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L INTRODUCTION
A. Clinical Introduction

Stereotactic radiosurgery (SRS) of an intracranial lesion, or radiosurgery,
combines the use of a stereotactic apparatus and energetic radiation beams
to irradiate the lesion with a single treatment. Stereolactic Radiotherapy
{SRT) utilizes the sterectactic apparalus and radiation beams for multiple
fractions or treatments. SRS and SRT are essentially two-step processes con-
sisting of: (1) accurately defining the shape and location of the lesion and
the neuroanatomy in the reference frame of a stereotactic frame system with
CT, MRI or angiography; and (2) developing and delivering the planned
treatment. The treatment techniques produce a concentrated dose in the le-
sion with steep dose gradients external to the trcatment volume. The rapid
dose falloff from the edge of the treatment volume provides dramatic spar-
ing of normal brain tissucs.

SRS was first developed by Leksell in the late 1940s wo destroy dysfunc-
tional loci in the brain using orthovoltage x rays (Leksell, 1951). Heavy
charged particles, gamma rays, and megavoliage x rays have been used in
the intervening decades to irradiate arteriovenous malformations as well as
benign and malignant tumors.

This report describes the techniques for stereotactic external beam irra-
diation with heavy charged particles from cyclotrons, x rays from electron
linear accelerators (Linacs) with nominal beam energies between 4- and 18-
MYV, and gamma rays from the “gamma knife” using 201 %Co sources, The
first three-dimensional treatment of a brain lesion with a megavoltage unit
took place in April 1948 (Kerst, 1975). The first combined use of an x-ray
unit and stereotactic frame occurred in 1950 (Leksell, 1951, 1983). This
report is wrilten primarily for clinical medical physicists who are consider-
ing acquisitioning and commissioning of a SRS program at their facility. It
is extremely important 10 understand the importance of quality assurance in
every slep of the SRS treatment process. As with brachytherapy, the dose
with SRS is administered in one or a few applications. However, the dose
rate for SRS is such that the dose is typically delivered in less than one hour
from the start of treatment, unlike low-dose-rate brachytherapy, which is
typically administered over several days. It is imperative therefore that a
thorough and methodical quality assurance program for SRS be devecloped
at each institution. Safety precautions include the implementation of inter-
locks on the patient support assembly (couch) motion and the gantry mo-
tion, which limit the arc or rotation of the equipment and prevent patient
injury. No therapy department should consider undertaking SRS without the
presence of at least one clinical medical physicist (as defined by the AAPM,
1985) at each procedure. The quality assurance requirements demand that
every step be checked by a physicist and independently rechecked by a



second expert (clinical medical physicist or a board-eligible medical physi-
cist). A joint statement has been issued on this subject by The American
Association of Neurclogical Surgeons and The American Society for Thera-
peutic Radiology and Oncology (Lunsford ef al., 1994). The statement de-
fines radiosurgery, but also recommends that training be received by the
radiation oncologist and physicists. It also specifies that the oncologists and
physicists be board certified or eligible for board certification.

Typical abnormalities that are treated with SRS are single metastasis
(Sturm et al., 1987), solitary primary brain tumors (Larson et al., 1990),
arteriovenous malformations (Betti et al., 1989; Colombo et al., 1987;
Fabrikant ef al., 1985 and1984; Kjellberg er al., 1986; Saunders et al., 1988;
and Steiner, 1986):and benign conditions (Barcia-Salorio ef al., 1985) or
tumors, such as pituitary adenoma and acoustic neuroma (Kamerer et al.,
1988). Overviews of clinical applications of SRS/SRT have been presented
by Flickinger and Loeffler (1992), Luxton et al. (1993), McKenzie et al.
(1992), and Podgorsak et al, (1987, 1988, 1989, 1990, and 1992). SRS gen-
erally consists of identifying a target in the patient’s brain that is to be irra-
diated by the intersection of one or more heavy charged particle beams, by
multiple noncoplanar arcs with a linac, by dynamic rotation with a linac, or
by the intersection of “'Co beams at the isocenter of the gamma knife.

Target identification begins with the fixation of a stereotactic frame to
the patient’s skull. Imaging techniques, such as computerized tomography
(CT), magnetic resonance imaging (MRI) and/or angiography, pinpoint the
target within the stereotactic frame. The location and geometry of the larget
is then transferred to a reatment planning system that calculates dose distri-
butions in three dimensions. The treatment planning system must be ca-
pable of computing dose distributions from either the combination of
noncoplanar arcs or the intersection of the *Co beams. For linac-based
radiosurgery, the arc geometry can be varied to provide a concentrated dose
1o the selected target while minimizing the dose to critical structures sur-
rounding the target. The gamma knife achieves similar results by selective
*“plugging” of holes in the helmet (Flickinger, 1990).

The clinical rationale or indications for radiosurgery are discussed in
Section 1I. Factors contributing to the net uncertainty of the SRS treatments
are reviewed in Section 11, which describes the tolerances encountered in
each SRS technique. A brief introduction to the radiosurgical techniques is
presented in Section 1V and detailed synopses of five techniques are in the
appendices. Acceptance lesting requirements for the pedestal-mounted and
couch-mounted frames are contained in Section V. The beam and dosimetry
requirements are described in Section VI. Requirements of quality assur-
ance programs for the hardware, software, and treatment procedure are re-
viewed in Section VII. Current research efforts in SRS are summarized in
Section VIIL

B. Introduction For Administrators

Table I contains time estimates for various tasks thal are involved with
commissioning a linac-based radiosurgery procedure. These time estimates
deal solely with the time requirements for collecting the physical data and
testing the hardware and software of a radiosurgery installation. For ex-
ample, it is estimated that it would take approximately 10 weeks for a de-
partment with a scanning film densitometer and the appropriate ionization
chambers to commission a commercial radiosurgery package. Such pack-
ages are currently available from RSA, Inc. {Brookline, MA) and Leibinger
and Fischer LP (Metairie, LA). To fabricate the treatment hardware (the
tertiary collimation system) for the stand or the couch mount sysiems would
take approximately 0.7 yr. To install a prefabricated hardware system and
write a treatment planning software package for radiosurgery would take
2.3 yr. To design the enlire system in-house and install the hardware and
software would require almost 3 yr. These lime estimates do not include the
background efforts regarding the coordination of the disciplines of radiation
oncology, neurosurgery, and neuroradiology. A considerable amount of time

-

TABLE |. Time Estimates for Commissioning a Radiosurgery Program.
Estimated Project Times (weeks)

TASK TIME
Stereotactic Equipment Evaluation 2 wks
Treatment Planning System
a) Evaluate commercial package 1 wk
b) Develop treatment planning 2 yrs
Dosimetry Measuremants 2 wks
Treatment Delivery Hardware
a) Setup commercial package 3 wks
b) Adapt a prefabricated system 12 wks
c¢) Design & fabricate 28 wks
Final System Test 2 wks
Routine QA 0.5 days/month
Pian and Treat a Radiosurgery Case 8—12 hr/patient
{Depending on
Complexity)
TIME ESTIMATES FOR FOUR OPTIONS:
Commercial Package 10 wks
Adapt a Prefabricated System and
Write Software 2.3 yrs
Fabricate Hardware/Buy Soltware 0.7 yrs
Design and Fabricate Hardware/
Write Soltware 2.7 yis
3
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is invested in coordinating the quality assurance programs of each depart-
ment and establishing the team required 1o execute a radiosurgery proce-
dure. Finally, there are time estimates for planning and treating a typical
radiosurgery patient. It usually requires 8 hr of 1.5 physicists and dosimetrists
to plan and wreat the patient. This begins with acquiring imaging data early
in the day, entering the data sets into the computer, establishing the appro-
priate contours and surfaces of the tumor and normal tissue structures, de-
veloping a plan, and reviewing the plan with the radiation oncologists, the
neurosurgeons, and finally treating the patient. The routine QA of
radiosurgery hardware and software requires approximately 0.5 days per
month.

In summary, the time requirements for installing and commissioning a
radiosurgery procedure are substantial. The time requirements for treating a
typical patient per week amounts to 20% of a typical weekly patient load.
This procedure represents a significant increase in the staffing require-
ments of the physics section of the department of radiation oncology.
We recommend an additional 0.3 FTE medical physicists/patient/week
(board-certified or board-eligible radiotherapy medical physicist) to
support an ongoing radiosurgery program. We recommend a minimum
of 0.2 FTE medical physics years be allotted for the acceptance and com-
n.1issioning of a commercial linac-based SRS system. Radiosurgery is a very
time-consuming procedure requiring a high degree of attention to detail.
The consequences of understaffing and misadministration are a significant
and grave risk to the patient.

II. RATIONALE FOR RADIOSURGICAL TREATMENTS

Radiosurgery has been used to treat a variety of benign and malignant
“lesions as well as functional disorders. In many categories, however, only a
small number of cases have been treated. Results have not been reported
and indications are far from established. Kihlstrom reported 1311 gamma
knife unit radiosurgical procedures performed at Karolinska Hospital be-
tween 1968 and 1986 (Kihlstrom, 1986). The most frequent reasons for treat-
ment were arteriovenous malformations (AVM} (41%), acoustic neuroma
(14%), and functional radiosurgery (14%). Chierego ef al, {(1988) listed 150
patients treated with a linac-based system in Vicenza. The most frequent
f:alegories were AVM (44%) and malignancy (33%). The natural history of
inoperable arteriovenous malformations may be favorably influenced by
radiosurgery as discussed below. The risk of hemorrhage is 2-3% per year
and 6% immediately posthemorrhage. The nidus of the AVM is a blood steal
from the adjacent parenchyma. Hence, it is generally assumed that the adja-
cent tissues are dysfunctional and that radiation damage to this tissue would
result in minimal additional neurological deficits,

4

A. Nonmalignant Lesions

Stereotactic radiosurgery has been used for nonmalignant lesions such as
arteriovenous malformaticns and acoustic neuromas. Arteriovenous malfor-
mations are congenital anomalies that develop from aberrant connections
within the primitive arterial and vencus plexus overlying the developing
cortical mantle. During embryological maturation, this region of abnormal
vasculature is incorporated into the brain parenchyma. Initially, the cerebral
vasculature adjacent to the AVM develops normally. However, because AVMs
lack a normal capillary bed and the associated hemodynamic resistance,
local blood flow through the AVM is increased and vascular dilation gradu-
ally ensues. This shunting of blood through the AVM may result in a blood
steal phenomenon. The lack of a normal capillary bed implies that the ves-
sels of the AVM provide no nutritive function. Therefore, tissues deep within
the AVM may be nonfunctioning and sclerotic. The approximately 2-3%
per year risk of bleeding is the primary reason for treating the AVM. The
standard treaiment is surgical resection, if it can be performed safely. The
immediate goal is o eliminate the risk of hemorrhage. In cases where the
AVM is relatively inaccessible, especially if centrally located in the speech
area or in the brain stem, radiosurgery may be considered.

The radiosurgical principles applicable to the treatment of AVMs are evolv-
ing, and thus far are similar to established surgical principles: (1) Within the
nidus of the AVM, radiosurgery may be destructive because there is usually
little normally functioning tissue therein; (2) One should nol pursue arteries
or veins beyond their normal attachment to the nidus to avoid damaging
sormal tissue: (3) Obliterating a final feeding artery only improves tissue
nutrition whereas obliterating any other artery only worsens tissue nutri-
tion: and (4) Total obliteration of the AVM is of vasily greater benefit than
partial obliteration. Usually the obliteration of AVMs after radiosurgery is
not complete for 1-3 years.

Stereotactic radiosurgery for small-volume AVMs appears 10 achieve a
high obliteration rate at the end of 2 years with a low complication rate
(Alexander et al., 1993). There are several limitations or disadvantages to
stereotactic radiosurgery for the treatment of AVMs. The obliteration of the
larger AVMs is not readily achievable with stereotactic radiosurgery with a
2-yr follow-up. Microembolization in conjunction with steréotactic
radiosurgery is currently under evaluation for treatment for the larger AVMs.
Other sites of treatable benign lesions include pituitary adenomas, acromegaly
Cushings disease, and Nelson's syndrome (Levy ef al., 1989 and Alexander
et al., 1993). [See also Friedman (1993); and Husobuchi (1987).]

B. Malignancies

It may be argued that radiosurgery as the sole treatment modality, with
its dose localization characteristics, is contraindicated in the treatment of

5
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primary malignant intracranial lesions, where tumor cells are known to in-
filtrate beyond the borders of abnormalities seen on CT or MRI (Halperin ef
al., 1989; Hochberg and Pruitt, 1980; and Wallner et al., 1989). The role of
radiosurgery in radiation oncology may be analogous to that of interstitial
brain implants as a high-dose boost following the standard course of exter-
nal beam therapy (Halperin et al., 1989). Mehta ef al. (1993) have per-
formed a prospective analysis of the toxicity and efficacy of stereotactic
radiosurgery boost when combined with external beam radiotherapy for the
treatment of newly diagnosed glioblastoma (GBM). External beam radia-
tion therapy was delivered 1o 54 Gy with 1.8 Gy per fraction times 30 frac-
tions. The stereotactic radiosurgery boost ranged from a maximum of 25-35
Gy. Their preliminary findings were that no significant toxicities were en-
countered and Lhe necrosis rate was 10% at a follow-up of 13.5 months. The
data evinces at best a minimal improvement in survival. SRS application to
the treatment of metastases has been found to provide improved local con-
trol if applied in conjunction with whole brain irradiation (Fuller er al.,
1992). Further discussion of the use of SRS for malignancies is located in
Section IV.

III. THE ACCURACY OF STEREOTACTIC
RADIOSURGERY

Accuracy limits not only reflect the technical limitations of the frames
and treatment units, but also reflect the current knowledge of the neurologi-
cal abnormality and its radiation response. Two SRS techniques report un-
certainties in target alignment with the beam focus of 0.2-0.4 mm in patient
position, whereas the linac setup uncertainty is 1.0 mm (Friedman and Bova,
1989 and Wu et al., 1990). Although the techniques differ in accuracy, it is
unclear whether the difference is clinically significant. The uncertainty in
dose delivery is a result of two processes: (1) target definition and (2} the
machine tolerances of the dose delivery apparatus (including the frame). A
reasonable perspective on accuracy requirements for SRS should include
(1) the current accuracy in external beam therapy; (2) the net result of un-
certaintics in SRS; (3) the resolution of the target image; and (4) the rela-
tionship of the image 1o the lesion itself, macroscopic and microscopic.

The accuracy of palient setup in conventional external beam therapy has
been investigated by several groups, including that of :Rabinowitz ef al.
(1985). The variation in setup was determined from the differences between
simulation and port films. The standard deviation in treatment-to-treatment
variation was 3 mm. However, the average discrepancy between the simula-
tion films and port films was 5 mm when the brain was the treatment site.
The mean deviation exceeded 7 mm. Hence, the benefit of stereotactic lo-
calization and treatment is the ability to plan and treat a target with reduced
position uncertainty.

The definition of a tumor with CT (or AVM with angiography) depends
on the resolution of the image and the relationship of the macroscopic im-
age with the microscopic extent of the disease. The first factor is a conse-
quence of the dimensions of the voxel. The pixel dimensions are typically
0.7 mm by 0.7 mm, and the separation between slices is not less than 1.0
mm. Therefore, an object’s location cannot be known better than to within
1.5-2.0 mm. The mechanical position uncertainty in any orthogonal axis of
a stereotactic frame is 0.6 mm. The gantry rotation axis, collimator rotation
axis, and table rotation axis should coincide within a sphere of 1 mm radius.
The net uncertainty in target localization and treatment delivery is then 2.0
mm for an AVM and 2.4 mm for a tumor when summed in quadrature (Table
II). Note that the net uncertainty increases to 3.7 mm when a CT slice sepa-
ration of 3 mm is employed. This net uncertainty is far less than the clinical
knowledge of the AVM or neoplasm.

AVM definition can be limited by factors other than the detector resolu-
tion. The nidus of an AVM may be partially obscured by arteries or veins. In
this case, the location of the nidus may only be known to within 5 mm. In
the absence of this uncertainty, orthogonal angiograms permit the location
of an AVM in the stereotaclic frame coordinates to within 1 mm. The 1-mm
limit derives from the radiologists ability to identify a unique point from
two views. However, the extent of the nidus cannot be determined from the
orthogonal radiographs, preventing the optimum plan of irradiating the tar-
get while sparing normal tissue.

Similar uncertainties exist for certain brain tumors, but it is caused by
the invasive nature of the malignancies. The relationship of the macroscopic
CT image with the primary brain tumor is a matter of current study (Halperin
et al., 1989; Hochberg and Pruitt 1980; Kelly er al., 1987, and Wallner et
al., 1989). Halperin ef al. obtained antemortem CT scans of glioblastoma
multiforme (GBM) umors in §] patients. In nine cases, aulopsies indicated
that the tumor extended beyond a 1-cm margin around the contrasi-enhanc-
ing areas. Furthermore, the differences between survival rates for whole
brain irradiation versus partial brain irradiation are not statistically signifi-

TABLE Il. Achievable Uncertainties in SRS

Stereotactic Frame 1.0 mm 1.0 mm
Isocentric Alignment 1.0 mm 1.0 mm
CT Image Resolution 1.7 mm 3.2mm
Tissue Motion : 1.0 mm 1.0 mm
Angio (Point {dentification) 0.3 mm 0.3 mm

Standard Deviation of 2.4 mm 3.7 mm
Position Uncertainty

{by Quadrature)




cant. This lack of difference between treatments is a result of the failure of
external beam therapy to control bulky discase. Current external irradiation
techniques alone are insufficient for tumor eradication; “focal” (brain im-
plants or SRS) treatment is required to help eliminate the original wmor. It
is further speculated that when the primary tumors are controlled, many
palients will have recurrent GBM outside the abnormal region as shown by
CT or MRL

The uncertainties in dose delivery by any of the above SRS techniques
are significantly less than the clinical knowledge of the location and extent
of the lesion as determined by CT or MRI. The accuracy in dose delivery to
the target of linac-based radiosurgery is a significant improvement over con-
ventional techniques and approaches that of the heavy-charged-particle fa-
cilities. Until technelogy affords accurate target localization, the differences
in position accuracy will have minimal impact on treatment delivery. How-
ever, the impact of the net position accuracy on the planning process should
be foremost in the minds of the oncologist and physicist. Table II illustrates
the uncertainties in SRS delivery for two cases: (1) 1-mm slice thickness
and (2) 3-mm CT slice thickness.

