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Abstract 

An isocentric teletherapy cobalt unit provides a viable alternative to an 

isocenhic linac as a radiation source for radiosurgery. An isocentric cobalt unit was 

evaluated for its potential use in radiosurgery in three areas: (1) the physical 

properties of its radiosurgical beams, (2) the quality of radiosurgical dose distributions 

obtained with 4 to 10 non-coplanar arcs, and (3) the accuracy with which the 

radiosurgical dose can be delivered. In each of these areas the 10 MV beam of a 

Linear accelerator served as a standard for comparison. 

The difference between the 80%-20% penumbras of the radiosurgical fields of 

the cobalt-60 and LO MV photon beams is remarkably small, with the cobalt40 beam 

penumbras on the average only about 0.7 mm larger than those of the linac beam. 

Differences bemeen the cobalt-60 and 10 MV plans in tern of dose homogeneity 

within the target volume and conformity of the prescribed isodose volume to the 

target volume are also minimal, and therefore of limited clinical significance. 

Moreover, measured obtained isodose distributions of a radiosurgical procedure 

performed on the isoceneic cobalt unit agreed with calculated distributions to within 

the f 1 mm spatial and %% numerical dose tolerances which are generally accepted 

in radiosurgery. The viability of isocentric cobalt units for dosurgery would be of 

particular interest for centers in developing countries where cobalt units, because of 

their relatively low costs, provide the only megavoltage source of radiation for 

radiotherapy, and could easily and inexpensively be modified for radiosurgery 



Nous avons Ctudit et cErnontr6 la possibilitC d'utilser u n  unit6 de tdlttherapie cobalt- 

60 pour la radiochirurgie, tout en utilisant les mCthodes & localisation et de livraison & dose 

courammment utilides pour ia radiochirugie par acckl6rateur lindaire. Trois aspects de 

I'unite cobalt-60 AECL Theratron T-780 ont Ctd Cvaluks: ( I )  les proprietb physiques des 

champs de radiation cobalt-60 produits par ITunit6, (2) la qualit6 des distributions de dose 

pouvant ttre ghc5r6es utilisant ces faisceaux de radiation, et (3) Pexactitude avec laqueue la 

dose p u t  etre liv& avec l'unitk de cobalt. Lcs 6sultats ont CtC compares avec un 

afcCl6rateur liniaire 10 MV (Varian Clinac- 1 El), ce dernier itant utilisd cliniquernent pour la 

radiochirurgie B l'H6pital Gdndd de Montdal depuis plus de 10 am. 

Nous avons constatt que la diff'rence entre les ptnombns 80%-20% des champs de 

photons cobalt40 et des champs de photons 10 MV est remarquabkment petite (0.7 mm en 

moyenne), compte tenu du d i d t r e  relativement grand de la source & cobalt-60. 

Concemant l'unifofmif6 de la dose B I'intkrieur du volume cibie et la conformiti entre la 

surface d'isodose de prescription et le volume du cible. nous avons constatt que la dfiicence 

entre les plans utilisant &s faisceaux de cobdt-60 et des faisceaux de photons LO MV etait 

petite, et donc insignifiante au niveau clinique. Mi d'ivaluer la stabila mtcanique de 

l'unitk cobalt. nous avons me& exptrimentakmnt des distributions de dose dsultant 

d'une p d u r e  radiochirurgique utilisant I'unitt cobalt-60 Theratron T-780, et compd ces 

r6sultat.s aux distributions & dose pdalabkmcnt calcul&s. Nos rCsultats indiquent que les 

lignes d'isodose mcsudes exphimentakmnt sont en accord avec les ligms d'isodoses 

calcuKes, P I'intbrieur des timites de tolttance spatiak ( i l  mrn) et nudxique (S%) 

gWralemnt accept& en radiochirurgie. Il est donc conch que I'unitt de cobalt40 

Theratron T-780. qui a I'avantage dt&e nlativement peu dispcndieux et ndcaniquement 

simple, repdsente unc alternative envisageable aux acc616rafeurs IinCairrs pour la 

radiochinugie std&tactique. Cette conclusion revet unc importance particuMre pour 1 s  

centres de tadiOth6fapie situts dans des pays en voie de developpement, pour ksquels les 

unit& de c o b . 6 0 ,  g r b  i kur prix rclativemcnt pcu ClevC, sont souvent ks xuks sources 

de radiation d'6ncrgie mcgavokcs disponibks pour la ndiotHrapie. 
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Chapter 1 

Introduction 

1.1 INTRODUCTION ........................................................................................................... 1 

1.2 HISTORlCAL DEVELOPMENT OF RADIOSURGERY ............................................ 2 

1.3 FUTURE TRENDS IN RADIOSURGERY .................................................................... 8 

1.4 MOTIVATION AM) STRUCTURE OF THESIS WORK ........................................... 10 
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1.1 ZNTRODUCTION 

Stereotactic radiosurgery is a high precision focal brain irradiation 

technique used to deliver ionizing radiation to small stereotactically localized 

intracranial targets, while minimizing the dose to the surrounding healthy tissue. 

High doses of radiation (several 1 0  cGy) are delivered in the form of narrow, 

usually circular, beams using a single fractionation. A1 though radiosurgery was 

initially developed and is still used for treatment of certain functional disorders, it 

has since evolved into an effective technique for treatment of vascular 

malformations and other benign or malignant tumors and intracranial metastatic 

lesions. 

Risks associated with the high dose concentration place stringent demands 

on the accuracy of target localization and dose delivery. Pathological tissue must 

be stereotactically localized in three diwnsions using either computed 

tomography (CT), magnetic resonance imaging (MRI). or digital subtraction 

angiography (DSA). Furthermore, treatment planning systems must allow the 

superposition of volumetric dose calculations onto these diagnostic images to 



assess the suitability of a treatment plan in terms of the dose deposition to 

radiosensitive structures of the brain (i. e., brainstem and optic chiasm). Spatial 

and numerical accuracies of radiation delivery must be within f 1 rnm and fi%, 

respectively, with steep dose gradients outside the target volume. 

1.2 HZSTOhUCAL DEVELOPMENT OF RADIOSURGERY 

In the early 1950s the Swedish neurosurgeon Lan Lekseil used an 

orthovoltage (200-300 kVp) x-ray tube coupled to a stereotactic frame to irradiate 

deep-seated intracranial targets from multiple directions (Leksell 195 1). The 

purpose of the technique was to produce a well defined necrotic lesion within a 

surgically inaccessible region of the brain and thereby relieve the tremor 

associated with Parkinsonism. Leksell called this technique radiosurgery. While 

it was possible to produce brain lesions with this device, the penetrating power of 

orthovoltage x-rays was soon deemed insufficient, and their use was discontinued. 

Leksell's work, however, stimulated interest in radiosurgery and the search for 

more suitable radiation sources began. 

In the late 1950s Leksell, in collaboration with the radiobiologist Borje 

Larsson, used a cross-fued proton beam produced by the Uppsda University 

synchrocyclotron unit as a neurosurgical tool (Larsson 1958). Soon thereafter, 

Lawrence (1962) from Berkeley and Kjellberg (1968) from Boston reported 

similar work Each group sought to exploit several advantageous depth dose 

characteristics of high energy (150-300 Meviamu) proton beams, namely: the 

sharp increase in ionization density occurring near the end of a particle's range 

(Bragg peak); lack of lateral scattering in the dose buildup or plateau region; and 

the finite range of the ionization track determined by the particle energy. Since the 

late 1970s work has also been done to exploit the greater relative biological 

effectiveness (RBE) and the lower oxygen enhancement ratio (OER) of heavier 

charged particles, such as helium, carbon, and neon. 



Charged particle radiosurgical techniques based on the Bragg peak and the 

plateau region, have been developed. In plateau radiosurgery, a particle beam is 

used of such high energy that the Bragg peak falls outside of the patient and 

convergent arc techniques are used to concentrated the dose (Lyman et al., 1989). 

This technique is especially suitable for treatment of small target volumes 

requiring an extremely sharp dose gradient in one direction (i.e.. lesions in the 

immediate proximity of the brainstem). 

More commonly employed is Bragg peak radiosurgery, a treatment 

technique which involves centering the Bragg peak within the target volume. To 

be of practical use the narrow Bragg peak of a monoenergetic charged particle 

beam must be spread using energy modulation. This spreading is achieved at the 

expense of the peak to plateau dose ratio; a ratio of 3 to 1 is generally considered 

acceptable for radiosurgery (Lyman et al., 1989). The dose is concentrated within 

the target volume by cross-fing several static fields. As a result the treatment 

volume can be conformed to the target volume using simply a beam's-eye view 

aperture. 

Excellent results have been reported for Bragg peak radiosurgery, 

especially for large targets where the importance of conformal radiosurgery 

increases. However, its use has been Limited to only a handful of centers 

worldwide, because of the excessive expenses associated with the facilities, 

equipment, and personnel required to perform the procedure. 

In the late 1960s Leksell, frustrated with the technical and time consuming 

aspects (transporting patients from his practice in Stockholm to Uppsala) of proton 

irradiation, designed the fm t dedicated radiosurgical device, the Leksell Gamma 

Unit. The prototype consisted of 179 smail cobalt-60 sources radially aligned 

about a common point, the unit center point (UCP) or isocenter. It was 



constructed for clinical use at the Karolinska Institute in Stockholm (Leksell 

1968). A second generation unit, containing 201 cobalt40 sources is now 

commercially available as the Leksell Gamma Knife (Elekta Instrument AB, 

Stockholm, Sweden). 

Each source of the Gamma Knife is fmt collimated by two fixed tungsten 

collimators and then by one of four collimating helmets also made of tungsten. 

The collimating helmets produce roughly spherical dose profiles and have full 

widths at half maximum (FWHM) of 4, 8, 14, and 18 mm at the isocenter of the 

machine. During treatment, the stereotactic frame is mounted to the helmet using 

special brackets. and the target irradiation is initiated when the helmet and patient 

'dock' with the source array. The manufacturer states field collirnation and 

docking alignment tolerances of M.3 mm and M.1 mm, respectively (Leksell 

Gamma Unit technical manual). 

Though the Gamma Knife is a precision instrument, it has several important 

disadvantages regarding its cost and versatility. The acquisition cost is high. 

although much lower than that of charged particle accelerators. Furthermore, the 

sources must be replaced every 5 to 10 years because of the 5.26 year half-life of 

cobalt-60; a very expensive procedure. The unit also suffers from a relatively 

small maximum field size of only 18 mm, resulting in a requirement that larger 

lesions be treated with multiple isocenters. It has been reported that on average 

2.6 isocenters are used for treatments of arteriovenous malformations (AVMs). 

and 3.9 for tumors (Lunsford 1992). As a result, the treatment procedure is 

complicated and time consuming. Additionally, with the use of multiple 

isocenten the dose homogeneity is reduced within the target volume and a 

shallower dose gradient outside the target volume is observed. Moreover, the unit 

shows a limited potential for conformal radiosurgery as attempts at field shaping, 

accomplished by plugging selected beam apertures or by combining certain 

helmets, has been shown to have little effect on the isodose distributions at 



clinically sigdicant (250%) isodose levels (Flickinger et al. 1990). Despite these 

disadvantages. many thousands of patients have been treated successfully with the 

unit at close to one hundred facilities world-wide. 

In the 1960s and 1970s radiosurgery was performed using either the 

Gamma unit or particle beams. During that time the high costs of the 

radiosurgical equipment and the limited diagnostic image quality relegated the 

technique to a few highly specialized centers around the world. However, 

excellent treatment results obtained by these centers stimulated a search for less 

expensive radiosurgical techniques. 

In 1974 Larsson et al. (1974) proposed the idea of using megavoltage x-rays 

produced by isocentric Linear accelerators (linacs) for radiosurgical procedures. Ten 

years later Betti and Derechinsky (1984) working in Paris and Buenos Aires, 

respectively, reported the fmt use of linac b a d  radiosurgery, followed by Colombo 

et al. (1985) in Vicenza and Hartmann et al. (1985) in Heidelberg. Shortly thereafter. 

Lua et al. (1988) in Boston and Podgorsak et al. (1987, 1988) in Montreal were the 

fmt institutions in North America to implement linac-based radiosurgical techniques 

in their radiotherapy departments. Alternatively, BarciaSalorio et al., ( 1979, 1982) in 

Valencia reported on the use of an isocentric cobalt-60 teletherapy unit for 

radiosurgery, however, their technique was complicated consisting of 35 fixed portals 

about the target, and consequently did not gain any widespread acceptance. At fmt 

there was skepticism as to whether Iinac-based radiosurgery could meet the 

demanding accuracy requirements of the procedure. It is now generally accepted that 

procedures performed on adequately maintained linacs result in treatment outcomes 

equivalent to those of the competing Gamma units. 

The m o w  fields used in linac-based radiosurgery are. generally, produced by 

special tertiary collimators, although the use of rectangular beams produced by a 

Linac's collimating system has been reported (Colombo et al. 1985). The 

radiosurgical collimators are typically &ad or tungsten cylinders with circular 
apertwes (tapered, staggered, or straight) bored out of the center. Feld sizes are 



commonly between 0.5 and 40 mm in diameter at the linac isocenter. The effect of 

the tertiary collimation is threefold: it defines the field, improves the alignment of the 

beam central axis with the isocenter, and serves to minimize the geometric penumbra. 

Although most radiosurgical collimators attach directly to the head of the linac, a 

precision collimating system developed by Friedman and Bova (1989) rotates on its 

own tracks and bearings, following the gantry head to which it is coupled. 

During treatment the stereotactic frame is immobilized using brackets that 

attach the frame to the linac couch, chair, or floor stand. In the past, floor stands 

were commonly used because it was believed that they provided a better 

immobilization and alignment of the patient. It is now believed that couch- 

mounting can immobilize the frame just as well as a floor stand yet it is a simpler 

and less expensive technique. Moreover, with couch-mounting the gantry rotation 

is not restricted below the patient. Consequently, most centers now use the couch- 

mounting method. 

The orientation of the patient within the linac beam depends on the 

radiosurgical technique used. Most centers using multiple or d y ~ m i c  noncoplmar 

arc techniques require the patient to be placed in the supine position on the 

treatment couch. For conical arc techniques the patient sits in a specially designed 

chair. Regardless of the patient support method, interlocks are commonly used to 

stop the gantry, couch, or chair rotations if the height of the support assembly 

changes by more than a given tolerance, typically f 1 mm. Floor stand mounted 

stereotactic frames, additionally, require the use of blocks to restrict inadvertent 

couch height changes because of the potential for patient injury. Other safety 

precautions include immobilization of the support assembly with respect to the 

lateral and longitudinal motions during the treatment and safety belts to strap the 

patient onto the support assembly to prevent injuries arising from patient movement. 

