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Consensus guideline
Use of image-guided radiation therapy (IGRT) helps to account for daily prostate position changes during
radiation therapy for prostate cancer. However, guidelines for the use of IGRT are scarce.
An ESTRO panel consisting of leading radiation oncologists and medical physicists was assembled to

review the literature and formulate a consensus guideline of methods and procedure for IGRT in prostate
cases. Advanced methods and procedures are also described which the committee judged relevant to fur-
ther improve clinical practice. Moreover, ranges for margins for the three most popular IGRT scenarios
have been suggested as examples.

� 2019 Elsevier B.V. All rights reserved. Radiotherapy and Oncology xxx (2019) xxx–xxx
INTRODUCTION

In the treatment of prostate cancer using external beam radio-
therapy (EBRT), the motion of the prostate gland affects an accu-
rate delivery of the treatment dose. Image-guided radiotherapy
(IGRT) is understood as the use of imaging technology to secure
localization of the target position during treatment. IGRT is essen-
tial for compensating the motion of the prostate gland in the
patient during radiotherapy, ensuring that dose distributions are
deposited correctly. The use of IGRT is especially important when
modern techniques utilizing highly conformal dose distributions
such as intensity-modulated radiation therapy (IMRT) or stereotac-
tic body radiation therapy (SBRT) are used. The clinical target vol-
ume (CTV) needs to be surrounded with a safety margin to account
for set-up errors and target motion, thus establishing the planning
target volume (PTV) to prevent a geographical miss. IGRT is used to
reduce systematic (e.g. a treatment preparation, positioning or tar-
get delineation error) and possibly random positioning errors (e.g.
treatment execution error, varying every fraction). Systematic
errors shift the whole dose distribution away from the CTV while
random errors lead to a dose spread around the CTV. When IGRT
is applied, safety margins should account only for residual
uncertainty.
A large body of literature exists on image guidance for position
verification in prostate cancer. Nevertheless, clear guidelines on
the use of image guidance techniques in prostate cancer are lack-
ing. Therefore, we assembled a panel of experts to formulate an
ESTRO ACROP consensus and derive specific guidelines.

The purpose of the paper is to aid radiotherapy professionals in
the design of IGRT protocols, as well as in the selection of corre-
sponding PTV margins.

The current guideline applies only to patients without prior rad-
ical prostatectomy, eligible for definitive EBRT. IGRT of the prostate
bed in post-prostatectomy patients is a separate topic, not covered
in this document.
MATERIALS AND METHODS

The authors conducted a non-systematic literature review
regarding a) interfractional and intrafractional prostate motion, b)
technical aspects of different IGRT approaches, c) clinical results
of IGRT in terms of cancer control and toxicity, d) choice of margins.
The search words ‘‘prostate cancer” ‘‘radiation therapy”
‘‘radiotherapy” ‘‘image guidance” ‘‘IGRT”, ‘‘positioning” were used.
Based on the identified literature, discussions, emails and livemeet-
ings, consensus recommendations for target margins were made.

The resulting consensus identifies methods and procedures that
are recommended for IGRT as well as more advanced recommen-
dations that the committee encourages clinicians to adopt as
further improvements of clinical practice.
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2 guideline on image guided radiation therapy for prostate cancer
RESULTS

Prostate motion and deformation

Interfractional prostate motion
Interfractional motion describes translational and rotational

movements of the prostate gland relative to the bony anatomy that
can occur between EBRT fractions [1]. The largest translational
variability is seen in the anterior-posterior (AP) direction and in
the superior-inferior (SI) direction, with less motion in the left-
right (LR) direction [2,3]. Rotations (mostly roll and pitch) are also
frequently observed with the prostate base more mobile than the
apex [4].

Interfractional motion has multiple causes. In addition to gen-
eral patient setup, variations in rectum filling have the greatest
impact on prostate translational shifts, with a modest impact on
rotational movements in the sagittal plane (pitch) by tethering
the apex [5]. Bladder filling has much less influence [6–12] and
only weak correlations exist between leg rotation and pelvic and
prostate motion [12].

Intrafractional prostate motion
During a treatment session, non-resolving slow drift, mainly in

the AP direction due to rectal filling, and sudden transient motion,
more common in the AP and SI directions due to bowel peristalsis,
are the two main types of intrafractional prostate displacements
[13]. Pelvic muscle clenching can also contribute to AP displace-
ment. As observed for interfractional motion, systematic and ran-
dom motion are large in the AP and SI axes, while less significant
in the LR axis [2]. With longer treatment session times, such as
with SBRT, the risk of intrafractional motion becomes more signif-
icant [14,15].

Treatment in prone position increases the risk of intrafractional
prostate motion [16,17]. Patient’s body-mass index [18–20], respi-
ration [21], or use of abdominal compression [22] do not seem to
impact prostate displacements.

