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Reducing the side effects of external 
beam radiotherapy in prostate cancer: 
role of imaging techniques

  REVIEW

Prostate cancer is the most common male cancer 
with an annual incidence of 36,000 cases in the 
UK [301]. Management of these patients includes 
surveillance and radical treatment with either 
surgery or radiotherapy. Active surveillance of 
prostate cancer is a possible management strat-
egy for men with low-risk disease, avoiding treat-
ment-related morbidity but requiring a robust 
follow-up strategy, which may include imaging 
to assess disease progression. Other radical treat-
ment options include radiotherapy and surgery. 
Radiotherapy is the most commonly given 
curative option in the UK, with around 10,000 
men treated with external beam radiotherapy 
annually [1].

Radical radiotherapy is delivered with the 
intention of delivering a sufficient dose of radia-
tion to provide tumor control while minimizing 
dose to the neighboring normal tissues (dose-lim-
iting). External beam radiotherapy is an estab-
lished treatment for localized prostate cancer and 
has survival and biochemical control rates similar 
to that seen with surgery and in selected cases, 
brachytherapy [2]. There is increasing evidence to 
suggest its benefit in locally advanced disease [3]. 
A number of randomized controlled trials have 
demonstrated biochemical disease control (mea-
sured by prostate-specific antigen [PSA]) when 
using escalated doses of radiation [4–8] but late 
morbidity is increased in the groups of patients 
receiving higher doses. Prostate cancer can be 
indolent and have a long natural history; there-
fore it is essential to keep treatment-related mor-
bidity to a minimum. In the post-PSA era, more 
men are being treated for prostate cancer and at 
an increasingly younger age. Consequently, late 
sequelae and survivorship issues are important. 

Recent advances in radiation technology such 
as intensity-modulated radiotherapy (IMRT) 
enable complex 3D dose distributions and steep 
dose gradients to be delivered. This allows fur-
ther dose escalation to the target along with the 
potential of sparing dosage to nearby organs at 
risk (OARs), thereby increasing the therapeutic 
ratio. Advances in imaging technologies have 
potential for more precise staging and delinea-
tion of disease in prostate cancer. Image-guided 
radiotherapy (IGRT) is becoming widespread 
and more sophisticated techniques are now 
available to improve verification of target posi-
tion prior to treatment. This raises the possibil-
ity of a reduction in planning safety margins 
around targets with the further potential to 
decrease dose to the OARs. At present the full 
potential of these recent advances is limited by:

�� The current use of CT images in the localiza-
tion of the prostate in the planning stage of 
radiotherapy. It is not possible to identify the 
primary tumor within the prostate gland with 
CT. Furthermore, clinically important normal 
structures are difficult to identify;

�� The day-to-day variability in prostate position 
during the course of treatment, which may 
result in a reduced dose being delivered to the 
prostate cancer and a greater dose to the 
nearby normal structures. This can be 
improved with effective verification procedures 
during treatment.

In this review we discuss how improvements 
in imaging, localization of the prostate and its 
verification during treatment could improve 
treatment accuracy with a consequent reduction 
in side effects.

Imaging plays an important role in prostate radiotherapy. New imaging technologies have improved our 
ability to visualize tumors within the gland and allow accurate guidance of treatment delivery. Imaging 
is increasingly an integral part of ‘state of the art’ radiation planning and delivery, which gives the promise 
of increasing cancer control while reducing the side effects of treatment.
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The role of imaging in diagnosing 
prostate cancer

�� Screening
Screening for prostate cancer using PSA testing 
is not done routinely in the UK at present, but 
increasing numbers of men are having this test 
and being found to have an elevated result [9]. A 
disadvantage of using PSA for screening is the 
risk of ‘overdiagnosis’. For example, Schroder 
et  al. state that 1410 men would need to be 
screened and 48 treated to prevent one prostate 
cancer death [10]. While PSA-screening would 
continue to identify large numbers of men with 
an elevated result, the number of men requiring 
treatment could be reduced if we were able to 
correctly identify indolent cancers that do not 
require immediate treatment. This has implica-
tions for radiotherapy resources and also poten-
tial avoidance of treatment-related toxicity for the 
patient. Although no imaging modalities are cur-
rently used in screening, in future using a com-
bination of imaging along with other tests could 
provide risk calculators/nomograms that may 
identify clinically significant tumors, and thus, 
a subsequent reduction in unnecessary treatment.

�� Diagnosis
Diagnosis of prostate cancer is made histologi-
cally following biopsy, typically under transrectal 
ultrasound (TRUS) guidance. Gland volume can 
also be measured. On TRUS malignant nodules 
most commonly appear as hypoechoic lesions 
within the peripheral zone of the gland but may 
also appear iso- or hyper-echoic. The low sensi-
tivity and specificity of TRUS in the detection 
of prostate cancer means that it is not suitable 
for screening or diagnosis. Since TRUS is unre-
liable in differentiating benign prostatic tissue 
from tumor tissue, cancerous lesions cannot be 
specifically targeted at the time of biopsy [11]. 
TRUS is used to identify the prostate to enable 
systematic sampling of the prostate gland at the 
time of biopsy. Initially, sextant biopsies were per-
formed, but this has been superseded by 12-core 
biopsy, which gives a better diagnostic yield. 
Alternative techniques are saturation biopsies 
where large numbers of biopsies (typically >20) 
are taken, or template-mapping biopsies where 
biopsies are taken at 5-mm intervals throughout 
the base and the apical parts of the prostate gland. 
Using MRI to localize the site of prostate cancer 
prior to biopsy is usually performed in patients 
with elevated PSA and previous negative TRUS-
biopsy. Prebiopsy MRI is not routinely performed 
but is currently being considered within a clinical 
trial setting. 

�� Staging
Multiple imaging techniques may be used in the 
staging of prostate cancer, including MRI, CT 
and technetium-99 bone scintigraphy.

MRI is used for local staging of the pelvis 
and can identify high-risk features (e.g., with 
extracapsular spread, seminal vesicle invasion or 
node-positive). MRI findings have been shown 
to contribute significantly to the accurate staging 
of prostate cancer [12] and should be performed 
at least 6 weeks after biopsy since the biopsy 
changes signal characteristics and it can be dif-
ficult to distinguish between tumor and post-
biopsy hemorrhage. On a standard T

2
-weighted 

MRI of the prostate, tumor tissue is seen as a 
focus of low signal intensity relative to the sur-
rounding peripheral zone of the prostate. In the 
presence of benign prostatic hypertrophy, nodules 
of tumor tissue can be difficult to identify among 
the heterogeneous signal intensity seen within 
the central prostate gland [13]. The accuracy of 
T

2
-weighted MRI in the detection of prostate 

cancer is approximately 67% and increases to 
77% when endorectal coil technique is used [14]. 

MRI methods are now available where the 
contrast is determined by an aspect of tissue 
function rather than anatomy (e.g., hypoxia, 
perfusion, metabolism). These functional MRI 
methods are being increasingly explored and are 
showing promise in improving the localization 
of tumor tissue. These techniques are discussed 
later in this article.

CT scanning is used in cases where there 
is suspicion of involved lymph nodes beyond 
the pelvis, and/or where there is suspicion of 
visceral metastases. Bone scintigraphy with 
technetium-99-methyldiphosphonate is used 
in patients who are symptomatic or have a PSA 
greater than 10 ng/ml and poorly differentiated 
cancers as a means of identifying bone metastases.

