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ABSTRACT 

Radiosurgery is a radiation treatment rnodality in which a high radiation dose 

(few 1000 cOy) is given to a sm aIl volume (few cm3) within the patient's brain during 

a single treatment. The main physical characteristics of radiosurgery are narrow 

circular radiation beams, stringent requirements on the numerical (+2%) and spatial 

(±l mm) accuracy of dose delivery to the target and the need for sharp dose fall-offs 

outside the target volume. 

Physical aspects of radiosurgery based on isocentric tinear accelerators 

(linacs) are presented. The equipment and techniques used in the measurement of 

various radiosurgical beam parameters are discussed. Aiso discussed is the accuracy 

of radiation beam delivery to the target, the calculation and measurement of 

3-dimensional isodose distributions obtained from circular beams, and the production 

of cylindrical dose distributions with rectangular beams. It is shown from the physics 

point-of-view that linac-based radiosurgery is a viable alternative to radiosurgery 

with the commercially av ail able Gamma unit. 
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RESUMÉ 

La radiochirurgie est une technique de traitement utilisant la radiation par 

laquelle une grande dose (-1000 cGy) est délivrée en un seul traitement à un petit 

volume (-cm3) à l'intérieur du cerveau d'un patient. Les principales caractérisLiqucs 

physiques de la radiochirurgie sont l'utilisation de faisceaux de radiation de très petits 

diamètres, une précision numérique (±2%) et spatiale (±l mm) très rigoureuse de la 

dose délivrée au volume traité et le besoin d'une chute abrupte de la dose delivré à 

l'extérieur du volume traité. 

Les aspects physiques de la radiochirurgie utilisant sur les accélérateurs 

linéaires isocentriques sont présentés. L'équipements et les techniques utilisées pour 

la mesure des différents paramètres associés aux faisceaux de radiation utilisés sont 

discutées. On discute également de la précision spatiale du faisceau de radiation 

delivrée au volume traité, le calcul et la mesure de distributions isodoses en trois 

dimensions obtenues à partir de faisceaux circulaires, et la production de distributions 

cylindriques de dose à partir de faisceaux rectangulaires. Il est démontré d'un point 

de vue physique que la radiochirugie par l'accélerateur linéaire est un technique 

alternative à la radiochirurgie basée sur l'unité Gamma disponible commercialement. 
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1.1 Introduction 

Radiosurgery is an external beam irradiation technique using stereotactic 

apparatus for accurate target localization within the brain and patient immobilization. 

Radiation in the fonn of a narrow diameter photon or heavy charged parti cie beanl is 

applied in a single high dose to the trealment of brain disease. The initial aim of 

radiosurgery was to produce necrosis in the intracranial target volume with a very 

high dose (several thousand cGy) dclivered in a single fraction without adversely 

affecting the surrounding brain tissue. Currently. the radiosurgical doses are 

somewhat lower ( on the order of 2000 cGy) and the aim is to control disease without 

producing necrosis. The les ions treated are those not amenable to conventional 

surgery, usually because of their inaccessible location in the brain. By far the most 

common lesions treated with radiosurgery are in operable arterio~venous 

malformations (A VM), although small tumours, such as pituitary adenomas and 

acoustic neurinomas, are also treated. Lately, attempts have been mad~ to use 

radiosurgery in small, weIl circumscribed metastatic brain lesions. With the recent 

advances in brain imaging and mapping, the role of radiosurgery has expanded to 

treaUTIent of functional disorders, such as epilepsy and pain. 

Radiosurgery is used to selectively destroy small intracranial structures with 

diameters of several mm to several cm. Given the small size of the target volumes and 

the high doses involved, the requirements for successful radiosurgery are very 

stringent with regard to target localization and to dose delivery to the targel. The 

target volume of pathological tissue must be accurately located in 3-dimensions. This 

is donc by means of a stereotactic frame affixed to the patient's skull and through the 

use of modern imaging techniques, such as computed tomography (CT), magnetic 

resonance imaging (MRI), and digital subtraction angiography (OSA). The dose 

delivery to the target. volume must be accurate, both spatially and numerically. 

Finally, the dose fall-off in the regions immediately outside the target volume must be 

sharp, in order to spare the adjacent, healthy tissue. A variety of modem 
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radiosurgical techniques, used clinically today, meet these requirements. AIl 

techniques rely on stereotactic localization techniques to guide a number of well 

collimated radiation beams onto a pre-determined targel. 

Radiosurgcry \\oas introduced in 1951 by Lars Leksell 0,2) who proposed the 

use of orthovoltage radiation to produce local destructIOn o[ tissue in the targel 

volume. The target was irradiated by 200-300 kVp x rays from a number of differenl 

angles to produce a focal effect at t11e lesion. It soon became evident t1wt radiation in 

the orthovoltage range was not penetrating enough to give the required rapid dose 

fall-off outside the target. Cobalt-60 gamma rays, however, are energctic enoub~~ for 

this purpose and a special unit based on 179 focllsed gamma ray beams was lI1uoduccd 

in 1968 by Leksell (3). This unit has latcr evolved into the commercially available 

Gamma unit (4) which presently incorporates 201 60Co sources. 

A sharp dose fall-off outside the target volumes can also be achieved with 

beams of heavy charged particles produced by cyclotrons. The advantages of llsing 

heavy charged particles are the sharp collimation 01 l:!e beam edges and the Bragg 

peak dose distribution, resulting in relatively low doses outside the target volume 

even for a small number of beams. This type of radiosurgery was stafted in ù1e late 

1950's in Uppsala by Larsson et al. (5), in Berkeley by Lawrence ct al. (6) and 

later-on in Boston by Kjellberg et al. (7), ail using proton beams prodllced in 

cyclotrons. More recently, the technique has been extended to heavier Ions such as 

helium and carbon in Berkeley (8). 

The high capital and operating cosL~ of Gamma units and cyclolrons, combined 

with difficulties in accurate target localization, ensured that until rccently 

radiosurgery was available in only a few specialized centers around the worlel, 

However, the success rate of radiosurgical treatments over the past t11fee decades has 

stimulated the se arch for less expensive and more accessible means of performing 

radiosurgery. In 1974 Larsson introdueed the idca of using isoccntric Imcar 

accelerators (linaes) as radiation sources in radiosurgery (9). Since Wc mid 1980's a 

variety of linac-based radiosurgical techniques have been introduced clinically. Ali 

l 
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linac techniques require stereotactic frames for target localization, and for patient 

set-up and immobilization during the treatment. 

1.2 Stereolactic frames 

The stereotactic frames used in radiosurgery are usually those used for general 

neurological stereotaxy with minor adaptations. Typical frames are cubical in shape 

with an orthogonal coordinate system affixed ta the structure. They are attached to 

the patiept's head by means of several pins that penetrate the frame's cubic structure 

diagonally and are held in burr-holes in the skull. The position of points within the 

head is then related to the coordinate system defined by the frame. 

To enable vlsualization of these structures, the frame must be compatible with 

modem imaging techniques, such as CT, MRI, and DSA. This implies several design 

considerations that must be taken ioto account. Closed electrical loops and ferrous 

componcnts that would distort the magnetic field must be avoided for MRI. Material 

that is structllrally strong but of low x-ray attenuation coefficient should be chosen to 

minimize CT arlifacts. CT especially is highly suitable for stereotaxy, as it is 

inherently free of geometric distortions (10), eliminating the need for corrections for 

differential magnification as needed for MRI. 

Accurate location of the imaged section within the frame is accompli shed by 

simultaneously imaging appropriate reference markers usually affixed to the 

stereotactic frame and referred ta as fiducial markers. The markers consist of a 

sliitable contrast material fixed in a Z- or N-shape to plates which attach to the frame. 

During imaging with CT or MRI, at least three Z-shaped marker sets intersect each 

liansverse slice. These three sets define ùle position of the transverse plane of scan in 

relationship to the stereotactic frame. The relative positions of the three rads of each 

Z-marker set define the section position at that point. This allows the third coordinate 

of any point of interest to be determined with the other two coordinates within the 
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2-dimensional transverse image plane. 

The fiducial marker plates are removed after the patient has been imaged. 

Once the diagnostic information and target position are obtained, orthogonal acrylic 

targct localizatÎoll plates are attached to the cubical frame structure in the same way 

as the fiducial marker plates, so that the diagnostic image information on the target 

position (coordinates of the target center) can be transfered to the stereotactic frame 

and thus to the patient, and the target subsequently positioned with respect to the 

radiosurgical beam delivery system. The frame is used to position the target center 

into the appropriate point on th/'! treatment unit which is the focus of the Gamma unit, 

point of intersection between the beam central axis and couch rotation on a cyclotron, 

or the isocenter of a linac. Once the correct treatment position is achieved, the frame 

is used to immobilize the patient such that the target remains in position for the 

duration of the treatment. 

A variety of commercially available frames are presently used for 

radiosurgery, most notably the Leksell frame (11), the Brown-Robert-Wells (BRW) 

stereotactic systeœ (12, l3), the Riechert/Mundiger stereotactic system (14,15) and 

the OBT stereotactic frame (10,16). AlI frames have essentially the same cubical 

:1tructure and associated coordinate system. They each incorporate similar target 

localization principles based on fiducial markers immbedded in a Z-shaped pattern on 

the plates which are attached to the frame during imaging. 

In most techniques patients are treated in a supine position on a trcatmcnt 

couch, although techniques with patients sitting in a treatment chair have also been 

developed (17,18). The stercotactic frame is immobilized through a direct 

attachment either to the treatmcnt couch or to a floor stand which is fIxcd to the 

pedestal of the couch. The latter method is commonly used on linacs. It is, however, 

more hazardous since the motions of the cou ch and floor stand are not connected and 

any inadvertcnt motion of the couch could cause a serious in jury to the patient. 

Adjustment of the treatment couch or chair with the stereotactic frame fixed to it will 

bring the target center to the appropriate treatment point. 
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An example of a stereotactic frame attached to a patient's head and 

immobilized through attachment to the treaunent couch as used at McGill University 

is shown in Fig. 1.1. The frame in the picture is the OST frame which is used 

clinically at our center. Target localization plates are shown attached to the frame's 

cubical structure. These plates are removed before the actual treatment begins. The 

frame, and thus the patient's head and the target volume, are held into position by 

means of a bllcket afixed to the edge of the linac couch. This positioning forces the 

paticnt's head to lie beyond the edge of the couch and minimizes interference of the 

trcatment apparatus with the rudiation beam. 

1.3 Photon treatment techniques 

Photon beam radiosurgery is performed either with the Gamma unit or with 

isocentric Iinear accelerators. The Gamma unit is commercially available and has 

been described in detail by sever al of its users (19, 20). It presently incorporates 201 

cobalt-60 sources each with a nominal activity of 1 TBq ( .... 30 Ci). The sources are 

distributed evenly over a 160ox60° sector of the hemispherical source core. The 

points of beam entry into the patient's skull during the radiosurgical treatment are 

shown in Fig. 1.2 (a). The 201 beams are aIl collimated with a primary collimator 

and directed towards a common focus with a relatively short source-axis distance 

(SAD) of -39.5 cm. The final collimation is acH~ved with a special helmet containing 

201 tungsten collimators and positioned in such a way that the collimators align wHh 

the primary collimators when the proper treatment position is reached. The size of 

these secondary collimators determines the target volume that is treated. The patient 

is positioned stereotactically with respect to the helmet so that the center of the target 

volume c0incides with the focal spot of the unit when the shutter is opened and the 

patient is brought into the treatment position. The main advantage of the Gamma unit 

is its potential for a high spatial precision of dose delivery. This is a result of the 
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FIGURE 1.1. The OBT stereotactic frame attached to the patient's head and 

patient positioned onto a linac treatment couch in preparation for radiosurgery. The 

frame, the head and therefore the target volume are immobilized by means of a 

bracket fixed to the couch which holds the frame in place. Clearly se en is the frame's 

cubic structure and the orthogonal coordinate system associated with il. Target 

localization plates, enabling transfer of diagnostic infonnation to the patient, are 

shown in place. 
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GAMMA UNIT 

(201 COBAl r BEAMS) 
LINEAR ACCELERA TOR 

(SINGLE PLANE ROTATION) 

8 

L1NEAR ACCELERATOR 
(NONCOPLANAR 

CONVERGING ARCS) 

L1NEAR ACCELERA TOR 
(DYNAMIC ROTATION) 

FIGURE 1.2. Points of beam entry into the patient's skull for various 

radiosurgical techniques: (a) Gamma unit, (b) single plane rotation with a linear 

accelerator, (c) multiple non-coplanar arcs with a linear acelerator and (d) dynamic 

rotation with a linear accelerator. 
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treatment achieved with stationary sources, Le., there are no moving parts during the 

treatment. The disadvantages of the Gamma unit are its high capital cost, the high cost 

of replacing the Co-60 sources periodically and its dedicated application to 

radiosurgery alone, which preclude a widespread use and general availability. 

It has been shown in the past decade that tinacs used for standard radiotherapy 

and may be modified relatively inexpensively for use in radiosurgery. Photon beam 

radiation fields are usually (ircular with diameters ranging from 0.5 cm to 3 cm. 

Additional collimators are generally added to standard collimators in order to achieve 

the small, weil defined circular fields needed for treatment and to minimize the beam 

penumbra. With the isocentric dose normalized to 100%, a fixed, high percentage 

isodose surface (typically 90%), which is spherical, is chosen to coincide with the 

edge of the target volume. The dose fall-off outside the target volume is measured in 

terms of the distances in which the dose falls from the target edge to lower isodose 

surfaces, such as 50%, 20% and 10%. The shorter is this distance, the steeper is the 

dose fall-off outside the target and the more sui table is the technique for radiosurgical 

procedures. When evaluating a technique for clinical use, the sharpness of dose 

fall-off as weil as the isotropy of the dose distribution must be taken into account, the 

aim being to have dose fall-offs sharp and ideally of equal sharpness in aIl directions. 

This isotropie dose distribution, of course, could only be achieved with a beam 

entry distribution over the upper hemisphere approaching the 21t geometry. In 

practical radiosurgery, only the high level isodose surfaces (e.g., 50% and above) are 

isotropie, the lower level isodose surfaces become progressively more anisotropie, 

reflecting particularities of a given treatment technique, resulting because of technical 

constraints in beam angulation. The isodose distributions may then be characterized 

by two dose fall-offs: the best (sharpest) and worst (shallowest), with ail other 

fall-offs between the two extremes. The larger the difference between the two dose 

fall-offs, the worse is the anisotropy of the isodose distribution, and the less applicable 

is the technique for clinical radiosurgery. 

Dose-volume histograms can a180 he used to characterize the dose fall-offs for 
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a given treatment technique (21). Here, the volume of tissue encompassed by a 

specified isodose surface is calculated, with a small volume corresponding to a good 

dose distribution. However, these histograms should be used in conjunction with 

isodose curves to judge the isotropy of a particular distribution, since directional 

information is lost. 

The linac-based radiosurgical techniques are divided into three main groups: 

single plane rotation (22), multiple non-coplanar converging arcs (17,23,24), and 

dynamic rotation (25). When discussing these techniques, we define the angles and 

planes of gantry and couch rotation, as depicted in Fig. 1.3, with e representing the 

gantry angle of rotation in a vertical plane and cl> representing the couch angle of 

rotation in a horizontal plane. 

Radiosurgery with a single plane rotation on a linac is identical to rotationaI 

techniques used in conventional radiotherapy. The technique is quite simple, with the 

couch fixed in a stationary position at cI>=O°, and the gantry rotating in a single plane 

from 0° to 360°. The dose fall-off outside the target in the direction perpendicular to 

the plane of rotation is very steep, essentially identical to that of a stationary beam. In 

the plane of rotation (transverse plane), however, the dose fall-off is relatively 

shallow as a result of the dose superimposition outside the target volume for an 

infinitely large number of parallel-opposed beams. As shown in Fig. 1.2 (b), the 

beam entry trace for a full single plane rotation is in a transverse plane and coincides 

with the beam exit trace. 

To improve the dose fall-off obtained with the single plane rotation, Betti and 

Derechinsky (17), Colombo et al. (23,26), and Hartmann et al. (24,27) have 

developed the multiple non-coplanar converging arcs technique on isocentric linear 

accelerators. The center of the target is placed stereotactically into the isocenter of 

the Iinac, and a series of arcs, each with a different stationary treatment chair (17) or 

treatment couch (23,24) position, is used to spread the dose outside the target area 

over as large a volume as possible. To avoid parallel-opposed beams, the arcs are 

usuaIlYlkept sm aller than 180° and aIl beam entry points lie in the upper hemisphere, 
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Plane of gantry rotation 

o 

FIGURE 1.3. Angle definitions and rotation directions for the gantry and couch 

rotation during lînac-based radiosurgical procedures. In the single plane rotation, the 

couch is stationary at 0° and the gantry rotates from 0° to 360°, in the multiple 

converging arcs techniques a series of arcs is given each with a different stationary 

couch position, and in the dynamic rotation the gantry and couch rotate 

simultaneously and continuously, the gantry from 30° to 330° and the couch from 75° 

to -75°, 
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while ail beam eJ.'it points lie in the ]ower hemisphere. 