Rectal volume variations [23,24] cause intrafractional prostate
motion. Bowel regimens have not shown clear efficacy in reduction
of intrafractional motion and are therefore not recommended as
routine practice. However, for patients with a high degree of
intrafractional motion, they may be indicated [13,25–27]. Immobi-
lization approaches such as the use of endorectal balloons may
limit intrafractional motion, especially for treatment sessions
longer than 150 s [28]. On the other hand, recto-prostatic spacers
do not significantly influence intrafraction prostate movements
[29,30].

Prostate deformation and seminal vesicles motion
Prostate deformation can be observed during the whole treat-

ment course at the level of the base, mostly due to the differences
in rectal filling [31]. A distended rectum in the planning CT should
be prevented as it may deform the prostate. The impact of the
anterior shift of the prostate is however negligible when an ade-
quate IGRT procedure is applied. A prostate shrinkage effect has
also been described during EBRT with an estimated volume
decrease in prostate gland of 0.5% per fraction, corresponding to
a decrease up to 24% at the end of the whole treatment course
[7]. Use of neoadjuvant androgen deprivation therapy [32,33]
and previous transurethral resection [7] are other factors influenc-
ing prostate deformation.

The seminal vesicles (SV) move particularly in the AP and SI
direction [34], strongly correlated to rectal volume and indepen-
dent of prostate movements [2,9,35–37]. SV may have a significant
deformation especially in the posterior direction [31,38]. Although
direct tumor invasion may limit SV mobility [39], control of SV
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motion is challenging, with intrafractional displacements increas-
ing with time [14]. Immobilization approaches such as the use of
endorectal balloons may limit intrafractional SV motion [28].

The bladder volume in the planning CT correlates with inter-
fraction position variation in the AP direction [40] but the effect
is small. Arguably this means bladder filling protocols are not
needed to improve positioning stability of the prostate. However,
there is a dosimetric advantage to bladder filling protocols given
that the bowel and parts of the bladder would move out of the
high-dose volume.
Position verification and correction technology

We consider that IGRT for prostate cancer should be based on
the position of the prostate itself. A multitude of technological
solutions are available for this purpose (Table 1). Since the bony
anatomy is not representative of the position of the prostate or
organs at risk, IGRT based on bony anatomy alone is inadequate
for prostate only treatments.

For a treatment of both the prostate and pelvic lymph nodes
(PLN), IGRT is preferentially based the position of the prostate,
given the more stable position of the PLN. IGRT based on the bony
structures may be considered but margins for prostate should then
be enlarged compared to the sizes suggested in Table 3, in order to
accommodate prostate organ motion.

For set-up of the patient, traditional visual inspection of the
patient position with a laser system can be complemented by sur-
face scanning methods, using cameras of infrared or near visual
light projections. However, surface scanning technology is not con-
sidered to be an adequate replacement to image guidance, but
rather a complement to sophisticated IGRT.

Radio-opaque intraprostatic fiducial markers
Consecutive radiographs can be made either with stereoscopic

imaging using two or three X-ray tubes and imagers mounted obli-
quely to avoid interference with the accelerator gantry [41], con-
secutive use of multiple images acquired with 1 X-ray tube
mounted to the gantry, with a single electronic portal imaging
device (EPID) mounted on the gantry [42], or a combination of
the former two. These methods require the use of radio-opaque
fiducial markers [43].

Typically, markers are implanted via a transperineal or tran-
srectal approach, the latter being associated with a higher rate of
complications. Markers are implanted about one week before sim-
ulation in order to reduce edema. Often, two markers are placed at
the posterior base of the prostate and one at the apex, but alterna-
tive configurations are possible as long as the orientation of the
prostate can be determined. A prerequisite for safe use of radio-
opaque markers for positioning is that the slice thickness of the
planning CT must be sufficiently small to allow an accurate fiducial
marker reconstruction. A drawback of fiducial markers is the inva-
sive implantation procedure. Furthermore, for patients who
received a transurethral resection of the prostate, stable position-
ing of the fiducial markers can be a challenge. Nonetheless, clinical
use of transperineally implanted fiducial gold markers for position
verification in EBRT of prostate cancer is considered a feasible and
safe procedure without negatively impacting a patients’ quality of
life [44].

A limitation of fiducial markers in combination with stereo-
scopic or single X-ray imaging is the lack of information about
deformations of the prostate gland and surrounding organs at risk
(OAR). In particular, the independent movement of prostate and SV
cannot be detected. Moreover, it may be difficult to determine the
rotational angle of the prostate with high accuracy, given the small
distance between the fiducials.
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Table 1
Overview of recommended IGRT technology solutions.

