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Abstract

This paper continues the discussion on the commissioning tests performed on a new GE Lightspeed RT
wide-bore computed tomography (CT) scanner, focusing on the GE Advantage Sim software (version 6.0).

The tests performed and phantoms used to assess the virtual simulator functionality, including the 3D
image display, contouring, treatment unit beam parameters, digitally reconstructed radiograph generation
and image quality, isocentre generation and multi-modality image registration, are described.

The series of tests performed showed the virtual simulation software to be working within acceptable tol-
erances suggested in the literature and baseline data have been obtained against which future comparisons
of system performance have been made. Where no tolerances were available, we have suggested suitable

values.
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INTRODUCTION

Simulation is an important step in the radiother-
apy process, whereby patient data are acquired
for treatment planning purposes and treatments
verified. Virtual simulation software enables
volumetric data obtained from patient computed
tomography (CT) scans to be used together with
a ‘virtual treatment unit’ to simulate the patient
treatment. This simulation may take place in the
absence of the patient and also offers the possib-
ility of missing the physical verification step in
the process.' Digitally reconstructed radiographs
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(DRRs) can be produced and are the digital
equivalent to conventional simulator films.

When a new virtual simulator system is
installed, steps must be taken to ensure that the
virtual simulator is working within the same
tolerances as a conventional simulator and all its
virtual functions are performing accurately. This
report continues the discussion on commission-
ing a new CT simulation system (GE Lightspeed
RT wide-bore CT scanner with GE Advant-
age Sim software 6.0) installed at the Northern
Ireland Cancer Centre, focusing in this report
on the virtual simulator software. Details on the
assessment of the laser marking system, CT hard-
ware and the interfaces between each component
of the system have been discussed in the earlier
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companion paper to this report (Kearns and
McJury, manuscript submitted).

PHANTOMS

We have constructed in-house a simple Perspex
and wire cube phantom to test the CT simulation
and treatment planning process (Figure 1). This
solid cube phantom (15 c¢m along each side) has
a set of embedded wires that reproducibly define
a planning target volume (PTV) of known size
and volume. Two ball-bearings positioned on
the lateral faces and a centre line etched on the
anterior face assist with alignment with the lasers.
We also obtained a phantom (kindly loaned to
us by Dr John Conway, Weston Park Hospital,
Shefhield) to test the DRR reconstruction algo-
rithm. A more detailed description can be found
in the section entitled ‘DRR generation’.
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Figure 1. Schematic diagram and CT image of the Perspex and
wire cube phantom.
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VIRTUAL SIMULATOR
FUNCTIONALITY

A summary of tests carried out to assess the virtual
simulator functionality can be found in Table 1.
The tests are described in detail below.

3D image display

All commercially available systems ofter sophist-
icated 3D image display with a varied range of
tools. Clinicians are able to visualise the extent
of tumour targets using the data reformatted
using multi-planar reconstruction to visualise the
patient’s skin with surface rendering and so forth.
These tools are generally used qualitatively and,
using a phantom with known geometry, correct
image display can be qualitatively checked. In
addition, phantoms with embedded radio-opaque
markers/wires can be used to check other tools
such as maximum intensity projection (MIP).
We found all aspects of the 3D image display to
function correctly with a satisfactory screen-
update speed. Advantage Sim calculates and dis-
plays measurements with a resolution of 1 decimal
place (e.g. 0.1 mm, 0.1°, etc.), but measurement
accuracy is generally considerably less than this
and 1s limited by the resolution of the 3D model
and other factors such as display settings, acquisi-
tion errors and partial volume effects.