IV. STEREOTACTIC RADIOSURGERY TECHNIQUES

SRS is a nonstandard radiation therapy technique by nature of the means
of delivery of the target dose. Two basic approaches have been taken in the
past: (1) modification of standard linear accelerators with the addition of
tertiary collimation and stereotactic frame system or (2) the use of a dedi-
cated *“Co unit. Linac-based radiosurgery delivers a narrowly collimated x-
ray beam while rotating about the target. The target is positioned at the
center of linac rotation. The process is repeated for a number of treatment
couch angles. Thus, the target is caught in a cross fire of x-ray beams which
deliver a lethal dose to the target and a sublethal dose to the surrounding
normal tissues. The gamma kaife unit delivers a comparable dose by means
of the simultaneous irradiation from 201 cobalt beams. The dose distribu-
tion is concentrated in a localized small volume by the intersection of beams
from up to 201 ¥Co sources (gamma knife unit shown in Figure 1} or of the
multiple arcs from a linear accelerator. The small treatment volume and
rapid dose falloff are also characteristic of brain implants, yet the technical
aspects of SRS are considerably different from those of brachytherapy.

Figure 2 illustraies the beam entry patterns for (1) the gamma knife uni;
(2) a single 360° arc in the transverse plane of the patient; (3) a four
noncoplanar arc geometry; and (4} the dynamic radiosurgery approach (b, a,
e, and g, respectively in Figure 2). These four approaches produce isodose
surfaces with shapes that are unique to the SRS. The dose-volume histo-
grams have been found to be approximalely equivalent among the four ap-
proaches (Phillips ef al., 1989; Schell et al., 1991; and Serago, 1992). Stan-
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Beam Sources 201 pcs Upper Hemispherical Shield

THE RADIATION UNIT

FIGURE 1. The cross-sectional view of the gamma knife irradiator. The 201
sources are focused at one locus. The stereotactic frame positions the target
at the intersection of the beams. (Wu et al, 1890.}
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FIGURE 2. Beam-entry patterns on a patient's skult for various radiosurgical
techniques. (Podgorsak, E.B. Physics for radiosurgery with linear
accelerators, in “Stereotactic Radiosurgery”, Chapter 2, pp. 9-34,
Neurosurgery Clinics of North America, Vol. 3, edited by D. Lunstord, W.B.
Saunders Company, Philadelphia, PA, 1992.)
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dard arc geometries were routinely used for many lesions in the mid-1980s.
Advances in treatment planning software allow for beam’s-eye-view plan-
ning which facilitates dose optimization to the target and avoidance of criti-
cal normal tissues. The shapes of the isodose surfaces can be modified to
minimize the dose to critical structures by changing the arc geomelry with
linacs. The gamma knife unit collimators can be plugged to prevent beam
passage through vital tissue. At most centers, each treatment plan geometry
is adjusted to minimize normal-tissue dose and maximize target dose, as is
the case with conventional external beam planning. Irregularly shaped le-
sions are treated with multiple isocenters with linacs and the gamma knife
unit. The range in collimator size differs between linacs and the gamma
knife unit. Linacs use collimator sizes in the range of 5—40 mm diameter,
whereas the gamma knife unit has four collimator diameters: 4 mm, § mm,
14 mm, and 18 mm. Large lesions require more isocenters with the gamma
knife unit than with linacs.

The irradiation geometry for heavy charged particles varies between cen-
ters. LBL (Lawrence Berkeley Lab) only irradiated through the hemisphere
with the lesion; a four-port geometry is normally employed. The Harvard
Cyclotron Therapy Center treats with seven to eleven ports. Heavy charged
particle beams have the advantage of stopping at the distal edge of the tar-
get. Consequently, the integral dose is approximately a factor of two less
than with photon therapy beams. The beam shaping of heavy charged par-
ticlé beams eliminates the need for multiple isocenters.

Figure 3 compares the beam profiles for helium ions with 6-MV x rays
with 1.27- and 1.25-cm beam diameters. The helium beam yields a more
uniform dose profile than the 6-MV x rays. However, the two modalities
have comparable profiles. An 8-mm diameter lesion would receive a zero %
dose gradient from helium ions and a 10% dose gradient with 6-MV x rays
if a prescription were based solely on profile data. This comparison sug-
gesls that the primary advanlage of heavy ion therapy is in normal tissue
sparing, due principally to the finite range of the particles in tissue. Since
the late 1940s (Wilson, 1946), the advantages of delivering heavy charged
particles in concentrated doses to tumors while sparing normal tissue have
been acknowledged. Since the high cost of heavy ion therapy limits its use,
most institutions rely on the gamma knife unit or modified linacs. However,
new x-ray-based techniques, such as PEACOCK and ACCU-RAY, have the
potential to enhance the dose delivery of x-ray beams and narrowing the
gap between X rays and heavy charged particle approaches (see Section VIII).

Three groups have compared photon-SRS techniques. The first compari-
son used the steepest and shallowest dose gradients as criteria (Podgorsak et
al., 1989). More recently, Schell er al. (1991) and Serago et al. (1992) have
used dose-volume histogram analysis to compare linac-based SRS techniques.
The differences in dose-volumes between the approaches were clinically
insignificant when the total arc traversal exceeded 400° of gantry rotation,
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FIGURE 3. The dose profile of a 230 MeV/u helium ion beam Is compared
with the dose profile of a 6-MV x-ray beam.

Schell ef al. (1991) demonstrated that the differences in techniques disap-
peared at the 5% dose level as the collimator sizes exceeded 2.0 cm when
the geometry of the cranium became the limiting factor. Detailed informa-
tion on five SRS techniques is contained in Appendix IV,

V. ACCEPTANCE TESTING
A. Introduction

The basic requirements for SRS are: (1) accurate localization, (2) me-
chanical precision, (3) accurate and optimal dose distribution, and (4) pa-
tient safety. These four requirements are common to linac-based radiosurgery
and the gamma knife unit. Some tests are unique (0 the gamma knife unit
and are discussed at the end of this section.

B. Accurate Localization

The stereotactic localization techniques shall be able 10 deteruiine the
coordinates of a well-defined object {pointer or a ball bearing in a phantom)
in the frame coordinate system 1o within 1 mm for angiography, and 2 mm
for CT and MRI. A localization test is described in the System Verification
Test section.

C. Mechanical Precision

An essential element of stereotactic therapy is the alignment of the pa-
tient-frame-based coordinate system with the LINAC coordinate system.
The alignment procedure puts the treatment target position specified in the
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patient-frame coordinate system at the LINAC isocenter. The alignment pro-
cedure typically relies on rigid mechanical devices, including pedestal and
couch-mounted devices, or on registration of patient-based markers. A pre-
requisite of this report is that the radiation oncology department abide by
the recommendations of AAPM Reports 40 and 45 with regard to quality
assurance and quality improvement of equipment and procedures, AAPM
Report 40 focuses on comprehensive QA for radiation oncology and AAPM
Report 45 deals specificaily with the code of practice for radiotherapy ac-
celerators and machine tolerance limits. Adherence 1o the recommendations
of the aforementioned reports forms the foundation for the SRS QA proce-
dures delineated below.

1. Linac Gantry, Collimator, and Couch (PSA)

The overall stability of the isocenter under rotation of all axes—couch,
gantry, and collimator—needs to be established before commencing any
stereolactic therapy program. These axes shall coincide within a 1-mm ra-
dius sphere for all possible gantry, collimator and PSA angles. (Hartmann et
al., 1994) Caution: Some centers correct for the precession of the PSA axis
by changing the targel coordinates as a function of PSA angle in order to
center the lesion during treatment. We recommend correcting the mechani-
cal precession problem {e.g., PSA bearing replacement) prior lo commis-
sioning the SRS procedure. PSA precession correction requires at least two
coordinate adjustments for each PSA angle. These corrections could be mis-
applied and place the lesion further away from the linac isocenter.

A couch-mount system requires a mechanically stable couch. The most
critical mechanical property is the stability of the couch rotation axis under
rotation. It is not necessary for the couch to be infinitely rigid, as such a
requirement is unattainable, even in principle. It is necessary, however, for
the couch to be stable under rotation, i.e., as the couch rotates, the mechani-
cal forces on it should not change the torque on the-couch. A couch can be
mechanically stabilized by external supports o increase the stiffness if
needed,

2. Lasers

The most practical room-based reference sysitem is afforded by wall-
mounted lasers. A set of three lasers—(wo on opposite sides lateral to the
LINAC and one in the ceiling—suffices. These lasers must cross accurately
at the isocenter and must be as parallel as possible. These requirements
imply that the laser-mounting brackets must allow very fine movement to
allow mechanical movement of the complete laser assembly. The lasers
should coincide within | mm of axes locus. The lasers should be routinely
checked for drift.
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3. Patient Docking Device

The patient docking device couples the frame 1o the treatment machine,
either the pedestal or the couch-mount bracket. The patient docking device
must be as mechanically rigid as possible. Notably, the docking position on
the frame should minimize torque caused by the patient. For the pedestal-
mounted frame system, the origin of the pedestal’s coordinate system should
be aligned to within 1.0 mm of the gantry/cellimator/PSA axes’ locus. For
the couch-mounted frame, the patient is brought in alignment with the LINAC
isocenter using the standard couch motors. These motors, however, are not
accurate or sensitive enough 10 assure accurate positioning. The patient dock-
ing device thus must allow a vernier-based or fine adjustment sysiem to
precisely align the patient at the desired isocenterftarget position. It is the
experience of the task group members thut the frame system can be aligned
to within 1 mm of the linac coordinate system.

4. Frame System

The performance of the components relating to the frame coordinate sys-
tem must be verified as to compliance with the manufacturer’s specifica-
tions. For example, the BRW pedestal and phantom base axes should be
accurate 10 within = 0.6 mm for each axis. The CT, MRI, and angiographic
localization procedures must yield target coordinates that differ by less than
the total uncertainty of the frame system and imaging procedures over the
coordinate domain of the frame system.

5. Target Verification Devices

The target verification devices ensure that the patient is treated at the
correct target coordinale, that the target coordinate is aligned with the
isocenter, and that the patient is aligned with the isocenter. These devices
are calibrated with respect to the frame-based coordinate system. This cali-
bration needs to be verified and documented upon acceptance.

6. SRS System Verification Test

Before a particular radiosurgery system is considered ready for patient
treatments, we recommend testing the entire system/procedure (lucaliza-
tion through treatment) for geometric accuracy. This comprehensive method
1o obtain quantitative results involves the use of hidden targets (steel or lead
balls) placed in a head phantom. These hidden targets are localized by CT
and planar angiograms (MRI may require a more careful selection of phan-
tom and targets) under conditions and with the same equipment used for
patients. These targets are next “treated” with a number of fixed beams
representing entrance points spread over the upper hemisphere of the skull,
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A port-film exposure is made for each beam. The displacement of the image
of the steel ball from the center of the field is measured for each of the
beams. From this informaticn, the geometric error in treatment (i.e., the
displacement of the center of the radiation distribution from the target cen-
ter) can be calculated. A summary of the geometric error in the *wreatment”
of 18 hidden targets is given below (Lutz et al., 1988):

Localization Method Average Error in Treatment (mm)

Computed Tomography 1.3+ 06
Plane Film Angiography 0602

These results agree with the uncertainties ascertained by Yeung e1 al.
(1993) and determine a margin (in the absence of medical uncertainly) which
can be used between the prescription isodose surface and the target bound-
ary that assures target coverage for a particular confidence level desired.

It is also possible to measure the accuracy of localization alone via CT or
ptanar radiography, in the absence of medical uncertainty, using the test
targets {plastic or steel balls) that are attached, respectively, to the CT and
angiographic localizer frames. The coordinates of the balls can then be mea-
sured directly by mounting the appropriate localizer to the BRW phantom
base and comparing with the coordinates found using the treatment plan-
ning program.

Localization Error = -J(AAP)2 +(ALar)’ +(AVert)}

where AAP, for example, is the difference between a phantom base mea-

surement and a computer calculation.

~ If you use digitally reconstructed planar radiographs or MRI, test
the procedure thoroughly to ensure the images are free of distortions

throughout the volume of interest. Positional errors as large as 4 mm

can occur when digitally reconstructed radiographs are used for local-

ization.

One interesting observation is that if the linac and the radiosurgery appa-
ratus are accuraltely aligned and mechanically stable, then the average mea-
sured errors in “wreatment” (hidden targets in a phantom) will be approxi-
mately the same size as the measured localization errors. The fact that lo-
calization and treatment errors presented here are exactly the same is just a
coincidence. Furthermore, these results do not suggest that the treatment
apparatus does not introduce error. Rather, they suggest that for awell aligned
system, errors introduced through the treatment apparatus are smaller and
randomly directed with respect to the errors in localization (particularly CT
localization). Furthermore, uncertainties in measurements of the test target
coordinates by the phantom base contribute to the “localization error”,
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D. Dose Delivery

* The accuracy of the absorbed dose (beam calibration) 10 the target
shall be uncertain by less than 5%, in accord with AAPM Report
21.

» The dose delivery to the simulated radio-opaque target shall be
aligned to within 1 mm for all gantry, collimator, and PSA angles.

 The tertiary collimator system shall reproducibly collimate the beam
with a variation in the full-width at half maximum of 2 mm.

 The dose gradient in the beam penumbra (from 80% to 20%) shall
be greater than or equal to —-60%/3 mm.

E. Patient Safety/Machine Interlocks

The linac should be interlocked to:

« Limit gantry rotation as a function of PSA position in order to pre-
vent injury (o the patient, by means of either software or hardware.

* Set the secondary collimators 10 the treatment position. IF the SRS
treatment occurs with the jaws opened beyond the tertiary
collimator, the normal brain tissue will receive an excessive and
unacceptable dose.

* Disable power and immobilize the PSA during the SRS treatment.
An interlock system for certain linacs has been developed to
salisfy the above requirements (DeMagri et al., 1994).

E. Gamma Knife Acceptance Tests

» Radiation Survey of the Facility
» Radiation Leakage Test
* Radiation Wipe Test
» Timer Constancy and Linearity Tests
* Timer Accuracy Test
* Timer On-Off Error
«  Safety and QA checks:
a) Door interlock
b) Emergency-off switches
¢) Beam on-off lights
d) Audio-visual system
e) Couch movement
f) Micro switches verify the helmet alignment with
the “Co source locus to £ 0.1 mm.
g) Hydraulic system. The hydraulic system is designed to with-
draw the patient/couch from the gamma knife unit and close
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the gamma unit door in the event of a power failure. A hand
pump serves as a backup in case of hydraulic fluid pressure
loss. These systems must be tested.

h) Dose profiles of each helmet shall be measured by plugging
200 of the 201 collimators in each helmel. Film dosimetry is
used to obtain the beam profile and background radiation. The
background radiation is measured with all 201 collimators
plugged. The background is then subtracted from the first film.

i) Relative helmet factors. A small ion chamber should be cross-
calibrated against an ion chamber which has a calibration trace-
able to NIST. The cross-calibrated ion chamber is used in a
small phantom to calibrate the 18-mm helmet, with the cham-
ber centered at the beam locus. Film, diodes and/or TLDs should
be used to calibrate the 4-, 8-, and 14-mm helmets.

j)  Availability of operating manual and safety posting.

V1. DOSIMETRY

A. Linac Systems
1. Dose Measurements

The dosimelry of small x-ray fields is complicated by two factors: the
relationship between detector size and field dimensions and the tack of equi-
librium in lateral charged particles. Figures 4 (a)—(c) and 5 illustrate the
beam profiles for both the linac and gamma knife as a function of collimator
diameter, The large dose gradients in the typical SRS penumbra relative to
_ the conventional fields require dosimetry techniques with higher spatial reso-
lution.

Dose distributions for stationary fields have been determined in water
baths and polystyrene slabs with ion chambers, TLDs, and film (Friedman
and Bova, 1989; Rice et al., 1987; Wu et al., 1990; and Olsson er al., 1992).
The effect of detector size on penumbra width has been reported by Dawson
et al. (1986) and Rice et al. (1987). Beam profile measurements with a
detector diameter of 3.5 mm or less can reproduce the penumbra width to
within | mm. Dawson et al. investigated the penumbra width as a function
of ion chamber diameter for large photon fields. Extrapolation 10 zero de-
tector diameter provided a correction factor for the 90%-10% width of the
penumbra, Rice ef al. (1987) delermined that the corrections 10 penumbra
widths ranged from 0.3-1.0 mm when beam profiles (1.25-3.0 cm in diam-
eter) were measured with a 3.5-mm diameter detector.

Transient electronic equilibrium exists at the point of measurement when
the measurement point is farther from the beam edge than the maximum
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FIGURE 4 (a)—{c). Beam prolfiles for 12.5-, 22.5-, and 30-mm diarmeter fields.
The beam profiles were measured with three densitometry systems
(Welhofer, Lumisys laser film digitizer and the Truvel tilm scanner). Note thal
the beam profiles are essentially equivalent. These data are not to be
substituted for actual beam data by the reader.

17



«*

100 |
-
T L]
BT ' UNIVERSITY
® T 3 % \ OF PITTSBURGH
b3 T < [} GAMMA KNIFE
o -+ H H |‘ -
a + Y o 1
= 50 —L “ K ‘| Collimalor Size
« T vd VN T 4mm
—= [} I T Bmm
—+ N [ U 14mm
4 [ \‘ 18mm
v
25 - \ \
=4 ‘\ \
4 kN .
\. .
[ e~ —_—ti S
o 0.5 10 15 20 25

X PLANE [Cm]

FIGURE 5. The beam profiles are illustrated for the four beam diameters of
the Gamma Unit (4, 8, 14 and 18 mm).

range of electrons. However, effective transient equilibrium is observed
because the x-ray beam has a continuous photon energy distribution, weighted
toward the lower energies, and the secondary electrons are forward peaked.
Bjarngard et al. (1990), measured the dose on the central axis as a function
of field diameter from 0.7 mm to 8.5 mm. They determined that the electron
fluence for the 8.5-mm field was measured correctly when the detector di-
ameter was 2 mm or less. For field sizes 12.5 mm and greater, the central
axis dose measurement can be achieved with a paralle! plate ionization cham-
ber such as the PTW Model N23342 (PTW Freiburg, Germany), which has
a 3-mm diameter collecting volume. Dose calibration can also be achieved
with the RMI plastic scintillation detector (RMI, Midd!eton, WI) (Beddar et
al., 1992 and Meger—Wells et al., 1993).

The field-size dependence of output factors has been measured from 12.5-
35 mm with cylindrical and parallel-plate chambers. The inner ion chamber
diameters of 3.5 mm and 5.4 mm, small compared to the 12.5-mm field
diameter, enable output factors to be measured accurately to within 0.5%
(Rice et al., 1987) and related to the dose calibration of the linac (AAPM
Task Group 21 Report, 1983).