Technology Means Field of view Prostate Positioning
information

Primary use for
prostate IGRT

Approximate
imaging dose***

Radio-opaque fiducial
markers

X-rays of implanted
markers

Markers Translation
Rotation
(surrogate**)

Inter-fraction
localization

0.1–2 mGy [49,73]

Electromagnetic
transponders

Implanted transponders Markers Translation
Rotation
(surrogate**)

Inter/intra-
localization

N/A

CT-based CT imaging using
conebeam/MVCT

Prostate/Markers/Seminal vesicles/
Pelvic lymphnodes

Translation
Rotation
Deformation

Inter-fraction
localization

10–100 mGy* [74,75]

MRI Magnetic resonance Prostate/SV
Pelvic lymphnodes

Translation
Rotation
Deformation

Inter/intrafraction
localization

N/A

* more than 160 mGy with MVCT was reported [76] ** the system only present surrogate information of the prostate position (e.g. assumes constant fiducial marker position
within the gland) *** imaging dose per image set: data from selected references (the actual value depends greatly on settings and may vary).
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Stereoscopic or single X-ray imaging has the capacity to track
the prostate position during irradiation by means of fluoroscopy.
This makes gating of the treatment or real-time tracking of the
prostate motion and corresponding adaption of the treatment
fields of the multi-leaf collimator feasible [45,46].

CT-based image guidance
With on-board and in-room CT systems, which can be discrim-

inated by beam quality (kV or MV) and beam collimation (fan-
beam or cone-beam CT (CBCT)), the prostate gland, PLN and OAR
can be visualized at the start of a treatment fraction. Visibility
depends on image protocol, equipment and other factors. Indeed,
kV-imaging is associated with better soft-tissue contrast compared
to MV-imaging due to a higher contribution of the photoelectric
effect. CT-based methods may allow for image matching on the
alternative structures, such as the anterior rectal wall, in order to
maintain control of the OAR dose. Also, the rotational angle of
the prostate can be determined. However, to support localization
of the prostate gland and image registration, implanted fiducial
markers in combination with CBCT may help to reduce inter-
observer variability compared to soft-tissue alignment [47].
Acquired CT-data information may also be used for adaptive radi-
ation therapy (ART) strategies [48,49].

Electromagnetic transponder systems
Electromagnetic (EM) transponders, although not based on

imaging and thus strictly not an IGRT method, have been utilized
for gathering information of the prostate gland position. There
are advantages and disadvantages of these transponders compara-
ble to radio-opaque fiducial markers. Compared to X-ray based
techniques, an advantage is that no additional radiation dose is
given as part of the IGRT procedure (Table 1). A disadvantage is
that the EM transponders may adversely influence magnetic reso-
nance imaging (MRI) quality, reducing their applicability when
MRI is part of the clinical workflow [50]. As with radio-opaque
fiducial markers and X-ray imaging, the systems allow for frequent
(real-time) readout of positioning information, thus allowing
tracking of the prostate gland motion and potentially adapting
the treatment fields of the multi-leaf collimator [51].

Ultrasound
Localization using ultrasound (US) is a non-invasive and non-

radiation based approach by trans-abdominal or trans-perineal
transducers in treatment position, that allows for continuous
imaging. Camps et al. [52] reviewed the current status for prostate
cancer US-guided EBRT treatments and presented an overview of
studies comparing trans-abdominal and trans-perineal US with
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IGRT based on fiducial markers or cone-beam CT. Trans-perineal
US appeared to correspond more closely to fiducial-markers or
cone-beam CT than trans-abdominal US, but limits of agreement
nonetheless varied between 3.2 and 9.4 mm. Li et al [53] showed
that the pressure applied by a perineal US probe has a quantita-
tively similar impact on prostate displacement as transabdominal
pressure. While US is a viable option for prostate IGRT, for now it
must be considered less accurate compared to visualization of
implanted fiducial markers or CT-based image guidance.
MRI-guidance
Currently, integrated linear accelerators with MRI scanners

have been made commercially available, generating a lot of inter-
est within the community [54]. MR-guided EBRT systems offer the
opportunity for correcting translations, rotations and deformations
of the prostate and SV in real time throughout the treatment.
Through both inter- and intra-fraction corrections have become
feasible through this method [2], its benefit for IGRT of prostate
cancer still needs to be established.
Recommended technology
In general, systems using markers (single/stereoscopic X-ray

imaging or CBCT) have been reported to be able to detect smaller
shifts than CT-based IGRT using soft tissue matching [55–58].
Nonetheless, since the differences are small, we conclude that IGRT
to account for interfractional prostate movement for convention-
ally fractionated and moderately hypofractionated EBRT as a min-
imum standard must be based on either fiducial markers or CT-
based approaches with soft-tissue matching. Because CT-based
IGRT offers the advantage of visualizing the rotations and deforma-
tions of the prostate and SV, a combination of fiducial markers with
CT-based approaches is preferred. When the lymph nodes are part
of the treatment, volumetric imaging (e.g. CBCT) is highly
recommended.

Combining implanted fiducial markers with CBCT may help to
reduce inter-observer variability compared to soft-tissue align-
ment and thus facilitate adaptive strategies.

