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Abstract

Background and purpose: Repeat imaging protocols, specifying imaging frequency and action levels for
movement correction, can be used to achieve more accurate targeting of the prostate gland during
radiotherapy. We have carried out a study comparing the accuracies of online versus off-line correction
strategies which use implanted marker seeds to localize the prostate.

Material and methods: Data have been analysed for 60 prostate patients, verified using an online imaging
technique. Systematic and random errors have been calculated for a daily imaging protocol and for other
common imaging schedules. Resource requirements have been assessed for the daily imaging technique
by analysing the in-room timings performed on 10 patients.

Results: Daily imaging is beneficial for the majority of patients, an online imaging schedule with a 2 mm
action level significantly reducing systematic and random errors. The online imaging can be performed
with a 2-minute increase in the standard treatment slot.

Conclusions: Online imaging tracking techniques can facilitate margin reduction, which may help to
reduce rectal toxicities. The impact on departmental time and resource requirements is modest for the
online daily tracking technique with marker seeds and kilovoltage planar imaging.
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INTRODUCTION

The success of curative prostate radiotherapy
depends on accurate delivery of high radiation
doses to a defined tissue volume. Intensity-

modulated radiotherapy (IMRT) can deliver
increased dose to the tumour without increased
toxicity but requires smaller delineated treat-
ment margins. Hence, an accurate knowledge
of the position of the prostate is mandatory.1�3

Departmental data from 100 patients treated
with IMRT in 2004 observed a 14% Grade 2
and 2% Grade 3 bowel toxicity at 5 years.
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The use of implanted marker seeds has pro-
ven to be more accurate than alignment of
bony anatomical structures,4�5 and by using on-
line protocols where images are acquired, ana-
lysed and corrections made prior to treatment,
greater accuracy can be achieved on a daily
basis.6 Until recently, only off-line decision
protocols have commonly been used, analysing
images after a fraction has been delivered but
prior to the next fraction. However, with the
advent of image-guided radiotherapy (IGRT)
capable linear accelerators, online correction
strategies are now a possibility.

Planar kilovoltage (kV) imaging techniques
produce images with improved contrast defini-
tion using smaller radiation doses than conven-
tional megavoltage (MV) portal images. The
Varian On-Board Imager (OBI) allows for daily
imaging with automatic positional corrections
prior to each treatment, directly from the treat-
ment console. This therefore gives the possibil-
ity of daily imaging and online corrections
within a shorter time frame during the routine
working day. For this technique to be imple-
mented, our department developed an online
imaging schedule for a prostate tracking tech-
nique. The prostate can also move intrafraction-
ally,7 so we wanted to know the amount of
intrafraction movement when deciding the
action levels to use for the online correction
schedule and to advise our clinicians which
Planning Target Volume (PTV) margin to use.

For this analysis, we used data from a rando-
mised study which was carried out to compare
the accuracy of online compared with off-line
correction schedules using implanted markers.
These data were used to assist in the production
of an online imaging schedule.

MATERIALS AND METHODS

Data from 60 patients were used. This included
1,636 image-guided session information.

Patient preparation

Three or four small (5 mm · 1 mm) gold mar-
kers were implanted using transrectal ultrasound
guidance and antibiotic cover approximately 2

weeks prior to the Computed Tomography
(CT) planning scan, so that any initial swelling
of the prostate gland caused by marker insertion
had subsided and the marker seeds were fixed in
position. Before CT scanning and daily treat-
ments, patients followed a protocol for rectal
and bladder preparation, using a microenema
(RelaxitTM) to empty the rectum and drinking
500 ml of water 20 minutes prior to CT/treat-
ment. During the planning scan and treatment,
patients were positioned supine on a flat couch
top using in-house indexed head, knee and
feet supports.

Patient treatment

Patients were treated daily following either the
National Cancer Research Institute conven-
tional or hypofractionated high-dose intensity-
modulated-radiotherapy for prostate cancer
(CHHIP) protocol, using either 74Gy/37#,
60Gy/20# or 57Gy/19# dose/fractionation
schedules or an in-house IMRT schedule using
72Gy/32#. Treatment plans were produced
using the Pinnacle treatment planning system
using 10 MV photon beams and either five
IMRT fields or three field brick with three
concurrent boost fields for treatment delivery.

