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Objectives: The purpose of this study was to compare interfraction prostate
displacement data between electronic portal imaging (EPI) and kilovoltage imaging
(KVI) treatment units and discuss the impact of any difference on margin calculations
for prostate cancer image-guided radiotherapy (IGRT).
Methods: Prostate interfraction displacement data was collected prospectively for the
first 4 fractions in 333 patients treated with IGRT with daily pre-treatment EPI or KVI
orthogonal imaging. Displacement was recorded in the anteroposterior (AP), left–right
(LR) and superoinferior (SI) directions. The proportion of displacement ,3 mm and the
difference in median absolute displacements were calculated in all directions.
Results: 1088 image pairs were analysed in total, 448 by EPI and 640 by KVI. There
were 23% (95% confidence interval [CI] 18–28%) more displacements under 3 mm for
EPI than for KVI in the AP direction, 14% (95% CI 10–19%) more in the LR direction and
10% (95% CI 5–15%) more in the SI direction. The differences in absolute median
displacement (KVI.EPI) were AP 1 mm, LR 1 mm and SI 0.5 mm. Wilcoxon rank-sum test
showed that distributions were significantly different for all three dimensions
(p,0.0001 for AP and LR and p50.02 for SI).
Conclusion: EPI has a statistically significant smaller set-up error distribution than KVI.
We would expect that, because fiducial marker imaging is less clear for EPI, the clinical
target volume to planning target volume margin would be greater when using IGRT;
however, relying wholly on displacement data gives the opposite result. We postulate
that this is owing to observer bias, which is not accounted for in margin calculation
formulas.
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The integration of medical imaging and radiotherapy
treatment has the potential to improve pre-treatment
localisation of the target and therefore the accuracy
of delivery of radiotherapy. Image-guided radiotherapy
(IGRT) using implanted gold seeds and pre-treatment
orthogonal imaging is increasingly being used as a treat-
ment option for prostate cancer [1]. Orthogonal imaging
can be conducted either with megavoltage or with
kilovoltage imaging (KVI). Electronic portal imaging
(EPI) is a system that uses a few monitor units from the
megavoltage treatment beam to capture the pre-treatment
position of fiducial markers implanted in the prostate,
thus correcting for day-to-day variations in set-up and
organ displacement. The set-up error is accounted for by a
margin around the target called the planning target volume
(PTV) [2]. By reducing set-up error, EPI-IGRT for prostate
cancer has been studied in target (or clinical target volume
[CTV]) to PTV margin reduction [3–10]. Recently, linear

accelerators with gantry-mounted KVI have also become
available [11]. Investigators are beginning to publish on
margin reduction in prostate cancer IGRT using KVI [12].

Compared with EPI, contrast for fiducial markers
and bone is better using KVI (Figure 1). Kilovoltage
and megavoltage photons interact with matter pre-
dominantly through photoelectric and Compton effects,
respectively. This difference in atomic interaction results
in a greater absorption of kilovoltage energy photons by
high atomic number materials such as gold compared
with megavoltage energy photons. The result is better
visibility of gold seeds on radiographs taken with kilo-
voltage energy compared with megavoltage energy.

The primary aim of this study is to quantify interfraction
displacement differences between megavoltage and kilo-
voltage imaging used in prostate cancer IGRT. Because
both groups come from the same population of prostate
cancer patients, the average amount of day-to-day prostate
displacement should be the same. Any difference in
displacement is probably attributable to the difference in
observer assessment. Observer inaccuracy in assessing
displacement using EPI in IGRT has implications on
margin calculations for future studies.
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Methods and materials

Between 1 March 2007 and 29 November 2008, data for
fiducial marker displacement were collected from the
daily IGRT pre-treatment images of 333 prostate cancer
patients. All patients were treated on Varian linear
accelerators (Varian Medical Systems, Palo Alto, CA)
either with EPI or with an on-board kilovoltage imager.
All treatment units underwent regular and systematic
physics quality assurance to check the accuracy of couch
and isocentre positions. Although patients were not
randomised, they were treated according to the avail-
ability of either type of treatment unit. Only the first four
fractions were considered in our analysis because pa-
tients underwent a permanent isocentre move after the
fourth fraction to correct for systematic error.