Hartmann et al. (24,27) perform radiosurgery on a 15 MY Unac. Additional 

circular eollimators define fields at the isocenter ranging from 9 mm to 29 mm. 

Bearn dia.aneters are defined at the 50% isodose Hne, and consequently eollimators for 

treatments are selected based on the ability of this isodose surface to cover the target 

volume. Dose gradients are then defined in terms of a fall-off from the 50% line. 

Irradiations in different non-copI anar planes with respect to a target point are 

achieved by rotating the patient in a horizontal plane on the treatment couch. Eleven 

1400 arcs of radiation are given while moving the couch by discrete angles. The 

gantry rotates from 20° to 160° or from 2000 to 3400 while the cou ch is positioned at 

cleven intervals from 90° to -900
• 

Recently, Lutz et al. (28,29) have shown that reasonable dose fall-offs can be 

obtained with as few as four arcs. One 2600 arc is given in the transverse plane with 

the couch fixed at 00
• Three 1000 arcs, two from 40° to 1400 with the couch first at 

90° and then 45°, and one from 220° to 320° with the couch at -45°, are spread over 

the rest of the head. The additional collimators form fields from 12.5 mm to 30.0 

mm diameter defined at the 90% isodose Hne. This treatment method, chosen as a 

typical example of the converging arcs technique, is depicted in Fig. 1.2(c). 

Dynamic radiosurgery, which was developed by Podgorsak et al. (25,30) at 

McGill University in Montreal incorporates simultaneous couch and gantry rotations 

to achieve a steep dose fall-off outside the target volume. The gantry rotates through 

300°, from 8=30° to 330°, while simultaneously the couch rotates through 150°, from 

$=75° to -75° at half the gantry's speed. Thus, for each two degrees of gantry 

rotation, the couch rota tes by one degree. The beam entry trace al ways lies in the 

upper hemisphere of the head, implying that aIl beam exit points lie in the lower 

hemishere. Thus, although all beams intersect in the target volume and the gantry 

travels through almost a full circle, the coincidence between an entrance beam and an 

exit beam, which would degrade the sharpness of the dose fall-off outside the target 

volume, is avoided for aIl beams. The resulting beam trace on the patient is shown in 
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Fig. 1.2 (d). Though the technique appears technically complex, once the continuous 

couch rotation has been installed, it is relatively simple and efficient to use. In the 

dynamic rotation used at our center the 90% isodose curve is chosen to coincide with 

the target volume. Possible beam diameters range from 5 mm to 3.5 mm in steps of 

2.5 mm. 

An example of a radiosurgical treattnent in progress at our center is shown in 

Fig. 1.4. The patient is lying on the couch with the stereotactic frame attached to her 

head. The frame, and thus the target with respect to the isocenter, are immobilized by 

means of the couch bracket. The fiducial marker plates used in target imaging and the 

target localtization plates used in treattnent set-up have been removcd to minimize the 

interference of the stereotactic frame with the radiation beam. The additional 

collimator needed to produce the small diameter radiosurgical fields is secn fastened 

in the gantry tray holder. The gantry and couch have becn positioned at the initial 

positions of the dynamic rotation radiosurgery technique, the gantry at 30° and the 

couch at 75°. 

1.4 Thesis outline 

Wc now present a brief outline of the specific aspects of radiosurgery which 

are discussed in this thesis. Chapter 2, deals with the experimental apparatus and 

techniques which we used to generate and measure the physical paramelers of the 

radiosurgical photon beams. We first give a brief description of the 10 MY linac, 

which we use for radiosurgery in our center and then present the characteristics of 

radiation detectors whieh we used in the measuring of basic physics data for our 

radiosurgical beams. Finally, the phantoms used in conjunetion with each of the 

detectors are described. 

In Chapter 3 we first discuss the modifications to the linae for use in 

radiosurgery. The specifie clinical set-up, used for radiosurgical treatmenLc; and ail 
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FIGURE 1.4. Example of a radiosurgical treatment in progress. The patient lies 

in a supine position on the linac couch, with the head hanging over the edge of the 

couch. The frame, in this case the OBT frame, is immobilized by means of the couch 

bracket. This cnsures immobilization of the target with respect to the linac's 

isocenter. Both fiducial marker plates and target localization plates have been 

removed to avoid interference with the radiation beam. The additional radiosurgical 

collimator is seen in the tray holder of the gantry. Couch and gantry are in the initial 

positions for the dynamic rotation technique, the gantry at 30°, the couch at 75°. 
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radiosurgical experiments, is described. The adequacy of this set-up, in terms of 

spatial accuracy of dose delivery, is addressed. Simple tests show that properly 

executed Iinac-based radiosurgery can provide a high degree of spatial accuracy of 

dose delivery. We then examine the bearn measurements required for treatment 

planning: dose profiles, percentage depth doses and the various factors, such as 

relative dose factor, scatter factor and collimator factor. These measurcments arc 

discussed as influenced by the detector used. A particular effect obscrvcd during the 

measurement of depth doses in the build-up region, a shift in depth of dose maximum 

with field diameter, is examined in detail, and the cause of the effect is cxplamcd. 

In Chapter 4 we concern ourselves with actual radiosurgical trcatmcnts and 

dose distributions. The treatment planning system developed and uscd at MeC/ill is 

briefly described. The system is capable of determining dose distributIOns for aIl 

photon beam radiosurgical techniques currently in clinical use. Dose distnbutions are 

calculated for several linac-based radiosurgical techniques. Comparisons of various 

techniques are made in terms of isodose contours in three orthogonal planes, and 

minimum and maximum distances for the dose to decrease from 90% of its maximum 

value (target edge) to lesser values, such as 50%, 20% and 10% outside the target 

volume. Results of measurements of actual dose distributions for various 

radiosurgical techniques are also obtained and the resulting dose distributions 

compared to distributions calculated for the same treatrnent parameters. 

Recent interest in radiosurgery has focussed on shaping isodose contours, as it 

has been observed that many volumes to he treated are not spherical but ellipsoidal or 

ev en more complex in shape. In Chapter 5, we propose a means for obtaining 

cylindrical dose distributions in a single treatment. The method is based on 

rectangular collimators and an additional rotation of the treatment collimator to 

follow a projected field in the coordinate frame of the treatment couch. By rotating 

the collimator and by adjusting its longitudinal opening to the projectcd lcngth of the 

target volume a cylindrical dose distribution results. We derive this method and 

present preliminary studies on its viability. 
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1.5 Summary 

In this ehapter, we have defined the terrn radiosurgery and given a brief 

history of this radiation treatment modality. Originally performed using 

orthovoltage x rays, the radiation sources for radiosurgery have since evolved to 

higher energy photon beams as generated by linear accelerators or cobalt-6Q sources 

and heavy charged partide beams. Ail radiosurgical techniques require stereotactic 

frames for target localization, patient set-up and immobilization during the treatment. 

The stereotactic frames, including their target localization principles and 

immobilization methods were described. We th en discussed in sorne detail various 

photon beam radiosurgical techniques, specifically the Gamma unit, single plane 

rotation, multiple non-copi anar converging arcs and the dynamic rotation 

radiosurgery pioneered at McGill University. Finally, we outlined the specifie 

aspects of radiosurgery that are addressed in this thesis. 
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2.1 In trod uction 

The experimental apparatus and techniques used to generate and measure the 

physical parameters of photon beams suitable for radiosurgery are discussed in this 

chapter. The source of the photon beams was a 10 MY linear accelerator (1). Beam 

characteristics were studied with a variety of detectors in tissue-equivalent phantoms. 

A 3-dimensional isodose pIotter (2) with diodes (3) or ionization chambers (4) was 

used to take beam measurements in water, while a Farmer parallel-plate ionization 

chamber (5) was used in conjunction with a polystyrene phantom. Radiotherapy 

radiographie film (6) proved to be a useful detector and irradiations of these films in 

polystyrene or acrylic phantoms were subsequently analysed with two densitometry 

systems, one a 2-dimensional radiographie film densitometer and the other a digital 

imaging system developed for densitometry. 

The basic features of the linear accelerator used for radiosurgery at McGill 

University are described first, and th en the characteristics of the detectors are 

discussed. The techniques used for radiographie film dosimetry are explained. 

Finally, the phantoms used in conjunction with each of the detectors are descrihed. 

2.2 Linear accelerator 

A 10 MY linear accelerator was used as radiation source in our expcriments. 

It is installed in the Radiation Oncology department of the Montreal General Hospital 

and has been in clinicat use for convention al radiotherapy for the past twelve years. 

Recently, minor adaptations have extended its use to radiosurgery, and since 1986 it 

has also been used in this capacity. The linac is isocentrically mounted with a SOUice 

axis-of-rotation distance (SAD) of 100 cm and the isocenter 130 cm above the floor. 

It can he used in either electron or photon mode, producing electron beam energies of 

discrete values between 6 and 18 MeV, or a 10 MV photon (x ray) beam with a 
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spectrum of photon energies ranging from 0 to a maximum of 10 MeV. 

Figure 2.1 shows a schematic diagram of the linac (7). The machine operates 

in the S-band at 2856 MHz and uses an rf driver as the source of radiofrequency (rf) 

and a 5.5 MW klystron as the rf amplifier. A rectangular waveguide conducts the 

microwave power pulses to the accelerating structure. The electron gun, operating in 

the range from 5 to 25 k V depending on the final electron kinetic energy desired, acts 

as the source of electrons to be accelerated. The accelerating structure itself is a disk 

loaded, lA m long standing wave accelerator, containing 21 accelerating cavities. 

Operating at a vacuum pressure of 10-6 torr, the accelerating waveguide is sealed 

from the outside environment with a 0.25 cm thick beryllium window. 

A detailed diagram of the linae head is given in Fig. 2.2 (8). After leaving the 

accelerating waveguide, the electrons enter the beam transport section where they are 

bent through 2700 by a magnetic field. in which a ± 10% beam energy spread is 

brought to a single focal point. When operating in the photon mode, the electron 

beam hits a target consisting of 1 cm of copper, which transforms the kinetic energy 

of electrons into a 10 MV bremsstrahlung x-ray spectrum. The target is inside the 

evacuated beam transport system and the photons exit through the beryllium window. 

A primary collimator in the proximity of the vacuum window de fines the 

maximum attainable circular photon field size. Upon leaving the target. the photon 

beam is sharply peaked in the forward direction and is therefore passed through a 

tungsten flattening filter in order to produce a unifonn radiation field over the 

maximum field size defined by the primary collimator. The flattening filter is 

rnounted on a rotating carousel for easy interchange between photon and electron 

radiation modes. 

The flattened photon beam th en passes through a dual transmission ionization 

chamber. The charges collected on the measuring electrodes of the two chambers are 

amplified and measured in arbitrary units, usually referred to as monitor units (MU). 

These monitor units are calibrated to correspond to dose (cGy) in water at the depth 

of dose maximum when irradiated with a lOxl0 cm2 field at a distance of 100 cm 
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from the x-ray target. The radiation beam is switched off when a preset nwnber of 

monitor units is attained. The two ionization chambers are independent to provide a 

redundancy check for improved safety. 

As a safety precaution, a fixed secondary tungsten collimator limits the 

maximum square field size to 35x35 cm2. The desired square or rectangular photon 

treatment field size is then defined by adjustable collimators, consisting of four 

tungsten blocks. To provide sharp edges of treatment fields, the movements of the 

tungsten blocks are confined to arcs, so that their faces present a flat edge to the beam 

diverging from the target. These adjustable collimators are fixed to a collimator head 

which can rotate about the vertical beam axis, allowing angulation of fields. A light 

bearn, which coincides with the radiation field, is reflected into the beam path through 

a mirror. This mirror is removed when the radiation beam is on. AccessOiies to 

modify x-ray fields slide into slots of a tray holder which is attached to the treatment 

head, 65 cm below the target. 

The linac has a variable dose rate with a maximum at -500 MU per minute. 

The gantry can also deliver dose while rotating through a predefined arc, in either a 

clockwise or counter-clockwise direction. Precisely controlled dose rates from 0.25 

to 5.0 MU per degree of gantry arc are then possible. The gantry has three speeds of 

rotation in the range from 0.1 to 0.4 rpm. The number of monitor units per degree 

and the degrees of gantry rotation can he set. Speed of rotation and pulse repetition 

frequencyare then automatically fixed to achieve the desired dose rate. 

The treatment couch has motor driven vertical, lateral and longitudinal 

motion, allowing for motorized placement of the target to the isocenter. The couch 

can also rotate about a vertical axis which is perpendicular to and intercepts the gantry 

axis of rotation and passes through the isocenter. 

Three laser localization devices are used to precisely indicate the location of 

the isocenter, one is mounted on the ceiling and the other two are on the side walls of 

the treatment room. The ceiling laser designates the couch vertical axis with a dot of a 

diameter of 1 mm, while the two lateral lasers designate the height \lf the isocenter 
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with a cross of line widths of -1 mm. 

The physical considerations of the gantry and treatment couch show that there 

are three degrees of freedom for treatment set-up, aIl of which can be related to the 

isocenter as a corn mon reference point. These degrees of fr~edom are shown 

sehematically in Fig. 2.3. If one considers a coordinate system fixed in space, with its 

origin at the isocenter, all other frames of reference are rotations and translations of 

this system. The gantry and eouch rotations, e and cj>, respeetively, have already been 

discussed in Chapter 1 where in Fig. 1.3 we defined the angular convention used in 

our center. The collimator itself, lying in the plane perpendicular to the bearn axis, 

can also rotate cIockwise or counter-cIockwise about its axis, through an angle 

defined as 'l'. 

2.3 Radiation fiela analyser (RFA) 

Bearn parameters were measured with a varitey of detectors and measuring 

techniques which are described in this chapter. Ionization chambers, diodes and 

radiographie film were used as radiation detectors, all in conjuction with a radiation 

field analyser, or independently with an electrometer. 

A radiation field analyser was used as a 3-dimensional isodose piotter or as a 

2-dimensional radiographie film densitometer in the measurement of beam data. The 

analyser is controlled through a computer system based on an 80186 16-bit processor 

with a 20 megabyte hard disk. A software prograrn MSDISK allows the transfer of 

bcam data from a hard disk to a 5 1/4 inch floppy disk. Data was analysed on an IBM 

compatible microcomputer bascd on a MS DOS operating system. 

When used as a three dimensional isodose pIotter, the RFA piotter consists of 

an acrylic water tank with dimensions of 63x60x61 cm3• A remotely controlled 

drive unit positions the radiation detector within a scanning volume of 50x50x50 cm3. 

Diodes or ionization chambers are available as detectors, and an electrometer 
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measures the signal received from them. For both measuring modalities two 

detectors are needed, one stationary in the radiation beam and the other moveable to 

measure ionization as a function of the chamber position in the beam. The first 

chamber acts as a reference and the other as the detector. The signaIs from the two 

chambers are passed through a differential amplifier and the resu)t is digitized and 

stored. Using the ratio of signais minimizes the effects of fluctuations in the radiation 

beam intensity during the measurement. The positioning accuracy of the moveable 

detector is 0.5 mm, with a reproducibiliy ofiO.l mm. 

2.4 Film dosimetry 

Film commonly used in diagnostic radiology imaging is also suitable as a 

relative dosimetry technique. Film blackening occurs during exposure to radiation 

and the subsequent development and fixation of a radiographie film, a process 

described in detail in the literature (9). 

In conventional radiation dosimetry based on radiographie film, a pencillight 

beam of intensity Bo is passed through the exposed and developed film at a point of 

interest and the amount of the transmitted light B is measured. The optical density of 

the film at this point is then given as the logarithm of the ratio of incident to 

transmitted light. This optical density vs. 10glO(dose) is the H&D curve, named after 

Hunter and Driffield who first described it in 1890 (10). It is sometimes also referred 

to as the characteristic curve for a particular film and is common)y used to asses film 

response to light or radiation. 

When used as a dosimeter, the charateristic curve gives the relationship 

between optical film density and dose. This optical density is proportion al to the mass 

of silver present in the film, which in tum is proportional to the dose. A plot of 

optical density vs. dose can then relate any measured optical density to a 

corresponding dose. Of course film blackening depends on many parameters, such as 
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film type, processing technique, developer temperature, fixation proceedure, etc. 

Care must be taken to keep the se parameters constant, so that any change in optical 

density is due only to a change in dose. Sorne degree of film blackening will occur 

even with no irradiation. This is referred to as the film fog, and must be subtracted 

from aIl measured optical densities to establish a true zero point on the characteristic 

curve. 

The radiographie film (6) used in our experiments was of the type used for 

portal imaging of radiotherapeutic procedures (Kodak XV II). Bearn data aquired 

with the radiographic film was analysed with two types of densitometcrs. One was the 

commercially available RFA used as a 2-dimensional film scanner and the other a 

digital imaging system developed for film densitometry. 