Patient positioning and online position
correction

Patients were aligned for treatment using the
standard laser alignment technique and a table-
isocentre height, superior/inferior and lateral
shifts according to the individual patient’s treat-
ment plan. A correction was made to the table-
isocentre height position to account for couch
deflection prior to first treatment on an indi-
vidual patient basis. The position of the marker
seeds on the digitally reconstructed radiogra-
phers (DRRs) obtained during treatment plan-
ning was used as the reference for the
positional verification. Daily kV planar images,
using a 5 cm · 5 cm field size, were acquired
from the anterior and lateral directions prior to
treatment using the OBI equipment. To deter-
mine the position of the prostate, the seed refer-
ence template was overlaid on the acquired kV
image and manually aligned. If a set-up correc-
tion greater than or equal to 2 mm was
observed in any direction (right-left RL,
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superoinferior SI or anteroposterior AP),
all corrections were made prior to treatment.
The couch was moved remotely into position
from outside the treatment room. Treatment
field images were also acquired which were
subsequently analysed off-line to assess any
intrafraction motion.

The 2 mm action level rounds up a combina-
tion of a 0.5 mm interobserver variation (shown
in an unpublished study from our institution)
using marker seeds and a 1 mm measured accur-
acy limit of the treatment couch.

Weekly cone beam CT images (CBCT) were
acquired to verify that the markers had not been
displaced since the planning stage. Other studies
have shown that there is no significant marker
migration within the prostate.8�9 This is in
agreement with our previous departmental
experience of using prostate marker seeds.
However, our previous data were for 45
patients, and we felt that marker migration
needed to be checked on an increased number
of patients to give increased confidence in our
department.

Calculation of positional errors and
margins

The image analysis results were used to calculate
the individual and population systematic (S),
and random (s) errors (1 standard deviation) as
described by van Herk and others10�12 for a
number of imaging strategies. For each imaging
correction strategy, the appropriate PTV mar-
gins were calculated from the systematic and

random errors using the van Herk10 formula
2.5 S þ 0.7 s, which optimises the margin
needed to deliver a 95% dose (D95) to the clin-
ical target volume (V95) for 90% of the patients.

Imaging schedules

The imaging schedules included no corrections,
two different no-action level (NAL) imaging
approaches and daily imaging with online cor-
rections. These schedules are summarised in
Table 1.

Effect of intrafraction motion

The images acquired prior to a treatment frac-
tion were compared with those acquired at the
end of the fraction in order to measure the
intrafraction motion. Either anterior and lateral
or posterior and lateral end of fraction images
were acquired to establish the three-dimen-
sional prostate position. This was carried out
on an individual patient basis and the range,
mean and standard deviation of values in each
direction RL, SI and AP calculated. Each
imaging schedule was rechecked to calculate
their residual errors taking into account the
intrafraction motion.

Resource implications

Daily in-room timings were made for 10
patients to quantify the resource implications
of using this online technique, this gave a total
of 280 individual timings. The timing began
when the patient entered the linac room and
stopped as they exited. Therefore, the timing
was representative of the image acquisition,

Table 1. Summary of imaging schedules

Imaging schedule Imaging method

None No corrections to isocentre position
NAL3 Mean shift of first three fractions calculated and applied to each subsequent

fractions
NAL5 Mean shift of first five fractions calculated and applied to each subsequent

fractions
IGRT (image-guided radiotherapy) Daily online imaging and all corrections made prior to treatment if any one

correction (LR, SI, or AP) � 2 mm

RL, right-left direction; SI, superoinferior direction; AP, anteroposterior direction.
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analysis and treatment delivery processes. This
was compared to the 12-minute in-room time
allocated to radical prostate patients in the
department.

Statistical analysis

Data were analysed using Statistical Package for
the Social Sciences (SPSS) statistical analysis
software using paired Wilcoxon signed rank,
Kolmogorov-Smirnov test of normality and
F- tests.

RESULTS

Positioning accuracy

The maximum prostate displacements observed
in each direction using the pretreatment
imaging data as if no correction schedule
had been applied were 11 mm, 12 mm and
11 mm in the RL, SI and AP directions,
respectively. The percentage of displacements
greater than standard 3 mm and 5 mm action
levels was greatest in the AP direction with
48% > 3 mm and 26% > 5 mm. These data
are summarised in Figure 1.

