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Abstract

Background and purpose: Currently, optimal use of virtual simulation for all treatment sites is not entirely
clear. This study presents data to identify specific patient groups for whom conventional simulation may
be completely eliminated and replaced by virtual simulation.

Sampling and method: Two hundred and sixty patients were recruited from four treatment sites (head and
neck, breast, pelvis, and thorax). Patients were randomly assigned to be treated using the usual treat-
ment process involving conventional simulation, or a treatment process differing only in the replacement of
conventional plan verification with virtual verification. Data were collected on set-up accuracy at veri-
fication, and the number of unsatisfactory verifications requiring a return to the conventional simulator.
A micro-economic costing analysis was also undertaken, whereby data for each treatment process
episode were also collected: number and grade of staff present, and the time for each treatment episode.

Results: The study shows no statistically significant difference in the number of returns to the conven-
tional simulator for each site and study arm. Image registration data show similar quality of verification
for each study arm. The micro-costing data show no statistical difference between the virtual and con-
ventional simulation processes.

Conclusions: At our institution, virtual simulation including virtual verification for the sites investigated
presents no disadvantage compared to conventional simulation.
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INTRODUCTION

Virtual simulation (VS) in radiotherapy is a pro-
cess in which acquired computed tomography

(CT) localisation data (used alone, or as part of
a registered multi-modality image dataset) are
used to construct a ‘virtual’ patient. The target
and organs at risk (OAR) can then be marked
up, beam portals can be applied and the data
sent to a treatment planning system (TPS) for
further planning aspects such as dose calcula-
tion. VS can be used to its full potential, when
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the planning data are returned to the system for
virtual verification: the treatment plan is verified
by generating high-quality DRRs (digitally
reconstructed radiographs) of beam portals and
comparing these with portal images acquired
at or prior to the first treatment fraction.1�4

This virtual verification may also be performed
on systems other than the virtual simulator, for
example some record and verify systems such
as VARiS (Varian Medical Systems, Palo Alto).

Virtual patient verification offers a number of
potential advantages, both from a patient and
departmental point of view. It offers the pos-
sibility of immediately eliminating an entire
patient visit, with associated savings in terms of
staff time and cost, transport costs, equipment
use and consumables. Additionally, in many
radiotherapy centres, patients can be treated on
one of a number of linacs, which are supplied
by a single conventional simulator, which must
verify all patients, potentially creating an organ-
isational ‘bottle-neck’ at the simulator. This
issue can be resolved with VS being done with
portal imaging on the linac set in question for
each patient, and therefore has potential for
shortening waiting times (the time delay to the
start of first treatment). In terms of set-up accur-
acy, it also eliminates an additional setup on the
conventional simulator couch, instead verifying
on the treatment couch to be used throughout
the patients’ treatment. If used as the sole means
of simulation (i.e. without any conventional
simulation (CS)), it offers a process with fewer
transfer errors (systematic differences between
setup at verification and setup at treatment).5

Some authors have reported no loss of set-up
accuracy when switching from conventional to
VS.4,6,7 In fact, VS can result in the increased
accuracy of target definition, and in the case of
simulator-planned patients, smaller fields being
marked up by clinicians for the treatment for
certain sites.8 Another advantage of VS and
CT planning is the ability to produce dose�
volume histograms to define the dose received
to various structures, including OAR and the
planning target volume. Previous work has
shown that there is very little difference in the
cost of CS and VS. (Dixon S., personal com-
munication, 2000).

At this point, it is not clear whether current
technology allows CS to be completely replaced
by VS for all tumour sites. Some authors report
positive experiences with virtual-only simulation,
but report only on one or two sites.7,9,10 Others
remain unconvinced and recommend proceed-
ing with caution.11 VS and CS are very different
in how they work and the images and quality
they produce. CS will generate high-contrast
diagnostic energy verification images, and of
course allows for the opportunity to screen dur-
ing patient breathing, enabling a clinician to assess
target/organ motion and adjust margins accord-
ingly. CS is poor at visualising certain critical
structures, for example, nodes in the chest com-
pared with VS. VS will involve the use of com-
paratively low-contrast MV energy portal images
for verification, although currently the use of
amorphous silicon flat-panel imagers does enable
the acquisition of significantly higher quality
portal images. DRR quality is dependent on,
among other parameters, the slice thickness of
the source CT data. Successful verification will
require the acquisition of high-quality DRRs,
with narrow slice thickness, preferably �5 mm.
With the advent of the current generation of
multi-slice CT scanners, this is possible in accept-
able scan times, and current processing power
has little problems with reconstruction and pro-
cessing high resolution DRRs. Localisation using
standard helical scanning protocols, however, are
less useful for assessing motion due to breathing,
for example, and data tend to represent ima-
ges acquired randomly throughout the breathing
cycle. Currently, there are increasing options to
optimise scan protocols, such as breath-hold
imaging, physiologically/respiratory-gated scan-
ning, and others such as slow scanning where
‘blurring-out’ the effects of breathing hopes to
show the maximal extend of organ motion.12

