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. INTRODUCTION

The radiation therapy simulator has been an
integral component of the treatment planning
process for over 30 years. Conventional simulators
are a combination of diagnostic xray machine and
certain components of a radiation therapy linear
accelerator. Consisting of a diagnostic quality x-ray
unit and fluoroscopic imaging system, the treatment
table and the gantry are designed to mimic functions
of alinear accelerator. The images are transmission
radiographs with field collimator settings outlined
by deineator wires. Using primarily bony
landmarks a physician outlines areas to receive
therapeutic radiation doses. One shortcoming of a
conventional simulation process is that very little
anatomy, other than bony anatomy, is available for
design of treatment portals.

CT images provide information not only about
target volumes but about critical (normal) organs as
well.  Using CT images for radiation therapy
treatment planning has enabled us to improve dose
delivery to target volumes while reducing the dose
to critical organs. CT images aso provide density
information ~ for heterogeneity-based dose
calculations. A major weakness of CT images is a
relatively limited soft tissue contrast.  This,
limitation can be overcome by using CT images in
conjunction with magnetic resonance (MR) studies
for treatment planning. Positron  emission
computed (PET) images can be used to add
physiological information.

In 1983 Goitein and Abrams™ ? described
multidimensional treatment planning based on CT
images. They described a “beam’s-eye-view”
(BEV) function which “provides the user with an

accurate reproduction of anatomic features from the
viewpoint of a treatment source’. They aso
described how “projection through the CT data
from any desired origin provides an aignment film
simulation which can be used to confirm accuracy
of treatment, as well as help establish anatomic
relationships relative to the margins of a treatment
field”. This was a description of maor
characteristics of a system known today as the CT-
smulator.  An dignment film created from a
divergent projection through the CT study data is
commonly known today as the digitaly
reconstructed radiograph (DRR). Sherouse et a®
further discussed DRR use in radiation therapy.

Sherouse et al* ° also described a CT image
based virtual simulation process which they referred
to as a “software analog to conventiond
simulation”. This series of publications described
software tools and addressed technical issues that
affect today’s CT-simulation process. The also
described the need for fast computers, specialized
software, but aso for improved patient
immobilization and setup reproducibility.

Several other authors aso described the CT
smulation process’®, These authors outlined
several problems associated with CT simulation: 70
cm CT scanner bore inadequate for large patients
and asymmetric setups, transfer of volumetric CT
data dlow, difficulty with image analysis (requires
diagnostic expertise), time consuming contouring,
dow generation of DRRs, quality of printed graphic
display (hardcopy), inconsistent accuracy, necessity
of physical simulator verification.® Some of these
have been overcome (scanner bore size, speed of
data transfer, speed of DRR generation, hardcopy
quality) while others are dill not completely
resolved.



One of the early commercial CT simulation
packages (introduced in 1994) which is probably
the most often described system in literature is
shown in Figure 1. (AcgSim Oncodiagnostic
Simulation/Locdization System, Marconi Medical

Systems, Inc. (formerly Picker International)
Cleveland, OH).
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Figure 2. CT-Simulator. (Courtesy Marconi

Medical Systems, Inc.)
[1.CT SSIMULATOR COMPONENTS

CT smulator consists of a diagnostic quality CT
scanner, laser patient positioning / marking system,
virtual smulation / 3D treatment planning software,
and different hardcopy output devices. The CT
scanner is used to acquire a volumetric CT scan of a
patient which represents the virtua patient and the
simulation software creates virtual functions of a
conventional simulator. Proper selection of
components of a CT-simulator or a CT-simulator as
a commercia package is very important, as they
will notably affect the rest of the treatment planning
and delivery processin aclinic.

a) CT scanner

Generation - Common historical CT scanner
classification is into four generations®:

First generation - x-ray tube and a single detector
trandate and rotate together,

Second generation - involved multiple detectors, x-
ray tube translated and rotated,

Third generation - fan beam geometry with multiple
detectors, x-ray tube and detector rotate together,

Fourth generation - fan beam geometry with a
complete rotation of the x-ray tube around a
stationary ring of x-ray detectors.