Linac-based radiosurgical techniques in clinical use today fall into one of 

three categories: multiple noncopla~r converging arc techniques, dynamic 

stereotactic radiosurgery, and conical rotation. The first clinical implementation of 



the multiple non-coplanar converging arc technique was by Betti and Derechinsky 

(1984) in Buenos Aires. Their technique involved irradiating a patient sitting on a 

special chair with several 120" noncoplanar arcs. In Vicenza, Colombo et al. (1985) 

used a similar technique involving five to ten 120" non-coplanar arcs with the 

patient in the supine position on the linac couch. A technique developed by 

Hartmann et al. (1985) in Heidelberg, used up to eleven 140" non-coplanar arcs to 

treat patients in the supine position. A less complicated approach consisting of only 

four arcs: one in the transverse plane from 50° to 310°, and the other thee covering 

100' for couch angles of 90' and 3 5 ' .  was shown by Lutz et al. (1988) in Boston 

to produce a reasonable dose falloff outside the target volume. 

The dynamic rodiosu rge ry technique developed by Podgorsak and 

colleagues (1987) at McGill University in Montreal involves the simultaneous 

motion of the gantry and couch during the irradiation of the patient. The gantry 

rotates 300' and the couch 150" resulting in a beam entrance trace having a 

baseball seam appearance. This approach has been shown to produce dose falloffs 

outside the target volume comparable to those of multiple noncoplanar arc 

techniques (Podgorsak et al. 1989) and those of the Gamma unit (Walton et (11. 

1987). The treatment execution is, however, more elegant and less demanding and 

time consuming than that of multiple noncoplanar arc techniques. 

The conical rotation technique was developed by McGinley et al. (1990) at 

Emory University in Atlanta. During treatment the patient sits on a rotating chair, 

attached to the linac couch base plate, while the gantry remains stationary at a 

given angle off the vertical. Up to three gantry angles are used for a typical 

treatment resulting in a conical irradiation pattern. 

The relatively low cost of Liaac-based radiosurgical techniques, along with the 

development of improved diagnostic techniques, CT in the 19709 and MR in the 



1980s. have led to a tremendous increase in the number of facilities around the world 

(several hundred) offering radiosurgery since the late 1980s. While some fear the 

accessibility of linac-based techniques will lead to substandard executions of this 

technically demanding treatment, linac-based radiosurgery, when practiced with 

adequate care, represents a less expensive alternative to the Gamma knife and charged 

particle treatment modalities. 

1.3 FUTURE TRENDS IN RADIOSURGERY 

Currently, the main topics of research involving radiosurgery include: 

multiple fractionation, MR and CT image correlation, conformal radiosurgery. and 

frameless stereotaxy. An overview of these topics is presented in this section. 

Radiosurgical procedures were originally intended to induce lesions within 

the brain using a single dose of radiation. Conventional radiation therapy 

experience, however, indicates that multiple fractionation will increase the 

differential effectiveness of the radiation tumor damage versus damage to normal 

tissue. This treatment technique is then known as stereotactic radiotherapy. 

Future protocols will be developed to compare the effectiveness of single versus 

multiple fractionation radiosurgery. 

MRI images provide high contrast detail of soft tissues. Correlating these 

images with CT data would aid in the identification of pathological tissues from 

the surrounding healthy tissue. MR images, however, suffer from distortions 

caused by inhomogeneities in the main magnetic field and Eddy currents produced 

within the patient and stereotactic frame. Attempts are cunently made to 

minimize and correct for these distortions. Several groups: Schad et al. (1987), 

Ehricke et al. (1 W2), Kessler and Carson (1992) use various phantoms to asses the 

image warping and subsequently comct for it, while Kooy et al. (1994) correct 



distortion using an automated method for image fusion of CT and MRI volumetric 

image data sets. Each of these groups has reported a reduction in spatial . 
uncertainty to approximately f 1 mrn, the level required for CT image correlation. 

At the moment, however, these correlation techniques are too time consuming to 

be of much clinical use. 

It has been estimated that the conformation of the beam profile to the target 

cross-section in the beam's-eye view would significantly improve the dose 

delivery in approximately 40-7046 of the radiosurgery caseload (AAPM TG #42 

Report, 1995). Several linac-based techniques have been devised to this end: a 

simple method described by Luxton and Jozeph (1990) uses several collimators, 

each with a different diameter, to irradiate a single isocenter; Leavitt er al. (1991) 

proposed the use of a four vane computer-controlled collimator to dynamically 

shape the field; while Bourland and McCollough (1994) used static fields, each 

with beam's eye view apertures; Serago et of. (1991) used elliptical collimators. 

Finally, the use of miniature (-2 mm wide at the isocenter) multileaf collimators 

and intensity modulation have also been proposed. Conformation techniques, 

although effective, are as of yet complicated and therefore not widely used. 

The cumbersome and painful nature of conventional stereotactic frames has 

led to a search for noninvasive means of providing localization. Several methods 

have been devised to this end, and each of them fall under the category of 

frameless stereotaxy. The approaches by Jones et of. (1993) and Gall et at. (199 1) 

rely on the use of radiographically opaque fiducial markers, surgically implanted 

either subcutaneously or directly into the skull. An alternative approach, 

developed by Adler and Cox (1995). uses a miniature Linac mounted on a robotic 

arm and radiographic projections to continually update the cranial position. Two 

real-time diagnostic x-ray sources and two digital cameras acquire images during 

the radiosurgical procedure. The images are matched to those found within a large 



digitally reconstructed radiograph (DRR) library, generated from CT slices, to 

determine the orientation and position of the patient's skull at a given moment so 

as to aim the beam toward the pre-determined target. Each of these groups report 

a localization precision comparable to that attainable with conventional techniques 

based on invasive stereotactic frames. 

1.4 MOTNATION AND STRUCTURE OF THESIS WORK 

While linac-based radiosurgery represents a less expensive alternative to 

the Gamma hife and charged particle treatment modalities, the cost of linear 

accelerators nonetheless is considerable. Consequently, in developing countries 

the availability of linear accelerators and thus the accessibility to stereotactic 

radiosurgical procedures is limited. Isocentric cobalt40 teletherapy units. on the 

other hand, are relatively inexpensive and can be found in most radiation oncology 

centers around the world, even in those in developing countries. Hence, the 

application of these units for radiosurgical procedures would expand further the 

use of stereotactic radiosurgery and also make it more readily available in 

developing countries. 

The intent of this thesis is to investigate and demonstrate the viability of a 

modem isocentric cobalt40 teletherapy unit for radiosurgery using target 

localization and dose delivery methods which are similar to those widely practiced 

with linac-based radiosurgical techniques. We modified an isocentric cobalt-60 

teletherapy unit for radiosurgery and studied the physical properties of 

radiosurgical beams produced by the unit; the quality of radiosurgical dose 

distributions obtained with the unit using from 4 to 10 non-coplanar converging 

arcs; and the accuracy with which the radiosurgical dose can be delivered with the 

unit. of an isocentric cobalt40 teletherapy unit for radiosurgery using current, 

widely-practiced linac-based radiosurgical methods for target localization and 

dose delivery. The thesis is se~ctuced as follows: 



Chapter 2 contains a theoretical and practical discussion of the Theratron 

T-780 cobalt unit (Theratronics Int. Ltd., Ontario. Canada), the isocentric cobalt unit 

used for radiosurgery in our work. Also discussed is the 10 MV photon beam of a 

linear accelerator (Clinac- 18; Varian Associates, Palo Alto, California), the beam 

which served as a standard by which to evaluate the radiosurgical fields of the 

isotope unit. Finally, a description of the radiosurgical equipment, dosimeters. and 

phantoms used in our work is presented. 

Chapter 3 provides the physical beam parameters used for treatment plan 

calculation. The percentage depth dose, off-axis ratio, and relative dose factor are 

discussed. Measured values of these parameters for several radiosurgical fields of 

the cobalt40 and 10 MV photon beams are then presented and compared. 

In Chapter 4 a comparison between several radiosurgical treatment plans 

of the cobalt-60 and 10 MV beams is presented. Cumulative dose volume 

histograms (CDVH) are used to contrast plans consisting of between 4 and 10 

non-coplanar arcs in terms of the dose homogeneity within the target volume, 

conformity of the prescription isodose volume to the target volume. and total 

volume encompassed by a given isodose surface. 

The radiosurgical treatment delivery performance of the Theratron T-780 is 

addressed in Chapter 5. The techniques used to measure the practical isocenter 

of the isotope unit are presented, along with a discussion of the results. The 

accuracy with which the Theratron T-780 can deliver a radiosurgical dose 

distribution is then evaluated by comparing several experimentally obtained dose 

dismbutions to those calculated using the McGill Planning System. 

Chapter 6 summarizes the overall results and addresses the viability of the 

isocentric cobalt-60 unit for radiosurgery. 
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2.1 RADIATION SOURCES 

The Theratron T-780 (Theratronics Inr Ltci., Ontario . Canada) cobalt-60 

teletherapy unit was evaluated for radiosurgery in our work . This isocentric cobalt 

unit has been used for radiotherapy at the Monaeal General Hospital since 1975. and 

can be considered a typical isotope unit in all accounts . In subsequent chapters the 



radiosurgical performance of the Theratron T-780 is compared to that of the Varian 

Clinac-18 Linear accelerator (Varian Associates, Palo Alto, California). The 10 MV 

photon beam of this linear accelerator has been used for radiosurgery at the Moneeal 

General Hospital since 1986 and has a proven track record in terms of treatment 

outcome. Hence, the use of this beam as a standard of comparison is justified. A 

description of both the Theratron T-780 and Clinac- 18 follows. 

2.1.l The Isocentric Therstron T-780 Cobalt Unit 

The main components of the Theratron T-780 teletherapy unit include the 

sourcehead containing the cobalt-60 source. the collimating system. and the 

patient support assembly. The sourcehead is a lead-filled steel capsule that houses 

the source. A radiation beam is emitted from the sourcehead when the source is 

pneumatically positioned over the beam portal; a hole in the shielding. When the 

unit is idle, a drawer retracts the source into a depleted uranium chamber near the 

center of the sourcehead. At this position 99.9% of the radiation generated by the 

source is absorbed. The 1.5 s travel time between the storage and beam-on 

positions results in a 0.02 min shutter error. 

The source consists of many cobalt-60 pellets sealed inside a 1.5 cm 

diameter stainless-steel cylinder. which is itself sealed within another cylinder to 

reduce the possibility of leakage. The cobait-60 atoms decay to nickel-60 atoms, 

with a 99% probability of the emission of a P- particle (E- = 0.32 MeV), and two 

megavoltage photons (1.17 MeV and 1.33 MeV). Although the source and steel 

cylinders absorb the p-particles, the attenuation of the megavoltage photons by 

these components is negligible. These photons constitute the primacy radiation 

beam of the unit. The primary beam is, therefore, essentially monoenergetic with 

a mean energy of 1.25 MeV. Approximately 10% of the clinical beam intensity, 



however, is attributable to scattered radiation originating from the sourcehead, 

collimating system, source housing, and the source itself (Kahn 1994). In 

October 1996, this source had an activity of 6208 Ci and yielded an exposure 

rate of 80.2 Wmin at the mechanical isocenter (source-axis distance SAD = 80 cm), 

for a 10x10 cm' field. 

The collimating system of the Theratron T-780 consists of a fixed shield. 

and two adjustable orthogonal pairs of leaves and trimmer bars. The depleted 

uranium shield surrounds the beam portal, limiting the maximum field size to 

35x35 cm' at isocenter. The independently adjustable pairs of lead leaves are 

used to define rectangular fields as small as 5x5 cm2 at SAD. To minimize the 

penumbra, these leaves are mounted in such a manner that their inner surfaces 

remain parallel to the edge of the beam, regardless of field size. Depleted 

uranium trimmer bars, located 45 cm from the source, further sharpen the field 

edges. Additional collimation can be performed by placing accessories into 

tray slots located 49.8 cm and 5 1.8 cm away from the source. 

The sourcehead and collimating system are mounted on a rotating 

gantry, along with a counterweight. During arc therapy procedures, the gantry 

can be set to rotate at any speed between 0.2 and 1.0 rpm. 

The motorized patient support assembly (PSA) consists of a patient 

stretcher and couch, mounted to a rotating pedestal. Nominally, the PSA axis of 

rotation is in line with the isocenter and source when the gantry is in the vertical 

position. Rotations of up to S O 0  from the 180' position; the position at which the 

couch is perpendicular to the gantry plane of rotation. are possible. The couch can 

also travel vertically, laterally, and longitudinally. 



2.1.2 The Clinac-18 Linear Accelerator 

For the Clinac-18 linear accelerator the process of photon beam production 

begins with the emission and acceleration of electrons within the unit's electron 

gun. Electrons boiled off the gun's cathode are electrostatically accelerated under 

a 25 keV bias to a high velocity. allowing their capture by the high-powered 

radiofrequency pulse (5.5 MW, 2856 MHz) of the standing waveguide (Karzmark 

and Morton 198 1). The captured electrons are fwther accelerated throughout the 

21 disk-loaded cavities of the 1.4 m long waveguide, after which an achromatic 

270' bending magnet is encountered. The magnet contains energy analyzer slits 

which intercept electrons varying by more than &3% from the nominal electron 

energy of 10 MeV (Clinac-18 Maintenance Manual, Vol. 1).  The magnet also 

serves to redirect the beam, focussing the electrons onto a 5 mm thick copper 

target. Upon striking the target, the electrons convert a portion of their kinetic 

energy into bremstrahlung radiation. The resulting photons are radiated 

predominantly in the forward direction, over a continuous range of energies 

between 0 MeV and 10 MeV. The x-ray beam is, therefore, referred to as a 10 

MV photon beam, in acknowledgement of its energy spectrum. 

The electron gun, waveguide, bending magnet, and target ace maintained at a 

vacuum pressure of lo6 tom. Photons exit the evacuated chamber through a 0.25 cm 

thick beryllium window. The profile of the beam leaving the window is forward 

peaked and not suitable for therapy. The beam is, therefore, flattened using a conical- 

shaped tungsten-iron alloy filter. This fhnening Jilrer is constructed such that the 

profile of the beam will be rendered flat (S%) over 80% of the longitudinal and 

transverse axes of a 10x10 cm2 field at a depth of 10 cm within a tissue equivalent 

phantom placed at nominal SSD (Ctinactinac18 Maintenance Manual, Vol. 1). 



The collimating system of the Clinac-18 consists of three parts: the 

primary, secondary, and variable collimators. The primary collimator is a fixed 

lead cone mounted just beneath the beryllium window, its purpose is to shield the 

room from the lateral components of the beam. The fixed secondary collimator, 

made of tungsten and lead, limits the maximum square field size to 35x35 cm' at 

the isocenter (SAD = 100 cm). Variable field definition is achieved using two 

pairs of independently adjustable tungsten collimators located 35.0 cm and 44.3 

cm below the copper target. The movement of these collimators is constrained in 

such a manner that the leading edge of each block matches the beam divergence, 

resulting in a sharp dose fall-off outside the primary beam. Accessories placed in 

the tray slot, located 65.1 cm from the target, enable additional collimation to be 

performed. 