Figures 4, 6, and 7 are plots of the beam profiles, tissue maximum ratios
(TMRs), and output factors for field collimator sizes of 12.5, 22.5, and 30
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mm for a 6-MV x-ray beam. It shall be noted that these TMR values, beam
profiles, and output factors are representative for a 6-MV x-ray beam, but
shall not be substituted for the reader’s beam data. The beam profile film
data were measured with three instruments. The first instrument is a laser
film digitizer with an effective aperture of 0.5 mm. The second instrument
is a scanning film densitometer by Truvel with an aperture of 1 mm. The
third densitometer is the Wellhofer with an effective aperture of 0.8 mm.
Note that the beam profiles obtained with the laser film densitomelter,
Wellhofer and the Truvel densitometry system are comparable 10 within a
millimeter. It is estimated that the uncertainty in position in the beam pro-
file (edge) is approximately + 1.0 mm (Schell et al., 1993). 1t is important to
directly calibrate each scanner using the film calibration that is performed
at the time of each measurement since the response can vary between
the scanning densitometer and the manual densitometer. Therefore, each
densitometer must be calibrated separately.

—o—12.5mm coll
—e—22,5mm coll
—a—30mm coll

1.1

TMR curve {12.5/22.5/30mm coll)
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FIGURE 6. 6-MV TMR data are shown for the 12.5-mm, 22.5-mom, and 30.0-
mm collimators for depths between 1.5 cm and 20 cm. Note the TMR

increases 8% at d=10 cm as the field diameter increases from 12.5 to 30.0
mm.
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FIGURE 7. 6-MV output faclors at isocenter and at o for collimator
diameters 12.5—40.0 mm.

The following data acquisition procedures are adequate for field diam-
eters greater than or equal to 10 mm. Beam profiles require high spalial
resolution and film has been shown to be the most efficient dosimeter. Film
analysis can be performed by a scanning isodensitometer with an aperture
of 1 mm or less or with a laser film digitizer. These approaches yield equiva-
lent results to high-resolution TLDs. The uncertainty of the beam radius
measurements can be greater than 1 mm. This uncertainty should be mini-
mized. Tissue maximum ratios and output factors should be acquired with
parallel plate or thimble ionization chambers that have small collecting voi-
ume diameters, e.g., 3 mm or less. The phantom malterial should be within
the guidelines of the TG-21 Report of the AAPM.

* Off-Axis Ratios

Off-axis ratios (OAR) have been measured for 6-MV x-ray beams as a
function of depth in a polystyrene phantom and in air. The variation of the
scaled profile with depth (constant SDD) is less than 2% (Rice et al., 1987).
Hence, some radiosurgery computer codes {Schell er al., 1991) use OAR
tables for each collimator which scale with the geometric projection of the
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beam. Figures 4 and 5 illustrate the beam profiles for the 6-MV linac and

gamma knife unit.

» Scatier Correction Factors

The total scatter correction factor, S, as a function of field size is a prod-
uct of the collimator scatter, S, and the phantom scatter, Sp (Khan et al.,
1980). Phantom scatter factors are inferred from the total scatter and colli-
malor scatter factors.

s Collimator Scatter

The dose in phantom is independent of collimator scatier from the ter-
tiary collimator for a 6-MV x-ray beam (Bjarngard et al., 1990). Collimator
scatter is dependent on the secondary collimator setting and independent of
the tertiary collimator diameter. S, is illustrated in Figure 7 for the 6-MV
beam. The data were obtained with a PTW Model N23342 parallel plawe
chamber. The chamber volume is 0.02 cm? and a collecting volume diam-
eter of 3 mm.

¢ Tissue-Maximum Ratios

The variation of tissue-maximum ratios (TMR} with collimator diameter
at large depths is approximately 10% for 6 MV and 9 MV x rays (Arcovito
et al., 1985; Rice ef al., 1987; Houdek et al., 1983; Serago ef al., 1992; and
Jani, 1993) for field diameiers in the interval between 0 cm and 4 cm. The
principal diminution is from the lack of lateral electronic equilibrium. The
TMR data in Figure 6 were acquired with the PTW parallel plate chamber.

B. Measurement Summary
1. Linacs

* Measure beam profiles with film, diedes, plastic scintillators,
thermoluminescent dosimeters or ionization chambers. Film is the
dosimeter of choice. The detector dimensions must be 2 mm or less.
Diodes must be used with caution, due to the angular response of the
detector.

» Measure lissue-maximum ratios and 1tal output factors (5) with
jonization chambers with diameters less than or equal to 3 mm.

« Use phantom materials and calibrate in accordance with the AAPM
Protocol: TG-21: a protocol for absorbed dose from high-cnergy
beams.

* The PTW Model N23342 parallel plate chamber and the Capintec
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cylindrical 0.07 cm? chamber (with the cylindrical axis aligned with
the beam axis) are examples of detectors for TMR and output factor
measurement (see Kalend ef al., 1993).

2, Gamma Knife Units

« The aforementioned dosimeter types are appropriate for the gamma
knife unit if the dimensions are no greater than | mm X 1 mm X 1
mm.

3. Phantoms

Polystyrene (Rice et al., 1987 and Wu et at., 1990), anthropomorphic (Serago
et al., 1992 and Smith er al., 1989), water, and water-cquivalent plastic
have been used to measure the dose output and dose distributions of smali
fields (dose verification). Existing anthropomorphic phantoms usually re-
quire measurement modifications for the smaller field sizes that are en-
countered in SRS (Smith et al., 1989); additional adaptations are required
for use with the frame. Finally, anthropomorphic phantoms vary in size and
heterogeneity between institutions. For these reasons, members of the task
group (Schell and Wu) have modified the gamma knife unit phantom design
to accommodate field sizes encountered with the linacs as well as the gamma
knife unit. The phantom design is depicted in Figures 8 (a) and (b). The film
casselte must be opaque to Cerenkov radiation in order for the film response
to be a result of x-ray radiation absorbed dose.

The dose distributions for rotating fields can be acquired with spherical
phantoms. Dose rate calibration and dose distributions for the gamma knife
units have been determined with a i6-cm diameter polystyrene phantom
which can contain a cassette for TLDs or film. Cassettes for TLDs and sheet
film accommodate field sizes from 4-18 mm. This film cassette design was
modified to accommodate field diameters up to 35 mm. Water-equivalent
plastic (WEP) by RMI was used to construct a 16-cm diameter sphere and
cassettes for TLD and film dosimetry, (see Figure 8). This phantom design
can be used with both linac and gamma knife units. The standard WEP-
based design enables dose distribution for the two SRS techniques to be
compared and minimizes dosimetry corrections.

4. Dosimetry Calculation

The approximately spherical geometry of the human head and its tissue
densities make the dose calculation algorithm relatively simple yet accurale
to within 2.5% for cylindrically symmetric fields. The dose algorithm re-
ported by Rice er al. (1987) incorporates off-axis ratios to represent the
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beam profile at depth, tissue altenuation, inverse-square/fall-off of dose,
and dose output versus field size. Tissue heterogeneity occurs from bone
tissue. The dose perturbation for beam energies between 4 MV and 10 MV
is 1-2% for a beam passing through the skull. The current arc geomelries
and gamma knife source arrangement minimize the effect of oblique beam
incidence on the measured dose distribution by entering the surface over 21
steradians. The algorithm by Pike et al. (1987) is based on the Milan and
Bentley (1974) two-dimensional algorithm but provides the radiosurgical
dose distribution in three orthogonal planes through the machine isocenter.

Factors contributing to the net uncertainty of the dose delivery to the
target have been reviewed in Table IL. The principle factors are the uncer-
tainty in the frame, the dose delivery system, movement of the brain within
the skull, and the resolution of the target by the imaging modalities. Total
uncertainty is on the order of 2.4 mm. The appropriate choice of the dose
calculation grid size has been addressed by Niemierko and Goitein, 1989.
The analysis of factors affecting the accuracy of dose estimalion were di-
vided into two factors: dose accuracy and position accuracy. Beam profile
was represented by the Fermi function and it was shown that the limiting
factor is the accuracy in the dose, whereas the accuracy in the position was
normally less demanding. It was also shown that the maximum uncertainty
does not occur at the midpoint of the penumbra, but at the 80% and 20%
isodose lines—the shoulder and heel of the beam profile. This is particu-
larly pertinent to linac-based radiosurgery because the dose prescription is
normally in the neighborhood of the 80% isodose surface. Given these fac-
tors, the appropriate grid size has been shown 10 be on the order of 2 mm. A
2-mm grid spacing will produce a 1-2% uncertainty in the dose, whereas a
4-mm grid spacing will produce approximately 3—4% uncertainty in the
dose (Niemierko and Goitein, 1989).

The planning code should directly overlay the dose distributions on the
appropriate CT image (transverse slice or reformatied), MRI or angiographic
image. Reformatted CT images in the plane of each arc are recommended.
This reconstruction allows the user to visualize the peak dose in the plane of
the arc. The multiple arc geomelries are simulated in treatment planning
software codes by many stationary beams (usually the stationary beams are
separated by angles of 5-10%). The complex beam geomelries can make
conventional treatment plan calculation times intolerably long. The task
group recommends the use of software packages that are capable of calcu-
lating the dose distributions on len CT images from five noncoplanar arcs
(500° total traversal) in 1 min or less. This time requirement will reduce the
total planning time Lo less than 1 hr.

* Planning Parameters

The definition of the patient geometry is obtained from CT scans with
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stice separations typically between 3 and 10 mm. Target definition requires
smaller slice separations (CT and MRI) of 1-3 mm depending on the size of
the lesion. Target definition is the enhancing region or the surgical defect in
the tumor bed. The treatment volume, depending on the radiation oncologist,
can be the target volume with the margin of overall uncertainty of dose
delivery (Lutz et al., 1988 and Winston and Lutz, 1988). When the uncer-
tainty in dose delivery exceeds the separation of the target from a critical
structure, there are occasions when the patient should be treated with a more
accurate technique (heavy ions, surgery, etc.). Size and location of AVMs is
determined from paired angiograms (Siddon and Barth, 1987).

The dose to extracranial critical organs has been measured and was re-
ported relative to the isocentric dose for the gamma knife by Walton er al.
(1987) and for linac-based radiosurgery by Podgorsuk ef al. (1992):

Organ Dose (%)
Eyes 2.5
Thyroid 0.2
Breast 0.06
Gonads 0.02

Dose-volume histograms (DVH) have been used to compare various SRS
modalities (Phillips et al., 1989; Schell et al., 1991; Serago et al, 1992},
The DVH analysis complements the treatment planning process. Software
packages such as XKNIFE and PINNACLE are capable of caleulaung dose-
volume histograms of the lesion and normal structures with sufficient speed
50 as 1o serve as a guide in oplimizing the plan. Since fast 3-D dose algo-
rithms are required for critical treatment plan evaluation, a maximum time
limit for DVH calculation should be 30 seconds.

The tissue response, normal or otherwise, as a function of dose and vol-
ume is not well known. Consequently, DVH analysis is valuable for the
understanding of tissue response in clinical studies. Lyman and Wolbarst
(1987) have proposed an algorithm based on DVH analysis to estimate com-
plication rates as a function of dose in normal tissues. Flickinger ef al. (1990)
have used DVH analysis to model complication rates in normal tissue and
have shown that these rates follow the trend reported by Kjeltberg (1983
and 1992). An RTOG protocol (#90-05) has been designed and implemented
to determine the radiotoxicity of single fraction radiosurgery as a function
of dose and volume.

* Gamma Knife

In addition to the X, Y, and Z coordinates of the target and the gamma
angle, the distances from the center of the stereotactic frame to 24 preselected
points on the surface of the skult arc measured with a special plastic hetmet
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attached to the frame. Based on these measurements, three-dimensional simu-
lation of the skull inside the stereotactic frame is created by the treatment
planning computer. Treatment planning is accomplished with a computer
and a graphic plotter and printer. Isodose distributions are calculated for the
X-Y transverse plane view, X-Z coronal plane, and Y-Z sagittal plane and
can be displayed or plotted with the proper magnification or reduction for
superimposing on radiographic images. The dose delivered by each of 201
radiation beams is calculated in a 31 x 31 matrix of points centered in the
region of interest. Spacing between the points on the maltrix can be verified
by altering the grid size.

Dose calculation for a single beam requires defining the skull configura-
tion, transverse radiation profiles, a specified collimator size, and the dose
reference point in a waler phantom. The source to focus distance (SFD) is
40.3 cm. The cylindrical beam symmetry allows for simplification in the
dose calculation algorithm. Assuming axial symmetry, the dose at a point in
the skull can be calculated using the inverse square law, off-axis ratios, and
linear attenuation exponential formulas of a single beam. The off-axis ratio
is obtained from the dose profile, The linear altenuation coefficient of a
“Co beam is used. Contributions from all 201 sources are summed for each
point within the matrix, providing no sources are occluded. Determining an
absolule dose at a given point allows the normalization and display of iso-
dose distributions in the matrix volume. Isodose distributions can be dis-
played in any plane parallel 1o the three principal planes (transverse, sagit-
tal, and coronal) by specifying the desired coordinates.

When multiple irradiation isocenters are considered, the contribution from
each is weighted and summed to yield the final integrated dose distribution.
Calculation of the treatment lime for each irradiation session is based on the
weight given to that irradiation, the relative output of the selected collima-
tor helmet, and the output of the unit at the focus for a given skull configu-
ration.

VII. QUALITY ASSURANCE

A. Introduction

Quality assurance in SRS is necessarily a multidisciplinary program not
only for radiation oncology but radiology and neurosurgery as well (Schell
and Kooy, 1994). The following section focuses solely on medical physics
QA. The Quality Assurance design applies to three stages: (1) the SRS pro-
cedure design methodology, which is based on probable risk analysis; (2)
the QA for each treatment; and (3) the routine QA tests, which occur at
fixed time intervals, such as the examples in Appendix III, {a) and (b}.
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B. Probable Risk Analysis and QA

Probable risk analysis is helpful in designing the SRS procedure and QA
program (Jones, 1994). The variation in the constraints on cach institution
from resources, physical plant layout, etc., prohibils the development of a
universal QA program or a universal SRS procedure. Thercfore, some atten-
tion will be devoted to Prospective QA or Probable Risk Analysis. Prospec-
tive QA or Probable Risk Analysis (PRA) pertains to methodologies for the
Fault Hazard Analysis {FHA) of a system and the subsequent measures taken
to minimize the risk of injury or mistreatment of the patient. The prospec-
tive analysis can be applied 10 both the desiga of the SRS procedure and o
the design of the QA program. Risk analysis technigues were initially oe-
veloped for the aircralt industry and NASA, where trial and error technigues
would produce unacceptable losses. FHA is performed prior to the first pa-
tient treatment. FHA consists of modeling each step of the procedure, n
addition 1o actual tests or system trials. Attention is focused on procedural
steps where injury can occur. The probability of injury is assessed. The pro-
cedure is redesigned to reduce the risk when the initial probability is exces-
sive. The PRA is helpful for designing the individual system within each
institution and yields an institution-specific QA procedure. The definition
of excessive risk should also be defined by each institution.

Technical aspects of SRS include accuracy in target localization and in
target position during dose delivery, dosimetry, quality assurance, and pa-
tient safety. Examples of the application of fault hazard analysis are shown
in Appendices I and II. Appendix I indicates the steps on a flow chart listed
in order for a typical radiosurgery procedure. Each step can be reviewed and
prioritized in terms of the risk to the patient. In this simple example (Ap-
pendix 1), there are three levels of risks and they are signified in the second
table by an increasing order of risks. The lowest risk category is signified by
the ordinary font. The second level of risk is signified by bold lctters and the
highest risk level to the patient is signified by bold and capital leuers. The
lowest risk level includes instances where if an error occurred, it would
have a minor impact on the treaument or the error would not allow treatment
to proceed. For example, if the localization rods were not visible in the CT
scans, one could not calculate the coordinale transformation between CT
and to BRW reference frame. If this occurred, the patient would have w be
rescanned. The second level is exemplified by the check on the alignment
of gross anatomy with the isocenter. This is a back-up to the check on the
coordinates and does not have the accuracy of the coordinate check, but it is
a visual confirmation that the isocenter is in the correct place, for example,
in the correct hemisphere. The highest priority is exemplified by checking
that the collimator is the right size and that the coordinates are correct on
the pedestal mount or the couch mount,
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Quality assurance procedures for linac-based radiosurgery have been de-
veloped for a variety of frame/linac configurations (Lutz ef al., 1988;
Podgorsak ef al., 1992; Drzymala, 1991; Serago et al., 1991; and Tsai et al.,
1991). The principal features of the QA programs are (1) verification of the
mechanical tolerances, (2) x-ray/light ficld/laser alignment with isocenter,
and (3) verification of the target/tumor with the isocenter prior to treatment,

The QA program at the Joint Center for Radiation Therapy was designed
initially by Lutz and augmented by Tsai. Three tests can complement a quality
assurance program for target verification. The localization algorithm/soft-
ware can be tested by determining the frame coordinates of a target with a
previously known coordinale. For these purposes a test case can be archivally
stored for routine ‘sofiware QA. The BRW frame system features an arc
assembly that employs four angles and the depth to uniquely identify a tar-
get in BRW space. The arc assembly has been used to mark the scalp as a
function of angles and depth to identify frame slippage between the time of
image acquisition and treatment. The BRW stereotactic frame system in-
cludes a verification device known as the phantom base (Figure 9). The
phantom base was designed for verification of tumor localization in
neurosurgery. Lulz used the phantom base to set a target (a radio-opaque
steel sphere) at the BRW coordinates of the tumor. The alignment of the
sphere at the isocenter with the x-ray beam confirms the coordinate selec-
tion on the BRW pedestal (Figure 10). The patient is then positioned on the
Patient Support Assembly (PSA) and the frame is attached to the pedestal.
The treatment configuration of the linac and pedestal mount is shown in
Figure 2.

Similar attention should be focused on the graphics display of the treat-
ment planning system. The position of color-ceded isodose contours rela-
tive o the target image are a function of the color gun alignment. Misalign-

" ment of the color guns in the graphics display unit can displace color-coded
isodose curves relative o the target by more than 1 mm and mislead the
planning process. Each step of the SRS procedure must be examined for the
consequences of failure.

C. Treatment QA

1. Checklists

Because of the complexity of radiosurgery treatments, the QA program
must include a treatment procedure checklist, The checklist will reflect the
treatment step sequence and should be writien in sufficient detail so as o
minimize risk of misadministration or injury. Some sample items are: jaw
setting, proper diameter collimator inserted, couch disabled, anti-collision
switches in place, external targel test acceptable, head ring check accept-
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FIGURE 9. The target simulator (steel ball) is shown altached to the BHw
phantom base. The phantom coordinate syslem is identical to the
coordinates of the BRW sland. The pointer is set to position the target
simulator at the lesion's coordinates. The BRW phantom is also used in QA
procedures to verify the angiographic box localization in SRS. (Lutz et al,
1988.)