In the RFA densitometer a transparent acrylic plate to hold the film is plaeed 

above the water tank. The optical system is driven by two independent motors, 

moving both the detector and light source simultaneously within a 50x50 cm3 

scanning area. The light source is a tungsten filament incandescent lamp with a 

radiated spectrum equal to that of a black body radiator at a temperature of 2850 K. 

The detector consists of a silicon photodiode with an active area of 1.6 mm2, sensitive 

to light with wavelength ranging from 400 to 1150 nm and a spectral response peak at 

925 nm when the acrylic window is in place. Optical Ienses are used to focus the light 

spot. The spatial resolving capability of the densitometer is about 0.8 mm. 

Typical calibration curves obtained with our radiographie film (6) on this 

system are shown in Fig. 2.4. The films were irradiated with 10 MV x rays to various 

doses up to 200 cGy in a polystyrene phantom. The measured optical density fifst 

rises linearly as a function of dose at low doses between 0 and 50 cGy. At largcr 

doses, however, the density saturates at a dose of about 300 cGy. The mcasured 

optical density ranges from about 0.06, the fog, to about 3 at saturation. Shown in the 

graph are calibration eurves obtained with photon beams under various irradiation 

conditions. The film was calibrated for different film batehes, on different dates, and 

at a variety of depths in the polystyrene phantom. At low doses. the curves do not 
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FIGURE 2.4. Characteristic curves for radiographie film (Kodak XV Il) used in 

our experiments. Optical density of irradiated films as measured with the RFA 

densitometer for different film batches is plotted against dose. The films were 

irradiated to different doses at a variety of depths in a polystyrene phantom. 
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change with these parameters. Thus the same calibration curve can he used to analyse 

each irradiated film, provided that the dose is kept weIl below the saturation dose. 

In the digital densitometry system, on the other hand, the film was placed on a 

high power uniformly ilIuminated light box and imaged with a solid state charge2 

coupled video camera (11) through a 50 mm flat lens (12). The lens and cmnera were 

mounted on an adjustable lum, attached above the light box to enable versatile 

magnification. Images of256 by 256 pixels (or 512 by 512 pixels if desired) were 

acquired with a frame grabber (13) and subsequently analysed with a Sun 386i/250 

computer. The spatial resolution of this system depends on the magnification uscd, 

but is typically 0.2 mm per pixel. The intensity of light reaching the camera is 

measured and related to a grey scale ranging from 1 to 256. This inlensily changes 

with degree of film blackening, and can thus be related 10 the dose in a manner similar 

to the RFA densitometry system described above. The film is calibratcd by rclating a 

known dose to a pixel intensity. 

Figure 2.5 shows typical calibration curves obtained with the digital system. 

The curves are non-linear with dose and very specifie to a particular camera sctting, 

such as the camera magnification and the lens aperture opening. This means that the 

calibration curves are strongly dep<::ndent on the amount of light reaching the camera. 

Thus, a calibration curve should be measured for each camera setting used in the 

analysis of films and the resulting curve can then be used only under identical 

circumstances. However, given a particular setting, the calibration curve can be 

reproduced relatively easily, fulfilling the requirements for accurate dosimetry. At 

high doses, the film becomes too black to allow the camera to distinguish changes in 

intensity. AlI four curves of Fig. 2.5 converge at high doses to a minimum intensity 

whose magnitude varies depends on the camera and lens combination. When using 

tilis system as a dosimeter, care must be taken to ensure that aIl doses result in an 

intensity greater than that to which the calibration curves converge. This is easily 

done by keeping doses below 50 cG y, an acceptable solution in our measurements as 

we were interested only in relative dosimetry. 
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FIGURE 2.5. Charaeteristie curves for radiographie film used in our experiments 

and measured with the digital video imaging system. Light intensity passing through 

Û1C irradiated film and reaching the camera is related to a grey scale ranging from 0 

to 250. The same film densities will resuJt in different intensity readings for different 

Jens aperture openings and camera magnifications. The films were irradiated to 

known doses in a polystyrene phan tom at a depth of 2.5 em. 
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2.5 Ionization chambers and diodes 

Detector size and their corresponding spatial resolution are very important 

factors, given the small field dimensions of the beams used in radiosurgcry. The 

detector's cross-section of the sensitive volume must be considerably smaller man the 

beam diameter. Any charge or current measured due to the creation of ions upon 

irradiation must be related to a known mass in order to determine the dose. This 

criterion puts a substantial restriction on suitability of detectors, as the fields to be 

measured range from 0.5 cm to 3.5 cm in diameter. Therefore, only small volume 

ionization chambers and diodes were used in our measurements of radiosurgical beam 

data. 

The diode detectors were p-type silicon semiconductors, requiring about 3 eV 

to produce an electron-hole pair, with the resulting current proportion al to the dose 

received. They operate in the photovoltaic mode, so that no po.ential difference 

across the device is required. The outer dimensions of the cylindrical detcctor are 8.0 

mm for the diameter and 25 mm for the height. The outer material is an epoxy resin, 

coated with a thin layer of water resistant painl. The silicon crystal itself has a 

sensitive volume of 0.25 mm\ a diameter of 2.5 mm and a thickness of 60 J.lm. The 

measuring volume lies 0.55 mm below the detector's surface. 

The diode proved to be the most suitable detector for beam rneasurernents in 

air because of its small volume of interest. The high energy of the lioac beam 

requires that a build-up cap covers the detector when beam parameters are mcasured 

in air in order to ensure electronic equiIibrium (14). If made of a tissue cquivalcnt 

material, the cap would require a thickness of 25 mm for the 10 MY bcam making the 

detector plus cap diarneter larger than the diameter of most radiosurgical beams. To 

overcome this, a brass build up cap was constructed for the semiconductor detcctor. 

Because of the higher attenuation coefficient of brass, a thickness of only 3 mm of 

brass was needed to achieve electronic equilibrium. Given the detcctor dlamctcr of 8 

mm, the diameter of detector with build-up cap was 14 mm. Thus, this set-up could 
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be used for aIl but the smallest beams. Since only doses relative to a standard 10xlO 

cm2 field were measured in air, the Jack of tissue equivalence of brass was not taken 

into account. 

In an ionization chamber, the measured signal is related to the ions produced 

and collected during irradiation. Borh thimble and parallel-plate ionization chambers 

were used in our experiments. Practical thimble ionization chambers contain a single, 

charged electrode in the chamber's central air cavity. The wall of the chamber is 

made of an air-equivalent material, with an inner coating of conducting material. 

Exposure can be measured '.md related to the dose through calibration and correction 

factors. A parallel plate ch~mher, on the other hand, contains two charged plates 

,!parated by sorne distance thus creating an electric field. Guard rings ensure a 

uniform field in the volume-of-interest. The principles of operation are of course 

the same for both the thimble and parallel plate chambers. A known mass of air is 

irradiated, the ions produced by radiation are collected, and the charge measured is 

related first to exposure through a calibration factor. and then to the dose in the 

irradiated medium. 

The ionization chambers used with the RFA isodose pIotter are thimble 

ionization chambers with outer dimensions of 7.0 mm for the diameter and 25 mm 

for the height (3). The air cavity itself has a volume of 120 mm3, a diameter of 4.0 

mm and a length of 10 mm and contains a central electrode 9 mm in length. The 

thimble is made of acrylic with an inner graphite wall. A typical polarizing potential 

voltage of 250 V is applicd to the chamber. 

A Fanner type parallel plate ionization chamber (5) was used for percentage 

depth dose measurements to take advantage of its high depth resolution and its 

capability for measurement of surface doses. The chamber has a volume of 0.03 cm3, 

an electrode separation of 1.0 mm, a sensitive diameter of 3 mm and a diameter 

inc1uding the guard ring of 5.2 mm. 118 polyethylene wall has a thickness of 0.03 mm. 

It is used with a polarizing voltage of 300 V, has a sensitivity of 7xlO-12 C/R and a 

leakage cnrrent of±lxlO-14 A. The current was read with an electrometer (15). 
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2.6 Phantoms 

Phantoms simulating soft tissue were used in conjuction with the dosimeters 

described above. The RFA unit, with its semiconductors and thimble ionization 

chambers, allows scan measurements in water. Sheets of polystyrene, ranging in 

thickness from 0.6 mm to 3.2 mm, were used with both the parallel plate ehambcr and 

film. 

When measuring the dose distribution resulting from radiosurgieal treatmcnt 

simulations, or sorne other combination of radiation beams, a spherical phantom was 

used in conjunction with radiographie film as a deteetor. The phantom eonsisted of 

26 sheets of Lucite, each 0.635 cm thick with variable radius, so that whcn the 

circular sheets were stacked together, they resulted in a sphere with a radius of 8.25 

cm approximating the dimensions of a human head. Sheets of film could be placcd 

between any two layers of the phantom, and the phantom could have arbitrary 

orientation, allowing the measurement of dose in any plane at any orientation for a 

given radiosurgical technique. 

2.7 Summary 

In this chapter we discussed the basic experimental apparatus and techniques 

used to generate and measure dose distributions obtained for photon beams used in 

radiosurgery. The detectors are diseussed with respect to their ability to adcquately 

measure properties of the narrow radiosurgical radiation beams. Given that even 

smaU detectors have diameters of the same order of magnitude as the photon beams to 

be measured, the question of spatial resolution must be addressed. Radiographie film 

proved to be a very versatile detector, so the particular film densitometry techniques 

used are explained in sorne detail in this chapter. The characteristic curves describing 

the density vs. dose relationship of the film as obtained with one of two densitometry 
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systems can he used to convert an optical density measurement or pixel brightness to 

dose. The digital film densitometry system exhibits excellent spatial resolution, 

making the detector very suitable for small scale measurements, although it has a 

reduced latitude for high exposures. 

1 
j 

; 
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3.1 Introduction 

In this chapter physical parameters which pertain direttly to radiosurgery are 

discussed. We first describe the typical modifications and additions to standard 

isocentric Hnacs to make them useful for clinical radiosurgery. Then we diseuss the 

typical set-up which is used in our center for delivering radiosurgery and which was 

also use<i in our radiosurgical experiments. The adequacy of the set-up, in tenns of 

spatial aecuracy of dose delivery, is also addressed in this chapter. Simple tests show 

that linac-based radiosurgery can provide a high degree of spatial aecuraey. The 

results of the measurements of radiosurgical beam parameters are then analyscd. A 

particular effect observed during the measurement of depth doses in the build-up 

region, a shift in depth of dose maximum with field diameter. is examined in sorne 

detail, and the cause of the effect is explained. 

3.2 Modifications to the Iinear accelerator for use in radiosurgery 

Radiosurgery sets requirements on linear accelerators that are quite different 

from those encountered in convention al radioùierapy. The small radiation field sizes 

used, the stringent requirement for patient immobilization and the mobility of gantry 

and couch movement involved must be considered, and several adaptations to 

standard Hnacs must be made, before the machine can be used for radiosurgery. 1 n 

our case ail necessary alterations and additions to the linae were construeted and 

implemented by the Department of Medical Physics at the Montreal General Hospital. 

Additional collimation is necessary for use in radiosurgery to achieve the 

small, weIl defined circular fields. A typical collimator used in our center is shown 

schematically in Fig. 3.1. It consists of two lead cylinders, eaeh 5 cm long and 5 cm 

in diameter, lying on top of each other and straddling a 0.65 cm thick acrylic plate. 

This enables placement of the collimator assembly into the tray holder of the tinac, in 
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FIGURE 3.1. Geometry of experimental set-up used in measurement of 

radiosurgical beam parameters. Shown is an example of an additional radiosurgical 

field collimator and its positioning with respect to the machine collimatoT. Also 

shown is a tissue equivalent phantom at 100 cm from the target. 
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the path of the photon field. The tinac adjustable collimator jaws are fixed to give a 

field size of 4x4 cm2 at the isocenter. Sm ail cylindrical apertures were drilled into 

each half of the lead collimator, such that the geometrical beam divergence 

detennines the diameter of the the hole in the top and bottom halves of the collimator, 

as shown in Fig. 3.1. The nominal field diameters at the isocenter of the collimators 

in our set used for radiosurgery range from 0.5 cm to 3.5 cm in stP-ps of 2.5 mm. 

Additional remotely controlled couch motorization has been installed by the 

Department of Medical Physics to en able simultaneous couch and gantry rotation 

during the radiosurgical treatment. The couch rotation is monitored by means of an 

angular position readout on the machine console. The couch rotation is run by the 

gantry rotation control circuitry and its speed is fixed to be one half th/! gantry's 

speed. This addition is specific to the radiosurgery technique which was developed at 

McGilI University and is referred to as the dynamic rotation. 

A bracket is attached to the head of the treatment couch to fasten the 

stereotactic frame to the couch and to thereby immobilize the patient during 

treatment. During the treatment, Le., while the couch is rotating, a brake which 

immobilizes lateraI and longitudinal couch motions is enabled to ensure that shifting 

of the target volume from the isocenter cannot occur. The height of the stretcher top 

as well as the couch angle are continuously monitored during the radiosurgical 

procedure. A change of couch height by more than 0.5 mm or an excessive 

discrepancy between the couch angle cj) and the gantry angle e (Le., if 2cj) - e <> 3°) 

shuts the radiation off automatically. 

3.3 Spatial accuracy 

As mentioned before, radiosurgery is usually given in one high dose 

irradiation (-2000 cGy) with a very small field size (diameter -1 cm). This makes the 

requirements on accuracy of dose delivery, both spatial and numerical, far more 
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stringent in radiosurgery than in conventional radiotherapy where a series of lower 

dose treatments is delivered (typically 25 fractions of 200 cGy each). The spatial 

accuracy falls into two categories, the accuracy of the determination of the target 

volwne and subsequently, the accuracy of the dose delivery to this target volume. 

Given the recent advances in modem imaging modalities, such as Cf, MRI, 

and DSA, the ability to localize a treatment target has been greatly facilitated. AIl of 

the se modalities cao be used in conjunction with stereotactic frames, fust to detennîne 

the coordinates of a volume-of-interest and then to bring this volume-of-interest to 

the isocenter so that the radiation dose is delivered to this target. Presently, with 

modem radiosurgicaJ techniques, the accuracy of target localization lies within ±1 

mm (1) and radiation dose can be delivered to the target with roughly the same 

precision. 

The spatial accuracy of dose delivery in radiosurgery depends not only upon 

the chosen treatment technique, it also depends on the equipment itself and the care 

with which it is used. The general properties of radiosurgical techniques were 

described in sorne detait in Chapter 1. The Gamma unit has no moving parts during 

the treatment, resu]ting in the highest potential for spatial accuracy. In 1975, 

publications indicate that a1l 201 beams of the unit focus to a sphere of radius of 0.3 

mm (2), and more recently, the maximum misalignment of each beam at the focal 

point was given as ±O.l mm (3). Thus the achievable alignment of beams from the 

Gamma unit faUs within fractions of a millimeter, giving these machines an extremely 

high degree of spatial accuracy, exceeding in principle even the accuracy of target 

localization. 

Because the Gamma unit provided the first commercial means of perfonning 

radiosurgery, and because of its excellent potential for spatial accuracy, it has become 

in many ways a standard to which other treatment modalities are compared. AlI 

linac-based radiosurgical techniques require moving parts to achieve a sharp dose 

fall-off outside the target volume. The dose is delivered by relying on rotation of the 

gantry and the couch even though the rotations are not necessarily simultaneous. The 
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rotation al movements have raised questions conceming the stability of linac-based 

techniques. However, if the linac is in a good mechanical condition, it cao be shown 

through simple tests, that linac-based radiosurgical techniques can provide the 

required spatial accuracy of dose delivery (4). 

For the dynamic rotation technique, developed and used clinically at McGill 

University, both the couch and gantry rotate simult&1lleously about a weil defined 

point referred to as the isocenter. Results of a series of tests to detennine the spatial 

accuracy of dose delivery with this technique are shown in Fig. 3.2. The purpose of 

this test was to verify the collimator alignment with respect to the gantry rotation and 

the couch rotation axes. The variable machine collimators were set at the usual field 

size of 4x4 cm2, and the additional radiosurgery field defining collimators (nominal 

diameters of 5 mm to 30 mm in steps of 5 mm) were placed in the tray holder and 

centered about the isocenter with the help of the three alignment lasers. A 

radiographie film (Kodak XV II) was centered between sheets of a 3 cm thick 

polystyrene phantom at the isocenter. For each of the collimators the film was 

irradiated in four different ways with the film always positioned at the isocenter 

perpendicularly to the beam central axis. 