Scanners commercially available today are either 3¢
or 4" generation. Both scanner generations give
excellent images with no significant advantages of
one over the other.

X-ray tube - Two characteristics of CT simulation
process guide requirements for the X-ray tube
selection:

a) Large number of images per study- CT studies
for image based radiation therapy treatment
planning and CT-simulation involve larger number
of images per patient than in diagnostic radiology.
Depending on the treatment site and the length of
the scanned volume, typically 80 to over 200
images per patient are acquired.

b) Rapid study acquisition time- A CT simulation
study should be imaged in a single rapid
acquisition. Rapid scan time minimizes motion
artifacts (due to breathing or patient movement). In
addition, if the scanned volume is not imaged in a
single continues acquisition; the patient can move
between acquisitions and distort the spatial integrity
of the study.

CT simulator X-ray tube must have large heat
anode loading and heat dissipation capabilities to
withstand the very high heat loads associated with
the large number of images acquired in a rapid
sequence.

Scan geometry- Axial or Spiral (Helical) - Axid
and spiral scanning modes have been described in
many publications®*2.

Virtually all modern scanners are spiral (helical)
machines. These scanners are capable of
continuous X-ray tube rotation while the couch is
moving during the scan procedure. In spira
scanning, as the x-ray tube rotates around the
patient, the couch moves the patent through the
imaging plane and the scanner gantry. The resultant
path geometry that the x-ray tube describes around
the patient is a spira or helical winding. With this
technique, volumes of tissue rather than single



dices are acquired, so the technique is sometimes
referred to as volumetric scanning™. Spiral imaging
is capable of sub-second image acquisition times.
Fast imaging makes spird scanning the preferred
choice for CT simulation.

Single-slice and multi-slice scanning- In 1992,
Elscint CT Twin was introduced as the first CT
scanner capable of simultaneously acquiring more
than one transaxia dice. In 1998, four more
manufacturers introduced their versions of multi-
dlice scanners. These scanners were capable of
acquiring four simultaneous dices. Manufacturers
are in various stages of developing scanners capable
of acquiring at least 8 simultaneous dlices.

The main advantage of multi-slice scanners is
the ability to acquire images faster than single dlice
scanners™®®. A four-slice system with a 0.5 second
rotation can acquire volume data up to 8 times
faster than a single dice machine with a 1 second
rotation. Due to the longer length of imaged
volume per tube rotation (multiple dlices
simultaneoudy), the tube heat loading during a scan
of a certain patient volume is lower for multi-slice
than for a single-slice scanner. This alows thinner
dice thickness to be used for scanning or longer
volumes to be scanned. Faster acquisition times,
decreased tube loading (which will allow longer
volumes to be scanned in a single acquisition), and
thinner dlice thickness associated with multi-slice
scanners can potentially provide advantage over
single-dlice systems for CT simulation purposes.

Bore (gantry opening) sizee When patients are
scanned for diagnostic purposes they are typicaly
in a supine position with their head towards the
gantry, arms at their side or on their chest, and their
legs extended. Diagnostic CT scanners have
predominantly 70 cm bore openings. This is quite
adequate for diagnostic scan purposes. For CT
simulation purposes, patients are often in positions
that can prevent them from entering the 70 cm bore
opening. For example, breast treatments where the
ipsilateral arm is subtended at close to a 90° angle
frequently have difficulty entering the 70 cm bore.
Inability to simulate all patients in an optimal

treatment position due to restricted bore opening
has often been cited as on of the major weaknesses
of the CT simulation process® > 8 Marconi
Medical Systems, Inc. has manufactured a scanner
specificaly designed for radiation oncology
purposes with an 85 cm bore opening. The first unit
was installed in December 2000 at Mallinckrodt
Ingtitute of Radiology in St. Louis.