Contouring

The virtual simulator will include software tools
allowing both manual and auto-contouring.
Some systems may also have a specific list of organs
that may be auto-contoured. The sophistication
and ease of use of these tools can vary between sys-
tems, and some algorithms can struggle under cer-
tain circumstances, for example, auto-contouring
an external contour with a radiotherapy shell/
mould in situ can prove challenging. A CT scan
of a test phantom of complex shape should help
to assess how well the algorithms perform qualit-
atively. Using a phantom of simple geometry and
known physical size, the quantitative accuracy of
contouring can be assessed by comparing the
known physical dimensions of the phantom to
the contoured dimensions on screen using the
measurement tool. Auto-contouring should gen-
erate contours within one pixel of the physical
dimension. Automatic contouring of the surface
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Table 1. Summary of the tests carried out to assess virtual simulator functionality

System Function Test Suggested tolerance Results
Virtual Image Geometry of image display Error <1.0 mm All aspects of 3D image
simulator display over 10 cm®’ display function correctly
with satisfactory screen
update speed
Correctness of 3D display Correct orientation
Correctness of All on-screen
reformation, MPR, information accurate
MIP, etc.
Accuracy of all
on-screen information
Contouring Contouring accuracy Error <1 pixel'’ Error <1 pixel
and display
Margin growing accuracy Error <1 pixel Area accurate to within
1%. Volume accurate to
within 4%
Beam Beam geometry Treatment machine
simulation agreement with TPS configuration should be
the same as the TPS
Accuracy of isocentric <1/2 slice thickness Deviations <1 mm from
generation and along scan axis and expected
manipulation <1 pixel along
transaxial axis'’
DRR Accuracy of DRR Angular divergence Divergence <0.1° at
generation generation <1° over 100 cm. SSDs of 80—120 cm
Spatial linearity
error <1.0 mm
over 10 cm"’
Accuracy of contour Contour divergence <1° for Deviation <1.0 mm for a
display on DRR all field sizes at 100 cm range of contour lengths
SSD. Spatial linearity error at depths of 5—20 cm at
<1.0 mm over 10 cm*’ SSDs of 80—120 cm
Functioning of DRR filters
Image magnification +1.0 mm between +1.0 mm between
70—120 cm SSD? 80—120 cm SSD
Acquisition of baseline
images
Image Accuracy of registration
registration
Accuracy of contour
fusion/transfer
Storage Accuracy of backup/ Plans saved and retrieved
archiving without parameter change
Printing Accuracy of printed Consistent with
hardcopy baseline data®

of our Perspex and wire phantom was accurate
to within 1 pixel of the surface, but posed no
real challenge to the system. Auto-contouring of
plastic moulds was problematic and often unsat-
isfactory (known Advantage Sim 6.0 system
limitation).

System software includes the functionality
enabling the user to add a margin to, for example,
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the clinical target volume (CTV) in order to
obtain the PTV. Margins are grown in Advantage
Sim by adding or subtracting the defined margins
to the existing structures along all axes. This
should also be tested on a phantom of known
physical dimensions, and each ‘grown’ margin
measured in terms of change in area/volume.
This should be carried out for both symmetric
and asymmetric margins. Using our Perspex and
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wire phantom, we marked up some simple shapes
of known area and volume using the wire mar-
kers, and added a range of margins (2D, 3D,
isotropic and anisotropic). Using the distance
measurement tool to measure the dimensions of
the ‘grown’ margins, we found good agreement
between measured and expected margins (calcu-
lated from the knowledge of the position of
each of the wire markers), with the measured
areas agreeing with those expected to be within
0.2% and with deviations <4% in the case of
volumes (given that the margins will tend to
round any ‘sharp’ corners, a more accurate agree-
ment is not expected). Area and volume meas-
urements again can be performed on a phantom
of known physical dimensions by comparing
known areas and volumes to those calculated
by the virtual simulation software. Our measure-
ments of simple geometric structures found devi-
ations of <1% between measured and expected
areas and volumes.