The single field data of Fig. 3.2 column (a) shows the size and shape of the 

beam at the isocenter for the various collimators, providing a comparison with 

subsequent configurations. The data were obtained with a single irradiation of the 

film with a vertical beam. Next films were irradiated with two parallel-opposed 

beams, the first two beams were aligned along the vertical gantry position, and the 

next two were aligned along the horizontal position, with the results shown in Figures 

3.2 (b) and (c), respectively. In either case, and with ail field sizes, the two parallel 

beams appear almost perfectly superimposed, indicating an excellent mechanical 

alignment of the gantry rotation. A fourth set of films, Fig. 3.2 (d), indicates the 

variation of a stationary vertical field with couch rotation. The film was placed on the 

couch, which was rotated through 1800 during the vertical irradiation. The films of 

Fig. 3.2 (d) show that the couch does not shift with respect to the isocenter during 
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SINGLE FIELD PARAlLEL OPPOSEO PARAlLEL OPPOSED COUCH ROTATION 
FIELDS FIELDS VERTICAL FIELD 
(VERTICAL) (LATERAL) 

5 mm 

10 mm 

15 mm 

20 mm 

25 mm 

30 mm 

(c) (d) 

FIGURE 3.2. Tests to determine spatial accuracy of dose delivery in dynamic 

rotation radiosurgery. Part (a) is for single field data of vertical beams at isocenter. 

Superposition at isocenter of parallel-opposed fields for part (b) two vertical beams 

and part (c) two lateral beams. Part (d) is for the rotation of couch through 1800 

during irradiation at isocenter by a vertical bearn. The tests are performed using film 

as a detector for a selection of treatment collimators used clinically at our center. 
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the full rotation of 180°, since the collimator image of the rotating film is essentially 

identical to that of the stationary beam of Fig. 3.2 (a). 

Figure 3.2 provides evidence that our linac is in an excellent mechanical 

condition for accurate clinical radiosurgery. Results of further experiments with 

radiographie film and a 1 cm diameter collimator to verify the mechanical accuracy 

of our linac are shown in Fig. 3.3. The first film, in Fig. 3.3 (a), shows the alignment 

of radiation and light fields. The film was placed at the isocenter in the polystyrene 

phantom perpendicularly to the vertical beam. The radiosurgical collimator was 

centered to the ceiling laser by centering the light field to the isocenter position as 

indicated by the ceiling laser. The dark spot in the center indicates a pin-prick at the 

isocenter as determined by the ceiling laser. The film was then irradiated with two 

vertical parallel-opposed beams. The film shows the dark spot centered weil with 

respect to the two superimposed radiation fields. The parallel-opposed fields are 

slightly shifted, indicating a less than optimal collimator placement. Yet the shift is 

within ±O.5 mm. \Ve conclude that the light and radiation fields coincide weIl and that 

centering of the radiosurgical collimators with the help of the light field is acceptable. 

The other three films in Fig. 3.3 depict the superposition of four fields, two 

parallel-opposed vertically and two parallel-opposed laterally. The films were either 

perpendicular, parallel, or oblique at a 45° angle to the vertical direction and the 

results are shown in Fig 3.3 columns (b), (c), and (d), respectively. The orientation 

of the film and the incident beams are shown schematically in the top portion of the 

figure. The four fields superimpose weIl, certainly within ±0.5 mm. The beams 

passing in a parallel orientation through the films show a slightly poorer 

superposition. This can be attributed to the divergence of the beams with depth. The 

shape of the irradiated spot in Fig. 3.3 (d) is an ellipse as expected, because of the 45° 

film orientation with respect to the vertical. 

It is obvious from Figures 3.2 and 3.3 that the spatial accuracy of linac-based 

techniques can he made to fall weil within the present accuracy of target localization, 

i.e., weIl within ±1 mm. This accuracy depends not only on the mechanical 
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FILM FILM 
PERENDICULAR PARALLEL 
TO VERTICAL TO VERTICAL 

(b) (c) 

FILM 45° 
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(d) 

FIGURE 3.3. AIignment of several radiation fields defined by the 1 cm treatment 

collimator at isocenter. Part (a) alignment of two parallel-opposed vertical radiation 

fieids and light field as indicated by a pin prick through the laser point marking the 

center of the light field. Parts Cb), Cc), and (d) show the alignment of four radiation 

fields. The film is placed at isocenter perpendicular to the vertical beam, parallel to 

the vertical beam and at a 45° angle to the vertical beam for films in parts (a), (b) and 

Cc), respectively. The orientation of the film and the incident beams are shown 

schematically in the top portion of the figure. 
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iscentricity of the linear accelerator, but also on the proper placement of the 

treatment collimator in the tray holder. Great care must be taken that the collimator 

is Jrrectly centered about the isocenter, and a quick film check of vertical 

parallel-opposed beams to verify that this is the case should be made before 

commencing each treatment. 

The potential problems with spatial accuracy resulting from an improper 

placement of radiosurgical collimators are demonstrated in Fig. 3.4. Again, film was 

placed at the isocenter in a 3 cm thick polystyrene phantom perpendicularly to a 

vertical radiation beam obtained with a 1 cm diameter collimator. The collimator 

was first centered with the procedure discussed above and then shiftcd intcntionalJy 

in either the longitudinal (along the gantry axis) or the lateral (perpendicularly to the 

gantry axis) direction. Three collimator shifts were studied: 0.5 mm, 1 mm and 2 

mm, and the results are shown in Fig. 3.4. As se en in Fig. 3.4 (a), a longitudinal shift 

of the collimator does not affect the superposition of the two vertical beams. This is 

expected since the longitudinal axis remains coincident with the f\xis of gantry 

rotation, which is referred to as the isocenter axis. In the laterai direction, on the 

other hand, even a slight misalignment of the collimator about the isocenter rcsults in 

a very poor superposition of the parallel-opposed fields, far exceeding the limits on 

the accuracy imposed y the target localization, as seen in Fig. 3.4 (b). However, the 

images in Fig. 3.4 clearly indicate that a misplaced radiosurgical collimator can be 

readily detected by means of a simple film verification prior to treatment. 

Thus, a conclusion can be made that if care is taken during the treatment 

set-up, a Hnac can be adapted to meet the stringent requirements on spatial accuracy in 

radiosurgery, falling well within ±1 mm, the present limit on targel localization with 

imaging techniques. In the future, imaging modalities and stereotactic frames may 

improve even further, indicating a need to re-evaluate the current linac perfarmace, 

but for the present, the higher degree of accuracy of the Gamma unit seems 

unnecessary, and should not be an important factor wh en comparing radiosurgical 

techniques. 
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FIGURE 3.4. Alignment of parallel-opposed vertical fields obtained with the 1 

cm diameter treatment collimator shifted with respect to the laser indicated isocenter. 

Part (a): collimator is offset from central position by 0.5, 1 and 2 mm in the 

longitudir.:ll direction, and part (b): collimator is offset by same amounts in the lateral 

direction. 

(a) 

(b) 
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3.4 Profile measurements for stationary beams 

A beam profile gives the distribution of dose along the cross-section of a 

radiation beam at a particular depth in a phantorn. The doses are normalized to the 

dose on the central beam axis and are usually given as a percentage of this dose. l11ese 

percentages are referred to as off-axis ratios (OAR) and arc plotted as a funct)on of 

distance from the central axis. Measurements were made to determine tJle b~am 

width as a function of depth and the size of the beam penumbra. The data are used in 

the calculation of dose distributions for radiosurgery. 

Since the radiosurgical beams are of very small cross-sections, the techniques 

used in the rneasurernent of beam profiles for standard radiotherapy beams are not 

necessarily adequate for the profile measurernents of radiosurgical beams. 1'0 

deterrnine the suitability and dependence of the measurement on detector size and 

orientation we measured profiles of our radiosurgical beams with severa] different 

detectors. The ability of these detectors 10 accurately resolve the profile of a narrow 

beam was investigated. The profile of each bearn was measured in a tissue equivalent 

phantom with the various detectors at a depth of 2.5 cm, which is the nominal depth 

required for the dose of a 10 MV photon beam to reach ils maximum, equilibrium 

value. ln order to study the beam divergence, profiles were also measured at various 

other depths in phan tom. AlI rneasurements were done with a vertical stationary 

bearn and a source-surface distance (SSD) of 100 cm. The dose measurement 

techniques were discussed in sorne detail in Chapter 2. The exposed film was analyzed 

with the RFA densitometer as weil as the digital video analysis system. Profile 

measurements were also made with the semiconductor and the thimble ionization 

chamber on the RFA 3-dimensional isodose pIotter. The semiconductor was placed in 

an upright position, parallei to the beam central axis. ILl) small sensitive volume and 

small diameter made this the most suitable orientation. The ion chamber was 

positioned in three different orientations to investigate the effects of ilS asymmetrical 

sensitive volume. When on its side, the long axis of 10 mm was placed 
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perpendicularly to the beam. Scans could then be perfonned along the longitudinal 

direction of the detector or along the direction of the 4 mm diameter of the cylinder. 

In the upright orientation, the sensitive volume has an upper surface diameter of 4 

mm. 

Examples of results of these measurements at the depth of 2.5 cm are shown in 

Fig. 3.5 for two collimator sizes: 1 cm diameter in Fig. 3.5 (a) and 3 cm diameter in 

Fig. 3.5 (b). The graphs indicate that the ability of the detector to resolve the sharp 

edge of the profile is a direct reflection on the size and orientation of the detector's 

sensitive volume. The sharpest profile was measured with the digital video analysis of 

the films. At the magnification chosen to image the films, the spatial resolution of the 

system was Jess than 0.15 mm per pixel. The slight tail at the end of the profile, a few 

millimeters in width, indicates the beam penumbra. 

The measurement of films with the RFA densitometer and the measurements 

taken with the semiconductor exhibit a simiJar behaviour. The fall-off of the profiles 

is quite steep from doses of90%to 20%, with a shallower fall-off at doses below 20%. 

This tail, which is larger than would be expected from the beam penumbra, can be 

explained by the finite size of the detectors. As the detectors scan across the beam (or 

the aperture across the image of the beam in the case of the exposed film), the 

detectors are still partially irradiated, thereby detecting dose, even though the 

reference point of the chamber has passed out of the beam diameter. As the detector 

bccomes Iarger or the field diameter smaller, this effect becomes more important. 

Wh en the ionization cham ber scans the beam along the 4 mm diameter of its 

sensitive volume, whether placed sideways or upright in the beam, the measurements 

obtained are essentially equal. However, given the larger dimensions, the measured 

fall-off is less steep than that obtained with the other detectors. As expected, by far 

tlle worst profile is measured when scanning along the length of the longitudinally 

placed ionization chamber. Only for the central axis measurements is the detector 

fully irradiated by the beam. Off-axis measurements result in partial detector 

irradiation, making the dose too low when the reference point of the chamber lies 
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FIGURE 3.5. Dose profiles as measured with a variety of detectors at a depth of 

2.5 cm in a tissue equivalent phantom with a 10 mm Jiameter collimator in part (a) 

and a 30 mm diameter collimator in part (b). 
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within the beam, and too high when when it lies outside of it. 

The importance of choosing a suitable detector becomes clear from these 

measurements. The sm aller the detector's sensitive volwne, the greater is its ability to 

measure sharp edges and the smaller is the observed tail effect. As field size 

decreases, measurement dependency upon detector size and resolution plays an 

increasingly important role. Based on the profiles of Fig. 3.5 we conclude that the 

film/video dosimetric system gives the best measurement resolution. The film 

densÎtometer system and diode are a close second and still could be used with sorne 

confidence. The ionization chambers, however, should be used in radiosurgical 

profile measurements with great caution because of their relatively large sensitive 

volumes which degrade their spatial resolving power. 

Dose profiles measured at different depths in phantom are shown in Fig. 3.6 

(a) and (b) for the 1 cm and 3 cm diameter collimators, respectively. The off-axis 

ratios (OAR) were measured with the film/video dosimetric system, which, as shown 

in Fig. 3.5, was the most suitable detector for small radiosurgical fields. The depths 

of measurement were chosen at 2.5 cm, 10.5 cm, 18.5 cm and 26.5 cm. These 

profiles measured with 8 cm depth intervals beyond the depth of dose maximum 

correspond to the profile data requirements of the dose calculation algorithm we 

commonly use in radiotherapy (5). The graphs show the divergence of the beams, 

which can be considered as originating from a point source. At a depth in phantom of 

265 mm, the oiameter of the beam profile is 80 mm wider than the diameter of the 

profile measured at the depth of dose maximum. 

3.5 Percent depth dose measurements 

In radiotherapy, the dose deposited by a radiation beam as it penetrates 

Ulrough a medium is described by a percent depth dose curve (PDD). This curve is 

measured on the beam central axis and gives the relative dose deposited by the beam as 
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FIGURE 3.6. Off-axis ratios measured ,~Iith the digital imaging densitomctry 

system at four depths in polystyrene phantom: 25 mm, 105 mm, 185 mm and 265 

mm. Part (a) 10 mm diameter collimator and part (b) 30 mm diametcr collimator. 
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a function of depth in the medium. The dose is nonnalized to the maximum value 

occuring at the depth of dose maximum (dmax> and quoted as a percentage. 

Measurement of percent depth doses for the radiosurgical beams were made with the 

detectors described in Chapter 2. Film was used as a detector and subsequently 

analysed with the RFA densitometer. The parallel plate ionization chamber was also 

used, as were both the semiconductor and the thimble ion chamber of the RFA isodose 

piotter. Ali measurements were made in tissue equivaJent phantoms al an SSD of 100 

cm, to a depth of -20 cm. This depth was deemed sufficient, since radiosurgery is 

performed on the brain with a maximum separation of less than 20 cm. 

Sheets of radiographic film were placed between layers of the polystyrene 

phantom and oriented parallel to the beam. This allowed the measurement of a two 

dimensional dose distribution with depth along the length of the film. 1'0 verify that 

the thin layer of silver on the film did not affect the attenuation of the beam, a few 

films were placed into the phantom perpendicularly to the beam and irradiated. 

Percent doses were then compared at specifie depths for the parallel and 

perpendicular orientation of the films and were found to be identical. Films were 

analysed with the RFA densitometer. For practical reasons the video analysis system 

was not used in percentage depth dose measurements. The system was specifically 

designed to image small areas with the camera's field of view having a diameter of 

only a few cm. The films used in the PDn measurement of the radiosurgical beams 

were 20 cm in length and thus too large for the camera to aquire their images for 

analysis. Furthermore, since the PDD curves do not contain sharp edges, the spatial 

resolution of the RFA densitometer proved to be sufficient. 

In the build-up region the depth doses were measured with a Farmer parallel 

plate ionization cham ber. The build-up region of a photon beam is defined as the 

region extending from the surface of the medium to a depth dmax where the dose 

attains its m~·.jmum value and electronic equilibrium has been reached (6). The dose 

gradients in this region are generally very steep, as the depth of dose maximum is 

reachcd at a depth of a few mm to a few cm, depending on the beam energy. Thus a 
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thin wall cham ber with a thin sensitive volume has the depth resolution needed to 

measure the doses in this region. 

Establishing dmax accurately is veit important for subsequent depth dose 

measurements with other detectors, such as diodes and ionization chambers. The 

geometry and wall thickness of these detectors do not allow dose measurements in the 

build-up region. At depths beyond dmax' however, they give excellent and accurate 

results provided that they are properly used. This requires thal their cross-section 

perpendicular to the beam central axis is relatively small compared to the beam 

cross-section at a given depth in phantom and, moreover, that the position of the 

reference point in the detector is weil known. These two conditions are mLl for both 

the diode and the cylindrical ionization chamber by orienting the chamber axis along 

the beam central axis. The position of the chamber reference point is on the cham ber 

axis for both the diode and the ionization chamber. The exact position is easily 

determined for the diode as the sensitive volume is only 60 J1m thick, for the 

ionization cham ber, on the other hand, which has a length of -10 mm, we determined 

the reference point position experimentally. For sm ail diameter radiosurgical fields, 

the ionization chamber must be used in the parallel orientation. 1'0 determine the 

depth position of the reference point in this orientation, we match the depth dose 

curve obtained with the parallel plate ionization cham ber to that measured with the 

RFA ionization chamber for a 10xl0 cm2 field. Once the depth position of the 

reference point of the RFA chamber in the parallel orientation is known, the depth 

doses for our set of radiosurgical collimators were relatively easily rncasured. 

Figure 3.7 shows the percent depth dose curves rneasured with a variety of 

detectors. The curves for the 1 cm diameter collimator in part (a) and for the 3 cm 

diameter collimator in part (b) exhibit typical PDD behaviour, a rapid rise to dmax 

and a slow fall off which is essentially exponential. Measurement with all detectors 

for a particular collimator result in PDD curves within a few percentage points of 

each other. The 1 cm collimator PDD curve measured with the ionization chamber 

shows a slight deviation from data obtained with other detectors, indicating an error 
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FIGURE 3.7. Percentage depth doses measured with a variety of detectors in a 

tissue equivalent phantom for (a) 10 mm diameter collimator and (b) 30 mm diameter 

collimator. 
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from the average measurements of -5 %. However, in general all the detectors used 

are suitable for these measurements. An average of the se curves is used as basic data 

for the computerized treatment planning in radiosurgery. 