Accurate tumor staging allows important 
clinical decisions to be made regarding the most 
suitable treatment techniques for an individual 
patient, improving on, for example, the advisabil-
ity of brachytherapy or prostatectomy, the need 
for lymph node treatment and the duration of 
neoadjuvant and adjuvant hormonal therapy. 

Past & present techniques for 
localization of the prostate in 
radiotherapy planning
Prostate radiotherapy was historically planned 
using 2D orthogonal f ield radiographs, 
upon which a standard size field was drawn. 
Urethrograms could be performed at the time of 
radiotherapy planning, whereby contrast inserted 
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via the urethra would demonstrate the position of 
the proximal urethra and bladder neck, allowing 
better localization. Planning was done manually, 
and absence of 3D images meant that no infor-
mation regarding dose to nearby normal tissues 
was available. Furthermore, it was difficult to 
assess the position of the prostate and whether 
it had been displaced by nearby structures such 
as the rectum. Radiotherapy dose was low by 
modern standards owing to constraints imposed 
by nearby normal tissues and lack of available 
dose–volume information for these structures. 
This type of treatment planning, termed conven-
tional planning, was superseded by the use of CT 
planning, which has allowed greater precision 
with reduction in treatment-related toxicity [15].

CT images are good at distinguishing between 
structures with different x-ray attenuation prop-
erties, such as air, fat, soft tissue and bone. 
However, it is difficult to distinguish between 
adjacent structures on CT if they possess simi-
lar x-ray attenuation [16], as is seen in the pelvis. 
Therefore, CT scanning can accurately display 
prostatic size and shape, but is limited in delineat-
ing the internal gland anatomy [17]. Widespread 
access to CT scanners has resulted in CT-based 
planning of prostate radiotherapy becoming stan-
dard practice. Images are acquired on a standard 
CT scanner using a flat-top couch and positioning 
lasers, and are exported to radiotherapy planning 
software via a Digital Image Communications in 
Medicine™ (Medical Imaging and Technology 
Alliance, VA, USA) link [18]. At the time of con-
touring, all diagnostic images may be available 
for reference, but are not uploaded onto the plan-
ning software for direct use in treatment plan-
ning. The dose delivered to the prostate is limited 
by the radiation tolerance of nearby organs.

As imaging of the prostate develops it is 
becoming increasingly feasible to identify areas 
within the prostate that represent active tumor 
tissue; these are referred to as dominant intra-
prostatic lesions or intraprostatic lesions (IPL). If 
these areas can be accurately identified and the 
dose escalated to these areas alone (while sparing 
nearby normal tissues) it is anticipated that tumor 
control will improve and normal tissue toxicity 
could be decreased.

�� Dose escalation to the prostate 
& IPLs
Traditionally the whole prostate is treated as a 
clinical target volume (CTV) with three or four 
radiation fields. Over the past decade, 3D confor-
mal radiotherapy (3DCRT) has been developed, 
a benefit of which is the increased shielding with 

multileaf collimators or lead blocks, resulting in 
decreased toxicity [15]. 3DCRT results in better 
shaping of the high-dose region around the pros-
tate gland, and avoidance of nearby normal tis-
sues. This has allowed for dose escalation to the 
prostate gland, which has been shown to increase 
biochemical relapse-free survival, and may reduce 
distant metastases and increase cause-specific 
survival [7,19–22], although these benefits have not 
yet been confirmed in a randomized controlled 
trial [4,6,7,23,24] and are at the expense of increased 
toxicity [6,7]. Data suggests that higher doses to 
the prostate (>80 Gy) would reap further ben-
efits in terms of biochemical relapse-free survival 
[22,25–28]. A meta-analysis has shown an almost 
linear correlation between dose and biochemi-
cal control between doses of 64 Gy and 79.2 Gy 
[28] and the benefits in terms of local control are 
estimated at 1.8–2.2% per additional Gy of dose 
[17,28]. Unfortunately Phase III trials of 3DCRT 
have also shown increased late morbidity in the 
higher dose groups (74–78 Gy) [7,29].

IMRT techniques enable more complex dose 
distributions with the production of steep dose 
gradients and ability to conform to concave 
shapes in the target. The potential of this tech-
nology is the ability to purposely create areas of 
dose inhomogeneity within the prostate, enabling 
higher doses to be delivered to tumorous tissue 
identified within the gland, maintaining standard 
doses to the remainder of the gland and sparing 
the nearby OARs.

Identification of tumor nodules or IPLs is not 
possible with CT scans. MRI has superior soft-
tissue contrast with respect to CT and can iden-
tify tumor nodules. There have been technologi-
cal improvements in MRI with the introduction 
of increased field strengths, endorectal coils and 
improved multiparametric imaging techniques, 
which are discussed later in this article.

Studies investigating IMRT to deliver a simul-
taneous boost to IPLs in prostate radiotherapy 
have been published. Four feasibility studies (either 
case studies or small planning studies) have used a 
boost dose of 90 Gy with a prostate dose of either 
70 Gy [30,31] or 75.6 Gy [32,33] and show accept-
able acute toxicity or normal tissue complication 
probability. Fonteyne and colleagues from Ghent 
University Hospital (Ghent, Belgium) treated 
230 patients with IMRT of which 118 patients had 
an IPL definable and were boosted to a median 
dose of 81 Gy; no increase in acute toxicity was 
reported with this regime [34]. Three further stud-
ies have recently been published. The first was a 
clinical study treating 50 patients with 3DCRT 
to a dose of 64 Gy and delivering an IMRT boost 
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using an endorectal balloon for rectal immobiliza-
tion [35]. In this Phase I trial the boost was given 
in two fractions and was dose escalated start-
ing at 5 Gy, up to 6 Gy, 7 Gy and finally 8 Gy 
(equivalent to total dose of 104 Gy in 2 Gy per 
fraction). After median follow-up of 72 months 
for the low-dose group and 60 months for the 
high-dose group the results showed an excellent 
5-year biochemical relapse-free survival of 98%, 
but high rates of lower gastrointestinal (GI) tox-
icity, (probability of G2 ≥ late genitourinary and 
GI toxicity of 17.8 and 27.8%) comparable to 
some of the higher rates of toxicity seen in the 
3DCRT Phase III dose-escalation trials [35]. In the 
second, a planning study, the dose to the prostate 
was maintained at 75.6 Gy with maximal boost 
achieved being 200% (151.2  Gy). This boost 
level was achieved in 50% of the IPL patients 
without violating radiotherapy toxicity scoring 
system dose constraints [36]. Third, in a further 
planning study, the Ghent group have assessed 
different IMRT methods and found volumetric 
arc therapy delivered significant theoretical advan-
tages over three- and five-field static IMRT in 
terms of rectal sparing especially at the lower dose 
levels [37]. Dose escalation with three-field IMRT 
was not possible within their dose constraints 
above a median of 93 Gy. Recently, a Phase III 
trial has opened in Europe led by the University 
Medical Center in Utrecht (The Netherlands). 
The FLAME trial randomizes patients between 
the control arm treatment of 77 Gy to the whole 
prostate and the experimental arm of 95 Gy to 
delineated IPL(s) with 77 Gy to the remainder 
of the prostate gland [38]. IPLs will be identified 
using anatomical and multiparametric techniques 
with the use of diffusion weighted (DW) MRI 
and dynamic contrast-enhanced MRI.