As far as intra-fraction motion is concerned, only selected sys-
tems, such as EM transponders or single/stereoscopic X-ray imag-
ing of implanted markers, may monitor the prostate position
during treatment. To estimate the uncertainty in intra-fraction
prostate motion, the limits of the system in detecting rapid shifts
should be considered. Moreover, for on-line tumor tracking, which
is still an uncommon treatment modality for prostate cancer, the
uncertainty of the chain detection-delivery should be accounted
for [59].
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Correction protocols
Different scenarios for correcting localization errors may be

divided in terms of the frequency of imaging and correction, and
the intent of the procedure. Off-line correction procedures have
been used widely as an efficient method for IGRT. Here the aim
is to correct systematic localization errors during a course of frac-
tionated EBRT. Random errors that happen between fractions and
intrafraction localization errors are not corrected for. For off-line
correction protocols different schedules of IGRT can be applied
[60,61]. These schedules typically involve a daily check during
the first few fractions followed by a correction and then less fre-
quent IGRT monitoring. On-line correction procedures aim primar-
ily to reduce the systematic error, however they also reduce the
random uncertainties by applying daily image guidance and cor-
rection prior to each treatment. Daily on-line correction proce-
dures are recommended over off-line procedures because of the
proven benefit in biochemical progression-free survival (bPFS)
and rectal toxicity [62,63]. Monitoring and ideally tracking of
intra-fraction motion may be considered for extreme hypofraction-
ation, although its clinical relevance is not established.

Regardless if an on-line or an off-line correction protocol is
used, often only translational corrections are performed. However,
rotational corrections potentially could improve dose coverage, in
particular when small PTV margins are applied [64]. While it can
be difficult to determine rotational angles accurately based on
fiducial markers alone, corrections of rotations are feasible in an
on-line setting using 6 degree-of-freedom couches [65,66] or with
robotic delivery systems, by properly rotating the robot [67]. Alter-
natively, adaptive strategies can be considered [68].
IGRT – clinical evidence

The clinical outcome of IGRT of prostate cancer radiotherapy
depends not only on treatment techniques and PTV margins, but
also on the definition of the CTV. Studies in the past usually defined
gross tumor volume (GTV) and CTV as the prostate with or without
a portion of SV. The recently published ESTRO ACROP guideline on
CT- and MRI-based target volume delineation of localized prostate
cancer gives recommendations for CTV delineation, including the
expansion of the prostate contour to compensate for potential
extracapsular extension that needs to be considered particularly
for patients with intermediate- and high-risk cancer [69].

Several studies demonstrated that the introduction of IGRT
techniques allows safe dose escalation. Dose escalation using
three-dimensional conformal radiotherapy (3DCRT) without IGRT
has been shown to improve bPFS, but to increase �grade 2 rectal
toxicity [70]. Most studies used conventionally fractionated EBRT,
with daily IGRT as a method to localize the prostate based on fidu-
cial markers or soft tissue matching (CT-based or ultrasound). The
majority of studies evaluating the clinical benefit of IGRT are retro-
spective. IGRT, IMRT and dose escalation have been introduced at
the same time. As IGRT is associated with more accurate target
detection, safety margins could be reduced and consequently the
dose to the OAR allowing a safe prescription of higher doses.
Hypofractionated or even extreme hypofractionated presciptions
have been introduced recently with increasing data.

Several groups have reported that patients with a distended
rectum during the planning CT yielded worse bPFS compared to
those with an empty rectum [71–73] though posterior margins of
0.75–1 cm were applied to account for prostate position uncertain-
ties. Patients were positioned based on skin-marks and bony land
marks as seen on weekly portal film. The rectum volume is known
to decrease during treatment, especially for patients with larger
rectum volumes in the planning CT. As a consequence, the prostate
moves posteriorly out of the predefined PTV and the cancer may
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not be treated adequately. This corroborates that IGRT based on
bony land marks must be considered inadequate and more sophis-
ticated IGRT techniques are warranted.

Likewise, after using a CT-based offline adaptive IGRT tech-
nique, that define an internal target volume generated by the union
of CTVs created on five different days, Park et. al. analyzed 962
patients after a median follow-up of 5.5 years and did not find
the rectal volume in the initial planning CT to be predictive of bPFS
or toxicity [74]. This strategy was introduced in 1997 and appears
to be a good solution, if other IGRT options are not available. With
an analysis of 488 patients who were treated with daily US-based
IGRT (4 mm posterior margins, hypofractionated treatment), Kupe-
lian et al. [75] supported the elimination of initial rectal distension
as predictive factor for outcome.