At Weston Park Hospital, although VS has
been part of the treatment process for many
years, all patients return to the conventional
simulator for plan verification, which obviously
requires the use of both virtual and conven-
tional simulator equipment and processes. This
study was undertaken to identify patient groups
for whom CS may be completely eliminated
and replaced by VS, to optimise the use of CS
and VS. The study recruited patients from the
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major radical treatment sites (breast, head and
neck, pelvis and thorax), and the patients were
randomly assigned to be treated using the usual
treatment process involving CS, or a treatment
process differing only in the replacement of
CS with VS. Current practice at Weston Park
Hospital is to include a CS episode for all
patient treatments. Data were collected on set-
up accuracy at verification, numbers of unsatis-
factory verifications, and time and motion data
for each treatment process episode for each
study arm. The study highlights differences bet-
ween CS- and VS-only treatment processes in
terms of accuracy, and impact on departmental
workload and work processes for the four major
tumour sites.

METHOD

Patients undergoing radical radiotherapy with
CT planning were recruited by consent to this
randomised prospective trial. Two hundred and
sixty patients were recruited into the study. Dur-
ing the study, 36 patients withdrew from the
study and 8 had significant missing data. The trial
includes the four most common sites treated
at the hospital: head and neck (76), thorax (39),
pelvis (55) and breast (46). Patient selection cri-
teria: all patients having radical external beam
treatment with CT planning were considered.
They must be physically able to undergo CT
scanning (weight and girth can result in some
exclusions) and be able to consent. Patients
undergoing head and neck treatments with bi-
lateral anterior neck fields were excluded as this
technique is currently marked up by the clinician
at the time of verification of the planned fields in
the conventional simulator. The study proto-
col was approved by the local research ethics
committee and voluntary informed consent was
obtained from all patients before inclusion in
the study.

The patients followed a treatment process
comprising four episodes: CT scanning (Picker
PQS CT) and mark up by an oncologist for
tumour localisation (performed on the Philips
AcQSIM workstation), 3D conformal treatment
planning (Varian Eclipse TPS), treatment verifi-
cation by set-up comparison with DRRs gener-
ated from the planned beam portals (DRRs

generated in AcQSIM) and delivery of external
beam treatment (Varian Clinacs 600 and 2100
with either 6 or 6 þ 10 MV photons). The
treatment techniques used were those standard-
ised at our institution. Our standard practice is
to verify all patients on the conventional simu-
lator (Varian Ximatron or Acuity) with clini-
cians comparing the DRR image with an
acquired simulator image (generally an anterior
and/or lateral beam). Our tolerances for an
acceptable setup are a deviation of �5 mm for
immobilised patients, and �10 mm for unim-
mobilised patients. Standard anterior/posterior,
lateral films and beam’s-eye-views are acquired
for ongoing comparisons. Over the duration of
the study, a newer Acuity simulator replaced
the Ximatron, and is fitted with an amorphous
silicon (aSi) detector panel.

Following recruitment to the study, patients
were randomised to be verified with either virtual
or CS. The process for each trial arm was identi-
cal, except for the verification episode: in the
CS trial arm, verification was undertaken on the
conventional simulator; in the VS arm, it was
performed on the treatment set prior to the
first fraction of treatment. To assess financial and
workload implications of each process, the dura-
tion and staff present at each episode of the treat-
ment process was recorded. In the VS trial arm,
failures at verification on the treatment set were
returned to the CS for set-up checks and all
details of changes made were recorded. Failure
of set-up at verification might occur for one of
two reasons: the set-up is found to be out of tol-
erance, or the acquired images are of insufficient
quality to enable the clinician to have confidence
in the accuracy of patient setup. If the setup is
altered, the acquired simulator image will then
replace the planning DRR as the gold standard
for comparison henceforward. Weekly portal
images were acquired, and were registered with
reference images (conventional simulator films
or DRRs) to enable the assessment of the accur-
acy of each trial arm.