Identification of IPL, radiotherapy planning 
and radiotherapy delivery are all heavily reliant 
on accuracy; accurate IPL identification is of no 
clinical benefit if the IPL cannot be identified at 
radiotherapy planning, and treatment designed 
appropriately. Furthermore, if patient setup dur-
ing treatment is not sufficiently accurate there is a 
risk that the high-dose boost intended for the IPL 
could miss, treating either the other regions of the 
prostate, or more worryingly, the nearby OARs, 
potentially resulting in more treatment-related 
toxicity.

Developments in prostate cancer 
localization

�� MRI
MRI plays an important role in modern radiother-
apy planning since conventional morphological 

MRI techniques offer improved tissue contrast 
in comparison with CT scanning [39]. Diagnostic 
MRI results are considered at the time of treat-
ment planning, in making decisions such as 
whether to include the pelvic lymph nodes within 
the radiation field. Typically, planning CT scans 
are performed and the diagnostic MR images are 
consulted at the time of prostate gland delinea-
tion. In particular, capsular breach or seminal 
vesicle involvement on MRI will impact on the 
volume localized on the planning CT scan. MRI 
can aid identification of the prostatic apex and 
help distinguish between bladder base and ante-
rior rectal wall [39], resulting in better shaping 
of treatment fields, which can reduce the risk of 
treatment-related toxicity to nearby normal tis-
sues [40]. Conventional MRI for prostate cancer 
typically includes T

2
-weighted images, which 

show tumors arising from the peripheral zone 
as dark in comparison with the normally bright 
peripheral zone (Figure 1). Gadolinium enhance-
ment and washout assists in differentiating 
between normal prostate and tumor (Figure 2).

Difficulties encountered when using MRI 
scanning include: inability of patient to tolerate 
the scan owing to claustrophobia and patients 
with pacemakers or other implants or devices that 
are not suitable for MRI owing to the magnetic 
fields involved.

�� MRI/CT image coregistration & data 
fusion
Most radiotherapy treatment planning software 
now allows image registration and mapping of 
scan information from one imaging study to 
another. Radiotherapy planning CT scans can 
therefore be coregistered with diagnostic MR 
scans to a common coordinate system. This pro-
cess is termed ‘data fusion’ [41]. Via a ‘split-screen’, 
the two sets of images can be instantly reviewed 
and used to help delineate the target area. This 
technique of data fusion has been shown to enable 
improved target definition including delineation 
of IPLs (Figure 3) [42,43]. There are several published 
studies that suggest the prostate volume defined 
on MRI is between 13 and 40% smaller than the 
volume defined on CT [40,43–47,301]. MR images 
are subject to geometric distortion, which should 
ideally be corrected for when coregistering MR 
data with undistorted CT images [48]. Owing 
to this geometric distortion and also owing to 
the lack of electron density information (which 
is needed when calculating dose distributions in 
radiotherapy planning) MRI cannot be used eas-
ily without CT in radiotherapy planning systems 
to create treatment plans [16].
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The use of an endorectal coil causes anatomi-
cal distortion of the prostate gland and should be 
avoided in MRI scans used for radiotherapy plan-
ning. In addition, flat rather than curved MRI 
couch tops are used when planning radiotherapy 
to aid coregistration.

�� Multiparametric MRI
Cancer growth is accompanied by neovascular-
ization in order to meet metabolic demands of the 
tumor, and these processes are exploited by multi-
parametric MR techniques. Patients who receive 
radical radiotherapy treatment are often initially 
treated with luteinizing-releasing hormone ago-
nist therapy for 3–6 months in order to shrink 
their prostate cancer. This combined modality 
approach is particularly appropriate for National 
Comprehensive Cancer Network intermediate- 
and high-risk cancers. However, after hormonal 
therapy or radiotherapy treatment MRI is poor 
at localizing the tumor. Therefore images need to 
be acquired prior to starting the hormone therapy 
and coregistered with anatomical information 
prior to planning radiotherapy treatment.

Multiparametric MRI may help differentiate 
tumor nodules from benign nodules within the 
prostate, increasing specificity. MR techniques 
being studied in IPL definition include DW-MRI, 
MR spectroscopy (MRS) and dynamic contrast-
enhanced-MRI [49]. Studies have shown that a 
combination of techniques may improve sensi-
tivity and specificity. The combination of two 
parameters is associated with an improvement 
in prostate cancer detection over the use of any 
one parameter alone, however, there is contra-
dictory evidence regarding whether the use of a 
third parameter further improves rates of detec-
tion [50,51]. A combination of multiparametric 
MR techniques may provide additional infor-
mation, which permits the design of high-dose 
radiotherapy boost to a dominant intraprostatic 
lesion [30].

�� Types of multiparametric MRI
DW-MRI
On DW-MRI, image contrast is based on dif-
fusion of water molecules. Diffusion of water 
within the body is limited by the natural barrier 
effect caused by cell membranes [52]. Tumors have 
increased cellular density compared with normal 
tissue, therefore show less water diffusion with a 
lower apparent diffusion coefficient (ADC) than 
less cellular (nontumor) region [16]. A combina-
tion of DW-MRI images and ADC maps are used 
in the evaluation of prostate cancer (Figure 4), with 
areas of prostate cancer appearing darker on ADC 

map (representing a low ADC value) than normal 
prostate tissue [52]. DW-MRI has the advantage of 
rapid acquisition and appears to be a promising 
technique for prostate tumor definition increasing 
specificity to 61–89% [53–55].

Dynamic contrast-enhanced-MRI
This technique facilitates disease staging when 
added to standard T

2
-weighted MRI [56–59]. It 

exploits the vascular dynamics seen in neoangio-
genesis/abnormal tumor vasculature, and uses 
fast MR sequences performed following admin-
istration of contrast agent [16]. The enhancement 
seen during uptake and washout of the contrast 
can be used to evaluate tissue perfusion (Figure 5), 
which is compared with standard enhancement 
patterns seen in normal tissue and malignant 
disease [60]. Sensitivity and specificity of tumor 
detection are 81 and 79% for peripheral zone 
cancer and 37 and 97% for central gland cancer, 
respectively [56].

MRS
This technique enables the detection of molecular 
markers (e.g., choline, citrate and polyamines) 
within the prostate, and is performed in conjunc-
tion with MRI, which provides the anatomical 
component of this imaging. Significant reduction 
in citrate and elevation in choline levels have been 
documented in prostatic adenocarcinoma com-
pared with normal prostatic tissue [61]. MRS has 
high specificity for tumors over 1 cm² and may 
potentially distinguish tumors in the transitional 
zone, which although less common can account 
for up to 17–25% of prostate cancer cases [50,62]. 

Figure 1. T2-weighted MR. Axial T
2
-weighted 

MR image of the prostate showing the tumor 
as a low signal intensity (dark) area in 
comparison to the high signal intensity (bright) 
peripheral gland.
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However, there is conflicting data as to the utility 
of MRS, with a study by the American College of 
Radiology imaging network suggesting MRS is 
no better at localizing prostate cancer than MRI 
alone [63].