To explore whether the use of IGRT improves cancer control
rates Zelefsky et al. [76] retrospectively compared two groups trea-
ted up to 86.4 Gy with IMRT, with or without IGRT, based on fidu-
cial markers, and the same margins. IGRT was associated with
lower 3-year �grade 2 late genitourinary toxicity (10% vs. 20%)
and significantly improved 3-year bPFS for high-risk patients
(97% vs. 78%). The incidence of �grade 2 late rectal toxicity was
low (<2%) in both patient groups. A quality of life analysis has
demonstrated that a dose escalation up to 76 Gy in 2 Gy fractions
is not associated with increased toxicity in comparison to lower
doses of 70.2–72 Gy in 1.8–2 Gy fractions, if combined with US-
based IGRT and IMRT [77]. Chung et al. [78] evaluated the impact
of fiducial marker-based IGRT on toxicity after IMRT in whole-
pelvic treated high-risk prostate cancer patients. Lower grade 2
rectal (13% vs. 80%) and urinary (13% vs. 60%) toxicities were found
in the IGRT group. However, this difference could also be attributed
to considerably smaller safety margins in the IGRT group (2–3 mm
vs. 5–10 mm).

Regarding the impact of IGRT on toxicity rates, several other
retrospective studies reported decreased acute and late both geni-
tourinary and rectal toxicity after introduction of IGRT. Valeriani
et al. [79] found reduced late �grade 2 rectal toxicity (2% vs.
15%) as a result of daily kV CBCT-based soft tissue matching (and
posterior margin reduction from 6 mm to 5 mm) in a hypofraction-
ated concept after a median follow-up of 31 months, in comparison
to EPID bone matching). After a median follow-up of 22 months,
Kok et al. [80] reported reduced �grade 2 late rectal toxicity and
reduced duration of genitourinary toxicity in the IGRT group (fidu-
cial markers, 78 Gy in IGRT group vs. 74 Gy in non-IGRT group,
same posterior margins, larger percentage of IMRT in IGRT group).
In an analysis of 503 high-risk patients the dose in the IGRT group
(fiducial markers) was escalated from 76 Gy to 78 Gy, additionally
IMRT and reduced margins were introduced, with the consequence

of reduced 2-year > grade late 2 urinary (30% vs. 42%) and �grade
late 2 rectal toxicity (6% vs. 57%) [41].

Moreover, comparing two prospective Dutch cohorts treated up
to 78 Gy, reduced �grade 2 acute genitourinary and rectal toxicity
was reported for patients treated with IMRT, IGRT (fiducial mark-
ers or CBCT) and reduced margins compared to 3DCRT without
IGRT [81]. The analysis of late side effects has shown lower 5-
year �grade 2 rectal toxicity (25% vs. 38%) [82]. Zapatero et al.
[83] found reduced �grade 2 acute and late genitourinary toxicity
after IMRT and IGRT (fiducial markers) in spite of higher total doses
in comparison to a 3DCRT group without IGRT. Delobel et al. [84]
generated a nomogram to predict rectal toxicity following prostate
cancer EBRT. In a population of 972 patients with different frac-
tionations and techniques, the combination of IMRT with IGRT
(fiducial markers or CBCT) markedly decreased acute and late rec-
tal toxicity. The 3-year �grade 2 rectal toxicity (mainly rectal
bleeding) was 19%, 13% and 4% following 3DCRT, IMRT alone and
IMRT combined with IGRT, respectively.
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However, Engels et al. [85] found IGRT (fiducial markers) to be a
risk factor for biochemical failure after a median follow-up of
53 months. However, only 25 patients with fiducial markers were
included and lateral margins were reduced to 3 mm. The authors
concluded that extensive margin reduction might be detrimental
and should be avoided. This study shows that margin around the
prostate should not be reduced beyond what is considered a neces-
sary CTV expansion. Explicit definition of the CTV as recommended
in [69] is critical, particularly when PTV margins are small.

Two randomized studies that evaluated the impact of IGRT have
been recently published. In the RIC-trial (257 patients), daily CBCT
treatment with 7 mm uniform margins was compared to a treat-
ment with weekly EPID verified irradiation with 15 mm uniform
margins (78 Gy in 2 Gy fractions in both groups, margin reduction
to 3 mm in both groups after 70 Gy) [63]. A 3D conformal tech-
nique with a rectal dose constraint of 60 Gy to no more than half
of the circumference was defined in both groups, so that a poste-
rior blocking had been used in the majority of patients with
15 mm margins, actually leading to reduced posterior margins.
Currently, only patient outcomes at the end of treatment were
reported and significant differences have not been found, so that
final conclusions cannot be drawn from this study yet.

In a randomized study including 470 patients, de Crevoisier
et al. [62] compared daily with weekly IGRT (fiducial markers or
CBCT or ultrasound). After a median follow-up of 4.1 years, daily
IGRT has been found to be associated with lower �grade 1 rectal
toxicity, improved bPFS and improved clinical progression free-
survival. However, an increased rate of second cancers was found
in the daily IGRT group. An association with additional radiation
delivered with daily IGRT is unlikely within the short follow-up
period suggesting this finding is spurious.