Failure at verification can happen due to in-
adequate visualisation of fixed bony landmarks
rendering the confident acceptance of an accur-
ate patient setup impossible. This is a more likely
occurrence for patients on the VS trial arm
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having verification involving portal images.
Portal images routinely used are either standard
hardcopy films (Kodak XV) or digital images
acquired using the Varian PortalVision system.
The clinician accepts or rejects the verification
by comparing the acquired verification image
and DRR/sim film by eye on a standard light-
box. This was used as an endpoint in the study,
but additionally, retrospective quantitative 2D
image registration was also performed using the
PIPSpro package, see Figure 1 (Standard Imaging
Inc.). DRRs were imported from the VARiS/
Vision database and simulator films digitised on
a VIDAR scanner (Vidar Systems Corp.) and
imported. When the user had defined the field
edges and fixed anatomical landmarks, eitherman-
ually or automatically using an edge-detection
tool (using manually positioned fiducial marking
points or manually drawn lines/curves following
bony anatomy) PIPSpro automatically registered
the images using a chamfer matching algorithm.
PIPSpro gives results in the form of the deviation
of the isocentres of the two fields in terms of 2D
x and y distances in mm, and will also output the
consequent areas of overlap of the two fields in
terms of over- and under-coverage of the refer-
ence ‘target’ field.

A micro-costing study was undertaken,
whereby the time of each treatment episode

was recorded together with number and grade
of staff present. Four different types of care epi-
sode were identified; CT scanning, planning,
verification and treatment.

Unit cost data were requested from Weston
Park Hospital, and cost per minute were calcu-
lated for consultants/registrars, MTOs (various
grades), radiographers (various grades) and dif-
ferent types of machines. These costs (at 2004/5
price levels) include allowances for support staff
and other Trust overheads. Although the costs
are around 2 years old, our comparisons made
using these costs remain valid.

Once the mean costs and the associated distri-
butions were known for each episode type, the
full cost of treatment for a 30 fraction schedule
was modelled probabilistically, incorporating
the passbacks (return to conventional simulator
for setup check) from the main clinical study.
Any passback required the addition of a con-
ventional verification to the treatment schedule.

RESULTS

Table 1 shows the number of cases returned to
the conventional simulator following unsatis-
factory verification, for each study arm. The VS

Figure 1. Workspace of the PIPSpro (Standard Imaging) 2D image registration package. The treatment image on the right is an

amorphous silicon portal image (Varian PortalVision), registered to a planned beam portal shown as a digitally reconstructed radio-

graph on the left (AcQSIM). Field outlines and anatomy have been defined by the user.
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study arm shows raised numbers of returns to
the simulator for the majority of sites (excluding
breast). As expected perhaps, these differences
are larger for some sites (head and neck, thorax),
than for others (breast, pelvis). However, for each
site these differences are not statistically significant
(Fisher Exact test) showing the virtual simulator
to be statistically as accurate in setup as the con-
ventional simulator.

Results from the image registration of verifi-
cation images with planned reference images

are shown in Table 2. Data are shown for the
deviation between the isocentres of the pairs
of images along the two orthogonal axes, and
for any rotation of the verification images with
respect to the reference planned image. Only
anterior/posterior images have been included
in this analysis, so deviations are along the
right/left or superior/inferior directions. For
the head and neck, breast and thorax (Table 2)
sites, image registration data show all image
verifications well within our setup tolerances.
There is also no statistical difference between

Table 2. The results of image registration of verification images and reference planned images (DRRs or simulator films)

Conventional Simulation Virtual Simulation

Mean (mm) SD Mean (mm) SD

(n ¼ 38) (n ¼ 38)

Head and neck
Right/left 1.6 2.1 0.8 2.9
Superior/inferior �0.5 1.2 �0.4 2.1
Rot. (�) 0.5 1.9 0.1 1.7

(n ¼ 23) (n ¼ 23)

Breast
Right/left 0.5 3.8 �1.8 3.3
Superior/inferior �0.4 3.0 �0.9 2.6
Rot. (�) 0.0 2.2 0.0 5.1

(n ¼ 20) (n ¼ 19)

Thorax
Right/left �0.1 2.0 �0.5 3.4
Superior/inferior �0.4 3.1 �0.5 2.3
Rot. (�) 0.0 2.8 0.0 1.5

(n ¼ 28) (n ¼ 27)

Pelvis
Right/left �0.2 2.8 �0.9 8.1
Superior/inferior 0.5 2.9 �2.5 6.8
Rot. (�) 0.0 1.5 1.0 1.7

DRR ¼ digitally reconstructed radiographs; SD ¼ standard deviation.
Note: Shown are the deviations in millimetre along the horizontal or vertical image axis on anterior/posterior images corresponding to right/left and superior/inferior
axes respectively. Any image rotation (Rot.) deviation in degrees is also shown.