�� PET/CT
This technique combines anatomical and func-
tional data sets to provide detailed information 
about tumor location and metabolic activity. 
18F-f luorodeoxyglucose (18FDG) is the most 
commonly used PET tracer in oncology [64]. 
However, use of 18FDG is limited in imaging 
prostate cancer owing to both the low-glucose 
metabolism of prostate cancer, the physiological 
urinary excretion of 18FDG, which may interfere 
with imaging of the pelvis [65].

There are other tracers available for use in PET 
imaging; of particular interest are Choline radio-
labeled isotopes such as 11C- and 18F-Choline. 
These have negligible urinary excretion, making 
it useful in visualizing genitourinary cancer. The 
main role of 11C-choline PET/CT is in restag-
ing biochemically relapsed prostate cancer, and 
it is not widely used for primary prostate cancer 
detection owing to limited reported sensitivity 
(71.6%) and specificity (42.6%) in localizing 
tumors within the prostate gland [66], although 
it remains an area of active research.

11C-acetate has been evaluated as an image 
guide in patients with localized intracapsular 
prostate cancer with promising results [67].

Localization of lymph nodes
The probability of locoregional control of node-
positive prostate cancer can be increased by 
delivering an adequate radiotherapy dose to the 
involved lymph nodes. Both CT and MRI tech-
niques are used to identify involved lymph nodes, 
however, the accuracy rates for both modalities 
show wide variation. For nodal involvement in 
pelvic malignancy, the sensitivity of CT ranges 
from 24 to 78%, and the specificity from 84 to 
97% [68–70]. With MRI, the sensitivity ranges 
from 24 to 75% and the specificity from 78 to 
99% [68,71–74]. Guidelines have been published 
that define the upper limit of normal for lymph 
node size in different regions of the pelvis using 
either CT [75] or MRI [76]. However, using lymph 
node size criteria does have a limitation, namely 
that enlarged reactive lymph nodes will be falsely 
positive and small involved nodes will be falsely 
negative. Fusion of DW-MRI with T

2
-weighted 

MRI can improve the identification of pelvic 
lymph nodes compared with T

2
-weighted MRI 

alone [77].
Ultrasmall superparamagnetic iron oxide par-

ticles (USPIOs) have been reported to discrimi-
nate between normal and abnormal lymph nodes 
[16]. This technique has reported high sensitivity 
and specificity [78]. Unfortunately, USPIOs did 
not gain approval from the US FDA or EMA. 
However, previous work while USPIOs were 
undergoing clinical evaluation has shown that 
lymph node positions can be mapped [79–81], thus 
aiding target definition in radiotherapy treatment 
planning, particularly when giving a boost treat-
ment to involved nodes. These maps have also 
allowed guidelines for pelvic lymph node delin-
eation to be developed to ensure adequate cover-
age of at-risk nodes, but avoiding nearby normal 
tissues [82].

As mentioned earlier, 18FDG PET/CT is of 
limited use in imaging prostate cancer, but even 
11C-choline PET/CT is limited at detecting small 
neoplastic nodal deposits (specificity 99.8%, 
sensitivity 41.4%) [83].

Verification of treatment planning
�� Principles of IGRT

In recent years there has been a rapid expansion 
in the technology of image guidance, which mir-
rors the expansion of radiation delivery advances. 
There have been great changes to the verifica-
tion process from 10–20 years ago. At that time, 

Figure 2. Dynamic contrast-enhanced MR. Dynamic contrast-enhanced images 
through the prostate show the high signal intensity of contrast enhancement in the 
tumor in the right peripheral zone (marked with white arrow).
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weekly poor-contrast megavoltage (MV) portal 
films were used to distinguish bony anatomy as 
a surrogate for the neighboring target. Now there 
is a minimum standard of electronic portal imag-
ing devices (EPIDs). These capture better quality 
MV images using amorphous silicon detectors 
and software that automatically demagnifies and 
matches it to reference (planning) images. Larger 
centers may also be equipped with more sophis-
ticated methods of verification to be discussed 
in this section. 

IMRT has been shown to reduce the toxicity of 
radiotherapy with respect to 3D conformal tech-
niques [84–86]. This is due to the creation of steeper 
dose gradients and a higher degree of conformity 
around the target with consequent increased 
shielding of nearby OARs. Increased conformity, 
however, increases the risk of geographical miss 
of the target organ. IGRT is therefore needed to 
verify the position of the target, particularly if 
reducing treatment margins. Images should ide-
ally be obtained immediately before the radia-
tion beam is switched on (online verification). 

Conventionally, offline verification of target posi-
tion was performed to establish and correct for 
systematic error. Serial images were often taken 
in the first week of treatment. Assessment of these 
images and any corrections were performed fol-
lowing radiation delivery and the patient was 
imaged weekly to confirm correct positioning. 
The study of prostate motion has shown that the 
gland can move 1 cm or more in relation to bony 
and skin landmarks [59,87–91]. Prostate movement 
is related to changes in bladder and rectal filling 
and increased rectal distension has been shown 
to be inversely correlated with biochemical out-
comes in prostate radiotherapy [92,93]. These data 
have shown that geometric uncertainty associ-
ated with a large rectum can negate the benefits 
gained from dose escalation, further highlight-
ing the need for accurate treatment verification 
and image guidance. The large interfractional 
displacements that have been demonstrated in 
prostate position during a course of radiother-
apy have led to an increasing use of daily online 
verification to improve treatment accuracy [94,95]. 

Figure 3. Radiotherapy MRI/CT fusion planning scan. (A) Axial showing outline of boost 
planned to intraprostatic lesions identified (arrow). (B) Coronal and (C) sagittal views.
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More recently, methods of tracking intrafraction 
prostate motion have become available and data 
are accumulating regarding the magnitude of this 
problem. Imaging is therefore beginning to play 
a very large role in radiation delivery as well as 
target delineation.

Improved accuracy of therapy in itself will 
hopefully have an effect in reducing toxicity, 
at least in reducing those thought to be due to 
focal high-dose areas such as rectal bleeding. 
The expectation is that IGRT will enable a 
reduction in the safety margins currently used 

in radiotherapy. Margins are required to over-
come some of the uncertainties that arise during 
treatment planning and delivery. It is the reduc-
tion in planning margins that will have a greater 
effect in the dose reduction to OARs and there-
fore toxicity outcomes. Here we will discuss the 
available technologies for IGRT and their scope 
for reduction in margins and toxicity in prostate 
radiotherapy.

�� Ultrasound
Ultrasound of the prostate is an attractive verifi-
cation technique as it is noninvasive and does not 
use ionizing radiation. B mode acquisition and 
targeting (BAT) is the most extensively stud-
ied ultrasound modality (Figure 6). The obvious 
advantage is the ability to localize the prostate 
daily without additional radiation. Studies using 
ultrasound have highlighted the degree of pros-
tate movement with respect to bony or skin land-
marks and all studies demonstrate a consider-
able random error, representing this movement 
[96–101]. To date two studies have demonstrated 
a decrease in acute GI toxicity [102,103] and a pos-
sible decrease in late GI toxicity [103,104], but both 
used sequential historical controls for compari-
son and there is a need for additional, preferably 
randomized, evidence to confirm a benefit.