The output of the beam is measured using independent dual transmission 

ion chambers, which are located just beneath the flattening filter. Charge 

produced by ionizing radiation passing through these detectors is collected and 

converted to dose monitor units (MUs). These arbitrary units are calibrated such 

that 1 MU corresponds to 1 cGy, measured at the depth of maximum dose (dm) 

within a tissue equivalent phantom placed at nominal SSD, and irradiated by a 

lox 10 cm2 field. The ionization chambers are sealed to minimize the effects of 

temperature and pressure variances. The dose rate of the Clinac-18 can be varied 

between 100-500 W/min.  

Upon leaving the linac head, the radiation beam is composed of the primary 

polyenergetic x-ray beam and scattered radiation originating from: the flattening 

filter, collimators, and ionization chambers. Additionally, some electron 

contamination occurs as a result of Compton interactions with these components. 

Monte Carlo calculations have shown that the 10x10 cm2 field of the Clinac-18 

has a mean energy of approximately 3.06 MeV (Zankowski 1994). 



RADIOSURGICAL EQUIPMENT 

2.2.1 Radiosurgicai Collimators 

The radiosurgical collimators in use on the Clinac-18 linac were also used for 

radiosurgical procedures carried out on the Theratron T-780 cobalt unit. These 

collimators are made of p l y  styrene-encased lead cylinders, each with an outer 

diameter of 8 cm a height of 10 cm and a centrally-located tapered hole which 

defines the radiosurgical beam. A set of radiosurgical collimators is avdabie. 

producing circular radiation beams with nominal diameters (profile FWHMs) between 

1.0 cm and 4.0 cm at the isocenter of the Chac- 18 linac with an SAD of LOO cm. As 

a result of the geometrical differences between the treatment setups on the two units, 

for a given collimator the nominal diameters of the Theratron T-780 radiosurgical 

fields are approximately 6% smaller than those of the Clinac-18 radiosurgical fields. 

and the coilirnator taper does not perfectly match the field divergence of the cobalt 

beam. These differences are depicted schematically in Fig. 2-1. During radiosurgery, 

the collimator is attached to the gantry head using a tray mount, and the variable 

collimator of the teletherapy unit is set to 5x5 cm2. 

radiosurgical coltima~or 

FIG. 2-1. Diagram depicting the difference in the source& distance cmd source-collimator 

distance between the Clinac-18 (a) curd Therutron T-780 (6) for radiosurgical procedures. As a 

result of these differences, the m m i ~ l  diameters of the Theratron T-780 radiosurgical jieldr are 

approximately 6% less thon those of the Cl i~c-18,  for a given collimator. Note that the 

collimcrtor taper does not match the divergence o f t k  Theratron T-780 beam. 



2.2.2 Stereotactic Frames 

Stereotactic frames are used in radiosurgery for target localization before 

treatment and patient immobilization during treatment. During radiosurgery the 

frame is usually fastened with pins to the patients skull in order to provide a fixed 

coordinate system (Cartesian, cylindrical, or spherical) with respect to the brain. 

Localization is accomplished using CT, MR, or DSA images of the patient's head 

with the frame and fiducial marker box attached. The frame coordinate system is 

transferred from these images to the treatment planning system, enabling 3D 

localization of intracranial anatomical structures. 

The stereotactic frame used in this work was built in the machine shop of the 

Medical Physics Department at the Montreal General Hospital and is shown in Fig. 

2-2. The frame has a positive-valued Cartesian coordinate system with the origin 

located at one comer of the box, and the center located 10.0 cm away from the 

origin along the X, Y, and Z coordinate axes. The frame is constructed of a rigid 

aluminum base with carbon fiber posts and pins, to minimize image artifacts. 

Transverse CT images of the frame's three aluminum N-shaped fiducial marker bars 

are used to transfer the frame coordinate system to the treatment planning system. 

FIG. 2-2. Stereotacticfiume and CTj'iducial marker bar built in the machine shop of the Medical 

Physics Depattment ofthe Monnvol General Hospital. 



2.3 DOSIMETRIC EQUIPMENT 

High-resoiution radiation detectors are required for characterization of the 

small radiosurgical fields. The dosimeters used in our work: the end-window 

parallel plate detector. semiconductor detector, and film detectors are considered 

suitable for such measurements. A discussion of these detectors follows. 

2.3.1 Parallel-Plate Ionization Chambers 

End-window parallel-plate ion chambers are designed to accurately 

measure dose in regions of high dose gradient. These chambers consist of an 

upper and lower electrode, parallel to one another, with the lower electrode 

surrounded by a guard ring. The upper electrode or window is constructed very 

thin (0.01-0.03 mrn) to minimize the attenuation of incident radiation for surface 

dose measurements. The electrode separation is very small (0.5- L .O mm) to 

provide a good depth resolution. A voltage (-150 V h m )  is applied across the 

electrodes to collect the ions produced in the air contained within the sensitive 

volume of the detector. The guard ring serves to provide a uniform electric field 

over the sensitive volume of the detector and to prevent leakage currents from 

effecting the measured signal. 

Parallel-piate dosimeters exhibit polarity dependence. High energy photons 

may eject electrons from the chamber's electrodes through Compton interactions, 

producing a current. This Compton current adds to, or subtracts from, the 'true' 

ion current (current resulting from ionization events within the chamber's sensitive 

volume) depending on whether the upper electrode is maintained at a positive or 

negative potential, respectively. This polarity effect increases in significance in 

regions where 

measurements 

electronic equilibriu rn 

at opposite polarities 

is not achieved (Richardson 1954). Taking 

and averaging the results can cancel this 
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source of error. Averaging also minimizes measurement inaccuracies arising from 

extrucameral currents; currents produced by ions originating outside the sensitive 

volume of the detector (Attix 1986). 

A Nuclear Enterprises Model 25093 (Nuclear Enterprises Ltd., Beenham, 

Reading, England) end-window parallel-plate ionization chamber was used in our 

work The electrode separation and sensitive diameter of the chamber are 1.0 mm 

and 3.0 mm, respectively, resulting in a chamber sensitive volume of 0.03 cm3. The 

polyethylene window of this chamber is 0.03 mm thick. During measurements, the 

electrodes were maintained at polarizing potentials of -300 V and +300 V, with the 

average reading taken. The ionizational charge was measured using a Keithley 616 

digital electrometer (Keithley Instruments hc.. Cleveland Ohio). 

2.3.2 Semiconductor Detectors 

Semiconductor or diode detectors typically consist of a small silicone 

crystal which has two regions containing impurities: a relatively large positively 

doped region @-region) that has a high concentration of hoies, and a very h n  n- 

region that contains an excess of conduction electrons. Upon formation of these 

electricaily neutral regions. there is a net electron flow out of the n-region toward 

the p-region, leaving positively charged donor sites behind, and a simultaneous 

flow of holes toward the n-region. leaving negatively charged acceptor sites 

behind. The newly formed charged regions set up an electric field that eventually 

halts the exchange. Between these two regions is a volume depleted of charge 

carriers through which current cannot flow. Ionizing radiation passing through 

this depletion region produces electron-hole pairs. The migration of the electrons 

to the p-region and the holes toward the n-region gives rise to a voltage that can be 

measured and related to dose or dose rate. 



The sensitivity of an unbiased semiconductor detector is approximately 

18000 times greater than that of an ionization chamber with equal sensitive 

volume. The difference in sensitivity results from the relatively high density of 

silicon compared to air (5 2.3 glcm3 compared to z 1.3~10" g/crn3), and also from 

the relatively low amount of energy necessary to produce electron-hole pairs in 

silicon compared to air (-3 eV compared to -33.97 eV). Because of their high 

sensitivity, semiconductor detectors can be made much smaller than gaseous 

ionization detectors, and therefore have a higher spatial resolution. 

The semiconductor detector used in our work was a Scanditronix p-Si 

circular diode (Scanditronix AB. Uppsala, Sweden). It has a sensitive volume of 

approximately 0.25 mm3, located 0.55 mm below its water-resistant epoxy 

surface. The effective detection area of the dosimeter is 2.5 mm in diameter. 

2.3.3 Film Dosimeters and Densitometry 

Film densitometry is well suited for measurements of dose distributions 

and stationary beam parameters of radiosurgical fields. as the spatial resolution 

of this detector is primarily limited by the resolution of the optical device used to 

analyze the film, (typically 0.1 - 1 .O rnm). Both radiographic and radiochromic 

film were used for relative dosimetry in our work. 

2.3.3.A Radiographic Film 

Radiographicfzh is constructed of a 10-20 pm thick emulsion on one or both 

sides of an approximately 0.1 mrn thick supparting polyester layer. The emulsion is 

composed of microscopic silver bromide grains embedded in r gelatinous layer. 

Radiation incident on film produces ion pairs within the emulsion, which convert 

silver ions into silver atoms. Grains containing the silver atoms constitute a &tent 

image; an image that can be chemically processed to produce an optical record of the 

radiation dose and dose distribution known as a rdiogrqh.  



The processing begins with the administration of a developer solution. 

This solution reduces the silver ions to silver atoms, with the rate of reduction 

dependent on the amount of silver atoms present within a grain. Immersing the 

film in dilute acetic acid or stop bath, at some point before all the silver ions are 

reduced, terminates the development process. The remaining silver ions are then 

removed using a sodium thiosulphate solution, leaving the remaining opaque 

silver atoms to constitute the radiograph. The density of the silver atoms on the 

radiograph can be determined optically, using a densitometer, and finally related 

to the absorbed dose. 

There are several disadvantages associated with radiographic film when 

used for dosimetry. This film exhibits a non-linear dose response above a 

relatively low dose level (-40 cGy). Relative dose measurements must, 

therefore, be calibrated with respect to the dose-response curve of the film, or 

performed within the linear portion of this curve. Film also exhibits a non-linear 

energy response to low energy photons (below 300 keV), as a result of the silver 

and bromide ions participating in photoelectric interactions (Attix 1986). 

Moreover, the response of film varies significantly from batch to batch, is 

susceptible to temperature and chemical variations in the development process, 

and must be handled in darkroom conditions. 

Kodak X-Omat V film (Eastman Kodak kc., Rochester. New York) was 

used in our work Measurements revealed that this film had a linear dose 

response up to SO cGy, with a batch-response variation of *.I% at the 30 cGy 

dose level, as shown in Fig. 2-3. When comparisons were to be made between 

films, each was taken from the same batch and developed at the same time to 

minimize inaccuracies. All measurements were performed in the linear portion 

of the dose-response c w e .  



FIG. 2-3. (a) The KO&& X-Omt V dose-response calibration curve for the I0 MV pbton beam 

and (b) response variabiliry of the radiogrizphicfiln at the 30 cCy dose fevel. Pixel values were 

determined using an He-Ne laser microdensitometer. 

2.3.3. B Radiochromic Film 

Radiochromicfilm, film that changes color immediately following exposure 

to radiation, was fust proposed for use in dosimetry by McLaughlin and Chalkey 

( 1965). This film has several advantages over conventional radiographic films for 

relative dosimetry as it requires no processing to bring out the color change, is 

relatively photo-insensitive, and can be handled in ambient light conditions. 

Furthermore, radiochromic film exhibits relatively little energy dependence (is46 

between 0.127-1.7 1 MeV). is essentially tissue equivalent over the range of 

therapeutic beam energies, and exhibits a relatively small (-2%) batch-response 

variation (Sayeg 1990, Muench 199 1). 

GafChromic MD-55 (ISP Technologies Inc., Wayne. New Jersey) 

radiochromic film was used in ow work Each Nm was cut h m  lot number 970106. 

The film exhibited a linear dose response up to 60 Gy, with a response variation of 

%.1% at the 50 Gy dose level, for densitometty performed with an He-Ne laser 



rnicrodensitometer, as shown in Fig. 2-4. These values are in agreement with those 

reported by Ramani (1994) and McLaughhn et al.. (1994). AU measurements were 

carried out within the linear region of the film's dose-response curve. 

2.3.3. C Film Densitometry 

Film densitometry was performed using either the scanning infrared 

densitometer of the RFA (Scanditronix AB. Uppsala, Sweden) or the He-Ne laser 

rnicrodensitometer of the LINX Clinical Review System (E.J. Dupont De 

Nemours and Co. Inc.. Wilmington, Delaware). 

The infrared densitometer of the RFA has a density resolution of 0.01 

optical units (O.D.) over a range of 0.0-4.0 O.D., with a scanning area of 

49.5~49.5 mrn2 (RFA Operation Manual). The manufacturer states a spatial 

resolution of 0.5 rnrn and 0.8 rnm between the 90%-50% and 50%-10% optical 

density levels, respectively, when scanning over an edge. 

FIG. 2' 
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-4. (a) Ihe GqKhromie MD-S.5 he-response calibration curve for the cobalt40 photon 

und (b) the response variability of the rrrdiochromicfih at the SO Gy dose Imef- Pixel 

were determifled using an He-Ne h e r  microde~tsitometer. 
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The LINX laser microdensitometry system has a scanning area equal to 

35.4~43.0 cm2, with a maximum spatial resolution of 0.21 mm (LINX Clinical 

Review System operation manual). The helium-neon (He-Ne) laser has a focal 

spot size of 100 pm and a wavelength of 632.8 pm. 

2.4 PHANTOMS 

It is seldom possible to perform measurements in-vivo. Dose calculations 

are, therefore, derived from data measured within tissue equivalent materials 

called phantoms. Water is the most commonly used phantom material, because it 

closely approximates the radiation absorption and scattering properties of muscle 

and soft tissues. and is also readily available. It is not possible, however, to 

immerse into water some detectors such as parallel-plate ionization chambers; the 

water pressure would distort or collapse the chamber's thin window and the 

hurnidi ty would increase the chamber leakage currents to unmanageable levels. 

Solid phantoms have been designed to interact with radiation in a manner 

equivalent to water to overcome this problem. 

Ideally, for a material to be considered water equivalent, it must have an 

effective atomic number &, number of electrons per gram p,, and mass density p,,, 

equal to that of water. For megavoltage photon beams, however, the Compton 

effect is the primary mode of interaction. Since the Compton cross-section is 

dependent only on the electron density of a material, a phantom that merely 

possesses an electron density similar to that of water can be considered water 

equivalent. The solid phantoms used in our work are constructed of such materials 

include: polystyrene, Solid WaterN (RMI, Middleton, Wisconsin), and Lucitew . 
Relevant physical properties of these materials are listed in Table 2-1. From this 

table it is evident that Solid Waterm most closely approximates water 

equivalence, therefore, this material was preferentially used in our work. 



-- pppp 

MATERIAL pm (g/cm31 p. (E&ctrons/g) Zea 

Wder I .OO 3.34 x LOu 7.42 

Polystyrene 1.03- 1.05 3.24 x IOU 5.69 

Solid W a r  L .00 3.34 x IF 7.35 

Lucitem l .  lbI.20 3.24 x lor) 6.48 

TABLE 2 - 1. The mass density p, electron density p, and gective atomic number z,, of various 

phantom materials. (Khan 1994) 

2.4.1 The Scandibonix Radiation Field Analyzer 300 

The Scandi tronix Radiation Field Analyzer 300 (Scandi tronix AB. Uppsala. 