In Fig. 3.8 we plot the average POO data for several field sizes. Shown are 

two radiosurgical fields, with a 10 mm and a 30 mm diameter, and a standard 10xlO 

cm2 radiotherapy field. Because of its smaller field size, the 1 cm POO curve falls off 

at a slightly steeper rate than the 3 cm POD curve, and both curves are steeper than 

the large lOxl0 cm2 field. POO data for radiosurgical fields of diameters between 

those shown, fall between the 10 mm and 30 mm collimator curves. The surface 

doses for ail collimators were 8%, the depths of dose maximum, however, depend on 

field size. This dependence will be discussed in section 3.7 below. 

3.6 Relative dose factor, scatter fador and collimator factor 

In general, the dose measured at any depth in phantom along the central axis of 

a radiation beam consists of both primary and secondary dose. The primary dose is 

detennined by the photon fluence of the primary beam. which can be considered as 

originating from a point source, and is field size independent. The scattered dose, on 

the other hand, is proportional to the collimator field size and to the volume of the 

irradiated phantom. Any change in beam parameters is a resuIt of a change in the 

scaUer dose. This scatter can be separated into two components, the scatter 

originating from the collimator and the scatter originating in the phantom iiSelf (7). 

The total change in dose rate as a result of a change in field diameter is given 

by the relative dose factor (RDF). The change is relative, comparing the dose rate 

measured at the depth of dose maximum dmax in phantom for an arbitrary field size r 

to that for a standard 1 Oxl 0 cm2 field and is as given by the equation 

Dmax (r) 
RDF (r) = ---­

Dmax (lOxl0) , 
(3.1 ) 
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FIGURE 3.8. Average percentage depth doses measured in a tissue equivalent 

phan tom with a variety of detectors for several field sizes: 10 mm diameter 

collimator, 30 mm diameter collimator and a lOxl0 cm2 field. 
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where the subscript denotes that the point of measurement is at dmax in phantom. 

RDF is measured with an SSD of 100 cm. Deviations in this factor from 1.0 are a 

result of a change in scatter from both the phantom and the collimator. The relative 

dose factor can also be expressed in terms of its contributors, i.e., in terms of factors 

reflecting changes in collimator scatter and factors reflecting changes in phantom 

scatter, given by the collimator factor (CF) and scatter factor (SF), respectively. The 

RDF (r) can then be expressed as follows: 

RDF (r) = SF (r) CF (r) . (3.2) 

The collimator factor, which gives the relative change in dose due to a change 

in collimator size only, is given byequation 

, 
Œ (r) = , Drnax (r) 

Dmax (lOxlO) 
(3.3) 

where the prime in Eq. (3.3) denotes doses to a small mass of medium measured in 

air. The CF for collimator size ris, similarly to the RDF(r) of Eq. (3.1), nonnalized 

to CF(10x10 cm2) =1. The doses to a small mass of medium can be measured with a 

suitable detector and a build-up cap at a distance of (SSD + dmax) from the source. 

Collimator factors reflect a change in collimator scatter due to a change in collimator 

surface area exposed to the primary beam. 

In our experiments, the colIimator factors \Vere measur~d in air for the 

collimators ranging in diameter from 1.5 cm to 3.0 cm in steps of 0.5 cm, with the 

semiconductor detector and the brass build-up cap discussed in Sec. 2.5. Collimator 

factors for fields smaller than 1.5 cm diameter were found by extrapolation. The 

measurements of relative dose factors were made with several detectors and the 

results averaged. Scatter factors were then calculated using Eq. (3.2). 

The results of these measurements and calculations are given in Table 3.1. 

Both the relative dose factor and the scatter factor have a very strong dependence on 
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Collimator 
diameter RDF (r) CF (r) SF (r) 
(mm) 

10 0.73 0.94 0.77 

15 0.81 0.94 0.86 

20 0.86 0.94 0.91 

25 0.90 0.94 0.96 

30 0.91 0.94 0.97 

100x 100 1.00 1.00 1.00 
\. 

TABLE 3.1. The relative contributions to seatter into various components, 

relative dose factor, collimator factor and saUer factor for different radiosurgical 

field sizes. Data for a standard lOx 10 cm2 radiotherapy field is included for 

comparison. 
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the field size. The collimator factor, on the other hand, remains constant for fields 

between 1.5 cm and 3 cm in diameter and increases only for fields larger th an 3 cm. 

The relative dose factors are used, in conjunction wiili percentage depth dose data and 

the off-axis ratios, in the computerized calculation of dose distributIOns in 

radiosurgery and in the subsequent calculation of the monitor units rcquiTed on the 

linac to achieve the prescribed target dose. 

3.7 Depth of dose maximum 

A doser look at the depth dose curves in Fig. 3.8 shows that the sl/Jaller field 

size (1 cm diameter) has a shallower depth of dose maximum compared to the larger 

field size (3 cm diameter). In conventional radiotherapy, a change of dn1.lX WiÙl field 

size is a well known phenomenon. As the colIimator jaws wlden the field SI/.C 

increases and more surface area of the collimator is exposed to the pnmaTy bcam. 

The dense, high atomic number collimator material produces secondaTY scalter, both 

electron and photon, primarily through the Compton interaction of the photons with 

the collimator surface. Sorne of this scattered radiation reaches the phantom or the 

patient but has a lower energy than the primary photons, ùlereby softening the beam 

spectrum. The softer the photon beam, the less penetrating It i~ and the shallower is 

its depth of maximum dose (8,9). For large field sizes it has been shown by applymg a 

magnetic field over the region of the x-ray beam, that electrons account for an 

additional contribution to the dose in the build-up region, causing a shi ft ln dll1ax (9). 

However, the change in dmax observed with the small dlamcter rathosurgical 

beams is opposite to what was found for large fields, sinœ in small fields the depth of 

dmax deereases wiili decreasing field size. The effeet is shown c1early in Fig. 3.9 

where the percent depth doses for a l cm collimator and a standard 1 Ox 10 cm2 

radiotherapy field are plotted in the build-up region for the two fields. It is obvious 

that the two fields do not have the same depth of dose maximum. 
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FIGURE 3.9. Percentage depth doses for a 1 cm diameter collimator and a lOxlO 

cm2 square field measured with a parallel plate ionization chamber in a polystyrene 

phantom at an SSO=100 cm. Shown is the build-up region for both fields from the 

surface of the phan tom to a depth of 30 mm. 
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The dependence of dmax on collimator size was observed for ail radiosurgical 

collimators. Table 3.2 lists the measured depths of dose maximum for various 

radiosurgical field sizes and Fig. 3.1 0 shows a plot of this data with data for Ihe 

10xlO cm2 field included for comparison. Data for collimators wilh diameters 

sm aller than 10 mm are not included in the table, as the parallel plate ionizallon 

chamber which was used to determine dmax had a larger diameter than the se field 

sizes. The measured dmax range from 18.5 mm for the 10 mm colltmator 10 23.4 mm 

for the 30 mm collimator. The dmax for the 30 mm collimator is very close 10 llie 

~ax of 25 mm measured for the 10xlO cm2 field, indicating that the eITeel of dmax 

shift is only pronounced for very small field sizes. Glven the scale ~ct by bcam 

diameters, the change in dmax is sizable and largely unexpected. 

The data giving the relative contribution of scatler to the dme 111casured, as 

listed in Table 3.1, can be used to understand the shift in dmax ' Wc havc secn Ùlat 

scatter originating in the collimator remains constant for the small radlosurgieal 

fields, while the scatter factor and with it the relative dose factor change rapldly with 

field size. Furthermore, the percentage surface dose for aIl sm aIl radlosurglcal fields 

is essentially constant with a value of 8%. These measurements sllgge~t that the 

ohserved shift in dmax cannot be attributed to scatler events origlllallng on the 

collimator's inner surface area, i.e., the effeet IS not a result of collilllator scatter. 

Instead, judging from the rapid change in scatter factor, the ~hlft mu~t bc a re~u1t of 

scattering events occuring within the phantom. 

To confirm the lack of dependence of dmax on expo~ed col!tmalor ~urracc 

area, the build-up region for two fields glving an equlvalent bcam area hut havmg 

different collimator surface areas was measured. The results are ~hown III Fig. 3.11 

where we plot the pereentage depth doses III the hui Id-up reglon lor il 17. 7x 17.7 11lln2 

square field, defined by the standard linac colltmator, and for a 20 mm liIameter 

circular field, defined by the 20 mm diameter radiosurglcal collunator The square 

field has a perimeter of 7.1 cm and an area of 3.14 cm2, while the circular colltmator 

has the same field area but a perimeter of only 6.3 cm. Howevcr, it I~ elear from the 
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Collimator dmax 
diameter (mm) 
(mm) 

10 18.5 
15 20.1 
20 20.9 

25 22.7 
30 23.4 

100 X 100 25 
~ 

TABLE 3.2. Depth of dose maximum measured in a tissue equivalent phantom 

with a parallel plate ionization chamber for several radiosurgical field sizes. The 

dcpth of dose maximum for the lOxlO cm2 field is included for comparison . 

• 
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FIGURE 3.10. Depth of dose maximum plotted as a function of circular field 

diameter. 
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FIGURE 3.11. Percentage depth doses in the build-up region for an equivalent 

square field (l7.7x17.7 mm2) and a circular field (20 mm diameter) as measured 

with the para Il el plate ionization cham ber in a polystyrene phantom. Both fields have 

an area of 3.14 cm2• 
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comparison of measured data that the build-up regions for the two fields are identicaJ, 

from the same surface dose to the same depth of dose maximum. We conclude that 

scattcring evcnts occuring in the phan tom are far more important for the shift in dmax 

tJlan any effccts resulting from the collimator. 

To further verify that electron contamination from the additional collimators, 

which are relatively close to the isocenter, does not occur, a thin sheet of acrylic was 

placed just bclow the collimator and the depth dose measurements were repeated. 

Any electrons originating from the lead collimators would be filtered by the acrylic, 

while the photon heaIn would pass essentially unhindered. This was done for the 1 cm 

collimator and no change in tJle measurement of the position of dmax was observed. 

From the measurements discussed above, it is clear that the observed shift in 

dmax must be caused by effeC1S occuring in the phantom, as we have established that it 

cannot be attributed to collimator seatter, either photon or electron. The shi ft is a 

short range cffeet and is observed only for small field sizes. At a field diameter of 3 

cm the depth of dose maximum is very close to that of a 10xl0 cm2 field. 

Furthcrmore, the shift that is observed is of the order of 0.5 cm which is a significant 

fraction of dmax ' approximatcly 1/5 of the depth of maximum dose for a standard 

1 Ox 1 0 cm2 radiothcrapy field. The short range aspect suggests that the effect is a 

result of the sealter and distribution of electrons rather than photons in the phantom. 

Other groups, such as Riee et al. (10) and Areovito et al. (11), observe a 

sirnilar change in the depth of dose maximum, however, neither give a detailed 

explanation to account for the effeet. Riec et al. suggest the effeet is a result of a lack 

of lateral elcetronic equilibrium, while Arcovito et al. believe the shift to be caused by 

photons seattered in the phantom. To obtain a more in depth explanation, we examine 

the interactions oceuring in the phantolll for the given photon beam. 

lbe spcetrum of the 10 MY aceelerator ean be calculated through Monte Carlo 

ealeulations (12). It contains photons with energies from 0 to 10 MeV, most photons, 

however, have cnergies between 1 and 3 MeY. For these incient photon energies, 

Compton seattering is by far the most probable form of interaction with the medium, 
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as over 98% of aIl interactions occur through this effect. Even for photon encrgics of 

10 MeV, 80% of interactions are still through Compton scattering (13). 'l'hus in the 

first approximation in our situation we take only Compton sçattering into account. 

We consider the angular distribution of Compton scattered electwns and thcir 

corresponding energy to know in what direction and how far the Compton rccoil 

electrons travel in the scattering medium. 

In general, the equations describing the Compton interaction of a photon wllh 

an electron are given as a function of me photon scattering angle e, defmed trom 0 0 

to 180°. 0° corresponds to the direction of the incident photon (forwaHI ~catte\lng) 

and 1800 corresponds to a backscattered photon. As we are intcrcsted III the dllecllon 

and energy of the recoil electron, the equations can easlly be expresscd m terms of 4>. 

the electron scattering angle. The relationship between e and <1> IS glvcn by· 

e 
cot <1> ;:: ( 1 + E ) tan '2 . (3.4) 

where q, is defined from 0° to 90°, and E is the initial photon energy hv nonnahzcd to 

the electron Test mass ffioC2: 

hv 
E=-- . 

Illoé 
0.6) 

The differential scattering cross-section dO'/d<l>. which givcs the diffcrcntJal 

cross-section per electron per unit scattering angle <1>, is given as follows: 

<3.5) 
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where ro is the classical electron radius (-2.8 fm). 

The relationship expressed in Eq. (3.5) is plotted as a function of the electron 

scattering angle cp for various incident photon energies in Fig. 3.12. At low incident 

photon energies the distribution of the differential cross section is quite symmetric. 

As the incident photon energy increases, however, the distribution becomes more and 

more peaked in the forward direction. At very high energies almost aIl electrons are 

scattered between 0 and 10 degrees. It is also seen from this graph, that the total cross 

section, i.e., the probability for the effect to occur, as given by the area under the 

curves, decreases rapidly with me increasing incident photon energy. 

As discussed above, the photon beam from a linear accelerator consists of a 

spectrum of energies. Thus, to know the differential cross-section for the photon 

beam from the 10 MV accelerator, we must integrate the differential cross-section for 

individual photon energies over the energy spectrum. Using the ca1culated spectrum 

from Mohan, Chui and Lidofsky (12), we find the sum of aIl cross-sections, weighted 

by the probability of the incident photon having an energy between hv and hv+L\hv, as 

given by the foIlowing equation: 

(3.7) 

where Wj is the probability per MeV of the photon having and incident energy 

between hv and hv+Ahv. 

The results of this ca1culation for our 10 MV photon beam are shown in Fig. 

3.13, which gives the differential cross section dcr/dcp as a function of electron 

scattering angle 4>. Again we see a distribution which is strongly peaked in the 

forward direction, with a maximum probability for 4>=-8° and a fairly rapid fall-off 

as 4> increases toward 90°. Most recoil electrons are thus scattered essentially in the 

forward direction. 

Next, we are interested in how far these electrons can travel in '1 tissue 

equivalent phantom. The kinetic energy KE of the recoU electron as a function of ilS 
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scattering angle for a fixed incident photon energy hv is, according to the Compton 

relationship, given by: 

(3.8) 

Again we use the 10 MV linac spectrum to find the probability per MeV that an 

electron which is scattered at a given angle", wiJl have a particular range R in a 

medium. With the use of tabulated range data for electrons in water (14), the kinetic 

energy information can be expressed in tenns of electron range R. Figure 3.14 shows 

the probability per MeV that an electron scattered at a fixed angle'" will have a 

particular range R. As the scattering angle increases, the probability of the electron 

having a large kinetic en erg y and correspondingly a large range, decreases. At small 

angles the electrons have a substantial chance of having ranges of a few centimeters, 

while the maximum range of electrons scattered at angles greater than 50° is Jess than 

2mm. 

Figure 3.13 suggests that the most probable e]eclron scattering angle for 

Compton electrons produced by 10 MV incident photons is _8°. The average range of 

electrons scattered at this angle is 1.7 cm in tissue. The probability of scatter 

increases in the forward direction and the range of the electrons that are scattered in 

this directiOn increases. Those electrons that do get scattered in more lateral 

directions, on the other hand, have a very short range, as shown in Fig. 3.14. 

To fully explain the observed field size dependence of the depth of dose 

maximum, a Monte Carlo calculation would be required at this point to follow the 

paths of each Compton recoil electron, thereby determining exactly where the dose is 

deposited with respect to the central axis. This lies beyond the scope of our present 

work, but using the above information on Compton scattering, it is possible to at least 

qualitatively explain the effect as shown below. We use the schematic diagram of Fig. 

3.15 to help understand the argument. An assumption is made that ail electrons are 

scattered at 8° and that they aIl have a straightline range of 1.7 cm in tissue. For small 
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( 

72 

FIGURE 3.15. Schematic diagram explaining the observed shi ft in depth of dose 

maximum. Electrons are scattered at a most probable angle of _8° with an average 

range of -17 mm. In (a), (b), (c) and (d) as field size increases, the additional 

peripheral electrons contribute to the central axis dose, causing depth of dose 

maximum to increase. Yet if field size is further increased as in (e), the peripheral 

clectrons will no longer have large enough range to reach the central axis, resulting in 

a saturation of the observed shift in dmax ' The dashed horizontalline indicates the 

field size for each of the diagrams, and the solid vertical line represents the central 

aXIs. 
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field sizes, even recoil electrons produced at the edge of the field will cross the central 

axis, contributing to the dose at the central axis, as se en in Fig. 3.15 (a). As the field 

size increases as in Figures 3.15 (b), (c) and (d), the additional electrons originating in 

the increased volume of the irradiated phantom will also contribute to the central axis 

dose. However, for a scatter event at a given scattering angle ( in our case _8°), a 

greater lateral distance from the central axis implies a greater longitudinal distance 

from the origin of the scatter event to the point where the electron crosses the cenlral 

axis. Thus the electrons originating farther from the central axis will contnbllte to 

the central axis dose at a greater depth. This is illustrated in Figures 3.15 (h), (c) and 

(d) where the depth of dose maximum becomes progressively deepcr as field size 

increases. However, if the field size increases too much, this effect qlllCkly saturales 

and the additional electrons originating in the peripherary of the larger field will no 

longer have enough energy to reach the central axis, as shown schematically 111 Fig. 