Beam parameters

The virtual simulation software allows the user
to create virtual treatment beams once the sys-
tem is configured with user-supplied machine
parameters corresponding to the departmental
treatment units. Each aspect of the treatment
machine beam simulation should be fully tested
(both magnitude and direction), for example,
the gantry, collimator and couch rotations
should all be checked and the virtual set field
size should be assessed against a phantom of
known physical dimensions. The machine con-
figuration can often be checked quickly by
comparison with treatment planning system
(TPS) configuration. The beam simulation scale
(i.e. IEC1217) should be checked for agreement
with the TPS and the record and verify (R+V)
system.

DRR generation

The DRRs produced by the virtual simulator
must be of sufficient quality to visualise the ana-
tomical details in order to verify the positioning
of treatment fields when compared to portal
images taken during treatment. Therefore, the
DRRs must be geometrically accurate to elim-
inate the possibility of errors in patient set-up
and treatment. Film magnification should be
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tested over the range of treatment distances.
This may be carried out by making use of the
known distances between points in a phantom,
for example, between the wires embedded in
our Perspex and wire cube phantom. A range of
magnifications were tested between 80 and 120
cm source to surface distance (SSD) and were
found to be within 1.0 mm of that expected.

The DRR is produced by tracing ray lines
from a virtual source position through the CT
data on to an image plane.” In standard DRR
mode, for each ray line, the integral of the voxel
densities along the line is used to generate the
image. The ray-tracing algorithm must be
assessed to ensure the DRRs are geometrically
accurate. This can be achieved by constructing
a simple phantom (Figure 2) containing markers
on the top and bottom faces. A useful design is
such that pairs of markers appear coincident
on the DRR image when DRRs are produced

! Markers

DRR ray line 47
1
1

Figure 2. Phantom used to assess DRR ray tracing algorithm.
When reconstructed at 80 cm SSD, the two markers line up
as shown.


https://doi.org/10.1017/S1460396907006085

Commissioning a new CT simulator II: virtual simulation software

correctly for a number of different source to
surface distances (SSDs) (see Figure 2). This
should be tested for a range of SSDs used clin-
ically, for example, 80—120 cm. Using this
phantom (kindly loaned to us by Dr John
Conway, Weston Park Hospital, Sheftield), we
found the deviation in coincidence to be
<1 mm for measurements made at 80, 100
and 120 cm. This corresponds to an angular
deviation in ray lines of <0.1°. Care should be
taken as the SSD and isocentre to surface dis-
tance (ISD) calculated by Advantage Sim use
the distances from the beam source and isocen-
tre to the surface of the 3D patient model.
These values will be affected if the beam inter-
sects an object such as the patient couch.

The DRRs should be tested to confirm that
contours defined on the axial CT source images
are projected accurately onto the DRR. Con-
tours representing thin wires, for example, should
be drawn on a phantom image. The length of
these contours can then be compared with their
lengths represented on the DRR projection. This
should be done for a range of depths and for
treatment beams at a range of gantry angles. Our
measurements showed a deviation of <1 mm
for a range of contour lengths at depths bet-
ween 5 and 20 cm with the SSD varied from
80 to 120 cm.

DRR image quality

The purpose of the DRR is to allow adequate
visualisation of the target volume, contoured
structures and bony landmarks used for patient
set-up verification. The image quality of the
DRR must be adequate to achieve these aims.
DRR image quality may be assessed in a similar
fashion, for example, to that of portal images.
Using a suitable phantom, it is possible to assess
a number of standard image quality character-
istics. It is recommended in the literature” that
the following image quality tests on DRRs be
carried out both at initial commissioning and
at regular intervals thereafter:

1. Low-contrast resolution,

2. High-contrast resolution,

3. Spatial linearity,

4. Performance of DRR output device.
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To assess DRR image quality, we used the
Catphan® 600 CT test object (The Phantom
Laboratory Inc., Salem, NY, USA). The Catphan®
600 1s a cylindrical test object comprising several
different disc inserts or modules, enabling a variety
of image quality tests to be performed.