Sweden), or simply RFA. is essentially a cubical water phantom designed to 

automate the acquisition of 3D dose distributions. It consists of an LuciteTM water 

tank, dual channel electrometer, radiation dosimeter, and computer. The RFA has 

a scanning volume of 50~50x50 cm3 with a positional accuracy and 

reproducibility of 0.5 mrn and 0.1 mm, respectively. The manufacnuer states a 

dose resolution of 0.1% at any depth. The p-Si semiconductor, mentioned in the 

Section 2.3.2. was used with the RFA for photon beam dosimetry. Measurements 

of the Clinac- 18 photon beam required the additional use of an identical reference 

detector, to cancel out beam intensity fluctuations. 

2.4.2 Stereotactic Head Phantom 

A phantom suitable for radiosurgical treatment planning and verification 

procedures was designed and built in-house. This phantom, shown in Fig. 2-5. 

consists of a hollow head-shaped Lucitem shell, approximately 2.0-3.0 mrn thick 

A stereotactic frame can be affixed to the phantom by driving the frame's four 

pins into indentations present on the shell. During measurements, the shell is 

filled with water to render it approximately tissue equivalent. 



FIG. 2-5. Phantom and stereotactic jkame built in the machine shop of the Medical Physics 

Department at the Montreal General Hospital for verification of radiosurgery treatment plans 

and techniques. 

A space exists within the head phantom into which a cylindrical insert may 

be placed. Two inserts are available: one for target localization procedures, the 

other for treatment planning verification procedures. The hollow localization 

insert has 4.0 mm thick Lucitem walls. During localization procedures, one of 

several tumor phantoms is mounted within this cylinder and the insert is filled 

with water. Diagnostic images of the phantom, with the fiducial marker box 

attached, provide contours suitable for treatment planning procedures. 

The verification insert is constructed of polystyrene. It contains a cavity 

into which a cylindricalfilm mount, also made of polystyrene, can be placed. Two 

of these film mounts exist: one for transverse dose distribution measurements, the 

other for sagittal and coronal measurements. A 4.8 cm diameter circular film can 



be loaded into the transverse mount, whereas a 4.8x8.0 cm' rectangular film can 

be loaded into the sagittal-coronal mount. Pegs are used to align a given mount 

with the sectional plane of interest. Because the head phantom and inserts are not 

Light-tight, radiochromic film was used for the measurements. 

2.5 SUMMARY 

Meeting the stringent accuracy demands of radiosurgery begins with a 

thorough understanding of the apparatus and materials required to develop and 

execute this procedure. In this chapter a detailed description of the teletherapy 

units and ancillary equipment used for radiosurgical procedures was presented, 

along with a theoretical and practical discussion of the dosimetric equipment used 

to characterize the radiosurgical beams. 
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3.1 INTRODUCTION 

To evaluate the suitability of the Theratron T-780 cobalt40 gamma-ray 

beam for radiosurgery it is necessary to formulate treatment plans based on its 

radiosurgical field properties . The McGill Planning System was used in our study 

for this purpose . This p r o w .  developed in-house (Pla 1994). calculates 3-D 

dose distributions from the percentage depth doses (PDDs) and off-axis ratios 

(OARS). using the relationship proposed by Pike et at., (1987): 



where d is the depth of the point of interest Q within the head;J is the source-axis 

distance; d,, and di are the depth of maximum dose and the isocenter depth, 

respectively; A4 and Ai are the field diameters at point Q and at isocenter, 

respectively; and r~ is the distance from the central axis to point Q at depth d. The 

dose rate is calculated from the relative dose factor (RDF) of the radiosurgical 

fields. The algorithm has been verified by Pike el al., (1987) for various 

megavoltage photon beams and the planning system has been developed, verified. 

and described by Pla (1994). 

A discussion of the percentage depth dose. off-axis ratio. and relative dose 

factor appears in this chapter. Measured values for several radiosurgical fields of 

the cobalt-60 and 10 MV photon beams are presented and compared. An 

evaluation of these physical quantities with respect to the guidelines recommended 

by the AAPM TG #42 Report (199S), a report on the quality assurance of 

radiosurgery, is also presented. 

3.2 PERCENTAGE DEPTH DOSE 

The percentage depth dose is used to characterize the central axis dose D as 

a function of depth within a phantom placed at nominal SSD. Values are given 

relative to the maximum dose [D(d11111)], which appears at the depth of dose 

maximum d ,  beneath the phantom surface and is assigned a value of 100. 

Mathematically, the percentage depth dose can be expressed as: 



The percentage depth dose is dependent on the depth d, the field area at the 

phantom surface A, the source-surface distance f, and the beam energy E. A 

graphical definition of these field parameters is shown in Fig. 3- 1.  

The percentage depth dose (PDD)  increases with depth from the surface 

dose up to the maximum value attained at dm; beyond this depth the dose 

decreases. Fig. 3-2 illustrates this behavior for the 10x10 cm2 field of the cobalt- 

60 and 10 MV clinical photon beams. The surface dose of megavoltage photon 

beams occurs as a result of electron contamination, and photons scattered from the 

sourcehead, collimators, air, and phantom. For higher energy beams, the surface 
dose decreases, because the more energetic secondary electrons deposit their 

energy at a greater depth, and also because the amount of scattered radiation seen 

at the surface decreases. 

FIG. 33-1. Schematic representation of the parameters involved in the dcfnition of the percentage 

depth dose. 



FIG. 3-2. Percentage depth doses as a ficnction of depth for the 10x1 0 cm2 field of the coboft-60 

beam (source-surfiace distance = 80 cm) and the 10 MV beam (source-sur$ace distmce = 100 

cm). Measurements were performed using the diode (solid lines) ond the paraflel plate ion 

chamber (data points) in water-equivalent phantom. A second degree polynomial was jit to the 

measurements in the buildup region (dashed Lines). 

The region between the surface dose and the maximum dose is h o w n  as 

the dose build-up region. Within this region a steep dose gradient is seen as the 
dose increases from the surface value to the maximum value. Dose build-up 

occurs as a result of the high energy secondary electrons depositing their energy a 
significant distance away from their site of origin. The secondary electron 
fluence, and thus the absorbed dose, increases with depth until a condition of 

transient electronic equilibrium occurs at approximately dm- The thickness of 

material required to achieve the transient electronic equilibrium increases with 

beam energy. This is illustrated by the relative d,, values of the cobalt40 and 10 

MV photon beams shown in Fig. 3-2. 

The depth at which the maximum dose is attained is also dependent on the 

field size. For a given photon beam energy a maximum value of d ,  is found for 

fields of approximately 5x5 cm2, Smaller fields show a migration of d ,  toward 

the surface, with a similar yet more gradual decrease in dm seen for fields larger 



than 5x5 cm2. It is generally believed that the cause of the shift for larger fields is 

due to electron contamination (Padikal and Deye (1978), Biggs and Ling (1979). 

Galbraith and Rawlinson (1985). and Leung et al.. (1976)). For small fields. 

however. it has been put forth that the shift is caused by scattered photons, 

originating within the phantom, progressively adding to the central axis dose as the 

field is increased, until the contribution saturates for fields of approximately 5x5 

cm' (Sixel and Podgorsak 1994. and Zankowski 1996). 

The percentage depth dose also exhibits field size dependence; for a 

constant depth, source-surface distance, and beam energy the PDD increases as the 

field area is increased. For very small fields, the dose delivered to a medium 

occurs almost entirely from primary radiation. As the field is enlarged, the 

contribution of scattered radiation to the dose increases, because more scattering 

material is present within the beam. The field size has less effect on the PDD for 

higher beam energies, because the scattering probability decreases and the 

radiation that is scattered is predominantly forward directed. 

For a constant depth. field area, and energy, the percentage depth dose 

increases with an increase in the source-surface distance. This property can be 

illustrated by examining an alternative expression of the PDD which accounts for 

the primary beam component alone: 

where the first term is simply the ratio of the reduction in beam intensity due to the 

inverse square law at depths d and dm, and the exponential term is the ratio of the 

beam attenuation occurring at the same depths within a phantom possessing a 

linear attenuation coefficient p, respective of the mean photon energy. Taking the 

Limit of this equation as f+ =, the expression becomes: 

lim P(d AJ E) a e -p(d -dmaxl 

f +- 



Thus, the difference in the geometrical reduction of the beam intensity at 

depths d and d,, becomes diminished at greater isocenter distances, resulting in a 

relatively greater percentage depth dose. Although it is desirable to have as large a 

percentage depth dose as possible, the increase in the PDD with the source-surface 

distance comes at a cost of dose rate. Therapy units are, therefore, designed with 

an isocenter distance which provides a compromise between the dose rate and the 

PDD. For linacs this distance is commonly 100 cm, whereas for isotope units the 

cost and size of the source required to produce a reasonable dose rate generally 

limits the source-axis distance to 80 cm. 

3.2.2 Results and discussion 

Measurements of the percentage depth dose were performed by combining 

results obtained using two detectors: a diode and an end-window parallel-plate 

ionization chamber. The diode was used with the radiation field analyzer to 

quickly acquire relative depth dose measurements. It is difficult, however, to 

perform absolute depth measurements using this dosimetric system, because the 

surface tension surrounding the diode inhibits accurate alignment of the detector 

reference point with the water surface. There is also uncertainty as to how the 

silicone detector performs in regions of electronic imbalance, i.e., the build-up 

region. Measurements made with the semiconductor detector are, therefore, 

considered valid only at depths greater than dm. 

The end-window parallel- plate ionization chamber was used to determine 
the depth doses in the build-up region. For measurements of the 10 MV beam, 

Solid  ate; sheets 2 mm and 3 mm thick were used. These sheets, however, 

were too thick to provide the depth resolution necessary to measure the shallower 

d,, of the cobalt-60 photon beam. For these measurements polystyrene sheets 
with thicknesses 0.56, 1.32, and 3.2 mm were used. At a given depth, the 

measurement was repeated three times at both chamber polarities with the average 

taken. The results were then plotted as a function of depth, with the average of six 



estimations of dm, used for percentage depth dose calculations. These depth 

doses were also used to determine the absolute depths of the RFA 

measurements. ' 

Depth doses for several radiosurgical fields of the cobalt-60 and 10 MV 

photon beams are plotted in Fig. 3-3. The differences between the beams are 
clearly visible. For a given field, the surface dose of the cobalt-60 radiosurgical beam 
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FIG. 3-3. Percentage depth doses in the region near the surfiace for (a) the 18.8 and 20.0 

mm, ( 6 )  25.9 and 25.0 mm, (c) 33.0 and 30.0 mm, and (d) 37.7 and 35.0 mm diameter 

radiosurgieal fief& of the cobalt40 and 10 MV photon beams. respectively. Measurements 

were performed using the diode (solid lines), and the parallel plate ionization chamber 

(data points) in water-equivalent phuntoms. A second degree polynomial was jit to the 

measurements in the build-up region (dashed lines). 



is nearly three times greater than that of the 10 MV radiosurgical beam (-29% 

compared to - 10%. respectively). The transition from the build-up region to the 

exponential region is also sharper for the cobalt40 beam, with a slightly shallower 

dose fall-off within the exponential region. Additionally, the depth of maximum 

dose is clearly greater for the 10 MV photon beams. 

Fig. 3-4 shows the depths of dose maximum for several standard 

radiotherapeutic square fields and radiosurgical circular fields for the Theratron 

T-780 cobalt unit and the Clinac-18 linear accelerator. For the 10 MV 

radiotherapeutic square fields a maximum value of d,, equal to 22.6 mm was 

found for an approximately 5x5 cm2 field. Square fields larger than 5x5 cm' 

exhibited a gradual decrease in dm, down to 19.3 mm for the 20x20 cm' field. 

Similarly, the depth of maximum dose decreased for fields smaller than 5x5 cm' to 

a value of 21.9 mm for the 3x3 cm' field. These results are in agreement with the 

SIDE OF SQUARE FIELD (cm) D k W I E R  OF RADIOSURGICAL FELB (mn) 

FIG. 3-4. Depth of dose maximum values (dm) as a fhnction of firld size for (a) various 

standard radiotherapeutic square fields, and (b) various radiosurgical circular ficlds of the 

cobalt-60 and 10 MV photon beam. 



values obtained by Sixel and Podgorsak (1994) and Zankowski (1996), as shown in 

Table 3-1. With regard to the radiosurgical fields (Fig. 3 4 B )  the depth of 

maximum dose increased from 19.6 mm to 22.5 mm, as the field was increased 

from 20.0 rnm to 35.0 mm in diameter. respectively. These results are also in 

agreement with those obtained by Sixel and Podgorsak (1994). 

The square fields of the cobalt-60 photon beam also exhibited depth of 

maximum dose shifts, as shown in Fig. 34A. It was determined that a maximum dm 

value of 4.0 mrn occurred for an approximately 5x5 cm2 field. A simcant shift was 

seen for larger fields, down to 2.7 rnm for the 20x20 cm' field. These d,, values are 

similar to those reported by Leung et al., (1976) for the Theratron T-780; 4.5 rnrn and 

3.0 mm for the 5x5 cm2 and 15x15 cm2 fields, respectively. Regarding the 

radiosurgical fields, the 37.7 rnm diameter field had a d ,  value equal to that of the 

5x5 cm' field. The smaller 33.0 mm, 25.9 mm, and 18.8 mm diameter fields exhibited 

a 0.1 mm shift in d,, toward the surface, as shown in Fig. 34B.  Between these 

fields, however, a shift in dm was not detected. Any change in the depth of maximum 

dose between these fields was, therefore, considered to be less than the 0.1 mm 

experimental uncertainty in the depth measurement. 

TABLE 3- 1. Depth of lluul*mum dose Id& values fur variour radiotherapeutic and rudiosurgical 

fields of the C l i ~ c - 1 8  10 MV. Stamlard deviations are shown in ponntheses. 



The percentage depth doses for several fields of the cobalt-60 and 10 MV 

photon beams used for radiosurgical treatment planning appear in Fig. 3-5. Depth 

doses were obtained to a depth of only 20 cm since this distance is already larger 

than the maximum surface separation of the head and radiosurgery is only used 

treatment of intracranial lesions. 

(a) 

FIG. 3-5. Percentage depth doses of the (a) 18.8 and 20.0 mm, (b) 25.9 Md 25.0 mnt, (c) 33.0 

and 30.0 mm, and (d)  37.7 and 35.0 nun diameter radiosurgicul fie& for the cohlt-60 and 10 

MVphoton beam. respectively. Measurements were pe?fonnrd using the diode (solid lines). and 

the pamllel plate ion chamber (&tu points) in water-equivalent phantom. A second degree 

polynomial wasfir to the nuasuretnents in the buildup region (&shed lines). 



