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Abstract Radiation therapy (RT) for prostate cancer has
made huge strides over the past two decades. The addition
of image guidance has allowed radiation oncologists to
ensure accurate delivery of increasingly precise radiation
treatment plans using newer conformal therapy methods
such as three-dimensional conformal RT, intensitymodulated RT, and proton beam RT. Regardless of the
specific treatment technique, patients can depend on the
treatment to target the moving prostate effectively while
significantly sparing adjacent tissues, thereby reducing the
morbidity of having to undergo prostate cancer therapy.
This review summarizes the recent technical advances
made in radiation dose delivery, including target volume
definition, treatment planning, treatment delivery methods,
and positional verification methods during RT.
Keywords Intensity-modulated radiation therapy . IMRT .
Image-guided radiation therapy . IGRT . Hypofractionated
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Introduction
The 1990s can be thought of as the development and
widespread implementation of conformal therapy with
intensity-modulated radiation therapy (IMRT). In turn, the
technological improvements of the past decade have
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focused on ensuring accurate delivery of increasingly
precise radiation treatment plans. The development of
conformal radiotherapy (CRT) and image-guided radiotherapy (IGRT) techniques has substantially increased the
accuracy and precision of radiation dose delivery. These
techniques are of particular importance in the treatment of
prostate cancer, considering the vicinity of organs at risk
and the presence of organ motion.

MRI Treatment Planning
The most focused radiation treatments rely on identifying
the target accurately, both for treatment planning and in
treatment delivery. In treatment planning, CT scans are
essential because of their ability to provide the volumetric
tissue density required for calculating the radiation dose
delivered. However, CT scans image the prostatic apex
poorly. Thus, many centers use MRI fusion with or without
an endorectal coil (ERC). ERCs are used for acquiring
high-resolution (∼0.3 cm3) imaging of the prostate and
surrounding normal organs using a standard clinical 1.5T
MRI scanner. Fusion of prostate MRI with planning CT
scans can improve target delineation for radiation therapy
treatment planning. The information obtained from the MRI
can also be used for delineating extracapsular extension and
dominant nodules [1, 2]. However, organ deformation
introduced by the ERC makes it difficult to register MRIs
for planning CTs, which typically are acquired without
ERC [3]. One of the ways of overcoming the requirement
for an ERC is to utilize 3T MRI. Compared with 1.5T,
imaging at high-field strengths such as 3T improves the
resolution. As with 1.5T MRIs, ERCs cause significant
changes in the prostate dimensions and a significant volume
decrease, making image registration with the radiation

Curr Urol Rep (2010) 11:172–179

treatment planning CT challenging [4]. Some investigators
have suggested the resolution provided by 3T MRI without
an ERC is as good as the 1.5T MRIs with an ERC [5–8].
Although performing 3T MRI without an ERC would have
a number of advantages, including less patient discomfort,
lower costs, and better correlation with RT planning, it is
not widely available.
One of the more recent areas of interest is recognizing
that the biology throughout the prostate is not homogenous.
For both the diagnosis of prostate cancer and the ability to
dose escalate the dominant malignant sections of the
prostate, magnetic resonance spectroscopy is potentially
becoming a highly useful tool. Based on evidence that
prostate cancer cells lack the ability to produce and
accumulate citrate, magnetic resonance spectroscopy imaging (MRSI) reportedly can discriminate between prostate
cancer and normal prostatic tissue by differentiating
between regions of absent or low citrate concentration in
the prostate. As with MRI, the same difficulty exists in
translating MRSI information to treatment planning because of the differences in the shape and location of the
prostate between MRSI imaging and the planning CT.
Some investigators have reported that with proper deformable image registration of the prostate and surrounding
regions from the geometry of MRSI imaging to the
geometry of treatment, the regions of high tumor burden
identified by MRSI may be accurately transferred to the
images used for treatment planning [9].

Image Guidance
For effective consistent delivery of highly conformal
radiation, not only must the prostate be accurately delineated during treatment planning, but also the treatment must
be delivered precisely on a daily basis. The traditional
methods of setting up by skin marks or tattoos and basing
the location of the radiation by bony landmarks were
inadequate. The prostate gland moves independently of the
pelvic bones in patients set up for radiotherapy treatment
[10, 11]. Prostate motion in supine patients has been related
to fluctuating rectal volumes and, to a lesser extent, bladder
volumes [12, 13]. Because the prostate gland can differ in
its position within the pelvis from one treatment to another,
radiation oncologists employ image guidance techniques
and implant fiducial markers to verify prostate position so
as to minimize and correct for setup uncertainties and
interfraction motion of the prostate. The term image-guided
radiation therapy (IGRT) implies the use of a variety of
imaging techniques in the treatment room to determine the
location of target areas with the patient in the treatment
position. The different imaging techniques include transabdominal ultrasound, in-room X-rays with and without the
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use of intraprostatic implanted fiducials, and kilovoltage
and megavoltage CT techniques.