Details of the marker implantation procedure, CT scan
for simulation, creation of digitally reconstructed images
(DRRs) and registration have previously been published
by our group [13]. In summary, three fiducial markers

made of 24-carat gold and measuring 1 mm by 5 mm
were implanted into the prostate gland at least 1 week
before CT simulation. CT slices were 3 mm thick with
3-mm spacing. Patients were set up and immobilised
identically on EPI and KVI units. Immobilisation was
supine with a bolster under the knees and foot rests,
which slotted into an immobilisation board (Combifix-
Sinmed; Civco, Kalona, IA). Set-up was checked with
laser lights matched to three skin tattoos: one midline
and two lateral on either side of the pelvis. Pre-treatment
images were taken either with 6-mV photons using two
monitor units for each exposure on EPI treatment units
or with 75 kV for anterior to posterior and 120 kV for
lateral images on the KVI treatment unit. Isocentre shifts
were made if there was a difference in the fiducial
position on the pre-treatment images above the pre-
determined action threshold. The action threshold was
3 mm on the EPI treatment units. If the displacement was
0, 1 or 2 mm, displacement was recorded but a couch
shift was not made. If displacement was 3 mm or more,

Figure 1. Example of anteroposterior and lateral electronic portal imaging (above) and kilovoltage imaging (below) of fiducial
markers on the same patient.
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the radiation therapist would enter the treatment room,
manually make a shift and re-image to check that the
shift had corrected the displacement. On the KVI
treatment units, the action threshold was .0 mm and
any required shift was applied from the treatment
console without re-entering the treatment room [14].

Ascertainment of displacement data

Image registration was done on Impac Software
(IMPAC Medical Systems Inc., Sunnyvale, CA) on the
EPI treatment units and on the on-board imager console
on KVI treatment units. On both units, any value of 0 mm
and above was recorded as a displacement. The EPIs
were matched using the Impac record and verify system
and when the match was accepted the displacement data
were automatically recorded into Impac’s third party
offset list. For KVIs, the images were matched on the
on-board imager computer screen, which gave three
displacement figures along the anteroposterior (AP) axis,
left–right (LR) axis and superoinferior (SI) axis, which
were then entered manually into Impac. Reports were
created from the Impac database using Crystal Reports
software (Crystal Reports 11; Business Objects Software,
San Jose, CA). Institutionally developed software was
then used to write this information to an Access database
(Microsoft Corporation, Redmond, WA) for further ana-
lysis. Details of the data extraction have been published by
our group [15].

Statistical methods

A z-test was used to compare EPI and KVI, the
difference in the proportion of fractions that would have
had a shift if a 3-mm threshold were used for KVI and
the proportion of fractions that had a set-up with no
recorded displacement (0-mm displacement). The differ-
ences in median absolute displacements were calculated
for AP, LR and SI directions. The Wilcoxon rank-sum test
was used to test for a difference in the distribution of
displacements between KVI and EPI for each direction.
The distribution of KVI displacements was considered
the best estimate of the true underlying distribution of
set-up displacements. The absolute value of the dis-
placements was used. A 95% confidence interval for the
number of displacements in the EPI group that were
,3 mm, which should have been >3 mm, was calculated
using a maximum likelihood approach with probabilities
from the binomial distribution. A two-sided p-value for
the null hypothesis that the proportion of displacements
,3 mm for EPI was the same as that for KVI was
calculated using the same approach. Statistical signifi-
cance was set at p=0.05.

Results

For 333 patients, 1088 image pairs were analysed in
total, 448 on EPI and 640 on KVI linear accelerators. As a
result of the difference in action threshold of 3 mm for
EPI and 0 mm for KVI, the number of actual couch shifts
made on each unit was 53% and 98%, respectively. If the

action threshold for KVI shift were raised to 3 mm, a
couch shift would have been made in 80% of fractions
(27% more shifts on KVI than on EPI; p,0.0001). This is
unusual, because we would have expected the same
number of shifts on both units for the same action
threshold.

Anteroposterior

There is strong evidence that the proportion of dis-
placements 3 mm in the EPI group is greater than from
that in the KVI group (one-sided; p,0.0001).