There are several disadvantages to the use 
of BAT for verification purposes. First, inter
observer variability can be as high as 7  mm 
[105,106]. This is not an insignificant level with 
respect to quality assurance tolerance levels 
in radiotherapy departments. Second, image 
quality can be poor. The largest reported study 
assessed 147 patients with BAT and found unac-
ceptable image quality in 5.1% [107]. Poor image 
quality can be due to inability to maintain a 
full bladder, bladder filling, obesity, depth of 
isocenter and position of prostate relative to 
pubic symphysis [98,99,108]. Third, there is the 
possible displacement or deformity of the pros-
tate from the pressure of the ultrasound probe. 
Studies have shown possible displacements of up 
to 1 cm with moderate probe pressure or incor-
rect handling [109,110] with mean displacements 
between 0 and 3 mm [99,101,108,111]. Finally, there 
is a concern that use of ultrasound can introduce 
a systematic error when results are compared to 
CT and gold seed fiducial images, particularly 
in the superior–inferior direction [98,105,106,112]. 
Possible causes of systematic error include the 
displacement of the prostate and difficulty 
visualizing the inferior portion of the gland. 
Similar problems have been encountered using 
3D ultrasound for localization [113].

Figure 4. Apparent diffusion coefficient 
map through the prostate. Shows an area of 
low apparent diffusion coefficient posteriorly.
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Figure 5. Dynamic contrast-enhanced MRI time-intensity curve. 
Time-intensity curves of enhancement show the cancer (red line) with the 
characteristic rapid enhancement and washout of gadolinium while the normal 
peripheral zone (yellow dashed line) shows slowly progressive enhancement.
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The problems with confirming accuracy of 
ultrasound for daily IGRT mean that its clinical 
value remains controversial. It does not appear 
that margins can be significantly reduced using 
the system [96,101,114]. It may be useful in depart-
ments with no access to more sophisticated 
techniques or patients with rectal distension and 
large anterior–posterior movements. One study 
hypothesizes that the use of daily BAT IGRT can 
negate the geographical miss and therefore poor 
outcomes of patients with rectal distension [115].

�� Fiducial markers & EPIDs
The use of gold seeds as fiducial markers (FMs) 
using EPIDs in prostate radiotherapy has been 
studied for over 15 years [88,116]. Although inva-
sive, implantation has been demonstrated to 
be tolerable [117–119] and the position of FMs is 
generally stable within the prostate throughout 
treatment [88,120–123]. The largest study (n = 914) 
examining these issues to date, suggested a dis-
continuation of FM IGRT in 0.05% owing to 
migration of seeds and a 0.05% rate of G3 toxic-
ity (urosepsis) [124]. FMs are visible on kilovolt-
age (KV) and MV images are not affected by 
patient factors such as obesity. Intraobserver vari-
ability in matching FMs from treatment images 
to planning images is generally submillimeter 
[106,125,126]. EPIDs use the MV treatment beam 
to image leading to other advantages such as the 
imaging dose being accounted for in treatment 
and simultaneous verification of the radiation 
field with respect to the prostate can take place. 
These factors along with the widespread avail-
ability of EPID technology make it a popular 
verification technique.

There are a wealth of data analyzing margin 
recipes with online and offline protocols of skin, 
bone and fiducial setups. The data are in general 
agreement that CTV to planning target volume 
(PTV) margins of over 8 mm (1–1.5 cm) are 
required to ensure adequate coverage of prostate 
if bone or skin is used for setup [127–129]. With an 
online EPID and FM IGRT protocol, data sug-
gest that CTV to PTV margins can be reduced 
to 2.5–7.2 mm [89,91,130–135]. Displacements are 
most often demonstrated in anterior–posterior 
and superior–inferior directions consistent with 
anticipated directions from bladder and rectal 
changes. With increasing use of daily online 
verification to reduce interfraction setup errors, 
intrafraction random errors due to prostate move-
ment become the limiting factor in further reduc-
tion of planning safety margins [91,131,136]. Several 
studies have also assessed prostate intrafraction 
motion by repeating EPIDs after radiation 

delivery. Margins to account specifically for 
intrafraction motion of the prostate vary from 
1.0 to 3.4 mm [91,137,138].

FM have been shown to be superior for prostate 
position verification compared with techniques 
for soft-tissue localization such as BAT ultrasound 
and cone beam CT (CBCT) [105,139,140]. This is 
due to the ease of matching FMs, which can be 
done either manually or automatically with high 
reproducibility. Examination of the delivered 
doses of treatment plans (dosimetry) using an 
EPID/FM IGRT protocol has demonstrated an 
improvement in measures of normal tissue doses 
such as dose-volume histograms and normal tis-
sue complication probability [141]. Phase II studies 
reporting toxicity data from high-dose prostate 
radiotherapy using EPID/FM IGRT compare 
favorably to non-IGRT dose escalated data but 
no randomized evidence is available [6,7,19,142]. 

�� KV CT
CT images give volumetric data that can be 
used to assess target and OAR motion as well 
as further information regarding tumor progres-
sion or response to treatment. Modern in-room 
CT-guided images for radiotherapy can be per-
formed with various techniques. ‘CT on rails’ uses 
a conventional type of CT scanner (i.e., fan-beam 
type). The treatment couch moves in the room 
on a set of rails between the CT scanner and the 
linear accelerator so that images can be acquired 
just before the patient is in the final set-up posi-
tion (Figure 7B) [143,144]. CT on rails produces high-
quality images but the patient must be realigned 
before radiation delivery commences and so is less 
able to assess intrafraction motion. An alternative 
method is with an ‘on-board CBCT’ (Figure 7C). 
Here a large flat panel detector is built into the 
linear accelerator perpendicular to the treatment 
head and serial digital radiographs taken over a 
single rotation of the gantry are reconstructed 

Figure 6. B mode acquisition and targeting ultrasound. (A) Axial and 
(B) sagittal B mode acquisition and targeting ultrasound images with CT contoured 
regions of interest overlaid. 
Figure courtesy of Dr HA McNair.
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into 3D CT images. This system can also be used 
for KV fluoroscopy and 4D CT [145–147]. CBCT 
can be performed once the patient has been set 
up to the treatment isocenter and reconstructed 
images have submillimeter spatial resolution 
[148]. Images must be taken in between radiation 
beam delivery rather than simultaneously. CBCT 
images are of poorer quality than ‘CT on rails’ but 
the data give a better estimation of intrafraction 
motion (Figure 8).

In-room CT can be used to measure prostate 
displacement using either contour based- or auto-
mated gray scale-based soft-tissue matching [149]. 
Data have shown soft-tissue alignment is superior 
to bone alignment alone [150] but FM alignment 
has been found to be equivalent or superior to CT 
soft tissue as it has lower rates of inter- and intra-
observer availability, is less time-consuming and 
requires less physician input [151,152]. A study com-
paring FM IGRT using CT on rails, CBCT and 
EPIDs found that all techniques have some minor 
errors in alignment using the fiducial markers. It 
concludes that CBCT reduces systematic error 
compared with CT on rails due to the advantage 
of having the same isocenter for imaging and 
treatment [153]. 