Fiducial markers are frequently implanted in the prostate
to verify its location during image guidance, both to
eliminate uncertainties regarding position resulting from
prostate motion and to avoid patient setup errors [14, 15].
The implanted fiducial markers predominantly in use today
are gold seeds. Typically, three or more metallic gold
fiducial markers are inserted into the prostate a few days
before the patient undergoes the CT scan used for treatment
planning. Investigations on number and positioning of
fiducials show that the combination of three fiducials—
one at the apex and two at the base—results in the best
alignment [16]. The markers typically are detected by inroom stereoscopic X-rays for image guidance. This method
also is referred to as electronic portal imaging. ExacTrac
(BrainLAB AG, Feldkirchen, Germany) is a highly precise
automated IGRT system that is a step up from stereoscopic
X-rays. ExacTrac uses in-room high-resolution stereo X-ray
imaging and an integrated optical infrared tracking system
to continuously track patient movement and correct patient
positioning with submillimeter accuracy throughout treatment. For prostate cancer, ExacTrac can detect and
compensate for random intrafraction patient and internal
tumor movement, which potentially can exceed planning
target volume (PTV) safety margins [17••, 18].
One of the newest and most innovative types of fiducial
marker technologies is an electromagnetic sensor that can
track motion while the radiation is being delivered. Calypso
Medical Technologies (Seattle, WA) developed an implantable electromagnetic transponder, or “beacon,” that is
powered by induction, thus requiring no external wires
and permitting permanent implantation into the prostate.
The system is capable of maintaining millimeter-level
accuracy and can correct for intratreatment movement of
the prostate, which can exceed 5 mm from the initial
position for at least 10 s during a treatment fraction [17••,
19, 20]. The Calypso system is a highly accurate and
convenient system for prostate localization. But even with
the Calpyso system’s real-time motion tracking capability,
our current margins for therapy are unlikely to be
significantly reduced [21].
A limitation of traditional stereo X-ray imaging used for
IGRT is that it does not provide visualization of the prostate
or surrounding organs, which can limit the precision and
accuracy of treatment delivery. Verification using megavoltage cone beam computed tomography (CBCT) promises advantages over X-ray images because the CT images
acquired in the treatment room allow radiation oncologists
to evaluate soft-tissue changes such as prostate deformation, rectal distention, bladder filling, and other anatomic
daily variations that could have an impact on outcomes
[22, 23]. Because the prostate can be visualized on CT
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scans, alignment could be performed directly on the
prostate gland itself. However, because interpretation of
prostate location on CT images is associated with interuser
variability, even with CBCT, intraprostatic fiducial markers
are still often used. CT-on-rails is an alternate method from
CBCT for acquiring a CT for image guidance. Instead of
the couch moving into the CT gantry as it does for CBCT,
CT-on-rails keeps the treatment couch fixed while the CT is
accomplished by a movable gantry mounted on rails.
Investigations have shown the overall system to be accurate
within 0.5 mm [24, 25]. However, it is more cumbersome
than CBCT because the couch must be rotated 180° between
CT acquisition and radiation delivery, and the delay between
image acquisition and treatment delivery allows more time for
the patient or prostate to shift between imaging and treatment
[26]. On the other hand, the CT images from CT-on-rails are
diagnostic quality kilovoltage CTs rather than the lower
quality megavoltage CTs from CBCT.
Because IGRT (particularly daily targeting) has been
performed starting only recently, long-term outcomes are
not available. Randomized studies are not available and are
unlikely to be performed in the future. However, the
detrimental impact of missing the target has been shown
in a number of studies before the image guidance era
[27, 28]. For prostate cancer, high radiation doses are
needed for adequate tumor control and require smaller
treatment margins that might be inadequate for moving
targets such as the prostate and variable organs at risk such
as the bladder and rectum. Utilizing the knowledge we have
attained from daily IGRT, we have been able to calculate
what the implementation of IGRT would translate to in
terms of the dose delivered. Dosimetric studies have shown
significant benefits to target dose coverage with image
guidance. IGRT makes it feasible to maintain adequate
prostate target dose coverage with reduced PTV margins
when intraprostatic fiducials are used in daily imaging
guidance [29, 30]. Treating to smaller PTV margins can
result in the reduction of overall dose to organs at risk and
could potentially reduce rectal and bladder morbidity and/or
facilitate prostate dose escalation [31]. With daily imaging
of the prostate, IGRT has improved the accuracy of
treatment delivery and allows radiation oncologists to
decrease the expansion of the target volume and deliver
high-dose radiation without compromising normal tissue
sparing.