Table 1. Rates of patient returns to simulator (passbacks) for setup check, following unsuccessful verifications. The data show ratios of returns out of
the total number of cases, with the corresponding percentages

Head and Neck Breast Thorax Pelvis

Conventional simulation 2/38 (5.2%) 2/23 (8.7%) 1/20 (5.0%) 0/28 (0%)
Virtual simulation 8/39 (20.5%) 1/23 (4.3%) 4/19 (21.1%) 2/27 (7.4%)
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CS and VS study arms for these sites. The pelvic
site (Table 2) does, however, show a statistical
difference between CS and VS image registra-
tion along the superior/inferior direction (p ¼
0.05, Wilcoxon rank sum test, two tailed). It is
unclear why there should be a significant differ-
ence for this particular site and orientation and
this may relate to insufficient cases Though dif-
ferences are shown, the deviation for the VS
pelvis patients is still well within the setup toler-
ance limit (10 mm for unimmobilised patients).

Table 3 shows the time analysis data for each
site. There is a large range in the mean time for
the verification episode (13.6�23.7 min). The
standard deviations similarly show a sizeable
range, evidence that some sites are widely vari-
able in terms of verification time on a patient-
to-patient basis compared with others. There
is, however, no statistical difference between
each arm of the study in terms of verification
episode time.

The micro-costing study used episode data
from 211 patients (5 patients had incomplete

costing data), covering 871 episodes of care
(n ¼ 463 VS group, n ¼ 408 CS group). When
considering the number of staff, staff grades
and staff time, there appeared to be little differ-
ence between the two techniques, except perhaps
for a small increase in radiographer time associa-
ted with VS. This is reflected in the estimated
costs of each type of care episode (Table 4).
When the full treatment schedule of 30 frac-
tions is modelled using the estimated care costs
(Table 4) and passback rates (Table 1), this
produces total costs of £1,320 and £1,316 for
conventional and VS, respectively; a mean differ-
ence of £4 (95% CI: �£1,070 to þ£1,043) (see
Appendix). This reflects practice as part of the
trial, where VS and the first fraction were under-
taken at separate patient visits. VS has the poten-
tial to be undertaken at the same time as the first
treatment fraction, thereby reducing costs further.
This can be approximated by calculating the cost
of a 29 fraction schedule of VS, which produces a
cost of £1,279 and a mean cost reduction of £41
(95% CI: �£950 to þ£1,170) (see Appendix).
This represents a potential cost saving for VS.
The cost of a CS episode was calculated at a value

Table 4. Cost of each type of care episode by treatment group

Cost of technician
time

Cost of radiographer
time

Cost of doctor
time

Cost of
equipment

Total cost

Mean (£) Mean (£) Mean (£) Mean (£) Mean (£)

Virtual simulation
CT 11.33 23.00 0.94 24.71 59.98
Planning 52.31 0.00 0.13 0.00 52.44
Verification and fraction 7.88 31.67 3.01 43.34 85.89
Fraction 0.00 13.98 0.00 22.98 36.97

Conventional simulation
CT 12.27 23.85 0.12 25.47 61.72
Planning 52.27 0.14 0.00 0.00 52.90
Verification 10.44 24.28 6.98 21.74 63.33
Fraction 0.00 13.34 0.00 23.64 37.98

Table 3. Time analysis data

Head and neck Breast Thorax Pelvis

Time (min) SD Time (min) SD Time (min) SD Time (min) SD

Conventional simulation 16.8 3.9 15.6 5.1 16.1 5.0 14.3 3.8
Virtual simulation 17.4 6.4 17.8 4.9 18.1 6.6 19.9 7.5

SD ¼ standard deviation.
Note: Time for the verification episodes for each study arm and site. Case numbers remain the same as for Table 2.
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of £63, so the VS cost saving represents a signifi-
cant fraction of this, and may be a larger fraction
once VS is an established departmental process.

DISCUSSION

This work has presented results of a comparison
of virtual and CS based on 216 patients from
four treatment sites, to enable the optimisation
of the use of VS in the radiotherapy treatment
process. Virtual simulation appears to offer no
disadvantage in terms of a satisfactory verifica-
tion � based on accuracy, image quality and
time to perform.