With the determination of the percentage depth doses, the radiosurgical 

fields have been characterized along the central axis of the beam. The fields, 

however, must also be characterized in a plane perpendicular to the beam 

before volumetric dose distributions can be calculated. The off-axis ratio, 

discussed below, is used for this purpose. 

3.3 OFF-AXISRATIO 

The off-axis ratio is used to characterize the dose delivered to points 

off-axis with respect to the central axis dose value. Profiles can be measured 

using either a constant source-surface distance (SSD) or constant source-axis 

distance (SAD). For a constant SSD, the profiles acquired at a given depth d 

are a distance of SSD plus depth d from the source. Profiles acquired at 

different depths will, therefore, have different widths as a result of the beam 

divergence. For SAD profiles the source to profile distance remains constant 

regardless of profile depth and for radiosurgical beams all profiles appear 

nearly identical, with only slight differences occurring as a result of the 

increased amount of phantom scattering seen at greater depths. Most 

radiosurgical treatment planning systems, including the McGill Planning 

System, calculate 3-D dose distributions from profiles taken at a single depth 

(usually dm,) and correct for beam divergence at the depth of interest. 

Ideally, one would like the beam intensity to remain constant over the field 

area and drop immediately to zero outside of it. In practice, however, the intensity 

varies over the field and some radiation is delivered to points lying outside the 

geometrical field limits, as shown in Fig. 3-6. The dose fall-off near the beam 

edges is quantified by the beam penwnbra, defined as the separation between two 

dose levels (e.g . 80%-20% or 90%-10%). 



DISTANCE O R  AXIS (ml DInANCE OFF AXIS (nun) 

FIG. 3-6. SSLl beam profiles for the 10x10 cmz fieki of the cobalt-60 and 10 MV photon beams at 

several &pth in Hurter. Measurements were perfonned using a diodc de2ed0r within ~ r .  

Several physical properties associated with the radiation beam contribute to the 

overall beam penumbra As a result of the exponential nature of photon attenuation. 

some radiation is always transmitted through the collimating system, producing what is 

known as the trammission penurnbm. A lack of lateral electronic equilibrium near the 

field edges also contributes to the penumbra Additionally, scattered radiation 

originating from the collimating system, unit bead, and phantom further degrades the 

dose fd-off. While the penumbra arising h m  electronic imbalance cannot be 

significicantly reduced, in radiosurgery the collimators of a therapy unit are commonly 

designed to match the beam divergence in an attempt to minimize the transmission 

penumbra, and the contribution of scattered radiation to the penumbra is reduced using 

textiary beam collimation. 

A geometric penumbra is also associated with a radiation beam. This term 

refers to the penumbra caused by the finite source dimensions. A diagram useful 

for mathematically deflning the penumbra, caused by a source of diameter s, 

appears in Fig. 3-7. Points beyond the edge of the geometrically defined field are 



FIG. 3-7. Schematic representation of the parameters involved in the definition of the geometric 

beam penumbra. 

exposed to only a fraction of the source. As a result, the dose fall-off is degraded. 

The width w of this penumbra at any given depth d can be determined using 

similar triangles: 

where f is equal to source-surface distance, and f, is the source-collimator distance. 

It is evident from this equation that the geometrical penumbra can be reduced by 

increasing the source to collimator distance. This is accomplished in radiosurgery 

by using tertiary beam collimation. It is also notable that the penumbra is directly 

proportional to the source size. 



Measurements of radiosurgical field penumbras and profile characteristics 

can be significantly influenced by detector dimensions (Dawson et al., 1986; Rice 

et al., 1987). A geometrical penumbra occurs when the detector's sensitive 

volume is partially hidden from the source, by the collimators, near the edges of 

the field. Also, since profile measurements are made over a volume rather than a 

point, the beam's intensity profile is effectively convolved with the detector's 

response profile. To minimize these detector effects, the AAPM TG #42 Report 

(1995) recommends that the detector diameter be 2 rnm or less for radiosurgical 

field profile measurements. The effective diameters of the semiconductor and 

film-densitometry detectors used for profile measurements in our work are 2.5 mm 

and 1.3 mm, respectively. Although the diameter of our semiconductor detector is 

slightly larger than recommended, it is shown in the following section that the 

profiles measured using this detector are essentially identical to those measured by 

film densi tometry. 

3.3.2 Results and discussion 

The off-axis ratios for several radiosurgical fields of the cobalt-60 and 10 

MV photon beams are shown in Fig. 3-8 and Fig. 3-9, respectively. These profiles 

were acquired using an SAD setup. Other than an increase in the magnitude of the 

profile 'tails' when the depth was increased, the profiles of a given field appeared 

identical irrespective of the depth of measurement. Compared to the cobalt40 

fields, the increase in the magnitude of the tails with depth was less pronounced 

for the 10 MV photon beam, because this higher energy beam exhibits less lateral 

scattering. 
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FIG. 3-8. SAD Beam profiles of (a) the 18.8 mm, (6) 25.9 mm, (c) 33.0 mm, and (d) 37.7 mm 

diameter radiosurgical fields of the cobalt-60 photon beam at various depths. 

Measwem ents were performed using o semiconductor detector with in water. 
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FE. 3-9. SAD Beam prows of (a) the 17.5 mm, (6) 25.0 nun, (c) 30.0 nun, and (d) 35.0 mrn 

diameter radiosurgical fields of the I0 MV photon beam at variorcs depths. Measurements were 

performed using a semiconducror detector within water. 



To illustrate the differences between SAD and SSD beam profiles, the 

cobalt-60 radiosurgical beam profiles. shown in Fig. 3-10, were also acquired 

using a constant source-surface distance. The beam divergence is clearly 

reflected by the increase in the profile width at larger phantom depths. It is 

also evident that the geometrical penumbra width increases with depth for the 

SSD setup. 

FIG. 3-10. SSD Beam profiles of (a) the 18.8 mm, (b) 25.9 mm, (c) 33.0 nun. and (d) 37.7 nun 

diameter radiosurgical fields of the cubalt-60 photon beam at various depths. Measurements 

were perfttnncd using a semiconductor detector within water. 



Profile measurements, taken with film at a depth of 5 cm in Solid WaterTM, 

were used to verify the radiosurgical field profiles measured with the diode in 

water. On average, the profile widths, determined using film and diode, agreed to 

within 1 mrn, as shown in Fig. 3- 1 1. Larger discrepancies were apparent below 

the 15%. dose level, likely resulting from low-energy scattered photons engaging in 

photoelectric interactions with the silver of the film. Profile disagreements at 

these low dose levels, however, are not clinically sigmficant. The film and diode 

profile measurements can, therefore, be assumed to agree. 

A graphical comparison of the dose fall-offs, measured using the 

semiconductor detector, for several radiosurgical fields of the cobalt-60 and 10 

MV photon beams are shown in Fig. 3-12. It is evident that the slope of the 

cobalt-60 profiles appears almost constant between the 90% and 10% dose levels, 

regardless of field diameter. The LO MV photon beam profiles have a more 

gaussian appearance, with a steeper dose fall-off seen between the 90%-20% dose 

levels than the cobalt-60 profiles of similar field size. Below the 1 0 1  dose level, 

however, the slopes of the 10 MV and cobalt-60 profiles are nearly identical. 

0 10 20 11 0 
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FIG. 3- 11. SAD Beam pmfilcs of the cobalt-60 (a) and the 10 MV (6) photon beams for various 

radiosurgical fieIdr. Profiles were taken at a depth of 5 em in wuter-cquivalent r n t e r i ~ L  

Measurements carried out with a semiconductor detector are depicted by solid likes a d  with 

film by dashed lines. 
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FIG. 3-12. A comparison of the (a) 11.8 mm and 12.5 mm, (6) 18.8 mm and 12.5 rnm, (c) 25.9 

mm and 25.0 mrn and (d) 33.0 mm and 35.0 rnm diameter, cobalt-60 (solid) and 10 MV (dashed) 

SAD rodiosurgical field profiles, respectively. Measurements were catried out with a 

semiconductor detector at u depth of 5 cm within water. Distances ore shown relative to the 80% 

dose level to facilitate comparison of the 80%-20% beam penumbras. The data are normalized 

to 100 on the central axis, 

A quantitative analysis of the 8046-2046 radiosurgical field penumbra 

values was performed, and the results are given in Table 3-2. The values were 

calculated fkom SAD profiles, measured using both the semiconductor and 

radiographic film detectors, at a depth of 5 cm within a tissue equivalent phantom. 



The mean penumbra of the cobalt40 profiles was 4.2 f 0.1 mm, 0.7 mm larger 

than the 3.5 + 0.2 mrn mean penumbra value of the 10 MV profiles. 

The difference in the mean penumbra values between the 10 MV and 

cobalt-60 photon beams is not as large as one might expect, considering that the 15 

mm diameter source of the Theratron T-780 is significantly larger than the 

approximately 1-3 mm diameter focal spot of the Ciinac-18 photon beam, and also 

considering that while the taper of the collimators matches the 10 MV beam 

divergence, the taper does not match the divergence of the cobalt-60 beams. This 

can be partially explained if one compares the radiosurgery treatment setups. The 

ratio of the collimator-isocenter distance to the source-collimator distance for the 

Clinac-18 is approximately 27% greater than that of the Therawn T-780. By 

examining Eq. (4-5) it is evident that the geometric penumbra is proportional to 

this ratio for SAD setups. Consequently, the geometric penumbra of the Theratron 

T-780 is relatively reduced. Regarding the divergence of the radiosurgical 

collimators, it has been reported that the taper has little effect on the penumbra for 

radiosurgical fields between the energies of 4 and 24 MV (Serago 1992). 

cobrlt.60 10 MV 
Ficfd Diode Film Mcan Field Diode Film Mean 

diameter (rnm) (mm) (mm) diameter (mrn) (mm) (mm) 
37.7 mm 4.0 4.3 4.2 35.0 mm 3.3 4.2 3.8 

TABLE 3-2. The 80% to 20% pcnwnbmr for seweral circular cobalt40 Md 10 MV radiosurgical 

fiehis. Data were obtainedfrom SAD profiles, measured at a depth of 5 a in tissue equivalent 

material, using both a semiconductor detector(diode) and mdiographicfilrn 



The clinical significance of the difference between the radiosurgical field 

penumbra values of the Theratron T-780 and Clinac- l8 is difficult to determine. It 

is notable, however, that the penumbra values for most fields of both radiation 

beams are greater than 3 mm, the value recommended by the AAPM TG #42 

Report (1995). This recommendation, however, is based on what is generally 

achievable and has a limited clinical basis. Of more importance than the stationary 

beam penumbra, is the dose fall-off of the volumetric dose distribution produced 

by a radiosurgical technique. This topic is addressed in the following chapter. 

3.4 R U T N E  DOSE FACTOR 

For dose calculations it is often useful to consider a radiation beam in terms 

of its primary and scattered dose components. Primary dose refers to the dose 

deposited by photons originating from the focal spot or source of a unit. The dose 

delivered by the primary beam component to any given point is, therefore, 

independent of the field area as opposed to the dose that results from radiation 

scattered by the collimator and phantom. The contribution of scattered radiation to 

the dose or dose rate is quantified by the relative dose fmor (RDF), sometimes 

called the total scatter factor. 

The relative dose factor is defined as the ratio of the dose delivered to a point 

located at depth d ,  within a phantom placed at nominal SSD by a given field A over 

the dose delivered to the same point in phantom by a referere field AM usually 

chosen as a lox 10 cm2 field. Mathematically, the RDF can be expressed as: 



The measured relative dose factors of the cobalt-60 and 10 MV photon 

beams for various radiotherapeutic fields are shown in Fig. 3-13. The RDF 

increases with field size, with the increase becoming less pronounced at higher 

energies. Insight can be gained into this behavior by examining the RDFs two 

components. the scatter factor (SF) and the collimator factor (CF): 

f 
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FIG. 3-13. Relative dose factors for the cobolr-60 (solid line) and 10 MY (dashed line) 

radiotherapy beam with norni~lj ield sizes between 5x5 cm2 and 20~20 em2. 

The collimator factor, also called the head scatter factor or relative 

exposure factor (REF), describes the contribution of scattered radiation, 

originating from the collimators and unit head, to the total central axis dose of a 

given field, relative to that of the 10x10 crn2 field. The collimator factor can be 

defined as: 



where D' denotes the dose delivered to a small mass of phantom material. located 

in air, at a distance of SSD plus d,, from the source. The collimator factor 

increases with field size, as a greater scattering surface area is present within the 

beam. While the collimator factor varies significantly over the field sizes used in 

standard radiotherapy, it remains nearly constant for radiosurgical fields (Sixel 

1990; Rice et al., 1987). Any variation in the RDF with field size is, therefore, 

associated with the behavior of the scatter factor. 

Before discussing the scatter factor it is useful to define another quantity. 

the peak scatter factor (PSF). The PSF represents the ratio of the dose delivered 

to a point located at dm, within a phantom placed at nominal SSD. to that 

delivered to a small mass placed at the same position in air. mathematically: 

The peak scatter factor is commonly used to express the scatter factor; a 

quantity which accounts for the contribution of radiation scattered within the 

phantom to the total central axis dose at dm: 

The scatter factor increases with field size, with the increase being less 

significant at higher energies for the reasons mentioned in Section 4.2.1. 

Consequently. the relative dose factor exhibits a similar field and energy 

dependence. 



3.4.2 Results and discussion 

Relative dose factors were measured using an end-window parallel-plate 

ionization chamber and radiographic fh. With regard to the ionization chamber 

measurements, the RDFs were calculated from the depth dose measurements by 

simply renormalizing the d,, charge reading of each field to that obtained for the 

10x10 cm' field. These values were then verified using film densitometry. Both 

dosimeters have effective diameters smaller than 3 mm and, therefore, meet the 

AAPM TG #42 Report (1995) recommendations concerning the measurement of 

the RDF for radiosurgical fields. 

The relative dose factors for several radiosurgical fields of the cobalt-60 

and 10 MV photon beams are given in Table 3-3. On average, the ion chamber 

and film measurements agreed to within k1.646 for the cobalt-60 radiosurgical 

fields, and to within kL.046 for the 10 MV fields. A plot of the relative dose 

factors as a function of field size, given in Fig. 3-14, reveals that this beam 

parameter roughly exhibits a second degree polynomial dependence on field 

diameter for both the cobalt-60 and the LO MV photon beams. 

cobrltleo 10 MV 
Field Ion C. Film Mean Field Ion C. Film Mcan 

diameter (rnm) (mm) (mm) diameter (m) (mm) (mm) 
2 ~ ~ 2 0  cm2 1.067 1 .09 i 1.079 20&0 cJR2 L .057 1.043 1 .050 

37.7 m m *  0.938 0.927 0.932 35.0 mm* 0.934 0.9 19 0.927 

33.0 mm* 0.934 0.915 0.925 30.0 mm* 0.924 0.9 I6 0.920 

18.8 m m *  0.905 0.897 0.90 f 20.0 JWm* 0.8'3 0.857 0.865 

diwnrter of circukr mdiosugicolfild 

TMLE 3-3. Relative dose factors for several radiotherapy and mdiosurgical cobalt40 ond 10 

MV beam. Measurements were pe@ionncd using both an end-window parallel-plate ioniuarion 

chamber and radiographic film within water-equivalent phantom. 