Two of the most promising uses for in-room 
CT imaging are the potential for using volumet-
ric information to create adaptive radiotherapy 
plans and to assess dosimetry. In adaptive radio-
therapy the patient is replanned using informa-
tion gained from their initial treatment imag-
ing, for example the first five fractions. CBCT 
adaptive plans have been shown to significantly 
reduce PTV margins and consequently rectal 
dose with acceptable coverage of CTV through-
out treatment course [154]. Dosimetric studies 
using CT data with and without FMs for align-
ment have also demonstrated the negative impact 
on dosimetry from interfraction changes in rec-
tal volumes and noted the danger of reduced 
margins in the presence of moderate and large 
uncorrected prostate displacements [128,155,156]. 
The use of online EPID and CBCT/FM IGRT 
may allow margins as small as 4 mm (3 mm 
posteriorly) [128] with adequate CTV coverage, 
although the uncertainty caused by inter- and 
intra-observer organ delineation between each 
CBCT needs to be considered. Calculating dosi-
metric data from CBCT is a laborious process 
and is not compatible with routine treatment 
at present.

Figure 7. Linear accelerators with in-room image-guided radiotherapy. (A) HiArt 
Tomotherapy. (B) CT-on-rails. (C) KV cone-beam CT with megavoltage electronic portal imaging 
device. (D) ExacTrac.
(A & B) Copyright of Science Direct Publishing and reproduced courtesy of V Khoo and published 
with permission of Science Direct Publishing.
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�� KV planar fluoroscopy
KV fluoroscopy uses the same gantry-mounted 
equipment as KV CBCT. It takes 2D monoscopic 
images in a fixed position perpendicular to the 
treatment beam gantry angle and the approximate 
fluoroscopic time is 30–40 s per treatment beam. 
Adamson and Wu have shown that this technique 
can be used with FMs to successfully monitor 
‘beam on’ intrafraction prostate motion [147]. 
There are several limitations to this technique 
at present that may be overcome in the future. 
First, it can only be assessed offline, although it 
potentially could be used in real time. Second, 
owing to the 2D nature of acquisition, transla-
tion into 3D localization information has some 
technical limitations, which reduce the accuracy 
of monitoring certain types of motion, in particu-
lar high-frequency oscillations (however, drifting 
motions, which are more dosimetrically impor-
tant, can be accurately measured in 3D). Third, 
there is some degradation to image quality when 
the MV beam is on and this leads to decreased 
accuracy in certain gantry angles. Finally, rota-
tional errors cannot be accounted for with this 
technique as yet. This strategy has been used to 
assess intrafraction prostate motion and shown 
to be able to reduce planning margins using both 
population margin recipes and patient-specific 
adaptive radiotherapy [157].

�� Stereoscopic KV imaging
Stereoscopic x-ray imaging uses two x-ray sources 
and detectors, which take orthogonal planar 
images simultaneously. The advantages of ste-
reoscopic x-ray imaging are that 3D and 4D 
information can be obtained and doses are low 
in comparison with other techniques (Table 1). 
These systems can track movement of external 
and internal markers in near-real time, which 
allows beam on management, such as treatment 
gating. Several systems now have an automated 
couch with six degrees of freedom, which accounts 
for rotational movements: pitch, yaw and roll. The 
couch can adjust to these complex displacements 
as well as translational errors. Disadvantages are 
the lack of volumetric and soft-tissue data; surro-
gates such as bone or markers must be used and 
depending on which part of the body is imaged 
there may be compromises in image quality due 
to overlapped structures [158]. Examples of ste-
reoscopic x-ray systems are VERO™ (BrainLAB 
AG, Germany and Mitsubishi Heavy Industries, 
Japan), EXACTRAC® (BrainLAB AG, Germany) 
and Cyberknife® (Stanford, CA, USA).

VERO uses x-ray sources and detectors are 
fixed within an O-ring structure through which 

the radiotherapy couch moves, with similar 
appearances to a CT ring. EXACTRAC 6D x-ray 
system is an example of a peripheral (mounted 
around treatment room) stereoscopic system inte-
grated with an infrared optical positioning system 
and a couch with six degrees of freedom. The KV 
x-ray sources are mounted in the floor with the 
flat panel detectors mounted on the ceiling and 
the sources are oblique with respect to the patient 
(Figure 7D). There are few data describing the use 
of these systems specifically in prostate cancer at 
present.

Cyberknife is a 6 MV linear accelerator 
mounted onto a robotic arm capable of deliver-
ing radiation from multiple noncoplanar direc-
tions without movement of the patient. It is cur-
rently being used for stereotactic radiosurgery. 
These regimes use extreme hypofractionation; 
therefore the accuracy of treatment is imperative. 
Cyberknife has a peripheral stereoscopic planar 
KV imaging system. Stanford University (CA, 
USA) has published several studies assessing the 
use of prostate stereotactic body radiotherapy. 
Images are taken and fed back every 40 s then 
matched to the planning images. Adjustments are 
then made in near-real time. Prostate movements 
of less than 5 mm can be adjusted by alterations 
in the robotic beam positioning. If the prostate 
moves more than 5 mm the radiation must be 
interrupted to allow the couch to be repositioned. 
Intrafraction tracking data using Cyberknife has 
shown prostate movement to be erratic and unpre-
dictable with excursions of 3–5 mm common and 
maximal motions of 9 mm seen [159]. The unpre-
dictability of movement is not only interpatient 
but also intrapatient and intrafraction. This sug-
gests a need for intrafraction monitoring of pros-
tate movement if small margins are to be safely 
used with these types of regimes, which deliver 
high doses of hypofractionated radiation over a 
protracted fraction time (50–70 min). Using a 
protocol that images every 30 s keeps prostate 

Figure 8. Axial cone beam CT images. (A) Unmatched. (B) Matched. Arrow 
shows imaged fiducial marker.
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displacements under 2 mm in 95% of measure-
ments, if this is extended to a 120 s protocol the 
figure drops to 86% [159]. Even with a 30 s pro-
tocol short-lived high-frequency displacements 
may be missed. Five-year data on biochemical pro-
gression-free survival (92.7%) and toxicity have 
recently been reported for a cohort of 41 patients 
with favorable risk-localized prostate cancer [160]. 
The results are promising with very low rates of 
late toxicity. Using a standard radiotherapy toxic-
ity scoring system, grade 2 GI toxicity or above 
occurs in 2.5% of patients with urinary toxicity 
being 9.5%.

�� MV CT 
MV CT can be used for treatment delivery and 
image guidance with a single isocentric tech-
nique. Advantages are volumetric and dosimet-
ric information and the use of images acquired 
with the treatment beam. Other advantages are 
improvement in the artifacts caused by prosthe-
ses and dental implants with respect to KV CT 
[161]. There are various ways of acquiring MV CT 
data: through the linear accelerator and large flat 
detector (MV cone-beam) [162,163], using linear 
accelerator treatment head and an attached arc of 
linear detectors (produces a single slice CT [164]) 
or using a MV beam source within a fan-beam 
CT for treatment delivery and array of linear 
detectors for image acquisition (Tomotherapy®, 

Accuray, Sunnyvale, CA, USA), which can be 
serial or helical [165]. CBCT equipment can be 
used for MV fluoroscopy and tomosynthesis 
(using multiple radiographs but limited gantry 
rotations) [166]. Acceptable MV CBCT images 
can be acquired at low-doses of 2–15 cGy with 

acquisition and processing time comparable to 
KV CBCT (3 min) and without artifacts from 
FMs [167,168]. Tomosynthesis has the advantages of 
speed of acquisition and can therefore be used for 
4D images and respiratory gating. The disadvan-
tage is the loss of 3D volumetric information and 
therefore for prostate radiotherapy MV CBCT is a 
more appropriate method. The main disadvantage 
of MV IGRT is the image quality, as bone and 
soft-tissue contrast are poorer owing to the high-
energy beam and consequent loss of photoelectric 
effect. Additional dose can be another potential 
disadvantage although this may be offset if the 
imaging dose is included when calculating the 
monitor units and dose to be delivered with the 
treatment beam [169,170]. MV CBCT and tomo-
synthesis are still areas of current research while 
Tomotherapy is in widespread clinical use.