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and widely used form of external beam radiotherapy
(EBRT) for localized prostate cancer. By using an inverse
planning algorithm to derive beams with nonuniform
intensities, IMRT can produce more conformal dose
distributions than 3D conformal radiation therapy (3DCRT), allowing the high-dose region to match the shape of
the target volume [32, 33]. The dosimetric superiority of
IMRT over conventional techniques has facilitated the safe
delivery of higher dose levels in prostate radiotherapy while
reducing the dose to the bladder and rectum, resulting in
improved tumor control and reduced treatment toxicity
[34, 35]. In the initial implementation of IMRT, there were
two techniques for achieving intensity modulation. Multileaf collimators (MLCs) are devices made up of individual
“leaves” of high atomic numbered material. MLCs are used
on linear accelerators (linacs) to provide conformal shaping
of radiation therapy treatment beams. Linac-based IMRT
delivery can be accomplished by using either sequential
delivery of multiple static apertures from an MLC (“stepand-shoot”) or dynamic multileaf movement (“sliding
window” or dynamic multileaf collimation) [36]. Traditionally IMRT has been delivered with the “step-and-shoot”
method, but more recently, new machines are available that
can deliver dynamic multileaf IMRT efficiently and with
less scatter dose to the patient. Tomotherapy was introduced
before the era of linac-based CBCTs and was the first
radiation delivery machine that could provide a megavoltage CT scan prior to each treatment to ensure patient
alignment before delivering continuous arcs of intensitymodulated radiation with a tomotherapy machine. A
tomotherapy machine is essentially a scaled-down linear
accelerator made to fit into a CT housing, which can then
rotate at a high velocity. Intensity-modulated arc therapy
using RapidArc (Varian Medical Systems, Palo Alto, CA) is
a new form of IMRT that uses a linac to deliver intensitymodulated radiation with different monitor units at varying
dose rates with MLC leafs in continuous arcs [37]. In
general, one full rotation arc field of RapidArc delivers the
intensity-modulated radiation more efficiently than the
conventional static-gantry multifield IMRT. Comparison
studies have demonstrated that the RapidArc technique can
reduce doses to organs at risk compared with the static
gantry IMRT technique with significantly reduced treatment times [38–40].

Hypofractionation
IMRT, Arc Therapy, SBRT
Along with the development of image guidance, continued
refinement has been made to the technology of treatment
delivery with IMRT. Since its introduction into clinical use
in the mid-1990s, IMRT has emerged as the most effective

The newfound means to shape radiation in unprecedented
ways opened up the opportunity to explore whether the
standard fractionation schedule of treating at 1.8 to 2.0 Gy
per day is the ideal program. The clinical outcome of a
radiotherapy treatment plan depends on biological param-
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eters such as the α/β ratio (a measure of radiation
sensitivity). The fractionation of the radiotherapy regimen
at a given site is determined based on the assumed α/β ratio
of the tumor cells. In prostate cancer, the α/β ratio is a
subject of ongoing debate, with recent studies suggesting
values between 0.8 and 3 Gy rather than the higher value of
8 to 10 Gy associated with most cancers [41–44]. If these
estimates are accurate, hypofractionated radiation (>2
Gy/fraction) should increase tumor control by increasing
the biologically equivalent dose to the prostate without
increasing normal tissue toxicity. Several studies have been
undertaken to determine whether a radiobiological advantage can be attained with larger doses per day. The
Cleveland Clinic began delivering hypofractionated IMRT
for localized prostate cancer in 1998. The schedule
decreased the overall treatment time, delivering 70 Gy at
2.5 Gy/fraction in 5.5 weeks [45••]. Compared with a
contemporary patient cohort treated with 3D-CRT at 2
Gy/fraction to 78 Gy, the hypofractionated IMRT group had
a comparable biochemical relapse profile and late rectal
toxicity rates. University of Miami and Fox Chase Cancer
Center investigators performed a randomized trial involving
303 men with intermediate- and high-risk prostate cancer.
Patients were randomly assigned to receive 26 fractions of
hypofractionated IMRT or 38 fractions of standard IMRT
with or without concurrent androgen deprivation therapy.