3.15 (e). Thus the depth of dose maximum has a sm aIl value for small field s!zes and 

increases as field size increases. At field sizes greater than the electron range the 

effect saturates and dmax reaches ilS highest value. This occurs at -3 cm dlametcr 

fields. Of course this arguement presents a simplified picture of the aetual evcnt, yet 

it helps us to qualitatively understand the situation. 

3.8 Summary 

In this chapter physical parameters pertaining direetly to radiosurgcry were 

addressed. The equipment used for radiosurgical treatment was dcseribed. 

Modifications must be made to a standard linac to obtain the small field dlameters 

required, to motorize the accelerator motions specifically the remotely controlled 

couch rotation, and to ensure the patient immobilization during treatment. Sunple 

tests show that the spatial accuraey of dose delivery of linac-bascd radlosurgical 

techniques can be weIl within ±l mm, the present IimIt of targeL localizalion 
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techniques, provided that the equipment is in an excellent mechanical condition and 

provided that it is appHed properly. Performing these tests prior to patient treatment 

is manditory and will ensure proper placement of treatment field collimators. 

Measurements of radiosurgical photon beam parameters were discussed in this 

chapter. Both profile and percent depth dose measurements were examined as a 

function of the detector used. Detector choice proved to he of greatest importance 

when taking dose profile measurements, with the resolving power of the various 

detectors clearly reflected in the measured profile sharpness. Measurements with the 

digital film densitometer gave the steepest dose profiles. Percent depth dose 

measurements taken with ail deteetors showed good agreement with eaeh other. 

It wa~ observed that the dept; of dose maximum depends on the field size, 

becoming sm aller with a decreasing field diameter. This is contrary to what is 

observed with conventional radiotherapy field sizes where the depth of dose 

maximum shifts towards the surface with an increase in field size. By measuring the 

various seatter components of the radiosurgical beams, it was shown that the shift 

cannot he attributed to collimator scatter, either photon or electron, but in fact is due 

to electron scatter originating in the phantom. The effect can be explained 

qualitatively using the probabilities of electron scatter as determined by Compton 

effect caIculations in terms of the electron reeoil angle and the corresponding electron 

kinetic energy or range. 



75 

3.9 References 

1. T.M. Peters, J.A. Clark, A. Olivier, E.P. Marchand, G. Mawko, M. 

Dieumegarde, L.V. Muresan, and R. Ethier, Integrated stereotaxie 

imaging with CT, MR Imaging and Digital Subtraction 

angiography, Radiology 161: 8LI-826, 1986. 

2. H. Dahlin and B. Sarby, Destruction of small intracranial tumours 

with Co 60 gamma radiation, Acta Radiologica 14: 209-227, 1975. 

3. L. Walton, C.K. Bomford and R. Ramsden, The Sheffield stereotactic 

radiosurgery unit: physical characteristics and principles of 

operation, Brit. J. Radio!. 60: 897-906, 1987. 

4. E.B. Podgorsak, O.B. Pike, M. Pla, A. Olivier and L. Souhami, 

Radiosurgery with photon beams: physical aspects and adequacy of 

linear accelerators, Radiotherapy and Oncology 17: 349-358, 1990. 

5. J. Milan and R.E. Bentley, The st orage and mar..pulation of radiation 

dose data in a smalt digital computer, Brit. 1. Radiol. 47:115-117, 1974. 

6. H.E. Johns and J.R. Cunningham, The physics of radiology, 4th edition, 

Charles C. Thomas, Springfield, Illinois, 1983, pp. 220-223. 

7. F.M. Khan, W. Sewchand, J. Lee and J.F. Williamson, Revision of tissue­

maximum ratio and scaUer-maximum ratio concepts for cobalt 60 

and higher energy x-ray beams, Med. Phys. 7: 230-237, 1980. 

8. J.R. Marbach and P.R. Almond, ScaUered photons as the cause for the 

observed dmax shift with field size in high-energy photon beams, 

~ed.Phys.4: 310-314, 1977. 

9. P.J. Biggs and C.C. Ling, Electrons as the cause of the obseved drnax 

shift with field size in high energy photon beams, Med. Phys 6: 

291-295, 1979. 

10. R.K. Riee, J.L. Hansen, O.K. Svensson and R.L. Siddon, Measurements of 

dose distributions in small beams of 6 MV x-rays, Phys. Med. Biol. 



76 

32: 1087-1099, 1987. 

11. G. Arcovito, A. Piermatti, G. D'Abramo and F.A. Bassi, Dose 

rncasurcrncnts and calculations of srnall radiation fields for 9-MV 

x-rays, Med. Phys. 12: 779-784, 1985. 

12. R. Mohan, C. Ch'Ji and L. Lidofsky, Energy and angular distributions of 

photons from medical linear accelerators, Med. Phys. 12: 592-597, 

1985. 

13. H.E. Johns and J.R. Cunningham, The physics of radiology, 4th edition, 

Charles C. Thomas. Springfield, minois, 1983, p.163. 

14. H.O. Wyckoff, Chuirman, Stopping powers for electrons and 

positrons, ICRU report 37, 1984, p.206. 



77 

CHAPTER4 

DOSE DISTRIBUTIONS OF RADIOSURGICAL TREATMENT 

TECHNIQUES 

4.1 Introduction .................................................. 7X 

4.2 Treatment planning system. . . . . . . . . . . . . . . . . . . . . . . . . . .. ......... .7X 

4.3 Dose distributions for various radiosurgical techniques ................. R 1 

4.4 Summary ..................................................... 92 

4.5 References .................................................... 95 



~ 

1 

78 

4.1 Introduction 

ln this chapter we briefly describe the 3-dimensional treaunent planning 

system developed for radiosurgery at McGill by Pike et al. (1,2), and then discuss and 

compare the dose distributions resulting from several radiosurgical techniques 

currently in clinical use. Calculated isodose distributions are compared with 

mcasured ones for various radiosurgical treatment techniques. The McGill 

radiosurgical tre..ltment planning system is capable of determining the dose 

distributions for all photon beam radiosurgical techniques including the Gamma unit. 

Measured dose distribution data were obtained by simulating treatments with the 

linear acce]erator. In our convention, the 90% isodose surface is assumed to coincide 

wllh wc target volume, while the 100% dose occurs at the isocenter. For the chosen 

trcJtment techniques, we minimum and maximum distance for the dose to decrease 

[rom 90% of the maximum dose to lesser values, such as 50%. 20% and 10%. was 

obtained. The ideal characteristic of the dose distributions is a rapid faIl-off outside 

the target volume to low isodose values isotropically in aIl arbitrary directions. 

First we discuss the principl:!s of the McGill radiosurgical treatment planning 

system and then describe the process of obtaining measured isodose distributions. 

These measured distributions are used to verify the accuracy of the treatrnent 

planning program in calculating isodose distributions, and then to determine how 

cIosely the various techniques conform to the desired ideal distribution. 

4.2 The McGill treatment planning system 

In clinical radioslJrgery the dose distribution must be known throughout the 

patient's braio, making the calculation )f dose essentially a three dimensional 

problem. A mcthod for caIculating the dose distributions in three orthogonal planes 

(trallsverse, sagittal and coronal) through the target volume was developed and 
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verified experimentally at McGilI University by Pike et al. (1). This 3-dimensional 

treatment planning system can perform dose calculations for aH modern photon 

r lJlOsurgical techniques, including the Gamma unit, and alllinac-based techniques, 

such as the single plane rotation, the multiple converging a\(:5 with any arbitray 

number of arcs, and the dynamic rotation. The calculation is based on Ù1C well known 

2-dimensional Milan and BentIey algorithm (3) for Ù1e calculation of tissue-maximum 

ratio (TMR) distributions, but accounts for the 3-dimensional gcomctry of the 

problem. 

The algorithm follows the gantry and couch rotation in an incrcmental fashion 

and calculates tlle normalized TMR values over a matrix of points dcfined on a pre­

selected plane (1). It uses a set of data measured in a tissue equivalcnt phantol11 for 

each indivïdual beam to be used in raLlosurgery, as discussed in Chapter 3. Thl" data 

set consists of central axis depth doses and off-axis ratios (OAR) or dose profiles al 

several depths for each individual stationary circular beam. The depth and off-axi~ 

distance of each point-of-interest in the calculation is obtained from a patient surface 

database defined by a set of stereotactic computed tomography (CT) or magne tic 

resonance (MR) images. With mis infonnation, the dose at a point of interesl Q can 

be calculated from the following equation: 

(4.1) 

where d is the depth of point Q, dmax the depth of dose maximum, di the depùl of the 

isocenter, fi the source-axis distance (SAD=lOO cm), cI>Q Ù1e field diametcr al pomt Q, 

<I>i the field diarneter at isocenter as defined by the circular collimator, P the 

interpolated percentage depth dose value at depth d for SSD equal 10 f. and Ileld size 

equal ta <Di (fi - di + ct) / (fi + d), and OAR (d,rQ) the off-axis ratio for point () at a 

depth d at a distance rQ from the central axis. The nonnalization aSSlJme~ that 100 
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cGy is given to a point at the isocenter with a field $ and depth in phantom dmax­

DQ(d,«J>Q) is thus the caJculated tissue-maximum ratio (TMR) for the 

point-of-interest. An assumption is made that the TMR is independent of SSD (1). 

'l'lm is a reasonable assumption, considering the small changes in SSD, which occur 

whcn treatmg IesslOns within the brain. It is aIso assumed that tissue inhomogeneities 

(e.g. ~kull bone) wIll have little effect on the dose distribution. 

OrigmalIy, the McGiIl planning system was developed on a large VAX 

computer cqUlpcd with array and display processors. To make the system more 

affordable ilnd uscr-fncndly a PC-based version of the system has been developed and 

intcgrated wllh a complete stereotactic image analysis system, capable of processing 

stcreotactlc MR. CT and DSA images (4,5). The basic hardware of the dose planning 

system consists of an IBM PC/AT compatible system running MS-DOS version 3.3. 

The system is equiped with a math co-processor, seriaI mouse, and an 80 MB hard 

disk. Images are displayed r.y Inpans of an inexpensive 512x512x8 bit imaging board 

and a rcd-grcen-blue monitor. Image data are transferred to the system via an 

industry standard 9 track magnetic tape unit. 

The program allows the choice of the treatment technique in tenns of the 

number of individual arcs or rotations of the gantry, and the gantry and couch initial 

and final positIons. Treatment field size and bearn energy must be specified so that 

appropriate bcam data are used in the calculation. Finally, the number of angular 

illcrcments at which calculations are made must he specified for each arc of the chosen 

Irealment technique. Typically, for the dynamic rotation and multiple converging 

alCS, calculations at increments corresponding to 10° steps in the gantry angle are 

sufficient to obtain a precise enough calculated dose distribution. For improved 

precision, il greater number of increments could be used, however, the calculation 

lime then incrcascs accordingly _ 

Isodose contours, as calculatcd for the orthogonal plane-of-interest which 

passes thlOugh the isocenter, are then directly superimposed on the corresponding 

image slicc. This allows the user to see the caIculated dose distribution resulting from 
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a chosen treatment plan and technique. The TMR is calculated at the target center 

(which of course coincides with the tinac isocenter) and the isodose lines are given as a 

percentage of this value, corresponding to 100% at the isocenter and 90% at the eJge 

of the target. Distances between isodose Hnes can be measured directly from the 

displayed distribution, and dose fall-offs can then be ca1culalted. 11Ie avcrage TMR 

value for the isocenter is detennined by ca1culating the TMR with Eq. (4.1) for cach 

of the individual beams, summing the individual TMRs and dividing the sum by the 

number ofbeams. The average TMR is used in conjunction with the appropriatc RDF 

for the given treatment collimator to ca1culate the monitor units or time needed for 

Hnacs or the Gamma unit, respectively, 10 deliver a prescnbed dose to Ùle lsodose 

surface defining the target volume. 

The trealment planning algorithm has been verificd experilllcntally with 

therrnolUIninescent dosimetry (TLD) techniques in a humanoid phan tom by Plke et al. 

(1). In our work we used a spherical phantom and film densitomeuy techniques for 

comparison of experimental radiosurgical isodose distributions with the Olles 

ca1culated by the McGill radiosurgical software. 

4.3 Dose distributions for variou~ radiosurgical techniques 

In this section we compare the calculated and measurcd isodosc distnbutions 

for four cHnically used radiosurgical trealment techniques: the single plane rotatIon, 

two converging non-copi anar arcs techniques (the eleven arcs uscd in IIcl.delbcrg and 

the four arcs used in Boston) and the dynamic rotation uscd at our ccnter. The 

technical aspects of these techniques have been described in detail III Chapter 1. The 

calculations and measurements of dose distributions wcre pcrformcd for a sphcncal 

tissue equivalent phantom wih a radius of 8 cm. The spherical phantom was chosen to 

ensure generality by avoiding particular patient shapes, as weil ,tS to facilitatc 

comparison with measured data. 
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We first calculate the dose distributions for the four radiosurgical techniques 

in three orthogonal planes: transverse, sagittal and cononal through the center of the 

sphere, for collimators with diameters of 1 cm, 2 cm and 3 cm. A typical set of 

isodose curves for the 1 cm diameter collimator is shown in Fig. 4.1 with the dose at 

the target center, which is also the isocenter of the linac, nonnalized to 100%. 

Isoùose curves corresponding to 90%, 50%, 20%, 10% and 5% of the isocenter dose 

arc shown. ln sorne caSt'\ the lower percentage isodose curves extend beyond the 

areas shown on the figures. Ideally, the optimal dose fall-off would be obtained by 

irradiation in a 41t geometry, i.e., where the beam entry points are spread over the 

total surface area of the sphere (6). 

The practical constraints of dose delivery in clinical set-ups, however, cause 

asymmetrics in the resulting dose distributions. This anisotropy is most pronounced 

in Fig. 4.1 (a) which shows the distribution obtained with the sirrgle plane rotation. 

Wc sec c1early the difference between the dose fall-off in the plane of gant y rotation, 

whcre we have a very poor dose fall-off and the dose fall-off in the plane 

perpcndicular to the gantry plane of rotation where we see a very sharp dose fa1l-off. 

The shallow dose fall-off in the plane of rotation results from the large number of 

parallel-opposed beams in that plane. The 4 converging arcs technique of Fig. 4.1 (b) 

also shows a deviation from spherical symmetry, especially at low isodose curves. 

This asymmetry is also observed for the dynamic rotation technique shown in Fig. 4.1 

(d). A closer observation, however, shows that the anisotropies in the two 

distributions occur only at isodose surfaces below 20%. The dose distribution for the 

Il converging arcs technique is shown in Fig. 4.1 (c). This technique gives the most 

isotropie isodose distribution. Decause of the large spherical segment covered by the 

Il arcs during irradiation, the isodose surfaces, especially above 20%, appear almost 

sphcrically symmetric. 

Although deviations from an isotropie dose distribution occur in ail 

techniques, we see that the 4 converging arcs, Il converging arcs and dynamic 

rotation result in a much œtter approximation to the ideal dose distribution than does 
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FIGURE 4.1. Isodose distributions in three orthogonal planes (transverse, sagittal 

and coron al) for several treatment techniques, (a) single plane rotation, (b) 4 

converging arcs, (c) Il converging arcs and (d) dynamic rotation, as calculated for an 

8 cm radius spherical tissue equivalent phantom with the 1 cm diarneter collirnator. 

Shown in each distribution are the 90%, 50%, 20%,10% and 5% isodose curves. In 

sorne cases the 5% and even the 10% isodose curves continue beyond the limits shown 

in the figures. 
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the single plane rotation. Furthermore, for these techniques deviations from 

spherical symmetry are pronounced only at low level « 20%) isodose surfaces. 

To gain a more precise infonnation on the dose fall-off and isotropy for the 

various radiosurgical techniques, we characterize the dose distributions by the 

stcepest and shallowest dose fall-off eurves outside the target volume. These dose 

fall-off curvcs, as ealculated on the spherical phantom with the 1 em diameter 

collimator, are plotted in Figures 4.2 and 4.3. We plot the two extreme dose faU-off, 

the steepest and shallowest curves for the single plane rotation in Fig. 4.2 (a), 4 

converging arcs in Fig. 4.2 (b), Il eonverging arcs in Fig. 4.2 (c) and dynamie 

rotation in Fig. 4.2 (d). The doser the two curves are to eaeh other, the more 

isotropie is the dose distribution and the more suitable is the technique for 

radiosurgery. The shaded areas between the two eurves represent the location of ail 

intermediate fall-off curves. 