FIG. 3-14. Relative dose factors for the cobalt-60 and I0 MV radiosurgical beams with nominal 

diameters between 1 cm and 4 cm. The &to points represent the average value of the RDFs 

measured with a semiconductor detector and on end-window parallel plate ionization chamber. 

The data are normalized to 1.0 for standard 10x10 cm2fields. 

3.5 SUMMARY 

In this chapter the physical beam parameters relevant to radioswgical treatment 

plan calculations were discussed. The percentage depth doses, off-axis ratios, and 

relative dose factors for several radiosurgical fields of the Theratron T-780 cobalt40 

photon beam and the Clinac-18 10 MV photon beam were presented and compared. 

The measurement techniques and redts were shown to agree reasonably with the 

guidelines suggested by the AAPM TG X42 Report (1995) on radiosurgery. Similar to 

the differences between the PDDs of the standard cobalt40 and 10 MV beams, the 

cobalt40 radiosurgical beams exhibit a greater surface dose, have a shallower depth of 

dose maximum ( d d ,  and are less penetrating in comparison with the 10 MV 

radiosurgical beams of similar field diameter. Whik these beam characteristics were 

to be expected, the relatively small difference between the 8046-2096 penumbras of the 

two beams, with cobalt radiosurgical beam penumbras on average only 0.7 rnm larger 

than those of the linac beam, was not expected considering the relatively large saurce 

size of the Theratron T-780. The clinical significance of these stationary field 

differences is examined in the following chapter. 
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INTRODUCTION 

The goal of radiosurgery is to deliver a highly localized dose of radiation 

uniformly throughout the target volume, while minimizing the dose to the 

surrounding tissues. To achieve these ends, current treatment planning systems 

can quickly calculate cumulative dose volume histograms (CDVH); the total 

volume encompassed by a given isodose surface as a hnction of dose. By 

comparing the CDWs of the target volume, the surrounding tissue, and those of 

the sensitive structures of the brain, an optimized treatment plan can be developed 

to suit a particular case. Although CDWs are now the tool of choice for 

optimizing radiosurgery treatment plans, at this time there is no definite biological 

model linking the CDVHs to the tissue response, n o d  or otherwise. 

The RTOG Rotocol U93-05 (1994) has been designed and implemented to 

determine this relationship. In this chapter the treatment planning quality 

assurance guidelines and figures of merit presented in the RTOG Protocol U93-05 



(1994) are used to compare several treatment plans formulated using the cobalt40 

beam of the Theratron T-780 to similar plans developed using the 10 MV photon 

beam of the Clinac- 1 8 linear accelerator; the beam used clinically for radiosurgery 

at the Montreal General Hospital. 

4.2 TREATMENT PLAN COMPARISONS 

4.2.1 Basis of Comparison: The RTOG Protocol U93-05 

Although the use of dose volume histograms to characterize radiosurgical 

dose distributions produced by various linac-based arc techniques has been well 

established (Phillips et al., ( 1989), Schell et al., (199 I), and Serago et al., (1992)), 

at this time the tissue response as a hrnction of dose and volume remains 

uncertain. The RTOG Protocol #93-05 (1994) has been designed and 

implemented to address this issue. Eighteen facilities, including McGill 

University, are participating in this study which began in February 1994 and is 

slated to close in October 2001. Specifically. the object of the study is to 

determine the radiotoxicity of single fractionation radiosurgery as a function of 

dose and irradiation volume. Although our work is not directly concerned with the 

biological effects of radiosurgery, the treatment planning quality assurance 

conventions outlined in the protocol provide a useful means for comparing 

radiosurgery treatment plans, and were therefore used in our work. 

For accurate target volume and isocenter determination the RTOG Protocol 

1193-05 (1994) states that the target volume must be determined from either serial 

CT or MR images, with the slice thicknesses not exceeding 4 mm. The protocol 

also states that the maximum isodose surface that fully encompassed the target 

volume is to be taken as the prescription isodose level, and the isodose 

distributions are to be renonnalized to read 100 at this dose level. For the 



prescription isodose level to be considered per protocol, the target volume must be 

completely covered by an isodose level equal to or larger than 90% of the 

prescription isodose. A minor deviation from protocol occurs, if this condition is 

not met but an isodose level between to 80% and 90% of the prescription isodose 

level encompasses the target volume. If a lesser isodose level is required to fully 

encompass the target volume, the prescription is considered a major, but 

acceptable, deviation from protocol. This prescription classification system is 

summarized in Table 4- 1. 

TABU 4-1. Prescription isudose (PI)  cfassificarion system outlined in the RTOG Protocol m3-05 (1 994) 

To describe the dose homogeneity within the target volume, the protocol 

proposes the use of the maximum target dose to prescription dose ratio (MDPD) as 

a figure of merit. An MDPD less than or equal to 2.0 is considered to be per 

protocol, whereas an MDPD between 2.0 and 2.5 is considered a minor acceptable 

deviation from protocol, and an MDPD greater than 2.5 is considered a major 

acceptable deviation. These conventions are listed in Table 4-2. 

TABU 4-2. Maitnun target dose to prescription d m  mtio (MDPD) elars@cation system outlined in the 

RTOC Protocol U93-05 (1994). 

The prescription isodose volume to target volume ratio (PITV) is used to 

describe the conformity of the prescription isodose volume to the target volume. A 

PlTV ratio between 1.0 and 2.0 is cIassified as per protocol. A PlTV ratio greater 



that or equal to 0.9 and less than 1.0 is considered a minor acceptable deviation 

from protocol, as is a PITV less than or equal to 2.5 but greater than 2.0. A PITV 

ratio greater than 2.5 is considered a major acceptable deviation from protocol. 

The PITV conventions are given in Table 4-3. 

CLrrificathn 

1.0 5 PITVC2.0 RfRarocd 

0 3 S P l T V c 1 o t 2 . O c P l T V ~ 2 3  Miw~ccepoblcIkviiuiocr 

PITV.23 Major Acecpobk Dcviolim 

TABU 4-3. Prescription isodose volume to target volume ratio (PTTV) classification system outlined in the 

RTOG Protocol d93-05 (1  994). 

4.2.2 Treatment Plan Formulation 

To provide the cranial and tumor contours required for treatment planning a 

Picker PQ-2000 CT-simulator (Picker International, Cleveland, Ohio) was used to 

generate serial CT images of the stemtactic radiosurgery phantom, which was 

described in Section 2.4.2., the procedure was as follows: After affixing the spherical 

tumor phantom, which has a diameter of 26 mm, to the locolzution insert of the head 

phantom the insert was slipped into the cavity located within the head phantom. Next, 

the stereotactic frame was secured to the head phantom and the fiducial marker box 

was attached to the firame. The frame-phantom assembly was then mounted to a 

special patient tray; designed to immobilize the stereotactic frame during the CT 

scanning procedure, and transverse images were acquired over the volume enclosed by 

the fiducial marker box. Each image had a field of view equal to 280x280 mm2, 

matrix dimensions of 256x256, and a slice thickness of 2.0 mm. The voxel volum 

was, therefore, equal to 0.9~0.9~2.0 mm3 or 1.6 m3. Each transverse slice was 

indexed 2 mm from the previous one resulting in a total of 56 slices. 

After importing the CT images into the McGill Planning System (Pla 1994), 

the coordinate system of the fiducial marker box was transferred to the CT images 

by digitizing the nine fiducial marker points that appeared on each slice. The skull 

and tumor phantom contours were then digitized. 



The arc lengths and arc planar angles used for treatment plan development 

were based on the work of Schell et al., (1991) and Serago et al.. (1992). They 

compared the cumulative dose volume histograms for different non-coplanar and 

dynamic radiosurgical arc techniques and reported that the normal tissue dose is 

minimized if: (a) the total arc traversal is greater than 400" per isocenter, (b) the 

arc planes are distributed evenly, and (c) individual arc lengths are less than 180". 

Before discussing the arc geometries used in our work, it is useful to adopt a set of 

gantry and couch angle conventions. 

A different set of gantry and couch angle conventions exist for the Clinac-18. 

the Theratron T-780, and the McGill Planning System IMPS). To avoid confusion, the 

MPS angle conventions alone will be used for discussions of the radiosurgical arc 

techniques. For the McGill Planning System the gantry reference angle (i.e., 0") 

corresponds to the position at which the beam is directed upwards. Subsequent gantry 

angles increase in the clockwise direction. The couch reference angle denotes the 

position at which the couch is perpendicular to the gantry's plane of rotation. 

Subsequent angles increase positively in the clockwise direction and negatively in the 

counterclockwise direction. These angle conventions are shown in Rg. 4-1. 

Treatment plans were devised using 4, 6, 8, and 10 non-coplanar arcs, with 

each an: traversing 120'. The minimum total arc traversal was, therefore. 480". 

The arc planes were distributed evenly over the coronal plane between the 

maximum couch angles of k 7 5 O .  The radiosurgical techniques used in our work 

thus meet the treatment planning optimization criteria described by Schell et al., 

(199 1) and Serago et at., (1992). 

For radiosurgical techniques planned with the cobalt beam it was 

determined that the 37.5 mm cone, which produces a 35.3 mm diameter stationary 

beam profile at the Theratron T-780 isocenter, yielded the optimum C D W .  The 

35.0 mm cone, which produces a 35.0 mm diameter stationary beam profie at the 



Clinac-18 isocenter, was selected for the 10 MV radiosurgical treatment plans. In 

accordance with the RTOG Protocol #93-05 (1994) the maximum isodose line that 

fully encompassed the target volume was chosen as the prescription isodose surface 

i.e*, 10096, and the isodose distributions were renormalized to this dose level. 

4.1.1 Results and Discussion 

The coronal, sagittal, and transverse isodose distributions for the cobalt40 

and 10 MV beam radiosurgical treatment plans for various multiple non-coplanar 

converging arc techniques appear on the following three pages. Qualitatively 

speaking, it is evident from these figures that for a given number of arcs the 

differences between equal isodose surfaces of the cobalt-60 and 10 MV plans are 

primarily noticeable below the 50% and above the 1008 dose levels; dose levels 

which are generally given little consideration during treatment planning. Between 

the prescription dose and 508 dose levels the isodose distributions for the two 

beams are very similar, with the isodose surfaces of the 10 MV plans appearing 

slightly more spherical than those of the cobalt-60 plans. The prescription isodose 

surface of the 10 MV plans can, therefore, be expected to show a greater degree of 

conformity to the spherical target volume. As expected, these differences become 

less pronounced as the number of arcs used is increased from 4 to 10. 



FIG. 4-5. Target and tissue volumes raised to a dose equal to or greaser than the prescription isodose for 

(a) 4. (6) 6. (c) 8, d (d) 10 non-coplanar arc radiosurgical treatment p l m  culcu&ted for our head 

phantom and rhe 35.3 mm nominal diameter cohlt-60 beam rurd the 35.0 mm nominal diameter 10 MV 

photon 6 e m  Volumes are normalized to the target volume equai to 10.11 cnr' Md the dose matrix voxel 

size war equal SO 2.8 m d  

A quantitative examination of the treatment plans was performed by 

evaluating each plan's target and tissue cumulative dose volume histograms 

(CDVH), shown in Fig. 4-5 and Fig. 4-6, with respect to the figures of merit 

outlined in the RTOG Protocol 1193-05 (1994). Regarding the dose 

homogeneity over the target volume. the maximum target dose to prescription dose 



FIG. 4-6. Total volwnrs encompwcd by the 204kI 10% isodose surl,aces for the (a) 4, (b) 6, (c) 8, and (dl 

I0 non-coplanar arc mdiosurgicul techniques, and calculated for our head phantom and the 35.3 nvn 

nominal diomcter cohlt-60 beam and the 35.0 mm nominal diameter 10 MV photon beam Volumes ore 

nonnalircd to the target volume equal to 10.1 1 cm3 and the dose matrix voxel size MS equal to 2.8 d. 

ratio (MDPD) of the cobalt40 beam treatment plans was equal to 1.130, 3.4% 

greater than the 1.093 MDPD of the 10 MV photon beam, regardless of the 

number of arcs used. Dependence of the MDPD on the number of arcs was, 

therefore, considered to be less than M.59; the uncertainty of the McGill 



Planning System target CDVHs. For both beams the MDPD values were less than 

2.0 and, therefore, considered per the RTOG Rotocol 1193-05 (1994) quality 

assurance guidelines. Although the 10 MV photon beam produces a slightly more 

homogeneous dose distribution within the target volume, the clinical significance 

of the 3.4% difference in the MDPDs of the cobalt40 and 10 MV treatment plans 

is likely to be negligible. 

The prescription isodose volume to target volume ratios PITVs of the 

cobalt-60 and 10 MV photon beam treatment plans are given in Table 4-4. For 

both beams the PITV values are between 1 .O and 2.0, regardless of the number 

of arcs used, and are therefore considered per protocol. The PITV of the 4 arc 

cobalt40 plan was 11.2% greater than that of the similar 10 MV plan. As the 

number of arcs used was increased from 4 to 6 the difference in the PITVs 

between the beams increased to 15.0%. The use of additional arcs did not 

appreciably change the PIW difference that occurred between the two beams. 

Considering that a PITV value of up to 2.0 is considered clinically acceptable 

(RTOG Protocol W93-05. 1994), the difference in the PITV values of the two 

beams, 0.180 or 14.1% on average, is of limited significance. 

TABLE 4-4. PlTV ratios of Prescription irodose volume (PI) to target volwnr (IV) for various non- 

copianiar converging arc diosurgical treatment plans fomuiated using the cobcrlt-60 wui I0 MVphoton 

beams with nominal diameters of 35.3 mm and 35.0 mm respectively. I)rc target voliime wos equal to 

10.1 1 cnr' and the dose wwtrk voxrl size mrr eqwl to 2.8 mnr! 



The differences that exist between the cobalt-60 and 10 MV treatment 

plans, in terms of the total volumes encompassed by several isodose surfaces, 

are given in Table 4-5. On average, the volume encompassed by the 10045, 

8096, 5096, and 3045 isodose surfaces of the cobalt-60 plan are 2.07 cm3, 1.84 

cm3, 3.21 cm3, and 5.90 crn', respectively, greater than those of the 10 MV 

plan. The 6 arc cobalt-60 treatment plan, therefore, raises 14.1% more tissue 

to the prescription dose level and 7.2%. 7.346, and 6.8% more tissue to the 

8096, 5045, and 30% dose levels, respectively. For perspective, these volumes 

are only equal to 0.2% 0.2%. 0.2%, and 0.4% of the total brain volume (-1300 

cm3), respectively. The differences in the cobalt-60 and 10 MV photon beam 

treatment plans in terms of the total volume raised to a given dose level are, 

therefore, unlikely to be of clinical significance, neglecting the presence of 

sensitive structures of the brain in or near the target volume. 