Moderately hypofractionated concepts are increasingly used for
prostate cancer treatment, based on results of several randomized
studies showing outcomes equivalent to conventional fractiona-
tion, if the same techniques are used [86]. Limited experience
exists with extreme hypofractionation, using single fraction doses
of 7–8 Gy. These studies often use implanted fiducials for real-time
monitoring and/or tracking with either a regular linac or a robotic
gantry, as intrafraction prostate displacements are more relevant
in these concepts. Extreme hypofractionation proved to be feasible
and well tolerated within limited follow-up periods. As shown in a
cohort study from 2142 men enrolled in 12 phase 2 trials of stereo-
tactic body radiotherapy, most studies used 3 mm posterior mar-
gins. Only 2 of 12 studies did not use any form of intrafraction
tracking, using 4–5 mm posterior margins. High rates of biochem-
ical control and low rates of severe toxic events were reported after
a median follow-up period of 7 years [87]. MRI-guided prostate
adaptive IGRT is a method that needs to be evaluated in the future
[2].
Margins

Historical PTV margin recommendations introduced in the ‘90s
[12,88] were based on population-based data of systematic and
random positioning uncertainties in order to keep the minimum
dose to CTV within 95% of the prescribed dose. The most com-
monly used margin recipe by Van Herk et al. [12] aims to guarantee
a minimum dose of 95% in 90% of all patients, in its simplified
form: M = 2.5 Ʃ + 0.7r, where M is the margin, Ʃ and r are respec-
tively the systematic and random component of the uncertainty.
Any IGRT system has its own accuracy and precision in determin-
ing the position of the CTV and provide different levels of informa-
tion: fiducial marker-based methods only provide information
about the rigid translation and rotation. Deformations may be
detected with 3D imaging techniques such as CBCT. Some tech-
niques only provide data prior to a treatment fraction, others can
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monitor intra-fraction motion. The impact of random components
in inter-fraction motion and intra-fraction motion will depend on
the fractionation schedule. And finally, the steepness of dose gradi-
ents needs to be considered in margin calculations. While the sim-
plified Van Herk equation is widely utilized, its assumptions about
conformal dose distributions may not be valid for IMRT and VMAT
dose distributions. Despite its limitations, the simplified van Herk
formula can be useful in some situations, as discussed in the next
sections. Nonetheless, while the extended Van Herk equation [12]
may be more appropriate, only with probabilistic planning, this
can be rigorously addressed.
Defining different sources of residual uncertainties
In IGRT, many different uncertainties need to be considered:

(a) Intrinsic accuracy and precision of the IGRT system.
(b) Inter-fraction rigid error: in the case of application of off-line

correction protocols, the estimate of the error is based on a
limited sample of measurements. Consequently, for the
remaining fractions, a residual (rigid) error is expected.

(c) Inter-fraction non-rigid error: dealing with both deforma-
tion of CTV with respect to the planning situation and resid-
ual shift/rotation of CTVs or their portion not properly
accounted for by the rigid correction, as may typically hap-
pen for SV and PLN after prostate-based correction.

(d) Intra-fraction rigid error: dealing with changes during a sin-
gle fraction that can be corrected by rigid translations/
rotations.

(e) Residual intra-fraction error: dealing with intra-fraction
shifts that cannot be corrected due to both local deforma-
tions occurring during a single fraction and due to the time
left between two consecutive intra-fraction corrections.

The impact of the different residual errors is strongly dependent
not only on the technology used and on the applied protocol (Off-
line vs. On-line; CTV defined on prostate only, prostate + SV, pros-
tate + SV + PLN) but also on several factors such as the number of
fractions, the protocols for patient preparation (including patient
positioning and bladder/rectum filling protocols or use of endorec-
tal balloons) and the shape of the dose distribution. In most IGRT
scenarios, prostate rotations cannot be easily corrected, contribut-
ing to the residual error after rigid translation corrections. Rota-
tions can have a significant impact, in particular when small PTV
margins are applied, and the magnitude of prostate rotations is
an insufficient predictor of dose decrement to the target during
radiotherapy. The consequence of rotations depends on the pros-
tate shape and the location of the rotational centroid within the
prostate [64].

For each component of residual error, it is necessary to estimate
the extent of systematic error throughout the entire treatment, and
the extent of random error. The size of safety margins in prostate
cancer critically depends on the residual errors associated with a
particular IGRT technique and there hardly is a one-fit all solution.

The accuracy of detecting the center of mass of the prostate
with fiducial markers is high, with an estimated standard deviation
of about 0.6 mm [89] and this influences both the systematic and
random error. The intrinsic accuracy of the IGRT system needs to
be investigated: if we focus on LINAC-based technology using vol-
umetric imaging, values are typically in the range of 0.5–1.5 mm
(1SD), with lower values using markers.

Yartsev et al. reviewed the margins reported in more than 100
publications according to the type of IGRT, showing large varia-
tions (range: 1.5–14 mm) [90]. On the other hand, a recent survey
based on data coming from about 600 US-based institutes [91]
reported a limited inter-institutional variation of the (most critical)
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Table 3
Examples for target margins for prostate, seminal vesicles and pelvic node according
to IGRT approaches (off-line, on-line, on-line with prostate tracking).