Ta facilitate the comparison among techniques, the faH-off eurves of Fig. 4.2 

are plotted on a single graph in Fig. 4.3, with eurve (a) corresponding to the single 

plane roation , (b) to 4 converging arcs, (c) to Il eonverging arcs and (d) to dynamic 

rotation. Also plotted on this graph for comparison purposes are the two extreme 

dose fall-off curves for the Gamma unit, obtained from Walton et al. (7) and labeHed 

as curves (e). As expected from the isodose distributions of Fig. 4.1, the steepest dose 

fall-off curve for single plane rotation is extremely sharp. The shallowest dose 

fall-off curve, however, show~ a very graduai decrease in dose with distance from the 

target ecntcl. Comparing the singlc plane rotation fall-off curves to those of the 

Gamma unit in FlgA.3, we see that the single plane rotation cannot be taken as a 

sel ious competitor to the Gamma unit. The shallowest dose fall-off curve is much 

worse than ùlat of the commercially available Gamma unit. 

Curvcs (b) and (c) of Fig. 4.3 represent the dose fall-offs for the 4 and Il 

converging arcs techniques, respectively. In comparison to the single plane rotation, 

the multiple converging arcs techniques yield a steeper shallowest dose fall-off curve 

bccause the dose outside the targel volume is spread over a larger volume and the 
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FIGURE 4.2. The steepest and shallowest dose fall-off curves for vanous 

linac-based radiosurgical techniques as calculated on a spherical phantom of radius 8 

cm with the 1 cm diameter treatment collimator. Percenlage doses are plotlcd as a 

function of distance, in mm, from the target center. AlI intermediate dose fall-offs lie 

in the shaded region between the two extreme curves. Shown arc (a) single plane 

rotation, (b) 4 converging arcs, (c) Il converging arcs and (d) dynamic rotation. 
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FIGURE 4.3. The steepest and shallowest dose fall-off curves for various 

linac-based radiosurgical techniques as ca1culated on a spherical phantom of 8 cm 

radius with the 1 cm diameter collimator. The percentage doses are normalized to 

100% at the isocenter and plotted as a function of distance from the target center. 

Curves (a) represent the steepest and shallowest fall-off for single plane rotation, 

curves (b) for 4 converging arcs, curves (c) for Il converging arcs, curves (d) 

dynamic rotation and curves (e) for the Gamma unit (7). The curves are p)otted on 

tlle same axes ta facilitate comparison between dose fall-offs obtained with the various 

techniques . 
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paralleJ-opposed beam situation is essentially avoided. Curves (b) and (c) of Fig. 4.3 

actually compare quite favorably with curve (e) for the Gamma unit. The multiple 

converging arcs techniques with isocentric linear accelerators are therefore viable 

alternatives to radiosurgery with the Gamma unit. A comparison between curves (b) 

and (c) also shows that the larger the number of arcs the steeper appears to be the 

shallowest dose fall-off curve, which of course is to be expected. This efreet, 

however, only becomes pronounced at isodose levels below 20%, while in the region 

between 90% and 20%, there is essentially no difference between the 4 arcs and the Il 

arcs technique. 

The dose fall-off curves for dynamic rotation are shown in Fig. 4.2 (d) and 

again as curve (d) of Fig. 4.3. The shallowest dose fall-off for the dynamic rotation is 

better than that for the Gamma unit and very similar to that for the 4 converging arcs 

technique. It is, however, shallower than the curve for the Il converging arcs 

technique. These differences again appear only in the dose regions below 20%, in 

which a rapid dose fall-off is no longer that important (6). The steepest dosc fall-off 

for the dynamic rotation is similar to that for the Gamma unit, and thcy both arc 

considerably better than the steepest dose fall-offs obtained for the two multiple 

converging arcs techniques. 

The conclusions drawn from Figures 4.2 and 4.3 for the llOac-based 

radiosurgical treatment techniques with the 1 cm diameter collimator are shown to 

hold for larger diameter treatment collimators as se en in Figures 4.4 and 4.5 WhlCh 

give the steepest and shallowest dose fall-off curves calculated for thc 2 cm and 3 cm 

diameter collimators, respectively. In both figures we show the single planc rotation 

in (a), the 4 converging arcs in Cb), Il converging arcs in (c) and the dynamic rotatiun 

in (d). Again, bath figures show the large discrepancies betwecn the ~tcepcst and 

shallowest fall-off curves for the single planc rotation technique, while the other three 

techniques exhibit a rapid dose fall-off and good isotropy for isodoses abovc 20%. 

The data of Figures 4.2, 4.4 and 4.5 is quantified in Table 4.1, whcre the 

minimum and maximum distances for the dose to fall From the 90% 1050%, 90% to 
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FIGURE 4.4. The steepest and shallowest dose fall-off curves for various 

linac-based radiosurgical techniques as calculated on a spherical phantom of radius 8 

cm with the 2 cm diameter treatment collimator. The percentage doses are 

normalized to 100% at the isocenter and plotted as a function of distance from the 

target center. AlI intermediate dose fall-offs lie in the shaded region between the two 

cxtreme curves. Shown are (a) single plane rotation, (b) 4 converging arcs, (c) Il 

convclging arcs and (d) dynamic rotation. 
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FIGURE 4.5. The steepest and shallowest dose fall-off curves for various 

linac-based radiosurgical techniques as calculated on a spherical phantolT' af radius 8 

cm with the 3 cm diameter treatment collimator. The pcrcentagc doses arc 

nonnalized to 100% at the isocenter and plotted as a function of distance from the 

target center. Ail intermediate dose fall-offs lie in the shadcd rcgion bctwCCIl the two 

extreme curves. Shown are (a) single plane rotation. (b) 4 convcrging arcs, (c) II 

converging arcs and (d) dynamic rotation. 
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TABLE 4.1. 

90 

Single plane 4 cOHverzing Il converging Dynamic 
rotation arcs arcs rotation 

-.., 
2 4 2 3.5 2 3.5 2 3 

3 17 4.5 8.5 5 7 3.5 9 

3.5 - 7 19.5 8 12.5 5 18 

2.5 6 3.5 4.5 3 4.5 3.5 5 

4 32 8 12 7.5 12.5 5.5 17.5 

5.5 - 13 30.5 12 19 8.5 34.5 

2 8 4 5.5 4 5.5 3 6 

3.5 43 10 15.5 9.5 17.5 6.5 25 

5.5 - i ï.5 42.5 16 35.5 7.5 44 
) 

(a) 1 cm 
diameter 
collimator 

(b) 2 cm 
diameter 
collimator 

(c) 3 cm 
diameter 
collimator 

Minimum and maximum dose fall-off distances in mm from 90% 

isodose surface to 50%, 20% and 10% isodose surfaces as calculated with the 

treatment planning system for single plane rotation, 4 converging arcs, Il converging 

arcs and dynamic rotation. The calculations were done on a spherical phantom of 

radius 8 cm with (a) the 1 cm diameter collimator, (b) 2 cm diameter collimalor and 

(c) 3 cm diameter collimator. In sorne cases, for the single plane rotation, maximum 

dose faIl-offs extend beyond the range of the calculated distribution and are therefore 

not available. 
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20% and 90% to 10% isodose surfaces are Iisted. Table 4.1 (a) gives the data for the 1 

cm diameter collimator, (b) for the 2 cm diameter collmator and (c) for the 3 cm 

diameter coliIr'1tor. Based on these data, as weil as on Figures 4.2-4.5, one can 

conclude that the multiple converging arcs techniques and the dynamic rofation on 

~,;o~cntric linear accelerators give good dose distributions and are thus viable 

alternatives to the comrnerdal1y available Gamma unit. At isodose values above 20% 

there is little difference between these three treatment techniques. 

The dose distributions discussed above were ail calculated with the McGill 

radiosurgical treatment planning system. Sorne of these distributions were also 

measured to verify again the software algorithm. The measurements of radiosurgical 

dose distributions were made on the spherical tissue equivalent phan tom discussed in 

Chapter 2, in conjunction with film as a detector. The film was placed between the 

central slices of the phan tom, and phantom and film were positioned at the isocenter 

of the Iinac with the film parallel to the desired plane of observation, corresponding 

to the transverse, sagittal or coronal planes. Using thin acrylic rods as supports, the 

sphere could be placed to hang over the edge of the treatment couch thereby avoiding 

interference of the radiation beam with the couch. The sphere was placed into a fixed 

position with respect to the machine isocenter. The machine collimator was set to the 

standard 4x4 cm2 field, and the 1 cm treatment collimator was aligned with respect to 

the isocenter. A lead attenuator with a thickness of approximately 2 cm was placed 

just above the collimator in order to attenuate the radiation beam. This yielded 

optical densities of the radiographie films below saturation values (see Fig. 2.4). 

Films were th en irradiated in three orthogonal planes for the four treatment 

techniques for which the calculations were discussed above. The films were analysed 

with our densitometry system discussed in Chapter 2, and minimum and maximum 

dose fall-offs, from the 90% isodose surface to subsequent lesser isodose surfaces, 

were rneasured for aIl films. 

The data from these measurements are shown in Fig. 4.6. For the four 

treatment techniques, minimum and maximum dose fall-offs from the 90% isodose 
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surface to the 50%, 20% and 10% isodose surfaces are depicted in Fig. 4.6 (a), Cb) and 

(c), respectively. The corresponding calculated values, as given previously, are also 

plotted on the se graphs to allow comparison between calculated and measured data. 

We will limit our discussion of this data to the comparison, as fall-off and isotropy 

characteristics were already discussed above. 

The dose falI-offs from 90% to 50% and from 90% to 20% show excellent 

agreement between measured and calculated values. The inherent error is ±l mm (1) 

in the calculation, and -±O.5 mm in the measurement. Figure 4.6 (c) depicts the dose 

faU-offs from 90% to 10%. Here, there is a slightly greater difference between 

calculated and measured values, especially for the maximum dose fall-offs. We 

attribute this discrepancy to the dose profile data used by the treatment planning 

pro gram to calculate dose distributions. It was seen in Chapter 3 that dose profile 

measurements fol' these small fields are a function of detector size, and that film 

analysed with a densitometry system of hjgh spatial resolution gave the sharpest 

profile measurements, while larger sized ionization chambers gave a shallower 

profile. This difference was especially apparent at low percentage doses. The dasc 

profile data used in the calculation of dose by the treatment planning program was in 

fact measured with an ionization chamber. This may explain the over-estimation of 

low percentage dose values by the treatment planning program and suggests that tllC 

dose profile data used in the treatment planning system should be modified to reflect 

the more accurate measurement technique available with the digital densitometer. 

4.4 Summary 

In this chapter we have compared the dose distributions resulting from several 

linac-based radiosurgical techniques. Both calculated and measured dose fall-offs 

from the 90% isodose surface to lesser isodose values were obtained. Comparisons 

were made for minimum and maximum fall-offs, as we wished to compare 
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(a) Dose fall-off 
from 90% to 50% 
isodose lines 

(b) Dose fall-off 
from 90% ta 20% 
isodose Bnes 

(c) Dose fall-off 
from 90% to 10% 
isodose Bnes 

• Calculated values 

~ Measured values 

FIGURE 4.6. Minimum and maximum dose faIl-off distances in mm for various 

Iinac-based radiosurgical treatment techniques. Shown are the distances for the dose 

to decrease from (a) 90% to 50%, (h) 90% to 50% and (c) 90% to 10%. 

Measurements were made with 1 cm diameter collimator, a spherical ph an tom of 8 

cm radius and film as a detector. Calculations were performed on a sphere of 8 cm 

radius with t11e 1 cm collimator. 
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radiosurgical techniques. The comparison of radiosurgical techniques showed that 

methods which avoid parallel-opposed beams result in very similar dose distributions. 

Comparing dose faIl-offs down to the 20% isodose surface, four converging arcs, 

eleven converging arcs and dynamie rotation are essentially the same. Only at very 

low isodose surfaces do isotropy differences in techniques begin to manifcst 

themselves. As expeeted, techniques where the beam entry traces cover the greatest 

surface area of the skull, such as eleven converging arcs, exhibit the greatest isotropy 

and the steepest dose faH-offs. Single plane rotation, with its infinite number of 

parallel-opposed beams in the transverse plane, shows the most anisotropie dose 

distribution and the shallowest dose fall-off. The dynamic rotation and four 

eonverging arcs exhibit similar dose fall-off characteristics, with a progressive 

anisotropy at lower isodose surfaces. 

Comparisons were also made between ca1culated and measured dose fall-off 

data. It was found that calculated values exhibit excellent agreement with weasured 

data at isodose levels above 20%. For comparisons down to the 20% isodose surface 

the measured and caIculated fall-off distances agree to within -} mm. At lower 

isodose surfaces, there is a slightly greater discrepancy between the measured and 

calculated maximum dose fall-off distances. This can be attributed to inaccurale dose 

profile data measured with too large an ion chamber. It is recommended that these 

data he updated with digitally analysed film data. 
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5.1 Introduction 

As discussed in previous chapters, ideally, radiosurgery would be performed 

with beams approaching the target from directions essentially spread over the 27t 

geometry of the upper hemisphere of (he braiIl. The limiting plane would be the 

transverse plane through the center of the target. The 27t geometry would give the 

sharpest as weil as an essentially isotropie dose fall-off outside the target volume. In 

practice, because of technical constraints, the 27t geometry can only be approximated 

to a certain degree, resulting in the various radiosurgical techniques presently in 

clinical use. Because in ail techniques the beams approach the target in non-copi anar 

directions, their shape has to be circular, which results in spherical dose distributions, 

at least for isodose surfaces above 50%. It was shown in Chapter 4 that the isodose 

surfaces below 50% become progressively more anisotropic, reflecting the particular 

properties of a given radiosurgical technique. 

The isodose surfaces used clinically are thus spherical, appropriate to spherical 

target volumes. Target volumes are not generally spherical, they may, however, 

because of their smaU dimensions within the brain, be approximated by spheres. This 

was the practice when radiosurgery was first developed. Since then, it has been 

observed that many volumes to be treated are ellipsoidal or even more irregular in 

shape. This includes the most common lesions amenable to radiosurgery, the 

arteriovenous malformations. Thus, the most recent interest in radiosurgery has been 

to devise a means of shaping isodose contours to conform to the shape of the actual 

target volume. Of course, the most important isodose surface that must be shaped is 

the one which circumscribes the target volume, usually the 90% dose surface. 

A variety of methods has been suggested to accomplish this goal but only one 

has been implimented clinically, using multiple isocenters. In this technique, rather 

than approximating the irregular target with a relatively large sphere, the target is 

covered by several small spheres, each with its own isocenter within a certain region 

of the target. In principle one can expect a reasonable conformity of the irradiated 
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volume with the irregular target volume as the dose distributions obtained from the 

treatment of each single isocenter with a circular beam are superimposed. For 

example, an ellipsoid with a lengtl. of 3 cm and a width of 1 cm could be irradiated 

with the l cm collimator treating three isocenters along the ellipse's major axis. Th!" 

main disadvantage of this technique is the complicated dose overlap produced by the 

multiple isocenters. This results in extensive planning and treatment time, as each 

process must be repeated for the chosen isocenters. Moreover, imprecise placement 

of the multiple isocenters can result in severe dose inhomogeneities within the targel. 

In this chapter we propose a direct means of obtaining cylindrical dose 

distributions with a single isocenter. Cylindrical targets can be used to approxim3te 

ellipsoid targets in situations where approximations with sphcrical irradiations would 

result in excessive doses to vital yet uninvolved structures within the brain. The 

method with cylindrical targets could be implemented with uny radiosurgerical 

technique which involves the rotation of both the gantry and couch. Variabl~ 

rectangular fields are used and the basic principle is the additional rotation of the 

treatment collimatol' to follow a projected field in the plane of the treatment couch. 

In this chapter we describe the method in detail, inc1uding its derivation, as weil as 

present preliminary studies of the method's viability. This methodology has been 

referred to as dynamic confonnational therapy in conventional irradiations. 

5.2 Definition of the coordinate systems 

The coordinate system used in ail ca1culations is defined in Fig. 5.1. The XYZ 

system defines the coordinate frame fixed in the treatment room, with the position of 

the gantry and couch centers of rotation (isocenter) defining the origin of this system. 

The gantry rotates in the YZ plane about the X axis. The angle of gantrY rotation e is 
defined to be 1800 when the gantry is in a vertical, upright position with the beam 

pointing down. An increase in gantry angle is obtained through a clockwise rotation. 
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FIGURE 5.1. Degrees of rotational freedom and definition of coordinate systems. 