Figure 2 describes the positional accuracy
results of the four imaging schedules analysed.
Mean, systematic and random errors were cal-
culated for each direction. Making no correc-
tions, the systematic errors S and the random

errors s in the various directions ranged from
2.4 to 3.3 mm and from 1.8 to 2.5 mm, respect-
ively. The overall mean error M in the AP dir-
ection of �2.2 mm is larger than the calculated
values in the RL and SI directions (0.7 mm and
�0.01 mm).

The pretreatment image analysis results were
used to simulate the effect of the NAL imaging
schedules in order to calculate their systematic
and random errors. In comparison with the
no-correction schedule, the off-line correction
schedules NAL3 and NAL5 reduce the system-
atic errors to approximately 1 mm in the LR
and SI directions, 1.5 mm in the AP direction,
but the random errors remain approximately
the same, 2 mm in the LR and SI directions,
3 mm in the AP direction.

If daily imaging is performed together with
online corrections prior to treatment, using the
image-guided technique, both the systematic
and random errors are significantly reduced to
negligible values with a range of 0.04�
0.2 mm and 0.09�0.4 mm, respectively. The
overall mean deviation is reduced to negligible
values less than 0.5 mm. Figure 2 shows the
improvement in the systematic and random
errors, in all directions, that can be achieved
when this imaging schedule is used.

Intrafraction motion

Positional differences between the prefraction
image analysis results and the last two treatment
field image analysis results were measured. The
prostate location observed on the last two treat-
ment field images was used to represent the
post-treatment fraction position. The intrafrac-
tion motion observed had mean values of -0.1,
0.2 and 0.6 mm with standard deviation of
0.7, 3.5 and 1.9 mm in the RL, SI and AP
directions, respectively (Table 3). The max-
imum intrafraction motion observed was 20
mm in the AP direction, indicating a posterior
displacement of the prostate. However, a similar
displacement of 11 mm was indicated in the
opposite direction, indicating an anterior pro-
state displacement. The standard deviation is
higher in the SI direction indicating a larger
spread. The intrafraction motion was less than

Figure 1. % shifts above particular levels. Abbreviations: RL ¼
right-left direction, SI ¼ superoinferior direction, AP ¼ antero-

posterior direction. þve ¼ right, inferior, posterior, �ve ¼ left,

superior, anterior isocentre correction.
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3 mm for 55% of patients in the AP direction,
70% in the SI direction and 76% in the LR
direction.

We tested the distribution of errors calculated
on data obtained at the start of each treatment
fraction compared to the distribution of errors
at the end of the fraction. For the IGRT sched-
ule, set-up corrections were made prior to
treatment delivery if the observed correction
was 2 mm or above in any direction, and the

distribution of errors at the end of the
fractions was significantly wider than the distri-
bution of the residual errors prior to each
fraction, p-values are displayed in Table 2. A
Kolmogorov-Smirnov test of normality of the
distributions of the intrafraction motion are
non-rejectable in each direction except for the
lateral displacement. However, the displace-
ments in the lateral direction are significantly
lower than the other directions.

Figure 2. (a) Mean errors for each imaging schedule. (b) Systematic and random errors for each imaging schedule. Abbreviations:

M ¼ overall population mean,
P ¼ systematic error, s ¼ random error, RL ¼ right-left direction, SI ¼ superoinferior direction,

AP ¼ anteroposterior direction, intra ¼ intrafraction motion.
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Individualised imaging schedules

The four imaging schedules were compared
using a paired Wilcoxon signed rank test to
assess the advantages of each. This test showed
that the IGRT schedule gave a very significant
improvement (p ¼ 0.000) in the systematic
and random errors and that the NAL5 schedule
did not show a significant advantage when
compared to the NAL3 schedule.

The variance of the mean systematic prostate
position during the first week of treatment to
the last week of treatment was also compared
to quantify any time trends that might exist.
The results showed that there was significantly
greater variation in the AP position late in the
treatment compared to early (p ¼ 0). In the SI
direction, the variation was greater early in the
treatment compared to late. This again was stat-
istically significant with a p-value of 0.009. In
the LR direction, there was no significant dif-
ference (p ¼ 0.218).