To obtain a measure of high-contrast resolution,
r, the module containing aluminium line pairs with
resolutions ranging from 1 to 21 line pairs per cm
(in-plane resolution of 5—0.24 mm) was used.
The phantom was aligned along the superior—
inferior axis and scanned with both 2.5 and 5.0
mm slice width/spacing, which are our routine
clinical scanning parameters. When transferred to
the virtual simulator workstation, the DRR depth
control tool was used to generate a DRR based
on reconstructing only the axial slice of the phan-
tom containing the line-pair module (Figure 3).
To obtain a qualitative measurement of high-
contrast resolution, the reconstructed DRRs were
assessed for the number of line pairs visible. In
both cases, for high-resolution DRRs, seven line
pairs per cm were visible, corresponding to the res-
olution of 0.71 mm in-plane. Standard-resolution
DRRs showed five line pairs per cm visible,
corresponding to 1.0 mm resolution in-plane.
Future assessments of high-contrast resolution will
be compared with this value. More objective
analysis is also possible as the phantom has a pin
insert, enabling measurement of the point spread
function and associated modulation transfer func-
tion. The low-contrast sensitivity was assessed
in terms of visualisation of supra- and super-
slice targets, which have nominal contrast levels
of 0.3—1.0%. Qualitatively, all supra-slice targets
were visualised and super-slice targets to the limit
of 3 mm length, 5 mm diameter at 0.3% nom-
inal contrast. The phantom includes a ‘flood field’
module for image uniformity assessment. Mean
pixel values in five regions of interest (top, bottom,
right, left and centre) were measured, and found
to be within one standard deviation of each other.

Spatial linearity may be measured simply by
scanning a phantom of known dimensions and
comparing the corresponding dimensions in
the resulting DRR. This was carried out here
by measuring the distance between points in
DRRs of our previously scanned cube phantom.
Deviations were found to be <0.5 mm.
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Figure 3. Examples of the DRRs reconstructed on Advantage
Sim of the Catphan® 600 CTP528 high-resolution module
and the C'TP515 low-contrast module.

It is useful for future qualitative comparisons
to acquire some baseline anatomical images at
commissioning. Using typical phantoms, such as
the RANDO® (The Phantom Laboratory Inc.,
Salem, NY, USA), images of a range of clinical
sites should be acquired. The range should
include varying tumour regions (e.g. head, pelvis
and chest), image reconstruction kernels and
DRR filters. These baseline images can then be

checked annually with recent images.

Isocentre generation

The isocentre of the target volume can be calcu-
lated by the virtual simulation software. Most
commercial systems offer a choice in the way
the i1socentre can be generated and positioned,
for example, it can be generated to be the geo-
metric centre of a structure or at a surface.

https://doi.org/10.1017/51460396907006085 Published online by Cambridge University Press

Advantage Sim offers three choices for calculating
the centre of a structure: The centre of the struc-
ture may be defined as (1) the ‘pseudo centre of
gravity of the structure volume’, (2) the ‘geo-
metric centre of a 3D box that encloses the 3D
structure’, or (3) the ‘geometric centre of a 2D
rectangle that encloses the 2D intersection of
the structure of the DRR (in the isocentric
plane)’. The algorithm is selected by the user.
The isocentre may also be set to the midpoint
of the patient. In this case, the midpoint is defined
as ‘the position along the beam axis halfway
between the first and last intersections with the
3D patient model’. Care should be taken with
this method as image artefacts or objects, such as
the patient table, may distort the model. The
accuracy of the isocentre position can be checked
by scanning a phantom of known dimensions and
outlining the phantom to generate a structure
with a known centre position. The calculated
1socentre position should be compared with the
physical phantom isocentre coordinates. Similarly,
there will usually be a number of functions avail-
able to adjust the position of the isocentre, which
should also be checked for correct functionality.
Using our geometric phantom, a simple structure
was defined with known centre coordinates. Iso-
centre adjustment functions were performed with
deviations <1 mm. Once the isocentre is defined,
setting the field size can usually be done in a
number of ways. The field may be defined com-
pletely manually by typing jaw sizes, or graphic-
ally by dragging jaws represented onscreen. In
addition, it is often possible to automatically con-
form the jaws to a user-defined 2D or 3D struc-
ture. The functionality and accuracy of field
size definition may be tested by using a phan-
tom with a structure of known geometric size.
We found functionality to be correct and auto-
conformation to be accurate with a deviation of
<1 mm. While Advantage Sim allows accurate
positioning of collimator jaws and MLC, it
should be noted that small differences in position-
ing may appear significant when projected onto
oblique planar views.