�� Tomotherapy
Tomotherapy units (Figure 7A) utilize fan-beam CT 
and helical delivery and can give a more favorable 
dose distribution to the rectum and bladder than 
static field IMRT [171,172]. However, intrafraction 
motion and its dosimetric consequences are dif-
ferent in helical Tomotherapy from that of static 
IMRT owing to the nature of the beam delivery. A 
single narrow rotating beam delivery with a mov-
ing couch mean that it is particularly vulnerable to 
errors in the superior-inferior direction. Treatment 
beams can be used to image or imaging can be per-
formed separately. Studies assessing interobserver 
variability of Tomotherapy IGRT agree with the 
data from KV CT: FMs significantly reduce vari-
ability compared with soft-tissue matching and 
therefore improve accuracy [173]. Algorithms for 

Table 1. Imaging doses for image-guided radiotherapy.

Imaging technique Center dose Surface dose (cGy) Ref.

EPID 8–9 cGy 2–4 cGy [117,210]

EXACTRAC® 1.16 mGy – [211]

CT on rails 1–3 cGy – [212]

1.5 cGy – [153]

KV CBCT 4.5 cGy – [153]

3 cGy 7 cGy [213]

1.6 cGy 2.3 cGy [214]

KV fluoroscopy (7 beams without bow tie 
filter) 

0.3 cGy 0.8 cGy [147]

KV fluoroscopy (7 beams with bow tie filter) 0.2 cGy 0.4 cGy [147]

MV CBCT 1 cGy (markers) – [168]

2–4 cGy (soft tissue) – [168]

Tomotherapy® 1 cGy – [115]

1.5 cGy – [215]

Electromagnetic transponders 0 0 [190]

CBCT: Cone beam CT; EPID: Electronic portal imaging device; KV: Kilovoltage; MV: Megavoltage.
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better soft-tissue matching using MVCT are cur-
rently being investigated [174]. MVCT localiza-
tion has been shown to be superior to ultrasound, 
both in accuracy and ability to reduce margins 
[175–177]. This translates to improvements in 
treatment dosimetry using MVCT IGRT with 
respect to ultrasound [176]. As with KVCT, there 
is a measure of uncertainty in organ and target 
delineation that must be taken into consideration. 
This is aggravated by the poorer image quality 
[178]. Dosimetric studies of MVCT and FM have 
shown the high degree of PTV coverage that can 
be achieved with this form of IGRT [179]. It has 
also shown the large interfractional dosimetric 
variations in the bladder and rectum due to daily 
variations in volumes of these organs. This stresses 
an important point that is often overlooked in 
reports of IGRT: even with the increased accuracy 
in delivered dose to the prostate, the dose to OARs 
can be unpredictable owing to daily changes in 
shape and volume [179,180]. Disadvantages of heli-
cal Tomotherapy with respect to other MVCT are 
the higher integral dose (total dose to target plus 
all tissues outside target) [181], higher skin dose 
[182] and longer time taken for scan acquisition 
and processing [183]. There is also the issue of the 
short x-ray target lifespan, which typically needs 
replacing every 10–12 months; this can have a 
significant effect on dosimetry at the end of lifes-
pan [184,185]. Software packages are now or will 
soon be available for adaptive radiotherapy treat-
ment plans [180] and to account for intrafraction 
motion [186,187].

Given the issues of additional dose, studies 
assessing the use of MV IGRT have looked at 
the frequency necessary for image guidance. 
Some studies have suggested a protocol of imag-
ing in the first four fractions to reduce systematic 
error and assess patient-specific margins [188,189]. 
Although the population error can be reduced 
with imaging in the first 3–5 fractions, data show 
that there remains considerable interpatient varia-
tion, and random errors continue to be approxi-
mately 3–4 mm throughout treatment even with 
alternate day imaging. Therefore daily imaging 
is necessary if margins are to be reduced to levels 
such as 5 mm [91,115].

�� Other tracking systems
Calypso® Medical (Seattle, Washington, USA)
has introduced a wireless in-room electromag-
netic (EM) localization system that allows 
implantation of permanent EM transponders in 
the same manner as gold seed fiducials. The pros-
tate is localized via the EM transponders using 
a sensor array that excites the transponders and 

feeds back positioning relative to the isocenter 
(Figure 9) [190]. The prostate movement can then be 
tracked during treatment delivery. Various mech-
anisms can be put into place to take advantage 
of this tracking such as gating or realignment of 
patient if a threshold displacement is reached. It 
does not involve ionizing radiation and does not 
require acquisition or reconstruction time and so 
can shorten the amount of time to setup patients. 
Disadvantages are first, that the transponders 
are larger than most commonly used gold seeds, 
and therefore require larger (14 Gauge) needle 
guides. Second, the transponder causes consider-
able artifacts with MRI making target delinea-
tion during planning stages or later assessment of 
disease progression difficult [191]. Calypso® gives 
researchers a wealth of data regarding intrafrac-
tion prostatic motion, which are in agreement 
with the data produced using Cyberknife® track-
ing. Intrafraction prostate movement increases 
with time, is most pronounced in anterior–pos-
terior and superior–inferior directions, can be 
significant (i.e., >1 cm for individual patients) 
and it is difficult to predict patterns of move-
ment [90,192]. Movements above 3–5  mm are 
common [192]. Data have shown considerable 
improvements in terms of rectal dosimetry when 
EM transponders are used to localize the patient 
when compared with skin mark set-up [193]. 
Dosimetry performed on EM localized prostate 
patients has shown that margins can be reduced 
to 2 mm with no significant detriment to CTV 
coverage and with sparing of bladder and rec-
tum [194]; further improvements could be made 
with an intrafraction intervene protocol during 
tracking. Continuous intrafraction tracking has 
shown to be a significant improvement over pre-, 
post- and intermittent-intrafraction imaging as 
such protocols have a low sensitivity unless fre-
quency of intermittent imaging as high as every 
15 s [195]. For EM tracking to be used to its full 
potential it needs to be integrated with couch 
controls and synchronized with linear accelerator 
multileaf collimator motion and beam delivery. 
This is an area of current research [196].

Future perspective
�� Diagnostic imaging

New technologies may help us to differentiate 
benign and malignant prostate tissue, thus help-
ing pinpoint areas of disease for biopsy. Examples 
include power Doppler, which is able to detect 
isoechoic tumor areas and may increase diagnos-
tic performance and tissue harmonic imaging, 
which results in increased spatial and contrast 
resolution with better detection of small lesions.
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MRI scanning, including multiparametric 
imaging, prior to biopsy is likely to become 
more common, allowing targeted biopsies to be 
performed on suspicious areas within the pros-
tate. MRI-guided prostate biopsy has already 
demonstrated superior diagnostic yield in com-
parison with TRUS biopsy [197] and can reduce 
the number of biopsies that need to be taken [51].