Resource requirements

In-room timings on the first 10 patients in this
group ranged from 10.12 to 22.15 minutes.
The mean time was 14.36 minutes (SD 1.95).

The in-room timing for CBCT acquisition
and treatment has been measured in a separate
in-house study to be 13.5 minutes. Analysis of
the CBCT images and set-up corrections will
add a further 2 minutes and consequently may
increase the amount of intrafraction motion.
This is another contraindication for the use of
routine daily CBCT imaging in comparison
with the planar kV imaging method described
in this article.

A further contraindication to the use of
CBCT for prostate tracking is that the dose
implication from daily planar kV imaging is
minimal, especially compared to daily CBCT.
For a pair of kV images, the dose is approxi-
mately 0.1 mSv, while a CBCT pelvis scan is
approximately 4 mSv. The daily planar kV
imaging technique leads to a small radiation
dose of 3.7 mSv for a 37# course.

DISCUSSION

Positioning accuracy

In this study, similar maximum prostate displa-
cements of approximately 11 mm were found
in all three directions. Other groups have
found maximum displacements in the AP
direction,13�16 our results potentially differ due
to the correction of table-isocentre position
made prior to the first treatment to account for
individual couch deflection. As the couch
deflection has been accounted for, our pretreat-
ment image assessment results will represent
‘real’ prostate movement. Van der Vight’s group
showed that when this deflection is accounted
for, the pretreatment mean AP deviation was
reduced from �4.1 to �2.1 mm,15 concurring

Table 2. P value significance of intrafraction change

Direction

Individual
systematic
error

Individual
random
error

Vertical 0.000 0.000
Longitudinal 0.034 0.000
Lateral 0.016 0.003

Table 3. Intrafraction motion

RL SI AP
Author Mean (SD) mm Mean (SD) mm Mean (SD) mm

McNair14 0.2 (1.3) �0.1 (1.8) �0.1 (2.0)
Cheung3 0.14 (0.92) 0.45 (1.27) 0.72 (1.8)
Huang19 0.01 (0.4) 0.1 (1.0) 0.2 (1.3)
Masden20 1.4 (1.5) 2.0 (1.8) 1.9 (2.0)
Kitamura21 0.1 (0.1) 0.3 (0.2) 0.3 (0.4)
Heaton �0.1 (0.7) 0.2 (3.5) 0.6 (1.9)

RL, right-left direction; SI, superoinferior direction; AP, anteroposterior direction.
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with the mean value of -2.17 mm found in our
study. Another factor may be the use of bladder
and rectal preparation. All of the patients in our
study used a rectal enema and drank a fixed
amount of water throughout the planning and
treatment process, whereas none of the other
studies used any rectal preparation in enema
form. McNair et al. asked the patients to empty
their rectum prior to treatment;14 van der
Vight15 used an endorectal balloon for 65 of
the 102 patients in the study. This may explain
why our mean AP displacement was lower
than other groups. From the data, we calculated
the percentage of displacements which were
greater than standard action levels of 3 mm and
5 mm (Figure 1). This was considerable in the
AP direction where 50% of the pretreatment
image data showed prostate displacement of >
3 mm and 25% > 5 mm. These results include
data from more patients than reported by
McNair14 and Chung13 who found 16% > 5
mm and 11% > 5 mm, respectively. In our
study, it was interesting to note that of the AP
displacements greater than 3 mm, the majority
(83%) were in the negative direction, that is,
the prostate had moved anterior. This may be
due to rectal gas or changes in bladder filling.
This is difficult to evaluate as the gas is difficult
to evaluate using planar images as used for this
study. Even though a strict bladder filling proto-
col is used throughout, patients often have diffi-
culties holding this volume due to treatment-
related toxicities towards the end of their treat-
ment course. Also, it has been observed on
CBCT images that the bladder volume reduces
towards the end of treatment. This may help
to explain the anterior displacement and will
be a subject of future analysis using the CBCT
image data acquired for the patients within this
study.