Storing and sending information

Often, virtual simulation systems allow users to
store standard beam arrangements in a plan
library. It 1s a simple qualitative check to create
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some standard clinical plans and ensure they are
saved and retrieved without parameter change.

As a routine, data transfer to local and network
printers should be checked, and in particular
DRR quality.

Multimodality image registration

Multimodality imaging for target localisation is
an area of increasing interest. For certain sites
and conditions, CT images are accepted as being
inferior to other modalities such as magnetic
resonance imaging (MRI) and positron emission
tomography (PET). However, CT is currently
the only modality that provides electron density
information, which is essential for dose calcula-
tion on the TPS. Some systems, such as current
generation PET/CT, acquire image datasets that
are inherently registered together. In these sys-
tems, PET and CT gantries are positioned coaxi-
ally side by side around the same couch track, and
the patient can be imaged by each system conse-
cutively without moving oft the couch. How-
ever, the more usual scenario is for the patient
to be imaged on two different scanners, often in
different locations within the hospital(s). Accord-
ingly, the ability to accurately register a dataset
from another modality to the planning CT and
use these fused data for localisation and contour
definition is important.

Most currently available virtual simulator sys-
tems offer image registration utilities as standard.
The algorithms of these registration utilities may
vary and user documentation can be sparse, so
it is important to liaise closely with the vendor
to obtain details of the ‘black-box’. Simplistically,
registration systems perform two basic tasks in
an iterative or semi-iterative fashion: a calcula-
tion of the agreement or similarity between two
datasets and a transformation of the paired data
that is not in sufficient agreement. Currently,
the calculation algorithms will usually be based
either on ‘chamfer-matching’® or on ‘Mutual
Information’.>® The transformation algorithms
are usually based on rigid-body models,” but
there is considerable work to move to the use
of non-rigid-body models.® Of course, in reality,
many other things may be happening, as well as
this simple two-step process. Images may need
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optimising/enhancing by segmenting, scaling,
interpolation, distortion correction or any of a
plethora of other image-processing techniques.
Our system (Advantage Fusion) uses a six degrees
of freedom (DoF) (linear scaling, translation and
rotation) transform calculation algorithm to reg-
ister (align) the coordinates in the exam ‘to be
registered” with the coordinates of the ‘reference’
exam (rigid-body alignment).