Verification accuracy is similar for both study
arms, having been confirmed by quantitative
image registration results. Both study arms also
recorded similar numbers of successful verifica-
tions (based on number of returns to the CS
for checks). Obviously, this is dependent on
the quality of portal imaging available. At
Weston Park Hospital, amorphous silicon (aSi)
portal imagers, which have been suggested as
having replaced film as the gold standard for
portal imaging13 are available on four of five of
the linacs. In Table 1, differences in passback
rates for each arm of the study, reach 16.1%.
Although not small, they are not found to be sta-
tistically significant. These non-negligible differ-
ences in rates, and retention of the null
hypothesis may relate to small case numbers.

Verification on the linac appears to take no
longer than conventional verification episodes
on the conventional simulator (some depart-
ments have indeed reported time savings with
VS episodes14,15).

Although intuitively one might expect some
tumour sites to have comparatively higher rates
of unsatisfactory verification, for example thorax,
where breathing motion can degrade image qual-
ity, this study shows in fact that all sites investi-
gated (head and neck, breast, pelvis and thorax)
can achieve satisfactory routine VS verification
and indeed VS represents an opportunity to miss
out on an additional patient setup and inclusion
of a potential additional setup error. Several tech-
nical developments over the last few years have
perhaps aided in achieving more confidence in

on-set verifications. New aSi flat-panel portal
imagers offer significantly improved the quality
of megavoltage images. Current VS systems offer
increased DRR quality, with sophistications such
as ultrasound-style depth-control of reconstruc-
ted tissue, and user-defined tissue weighting
for optimising contrast of tissue and bone. The
current generation of multi-slice CT scanners
also enable the acquisition of large volumes of
high resolution source data (for high-quality
DRRs) in clinically acceptable times.

Very little difference in staffing was identified
between the different stages of treatment bet-
ween the two groups. The biggest differences in
cost are higher capital costs for VS (£43 vs £22,
Table 4); however, this is more than offset by
an effective reduction of one visit for treatment
(£37, Table 4). The differential passback rates
have little effect at the levels seen in the trial.
Overall, the total cost of treatment was £4
less in the VS group, with the potential to reduce
costs further, although this was associated with
very wide confidence intervals. Additionally,
for staff involved, VS verification was a newly
introduced process, which would entail initial
presence of more senior staff and slightly longer
episodes. This would result in higher initial costs
for VS patients and costs would be expected to
drop once the technique had become established.

CONCLUSION

Results are presented on a study of 216
patients, comparing the use of conventional
and VS. For the treatment sites assessed (head
and neck, breast, thorax and pelvis), there
were no statistically significant differences in
the quality of plan verification, based on rates
of passback to the simulator for a setup check.
An assessment of the verification quality, based
on a comparison of image registration errors
(deviation between planed reference image
and verification image), also show equal accu-
racy for both study arms. Micro-costing shows
no economic disadvantage and in fact a poten-
tial advantage for a treatment process involving
virtual-only simulation.

At our institution, VS including virtual verifi-
cation for the sites investigated offers a similar

Optimisation of virtual simulation

89

https://doi.org/10.1017/S1460396907006061 Published online by Cambridge University Press

https://doi.org/10.1017/S1460396907006061


quality of verification to CS currently em-
ployed. It is therefore possible to omit a con-
ventional simulator verification appointment
for these patients.
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Appendix

Incremental cost of virtual simulation over con-
ventional simulation ¼ total cost of treatment
incorporating virtual simulation (TCvirt) minus
total cost of treatment incorporating conven-
tional simulation (TCconv).

TCvirt ¼ CTvirt þ Planningvirt þ Verificationvirt
þ (Passback Rate · Simulationconv)
þ (30 · Fractionvirt)

TCvirt ¼ 59.98 þ 52.44 þ 85.89
þ (0.14 · 63.33) þ (30 · 36.97)

¼ 1,316

TCconv¼CTconvþPlanningconvþVerificationconv
þ (Passback Rate · Simulationconv)
þ (30 · Fractionconv)

TCconv ¼ 61.72 þ 52.90 þ 63.33
þ (0.05 · 63.33) þ (30 · 37.98)

¼ 1,320

Incremental cost of virtual simulation over con-
ventional simulation ¼ 1,316 � 1,320 ¼ �4.

For the scenario where the first fraction is
given at the same time as VS, incremental cost
is calculated in the same way. However, TCvirt
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is calculated using only 29 treatment-only frac-
tions. Therefore:

TCvirt ¼ CTvirt þ Planningvirt þ Verificationvirt
þ (Passback Rate · Simulationconv)
þ (29 · Fractionvirt)

TCvirt ¼ 59.98 þ 52.44 þ 85.89
þ (0.14 · 63.33) þ (29 · 36.97)

¼ 1,279

Incremental cost of virtual simulation over con-
ventional simulation ¼ 1,279 � 1,320 ¼ �41.
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