Correction protocol Margins (mm)

Prostate Seminal Vesicles* Pelvic Nodes*

Off-line** LR: 5–7 LR: 7–9 LR: 7–9
AP: 7–9 AP: 8–12 AP: 7–9
CC: 7–9 CC: 8–12 CC: 7–9

On-line LR: 5–6 LR: 7–8
Iso: 4–6 AP: 7–9 AP: 7–8

CC: 7–9 CC: 7–8

On-line + tracking Iso: 2–4 N/A N/A

Iso = isotropic; N/A: not applicable; LR: left–right; AP: anterior-posterior; CC: cra-
nial-caudal; *based on prostate matching; **without further corrections after the
first correction of systematic error

6 guideline on image guided radiation therapy for prostate cancer
posterior margins (median value: 5 mm, inter-quartile range: 5–
6 mm), reflecting margin reduction to prevent rectal toxicity.

Margins for IGRT scenarios
Each IGRT scenario is associated with residual uncertainties.

While the details will depend on the specific implementation in
each clinic, some guiding principles can be articulated:

(1) Centers should make an effort to estimate their particular
residual uncertainties and derive safe margins from these
individual estimates; errors that have to be typically consid-
ered are summarized in Table 2 for the three main scenarios
of off-line correction, on-line correction and on-line prostate
tracking protocols.

(2) IGRT based on fiducial markers or CT-based approaches with
soft tissue matching is recommended to account for inter-
fractional prostate movement. Daily on-line IGRT is pre-
ferred for conventionally fractionated radiotherapy and
recommended in case of hypofractionated radiotherapy.

(3) In case of inclusion of PLN different margins need to be
applied. SV have a larger variability compared to the pros-
tate. As the motion is not detected and corrected with fidu-
cial markers, larger margins are needed to ensure that the
prescribed dose is indeed delivered.

(4) The impact of intra-fraction error may be assessed by
acquiring images before and after the delivery or by systems
permitting continuous monitoring of the prostate position.

Based on literature, experience and expert opinions, a range of
plausible margins for the most popular IGRT scenarios (Table 3)
are discussed below. Any choice of margins out of these ranges
should be justified.

Off-line correction of rigid prostate translations for conventional
fractionation schedules

In this scenario, an off-line no-action-level (NAL) correction
protocol [92] is followed where the average localization error after
few fractions (systematic error) is applied as correction. Weekly
verification measurements follow to correct for possible trends,
but random errors are not corrected for. No correction for rotations
or intra-fraction motion is performed.

With fiducial makers, no information is obtained about the
shape of the prostate or relative motion of the SV and/or PLN.
Intra-fraction motion is in this scenario not detected. With CT-
based approaches, some information about shape and relative
motion of SV is obtained, but not corrected for. After 3–5 fractions,
the systematic localization error can be estimated with limited
accuracy [61]. With this correction protocol, the dominant factors
in the uncertainty are the systematic residual errors (rigid inter-
fraction), a smaller contribution of the random inter-fraction error,
and still minor contribution of the inter-fraction non-rigid and
intra-fraction motion. While considering its limitations, the com-
Table 2
Residual errors in prostate margin definition for the three main IGRT scenarios.

Off-line On-line On-line + tracking

Intrinsic uncertainty of
IGRT system

Intrinsic uncertainty
of IGRT system

Intrinsic uncertainty
of IGRT system

Inter-fraction non-rigid Inter-fraction non-
rigid

Residual Intra-
fraction

Intra-fraction (rigid
+ residual)

Intra-fraction (rigid
+ residual)

Residual inter-fraction
systematic error rigid

Interfraction random error
rigid
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mon margin recipe [12] can be used as a basis for estimating mar-
gins, with possible integration of the impact of not-rigid residual
error on SV and/or PLN [39,93,94]. As a result (Table 3), margins
in the AP and SI directions of 7–8 mm would be required. In the
LR direction slightly smaller margins of 5–6 mm can be considered
safe. If the PLN are part of the target volume for part of the treat-
ment in cN0 high-risk cases (usually up to 50 Gy) or during the
whole treatment (cN+) larger margins would be required.

On-line correction of rigid prostate translations
On-line correction of rigid prostate translations is nowadays the

most popular approach for prostate IGRT [91,95]. Before delivering
each fraction, the prostate is visualized and the set-up is corrected.
In this case, rigid translations are generally applied to correct the
set-up daily, without correcting any rotations. There is also a resid-
ual non-rigid error that needs to be accounted for as well as intra-
fraction motion. The impact of rotations depends on patient-
specific factors such as shape and location of the centroid within
the prostate. Amro et al. [64] showed that adequate target cover-
age was met in 39%, 65%, and 84% of the patients for plans with
2, 3, and 5 mm PTV margins, respectively. Non-rigid changes typi-
cally result in a SD of 0.5–1.5 mm [38]. Intra-fraction motion may
be estimated by comparing images before and immediately after
the treatment or taken during the treatment: typically, the 95%
percentile of intra-fraction rigid shifts were reported to be of the
order of 3–5 mm for a typical 5–10 min period between set-up cor-
rection and end of delivery [23,96]. Overall, margins for prostate
may be expected to stay in the range 4–6 mm. Regarding PLN again
larger margins are necessary (Table 3).