If the EPI displacements really were the same as the KVI
displacements, we would have expected to see some-
where between 82 and 123 of the displacements (out of a
total of 448), which were ,3 mm, being >3 mm. Hence,
we estimate that somewhere between 18% and 28% of the
EPI displacements were recorded as being ,3 mm when
they should have been recorded as >3 mm.

Left to right

There is strong evidence that the proportion of dis-
placements ,3 mm in the EPI group is greater than from
that in the KVI group (one-sided; p,0.0001).

If the EPI displacements really were the same as the KVI
displacements, we would have expected to see some-
where between 45 and 85 of the displacements (out of a
total of 448), which were ,3 mm, being >3 mm. Hence,
we estimate that somewhere between 10% and 19% of the
EPI displacements were recorded as being ,3 mm when
they should have been recorded as >3 mm.

Superoinferior

There is strong evidence that the proportion of dis-
placements ,3 mm in the EPI group is greater than from
that in the KVI group (one-sided; p,0.0001).

If the EPI displacements really were the same as the KVI
displacements, we would have expected to see some-
where between 24 and 65 of the displacements (out of a
total of 448), which were ,3 mm, being >3 mm. Hence,
we estimate that somewhere between 5% and 15% of the
EPI displacements were recorded as being ,3 mm when
they should have been recorded as >3 mm.

Figure 2 shows the difference in distribution of
absolute displacement in AP, LR and SI dimensions,
respectively. The vast majority of displacements were
,5 mm for both EPI and KVI. A larger proportion of
patients had a smaller displacement on EPI compared
with KVI. The crossover point occurred between 2 mm
and 3 mm. The difference in distributions was statisti-
cally significant (p,0.0001 for AP and LR and p50.02 for
SI). With larger displacements (.5 mm) the proportion of
prostate displacements between EPI and KVI tend to be
similar, and the largest discrepancy is for displacements
,3 mm (Table 1).

For KVI, the median values for absolute displacement
were 3 mm for AP, 2 mm for LR and 2 mm for SI. For EPI,
the median values for absolute displacement were 2 mm
for AP, 1 mm for LR and 1.5 mm for SI. Therefore, the
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differences in median absolute displacements were AP
1 mm, LR 1 mm and SI 0.5 mm, respectively.

Discussion

For each of the AP, LR and SI dimensions, the pro-
portion of displacements recorded as ,3 mm in the EPI

group was significantly greater than that in the KVI
group (p-values all ,0.0001). Our results indicate that the
data set for EPI is shifted to the left (right-skewed)
compared with the data set for KVI because the median
value representing a large number of patients is less on
EPI in all three dimensions (Figure 2). Assuming KVI
displacement data are the true estimates for the overall
population, this implies that EPI data are an under-
estimate of the true displacement figures for the popula-
tion overall. This finding was most prominent in the AP
direction, where there were 23% more displacements
under 3 mm for EPI than expected. AP displacement is
the most difficult to judge because it is assessed on the
lateral image, which is the direction of greatest patient
separation and most soft tissue, pelvic and hip bone
interference (Figure 1). This is more difficult to see on
megavoltage imaging than on KVI. This has clinical
relevance because the CTV to PTV margin is smallest in
the posterior direction in most clinical protocols (7 mm vs
10 mm in our department protocol compared with SI and
LR CTV to PTV margin). Furthermore, the sub-capsular
portion of the posterior aspect of the prostate gland
harbours approximately 70% of prostate cancers [16].
Underestimating AP displacement could lead to a
geographical tumour miss in a significant proportion of
patients.