The enlarged opening adlows entry of
immobilization devices and patients in positions
that are commonly used in radiation oncology,
Figure 2. Image performance of the large bore
scanner is comparable to 70 cm bore diagnostic
scanners®.  The 85 cm bore scanner aso has
increased scanned field of view (SFOV)--60 cm
compared to 48 cm on most 70 cm bore units.
Increased SFOV alows for full visuaization of
larger patients and immobilization devices. This
feature is important to fully assess patient externd
dimensions which are necessary for accurate dose
and monitor unit calculation. Due to the superior
patient setup and immobilization flexibility and
larger SFOV, the 85 cm large bore scanner is
proving to be avauable tool in CT simulation.

Figure 2. Comparison of 70 cm and 85 cm bore
opening; a and b) breast board in front of 70 cm and
85 cm bore, respectively, ¢ and d) breast CT
simulation with a breast board in front of 70 cm and
85 cm bore, respectively.



Couch- CT simulator couch should have a flat top
smilar to radiation therapy treatment machines.
Additionally, it should accommodate commercialy
available registration devices. The registration
device allows patient immobilization device to be
moved from the CT dgmulator to a treatment
machine, in a reproducible manner. The couch
should have sag of less than 2 mm. This is in
accordance with  specifications for linear
accelerators®.  The couch weight limit should be
comparable to those of medical linear accelerators
(at least 400 to 450 Ibs).

Patient marking lasers- A laser system is necessary

to provide reference marks on patient skin or on the

immobilization device. Figure 1 shows the laser

system for aCT smulator:
Wall lasers — Vertica and horizontal, mounted
to the side of the gantry and typically immobile
Sagittal laser — Ceiling or wall mounted single
laser, preferably movable. Scanner couch can
move up/down and in/out but can not move
left/right, therefore the sagittal laser should
move left/right to alow marking away from
patient mid line.
Scanner lasers — Internaly mounted, vertical
and horizontal lasers on the either side of the
gantry and an overhead sagittal laser.

Lasers should be spatialy stable over time and

allow for positional adjustment.

Image quality performance- The corner stone of
3D conformal radiation therapy (S3DCRT) treatment
planning are patient images. These should be high
quality diagnostic type images and the CT simulator
should be capable of producing these types of
images. When purchasing a CT simulator, image
quality should be one of the top concerns. At the
very least, the following image quality indicators’
should be considered:

Spatial resolution — measure of the
scanner’s ability to discriminate objects of
varying density a small distance apart against a
uniform background. Specified in line pairs per
cm (Lp/cm).

Low contrast resolution — the ability of an
imaging system to demonstrate small changes in
tissue contrast. Specified as the ability of the
CT unit to image objects 2 to 5 mm in sze
which vary dightly in density from a uniform
background.

Noise — the fluctuation of CT numbers from
point to point in the image of a uniformobject.

Cross-field uniformity — the uniformity of
CT numbers throughout the entire scan field.
This performance characteristic can potentially
be important in heterogeneity-based dose
calculations.

Hard copy printers — DRRs can be printed on paper
or on film using laser film printers. DRRs printed
on film are generally much easier to use and often
preferred.

b) Virtual smulation/3D treatment planning
softwar e and wor kstation

As with al software programs, user-friendly, fast,
and wel functioning virtual simulation software
with useful features and tools will be a determining
factor for the success of a CT simulation program.
Several features are very important when
consdering  virtua  smulation/3D  treatment
planning software:

Contouring and localization of structures — At
present, contouring and localization of structures is
often mentioned as one of the most time consuming
tasks in the treatment planning process. The
software should alow for fast, user-friendly
contouring process with the help of semi-automatic
or automatic contouring tools.

I mage processing and display - Virtual ssmulation
workstation must be capable of processing large
volumetric sets of images and displaying them in
different views as quickly as possible (near real
time image manipulation and display is desired).
The following are some of the important display
capabilities:



Digitally reconstructed radiographs (DRRs) -
DRR is a divergently corrected reconstructed
radiograph, Figure 3, produced by projecting ray-
lines through volumetric CT data se?. The imageis
equivdent to a conventiona transmission
radiograph but is created using a virtua x-ray
source and imaging plane.