V o l m  encompassed by isodose surface (cm? 
100% 80% 50% 30% 

"CO 10 MV "CO 10 MV %o 10MV "CO 10MV 
4 arcs 14.94 13.43 25.57 23.84 43.92 40.98 88.36 82.75 
6 arcs 14.71 12.79 25.52 23.82 43.88 40.91 88.32 82.71 
8 arcs 14.69 12-75 25.48 23.81 43.91 40.89 88.29 8266 
10 arcs 14.59 12.70 25.50 23.77 43.89 40.88 88.30 82.68 

Mtan Diffcrcnce +14.1% +7.2% +7.3% +6.8% 

TABLE 4-5. Volumes encompassed by several isodose surfaces of the 4. 6, 8, and I0 nun-coplanar 

converging arc rclcIiosurgica1 treatment ploht fomuhted using the cubdt-60 and 10 MV photon beams 

with nominal diamrters of 35.3 mm and 35.0 mnt, respectively. Differences are expressed as percentages 

of the volume emcompassed by a given isodose surface of the 10 M V p h  IIe target v o f m  nrrr equal 

to 10.11 em3 and the darr mtrirc voxel s i u  nar equal to 2.8 d. 



4.3 SUMMARY 

In this chapter several radiosurgical treatment plans developed using the 

cobalt-60 beam of the Theratron T-780 and the 10 MV photon beam of the 

Clinac- 1 8 linac were compared and evaluated. Based on the quality assurance 

guidelines described in the RTOG Protocol #93-05 (1994) it was demonstrated 

that the cobalt-60 beam treatment plans exhibited less dose homogeneity 

within the target volume and also less dose conformity to the target volume 

than the 10 MV beam treatment plans. Given the relatively small magnitude of 

the differences, however, their clinical significance is likely to be minor. The 

radiosurgical beams of the Theratron T-780 isocentric cobalt unit, therefore. 

present a viable alternative to linac-produced radiosurgical beams for multiple 

non-coplanar convergent arc radiosurgical techniques. It should be noted. 

however, that the uncertainties associated with the actual execution of a 

radiosurgical technique on the Theratron T-780 can not be assessed using 

treatment plans alone. The practical application of the isocentric cobalt unit 

for use in radiosurgery forms the topic of the following chapter. 
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5.1 INTRODUCTION 

The stringent spatial demands associated with convergent arc 

radiosurgery require a tight alignment between the radiation-field axis and the 

rotational axes of the gantry and the patient support assembly (PSA). Ideally, 

there is a common intersection between these three axes, and the focus of each 

arc occupies the same point in space; the isocenter. In practice, however, for 

arbitrary angles of the gantry and PSA. the axes do not intersect at a point, and 

the isocenter is alternatively defmed as a sphere that has a radius equal to the 

maximum distance between the axes, found over ai l  possible combinations of 



gantry and PSA angles encountered in radiosurgery. It is generally agreed that 

this 'best compromise' sphere should have a radius of less than 1 mm for 

radiotherapy machines used in radiosurgery (AAPM TG #42 Report. 1995). In 

this chapter the techniques used to measure the practical isocenter of the 

Theratron T-780 unit are presented along with a discussion of the results. The 

dosimetric effects of the isocenter size, determined experimentally by evaluating 

the dose distribution produced by a radiosurgical procedure. are also discussed. 

5.1 ISOCENTER OF THE THERATRON T-780 

Before describing the isocenter measurements, we describe the coordinate 

system of the treatment room in relation the couch and gantry. The positioning 

lasers of the Theratron T-780 were used for this purpose. The room which houses 

the Theratron T-780 has three lasers: two wall-mounted on opposite sides of the 

unit. and one mounted on the ceiling. These lasers define the coordinate system 

shown in Fig. 5-1, with the origin located at the point of laser intersection. The 

position of this intersection is routinely adjusted to coincide with the practical 

isocenter of the Theratron T-780. Translations of the gantry, PSA, and radiation- 

field axes with gantry or PSA rotation were measured relative to this point. A 

description of these measurements follows. 

FIG. 5-1. Coordinate system iuefil for describing the practical isocenter of an isocentricall_v mounted 

teletherapy unit. The gantry rotates about the aria1 axis, while the patient support assembly rotates 

about the vertical axis. 



5.1.1 Rotational Tolerance of the Gantry 

The considerable weight of the source shielding, collimation system, frame, 

and counterweight ail forming the gantry cause the rotational axis of the gantry to shift 

during rotation, spreading the focal point of an arc. Pointing rods were used to 

determine the axis position at various angles. With the gantry at 180°, the isocenter 

distance gauge of the Theratron T-780; an L-shaped rod that locates the gantry's 

nominal axis-of-rotation, was attached to the gantry head with its pointing tip aligned 

with the Laser intersection. A second pointing rod was affixed to the patient support 

assembly (PSA) table top, and also aligned with the laser intersection. The lateral, 

axial, and vertical manslations that occurred between the tips of the pointing rods, as 

the gantry was rotated. were measured every 45' over one full rotation. The results are 

shown in Fig. 5-2. 

Over one rotation and five trials the gantry axis translated by as much as 0.8 

mm in the lateral direction, and by as much as 0.2 mm and 0.9 mm in the axial and 

vertical directions, respectively. Relative to the average axis position. however. 

the maximum and minimum radial translations varied in magnitude between 

approximately 0.4 mrn at 245' and 0.6 mrn at 305'. 

FIG. 5-2. Position of the gantry axis-of-rotation versus angle (darn labels), relative to the average axis 

position, Also depicted are the adopted spatial coordinate system and the gantry angle conventions. 



5.1.2 Rotational Tolerance of the Patient Support Assembly 

In radiosurgery the patient support assembly (PSA) angle determines the arc 

plane. The convergence of multiple non-coplanar arc planes is limited by the 

rotational tolerance of the PSA. The position of the PSA axis-of-rotation was 

recorded at five angles between k85". At PSA angles of -85". -4Y, 0°, 50°, and 

85" the ceiling laser cross-hairs were traced onto the same sheet of paper, which 

was taped to the PSA table top. The tracings were then digitized and magnified, 

enabling the position of the laser intersection to be determined at each of the PSA 

angles. The entire procedure was repeated five times. 

The position of the PSA axis-of-rotation as a function of angle, relative to 

the position of the axis when the PSA is at 0°, is shown in Fig. 5-3. This point of 

reference was chosen because it is the position at which the target alignment 

procedure takes place during radiosurgery As the PSA was rotated away from 

the reference angle, the axis position shifted up to approximately 0.45 rnm at 

-85" and 0.50 mm at 85". These axis translations were directed primarily in 

RELATIVE LATERAL POSITION OF PSA AXIS (mm) 

FIG, 5-3. Position of patient suppan assembly (PSA) axis-of-rotation versus angle (data labels), relative 

to the 0" PSA position; the position at which the target alignment procedure takes place during 

mdiosurgery. Also depicted are the adopted sparial coordinate system and PSA angle conventions. 



the right lateral direction; away from the gantry for negative PSA angles, and 

towards the gantry for positive angles. Additionally, it was determined that the 

patient stretcher itself had a significant amount (approximately 39.5 mrn) of 

rotational play, regardless of the PSA angle. 

The shift in the patient stretcher height as a function of PSA angle was also 

measured and the procedure was as follows: With the gantry at 180°, a pendulum 

was attached to the unit head, and its tip aligned with the laser intersection. A 

level surface was then placed on the patient stretcher and raised to within I mrn of 

the pendulum tip. For several PSA angles between B O O  a relative measurement of 

the stretcher height was then performed by counting the number of 0.1 mm thick 

acetate films that could be inserted between the table top and the tip of the 

pendulum without disturbing the pendulum. It was determined that the maximum 

change in couch height was less than 0.1 mm from the nominal position, and 

therefore is insignificant. 

5.1.3 Radiation-Field Alignment 

At a given gantry angle. the position of the radiosurgical field axis is 

dependent upon the alignment of the radiosurgical collimator with the axes of the 

rectangular fields defined by the adjustable and fixed collimaton of the Theratron 

T-780. Radiographic film densitomeny was used to determine the position of the 

field axis relative to the laser intersection. A film ready-pack was placed 

perpendicular to the beam, at a source-surface distance (SSD) of 160 cm. By 

placing the film at twice the unit's nominal source-axis distance, the distance 

between the field axis and the laser intersection, at the isocenter, is magnified by a 

factor of two. Hence, the resolution of the detection system is effectively doubled. 

To denote the lateral and axial directions on the film, the cross-hairs of the ceiling 



lasers were marked using pinpricks. A pinprick was also used to mark the point of 

laser intersection and a reference point, the latter point was used to denote the 

orientation of the film during exposure. A dose of 35 cGy was then delivered to 

the film. These procedures were repeated five times for the 5x5 cm' radiotherapy 

field of the Theratron T-780, and the 33.0 rnrn diameter radiosurgical field. 

The method used to determine the relative position of the field axis from 

the exposed film is best described by referring to Fig. 54. After digitizing the 

film, optical density profiles were taken in the axial direction (denoted by 

pinpricks A and B )  and in the lateral direction (denoted by pinpricks C and D). At 

-- - - - -- 

Digitized Radiograph D- 

FIG. 5 4 .  Schematic diagram illustrating the method used to measure the displacement (dd of rhe 

radiosurgical beam axis from rhe point of laser intersection (I) .  The bottom profile was taken along line 

AB and is perpendicular to the gantry plane of rotation. T?te right hand proflle was taken along the line 

CD and is parallel to the gantq plane 01 rotation The reference point R denotes the directions towardr 

and to the lefi of the ganrry, 



a given dose level, the distance dR between the tield axis and the laser intersection 

is equal to the difference between the profile edge to laser intersection distance dl , 

and one half the profile width. At the 50% dose level, this relation can be 

expressed mathematically as: 

For the 5x5 cm' field of the Thentron T-780 it was determined that the 

radiation-field axis was displaced from the point of laser intersection by a distance of 

( 1 -6 k 0.2) mm in the left-lateral direction, and by (0.8 + 0.1 ) rnm toward the gantry in 

the axial direction. Similarly. the radiosurgical field measurements revealed a field 

axis displacement of ( 1. I f 0.3) mm in the left-lateral direction, and (0.6 + 0.2) rnm 

toward the gantry. 

The resolution of this detection method was investigated by measuring the 

field axis displacement caused by misaligning the radiosurgical cone by a known 

distance. Measurements were performed for left-lateral light-field translations of 

0.5 mm and I .O mrn at the isocenter, and then for similar translations in the axial 

direction toward the gantry. Measurements were repeated three times for each 

trmslation. The results are shown in Fig. 5-5. 

The translation of the radiosurgical cone in a given direction resulted in 

radiation-field displacements of similar magnitude and direction, with only slight 

field displacements seen in the perpendicular direction, as expected. On average, 

the difference between the measured displacement and the known displacement 

was 0.3 mrn. The spatial resolution of this detection method was, therefore, 

considered to be of similar magnitude. 



FIG. 5-5. Effect of cone misalignment on the position of the radiation-field crris with respect to the mean 

position of the aligned radiation jield, for the 33.0 rnm diameter field uf the Thcrutron T-780. The dutu 

labels refer to the mcrgnitude of the light-field displacement ut imcmter. Mvasurentenrs were pet$ornwd 

using rudiogruphic film densitometry. A Isa shown is the adopted spatial coordirtate system. 

5.1.4 Practical Isocenter of the Theratron T-780 Unit 

For an isocentrically mounted therapy unit the practical isocenter is defined 

by a sphere which has a radius equal to the maximum distance between the patient 

support assembly axis, the gantry axis, and the radiation-field axis, over all the 

possible combinations of gantry and PSA angles used for radiosurgery. 

Mathematically, the distance A between the axes at a given PSA and gantry angles, 

9 and 8, respectively, can be expressed as: 

where dm(@), d&), and dR(0) are equal to the distance between an arbitrary point 

(taken as the position of laser intersection in our work), and the position of the 

PSA, gantry, and radiation-field axes, respectively, at a given angle. The practical 

isocenter is equal to the maximum value of this expression found over al l  the 

combination of PSA and gantry angles used in radiosurgery. 



Two sets of PSA angle-gantry angle combinations are encountered in non- 

coplanar arc radiosurgery; arcs delivered to left cranial hemisphere consist of PSA 

angles between 0" and 90" combined with gantry angles ranging from 0" and 180". 

those delivered to the right cranial hemisphere are composed of PSA angles 

between 0" and -90" combined with gantry angles ranging from 180' and 360". 

The practical isocenter was, therefore, determined from combinations of gantry 

and PSA angles taken from these sets. 

After evaluating Eq. 5.2 for 61 combinations of gantry and PSA angles, it 

was determined that the maximum value of A, equal to 1.9 mm, occurred when the 

PSA is placed at approximately 70" and the gantry at approximately 270'. This 

tolerance decreases to 0.9 rnrn if the spatial uncertainty introduced by the 

radation-field axis is neglected. Hence, for the Theratron T-780 at the Montreal 

General Hospital the radiation-field axis displacement is the main source of 

mechanical instability. 

The k1.9 mm isocenter tolerance of the Theratron T-780 is nearly twice the 

f 1.0 mrn tolerance achievable by modem linacs. Although there is no quantitative 

relationship between the isocenter tolerance and treatment outcome, some 

perspective can be gained by taking into account the other sources of spatial 

uncertainty inherent to the radiosurgical procedure. These sources are listed in 

Table 5-1. Considering the 1.0 rnrn uncertainty introduced by both the tissue 

motion and the stereotactic frame, the 1.9 mm uncertainty intrcxiuced by the CT 

image resolution, and the uncertainty associated with the target defhtion which 

has been estimated to be as small as 1.0 mrn for well defmed AVMs (AAPM TG 

#42 Report, 1995), and as large as 10.0 rnrn for an invasive malignancy (Halperin 

et al., 1989), it can be shown that the isocenter tolerance of the Theratron T-780 

increases the net spatial uncertainty by only 0.4 mm at most; an amount that is 

unlikely to affect the treatment outcome. 



Source ofSpatiPl Achievable Uncettainty 
uncertainty tinac (mm) Thenatrun T-780 (mm) 

Practical Isocrnter 1 .om 1.9 

Stereotactic ~ocalization' 1 .O 

CT Image Resolution 2.4 

Tissue ~otion' 

Target Definition 

Net Unce minty 
- - - ' 
Uncerrumry mucurred wi~h rhe target definrrit)n 4 u  M N  circunucribed A VM, ruken fmm the MPM TG M2 Repon I 1995). 

' C7' imugr re.dution bused un u voxel volume uf 0.9;4.9&.0 m'. 
Uncertulnry wuciured ~ r h  the rurgn definitton 1,lu ylioblurt~~mu mul~i/onne. repuned by Hulprrin n aL. (1989). 