One of the main reasons for the disparity between EPI
and KVI displacement data is likely to be that the image
quality for assessing bone and fiducial markers with
megavoltage imaging is inferior. Pisani et al [17] studied
the interobserver alignment of an anthomorphic phantom
with a known translational shift when imaged with both
kilovoltage and megavoltage beams. They found that
interobserver alignment was more variable with mega-
voltage imaging than KVI. With KVI, radiation therapists
have greater confidence when comparing DRR and pre-
treatment images and therefore smaller differences in the
position of the fiducial markers are detected and corrected
for. It is possible that in a situation where the radiation
therapist is not confident about making a couch shift,
owing to poor quality imaging, they may be more likely
to record the observation as below the action thres-
hold. However, our findings reflect the interobserver bias
within our department and may not necessarily reflect
interobserver bias in other departments. For example,
imaging quality may be affected by differences in energy
or monitor units used when imaging in different depart-
ments, differences in size of fiducial markers, differences
in amorphous silicone detector sensitivity on linear
accelerators made by different manufacturers, and differ-
ences in the shape (spherical vs cylindrical) and materials
(gold vs tungsten) used to make fiducial markers, which
may make a difference to the variability in interobser-
ver assessment across departments. For example, in a
phantom study conducted at our centre, 6 observers
looked at 10 lateral EPIs and the visualisation rate of
fiducial markers of 1.2 mm, 1.0 mm and 0.8 mm in
diameter were 97.8%, 83.9% and 73.3%, respectively.
Compared with the known positions of the fiducial
markers in the phantom, the average observer discre-
pancy was 0.3 mm (¡0.17 mm) in the LR direction,
0.2 mm (¡0.2 mm) in the AP direction and 0.23 mm
(¡0.83 mm) in the SI direction [18]. In addition, some
departments use a system of automated fiducial marker

Figure 2. Anteroposterior (AP), left–right (LR) and supero-
inferior (SI) absolute displacements for electronic portal
imaging (EPI) and kilovoltage imaging (KVI).
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detection. Automated systems rely on grey levels when
searching for pixel clusters, which the computer algo-
rithm uses to detect fiducial markers automatically [19].
Therefore, radiation therapist input, in deciding whether
an observation is above or below an action threshold, is
limited when this system is used.

If a 3-mm action threshold were to be applied to both
EPI and KVI units, there would still be 27% more actual
couch shifts on KVI units than on EPI units. The
difference in automation between EPI and KVI units
may be a contributing factor to this disparity. Auto-
mation of couch shifts on the KVI treatment unit is likely
to reduce observer bias when it comes to recording a
displacement value. On EPI units, 3 mm was taken as a
pragmatic balance between slowing down treatment
overall and clinical benefit of correction. Other authors
have also reported using a 3-mm threshold when EPI is
used in prostate cancer IGRT [20].

Using in vivo dosimetry measurements, Walter et al
[21] compared the dose at skin and in the rectum for five
patients. For a five monitor unit, megavoltage exposure
the dose for AP imaging was 57.8 mGy at the surface
and 33.9 mGy in the rectum, and for lateral imaging,
69.4 mGy and 31.7 mGy, respectively. The dose for AP
KVI was 0.8 mGy at the surface and 0.2 mGy in the
rectum, and for lateral imaging it was 1.1 mGy and
0.1 mGy, respectively. Although the dose to the rectum
with KVI was less, megavoltage imaging exposure dose
can be, and usually is, taken into consideration in the
planning process as part of the summed dose delivered
to organs at risk. However, the dose to the skin and
rectum for a 39-fraction course of IGRT with KVI is
relatively small.

Margin calculations using a margin recipe, such as
the van Herk formula, assumes that the displacement
data collected are accurate [22]. If the displacement data
are not accurate, calculated random and systematic error
would also be incorrect. In one study, IGRT with grossly
reduced margins was a predictor of a poorer biochemical
outcome, leading to recurrence in 42% vs 9% in non-
IGRT patients at 5 years [23]. In our study, if displace-
ment data from EPI were used to calculate random and
systematic errors, we would get a smaller CTV to PTV
margin than with calculations from KVI data. An
additional margin would be required to cover the uncer-
tainty in the position of fiducial markers created by
observer bias. We found the uncertainty in observer
assessment occurred more for smaller displacements
under 5 mm. The 3-mm threshold on the EPI units is not
only there for the pragmatic reason of keeping overall
treatment times low, but also because of reduced confi-
dence in making couch shifts below that level owing to

reduced clarity of imaging in our department. A visual
assessment of Figure 2 shows that the absolute displace-
ments for KVI and EPI converge at approximately 5 mm
in the LR and SI directions, and at about 8 mm in the
AP direction. The additional margin required to cover
the uncertainty because of imaging quality should be
balanced against the possible benefits of margin reduc-
tion in terms of toxicity reduction, and the possible risk
of missing a tumour through margin reduction, which
can also be individualised. Owing to interdepartmental
differences in action thresholds and methods used to
conduct IGRT as discussed above, we recommend that
individual consultants should be aware of the potential
for interobserver bias when calculating margin reduc-
tion, and individual departments should carry out their
own quality assurance process to assess inter- and intra-
observer bias to be factored in when calculating margin
reduction.