Digitally composited radiographs (DCR) - DCR
is created similarly to DRR. The difference is that
various ranges of CT numbers that relate to certain
tissue types are selectively suppressed or enhanced
in image creation, Figure 3b. The created image is
analogous to a transmission radiograph through a
virtual patient whose certain tissue types have been
removed leaving only organs of interest to be
displayed.

Multiplanar reconstruction (MPR) - CT study
conssts of axia images in its native form.
Multiplanar reconstruction allows for creation of
images in arbitrary planes (coronal, sagittal,
oblique, vertex) from volumetric axial data set,
Figure 4 (right lower image).

Various other displays - The software should be
capable of producing room views, 3D
reconstructions of a patient, etc. The virtua
simulation system should be able to display all of
these views simultaneously, Figure 4.

Simulator geometry - A prerequisite of virtual
simulation software is the ability to mimic functions
of a conventional smulator and of a medical linear
accelerator. The software has to be able to account
for gantry, couch, collimator and jaw motion, SSD
changes, beam divergence, etc. The software
should facilitate design of treatment portals with
blocks and multileaf collimators.

Fusion/Multimodality imaging registration -
Imaging modalities other than CT are useful in
accurately  delineating  tumor  volumes™Z.
Magnetic resonance imaging (MRI), magnetic
resonance spectroscopy (MRS), single photon
emisson computed tomography (SPECT), and
positron emission tomography (PET) are imaging
modalities which can provide unique target
information and may improve overall radiation

therapy patient management®®.  All of these

imaging modalities provide vauable treatment
planning information that complement each other.
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Figure 3. @) Chest DRR, b) Chest DCR.

When multiple imaging studies are employed, they
must be spatially registered to accurately ad in
tumor volume delineation. Registration  of
multimodality images is a severa-step process
requiring multi-function software capable of image
set transfer, storage, coordinate transformation, and
voxel interpolation.



Figure 4. Smultaneous display of an axia image, 3D display, DCR, and aMPR image.

Connectivity - Virtua simulation workstation is
commonly the first step for image transfer
between the CT scanner and various trestment
planning computers, record and verify systems,
and treatment delivery machines. When
purchasing new software, the manufacturer should
provide the “DICOM conformance” datement;
from the Radiological Society of North America,
Inc. web-site (http://rsna.org/practice/dicom).
“DICOM (Digita Imaging and Communications
in Medicine) is the industry standard for transferal
of radiologic images and other medical
information between computers. Patterned after
the Open System Interconnection of the
International Standards Organization, DICOM

enables digital communication between diagnostic
and therapeutic equipment and systems from
various manufacturers.”

“DICOM conformance” means the
manufacturer states that the software can
communicate with other DICOM  conformant
products. The conformance statement will list al
DICOM functions that are implemented. A
comparison of conformance statements from each
product should reveal potentidl communication
problems. In addition, one should contact other
health care institutions with smilar equipment to
verify that connectivity between products actualy
works.



Dose calculation - Virtua ssimulation workstation
can aso have 3D dose caculation and display
capabilities. The dose calculation software should
have capabilities that are commonly found on
other 3D treatment planning systems®” .

[l.CT SMULATION PROCESS

CT simulation process has been described by
several authors* * 1 18 3L 2 The process
includes the following steps.

Patient positioning and immobilization
Patient marking

CT scanning

Transfer to virtual simulation workstation
Localization of initial coordinate system
Localization of targets and placement of
Isocenter

Marking of patient and immobilization
devices based on isocenter coordinates
Contouring of critical structures and target
volumes

Beam placement design, design of
treatment portals

Transfer of data to treatment planning
system for dose calculation

Prepare documentation for treatment
Perform necessary verifications and
treatment plan checks

This process and its implementation vary from
ingtitution to ingtitution. The system design is
dependent on available resources (equipment and
personnel), patient workload, physical layout and
location of different components and proximity of
team members.

a CT Scan, Patient
Immobilization

The CT simulation scan is similar to conventional
diagnostic scans. However there are severd
particularities. Patient  positioning and
immobilization are very important. Scan
parameters and long scan volumes with large
number of dices often push scanners to their
technical performance limits.