FIGURE 10. The target simulator is mounted on the pedestal 10 verity the
target atignment with the SRS x-ray beam as a function of table and gantry
angles. (Lutz et al., 1988.)
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able, target coordinates checked, target simulator film acceptable (or com-
parable test), laser alignment of patient verified, patient strap in place, etc.
In general, the critical steps in a radiosurgery treatment procedure should
require confirmation by at least two people. Sample procedures are shown
in the Appendix IV. Note that one sign-off includes the detachment of the
frame from the pedestal before restoring the capability of vertical motion to
the patient support assembly.

2. Target Position Verification

Verification of the target posilion in the beam prior to irradiation has
been developed at the heavy charged particle therapy centers [Goitein et al.
(1982) and Lyman et al. (1989)]. A pre-reatment radiograph is obtained
from the beam’s-eye view and compared to the dignally reconstructed ra-
diograph of the treatment plan. When the positioning differcnces are less
than 1 mm, patient irradiation is initiated. Similar elforts have been re-
ported by Serago et al. (1991), using orthogonal port films. Jones et al.
(1989) used fiducial markers embedded in the scalp as a stereotactic frame.
A linac-mounted x-ray tube/simulator has been used to verify patient posi-
tion prior to treatment by means of the angiographic localizer (Schell et al.,
1991). Methods for target coordinale verification are described below for
the pedestal-mounted and couch-mounted frame approaches,

3 Laser Check

A couch mount system derives its accuracy from lasers fixed in the room.
The first check confirms that the lasers indeed intersect with the isocenler
within the desired tolerance.

The initial laser alignment procedure is best performed using a calibrated
" mechanical pointer. The Joint Center for Radiation Therapy uscs a Mechani-
cal Isocenter Standard (MIS) that bolts on the base plate of the PSA. The
MIS is also used in the initial morning check to verify visually check the
alignment of the lasers.

The test involves aligning a radio-opaque marker to the point marked by
the crosspoint of the lasers. This alignment procedure depends on the par-
ticulars on the stereotactic hardware. A set of films taken at various gantry-
couch angle combinations allows a determination of the alignment between
the radio-opaque marker and the isocenter, and the centricity of the radia-
tion field. A film test with the calibrated MIS allows a quantification of any
misalignment of the three axes of rotation and the shift of the MIS itself.
The film test before a patient treatment thus becomes a second test and
documentation of the alignment.

The films become part of the treatment record and document that the
laser intersection point corresponds to the LINAC isocenter within a desired
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tolerance, and that the radiation field is centered around the 1socenter and
beam axis.

4. Pedestal Mount System

Three primary tests and one secondary test are suggested Lo assure the
positional accuracy of a patient treatment.
« “Known" target test during localization.
= Head ring movement check.
* Rigorous verification of treatment set-up.
* A secondary, less quantitative test, which 10 sume extent supple-
ments the three main tests.

These tests will be illustrated with the Joint Cemer for Radiaion Therapy
approach to radiosurgery (Lutz et al., 1988) which utilizes BRW stereotac-
tic biopsy equipment and patient head support independent of the couch. In
particular, the first and third tests utilize the BRW phantom base which can
position a pointer at any desired target coordinate relative to a head ring.

5. “Known” Target Test During Localization: Recommendation to
SRS Manufacturers

The requisite equipment for this test is not available commercially. The
task group recommends that the SRS system manufacturers modify the frame
systems to accommodate this coordinate transformation algorithn xest. The
localization test, which checks the process, involves placing a wrget of
“known” coordinates external to the skull, but relatively near the interaal
target, during angiographic or CT localization procedures. The external tar-
get is attached to the localization frame (CT or angiography). Following CT
or angiography, the frame, with the external target attached, can be placed
on the BRW phantom base, The phantom base is then used to measure the
coordinates of the external target. These results are the “known™ coordi-
nates. The coordinates of the external target are also calculated using the
same films or CT slices, computer hardware and software as used to calcu-
late the patient’s treatment target coordinates. Only when these external
target coordinates compare favorably with the BRW phamom buse mea-
surements (“known™ coordinales), would one proceed with the calcutation
of the patient’s target coordinates. Note, this test is valid only if the localizer
is correctly affixed to the frame during the imaging acquisition. An in-
correctly attached localizer will produce incorrect target coordinates.

The coordinates of the patient’s treatment target should be calculated
independently by at least two people or by two independent soltware pro-
grams. If possible, two different methods and/or computers should be used
and compared, If the target is localized by CT, the thinnest possible slices,
consistent with the use of contrast, should be taken through the target to
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minimize the localization error. The size and shape of the target needs to be
carefully evaluated so that treatment planning decisions (number of
isocenters, collimator diameters, pattern of arcs, etc.) are meaningful. It
should be noted that two planar radiographs are often inadequate to deter-
mine either the exact shape or size of a target (Bova and Friedman, 1991).

6. Head Ring Movement Test

The BRW arc system (or its equivalent in another system) can be used to
insure that the BRW head ring has not moved. between its initial placement
and treatment (Tsai er al., 1991). After the head ring is secured, the BRW
arc system is attached. Using the arc system and its pointer, three or four
points on the scalp are marked at specific values of o, B, v, A, and depth.
Choose *“easy” numbers for the angles, since the only constraint is that the
points be distributed. Just prior to treatment, the arc system is again al-
tached to the head ring with the patient’s head in the same position as be-
fore. The three or four marked scalp points are then confirmed 1o be at the
same values of o, B, 7, A, and depth, thus establishing that the head ring
has not moved.

7. Verification of Treatment Setup

In the BRW based sysiem, the target simulator test (Lutz et al., 1988)
verifies that the treatment equipment is set up correctly to the target coordi-
nates and that the entire system is properly aligned. Alignment and setup are
verified by simulating the patient’s lesion with a small sicel sphere posi-
tioned at the target coordinates and making radiographic exposures with the
gantry and couch in eight representative positions (Lutz et al., 1988). After
the collimator and the BRW floor stand are secured in place, one person
aligns the floor stand to the correct coordinates while a second person sets
the phantom base to the identical coordinates. The BRW phantom base al-
lows the precise mechanical identification of the target’s position in BRW
space. Next the target simulator is attached to the BRW phantom base (Fig-
ure 9). The target simulator contains a section of head ring that attaches to
the top of the phantom base ring. The steel sphere on the arm of the simula-
tor is then centered using a magnifying glass as a visual aid on the tip of the
phantom base’s pointer. The vertical coordinate must be adjusted for the
radius of the spherical target and for the thickness of the head ring, which
should now overlay the phantom-simulated head ring. Next, the target simu-
lator is removed from the phantom base and attached o the BRW fleor
stand in the same manner that a patient’s head ring would be attached (Fig-
ure 10). The simulator's spherical target then represents the patient's lesion
with its center located precisely at the “best compromise” isocenter, if no
errors have been made.
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The film holder is attached o the collimator and the film is exposed with
the accelerator’s beam at eight standard turntable/gantry positions. This film
verifies the alignment of the entire system over the range of possible gantry
and turniable movements. If the steel sphere is centered within the accept-
able limits of all eight exposures, it is reasonable to conclude that the set-up
has been correctly aligned for the treatment of the lesion at the specified
location.

This verification procedure will detect subtle problems with the linac as
well as misalignment of the supplemental collimator or BRW floor stand,
and mistakes such as incorrectly setting the intended coordinates. This veri-
fication procedure checks all positioning aspects of the treatment subse-
quent to determination of the target coordinates. After verification, the tar-
gel simulator is removed and the patient is attached via the BRW head ring
to the floor stand without making any alterations.

The target simulator test cannot detect an error i the target cuundinutes
regardless of the cause of that error. Nor can this test detect an ¢rror caused
by slippage of the head ring on the patient’s head. These potential problems
were covered in the first two tests.

An equally rigorous test for target positioning for a couch-mount system
during set-up in which the patient's head is supported on the couch is de-
scribed by Serago ef al. (1991).

8. Secondary Test

A general, less quantitative supplemental test can be used which checks
for errors in the localization process and/or treatment setup, providing the
target can be visualized on CT. At the CT console, distances from the lesion
center to the head surface, along the three principal axes, are measured.
These measurements are made from two CT slices: one through the center
of the lesion (or nearly so) and one through the top of the head. (The ditfer-
ence in table position between these two slices is the “Lesion Center to
Superior” distance.) These measurements are made as part of the localiza-
tion process and carefully recorded. At the time of treatment, after the pa-
tient has been secured in the treatment position, these same three distances
can be measured reasonably accurately (maybe + 6 mm} on the patient us-
ing the lateral and ceiling lasers and a couple of rulers. Successful comple-
tion of this test, even with its limited accuracy, can be very reassuring.

D. Stereotactic Couch Mount
1. Overview

A stereotactic couch mount fixates the patient on the couch and relies on
an external reference to define the LINAC or treatment coordinate system.
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The main advantage of the couch mount is complete access to any point in
the patient’s cranium, especially for plain transverse arcs and access to the
posterior as shown in Figure 1]. Elements of a couch mount include:
+ Couch locking devices—Stabilize the couch to ensure mechanical
stability and to disable all motions.
+ Lasers—Provide room-based fixed reference,
« Patient docking device—Rigidly attaches to the couch and allows
the patients frame to be uniquely positioned on the couch.
« Isocenter/target verification devices—Allow verification of the
correct target coordinate and its alignment with the LINAC isocenter.

2. Target Verification/The Joint Center for Radiation Therapy

The following procedure is specific to the Radionics couch mount as-
sembly and reflects the quality assurance procedure as perforimed at the
Joint Center for Radiation Therapy (Tsai e al., 1991).

FIGURE 11. A dynamic slereotactic radiosurgical procedure starts with the
couch al +75% and the gantry at 30°, as shown in part (A). During the
treatment the couch rolates 150° from +75° to -75° while the gantry
simultaneously rotates from 30° to 330°. Several successive positions
through which the couch and gantry move during the complete radiosurgical
procedure are shown, starling (A) with the gantry and couch angels of 30°
and 75°, respectively, through (B) 90° and +45°, respectively, (C) 180° and
0°, respectively, (D) 270" and —45°, respectively, and (E) stopping at 300°
ar_'nd -75°, respectively. (Souhami, L.; Olivier, A.; Podgorsak, E.B.; Pla, M.;
Pike, G.B. Radiosurgery of cerebral arteriovenous mafformations with the

dynamic stereotactic irradiation. Int. J. Radiat. Oncol. Biol. Phys, 19:775-
782, 1990.)
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The alignment hardware consists of two assemblies: a rectilinear phan-
tom base (RLPB) and a laser target localizer frame (LTLF). Both devices
are calibrated with respect to the BRW coordinate system and have scales
that allow a coordinate to be entered given the AP, LAT, and VERT posi-
tions. The RLPB mounts on the couch-mount docking device and allows a
pointer to be precisely positioned to the isocenter using the couch motors
and verniers on the docking device.

Two people should exccute the procedure. The first person seis the target
coordinate on the RLPB and the second person sets the target coordinale on
the LTLE. The RLPB is aligned to the isocenter. Couch motions, except tic
vertical movement, are locked and stabilizers applied if necded. The above
laser test is performed. The LTLF is placed on the RLPB. If the lasers are
parallel, and if the target coordinate on both the LTLF and the RLPB are
identical, then the lasers will align with the markers on the LYLE. This pro-
cedure thus documents the alignment of the target with isocenter through
the film test and that the target coordinate is indeed the correct coordinate
through the redundant entry on both devices.

In practice, the lasers never are truly parallel even though they cross at
the isocenter, and small deviations will exist. The alignment markers on the
LTLF are a macroscopic distance from the isocenter, and any divergence of
the lasers is magnified by this distance. Thus when the LTLF is placed on
the RLPB, a small deviation will be observable. This deviation should be
below an acceptable tolerance. 1f not, adjust the LTLF 1o exacily align the
lasers at the LTLE. Note that this means that the coordinate AP, LAT, and
VERT values now will slightly differ from the prescription coordinates. Iuis
important to note the objectives of these steps. First, the RLPB/LTLF com-
bination verifies that the physicists/therapists correctly entered the target
coordinate on the RLPB. Secondly, the small adjustments on the LTLF al-
low an exact calibration of the state of the lasers with respect 1o the target
coordinate. Thus the critical element is not that the lasers are perfectly col-
linear; instead the critical element is that they are stable from the time the
treatment procedure starts until the treaiment is over.

The exact calibrated positions of the LTLF for a given wrget pusition are
recorded prior to the actual patiemt treatment. For a patient weated with
multiple isocenters, individual LTLF positions for each target are rc-cniered
on the LTLF without requiring the patient to be taken off the couch. This
much improves the ease of patient setup and throughput.

3. Patient Alignment

The RLPB is removed from the couch docking device, the couch is low-
ered, and the patient is positioned on the couch and locked in the docking
device. The couch is raised to its original height during the above test. The
patient’s weight, however, will induce an unavoidable shift even in the most

a5



mechanically stable system. The LTLF is placed on the patient’s frame, and
is aligned to the lasers once again using the couch docking device verniers.
Note that the LTLF prior to placement on the patient was calibrated to the
exact configuration of the lasers for the treatment coordinate. Thus this align-
ment of the LTLF once again will align the target coordinate to the lasers
and thus to the isocenter. The LTLF thus affords a direct method 1o assess
the patient-weight induced effect on the mechanical assembly and a method
to correct for this effect. This procedure thus reduces torque effects and
increases the mechanical accuracy.

4. Alignment Veri)‘ication of a Couch-Mounted Frame (McGill)

The collimator alignment is a critical step in treatment because the preci-
sion of the treatment itself depends heavily on the accuracy of the collima-
tor placement. The collimator is placed onto the linac tray holder, which is
attached to the linac head. The proper collimator position is obtained with
the help of ceiling- and wall-mounted lasers that are periodically calibrated
to indicate accurately the linac isocenter location. The alignment procedure
is as follows: The couch table top is raised to the isocenter and the gantry
positioned off-vertical, so that the dot produced by the vertical cetling laser
to indicate the couch rotation axis is clearly visible on the table top. The
position of the dot is marked on the table top, the gantry is placed vertically,
and the collimator position is centered with the help of the light-field localizer
lamp around the mark on the table top representing the couch rotation axis.
The collimator plate is then immobilized with four pressure screws.

The alignment of the collimator is verified with radiographic film in three
steps. First, a film is suspended horizontally at the isocenter and exposed to
a parallel-opposed beam with the gantry at 0° and 180°. Next, another film
is placed vertically through the isocenter and exposed to a parallel-opposed
beam with the gantry at 90° and 270 . Finally, a third film is placed horizon-
tally through the isocenter onto the couch table top and rotated with the
couch during irradiation with a vertical beam. With the three-step process
above, any misalignment of the collimator can be easily detected with the
radiographic film. The radiosurgical treatment is not given unless the re-
sults of the alignment procedure are within the accepted tolerances.

An example of the radiographic films oblained during an alignment pro-
cedure for a 1-cm diameter collimator is given in Figures 12 and 13. Part (a)
of both figures represents the radiographic image of a single, vertical 1-cm
diameter beam, Images of vertical parallel-opposed beams (first step) are
shown in Figure 12 (b} and (d), while images of horizontal parallel-opposed
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FIGURE 12. Verification films illustrating collimator atignment. Collimator
diameter: 1 cm, film at isocenter, perpendicular o the beam. image (a) is tor
a single vertical beam, images (b) and (d) are for two parallel-cpposed
vertical beams (gantry angles: 0° and 180°), and images (c) a.nd {e) are f.Cnf
two parallel-opposed horizontal beams (gantry angles: 90 and 2707}
Images (b) and (c) result from a well-aligned collimator, and images (d! _a\nd
(e) result from a collimator shifted 1 mm faterally from the optimal position.

beams (second step) are shown in Figure 12 (¢} and (e). Parts (b) and (¢) of
Figure 12 are for a well aligned collimator, while parts (d) and (e) represent
a collimator shifted 1 mm out of alignment. It is evident from Figure 12 that
even a slight misalignment of the collimator cun be easily detected will the
radiographic test procedure involving 1wo parallel-opposed beamns.

Figure 13 represents the third step of the alignment test, which checks
the coincidence of the couch rotation with the collimator alignment. Part
(b) results from a couch (film) rotation in a vertical beam from an aligned
collimator and shows an excellent coincidence between the couch rotation
axis with the vertical beam axis. Part (¢) results from a couch (film) rotation
in a vertical beam from a collimator shified by about lmm from the ali gned
position, The misalignment of the couch rotation axis with the beam verti-
cal axis is easily noticeable, and the treatment would not be given under
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FIGURE 13. Verilication films ilustrating couch alignment. Collimator
diameter: 1 cm, film at isocenter, perpendicular to the beam. Image (a} is for
a single vertical beam and images (b) and (c) are for couch (film) rotating from
75' 1o =75 in a vertical beam. Image (b) resulls from a well-aligned
collimator, and image (c} results from a collimator shilted 1+ mm from the
optimal position.

these circumstances. Alignment of the lesion with isocenter is achieved by
positioning the patient such that the lasers align with the x, y, and z coordi-
nates on the localizer grid.

E. Routine QA

The QA program at any SRS installation should routinely inspect the
hardware/software performance o ensure compliance with the original speci-
fications. Several QA protocols have been or are about to be published for
radiation oncology (AAPM Report No. 13; ACMP Report No. 2, Svensson,
1990; AAPM Report No. 40; AAPM Report No. 45; and Van Dyk er al.,
1993). These existing QA protocols for radiation oncology should guide the
institution’s QA program for SRS. Such a program should also include all
aspects of the planning and treatment process. The QA program involves
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several disciplines, and the equipment is likely 10 be used by a vanety ol
health professionals in different departments (Schell and Kooy, 1994). There-
fore, the task involves coordinating personnel as well as QA of apparatuses
and procedures. The QA program should include:

Phantom base + pointer or analogous
devices

CT localizet

Angiographic localizer

Target pointer and frame pedesial or
couch mount

Stereotaclic Frame:

Therapy Wachine: Dose calibrativn
Frame alignment with gaoty aou
couch ecceniiicity or precession
X-ray field alignment with isocenter
beam profiles

Software: Dose calculaticn

Frame coordinate/image coordinate
transformation

Digitizer linearity

Graphics display image alignen

Film imager distortion
1) Gamina Knile dose overnlay
2) DRR disiortion for charged

particies

F. QA Program for a Gamma Knife

The quality assurance (QA) program is divided betwecn daily, monthly,
semi-annual and annual checks.

Before the patient is ready to be treated each day, door interlock, buth ihe
elapsed-time timer and the remaining-time umer, audio-visual sysieis, cmer-
gency-off buttons, console lamp test, radiation monitors and ydravlic prey
sure must be checked for safety purposes.