For the image registration systems to be clini-
cally useful, they must be accurate, precise, flex-
ible, robust, comparatively fast and require a
minimum of user input. There are several steps
involved in image registration and the software
systems are necessarily complex. Commissioning
and routine quality assurance (QA) of these sys-
tems are recommended.” Unfortunately, there is
a dearth of practical information in the literature
or from working groups regarding methods and
equipment for commissioning/acceptance and
QA of image registration systems. The options
for validating image registration packages fall into
three types. Validation of registration accuracy
can be obtained for a small cohort of patients,
grading the accuracy of a set of manually defined
anatomical landmarks. This will obviously be
time-consuming and usually involve considerable
input from medical colleagues. Reports suggest
observers can detect in-plane translational misre-
gistration errors of >2 mm and rotations of
>3—4° with a high degree of precision.'’ Ana-
tomical validation was done on our system with
the input of a consultant radiologist. Six sets of
patient data were used, with MRI data (acquired
on a GE Signa 1.5 T Excite HD scanner) regis-
tered to CT (GE Lightspeed RT scanner). In
each case, both sets of data were axial with typ-
ical slice thickness of 3 mm. T -weighted MR
scan data was used, which offers the closest
anatomical similarity with CT data. The sites
were restricted to brain to avoid the confound-
ing nature of potential organ movement. The
MRI data had no additional image processing
to that performed by the scanner as standard.
For each data-set, three pairs of landmarks were
marked by the radiologist. Deviations were
generated manually by measuring the offset
between landmark pairs on the screen. We
observed a typical system deviation of 3 mm in
each orthogonal axis.
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It 1s also possible to use phantoms of known
dimensions having interchangeable fiducial mar-
kers/inserts that can be scanned by several difter-
ent imaging modalities.'' "> This technique is
certainly quicker and more convenient than the
earlier one. However, the phantoms are usually
simple in design and may present little real chal-
lenge for image registration algorithms. Regis-
tration accuracy between PET, CT and MRI
within 2 mm has been reported.'' Using a sim-
ple geometric phantom (a Perspex cube with
embedded wires), image registration was tested
CT to CT. A series of scans was acquired with
the phantom as a range of known orientations
in the scanner (rotated and tilted). The land-
marking algorithm was successful for all orienta-
tions and performed with deviations <2 mm in
all axes.

Another solution is the use of simulated data.
This has the advantages of speed and conveni-
ence, and may not suffer from images having
very simple geometry.'*"> Simulation data also
have the potential to give very accurate quantit-
ative results. Simulation data can be generated
with relative ease in packages such as MATLAB
(The Mathworks, Natick, MA, USA) by per-
forming transformations and resampling source
scan data, and commercial products are also avail-
able (Im-Sim, OSL, UK). For a rigorous test,
non-linear transformations should be used. Useful
source data, for example, are multi-echo T, MRI
scans where several scans with different echo
times are acquired of the same volume providing
intrinsically registered data with different image
contrast. In addition, some interesting analytic
methods are possible, such as the ‘full circle’ or
‘consistency’ method. Time allowing, perhaps,
the gold standard test would be a combinational
approach, using simulated and real data. Some
typical values of registration accuracy can be
seen in Table 2.'°

SUMMARY

We have presented a detailed report on the com-
missioning tests performed on a new CT simula-
tor (GE Lightspeed RT wide-bore CT scanner
with GE Advantage Sim software) installed at
the Northern Ireland Cancer Centre, focusing
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Table 2. Typical registration accuracy

Study Modality Validation Reported
method accuracy
(mm)
Intra-modality
registration
Eberl et al.’® SPECT Visual ~2.0
Woods et al.** MRI Consistency ~1.0
(inter-subject)
PET Consistency ~1.5
(inter-subject)
Lau et al.®° MRI Consistency ~1.0
(inter-subject)
Holden et al.?* MRI Consistency <0.15
Inter-modality
registration
West et al.*® CT-MRI Fiducials ~ 1.0-2.5
PET-MRI Fiducials 2.0-3.5
Barnden et al.??  SPECT-MRI Fiducials ~ 1.2—2.6
Wong et al.? PET-MRI Visual 2.0—3.0
Fitzpatrick et al.?* CT-MRI Visual ~2.0
Ardekani et al.?®  PET-MRI Visual 2.0-3.0

Source: Reproduced by kind permission of Elsevier from Ref. 16 (p. 187).

our discussion on the virtual simulation software.
We have attempted to generalise the discussions
to be applicable to the performance on most
CT simulation systems currently available.

Phantoms required for initial commissioning

and subsequent quality control tests have been
described.

Commissioning was carried out on each aspect
of the virtual simulator software: (1) the 3D
image display, (2) contouring, (3) treatment unit
beam parameters, (4) DRR generation, includ-
ing image quality, (5) isocentre generation and
(6) multi-modality image registration. The system
was found to be working within suggested toler-
ances obtained from the literature currently avail-
able; and where there are no tolerances available,
we have suggested suitable values.
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