Positioning and

Patient positioning and immobilization - The
success of conformal radiation therapy process

begins with proper setup and immobilization.
Positioning should be as comfortable as possible.
Patients who are uncomfortable typically have poor
treatment setup reproducibility.  Immobilization
devices tremendoudly improve reproducibility and
rigidity of the setup. Patient setup design should
consider location of critical structures and target
volumes, patient overal heath and flexibility,
possible implants and anatomic anomalies, and
available immobilization devices.

Scan protocol - The CT scan parameters should be
designed to optimize both axial and DRR image
quality and rapidly acquire images to minimize
patient motion % ¥ 2% The parameters
influencing axia and DRR image quality include:
kVp, mAs, dice thickness, dice spacing, spira
pitch’® 1, algorithms, scanned volume, total scan
time, and field of view (FOV).

Scan Limits - Scan limits should be specified by the
physician and should encompass area at least 5 cm
away from the anticipated treatment volumes. Slice
thickness and spacing do not have to be constant
throughout the entire scanned volume. Areas of
interest can be scanned with narrow (3 mm)
thickness and spacing, while large dices (5 mm)
can be used for scanning surrounding volumes.
This will maintain good DRR quality while
minimizing tube hedt.

Contrast - For severa treatment sites contrast can
be used to help differentiate between tumors and
surrounding healthy tissue.

Reference Marks - During the CT scan a set of
reference marks must be placed on the patient so the
patient can be positioned on the treatment machine.
When and in relationship to which anatomical
landmarks the reference marks are placed can be
performed in two different ways.

No shift method - for this method patient is
scanned and, while the patient is still on the CT
scanner couch, images are transferred to the virtual
simulation workstation. The physician contours the
target volume and the software calculates the
coordinates of the contoured volume center. The
caculated coordinates are transferred to the CT
scanner, the couch and the movable sagittal laser



are placed at that position and the patient is
marked using pen or tattoos).

Shift method - this method dose not require
physician to be available for the CT scan. Prior to
the scan procedure, based on the diagnostic
workup (CT, MRI, PET, palpation, etc.), the
physician instructs CT simulator therapist where
to place the reference marks on the patient. After
the scan is done and the patient goes home, the
physician contours target volumes and determines
the treatment isocenter coordinates. Shifts
(distances in three directions) between the
reference marks drawn on the CT scanner and the
treatment isocenter are then calculated. On the
first day of treatment, the patient is first
positioned to the initial reference marks and then
shifted to the treatment isocenter using the
calculated shifts.

b) Virtual smulation

Virtual simulation process typically consists of
contouring target and norma  Structures,
computation of the isocenter, manipulation of
treatment machine motions for placement of the
beams, design of treatment portals, printing of
DRRs and documentation. This process is largely
dependent on the software capabilities. Also there
are well designed methods for simulating specific
treatment sites. Severa publications describe
these methods in detail > /332 %38,

V. QUALITY ASSURANCE

Quality assurance (QA) of CT simulators consists
of procedures for QA of (1) CT scanner, (2) CT
simulation software, and (3) QA of the overdl
process. Severa publications have addressed QA
needs for CT scanners and CT simulators 12 %
20,27, 32 3%, 95 The American Association of
Physicist in Medicine (AAPM) Task Group 66
has been charged with addressing the QA process
for CT simulation. The task group is currently in
the process of preparing a comprehensive
document that will address al of the above-
mentioned QA procedures. The goas of the
quality assurance program should be concentrated
on the imaging performance and mechanica
integrity of the CT scanner, accuracy of the virtual
simulation software in reconstruction of the

virtual patient and treatment machine and other
functions®, and the overall correct positioning and
treatment of the patient. As often suggested by the
AAPM? * the QA procedures are separated into
daly, weekly, monthly, quarterly, and annua
procedures. The frequency of a QA task depends
on its significance for the overall program accuracy
and reliability and other factors (past performance,
etc.)®. Tolerance and action levels for various
components of the QA program depend on the
institutional policies and national and international
organization recommendations®® #* * and current
standard of practice.