The timer constancy, limer linearity, tilmer accuracy, ou-Oi1 eriox, Wun-
nion centricity, radiation outpul, and the relative nekmet factors need w be
checked. The timer constancy, linearity and accuraCy are checked over ihe
range of clinical use. An ionization chamber coupled with an elecurometier
is placed at the center of an 80-mm radius polystyrene spherical phantom
and the focus of the beams. Multiple exposures are made using different
time intervals and the 18-mm collimator helmet with all collimators open.
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A spread of the electrometer readings of a constant time seiting delermines
the constancy and reproducibility of the timer and the dosimetric system. A
plot of the average elecliromeler readings versus lime intervals determines
the timer’s linearity, The “On-Off" error calculation, (w), is based on the
same method used in a teletherapy machine, where o =[nR,-R I/n[(R)-R,].
This procedure is repeated monthly at the University of Pitisburgh.

The radiation output of the machine is measured using an electrometer
with an NIST-traceable ion chamber placed at the center of an 80-mm ra-
dius sphere of tissue equivalent material which is positioned at the focus of
the 18-mm collimator. At the University of Pittsburgh, a Capintec Model
PROS5P ion chamber was used with a Capintec Model 192 electrometer. The
dose output measured for the gamma knife is referred Lo the dose to waler.
The percent discrepancy between the measured output and the anticipated
output should be within x 3%. The relative helmet factors are verified using
dicdes or thermoluminescent dosimeters. The diode (PTW 9111), or LiF
chip is placed at the center of the spherical phantom and the focus of the
radiations. The ratios of the readings obtained from the 4-, 8-, and l4-mm
helmets to the reading for 18-mm helmet are determined as the relative
helmet factors. This procedure is repeated annually.

Trunnion centricity is checked using the trunnion test tool supplied by
the manufacturer. The trunnions are responsible for the accurate placement
of a target in the X dimension. The trunnion test (0ol is a cross-shaped appa-
ratus that is attached 1o the interior of the collimator helmet. The trunnions
should read 100 when they are fully inserted and come in contact with the
center of test tool. This procedure is performed monthly.

Radiation/mechanical isocenter coincidence is checked by irradiation of
a film in a specially designed tool. The mechanical/radiation isocenter tool
is basically a light-tight aluminum film casselle, containing a small piece of
film (2.3 x 2.5 cm). At the center of the casselte, a pin is used to pierce a
liny hole on the film which indicates the mechanical isocenter of the ma-
chine. The film is irradiated, and then scanned with a densitometer. Figure
14 shows the position of the pinhole as the mechanical center, and the cen-
ter of the radiation profile measuring by the half-width of the half-maxi-
mum. The discrepancies between the two centers along X, Y, and Z direc-
tions were approximately 0.25 mm.

The engagement of two microswitches located at the ‘base surface of the
helmet indicates the proper positioning of the helmet. To test their sensitiv-
ity, a special tool, which is simply a ring that simulates the helmet docking
with the central body, is provided by the manufacturer. After seating the tool
on the helmet’s four anchor posts, a small sheet of brass approximately 0.1
mm thick is inserted into the space between the top surface of the helmet
base and the bottom of the tool 1o create a 0.1-mm gap. This small gap
causes misalignment of the docking of the helmet and improper engage-
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FIGURE 14. The X-axis dose profile of a film‘equse.d with the 8-mm
collimator helmet. The film was punctured with a pin to indicate the center of
mechanical focus (the dip at the center of the profile). (Wu et al., 1990).

ment of the microswitches. As a result, the contrul conscle should stop the
treatment. This test should be performed monthly.

Couch movement time is the interval time during which the patent ntay
be exposed to radiation in the case where treatment is interrupted right after
it is initiated. When the treatment is interrupted, the couch moves the pa-
tient out of the unit, and the shielding door closes completely. The c_:ouch
travel time is adjusted to the minimum, typicalty within 3040 sec. This test

is performed monthly. .
Furthermore, the treatment planning aspects of quality assurance should
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include the computer output check, and relative collimator helmet factor
verifications. This procedure is performed monthly. Also, on a semi-annual
basis leak testing of the source is required. Dose profiles should also be
verified on acceptance or afler a source change.

G. Stereotactic Frames and Quality Assurance

The majority of SRS applications use one of five stereotactic frames:
Brown-Roberts—Wells, Tipal, Leksell, Gill-Thomas—Cosman, or Riechert/
Mundinger. Excellent reviews of the technical aspects of the stereotactic
frames are presented by Galloway and Maciunas (1990) and Maciunas ef al.
(1994). The stereqtactic frames must be assessed for accuracy as they are
actually used. One point made in Maciunas's article is that phantom tests do
not stress the stereotactic frames in the same manner as do actual patient
treatments and that “clinically encountered levels of weight-bearing by ste-
reotactic frames may have a pronounced effect on their mechanical accu-
racy.” The consequence of this factor is an introduction of an error that is
not appreciated by the general communily. For example, a mean error for a
4-mm slice thickness in the BRW frame system is 2.7 mm, with a 95%
confidence level of 4.8 mm. These numbers decrease 1o 1.9 mm for the
mean error and 3.6 mm for a 95% confidence level for a 1-mm slice thick-
ness. ‘These numbers.also do not take into account the uncertainty in the
treatment delivery in the linac system or that introduced in the planning
process of the radiosurgery software. The overal! uncertainty is larger when
these numbers are included and are representative of the numbers in Table
11, All frames serve the same function: 1o accurately guide surgical instru-
ments or small radiotherapy x-ray beams to a locus in the brain. Frame
accuracy has been found to vary between serial numbers of the same manu-
_ facturer. As with other apparatuses in radiation oncology, lthe frame sysiem
must be tested initially and routinely for accuracy.

The task group strongly recommends to the manufacturers that all
frame systems use the positive valued quadrant of the Cartesian coordi-
nate system. This convention eliminates the accidental omission/substi-
tution of a negative-valued coordinate, Elimination of negative values
therefore reduces the possibility of misplacing the target.

All frame systems provide localizing devices for angiography, CT, and
MRI. Some angiographic localizers have radictranslucent scales that allow
for direct deduction from the film image of the target coordinates. Other
frame systems rely on fiducial markers and require more complex algo-
rithms for oblaining the target position. Similarly, certain CT localizers en-
able direct calculation of the target coordinates, others do not. Simplicity in
localizer function and design facilitates target-setup verification on the treat-
ment machine.
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VIIL. FUTURE DIRECTIONS

This section delineates areas of development which have yet to be stan-
dardized. Five areas are described: (1) image correlation (CT and MRI), (2) -
multiple fractionation, (3) real-time portal imaging, (4) conformal
radiosurgery and, (5) a robot-guided linac.

A. Image Correlation

MRI contains distortions which impede direct correlation with CT data
at the level required by SRS (Sumanaweera el al., 1994). Three approaches
are cited below. Magnetic resonance imaging (MRI) and magnetic resonance
angiography (MRA) are capable of resolving tissues | mm in diameter or less.
The difficulty in MRI stems from the fact that inhomogeneities in the mag-
petic field and eddy currents produced within the patient can distort the
images and produce warping of displacements in the image relative to the
stereotactic frame coordinate system. Two general precautions can be taken
10 minimize this. The first is placing the volume of interest in the center of
the main magnetic field. Displacements of 20 cm or more from the center of
the magnetic ficld can produce gross distortions in the MR image. This
precaution will reduce the typical uncertainty in the anomalous displace-
ment of the image 1o 4 mm.

A quantitative analysis of the distortion in MR has been reported by Schad
et al. (1992) and Ehricke et al. (1992). This group has devised two phan-
toms 1o assess warping in the MR image. The first phantom is two-dimen-
sional and quantifies the pin cushion distortion in the phantom. The second
phantom is three-dimensional and quantifies the displacement and warp and
tilt of the image plane. Correction of the pin cushion distortion is reported
to reduce displacements on the order of 1 mm using a fourth order two-
dimensional polynomial correction, Minimization of the warp and displuce-
ment of the MR plane is achieved by adjusting the gradient-shithming cuf-
rents of the magnetic field until the image of the three-dimensional phan-
tom is a faithful rcproduction of the theee-dimensional phantom structure.
Both of these corrective procedures are time-consuming and require a rigor-
ous QA program of the MR unit prior to each radiosurgical procedure, re-
sulting in the reduction of the MRI uncertainty from 4 min to approximatcly

! mm.

A second effort has been presented by Kessler and Carson (1992) which
includes the development of a test object for determining the geometric
distortion in three-dimensional MRI and other three-dimensional imaging
systems. The phantom consists of sets of three spiral-Nilled rods which cross-
correlate with the array of simulated images. The pusition of the rods und the
phase change of the rods allow for the determination of the position of a
point in absolute three-dimensional space and determine the conlormal map
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to the three-dimensional image coordinate system. The differences between
the coordinates are due to the distortion by imperfections in the magnetic
field of the imaging system. This phantom accesses distortion by the imag-
ing system, but not the distortion from the perturbation of the magnetic
field by the patient.

A third effort has been presented by Kooy et al. (1993), which utilizes an
automated method for image fusion of CT and MRI volumetric image data
sets. The approach uses a chamfer-matching algorithm which ensures qual-
ity assurance of the procedure and eliminates the requirement for stereotac-
tic fixation of the patient during the MRI study. The accuracy is improved
from approximately 6 mm to 1 mm using the image-fusion technique based
on the chamfer-matching method.

B. Multiple Fractionation

From the beginning, SRS has been a multidisciplinary effort to deliver a
large radiation dose to a well localized, small volume in the brain through
stereotaxis. Although Leksell originally intended to induce lesions with a
single fraction to eliminate functiona! disorders (Leksell, 1951, 1983, and
19873, subsequently SRS has been mainly used to treat AVMs and neoplasms.
Furthermore, many treatments pioneered by the heavy-charged-particle
therapy groups have not yet been widely incorporated into the x-ray SRS
techniques. These treatments include multiple fractionation, conformal ra-
diation therapy, beam’s-eye-view treatment planning, and real-time imag-
ing verification of the patient setup.

Conventional experience indicates thal several fractions of SRS will en-
hance tumoricidal effects while minimizing normal tissue sequelae. Guide-
lines for fractionated stereotactic radiotherapy have been published for pro-
ducing the tumoricidal effect of 70-Gy low-dose-rate 1251 interstitial im-
plants (Brenner et al., 1991). However, little is known about the bencfits
and risks of SRS. An RTOG protocol (#90-05) has been initiated 10 deter-
mine the radiotoxicity as a function of volume. Future protocols will com-
pare the effectiveness of single versus multiple-fraction SRS and SRS ver-
sus brain implantation versus external beam irradiation.

These studies will require the development of stereotactic frames that
accommodate multiple applications with minimal degradation of patient
repositioning accuracy, as well as minimal personnel time. Several devices
have been reported: (1) the stereotactic frame/mask designed al Lawrence
Berkeley Laboratory (Lyman ef al., 1989); (2) the Laitinen frame (Hariz et
al., 1990); (3) the Schwade—Houdek frame (Schwade et al., 1992); and (4)
the Gill-Thomas—Cosman frame (Sofat et al., 1992). The first two devices
are noninvasive, whereas the third frame is attached to the patient’s skull for
1-2 weeks. None of these have been widely used in SRS at this lime. The
Gill-Thomas—Cosman frame-has completed beta testing and is currently
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marketed with the RSA XKNIFE system. (See Loeftler: Stereotactic Radio-
therapy: Rationale, Techniques and Early Results in Stiereotactic Surgery
and Radio Surgery,” MPPC Press, 1993, pp 307-320.)

Repositioning the patient relative to the linear accelerator can be accoi-
plished by several techniques. Standard techniques involve a BRW siereo-
taxic floor stand or laser-line intersections with the patient’s head ring. New
innovations in patient repositioning include the use of a low-frequency mag-
netic field generated by a special source in the acceferatlor gantry with the
patient’s spatial coordinates digitized by a field-sensor that is an integral
part of the stereotaxic head ring (Houdek et al., 1990). Another reposition-
ing scheme embeds three gold radiographic markers into the scalp. Orthogo-
nal radiographic films locate the three markers in space during the first
patient set-up. Subsequent patient repositioning then requires the three mark-
ers to be oriented in the same locations. This orientation is accomphished
through repeat radiographs coupled with computer programs that deterniine
the movements required o provide the correct position (Jones el ul., 1984}
Likewise, repositioning schemes using Moiré patterns or laser-constructed
repositioning planes can be investigaled. A repeat-fixation system is oflered
by MEDCO (Cinnaminson, NJ) for multiple fractionation in SRT. This sys-
tem will be marketed with a stereotactic frame and a variable attenuation
cylindrical collimation system.

C. Real-Time Portal Imaging

Real-time imaging (Meertens, 1985) should be adupted for verifying pa-
tient position 10 within 1.5 mm of the desired target position with respect W
the machine isocenter. The skull affords many anatomical landmarks. The
use of the natural landmarks, image reconstruction from the Cl wreatinent
planning data in the beam’s-eye view, and real-time inaging will allow for
frameless SRS or high-precision radiation therapy. Several digitally recon-
structed radiographs (DRR) can be compared with the corresponding real-
time images Lo align the skull with the treatment machine’s coordinale sys-
tem. Again, this is an enhancement of positioning techniques developed at
LBL and other charged-particle therapy facilities (Lyman et al.,1989). See
also Adler:“Frameless Radiosurgery,” Stereotactic Surgery and Radiosurgery.
Med. Phys. Pub. Co. 1992, pp 237-248.

D. Conformal SRS

Conformal SRS (CSRS) is the use of an adjustable collinuor o contunn
the beam profile to the target cross-section in the beam's-eye view and is
analogous 1o the collimation of the charged-particle beam to the BEV of the
targel for each beam port. Conformal SRS would improve the dose delivery
in approximately 40-70% of the SRS caseload, The absence of CSRS can
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prevent treatment in instances such as a large nonspherical target within §
mm of a critical structure. For the remaining SRS candidates, CSRS reduces
the irradiated volume of normal tissue (Nedzi ef al., 1993; Nedzi et al,
1991; and Leavitt et al., 1989). A second benefit of CSRS results in the
elimination of one or more multiple isocenters. Most targets are nonspherical.
If the target is elongated, conventional SRS techniques reduce the dose to
normal tissue through the use of more than a single isocenter (Nedzi et al.,
1990 and Scrago et al., 1990). Nonetheless, two overlapping spheres are
not likely to conform te the typical tumor. CSRS will permit an additional
25% reduction of the normal tissue volume between the 50-80% dose lev-
els. The end result should be the reduction of complications. Difficulties
experienced with the multiple-isocenter technique include the increased time
required to determine the location of isocenters, field sizes, determination
of the arc geometry to achieve an adequate treatment plan, and the increased
treatment time required to double or triple the treatment arcs.

Several techniques to implement field shaping have been proposed. One
technique attemplts to shape a single elliptical aperture that can be applied
across an entire arc without field shape modification during the arc (Serago
et al., 1990 and Otto-Oelschlager et al., 1994). The single elliptical aper-
ture is chosen when it is necessary to encompass the maximum projection of
the target volume throughout ali angles of all arc segments used in treat-
ment. This technique will be expanded through the development of control
software that allows the major axis of the elliptical aperture to be rotated
about the beam axis during rotation to more closely conform the aperture (o
the target shape, Additionally, the elliptical aperture insert can be removed
manually from the collimation system and be replaced by a different insert
for each arc to improve conformation to the target volume, However, in
many cases the projected cross-sectional shape of asymmetric lesions changes
markedly during a single arc as weéll as from one arc to the next, thereby
making dynamic field shaping necessary to oplimize dose distributions.
Existing multi-vane collimation techniques can be applied to small-field
irradiation. However, this application requires a large number of very thin
vanes to achieve the required resolution in field shapes.

An alternate design uses four independent computer-controlled jaws, each
having translational motion (in-out) and circular rotation (around the target-
to-isocenter axis) o conform the field shape projected by the standard cir-
cular collimator more closely to the target projection at each increment of
arc (Leavill ef al., 1991).

The key feature of the dynamic field-shaping design is the use of inde-
pendently controlled collimating vanes to shape the circular field defined
by the standard aperture. Thus, the vanes can be reduced in size and mass
because they must only “trim” the existing circular field, rather than pro-
vide all the primary beam attenuation across the entire larger field defined
by the primary photon collimators. Figure 15 illustrates the prototype colli-
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mator assembly at the University of Utah. With the photon collimator Juws
of the linear accelerator set to define a field 6 cm X 6 cm at isocenter, an
aperture is inserted at the bottom of the stereotactic collimator to define a
circular field of the desired diameter at isocenter, which will encompass the
maximum target volume projection plus a clinically determined margin.
This aperture is chosen from a complete series of aperture inserts that define
the field diameter from 1 cm to 5 cm in 0.25-cm increments. These inserts
preserve the small geometric penumbra of the standard circular aperture.
Immediately upstream (relative (o the photon beam) from the circular aper-
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FIGURE 15. Upper right: A limited perspective of the collimator housing for
dynamic field shaping. Upper left: A schemalic view of the secondary circular
collimator, the two layered identical dynamic collimator sub-assemblies, and
the primary circular collimator {6 cm in diameter). One collimator vane is
extended into the field, while the other is retracted. Lower left: An end view
iilustrating that each motor drive and its respective collimator jaw is rotated
independently and the independent in-out movement of the jaws. (Leavitt ef
al., 1991.)
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ture, two pairs of independently controlled tungsten vanes and their associ-
ated linear-motion, screw-drive molors mount on Iwo concentric movable
rotating tables driven by belt attachment to motors with integral quadrature-
count encoders for sensing angular position. The vanes, concentric mount-
ing plates, and potentiometers are controlled and driven by a microproces-
sor-based, four-axis controller. The required range of linear motion of each
vane is limited to only 2 cm, corresponding to the distance from the outer
diameter of a 5 cm (at isocenter) aperture to the midline of the aperture. The
angular range of motion can extend to 360°, subject to the anti-collision
constraints imposed by the second concentrically mounted vane. Immedi-
ately upstream again, this two-vane configuration is repeated on a second
set of two concentric movable rotation tables. This second set of indepen-
dent vanes complér‘nems the first set to define field shapes of four straight
sides (a field smaller than the circular aperture), one to four straight sides,
and one to four curved sides (circular aperture clipped by one 1o four of the
vanes), or circular (all four vanes withdrawn to the edge of the circular
aperturé).