There are limitations to our study that should be
addressed. Firstly, a total of 1332 images were taken for
4 fractions from 333 patients, and only 1088 images were
analysed. The reason for the shortfall in the number of
image pairs analysed compared with those taken was
because the automated system of data extraction from
Impac only considered complete sets of data available
and abandoned data if one of the displacement figures
was missed out [15]. For example, if there was only one
image taken, or if the displacement data had not been
entered for all three directions of displacement, then it
did not include data for the entire imaging session.
Overall, 18% of data for the first 4 fractions was aban-
doned owing to the way it was extracted from Impac;
however, in total there was a very large number of image
sessions considered. Secondly, the impact of non-
randomisation in patient selection for EPI and KVI
treatment units must be considered. Although patients
were not randomised, the only factor affecting which
unit they were treated on was its availability. If both EPI
and KVI were available, staff would preferentially put
patients receiving IGRT on the KVI units, which explains
why there were 30% less patients treated with EPI than
with KVI in our study. Therefore, staff on the KVI units
may be more skilled at assessing fiducial marker position
compared with staff on EPI units; they may also be more
confident in making shifts. However, in reality the staff
rotate between treatment units and the impact of this is
likely to be minimal.

Factors that affect margin reduction in IGRT include
clarity of imaging and possibly automation of couch
shift, both of which are not accounted for in margin
formulas. Other factors not considered in margin for-
mulas include uncertainty in GTV to CTV expansion,

Table 1. Proportion of displacements ,3 mm, ,5 mm and ,7 mm for KVI and EPI

Dimension Proportion of displacements
,3 mm (%)

Proportion of displacements
,5 mm (%)

Proportion of displacements
,7 mm (%)

KVI EPI KVI EPI KVI EPI

AP 45 68 74 84 88 92
LR 62 76 88 90 95 98
SI 56 66 79 84 92 94
Average difference 16 6 3

AP, anteroposterior; EPI, electronic portal imaging; KVI, kilovoltage imaging; LR, left–right; SI, superoinferior.
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inter- and intraclinician variation in defining the CTV,
delay between imaging and treatment and organ move-
ment in that time, and the possibility of relative move-
ment of fiducial markers within the prostate gland
between simulation and treatment [24]. Observer bias
on EPI units should be considered as one more uncer-
tainty adding to the PTV margin. In the future, it is likely
that an increasing number of prostate cancer patients
will be radically treated with dose-escalated IGRT and
intensity-modulated radiotherapy (IMRT), and there are
clinical trials running currently looking at hypofractiona-
tion [25]. It is crucial that small geometrical errors are
detected and corrected for as the steep dose gradients
outside the intended target area in IMRT leads to a re-
duced fringe dose and therefore more likelihood of
geographical miss if margins are calculated incorrectly.
The development of clearer imaging solutions for tar-
geted radiotherapy is to be encouraged.

Conclusion

In summary, our study quantifies the accuracy of EPI in
IGRT of prostate cancer compared with KVI in a large
clinical population. This information is relevant to phy-
sicians considering information on margin reduction,
especially if their own unit uses one imaging modality
and the information quoted uses the other. It highlights
that IGRT is a complex decision-making process and
radiotherapy margins in IGRT should take into considera-
tion the influence of image quality, action thresholds and
automation of couch shifts on operator confidence, and
potentials for bias. The differences in median absolute
displacement between EPI and KVI were no more than
1 mm, validating EPI as an accurate tool in IGRT for
prostate cancer. However, our study supports the use of a
slightly larger CTV to PTV margin in EPI-based IGRT in
prostate cancer for similar protocols, owing to observer
bias.
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