If the CT scanner is located within the radiation
oncology department, establishment of a well-
designed QA program should not be a problem. In
a situation where the CT scanner is located outside
the radiation oncology department, establishment
and overseeing of an appropriate QA program may
be somewhat harder to do. If the equipment is
shared with another department it is the
responsibility of the CT simulation team (physician,
medical physicist, administration) to ensure that the
CT scanner QA program satisfies the needs of the
virtual simulation process, that the QA is performed
at specified intervals, and that specified action
levels are followed. It is very important that proper
communication channels be established with all
users of a shared CT scanner so that any changes or
modifications in the scanner operation and
performance can be notified and explained to all
users.  Radiation oncology personnel do not
necessarily have to perform the actua QA of an
outside scanner but should a minimum understand
the QA procedures and review QA records at
routine intervals.

Quality assurance of CT scanners. The AAPM
Report Number 39, “Specification and acceptance
testing of computed tomography scanners’™ has
describe in great detail acceptance testing and QA
procedures for CT scanners. Several other
references have been published that address this
issue™ “* “% Also a good source of information is
the www.impactscan.org website. Until publication
of the AAPM TG66 report, the above referenced
documents can be used for desgning a CT
simulator QA program. The QA Program should
address radiation safety, CT scanner dosimetry,




electromechanical performance, x-ray generator
operation, and imaging performance.

Quality assurance of the CT simulation
software: The QA of the virtual smulation
software is in many aspects similar to QA
procedures for 3D treatment planning systems as
many functions and features are common to these
two types of software. The AAPM TG53 report
“Quality assurance for clinical radiotherapy
treatment planning®” has addressed in detail the
QA needs for clinica radiation oncology
treetment planning.  This document can be
applied when designing a virtua simulation
software QA program. Additionally, the AAPM
TG66 will address QA issues more specific to
virtual smulation. The QA should include
verification of spatia and geometric accuracy of
the software (contour delineation, isocenter
localization, treatment port definition, virtual
treatment machine operation, etc.), evaluation of
DRRs and DCRs, and accuracy of the
multimodality image fuson and registration
process. .

V. CONCLUSIONS

CT dmulation process has made significant
improvements over the past ten years due to
advances in CT scanner technology and constant
increase in computer abilities. Virtual ssmulation
has gone from a concept practiced a few
academic centers to several available
sophisticated commercial system located in
hundreds of radiation oncology departments
around the world. The concept has been
embraced by the radiation community as a whole.
This acceptance of virtua simulation comes from
improved outcomes and increased efficiency
associated with conformal radiation therapy.
Imaged based treatment planning is necessary to
properly treat a multitude of cancers and CT
smulation is a key component in this process.
Due to demand for CT images, CT scanners are
being placed directly in radiation oncology
departments. In our radiation oncology center,
two dedicated CT simulators are used and a large
number of our patients are scanned usng MR and
PET scanners located in the diagnostic radiology
department. As CT technology and computer

power continue to improve so will the ssimulation
process and it may no longer be based on CT alone.
CT/PET combined units are commercialy available
and could prove to be very useful for radiation
oncology needs. Several authors have described
MR Simulators where the MR scanner has taken the
place of the CT scanner. It is difficult to predict
what will happen over the next ten years, but it is
safe to say that image-based treatment planning has
much more to offer. Image- based treatment
planning is one of the great research avenues with
tremendous opportunities for improved patient care.
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