At a median of 39 months after treatment, the investigators
observed no significant difference in biochemical failure or
adverse GI or GU effects [46]. To address the concern that
hypofractionated radiation schedules potentially can increase toxicity to normal organs situated close to the
prostate, multiple studies have looked at toxicity profiles
of hypofractionated regimens using both 3D-CRT and
IMRT to doses of 50 to 70 Gy and have reported that
toxicities are comparable to conventional radiation schedules [45••, 47–49]. Studies looking at standard fractionation
IMRT with hypofractionated sequential or simultaneous
integrated boost for localized prostate cancer also have
reported preliminary results that hypofractionated boost is
well tolerated [50, 51].
The natural extrapolation of hypofractionation regimens
is to push the technological limits of conformality and
shorten the regimen to as few treatments as necessary.
Stereotactic body radiation therapy (SBRT) is a technique
modeled after intracranial stereotactic radiosurgery (SRS)
that takes advantage of technological advances in image
guidance and radiation dose delivery to direct potent
ablative doses to tumors with acceptable toxicity that is
not achievable with conventional techniques. Using the
assumption of a low α/β ratio of 2 Gy for prostate cancer
(discussed in the previous section), it has been estimated
that a 5 fraction SBRT regimen of 7.46 Gy per fraction
would provide an actuarial 5-year biochemical-free survival
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of more than 95% compared with roughly 80% with a
conventionally fractionated course of 78 Gy in 39 fractions,
while maintaining an equivalent risk of late effects [42].
Because SBRT delivers ablative doses to the tumor, it is
important to limit the volume of normal tissue that is
irradiated to spare severe toxicities. Unlike conventionally
fractionated radiation, in which margins are given around
the target volume to account for uncertainty in tumor
motion and setup error, it is unacceptable with the high
doses used in SBRT. A commonly used approach to
account for these uncertainties is via real-time imaging for
tracking. The CyberKnife (Accuray, Sunnyvale, CA)
provides this functionality through two orthogonal, diagnostic X-ray cameras mounted on the ceiling that provide
real-time imaging for tracking, while a frameless imageguided process directs a lightweight linac mounted on a
robotic arm along six spatial axes. Implanted fiducials are
used to localize the prostate and deliver treatment in realtime. Early results of SBRT regimens have demonstrated
that the prostate cancer treatments can be safely administered in as few as five treatments. Phase I/II trials using
SBRT regimens of 6.7 to 7.25 Gy per fraction in 5 fractions
have shown that the treatment is feasible with minimal
acute or late toxicity [52–54]. A multi-institutional phase I
trial using a 5-fraction scheme with a starting dose of 9 Gy
per fraction is currently accruing at the University of Texas
Southwestern Medical Center, Dallas, Texas. Other groups
are investigating the use of SBRT as both the sole
intervention and as a boost following conventionally
fractionated radiation therapy. Careful long-term follow-up
will be necessary to establish the efficacy and safety of this
approach given the long natural history of prostate cancer
and the high expected survival.

Proton Therapy
One of the most exciting new technologies that has
garnered a lot of attention is proton therapy. Protons are
positively charged subatomic particles with a biological
effect similar to that of conventional radiation but a
physical advantage in terms of their unique depth-dose
distribution compared with photons. The physical properties of protons result in the majority of energy being
deposited at the end of a linear track, a sharp maximum
called the Bragg peak. Beyond the Bragg peak, the
radiation dose falls off rapidly with essentially no exit and
a much-reduced dose proximal to the target volume.
Photons, on the other hand, lack mass and charge, and the
X-ray beams deposit dose in a continuous fashion such that
there is some dose deposited in the beam’s path beyond the
target. The benefit of proton therapy in prostate cancer is
unclear. The sharp distal dose falloff of protons, on the one
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hand, allows delivery of dose to tumor while sparing distal
tissues but, on the other hand, any misestimation of the path
length can lead to a complete miss of a distal portion of the
tumor or a high dose being delivered to adjacent normal
tissue. There also can be some uncertainty about the
particle range in tissue and exact location of the steep fall
off because of sensitivity to tissue heterogeneity. Such
concerns are especially pertinent for a deep-seated mobile
target such as the prostate that is dependent on variation in
bladder and rectal filling as well as bony-hip anatomy.
Protons also have a significant penumbra (gradual dose
falloff at the lateral edge of the beam) at depth, compromising their ability to spare adjacent tissues.
Higher radiation doses delivered to the prostate have been
associated with improved tumor eradication and biochemical
disease-free survival in randomized clinical trials [55–57].