Real-time prostate tracking
We consider the case of the treatment of prostate only CTV (i.e.

no SV or PLN irradiation) with few fractions, for instance five, and
using technology allowing a continuous monitoring and correction
of intra-fraction rigid motion. In this case, intrinsic uncertainty and
residual intra-fraction error are the only remaining uncertainties
and may be of the same order of magnitude, although this depends
on the rapid evolution of the tracking technology. The major error
is the residual rigid intra-fraction shift between two consecutive
corrections. For a robotic system with two orthogonal X-ray detec-
tors, an average time of 70 s between two consecutive corrections
(including both translations and rotations) resulted in a residual SD
of about 1 mm [97]. The impact of such an error on the dose deliv-
ered to the prostate is clearly not Gaussian but may be adequately
covered with margins of 2–3 mm in combination with robot trans-
lations and rotations up to 5� [98,99]. However, the combined
impact of this rigid residual component of intrafraction error and
of local prostate deformations has not been yet fully investigated
leading to set the plausible range of margins between 2 and 4 mm.
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Table 4
ESTRO ACROP recommendations on prostate IGRT:

1. IGRT for prostate cancer needs to be based on the position of the prostate itself, IGRT based on bony anatomy is considered inadequate for prostate only treatments
2. IGRT to account for interfractional prostate movement for conventionally fractionated and moderately hypofractionated EBRT as a minimum standard must be

based on either fiducial markers or CT-based approaches with soft-tissue matching. A combination of fiducial markers with CT-based approaches is preferred
3. While US is a viable option for prostate IGRT, for now it must be considered less accurate compared to visualization of implanted fiducial markers or CT-based

image guidance
4. Daily on-line correction is preferred for conventionally fractionated radiotherapy and recommended in case of hypofractionated radiotherapy.
5. For a treatment of both the prostate and pelvic lymph nodes (PLN), IGRT is preferentially based the position of the prostate. IGRT based on the bony structures may

be considered but margins for prostate should then be enlarged compared to the sizes suggested in Table 3, in order to accommodate prostate organ motion
6. A distended rectum in the planning CT should be prevented as it may deform the prostate
7. Bowel regimens (including evacuation techniques, dietary interventions, laxatives, and enemas) are not recommended as routine practice. However, for patients

with a high degree of intrafractional motion, they may be indicated
8. Bladder filling protocols have no clear effect on positioning stability of the prostate, but may ensure a dosimetric advantage in terms of bladder and bowel sparing

as they move the bowel and parts of the bladder out of the high-dose volume
9. Monitoring and ideally tracking of intrafraction motion of the prostate may be considered for extreme hypofractionation
10. Margins for the three most popular IGRT scenarios have been suggested as examples in Table 3. Centers should however make an effort to estimate the residual

error in their own institution and derive safe margins from these estimates

P. Ghadjar et al. / Radiotherapy and Oncology xxx (xxxx) xxx 7
Summary of recommendation

Based on the discussed issues, a summary of the relevant rec-
ommendations for prostate cancer IGRT is shown in Table 4. The
Table includes methods and procedures that are recommended
as well as more advanced methods/procedures that, while not
strictly recommended, are encouraged as further improvements
of clinical practice. Margins for the three most popular IGRT sce-
narios have been suggested as examples in Table 3. Centers should
however make an effort to estimate the residual uncertainties in
their own institution and derive safe margins from these estimates.
CONCLUSION

IGRT is an important component in modern prostate cancer
EBRT. The ESTRO ACROP consensus defines methods and proce-
dures recommended for IGRT to guide clinicians in daily practice.
More advanced methods and procedures were described that the
committee encourages as further improvements to clinical
practice.
DISCLAIMER

ESTRO cannot endorse all statements or opinions made on the
guidelines. Regardless of the vast professional knowledge and sci-
entific expertise in the field of radiation oncology that ESTRO pos-
sesses, the Society cannot inspect all information to determine the
truthfulness, accuracy, reliability, completeness or relevancy
thereof. Under no circumstances will ESTRO be held liable for
any decision taken or acted upon as a result of reliance on the con-
tent of the guidelines.

The component information of the guidelines is not intended or
implied to be a substitute for professional medical advice or med-
ical care. The advice of a medical professional should always be
sought prior to commencing any form of medical treatment. To this
end, all component information contained within the guidelines is
done so for solely educational and scientific purposes. ESTRO and
all of its staff, agents and members disclaim any and all warranties
and representations with regards to the information contained on
the guidelines. This includes any implied warranties and condi-
tions that may be derived from the aforementioned guidelines.
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