking of intraprostatic fiducial
markers, allowing reduction in planning target volume. Due
to increased geometrical accuracy, there is potential to
deliver hypofractionated doses with reduced normal tissue
toxicity. SBRT has been used to treat prostate cancer for
more than 5 years although, as yet, there is no randomised
evidence demonstrating equivalence with standard frac-
tionation. Freeman et al. were the first to report 5-year
outcomes in a small cohort of 41 patients with low-risk
disease (Freeman and King 2011). Biochemical control was
93.7 % at 5 years and only one grade 3 toxicity (GU)
occurred during follow-up. Most series in the literature have
used the Cyberknife� system to deliver these hypofrac-
tionated regimens. However, there is one series which
delivered SBRT on a conventional linear accelerator.
Madsen et al. treated 40 low-risk patients with 33.5 Gy in 5
fractions and showed a 48 month bRFS of 90 % (Madsen
et al. 2007).

A large pooled analysis of SBRT was presented at
ASTRO 2012. Katz et al. presented the results of 1101
patients with organ confined disease (30 % intermediate
risk, 11 % high risk) treated at 9 different institutions. Most
received 35–36.25 Gy in five fractions and 14 % received
hormonal therapy. Biochemical relapse-free survival was
95 % for low risk, 90 % for intermediate risk and 80 % for
high risk at 5 years (although the median follow-up in the
whole cohort was 36 months) (Katz 2012). No data exist for
similar fractionation regimens delivered with protons.

4 Health Economic Perspective

Proton and heavy ion treatments are expensive. The setup
cost of a charged particle facility has been estimated at
between €138 and 94 million depending on whether the unit
is able to deliver protons alone or protons and heavy ions.
Compare this with €23 million for a modern photon facility.
Furthermore, the cost per fraction is increased by three to
five times for proton and heavy ion therapy compared with
photon therapy (Peeters et al. 2010). In a study from the
United States, Konski et al. calculated the cost per quality
adjusted life year (QALY) of proton therapy compared with
IMRT. Making the assumption that proton therapy would
allow a 10 GyE dose escalation above IMRT with the
predicted clinical benefit, at 15 years the cost per QALY
was $64,000 (Konski et al. 2007). Even with the generous
assumption that protons could produce such a benefit, the
cost per QALY is well above the $50,000 usually consid-
ered to indicate health economic viability. Newer photon-
based technologies such as SBRT techniques (see Sect. 3.3),
by allowing hypofractionation and reducing late toxicity,
are likely to produce a much greater health economic
benefit by reducing treatment time and also the need for
additional medical treatments (Hodges et al. 2012).

5 Conclusion

We conclude that there is no evidence for the superiority of
protons and heavy ions over current photon therapy. In view
of the available evidence, at best, protons and heavy ions are
equivalent to IMRT photon treatment. They are however,
vastly more expensive. We believe this cost is not justified
given that the same outcome can be achieved with a less
expensive and more widely used technology. Furthermore,
newer photon technologies are beginning to show potential
in reducing treatment time and late toxicity without com-
promising efficacy and with a potential reduction in cost.

The question of whether a phase III trial of protons
versus photons is appropriate is difficult. The high cost of
proton therapy, its potentially significant late gastrointesti-
nal toxicity and the possible increase in late malignancy risk
with IMRT mean that there is potential equipoise between
these treatments (Glatstein et al. 2008; Tepper 2008).
However, given the rapid development of delivery tech-
nologies (such as SBRT and IGRT) for both protons and
photons it would be difficult to select which to compare,
especially with the timescales involved in phase III trials.
Ultimately, it is difficult to justify the continued use of
costly charged particle treatment without a good evidence
base where a proven (and more cost effective) alternative
exits.
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