The above-described four-vane collimation system is unable to match
the projected cross-sectional concave view of some target shapes, such as a
crescent or peanut shape. In these cases, improved conformation to the tar-
get cross-section may be achieved through the use of multiple narrow vanes,
each moving independently to describe a curved treatment field boundary.
Efforts are now in progress o develop specialized multi-vane collimators
for radiosurgery in which the projected width of each vane will be reduced
to 2 mm (Nedzi et al., 1991). This capability, coupled with rotation of the
entire collimator assembly about the principal beam axis, may improve the
dose conformation in selected clinical cases.

Dynamic dose-rate control features on new-generation linear accelera-
tors allow the continuous adjustment of dose delivered per degree. This
‘feature may be incorporaled into dose delivery in radiosurgery. During treat-
ment planning, a large number of treatment arcs would be defined. Each arc
would then be broken into a number of segments; for each segment the
conformal collimator shape would be determined, and the dose contribution
within the target volume and the surrounding normal tissue would be calcu-
lated for a fixed number of monitor units. Optimijzation routines would de-
termine the monitor units to be delivered during each segment, based on
evaluation of differential and integral dose volume histograms, which are
weighted by the biological predictors of tumor control probability (TCP)
and normal tissue control probability (NTCP) (Lyman and Wolbarst, 1987).
Additionally, computer control of the patient couch rotation during treat-
ment suggests additional possibilities for optimizing the dose distribution
by adding simultaneous couch rotation to conformational vane positioning
and computer-controlled dose rate modulation. The potential advantages of
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simultaneous control and adjustment of these paramelers requires consider-
able study. .

NOMOS Corp. has also introduced a complete conformal SRT planning
and treatment delivery system (PEACOCK). The treatment-planning algo-
rithm is based on the filtered backprojection technigues which generate the
dose distribution by beam intensity modulation and dynamic collimator-
jaw movement. The treatment volume is irradiated in slices. Th.c net result
is a dose distribution which conforms to the tumor and minimizes normal
tissue dose. The PEACOCK system is entering beta testing at Baylor and
the University of California at San Francisco. Similarly, 'l‘OMOTHEl.lAPY‘
strives to achieve the same dose delivery goals by meaus of a redesign vl
the entire treatment delivery system (linac) by mounting the glectron
waveguide/target on a ring perpendicular to the patient axis (Mackie et f‘["
1993). Temporally-modulated collimators and beam intensity modulation
would conform the dose distribution to the wmor as the beam spirals down
the axis of the patient. This technique has the theoretical advantage of de-
livering a homogeneous dose to the target (Carol, 1993).

E. Robot-Guided Linac

A mini-linac has been mounted on & robotic ann and conligured Tu
frameless SRS (Cox et al., 1993). The system, Neurotron 1000, can vary the
source-axis distance as well as the beam path by angle, distance and speed.
The Neurotron 1000 tracks the image of the patient anatomy in real-time
and continuously guides the robot arm during the treatment, Cunsequently,
conformal SRS can be affected by beam manipulation as opposed 10 com-
plex collimation. ‘ .

In summary, dynamic conformational field shaping, improved imaging
techniques, expanded treatment planning techniques, the incorporation of
dose-volume histogram and biological predictive data, and patient position-
ing techniques will be extensively investigated. Progress in these areas will
undoubtedly lead to further advances in stereotactic radiosurgery. .

I1X. SUMMARY

Stereotactic radiosurgery has evolved to the poinl where commercial sys-
tems, such as XKNIFE, LEIBINGER AND FISCHER LP, the GAMMA-
KNIFE and the BRAIN LAB are available to the oncology community. The
basics of these systems will not change significantly with the exception of
image correlation and immobilization techniques. Stereotactic radiosurgery
(SRS) and stereotactic radiotherapy (SRT) present the same accuracy re-
quirements in dosimetry and palient positioning and arc al the millimeter
level. The introduction of the SRS/SRT hardware and software is a complex
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process which must be configured to the institution at the interdepartmental
level as well as to the SRS apparatus, The system will be used by a team of
radiation oncologists, neurosurgeons, medical physicists, and neuroradiologists.
The following basic sequence for its introduction is recommended:

1) Establish a multidisciplinary team o determine the trealment
goals.

2) Determine the accuracy required and present in existing
equipment. For example, the rotational axes of the gantry, col-
limator and PSA should intersect within a 1-mm radius sphere.

3) Select the SRS apparatus and perform a prospective risk
analysis of the SRS procedure.

4) Establish an acceptance tesl.

5) Acquire the beam-profile data with a maximum detector
dimension of 1-2 mm for the linac and 0.5 mm for the gamma
knife unit.

6) Acquire dose catibration with a detector dimension of 3 mm or
less for the linac (12.5-40.0 mm diameter fields) and 1 mm x 1
mm x 1 mm for the gamma knife unit.

7) Establish a treatment procedure and routine treatment QA sched-
ule (daily, quarterly and annual).

8) Interlock the gantry/PSA to prevent collisions,

‘Appendix III contains a representative or generic QA schedule for a linac-
based installation. Examples of the gamma knife unit and linac QA sched-
ules are shown in Appendix IV. Each institution should modify the above
guidelines to optimize the accuracy of treatment delivery at that particular
facility.
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XI. APPENDIX 1

PROBABLE RISK ANALYSIS FLOWCHART: EXAMPLE 1
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PROBABLE RISK ANALYSIS FLOWCHART: EXAMPLE 2
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XV. APPENDIX IV
STEREOTACTIC RADIOSURGERY TECHNIQUES

XII1. APPENDIX IIIA: SRS QA SCHEDULE

PROCESS TEST

PERIODICITY
I. INPUT DIGITIZER, OUTPUT PLOT A. Heavy-Charged-Particle Therapy
I. T éggﬁaﬁqiﬂgﬂgﬂ . Weekly* R. R. Wilson first proposed the use of heavy charged particles for radio-
Ill. PHOTON BEAMS Quarterly™* therapy in 1946 (Wilson). Heavy charged particle therapy has been avail-

able for several decades (Goitein ef al., 1982). The therapy fucility at the
Donner Lab/Lawrence Berkeley Lab is presented as an example of the ef-
forts in heavy-charged pariicle therapy. The treatment philosophics at LBL
are not identical to those at other facilities. For example, as many as eight
ports through both hemispheres may be used to treat intracranial lesions at

1) Point doses (d=d__, 5, 10)
2) Lateral profiles
«Open {(d=d__, 10} (12.5 mm, 30.0
IV. FRAME SYSTEM" 2 mm e
1) CT Localization Performance

Semi-annually”
Semi-annually*

2) Angioegraphic Perdformance
3) MA! Performance Quarterty the Harvard Cyclotron, compared o four ports through one hemisphere at
V. SYSTEM LOCALIZATION LBL.

1) CT Phantom Target Quarterly

2) Beam Target on Linac
VI. SUMMATION ALGORITHMS

" A.rcEgSg" weighted Although the initial sierevtacuc irradiation at LBL occurred w i ciuly

. Unequinlly v?eigehted 1960's, the current SRS design was developed in 1980 (Lyman ef el 1989).

2) 6 arc The principal criteria for SRS with a helium ion bewin were (1) 4 uniforiu

» 270°, 230°, 190°, 10°, 50° field between 10 mm and 40 mm; (2) a range in penctration depth between

VII.1 ;mgig;:eNgaﬁcE)grsz 40 mm and 140 mm; (3) the ability (o shift the Bragg peak over a 40-mm
interval; (4) sharply defined lateral and distal borders; and (5) a dose rae

greater than 2 Gy/min.

1. Heavy lons——LBL

Semi-annually*

2) 4 arcs on sphere Semi-annually®

:-Al miqirpum frequency indicated or after software changes.
Al minimum frequency indicated or after any software or hardware
changes on the CT scanner or trealtment planning system.

2. ISAH: Irradiation Stereotuctic Apparatus Jor Humans

Irradiation Stereotactic Apparatus for Humans (ISAH) is & patient-posi-
lioning device for heavy-charged-particle therapy (Lyman and Chong, 1974),
ISAH mancuvers the patient with 5 degrees of treedom: ihree wutually -
thogonal translations and two rotations. The base of 1ISAH is o 0.5-m tack
granite slab, polished to tolerances of 0.5 microns. The slab can be adjusied
vertically and horizontally o within 5 cim. A paticni module is inounted on
the slab and can rotate on two orthogonal axes. Position accuracy is 0.01 cin

XVI. APPENDIX HIB: LINAC QA SCHEDULE

HARDWARE TEST PERIODICITY

. DOSIMETRY OF THE LINAC

a) Dose calibration monthly and rotational position is uncertain by 0.10 degrees. All motions are ef-
" Aﬂé;ﬁgﬁ;‘_‘gg’%‘;‘\'ﬁ?g$“é bi-weekly fected by compuler-comrolls.:d slepping motors. Should.lhc difference be-
' AND PSA AXES OLLIMATOR annuall Lween lhf,: é%cll‘la] paticnl poélliun and th'c comput.c('l posntionl exceed the 1-
. STABILITY OF THE BEAM SPOT annﬂgilz mm or 1° limits, treatment is halted until the position error 1s corrected.
IV. SAFETY OF PATIENT SUPPORT o
v ﬁggETm?;LHYApY . monthly 3. Beam Characteristics
VI, LASER ALIGNMENT quarterly Beam encrgy degradation and modulation vecurs 3.8 1 upswdinn T
a) Pedestal mount weekly the patient (Figure 16). Consequently, the beam has negligible divergeuce.
b} Couch mount prior to The peak-to-plateau dose ratio equals 3.09. The distal beam peaumbra drops

each treatment
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from 90% peak dose 10 10% in less than 6 mm (Figure 17).
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Turntoble

FIGURE 16. The helium ion beam delivery line is shown in relation to the
ISAH. An x-ray uytube {not shown) is positioned between the patient and
beam line to oblain BEV radiographs for position verification. {Lyman et al.,
Med. Phys. 13:695-699, 1986.)

Figure 3 is a comparison of dose profiles of a 230-MeV/u helium ion
beam and a 6-MV x-ray beam with beam apertures of 1.27 cm and 1.25 cm,
respectively. The two beam profiles are remarkably similar. The principal
clinical advantage of the charged particle beams over x rays is the finite
range of charged particles. The charged particle beams can be range-modu-
lated such that the Bragg peak coincides with the distal side of the 1arget,
thus sparing the normal tissue behind the lesion.

4. LBL Stereotactic Frame

A noninvasive frame has been developed at LBL for stereotactic
neuroradiological studies (CT, MR, and angiography), (Lyman et al., 1989).
The frame consists of a plastic mask, a Lucite/graphite mounting frame,
fiducial markers, and a fixation interface to the imaging couches (Figure
18). The frame allows the patient to be repositioned to within 1 mm in each
of three orthogonal planes.

The frame is mounted to the ISAH and positioned for the desired beam
entry and inclination. A radiograph is taken to provide a beam’s-eye view
(BEYV) of the treatment port. The radiograph is compared with a digitally
reconstructed radiograph (DRR) also reconstructed from the BEV, as calcu-

54

08
081

6 1
0.6 0

047

Relative Dose
Relative dose

0.4 1

021 027

gyt
R Q 1 F,

00 P

00 50 10.0 150 2
Depth in walel {cm) Distance trom beustn axis {Cin}

XBL $012-3874

| T | | 1 | T
1o
0.9
0.8

07| et

06 rwuuﬂm_muu
0.5

04—

Relative dose

0.3
0.2

| { | | | | a
% 20 40 €0 80 00 120 140

Depth in water {(mm)

Riw b - oL

FIGURE 17. The depth dose proliles in water are showii tor {a) an unshutied
230 MeV/u helium ion beam and {b) a range-modulated beam (stopping
region is 21.6 mm). The beam cross-section is shown in (c) for the 12.7 min
aperture. (Lyman et al, Med. Phys. 13:695-639, 1986.)
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FIGURE 18, The LBL noninvasive stereotactic frame is ill i
fiducial markers. (Lyman et al., 1989.) s llustrated with the

lated from the treatment plan. If the two BEVs depict the same port location
and. z}ngulalion. the treatment proceeds. Conversely, the patient setup and
position is adjusted until the DRR and radiograph are identical.

As in x-ray SRS, the frame immobilizes the patient and establishes a
!'eferer.lce for target localization. The distinguishing feature is that the frame
is noninvasive and is used for single or multiple fractions.

5. Treatment

A lesion is treated with four ports or beams that traverse only one hemi-
sPhere and converge on the target. Each port is conformed 10 the three-
dimensional shape of the target; hence, the need for multiple isocenters is
eliminated. Intracranial lesions are treated with multiple fractions, with the
total photon-equivalent dose between 15 Gy and 25 Gy. Field sizes range
from 8 mm to 60 mm. The treatment dose is calibrated to an isodose surface
value between 70-90% of the maximum dose. (Chen ef a., 1979 and Goitein
et al., 1982) The CT scan data are acquired with a 5-mm slice thickness to
facilitate the compensator fabrication for each port. AVM treatments are
_ planned from angiograms and MRI (Phillips et al., 1989). The AVM’s sur-
face is contoured at the levels of MR scans corresponding to the CT scans
and is incorporated into the CT data set.
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B. Linear Accelerators in Radiosurgery

The use of linear accelerators in radiosurgery was first proposed theoreli-
cally by Larsson ef al. in 1974. The first reports on clinical linac-based
radiosurgery were published 10 years later in 1984 by Betti and Derechinsky
and in 1985 by Colombo et al. and Harlmann ef al. These reports were ail
based on a technique referred to as the multiple noncoplanar converging
arcs radiosurgical technique. The center of the target is placed stereotactically
at the machine isocenter and a series of arcs, each with a different stationary
treatment-chair position or treatment-couch position, spreads the dose out-
side the target over as large a volume as possible. Soon thereaflter, linac-
based radiosurgery staried in North America in Boston with a variation on
the multiple arcs technique (Houdek et al., 1985; Luiz ef ai., 1988; and
Schell ef al., 1991) and in Montreal with the dynamic rotation technique
(Podgorsak et al., 1987 and 1988).

Several of the current linac-based radiosurgery techniyues are discussed
in detail. The discussion focuses on pedestal- and couched-mounted frame
systems. A discussion of the physics for radiosurgery with linear accelera-
tors has recently been published by Podgorsak (1992).

1. Pedestal-Mounted Frame Techniques

« The initial configuration at the Juint Center Fur Radiation
Therapy

A system has been developed for stereotactically Jdescribed delivery of
prescribed doses of radiation (0 precisely located volumes ranging from 0.6
em’to 14 cm?in the brain (Lutz et al., 1988 and Winston and Lutz, 1988). A
Brown-Roberts—Wells (BRW) stereotactic apparatus and a 6-MV linear ac-
celerator equipped with a special collimator (1.25-4.0 cm in diameter) have
been adapted. The 20-mm collimator produces a nearly spherical volume of
3.6 cm® within the 80% isodose surface for a five-arc geometry with 40
degrees belween each arc plane. Outside the treatment volume, the dose
declines to 50% of the peripheral target over a distance of 3—4 mm. The
targel can be located with computed tomography or cerebral angiography.
Radiation is delivered with an arcing beam of x rays, with the writable
(patient support assembly) in a differem position for euch arc. Typically,
there are four arc positions, but there are no restrictions. The exuct patiern
of arcs and arc-weights depends on the treatment goals. The entire system
has been extensively tested for accurate alignment and dose distribution.
Errors have been measured for the alignment of the apparatus and the pro-
cess of localization. Safety of operation was emphasized throughout the
design and testing phases.
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APPARATUS

_ A 6-MYV Linear Accelerator (Varian Associates, Inc., Palo Alto, Califor-
m:?)' was chosen as the source for ionizing radiation on the basis of avaii-
ability. Good mechanical accuracy is essential, The three principal mechani-
ca]_ axes (gantry, turntable, and collimator) should intersect at 2 common
poinl Slhe isocenter) and remain stable during all rotations (Figure 19). The
point in space where the three axes come closest together is designated as
the “best compromise” isocenter. A true mechanical isocenter is not achieved
because of the 0.5-0.7 mm displacements from gantry sag, gantry and turn-
table axis precession, and lack of intersection of turntable and gantry axes
even if the mean position of the axes intersect. ’

Thc conventional collimator on a linecar accelerator is inadequate for
rad!osurgery because the jaws produce rectangular beams, rather than the
desnal.)ht, circular beams. Tertiary collimation also improves the alignment
and m_lmmizes the penumbra of the beam, resulting in a more rapid falloff
of radfa{ion outside the lesion. The collimator should mount to the gantry in
aprecise and reproducible manner. It extends to 23 ¢cm from the isocenter and
will accept one cylindrical collimater insert. The 10-cm thick inserts are
made from cerrobend, and have a stepwise drilled circular opening. A circu-

e e e

lar collimator was chosen because it delivers a sharper dose gradicnt than is
possible with a square collimator, where the beams are delivered over a
hemisphere. Twelve inserls range in size from 1.25 cm to 4.0 cm at the
isocenter, although smaller and larger diameter inserts have also been used.

The central axis of the collimator’s insert must be aligned with the line
connecting the photon source 1o the isocenter. Alignment at all gantry and
couch positions was evaluated by placing a small spherical steel targel pre-
cisely at the “best compromise” isocenter and making radiographs of the
target using the linear accelerator with the iertiary collimator i place. When
the collimator is aligned and the target is at the best isocenter, the circular
image of the spherical target should be centered in the circular radiation
field regardless of the position of the gantry or couch. The accelerator’s
light field is usually not adequate for accurate alignment.

An interface base was designed to fix the BRW floor stand to the plate
overlying the bearings that support the treatment couch (this establishes the
vertical axis of the wrntable’s rotation). The BRW ring can then be used 10
attach a patient’s head to the floor bearing via the BRW stand. This spe-
cially designed base can be pinned and bolied rigidly and with reproducible
accuracy to the plate of the couch’s flour-bearing. The BRW flvor stand hus
three calibrated orthogonal, manually operated drives that move the head
ring, and, hence, any specified point within the paticnt’s head, o the desired
Cartesian coordinates (referred to as anteroposlerior, lateral, und vertical in
BRW terminology). Specifically, these drives are able 10 pluce a predeter-
mined target coordinate at the isocenter of the linac. The target positioning
is accomplished without reference 10 the room’s alignment lasers because
the width of the laser beams and their variability may make them less pre-
cise. More importantly, this method of palicnt positioning permits a rigor-
ous pretreatment verification of the system alignment and setup for each
patient, The Varian treatment couch, without additional immobilization, s
not sufficiently stable for the precise positioning required. The patient sup-
port assembly (PSA) s used 1o support the patient’s wunk and CXUCNILLS.