Proton beam therapy offers the potential of achieving dose
escalation and decreasing toxicity by taking advantage of the
unique dose deposition characteristics of the Bragg peak to
avoid normal tissue. Although proton therapy for prostate
cancer has been used for decades, it has recently increased in
popularity with the opening of new proton facilities. Proton
therapy was first delivered to prostate cancer patients in 1976
at the Harvard Cyclotron in Boston in conjunction with the
Massachusetts General Hospital (MGH). The first publication of this experience in 1979 was based on 17 patients and
demonstrated feasibility [58]. Clinical experience has since
grown at centers in the United States, including MGH and
Loma Linda University Medical Center in California, and in
Europe and Japan. Specifically, studies in prostate cancer
have focused on escalating the dose with protons.
As implemented in the United States, proton therapy
uses different techniques than with IMRT. Rectal toxicity is
one of the most important dose-limiting factors for the
treatment of prostate cancer and depends on the volume of
the rectum and rectal wall irradiated. As previously
mentioned, dosimetric studies suggest that because proton
beam ranges are very sensitive to the material crossed such
as gas versus solid matter in a distended or undistended
rectum, the Bragg peak of protons can be shifted or
distorted. To decrease rectal toxicity, proton therapy to the
prostate is often performed with a rectal balloon filled with
water, which has the theoretical advantage of distending the
rectal wall and moving it away from the high dose
anteriorly, and better controlling the proton dose distribution and decreasing inhomogeneities due to the air-tissue
interface [59]. The rectal balloon is used because conventional gold fiducial markers used for prostate localization in
photon therapy have been shown to cause radiation dose
distortion [60]. The degree of radiation distortion is greater
in proton therapy, with recent studies showing that
conventional gold fiducials can cause an 85% dose
reduction in proton therapy [61]. Conventional gold fiducial
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markers also create artifacts in CT images resulting in
inaccurate treatment planning. Thus, researchers have
begun to investigate the influence of alternative fiducial
markers, such as microscopic gold particles, for proton
therapy for prostate cancer, reasoning that a lower number
of gold atoms in a fiducial would reduce multiple proton
scattering and dose perturbation [21].
Because of the technical differences between protons
and IMRT, a lot of effort has been made to identify which
therapy is intrinsically advantageous. Although the unique
dose distribution of protons suggests a potential dosimetric
advantage, studies comparing 3D conformal proton beam
therapy and photon IMRT have shown mixed results
[62–64]. Whether these differences between proton beam
radiation and IMRT plans actually translate into clinically
relevant results remains unknown. The controversy between standard proton therapy and IMRT with photons will
likely persist indefinitely. Intensity-modulated proton therapy (IMPT) is an emerging technique for delivering proton
therapy that uses inverse planning optimization and
intensity-modulated beams from multiple different directions to yield potentially a more conformal dose distribution
with sharper dose gradients, and less scatter from secondary
particles compared with 3D conformal proton beam
therapy. Dosimetric studies comparing IMPT with IMRT
have shown that the techniques deliver results that are
comparable, in general, with respect to target coverage and
the most dose-limiting normal tissues, although there is
some concern that IMPT is potentially more sensitive to
setup uncertainties than 3D conformal proton therapy [65].
A considerable amount of research and development is still
required to improve IMPT and further exploit its potential,
and head-to-head trials are needed to test clinically relevant
outcomes of interest [66].
Early results with proton therapy have duplicated studies
made with 3D conformal photons. MGH and Loma Linda
reported a randomized phase III dose-escalation trial
(Proton Radiation Oncology Group/American College of
Radiology 95-09) using mixed conformal photons with
proton boost in 392 patients with early-stage prostate
cancer. The study found that 79.2 CGE is superior to 70.2
GE in terms of 5-year PSA (prostate-specific antigen)
failure-free survival without worse severe toxicity [67].
However, the contribution of the proton beam component is
unclear because the study did not compare the efficacy of
protons versus photons, and results are similar to those
reported in a similar trial comparing 70 Gy versus 78 Gy
using photon EBRT. To investigate whether protons can be
used to escalate radiation dose even further in the treatment
of prostate cancer, MGH/Loma Linda recently closed a
prospective pilot study using protons alone to 82 CGE. It
seems that this may represent the ceiling on dose achievable
using current proton beam therapy [68].
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Conclusions
The past two decades have seen huge strides made in the
use and utilization of radiation for the treatment of prostate
cancer. Starting with IMRT, the addition of image guidance
allowed the radiation to be accurately and reliably delivered
despite the radiation being increasingly conformal and
precisely targeted. The addition of proton therapy to the
armamentarium for the treatment of prostate cancer only
further benefits patients with prostate cancer. Regardless of
the specific treatment technique, patients can depend on
modern treatments to target the prostate effectively while
significantly sparing the adjacent tissues, thereby reducing
the morbidity of having to undergo prostate cancer therapy.
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