TABLE 5- I .  Sources of spatial uncertainty in stereotactic radiosurgery and their practical magnitude. 

5.3 RADIOSURGICAL TREATMENT DEWVERY EVALUATION 

To evaluate the dosimetric effects of the practical isocenter it was necessary 
to quantitatively evaluate the results of an actual radiosurgical procedure. The 

radiosurgery head phantom was used for this purpose. A discussion of the 

evaluation procedure and results follows. 

5.3.1 Treatment Planning and Setup 

A 6 arc radiosurgical technique with the 33.0 mm nominal diameter cobalt 

beam was chosen for the performance evaluation procedure. Because the bottom 

of this collimator was only 20.6 cm from the isocenter. couch and angle 
combinations were limited by possible collisions between the radiosurgical 
collimator and stereotactic frame, and also by collisions between the PSA and one 
of the treatment room wails. To accommodate these constraints and achieve arc 

lengths of 120°, the maximum and minimum PSA angles were limited to 350" and 

*IS0, respectively. PSA angles o f f  IS0, E38", and M O O  were therefore used. The 

coronal, sagittal, and transverse isodose distributions of the 6 arc radiosurgical 
technique, calculated using the McGill Planning System, appear in Fig. 5-6. 



The patient nay designed to immobilize the stereotactic h e  during CT scans was 

used to hold the frame and head phantom during the radiosurgical procedure. Alignment of 

the treatment isocenter with the mechanical isocenter of the Theratron T-780 was facilitated 

using templates generated by the McGill Planning System. These templates were aftixed to 

the anterior plane. and the left and right lateral planes of the tiame's fiducial marker box. 

The treatment isocenter position, denoted by cross- hairs printed on the templates. was then 

aligned with the mechanical isocenter, denoted by the wall and ceiling laser cross-hairs, after 

which the tiame was locked in place, and the couch and gantry were rotated to the starting 

position of the first arc. 

Just prior to irradiation, the film mount of the radiosurgical head phantom 

was loaded with radiochromic film, described in Section 2.3.3.8, and then inserted 

into the phantom. Because this radiochromic film exhibits a linear dose response 



up to 60 Gy, see Fig. 24A, a dose of 50 Gy was prescribed to the target. The dose 

rate of the 33.0 mm diameter radiosurgical beam was equal to 1.43 Gylmin at the 

depth of maximum dose in tissue for an SAD setup. Each arc, therefore, requited a 

beam-on time of 10.30 rnin to deliver a total dose of 50 Gy to the prescription 

isodose surface which typically corresponded to an average TMR of 0.6. During 

the irradiation. the gantry was set to rotate continuously between the arc limits at a 

rate of 1.0 rpm. After all six arcs were completed. the film was removed and 

stored in a light-tight box. The radiosurgical procedure was then repeated for the 

other two sectional planes, after which the entire procedure was repeated to gauge 

the reproducibility of the experiment. 

After storing the films for approximately 36 hours. high resolution optical 

density scans of the films were performed using the laser densitometer. described in 

Section 2.3.3 .C. The radioc hrornic dose-response calibration curve, shown in Fig. 2-4. 

was used to convert the measured optical density values to absorbed dose. The dose 

values of the digitized images were then binned to produce isodose bands, and 

superimposed onto the MPS treatment plan isodose Lines to facilitate comparison 

between the measured and calculated dose distributions. 

5.3.2 Results and Discussion 

The coronal, sagittal, and transverse isodose lines calculated with the 

McGill Planning System and overlaid onto measured isodose bands are shown on 

the following three pages. Between the 50% and the prescription dose level, i-e., 

the 100% dose level, the experimentally determined isodose lines matched those of 

the treatment plan to within f 1 mm; i.e., within the tolerance specified by the 

AAPM TG #42 Report (1995). Greater deviations occurred, however, at the 110% 

dose level and to a lesser degree at the 30% dose level. These discrepancies are 

most likely a result of the shallow dose gradients found at these dose levels. In 

any event, the isodose distributions at these dose levels are, generally, given little 

consideration during treatment planning. The measured isodose distributions can, 

therefore, be said to agree reasonably with those of the treatment plan. 

87 



FIG. 3-7. Comnal isafosr Jistribuions for (I rcr$astrq$cal redrniqiv comisrmg 01'6 wn-mphnur ~vmvrgk,g 

m a  wih rhr 33.0 mm nomnaf Jiunerer cwbalr beun. c'~h11ufecl for o w  heid phmrom with rhr ~ClcGil 

Plmning a m  ~ l m s )  and strplimpsed onro isdose diwibutions obnrined aprrimmrulh ~rshg 

rudochmmicJih demitomry lshndtld buds). The isnlose su$am are nonnalid to the prscripion dose 

l a d  (it!. . IOPA j. The c*alcul~ed I I OD/o isaiosr sufluce is shown us a whrfe l im jor conrast 



FIG. 3-8. Sugirtc~l isulosr di,wibaiom foro ru$'osugi~ni trrhniqo comisrmg of 6 nomvphnur ~unrwgutg 

urcs wih rhr 33.0 mrn norninol rliunerer cohrl, beun. ~uhtiufed for our hecd pimiurn wih rhr .CfcGI/ 

Plutntng $stern rlintw und niprimpsed onto isdose diuribzrions obtuinal dtprirntnrulh usthg 

rudociimtni~ j i h  demiromry (shaded The i s d m  s u ~ u ~  are notmaIi=ed ro rhe prmr@rion dose 

I d  ( i . ~ . .  100% ). The cahfuted I I U36 isdose s ~ f a c e  is shmvn as LI w h ~ e  line for cortroscl 



FIG. 59. Tkmwrsr isudose distributions jor o rudiosrrrgicul technique consisring oj' 6 nun-~.oplunur 

cc~nwrgirtg m a s  with the 3 3.0 mm nominrd Jicrmrter cobalt beum. ~dadurrdjor orrr hrud phrintom with 

the .LlcGiil P h i n g  S w t m  (lines) und superimposed onto iiodose distributions obtained apprrirtmentuI[v 

rrsing rudic)~*hromic jilm densitonetry (shaded bands). The 13oJo.w nrr$aces ure norrnuIked to the 

prescription dose level rise.. 100%). We calculated 110% isodose srcr/cce is shown as o white line for 

conrrust. The notch in the 50%-YO% irodose bond at the bottom right ir an urrifact cuttsed by on 

dignment peg 



To determine the numerical dose uncertainty of the 6 arc radiosurgical 

procedure, comparisons were made between the calculated and measured doses 

delivered to the point of dose maximum in the coronal, sagittal, and transverse 

planes. These comparisons are given in Table 5-2. In each of the planes, the mean 

difference between the measured and calculated maximum doses was less than 

S%; the value recommended by the AAPM TG #2l Report (1983) to achieve 

tumor control and avoid complications. Hence. the radiosurgical performance of 

the isocentric Theratron T-780 cobalt unit found at the Montreal General Hospital 

is acceptable for radiosurgery . 

Point of Dose Maximum in PIane 

Plane Crrlculatcd Measwed Merence 

Coronal 5882 cGy 5645 cGy 4.0% 

Sagittal 5882 cGy 5627 cGy 4.3% 

Transverse 5860 cGy 5635 cGy 3.8% 

TABLE 5-2. Comparison of the calculated and measured absorbed doses found at the point of dose 

maximum in the c o r o ~ l .  sagittal, ond transverse planes of a radiosurgical isodase distribution produced 

using a radiosurgical technique consisting of6 non-coplanar converging arcs with the 33.0 mm nominal 

diameter cobalt beam of the Theratron T-780. The measurements were cawied out wing our 

radiosurgical head phantom and mdiochmmic film densitometry. 

5.4 SUMMARY 

In this chapter the treatment delivery performance of the Theratron T-780 

cobalt-60 unit was assessed for use in radiosurgery It was determined that the 

maximum displacement between the gantry, patient support assembly (PSA), and 

radiation-field axes (i.e., the practical isocenter) was equal to f 1.9 mm. The 

displacement of the radiation-field axis from the gantry and PSA rotational axes 



was found to be the greatest source of mechanical uncertainty. Although the 

practical isocenter of the Theratron T-780 is nearly twice the f 1.0 mm tolerance 

comonly recommended for radiosurgery, it was demonstrated that a radiosurgical 

dose distribution produced by the unit could meet the spatial and numerical dose 

uncertainty recommendations of the AAPM TG #42 Report (1995) and TG #21 

Report (1983), respectively. The performance of the Theratron-T-780 cobalt40 unit 

found at the Moneeal General Hospital is therefore acceptable for ndiosurgery. 
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6.1 VIABILITY OF THE THERATRON T-780 FOR RADIOSURGERY 

We have investigated and demonstrated the viability of an isocenvic cobalt- 

60 teletherapy unit for radiosurgery using target localization and dose delivery 

methods similar to those widely - prac ticed with linac-based radiosurgical 

techniques. An isocentric AECL Theratron T-780 cobal t-60 teletherapy unit was 

evaluated in three areas: (1) the physical properties of radiosurgical fields 

produced by the unit, (2) the quality of radiosurgical dose distributions generated 

using the cobalt-60 beam parameters, and (3) the accuracy with which the 

radiosurgical dose could be delivered using the cobalt unit. For each of these 

evaluative areas, the 10 MV radiosurgicai beam of a Varian Clinac-18 linear 

accelerator, which has been used for radiosurgery at the Montreal General 

Hospital for over a decade, served as a standard for comparison. 

The percentage depth doses, off-axis ratios, and relative dose factors were 

used to calculate radiosurgical treatment plans with the McGill Radiosurgical 

Planning System. These beam parameters were therefore measured and compared 

for several radiosurgical 

differences between the 

Gelds of the cobalt40 and LO MV photon beams. The 

PDDs of the two types of beams followed analogous 



trends to the differences observed between the PDDs in the standard radiotherapy 

fields produced by the two machines; the cobalt-60 radiosurgical beams exhibit a 

larger surface dose, have a shallower depth of maximum dose (dmu), an are less 

penetrating in comparison with the 10 MV radiosurgical beams of the same field 

diameter. 

Contrary to the relatively large 80%-20% penumbra differences that exist 

between the radiotherapy fields of the two types of beams, the differences between 

the radiosurgical field penumbras were remarkably small, with the cobalt-60 beam 

penumbras on the average only about 0.7 rnm larger than those of the linac beam. 

Although we expected that the difference would be larger considering the 

relatively large diameter of the cobalt-60 source, it was determined that the 

geometric penumbra of the Theratron T-780 radiosurgical fields had been 

significantly reduced by performing the tertiary beam collimation relatively close 

to the isocenter. 

A quantitative evaluation of several radiosurgical treatment plans calculated 

using the cobalt-60 and 10 MV photon beams with nominal diameters of 35.3 rnm 

and 35.0 mm, respectively, and formulated to treat a 26 mm spherical target with 

between 4 and 10 non-coplanar converging arcs. was carried out using cumulative 

dose volume histograms. Comparisons were based in part on the RTOG Rotocol 

#93-05 (RTOG 1994) recommendation that the maximum dose to prescription 

dose ratio (MDPD) and the prescription isodose volume to tumor volume ratio 

( P m )  be used as quality indices of dose homogeneity within the target volume 

and conformity of the prescription isodose volume to the target volume, 

respectively. MDPDs of the cobalt beam radiosurgical plans were only negligibly 

larger (3.4%) than the MDPDs of the 10 MV beam plans, regardless of the number 

of arcs used. The average PITV of the cobalt-60 plans was equal to 1-46 compared 



to the 1.28 average Pl7V value of similar 10 MV plans, a difference of limited 

sigmficance, considering that PlTV values of up to 2.0 are considered clinically 

acceptable. Additionally, the total volume encompassed by a given isodose 

surface of the cobalt-60 treatment plans was on average only 8.8% greater than the 

volume encompassed by the same isodose line of the 10 MV plans, an acceptable 

difference considering that this extra volume of irradiated tissue constitutes on 

average a very small fraction of the total brain volume. Given the relatively 

insigruficant differences between the cobalt-60 and 10 MV treatment plans, the 

radiosurgical beams generated by the Theratron T-780 cobalt unit can be 

considered suitable for use in radiosurgery. 

The evaluation of treatment plans only shows the potential of a cobalt unit 

for use in radiosurgery. To evaluate the practical application of the Theratron T- 

780 for radiosurgery it was also necessary to determine whether or not the unit 

could produce radiosurgical dose distributions that agreed with the treatment plan 

to within an acceptable tolerance. Although measurements of the cobalt unit's 

practical isocenter revealed that the isocenter sphere has a radius of approximately 

2.0 mrn, nearly twice the 1.0 mm tolerance generally recommended for 

radiosurgery, it was shown by accounting for the major uncertainties inherent in 

radiosurgery that the inferior isocenter of the Theratron T-780 unit increases the 

net spatial uncertainty of the procedure by at most a mere 0.4 mm, an amount that 

is unlikely to play a significant role in the treatment outcome. 

The coronal, sagittal, and transverse isodose distributions of a 6 arc 

radiosurgical procedure performed on the Theratron T-780 agreed with calculated 

treatment plan isodose distributions to within the f 1 mm spatial and S% 

numerical dose tolerances recommended by the AAPM TG IW2 Report (AAPM 

1995) and TG #2l Report (AAPM 1983), respectively. Hence, the perfonmince of 

the isocentric Theratton-T-780 cobalt unit found at the Montreal General Hospital 



is acceptable for radiosurgery. Moreover, the mechanical tolerances of the gantry 

and treatment couch could be improved on newly-manufactured isocentric cobalt 

units, if their use in radiosurgery is seriously contemplated. 

In conclusion, the radiosurgical dose distributions produced with isocentric 

Theratron T-780 cobalt units meet the quality assurance guidelines recommended 

by the AAPM TG #42 Report (1995) and TG #21 Report (1983). as well as those 

of the RTOG Protocol #93-05 (1994). The drawbacks of using this unit for 

radiosurgery in comparison with linac-based radiosurgery include longer treatment 

times because of the inherently lower machine output and the need to restrict the 

couch-gantry angle combinations to avoid possible collisions between the 

radiosurgical collimator and the stereotactic frame. The latter problem is of course 

specific to the 80 cm SAD unit and will not be present for the newer. SAD 100 cm 

cobalt units. 

Radiosurgery with the relatively inexpensive and technologically simple 

isocentric cobalt40 teletherapy unit is a viable alternative to Linear accelerator-based 

radiosurgery. The use of isocentric cobalt units for radiosurgery would be of phcular 

interest for centers in developing countries where cobalt units, because of their 

relatively low costs, provide the only megavoltage source of radiation for radiotherapy 

and could relatively easily and inexpensively be modified for radiosurgery. 

6.2 FUTURE WORK 

Future work might include an investigation of the Theratron T-780 

radiosurgical cobalt-60 beam parameters using Monte Carlo simulations. In 

addition to verifying the measurements presented in this work, Monte Carlo 

simulations would provide insight into the components and behavior of the 

radiosurgical cobalt beam penumbra. 
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