The systematic and random positioning errors
for each of the imaging schedules are in agree-
ment with other studies.14�16 Systematic displa-
cements can be halved if an NAL protocol is
used and are slightly less in each direction for
the NAL5 protocol compared to the NAL3.
Our NAL3 imaging schedule reduced systematic
errors by 50%, 40% and 47% in the RL, SI and
AP directions, respectively, while the NAL5
schedule reduced the systematic errors by 57%,

50% and 53%. McNair et al.14 found similar
results, with reductions of 39%, 54% and 62%.
Random errors can only be reduced by using
an IGRT daily online imaging schedule, a con-
clusion also reached by van der Vight15 who
showed that the random AP error using an off-
line imaging schedule was 2.6 mm and this
could be reduced to 1 mm if an online schedule
was used. Our study showed a reduction in the
AP random error from 2.7 to 0.1 mm.

Image-guided protocols have the potential to
reduce (prefraction) systematic and random
errors to small residual values,17�18 our results
showing residual errors of approximately
1 mm for systematic and random errors in
each direction.

Intrafraction motion

Rank testing of our data (Table 2) showed that
the intrafraction motion significantly adds to the
prefraction small residual positioning errors
achieved using the IGRT correction protocol
and is random in nature. AP intrafraction
motion was the most notable, with only 55%
of displacements within 3 mm. This intrafrac-
tion motion may be caused by either patient
movement or changes in bladder or rectal
volumes causing the prostate to become
displaced.

Table 3 shows a comparison of our results
with other studies which have measured intra-
fraction motion in the same way, either com-
paring pre- and post-treatment images or
comparing first two beams to last two beams.
We found the SD was greater in the SI and
AP directions. The largest observed intrafrac-
tion motion occurred in the AP direction
which is in agreement with Cheung3 and
Huang19. The Huang study used the b-mode,
acquisition and targeting ultrasound system
(BAT), while the Cheung3, Madsen20 and
McNair14 studies used imaging of markers as
in our study. The Kitamura21 study reported
lower mean and standard deviation values than
most of the other studies, for 10 patients.
They used a fluoroscopic real time tumour
tracking system to image the markers during
treatment. This technique may provide a more
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accurate estimation than the method used in the
other studies, including ours.

PTV margin

For the daily online correction schedule, it is
important to include the intrafraction motion
effect since the position error is corrected before
the treatment fraction but the prostate location
has moved by the end of the treatment fraction.

Figure 3 shows calculated PTV margins
required for each of the imaging schedules and
indicates a reduction in margin size in each dir-
ection (RL, SI and AP) obtained using an
IGRT imaging schedule. However, this gain is
limited by the intrafraction motion, which
requires the margin to be increased from
0.7 to 1.4 mm, 0.2 to 2.3 mm and 0.2 to 3.9
mm in the RL, SI and AP directions. These
results correspond well to the results of both
Cheung and McNair13�14 who found the mar-
gins required were 3 mm/3.2 mm RL, 3 mm/
3.4 mm SI and 4 mm/3.5 mm AP. Both our
departmental IMRT protocol and the CHHIP
protocol use a concurrent boost technique.
For the high-dose PTV, a 2 mm posterior mar-
gin and a 5 mm margin in all other directions is
applied, while for the lower dose PTV, a mar-
gin of 1 cm in each direction defines the
PTV. Our results suggest that these margins

can be reduced if online tracking is used,
although the margins calculated in our study
do not take into account some potential sources
of error, such as target delineation accuracy on
CT and/or magnetic resonance imaging
(MRI)22, prostate deformation23 and rotation24.
However, perhaps due to our use of daily rectal
preparation, we have not seen any rotation or
deformation, and rotation has been shown
to be negligible in a number of studies.24�26

De Crevoisier et al.27 showed that rectal disten-
sion at the planning stage is associated with a
decreased probability of biochemical control,
concluding that this was due to geographical
miss and suggesting that daily image-guided
technique should be used. The set-up margin
should not be less than 1.4 mm, 2.3 mm and
3.9 mm in the RL, SI and AP directions for
the online tracking technique. For any patients
treated without markers and/or using an off-
line schedule, this margin should be greater.