TarGET LOCALIZATION

A localizer box was designed and coastructed for augiographic loculiza-
tion (Figure 20). It attaches to the BRW head ring in the same manner as the
CT localizer frame by means of the BRW ball-and-socket mechanism, Each
of the four sides of the angiographic box hus a set of four lead fiducial
markers in a 6 cm X 6 cm square array (any noncolinear arrangement is
satisfactory). Localization by angiography requires 1wo different planar
angiographs. Cercbral angiographs are typically made in frontal and lateral

FIGURE 18. The Joint Center hardware confi ion i i
guration is shown with the frame
stand mounted on the PSA base plate. The stereotactic frame is attached to

the stand and at the locus of the rotation axes of th
collimator, (Lutz et al, 1988.) ® gantry, table and

projections with no requircments for orthogonality, film/arget distance, mag-
nification factor, or the orientation of the head with respect to the source or
the film. The only requircment is that two scls of markers {one set oo cach
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FIGURE 20. The angiographic localizer box i i
_ s attached to the BRW head ring.
Knowledge of the BRW coordinates of the fiducial markers allows for lar:ggt

AVM) localizati i ; !
(1988.)) alization from pairs of quasi-orthogenal radiographs. (Lutz et al.,

side.of the box) appear on each radiograph. One cautionary note: digitized
radl'ographic images may contain geometric distortions. The unique line
passing from the radiation source through the target can be computed when
one knows the geometry of the box.

Tumeor localization is determined by enhancement on CT and/or MRI
'I.'he CT and MRI localizers have unique rod geometries that enable calcula-‘
tion of the coordinate transformation between CT/MRI and the stereotactic
f_rame (Saw e at., 1987). Localization by MRI is also prone to image distor-
tion and sl-mu!d be thoroughly and routinely tested before use.

] If a lesion is localized by computed tomography, an appropriately thin
slice is used 1o minimize the error in localization. Once the neurosurgeon
and neuroradiologist have selected the CT slice that best locates the lesion
ttfe coordinates of the target center are computed from the positions of lhe:
nine localizer rods and the center of the lesion on that slice, as described in
the instruction manual for the BRW system.
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« University of Florida Technique
APPARATUS

In 1986, anew linear-accelerator-based system (Friedman, 1989 and Bovy,
1991) that expands on the design by Lutz ef al. (1988) was developed. One
of the primary objectives was 0 provide a mechanical system that would
function independently of the linac gantry and patient support systems. The
motions requiring precise control were the accuracy of collimation during
the arcing of the radiation beam and the rotation of the patient for reposi-
tioning between the arcs, both of which were constructed in-house. The first
bearing system controls the isocentric accuracy of the collimator. The sec-
ond bearing system controls the rotations of the head of the BRW tloor
stand. These two bearing systems are mechanically coupled 5o that the rota-
tional axes coincide (x 0.2 mm). The two bearing systems alone cannot,
however, produce the desired accuracy of a rigid attachment to the linac
head. To avoid any torque transfer from ihe linac head, a gimbal bearing
with a sliding collimator moun{ was developed. This bearing allows the
radiosurgery mechanical system, and not the linac head, o determine the
isocentric treatment accuracy (see Figure 21).

With this system, standard parts of the BRW stercotlactic system are used
for either angiographic or CT lesion localization. The BRW heud ring is
applied in the usual fashion and the angiographic localizer is attuched. A
standard angiogram is performed and the best anteropusterior (AP) and lut-
eral films for AVM localization are selected. The neurosurgeon defines and
outlines the nidus of the AVM with a mouse on the compuler systen. The
fiducial points and target volume appear simultaneously on the compuler
monitor. The computer calculates the geomelric center, the cenler of mass,
or a user-defined center, as well as the demagnified diameter of the field
size. The computer also indicates the distance between a line drawn through
the center point on each radiograph.

A series of cerrobend collimators, 15 cm long and ranging in disneier
from 5 mm to 30 mm (in 2-mm increments), was construcied. Single-beam
profiles were obtained for each collimator using film, thermoluminescent
dosimeter, and electronic diode measurements.

After dosimetry planning, the system was assembled and wsted wilh the
radiographic method of Lutz ef al. (1988). The patient is then atuched 10
the floor stand and the prescribed arcs of radiation are delivered. The pa-
tient is attached 1o the accelerator for about 20 min during the procedure.

RapiaTioNn BEAM ACCURACY

From the verification films, the displacement of the center of the target
image from the center of the radiation field is measured. The measured
erfor is 0.2 mm + 0.1 mm with a maximum error of 0.5 mm.
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FIGURE 21._The University of Florida system is shown with the gymbal-
mounted collimator arm attached to the linac. (Friedman and Bova, 1989.)
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2. Couch-Mounted Frame System
+ Dynamic Stereotactic Radiosurgery at McGill University
APPARATUS

The dynamic stereotactic radiosurgical technique was developed in 1986
at McGill University in Montreal (Podgorsak e! al., 1987, 1990, and 1992).
This technique uses a 10-MV linac (Varian, Clinac-18) as the radiation source
and two types of commercially available stereotactic frames (OBT frame,
Tipal lastruments, Montreal and Lekseli frame, Elekta Instruments,
Stockho!m) for target localizalion, treatment sei-up, and patient immobili-
zation during treatment. In contrast to the multiple noncoplanar converging
arcs technique, which spread the dose outside the target area with a series of
arcs, dynamic rotation delivers the dose during a simultaneous and continu-
ous rotation of both the gantry and the couch during treatment.

The additions and modifications required 1o make the linac wseful tur
dynamic radiosurgery are relauvely simple and consist of extra 1U-cm shick
lead collimators to define the small circular fields at the isocenter (0.5-3.5
cm in diameter), a remote controlied motorized couch-rotation capability
with a variable speed conrol, a couch-angle readout and a couch-height
readout on the machine console, brackels fasten the stereotactlic frame o
the treatment couch, and brakes to immobilize the longitudinal and lateral
couch motions.

The stereotactic frames are compatible with modern imaging equipment,
such as CT, MRI, and DSA, so as 10 allow for accurate target localization
(Olivier et al., 1987 and Peters et al., 1987) and, so long as appropriate
brackels are available, 10 fasten the frume to the treatment couch to ensure
immobilization during the radiosurgical procedure. The frame atachment
to the floor stand used in mosi mulliple converging arcs techiniques 18 pot
possible for dynamic rotation because in dynamic rotation the linac head
must pass below the patient, Not being able 10 attach the frume to the {loor
stand could be considered a drawback of dynamic rotation, assuming that
the floor stand offers better frame stability. However, couch mounting on a
properly locked couch offers equal stability and is considerably safer than
the floor-stand mounting in cases of inadvertent vertical couch motions.

The stereotactic frames used for dynamic radiosurgery al McGill are com-
patible with CT, MRI, and DSA, and their mass is only 800 g, making them
easily supportable by the patient when moving from diagnostic 1o therapeu-
tic equipment, .

The frame is fastened 10 the patient’s head with three Tu Hive caibon piis
that penetrale diagonally into the frame’s cubic structure. Swndard fiducial-
marker plates are used 1o determine the coordinates of the target with CT ur
MRI, whereas for target localization with the DSA, special mugnification
plates are used. Information on the largel position obtained with diagnostic

63



proc_:edures is transferred to special target-localization plates thal are used in
conjunction with wall- and ceiling-mounted lasers for placement of the tar-
get center into the linac isocenter before treatment.

TREATMENT TECHNIQUE

The patient is placed supine onto the treatment couch and the stereotac-
tic frame is fastened to the couch such that the patient’s head overhangs the
end of the couch as shown in Figure 11. The appropriate couch position is
obtained with the help of wall- and ceiling-mounted laser positioning de-
vices and the target localization plates on which the target centers are indi-
cated. Once the center of the target coincides with the linac isocenter, spe-
cial brakes immobilize the lateral and longitudinal couch motions and the
target localization plates are removed from the frame 0 minimize the inter-
ference of the stereotactic equipment with the radiation beam, The couch is
then rotated to 75°, the gantry to 30°, and the dynamic stereotactic
radiosurgical procedure is ready to begin.

During the treatment, the couch rotates 150°, from +75° (0 ~75¢, while
the gantry simultaneously rotates 300°, from 30° 1o 330°. Thus, each degree
of couch rotation corresponds to 2° of gantry rotation. Several successive
positions through which the couch and gantry move during the complete
radiosurgical procedure are shown in Figure 11, starting (a) with the gantry
and couch angles of 30° and +75°, respectively, through (b) 90° and +45°,
respeclively, {(c) 180° and 0°, respectively, (d) 270° and -45°, respectively,
and (e) stopping at 330° and -75°, respectively.

During radiosurgery, the radiation beam always points to the target vol-
ume. The beam entry trace on the patient’s head, however, exhibits a pecu-
liar trace (baseball seam), shown schematically in Figure 2 (g). All points of
the beam entry lie in the upper hemisphere, which results in the beam exit
points all lying in the lower hemisphere. This means that in the dynamic
rotation, even though all beams intersect in the target volume, paralle! and
opposing beams never degrade the optimal steepness of the dose falloff out-
side the target volume.

A couch-mounted frame system is also available from RSA, Inc.
(Burlington, MA), This system continues to employ a radio-opaque target
simulator system to verify the target alignment in the x-ray beam. This ap-
proach offers hard-copy documentation of the target placement in the radia-
tion beam.

C. Dedicated Radioisotope SRS Unit—The Gamma Knife
Technique

1, Apparatus

The major components of the Leksell stereotactic gamma knife are the
radiation unit, four collimator helmets, a patient treatment table, a hydrau-
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lic system, and a control panel (Bradshaw, 1986; Lunsford et al., 1987 and
1989: and Wu et al., 1990). The radiation unit consists of an almost spheri-
cal housing with a shielded entrance door. Inside the housing is a hemi-
spherical central body, which contains the 201 “Co sources (Figure 1). The
housing and the central body are made of cast iron; the entrance door is cast
steel. The radiation unit weighs approximately 16,800 kg. The treaunent
table weighs an additional 1,500 kg. The housing opens like a clawm shell for
accessing the sources. The upper half of the housing hus an outer radius of
82.5 cm and an inner radius of 42.5 cm. The lower half contains the shielded
entrance door and a removable sump plug to retrieve objects accidentally
dropped into the unit.

The central body, with an outer radius of 42 cm, fits closely with the
inner radius of the upper half of the housing; its inner radius is 22.5 cm. The
angulation and diameter of the 201 beam channels are machined precisely
(tolerance of 0.026 mm) in the central body. Each beam channel consists of
the source/bushing assembly: a 65-mm thick, 96% tungsten alloy
precollimator and a Y2-mm thick lead collimator. All 201 bemn channels
are focused 10 a single point at the cenler of the radiation univ (Tocal dis-
iance is 40.3 ¢m). The sources lie in an arc = 48° from ihe catral beam
along the long axis of the tremment table and x 80° along \he Uransverse axis
of the table. No primary beams of radiation are directed out of the shielding
door. The central axis of the 201 beams intersect at the focus with a me-
chanical precision of £ 0.3 mm.

The final collimation is accomplished with one of four collimator hel-
mels. Each helmet has an identical 6-cm thick cast iron shield with an inner
radius of 16.5 ¢m and an outer radius of 22.5 cm. The 201 channels are
drilled in each helmet. Removable, 6-cm-thick final collimators are 96%
ungsten alloy. They have circular aperures thut produce nominad 4-, 8-,
14-, or 18-mm dianieter fields at the focus. The apertures of individual
collimators can be replaced with veclusive plugs 1o prevent wradiation ol
critical structures, such as the lens of the eye, or 1o alwer the shape ol he
isodose distribution. Each helmet is equipped with a pair of trunnions, which
serve as the fixation points for the stercotactic frame in the X dimension
(right-left).

Micro switches on each helmet verify alignment between the helinet and
central body with a positioning accuracy of + 0.1 mm. Each *Co source
consists of 20 pellets, I mm in diameter and height, stacked on top of one
another, and encased in a double-walled stainless steel capsule. Each source
fits into the source-bushing assembly at the top of each ceatral body colli-
mator. The short distance from the collimator helinet 1o the patient reduces
the beam penumbra o from 1 1w 2 mm for ail sizes of colimator hehnets.
The steel door in the radiation unit is 18.5 ¢ thick. The opeaing und clos-
ing of the door and the movement of the treatment table in and oul of the
unit is controlled hydraulically. 1n the event of a power failure during a
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treatment session, reserve hydraulic pressure automatically releases the treat-
ment table apd closes the shielding door. If reserve pressure is also lost, a
hand pump is available to close the door. Failure of all back-up systems

requires manually releasing the table and removing the patient from the
unit. '

2. Target Localization

Wit?l Leksell's stereotactic frame attached to the patient’s skull, a diag-
nosuf: imaging procedure, such as CT, MRI, or angiography is performed to
Ioc:jlhze the target. A three-dimensional Cartesian coordinate system (X, Y,
Z) is used 1o locate the target coordinates in Leksell’s stereotactic frame.
The Z-axis (superior-inferior) of the coordinate system lies along the axis
of the patient, the X-axis (left-right) is in the coronal plane, and the Y-axis
(al‘nerior—poslerior) is in the sagittal plane. The frame coordinate system is
oriented such that the center of the helmet (the focus of the 201 sources) is
X =100, Y = 100, and Z = 100. This system eliminates the use of negative
coordinates.

The target is moved to the focal point of the unit by seuting the X, Y, and
Z coordinates of the stereotactic frame and fixing the frame to the trunnions
of the helmet. The angle made by the frame between the central source ray
and the horizontal plate is called the “gamma angle” and is read from indi-
cators on the trunnions. The gamma angle is determined by tilting the patient's
head. When shining a small pen light through each collimator in the helmet,
radiation beams that would pass through the lens of the eye can be pre-
dicted. The appropriate collimators are then replaced with solid plugs to
prevent the direct exposure of the lens to radiation. If more than one target
is to be irradiated, this process is repeated for each target,

3. Dose Calibrations and Measurements

To determine the best dosimetry system for the measurements at the small
focal point of beams, several different detectors were investigated. These
included an ion chamber, a silicon diode, LiF thermoluminescent dosimeter
chips, and film. All of these detectors were calibrated in a phaniom against
an ion chamber whose calibration is traceable to the National Institute of
Science and Technology (NIST). :

The dose output for the gamma knife was first measured using the 18-
mm collimator heimet. A spherical polystyrene phantom 16 ¢cm in diameter
was constructed (o simulate a human head. The phantom was fixed between
the trunnions along the lateral direction and was movable within the helmet,
The ion chamber (coupled to an electrometer) used for calibration and mea-
surement was a 0.07-cm® micro-chamber smalt enough for this purpose.

Before measuring dose rates, the dosimetry system was calibrated. The
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jon chamber was placed in a polystyrene block phantom at a depth of 8.0
cm to simulate the radius of the spherical phantom. A small § x 5 cm? *Co
beam was used for irradiation. With the same physical setup, the exposures
were repeated using a 0.6-cm?, Farmer-type ionization chamber and an clec-
trometer, which has a calibration traceable to NIST. Hence, the dosiuinetry
system was appropriately cross-calibrated. With the micro-chamber in place
at the center of the spherical phaniom, which was centered a the focal point
of the 18-mm collimator helmet, dose rates were measured repeatedly at
different positions. The trunnions were adjusted to vary the dose until the
maximum dose rate was found.

Because the chamber volume was large relative 1o the region of uniform
dose of other collimator helmets, an additional electronic method was used
1o measure the dose rate at the focus of the 4-, 8-, and 14-mm helmets. A
small diode was used in @ manner similar 1o the micro-chamber. 1ts response
in a polystyrene block phantom al a depth of 8 cm on the cobalt unit was
compared to that in the spherical phantom at he focus uf the ganna kaife.
The current mode of the electrometer was used for all dose rale measure-
ments with diodes.

Standard (3 mm X 3mm X 1 mm) LiF TLD chips also were used and
calibrated in the polystyrene block phantom at a depth of 8 cm for the 5 cm
% § cm field. The TLDs were appropriately annealed and sorted so thal the
entire group responded within £ 2% of the mean TLD response. The TLDs
were given the same exposures that the chambers were given in the polysty-
rene block phantom. A dose-lo-waler versus TLD response curve was deter-
mined and fit 10 a least-square line.

A TLD was placed at the center of the B-vmn radius pulystyrene spheie
and exposed at the focus of the gamnia knife umit. The 18-t helinet was
used with all 201 cobalt source collimators open. The TLD response curve
was used 10 determine the dose rale to waler per minule at the center of the
polystyrene sphere. The average reading of 11 TLDs, exposed at every 30°
along the x-axis of the spherical phantom, determined the dose rate.

To determine the “true” dose rate ai the focus of the unit, the transit dose
(the dose accumulated during the table’s entry and exit from the focus) was
subtracted from the total accumulated dose at the focus. The shutter crror
was determined as for the *Co teletherapy machine, using the difference in
exposures measured in an interval of ume with one ON-OFF sequence aud
several ON-OFF sequences Lo determine the transit duose.

4. Absurbed Duse Profiles

Because the gamma knife unit contains 201 *'Co sources, with each col-
limated beam focusing at a central point, the dose profife of each individual
beam is a building block for the total dose distribution of multiple beams
with various plug pallerns.
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To measure a single beam dose profile, 200 of the 201 collimator open-
ings of the 18-mm helmet were plugged, leaving the central one open. Film
was cut to fit a special polystyrene cassette, which was placed at the center
of a polystyrene sphere, 8 cm in diameter, to simulate a human head. Ap-
proximately 1 Gy was delivered to irradiate the film to obtain an optical
density of approximately 2. Profiles were measured along the X- and Y-axes
with a 0.75-mm aperture, using a scanning densitometer. The density-dose
conversion relation was oblained from calibrated films of the same package
exposed to the ¥Co teletherapy unit. The true single-beam profiles for each
collimator size can be obtained by subtracting the background radiation,
which was measured with all 201 collimators plugged, from the single-beam
profiles shown in Figure 22, and plotted and illustrated in Figure 23, The
dimensions of the50% isodose, or full-width-of-half-maximum (FWHM),
and the penumbra size, defined by the distance between 20% and 80%, are
measured. Their FWHMs are 4.0 mm, 8.4 mm, 14.0 mm, and 18.0 mm for
4-mm, 8-mm, 14-mm, and 18-mm collimator helmets, respectively. The
penumbras are in the 1-2 mm range, which is, comparably speaking, large
for small collimator helmets, but small for large collimator helmets.