�� Radiotherapy planning/tumor 
localization
Open low-field strength MR scanners can act 
as radiotherapy simulators providing a radio-
therapy environment similar to CT simulation 

for radiotherapy planning [16]. An advantage of 
this over CT–MRI fusion is that patient immo-
bilization devices that were previously restricted 

by size with conventional MR scanners could 
be employed. A previous study of 243 patients 
revealed that open Low-field MR simulation pro-
vided adequate images for radiotherapy planning 
in up to 95% of cases [47]. MR simulation can 
better delineate erectile soft tissues to permit dose 
sparing of these structures by IMRT [198]. 

The emergence of 3 T and higher field strength 
scanners will further improve spatial resolution 
of MR scans. These higher field strengths will 
improve image quality in DW-MRI and MRS 
resolution, and provide better temporal resolu-
tion in dynamic contrast-enhanced-MRI scan-
ning [199]. Improved imaging will enable easier 
detection of IPL and radiotherapy boost treat-
ment to these lesions is expected to become 
commonplace.

Figure 9. Calypso® localization equipment. (A) Calypso transponder. (B) Calypso monitor screen. 
(C) Calypso array and consol with array over radiation couch.
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At present USPIO agents are not licensed for 
clinical use. If alternative lymphotrophic MR con-
trast agents are licensed then it may be possible 
that they will be regularly used to detect involved 
lymph nodes. This will allow us to determine 
which lymph nodes we wish to include in radio-
therapy fields and allow shaping of these fields 
around these nodes to deliver boost treatment.

�� Verification
Current areas of research and future directions 
include other forms of tracking prostate intrafrac-
tion motion, in-room MR IGRT and dose-guided 
radiotherapy. Very recently, two further tracking 
systems have been described in early stages of 
development. Real Eye uses a single radioactive 
iridium seed implant (100 mCi) with a detector 
integrated on the gantry [200]. The seed can be 
inserted using standard gauge biopsy kits and 
has minimal artifact on CT and MRI. Owing 
to neutron interference it can only be used to 
track movement with lower energy MV beams 
(4–6 MV). This may limit its use with standard 
linear accelerator-based treatments, although not 
with other modalities such as Tomotherapy or 
Cyberknife. PeTrack is another novel tracking sys-
tem that uses positron emitting 22Na fiducials. It 
detects the coincident g‑rays emitted from posi-
tron annihilation events and can use this data to 
track the path along the line of the detectors to 
the origin of the annihilation event [201]. As 22Na 
has a long half-life, other isotopes would need to 
be used when this technology is translated into 
the clinic. Both systems have a high degree of 
accuracy in phantoms; clinical data are yet to be 
published [200,201]. There is potential for auto-
matic detection and tracking of FMs using the 
MV beam of a linear accelerator. Using the treat-
ment beam for the tracking of FMs without addi-
tional dose to the patient would be an advantage. 
If this could be combined with improvements in 
digital tomosynthesis and MV CBCT it would 
allow tracking and volumetric information to be 
captured using no additional ionizing radiation.

Second, MRI and linear accelerator fusion 
is currently being investigated. Designs include 
fusion with a cobalt machine (Viewray®, OH, 
USA) or linear accelerator. In Utrecht (The 
Netherlands), research is underway into fusion of 
a linear accelerator with a 1.5 T MRI [202]. This is 
a powerful magnet when compared with the other 
proposed units, such as Viewray (0.3 T) and the 
Edmonton MRI/linear accelerator (0.8 T) [203]. 
There are many issues yet to be addressed, such 
as the impact of the B

0
 field on dose distribution 

and the dose deposition from secondary electrons 

affected by the magnetic field, especially at tissue 
air interfaces [202].

Third, dose-guided radiotherapy is being 
investigated. The use of volumetric informa-
tion from onboard CT imaging integrated with 
intrafraction target position information allows 
reconstruction of doses delivered to the target 
and OARs [204]. This information can be used 
for adaptive radiotherapy but in the future it is 
hoped that the possibility of dose-guided radio-
therapy may be realized. This would allow images 
and delivered doses during previous fractions to 
be amalgamated and the current treatment plan 
to be reoptimized to compensate for dosimetric 
errors [205]. This requires automated methods 
of assessing and constructing delivered dosim-
etry and improvements in the current levels of 
accuracy of dosimetric estimations. Dose-guided 
radiotherapy would be the ultimate in IGRT as it 
would result in the verification of both position-
ing of the patient and dose delivered to the target 
and organs at risk. 

Conclusion
Improvements in diagnostic imaging, particularly 
multiparametric MRI, enable us to better localize 
the areas of cancer within the prostate that require 
an additional radiotherapy dose. By accurately 
defining these areas we can shape radiotherapy 
fields in a way that avoids the adjacent normal 
tissues and therefore reduces the possibility of side 
effects caused by irradiation of these tissues. 

Intrafraction motion is now one of the most 
limiting factors to the increased precision and 
therefore reduction in toxicity in prostate radio-
therapy. Real-time monitoring with the ability 
to intervene is important, especially if PTV 
margins are to be reduced to less than 5 mm. 
Patient specific and adaptive solutions should 
be examined as well as gating radiation beams 
to prostate movement. Accuracy is of particular 
importance with dose escalation to tumor nod-
ules and nodal areas in prostate radiotherapy as 
the main OARs: rectum, bladder, small bowel 
and urethra are all in close proximity. Volumetric 
information to assess the dose and volumes of 
theses OARs is vital. 

There are caveats to the likely reduction in tox-
icity with increasing radiotherapy targeting. The 
first is the need for vigilance in quality assurance 
when using newer technologies. Radiation errors 
have been documented on numerous occasions 
with inadequate quality assurance programs 
when introducing new hardware and software as 
well as deficiencies in appropriate regulation and 
supervision [206–209]. Furthermore, inadequate 
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Executive summary

�� Improvements in diagnostic imaging of the prostate allow more accurate diagnosis and staging to be performed.
�� Improvements in radiotherapy technology have the potential to reduce side effects of treatment, but require accurate tumor localization 

at the time of treatment planning.
�� Multiparametric imaging may be sufficiently accurate to permit radiotherapy planning and boosting of tumor nodules within the 

prostate.
�� A wide choice of modalities are currently available for in-room image-guided radiotherapy, all of which have different advantages and 

disadvantages.
�� Fiducial markers presently remain the most accurate method of verification.
�� Accurate tracking of the prostate, increasing dose and cancer control while reducing treatment margins and treatment-related side 

effects is realizable with the application of current technologies.

checks or excessive reductions in safety margins 
may lead to an increased risk of geographical 
miss. The second caveat relates to toxicities such 
as a possible increased risk of second malignan-
cies, which may be modeled as a stochastic effect. 
With IMRT and arc radiotherapy, the amount of 
tissue irradiated to a low dose is increased. This 
is sometimes called the low-dose “bath effect”, 
which could result in an increased risk of a sec-
ond cancer. Such issues need to be considered 
when integrating these new developments.

With the rapid development of new technolo-
gies bringing the prospect of increased accuracy 
of localization and treatment delivery, these are 

exciting times and there is no doubt that the face 
of prostate cancer planning and verification will 
change substantially over the next decade. 
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