Individualised imaging schedules

Rank testing of the imaging schedules con-
firmed the obvious advantages of using an
online prostate tracking schedule. The time-
trend analysis between the first and last weeks
of treatment showed that the variance is signi-
ficant systematically in the AP and SI direc-
tions and is different for each patient. The

Figure 3. Margin required for set-up error using Van Herk et al formula 2.5
P þ 0.7 s
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greater variation in the AP direction would be
explained by changes in bladder and rectal
volumes in the latter part of the treatment
course when toxicities become an issue. This
may also effect the SI displacement. Van der
Heide’s group16 also showed that time trends
occur frequently in the AP and SI directions
and used a large database of 453 patients to
identify this. They also found that individual
patients show a substantial variation from the
common group behaviour. The trend in the
AP direction is partly explained by the effect
of couch deflection which was not corrected
for. The AP and SI trends are probably due
to the variation in rectal filling as the patients
were not given any rectal preparation or
advice throughout the treatment.

Daily imaging was found to be necessary for
the majority of patients due to the analysis of
the systematic and random errors for each tech-
nique and the margins produced compared
with the current margins used in our institu-
tion. A method to identify these patients was
suggested to be necessary by Ghilezan et al.28

This study looked at the dose increments that
can be achieved if an image-guided schedule
is used based on the equivalent uniform dose
to the rectal wall. However, they found that
although all patients would benefit from a pro-
state tracking schedule in terms of facilitating an
increase in dose, only for a third of the patients
would this be significant (15�41%). They sug-
gested that an off-line decision-making proto-
col to select which patients would benefit
from online imaging schedules can be useful.
Our data will be further analysed to assess
whether a similar protocol can be developed
to identify the group of patients who would
benefit most from an online prostate tracking
schedule.

An action level of 1.5 mm was suggested by
van der Vight et al.15 to take into account the
accuracy limit of the treatment couch. As the
OBI system measures in whole numbers, 2
mm is the recommended action level for this
tracking technique, and corrections should be
made in each direction simultaneously
using OBI equipment if any one direction is
� 2 mm.

Resource requirements

The in-room time, taking into account the
patient entering and exiting the treatment
room, for a standard IMRT prostate treatment
is currently 12.5 minutes (mean). The in-room
timings of the patients in this study showed
that online imaging can be performed with a
2-minute (mean) increase. Van der Vight
et al.15 estimated that the total time for reposi-
tioning in the AP direction only and treatment
was 13.5 minutes and 10.5 minutes for IMRT
and 3-field box technique, respectively,
although they did not have the capability of
remote couch repositioning as we have. This
is comparable with our timings which take
into account corrections in all directions. It is
important to acknowledge that the range of
in-room timings was 10.12 to 22.15 minutes,
and with experience of using the technique, it
is likely that the lower range value would be
more representative of the required in-room
time for this technique.

The department has recently implemented
RapidArc for prostate IMRT patients. This
gives a 3-minute reduction in beam-on time
compared to the standard IMRT beam-on
time. Due to this, the in-room time for the pro-
state tracking schedule together with the beam-
on time is now less than the 12-minute time
currently allocated for this group of patients.

Stroom et al. showed the advantage of online
correction strategies but stated that the process
was too time consuming for routine use. We
are fortunate in our department to now have
the equipment available to realise the potential
of this technique. The National Radiotherapy
Advisory Group report29, 2007 recommends
that all new and replacement linacs should be
capable of image guidance—hopefully most
departments will eventually have the capacity
to offer this technique.

CONCLUSION

Use of an online prostate tracking schedule,
with daily isocentre correction before treatment
and an action level of 2 mm, significantly
reduces (prefraction) prostate positioning
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inaccuracy down to approximately 1 mm. By
using this image-guided technique, the PTV
set-up margin can be reduced to 4 mm (includ-
ing the effects of intrafraction movement),
which should help to reduce treatment-related
toxicities without compromising local control
rates. If other imaging schedules are used, these
can reduce margins by a lesser amount. Online
daily imaging schedule gives the smallest margin
and there is a small difference between the mar-
gin of the NAL3 and NAL5 schedules. The use
of other possible schedules will be explored in a
further study. The online daily image-guided
technique using marker seeds adds 2.5 minutes
to the in-room time; this will be improved
with experience of the use of the image-guided
technique.
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