Single beam profiles with background at 8cm
depth in spherical phantom

L] 1 T T 1 1 ) L) I ] 1 T
100 -
90 a— 4mm COLLIMATOR ]
b-— 8 mm COLLIMATOR
80 ¢— 14 mm COLLIMATOR =
w d— 18 mm COLUIMATOR
@ 70 e— BACKGAOUND -1
(]
" 60 .
= 50 ]
5 40 .
w
T 30 ]
20 ]
10 .
0 1 ] 1 ] 1 l 1 1 | | I

1
0 4 8 12 16 20 24
RADIAL DISTANCE FROM BEAM AXIS (mm)

FIGURE 22. Dose profiles of a single beam measured with all but one
collimator ol the helmet closed. Due to transmission through the 200
collimator plugs, the single beam profiles exhibit high backgrounds. (Wu et
al., 19580.)
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Single beam profiles at 8 cm In polystyrene
spherical phantom
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FIGURE 23. The single beam data with the background transimission
sublracted. The sizes are defined by the 50% wiaths, and penumbrae by the
80%—20% distances. (Wu et al,, 1990.)

Figure 22 shows the dose profiles of the single beams for all collimator
sizes. Shoulders appear on both sides of all beam profiles because of the
radiation transmitted through the plugs and are particularly apparcnt for the
4- and 8-mm helmets. The shoulders are substantial, representing almost
60% of the maximum intensily of a single beam, because radiation 13 Wins-
mitted through all 201 plugs, rather than just one plug.

Most of the 201 collimators remain open during paticnt wcatment. There-
fore, we measured dose protiles as well as isodose distributions from films
irradiated in two perpendicular planes; that is, the X-Y and X-Z planes al
the center of a polystyrene 8-cm sphere in the gamma knife. The dose pro-
files along the X-axis of all four collimators (helmet at the focus) are shown
in Figure 23.

Figure 23 shows isodensity scans of the X-axis dose profiles for the 4-
mm, 8-mm, 14-mm, and 18-mm collimators, The correspending Y-axis dose
profiles (not shown) are much sharper at the edges as a result of the collima-
tor pattern that spreads oul = 80° in X direction and = 48° in Y direction.
The Z-axis dose profiles may be stightly skewed toward the top because all
of the sources are positioned at the upper hemisphere. However, the smal)
diamelters of the beams make this insignificant.
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The relative output factors for the four helmets were measured using 1
mm X | mm % 1 mm TLD chips and a diode coupled to an electromelter at
the focus for each helmet. Both the diode and the TLD chips were calibrated
at a depth of 8 ¢cm in a polystyrene block phantom with the small beam of a
%“Co teletherapy machine against ion-chamber measurements. The output
values are very close to those obtained for a single beam and to those pro-
vided by the manufacturer, but there is a 3.5% variation for the 4-mm colli-
mator helmet.

5, Mechanical Alignment Accuracy

To illustrate the gualitative accuracy of gamma knife irradiation, a small
lead sphere, 4 mm in diameter, was placed at the center of a 20-cm diameter
spherical phantom and exposed exactly at the focus. A strip of film was
taped to the bottom of the phantom to catch the exit beams from each of the
sources. The 8-mm collimator helmet was used.

An aluminum film cassette was made and placed into a film can. The
cassette has a pinhole indicating the focal point of a helmet. A cut-out film
was then loaded in the casselte, exposed with a 8-mm collimator helmet,
and scanned with a microdensitometer with a 0.75-mm aperture. The posi-
tion of the pinhole in relation 1o the focus was determined. Figure 14 shows
that the density profile is determined by the half width of the half of the
maximum, The position of the mechanical focal point is indicated by the
pinhole, which is shown as a dip in the plot. Thus, the deviation of the
radiation focus from the mechanical focus along the X-axis can be deter-
mined. This measurement was repeated along the Z-axis. The overall devia-
tion from alignment of the unit was calculated from the square root of the
sum of the squares from the deviations of X- and Z-axes and found 10 be
approximately 0.25 mm.

6. Resulls

All three dosimetric tools—ion chamber, diode, and TLDs—were used
to measure the output at the focus of the [8-mm helmet. Each response in
the gamma knife was related to the dose in water measured by the Farmer
ionization chamber on the *Co unit according to the most recent American
Association of Physicists in Medicine protocol. The deviations among the
dosimetric tools were less than 0.5%. We detecied no appreciable direc-
tional dependence of the ion chamber, TLD, and diode measurements within
the geometry of the gamma knife.
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XVL APPENDIX V

EXAMPLE GAMMA KNIFE QA PROGRAM

The quality assurance (QA) program that we have in.lplcmer]led in our
facility (Univ. of Piusburgh) includes the topics of physics, dos1m¢?lry and
safety. The actal program is divided between daily, monthly, seml-'fmnual
and annual checks. Each item is not only assigned a frequency as dictated
by regulating requirements as a good health physics practice o comunon
sense, but also tolerances as applicable.

PHYSICS:

Timer Constancy

Timer Linearity

Timer Accuracy

On-Off Error

Trunnion Centricity

Radiation Output

Relative Helmet Factors
Anticipated Ouiput vs. Measured

DOSIMETRY:

Computer Output vs. Meusured
Radiation/Mechanical
Isocenter Coincidence

Dose Profiles

SAFETY:

Timer Termination of Exposure

Door Interlock

Emergency OIT Bultons

Beam Status Lights

Emergency Release Rod

Audio-Visual Communication
Systems

Permanent Radiation Muaiwr

Helmet Microswitch

Hand Held Radiation Monitor

Couch Movement Time Deviation

Monihly

Monthty

Muonthly

Monthly — 0.03 min
Monthly + 0.5 mm
Monthly 2%
Annual x 3%
Monthly = 3%

Munthly = 3%

Anpusl z U4
Alfler source change or in e
acceplance lest

Daily

Daily 0.5 cm trip point
Daily

Monthly

Mouothly

Laily

Annual functivual wst

Monthly 0.1 mm rip puint

Daily + 10% Annual

Monthly < 0.5 min from intiat
couch movement calibration
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SAFETY (Continued):

Emergency Instructions

Operating Instruction Availability

NRC Postings

Leak Tests

Emergency Power

Test timers® battery backup
through power loss/return cycle

Monthly semi-annual training
Monthly

Monthly

6 mos. <0.005 pCi

Annual

Monthly

* Many of the checks are not required by regulation.

XVII. APPENDIX VI

EXAMPLE RADIOSURGERY PROCEDURES AND
CHECKLISTS

(University of Florida - Gainesville)

o 00oooo 0O

Procedure for Patient’s Room/Clinic
General patient preparation and ring attachment.

Administer pre-operative medication.

Attach head ring using most posterior and most anterior position.
Make sure the word ANTERIOR is above the patient’s nose.
Ensure that top of CT localizer cage clears top of patient’s head.
Ensure the angio localizer cage clears patient’s head and nose.
Attach emergency wrench to head ring.

Transport patient to angiography/CT.
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Procedure for Patients Undergoing Angiography
Obtaining anterior and lateral angiograms for localization.

Make patient’s head as comfortable as possible with cushions/braces.
Radiologist perform selective transfemoral catheterization.
Attach ring support brace.

Attach angio localizer cage.

Position patient in fields. .

Take non-injected scout films to verify patient positioning. O
Ensure full size cut film, o
Adjust patient as necessary to include target and all 8 fiducial points

on both films, Retake scouts if needed. o
Run injected angio series.

Select best target views for later localization. 0
Transport patient to CT.

0aao aocoaaaaaa
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Procedure for CT Scanning (all patients)

Taking CT scans for reconstruction in treatment planning (CT
localization optional).

OPTIONAL—Start 1V for contrast injection (mandatory fur C'T
localization).

Auach CT table adapter 1o table.

Place patient on table and attach head ring to table adapter.
Attach CT localizer cage to head ring.

Take scout view of patient’s head.

Examining scout view, adjust gantry tilt as necessary 10 make gan-
try plane parallel to head ring plane.

Take scans of patient’s head according o one of the following:

« If angiv localization is intended, tuke S gun thick scans 5 i
apart starting above the patient’s head and ending at the rag. It
contrast is desired, begin injecting | or 2 slices above the wp of
the target. Radiologist input may be helpful.

« 1f CT will be used for localization, proceed as above except i
the vicinity of the target using 3 mm thick scans 3 mm apart for
increased resolution. Begin contrast injection before starting 3
% 3 scans.

Remove CT localizer cage from ring.

Unbolt patient from table adapter and remove palient.

Remove adapier from table.

Archive the complete CT examination o /2" tupe fur use e ueat

ment planning.

Take putienl {0 rOLI UF LULPaLiEL holding alea w walt duliigg L

ment planning process.

Procedure for Treatment Planning

Plan the patient’s treatment using CAD (Computer-Aided Dosimetry)
wools. There are two basic types of plans: angio locatization and CT local-
ization. This procedure indicates the differences between the two.

Sign on 1o the Sun system with user name and password.

Start the appropriate planning script with either the command strs/

utils/goangio or strs/utils/goctioc.

Answer the questions as the senpt pronipts fur the patiem’s ualie

and hospital number.

For angiogram localization:

« The script will automatically start the angio localization
program. Verify that the digitizer control box is turned on. Tape
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patient films to the digitizer, side by side. For each of the
two films:

a) OPTIONAL—Select contour eniry and enter the patient’s ex-
terior or skull contour for frame of reference.

b} Select point entry and enter all 8 of the fiducial points.

¢) The program will prompt if it discovers that the view is up-
side down based on the positions of the fiducial points.

d) Select target entry and trace the outline of the patient’s
lesion. When finished, hit the targel trace button again 1o
compule the geometric center and center of mass for the view,

* Examine the BRW coordinates and skew distance in the
checklist window. Cycle between geometric center and center
of mass 1o minimize the skew distance.

*  OPTIONAL—If the skew distance seems excessively large or
other considerations make the computed center unacceptable,
the user may enter a user center to lock in the isocenter
location. Save the data before exiting the angio program.

* The entire angio procedure may be repeated if desired.

The script will automatically start the tape reading program.
Input the required data to select a patient and examination from
those available on the tape.

The program will reconstruct all slices from the examination and

place them on the disk.

The script will automatically start the CT processing program,

To process the CT's:

*  Adjust mean and window for comfortable viewing.

¢ Trash images until an image with separated rods is visible,

*  Select the position button and enter the position of the localiz-
ing rods beginning with the thick rod and proceeding
clockwise.

* Save the processed image.

+  Press the run button 1o continue processing the remaining im-
apes.

= If an image is present after the run, press trash until the pro-
gram exits,

To perform CT localization:

*  The script will automatically start the CT lecalization program.

*  Adjust mean and window for comforiable viewing,

* Page through axial slices until target appears largest.

*  Qutline the target with TRACE function. When through, press
TRACE again to compute geomelric center and center of mass.

»  Posilion cursor over either of the two centers and pivot the
image Lo para-sagitial view.
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= Repeat the trace procedure for this view.

*  As was described in angio localization, select between geo-
melric center, center of mass, or a user inpul center 10 obiain
the best isocenter location.

* Save the data before exiting.

+ The entire CT localization process may be repeated, if desired.

If more than 1 pass was made through the selected focalization

program, the script will prompt for selection of one of the sets of

data,

The script will automatically start the dosimetry program.

Perform the treatment plan in accordance with detailed instruc-

tions on the use of the gamma 2 program.

Remember 0 generate a hard copy of the duse disttibation and

save the data before exiting Lhe program.

The script will prompt tor a dose prescriptiuu and isoduse hue.

Enter the brescribcd dose and the percent line to which the dose

value is given,

When the script prompts, request a hard copy of the treatment in-

formation.

Procedure at Radiation Therapy of Gainesville
Assemble apparatus onto accelerator, verify alignment, and treat
patient.

O o O ooo aoooa QA

Muke sure wthe filin processor 1s wrued on,

Move the 1ol cart into the sccelerator roon for eusy access w
tools and parts,

Remove the table wp and place it 1o one side, out of the way.
Remove the wouch guard from the acceleralor.

Remove the inside corner floor boards.

Replace with radiosurgery notched floor boards.

Place radiosurgery table top onto table, making sure that adapter
slides down onto alignment cone.

Raise the 1able to level 15.

Rotate the table to 50°.

Position A-frame over floor, making sure that rear feer shde all dhe
way into ‘U’ brackets in pit.

Insert leveling ratchet into needle beuring i A-lraie waibs the
handle pointing towards the accelerator.

Roll alignment apparatus over A-frame being carctul nu w bup
table or A-frame.

Carefully lower apparatus onto A-frame. Maintain alignment aof
holes in plate with holes in A-frame so that pins may be easily
inserted.
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Insert three alignment T-pins through apparatus base plate into the

A-frame.

Remove wheels from apparatus and place to one side,

Install table float modification in control system.

Check floor stand leveling. If necessary, adjust level with raichet

by reaching through access hole in base plate,

Set accelerator ‘collimalor rotation to 0° and primary field size to

5x5cm.

Attach gimble bearing plate to accelerator cotlimator.

Remove collimator clamp from apparatus arm. Insert designated

collimator through hole in arm into gimble bearing. Make sure that

collimator seats firmly on lower lip of hole in arm. Reinstall the

collimator clamp and tighten.

While one person sets floor stand coordinales to larget coordinates,

another person setup phantom pointer on phantom base to the same

coordinates.

Install phantom pointer on floor stand using adapter.

Place a piece of white paper behind phaniom target ball. Turn on

field light and rotate gantry about larget, observing location of ball's

shadow on paper. If shadow appears to move relative to field, re-

check floor stand settings and phantom setting. Repeat until suc-

cessful.

Attach film holder to apparatus arm.

Prepare a strip of film approximately 2" wide.

Insert film strip into film holder. At several different gantry angles,

expose the film to 55 MU, repositioning the strip for each expo-

sure.

Develop film. Examine film and verify that the phantom ball is

centered in the radiation field in each exposure. Retain film strip

for patient records.

Remove film holder from apparatus arm.

Remove phantom pointer and adapter from floor stand.

Place patient on table and clamp head ring to floor stand.

After adjusting table height to maximize patient comfort, securely

clamp retaining collar to table ram, preventing table slippage.

Recheck floor stand level, adjusting if necessary as above.

Turn on lasers and observe the position of the lasers on the patient’s

skin. Verify that the position is in accordance with the known posi-

tion of the target. Turn off lasers.

Following the computer generated list of actions, treat the patient

using the following procedure for each arc:

1. Set floor stand coordinates to new isocenter if required for
this arc.

2. Rotate floor stand and table to correct angle.
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3. Recheck coordinates on floor stand.

4. Manually move gantry completely through the range of the
arc.

5. Set machine for correct MU’s and rotation direction. Note that
the gantry should always rotate away from the floor stand.

6. Administer radiation,

After last arc, unbolt patient from floor stand.

Remove table stop coliar and lower table to a safe level.

Remove head ring from patient and remove patient from table.

Following the reverse of the assembly procedure, disassemble the

apparatus and store the componenis.

Remove the table float modificalion from the control system.

Parts List for Stands

oaoooQpoaoaoaaoo

Appropriate medication fur anxiety.
Xylocaine.

Syringe.

Head Ring Assembly.
Wrench.

CT Localizer Cage.

Angio Localizer Cage.

Angio Table Support Bracket.
CT Table Adapler.

Ruler.

Computer Tape.
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AVM dose determination. Isoeffective doses for proton beams of various 100
diameters from 7 mm to 50 mm. The bottom line of the 4-sided figure 8.0
represents the one percentile isoelfective dose for cerebral necrosis in the : /
normal brain. Note that for a small beam (7 mm), the one percentile dose is 6.0
5000 rads. For a larger 50 mm beam, the one percentile isoeffective dose is
1100 rads. Isoeffective dose is different for each ditferent beam diameter. : e
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we operale with a margin below the one percentile line to provide a margin of
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MAXIMUM ANGLE FOR VERTICAL OFFSET

250

o
i1
1

240 H

230

Maximum Angle (deg)

210

-50 4] -30 -20 -10 0
Axial Coordinate (mm)

Maxin_lum anglgz to which the gantry can be rotated based on the axial
coordinate setting of the floor stand. This constraint must be taken into
account when defining arcs in the patient's treatment plan.
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XVIII. APPENDIX VII

DYNAMIC STEREOTACTIC BRAIN IRRADIATION

PATIENT CHART (SAMPLE)

Patient #.

MCcGill University

Treatment #:

Patient name:

Hospital:

Patient #:

Diagnosis:

Trealme unit;
Total prescribed dose (cGy):
Dose Maximum {cGy}):
Prescribed isodose line (IL):

Department of Radiation Oncology
Division of Physics

Treatment numbes

Number of Treatments

Date of trealment

Prescribed dose for
this treatment (TD)

Physicians
Physicists
Collimator diameter A: cm  Linac callimator: 4 x4cm’ 5x5cn’
Collimator 05|08 t 1.25)15[178 225] 251275) 3 | 35| 4
Diameter (cm): - - - } ) ) ) : )
Relative Dose Factor | o« [0 eol074|0.79| 0.62| 0.85{0.67]0.88| D.89] 0.9 (091 082]0.84
RDF (A):
Stereotactic frame. OBT Leksell
Localization DOX: Cuurdinaples. x = ¥ = L=
Tumor volume: iy
Target volume: o’
Couch height:
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DYNAMIC STEREOTACTIC BRAIN IRRADIATION
PATIENT CHART (SAMPLE) CONTINUED

Calculate total required MU from equation:
100xTD : ] |
MU= = =
r..0 0)xRDF(D)xILxC,

where Dy, (10) = 1.05 cGy/MU, TD is the prescribed tumor dose. IL is the prescribed isodose line,
RDF(A) is Ihe relative dose factor for the collimalor and C; is the correction factor for the sterealactic
frame (0.98).

Gantry angular interval: A=180-8, = ...
Maximum MU per gantry angular interval; B=(180-0) x 4.99= o,
Estimated number of angular iMervals required. C = TDlaBl MU = T
Adjusted C upwards to the nearest even aumber: D= ..o
Calculated MU per angular interval: E = Tolabl My = =
Calculated and set MU per degree: % {must be less than 4.99) =
A NA EATMENT DO CTi TR ME U (D
1 1. Ganiry (CW) 6, to 180° g | V1. Gantry ({CCW) g 10180°
2. Ganlry {CW) 180°10 6 12. Gantry (CCW) 180° to 0,
2 3. Gantry (CCW) 0y to 180° T 13. Gantry (CW) 6, to 180*
4, Gantry (CCW) 180°10; 14, Ganlry (CW)  180°10 6,
a 5. Gantry (CW) 6, 1o 180° 8 15. Gantry (CCW) 6; 1o 180°
8. Ganiry (CW) 180° to & 16. Gantry (CCW) 180° to 6
4 7. Ganry (CCW) O 1o 180° 9 17. Gantry {CW) 6, 10 180°
8. Gantry (CCW) 180° toB, 18, Gantry (CW)  180°10 6
5 9. Ganlry (CW) 6, to 180° 10 19. Ganlry (CCW) & 1o 180°
10. Gantry (CW) 180° to O 20. Gantry (CCW)} 180° 100,
TOTAL MU GIVEN
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