The XYZ coordinate frame is fixed in the treatment room with the origin at the 

isocenter. The X'Y'Z' is the coordinate frame fixed with respect to the couch and 

rotating with the couch through an angle 4J in the XY plane about the Z axis. The 

X"Y"Z" frame is fixed in the ganrty head, rotated through angle e in the YZ plane 

about the X axis. Angle 'V gives the collimator rotation in the X"Y" plane about the 

Z" axis, which is also the beam axis. The triple primed frame X"'Y"'Z'" is the fixed 

frame rotated about this axis. 
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If we consider the gantry head to have a fixed frame of reference, with a coordinate 

system X"Y"Z", this frame is simply a cIockwise rotation of XYZ through angle e 
about the X axis. A further degree of freedom in the gantry head is introduced by 

rotation of the collimator itself. This collimator, lying in the X"Y" plane, ean rotale 

clockwise or counter-clockwise by an angle defined as 'l'. A coordinate system, 

X"'Y"'Z"', stationary in the! collimator plane is defined as a counter-clockwise 

rotation of the double primed frame through '1' degrees. 

The couch rotates by an angle $ in the XY plane about the Z axis. The angle 

<fJ=0° corresponds to the couch positioned along the X axis, with a positive increase in 

an ole given by a counter-clockwise rotation. For example, the couch positioncd aJong 

the positive Y axis represents a couch angle of 90°. A prime frame is defined 10 

remain fixed with respect to the couch, X'Y'Z'. The Z' axis coincides with the Z axis 

except that the directions are opposed. Note that the primed frame is simply a 

counter-clockwise rotation of the unprimed frame through an angle <». 

We thus have four coordinate systems which are al1 related to each other 

through a suitable transformation. The transformation parameters, the angles 

defining the rotations, are analogous to the Euler angles in c1assical mechanics (1). 

However, we chose our definition of angles to conform with angles alrcady defincd 

for the dynamic rotation on our linac. This avoids confusion when implementing 

ca1culations on the treatment machine. 

The basis of the method to be described lies in the degrees of freedom 

discussed above. In the dynamic rotation radiosurgery, the couch and gantry rotale 

simultaneously. As described in detail in Chapter 1, the couch moves from <»=7SO la 

<fJ=-75°, while the gantry concurrently rotates from e=30° to e=330°. Thus, therc is a 

simple two to one correlation between e and $, with the gantry moving by two 

degrees for every couch degree. If we now consider the collimator rotation, it is 

conceivable that the collimator rotales so as to continuously follow the couch motion. 

A standard linue collimator defines a two dimensional field with longitudinal and 

lateral collimator openings. Thus the longitudinal opening of the collimator can be 
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aligned with the longitudinal axis of a cylidrical or ellipsoidal targeL The size of this 

opening will depend on the relative target, couch and gantry positions. Note that the 

lateral opening of the collimator can simply be fixed to correspond to the width of the 

targeL once the longitudinal axes have been aligned. A cylindrical volume will then be 

irradiated during the rotation of the gantry about the couch. The task is to find the 

collimator rotation and the longitudinal field size in relation to the gantry and couch 

motions of dynamic rotation, that results in a rectangular superposition of fields at a 

pre-dctermincd target. To do this, we fïnd the transfonnations that take an arbitrary 

vector in the couch coordinate frame, given by X'Y'Z', to the corresponding 

coordinates in the fixed collimator frame, X'''Y'''Z'''. The vector X'Y'Z' then 

reprcsents the longitudinal axis of the target. The X'" coordinate corresponds to the 

longitudinal collimator setting necessary to treat a target of this length. The angle 

through which the collimator must rota te such that this longitudinal opening aligns 

itself with the turget, as given by the angle 'V, must also be calculated . 

5.3 Derivation of transformation matrices 

In this section we derive the transformations taking a vector in the couch 

coordinate frame X'Y'Z' to the collimator coordinate frame X"'Y"'Z"'. Referring 

to Fig. 5.1 for definitions of ail angles and axes, we consider the appropnate 

transfonnations. The equation 

--} ~ 

a = A a' , CU) 

where the matrix A is given as 

(

COS cp -sin cp 0 ) 
A = sin cp cos cp 0 , 

o 0 1 

(5.2) 
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relates a vector in the primed coordinate system to its coordinates in the fixed frame 

of reference, the unprimed frame. This transformation corresponds ta a 

counter-c1ockwise rotation of the XY plane through angle cj> about the Z axis. 

A clockwise rotation in the YZ plane about the X axis through angle 9, such as 

a rotation of the gantry, is characterized by a transformation mau'ix B given by 

(
1 0 0) 

8 = 0 cose sine . 

o -sine cose 

(5.3) 

A vector undergoing this transformation from the double primed frame lo the: 

unprimed frame is given as follows: 

-. -. 
a=8a". (S.4) 

Finally, the rotation of the gantry head is characterized through a 

counter-clockwise rotation of the X"'Y'" plane about the Z" axis. This 

transfomlation is given by, 

-. -. 
a = C a'" , (5.5) 

with the matrix C defined as follws: 

(

COS 'If -sin 'If 0 ) 
C = sin 'If cos 'If 0 . 

001 

(5.6) 

We combine these transformations to obtain the coordinates of the triple 

primed frame, which is the fixed frame of the collimator, in lenns of the coordinates 

of a vector in the frame stationary with the couch. Simple manipulations give us the 
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following relationship: 

or 

_ (COS"'COSIj>tSimVCOS9Sincp -cos'Vsint+-sin",cos8coscp -Sin'VSin9)_ 
a'" = -sin'Vcos~coS\j1cos9sincp simvsincp+cosVcos8coscp -coS\JIsin9 a'. 

s~neco~ sinecoscp co se 

Li.7) 

(5.8) 

Thus, the longitudinal opening of the collimator, as a function of the couch 

position, gantry position and longitudinal target axis, is given by, 

x'" = (cos", cos~ + simV cose sinlj» x' 
+ (- cos'I' sinC/) + sin", cose coscp ) y' - sine sin'l' z' . (5.9) 

To find the angle of collimator rotation V, which aligns the field with the 

target, wc examine the longitudinal target vector in the coordinate system of the 

gantry head, the double primed frame as given by a". '" corresponds to the angle 

that the projection of vector ail makes in the X"Y" plane. We refer to the schematic 

diagram below, where we convert to spherical coordinates, 

Z" 

k---+--~y" 

X" 
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where 

x" = ail sin~ cos,!, , (5.10) 

y" = ail sin~ sin,!, , (5.1 1) 

and 

Z" = a" cos~ . (5.12) 

The angle that the projected vector a" makes with the X" axis is given by 

" 
tan", = L x" . 

(5.13) 

From the transformations in Equations (5.1) through (5.6), we can easily express x" 

and y" in tenns of the target coordinates. We note that 

or 

Thus, 

andso 

..... ~ 

a" = 0-1 A a' , 

cos~ -
ail = cose sin~ 

sine sine!» 

-sin~ 

cose cose!» 

sine cos~ 

x" = x' cose!» - y' sin~ , 

0 );' . -sine 

cosS 

y" = (x' sine!» + y' cos~) cosa - Zl sina , 

(3.14) 

(5.15) 

(5.16) 

(5.17) 
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tan = r.. = (X' sin~ + y' COS! ) cose - Z' sina 
'II X" X' cos~ - y' sin~ 

(5.18) 

For a given couch and gantry setting, we can calculate the collimator 

longitudinal opening and rotation with Equations (5.9) and (5.18), respectively. 

Given a vector a t in the couch coordinate system, which describes the longitudinal 

orientation of a cylindrical target for a fixed couch and gantry setting, the 

longitudinal collimator opening and the necessary collimator rotation can be 

calculated such that the length of this opening is aligned with the target. 

With the collimator length adjusted to the longitudinal axis of the target 

volume, the short opening of the collimator must simply be fixed to one length which 

corresponds to the diameter of the target. A cylindrical target will then be irradiated 

during the gantry rotation. The short collimator opening must be set to the projection 

of the target's diameter in the X'Y' couch plane. If we consider the width of the target 

in the couch frame w', and the following coordinate system, 

~ ___ ""X'Y' 

then 

. 
wX'Y' = w' co~ , (5.19) 

where 

(5.20) 
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The short collimator opening must thus be fixed at 

z' 
W" = w' --;::;:=;=:::::;-.J X,2 +y,2 + Z,2 

(5.21) 

resulting in a cylindrical dose distribution of diameter w' obtained as the gantry 

rotates about the X axis. 

Thus, as the couch and gantry follow their paths in dynamic rotation, with a 

1:2 relationship between the two angles -of rotation, the collimator longitudinal 

opening and rotation will also follow a route determined by the equations derivcd 

above. The laleral axis of the collimator, on the other hand, will remain fixcd, 

deprnding on the diameter and orientation of the target within the couch coordinatc 

system. 

S.4 Preliminary studies of thl' cylindrically shaped targets 

Preliminary studies were undertaken to determine the viability of the above 

method. Severallongitudinal target orientations were chosen and the respective 

gantry, couch, and collimator openings, both lateral and longitudinal, as weil as the 

collimator rotation were calculated. Pri(lr to irradiation, film was placed between the 

central slices of the spherical phantom described in Chapter 2 and the plane of the film 

was oriented to the desired plane of observation. Unfortunately, the relationships 

goveming the collimator rotation and collimator opening are quite complex, making 

continuous rotation of couch, gantry and collimator, in addition to a continuous 

adjustment of the collimator longitudinal opening difficult to implement. To 

circumvent the se difficulties, it was decided to deliver the dose not in a continuous 

irradiation, but with several single beams at specified intervals. The route of the 

gantry from 300 to 3300 was divided ioto 11 segments of equal arc. At each of these 

Il gantry positions, corrcsponding cOl:~h, collimator rotation and collimator opening 

were determined from the equations derived above in order to simulate the dynamic 
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Ivtation in conjunction with the collimator rotation and field size adjustment. Thus 

the paths of ail continuous motions were divided into equal segments. with equal doses 

given as 1/11 of the total prescribed dose, delivered at each segment. 

The first step of the study was to verify the accuracy of the machine collimator 

in tenns of its rotation and size setting. As with any radiosurgical technique. aIl entry 

beams must superimpose at the target volume which is al the isocenter, during the 

rotation of the gantry. A cylinder oriented along the X' axis of the couch, with a 

length of 3 cm and a width of 1 cm was chosen as a target volume. The coIlimator 

was fixed to longitudinal and lateral openings corresponding to the longitudinal target 

axis and target diameter, respectively. With the couch and collimator in stationary 

positions, the gantry was rotated through 360° and delivered dose to the cylindrical 

target. The results of the se irradiations are shown in Fig. 5.2. Observations were 

made in the transverse (Y'Z'), sagittai (X'Z') and coron al (X'Y') planes, as shown in 

Figures 5.2 (a). (b) and (c), respectivdy. The entrance and exit beams of the 11 

individual irradiations which were used to achieve the dose distribution, are visible 

where the beams intersect the plane of the film. The transverse plane shows the 

lateral cross-section through the resulting cylindrical dose distribution with a width 

of -1 cm, while the other two planes show longitudinal cross-sections each with a 

length of 3 cm. The dose from aIl Il beams appears to superimpose at the target 

volume, showing the spatial accuracy of the machine collimator rotation about the 

isocenter. As the isocentricity of the machine collimator has been verified for this 

simple case, we can now implement the transformations to more complex 

radiosurgical techniques. 

As a simplest conceivable target orientation, a cylindrical target volume lying 

in the couch plane along the couch X' axis, with its center at the machine isocenter was 

selected for irradiation. The length was chosen to he 3 cm and ilS diameter l cm. 

This is a similar target to the one chosen in the machine collimator isocentricity test of 

Fig. 5.2. The eleven collimator openings and rotations, which would ensure that the 

dose superimposed at the target volume for the given couch and gantry settings, were 
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(b) 

SAGITTAL PLANE 
(X'Z') 

(c) 

CORONAL PLANE 
(X' Y') 

FIGURE 5.2. Results of a test to determine the spatial accuracy of the machine 

collimator rotation about the isocenter. The machine collimator was set to give a 

longitudinal opening of 3 cm and a lateral opening of 1 cm at the isocenter. The couch 

remained stationary, white the gantry rotated through 360°. The dose was delivered 

in Il equal intervals along the gantry's path. Part (a): dose distribution of a lateral 

cross-section of the cylinder as measured in the transverse (V'Z') plane. Parts (b) and 

(c) show longitudinal cross-sectional views as measured in the sa) ,tUaI (X'Z') and 

coronal (X'Z') planes, respectively. Measurements were made on a spherical 

phan tom ofradius 8 cm, using film as a detectùr. 
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calculated from Eq. (5.9) for the collimator opening and Eq. (5.18) for the collimator 

angle. The width of this target, lying in the X'Y' plane was 1 cm, thus the laterai 

collimator opening was set to this field size. The set of Il irradiations was repeated 

for three planes of observation, with films placed in the transverse (Y'Z'), sagittal 

(X'Z') and coronal (X'Y') planes. 

Figure 5.3 shows the results of these three irradiations. The measured dose 

distribution is shown in Fig. 5.3 (a) in the transverse plane, in Fig. 5.3 (b) in the 

sagittal plane and in Fig. 5.3 (c) in the coronal plane. These films clearly show the 

cylindrical dose distribution obtained with this technique. The transverse plane shows 

a lateral cross-section al view of the target volume, with a circular dose distribution at 

the center of the film where aIl incoming beams superimpose. The other two films, 

through sagittal and coron al planes, are longitudinal cross-sections, and we see the 

dark rectangle at the center of the films representing the target dose distribution. 

These three films show clearly that the target is cylindrical in shape, with a width of 

-1 cm and a length of - 3 cm. Entrance and exit beams on the films are only visible if 

they intersect the plane in question. Thus in the transverse plane, we see several 

entrance and exit beams, while in the sagittal and coron al planes we see only two. We 

can assume that the dose fall-off outside the target volume will be similar to that 

encountered in spherical dynamic rotation radiosurgery, as we follow the same 

gantry and couch paths and avoid all parallel-opposed beams. 

To verify that the derived method will in fact irradiate an arbitrarily oriented 

cylindrical target volume, the collimator openings and rotations were calculated for a 

target whose longitudinal axis was oriented along a vector pointing from the origin to 

(0.75,0.75,1.1) in the couch frame. This correponds to a cylinder of length 3 cm, 

tilted at 45° to the X'Y' plane and at 45° to the X'Z' plane with the center of the 

cylinder at the machine isocenter. The width of the cylinder was chosen to he 1 cm. 

The results of the se irradiations are shown in Fig. 5.4 and Fig. 5.5. In Fig. 5.4 we 

verify that the irradiated volume has the intended dimensions. These films were taken 

through the cross-sectional planes of the cylindrical target itself. Figure 5.4 (a) is the 
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(h) 

SAGITfAL PLANE 
(X'Z') 

(c) 

CORONALPLANE 
(X' Y') 

FIGURE 5.3. Dose distributions obtained by irradiating a cylindrical target 

volume lying in the couch plane along the couch X' axis, with its center at the machine 

isocenter. The target of diameter 1 cm and length 3 cm was irradiated with the 

cyIindrical dynamic rotation technique utilizing the gantry, couch and collimator 

rotation, as well as adjustable coJlimator longitudinal opening. The dose was 

delivered in Il equal fractions along the gantry's path of rotation. Part (a): dose 

distribution of a lateral cross-section of the cylinder as measured in transverse (Y'Z') 

plane. Parts (b) and (c): longitudinal cross-sectional views as measured in the sagittal 

(X'Z') and coron al (X'Y') planes, respectively. Measurements were made on a 

spherical phantom of radius 8 cm with film as a detector. 
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(b) 

SAGlTT AL PLANE 
TILTED45° 
(X' cOS45° Z') 

(c) 

cORONALPLANE 
TILTED45° 
(X' cOS45° y') 

FJfjURE 5.4. Dose distributions obtained by irradiating a tilted cylindrical target 

with a longitudinal axis oriented along a vector pointing from the origin to 

(0.75,0.75,1.1) in couch frame of reference with the origin corresponding to the 

target center. The target of diameter 1 cm and length 3 cm was irradiated with the 

cylindrical dynamic rotation technique utilizing the gantry, couch and collimator 

rotation, as weil as adjustable collimator longitudinal opening. The dose was 

delivered in Il equal intervals along the gantry's path of rotation. Part (a): dose 

distribution of a lateral cross-section of the cyJinder as measured in a plane tilted 45° 

with respect to the transverse plane (Y'cos45° Z'). Parts (b) and (c) show 

longitudinal cross-sectional views as measured in planes tilted by 45° from the sagittal 

plane (X'cos45° Z') and coronal plane (X'cos45° Y'), respectively. Measurements 

were made on a spherical phantom of radius 8 cm, using film as a detector. 
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(b) 

CORON AL PLANE 
(X' Y') 

FIGURE 5.5. Dose distribution obtained by irradiating a tilted cylindrical target 

with a longitudinal axis oriented along a vector pointing from the origin to 

(0.75,0.75,1.1) in the couch frame of reference with the origin corresponding to the 

target center. The target of diameter 1 cm and length 3 cm was irradiated with the 

cylindrical dynamic rotation technique utilizing the gantry, couch and collimator 

rotation, as weIl as adjustable collimator longitudinal opening. The dose was 

delivered in Il equal intervals along the gantry's path of rotation. Part (a): dose 

distribution as measured in the transverse plane of the couch (Y'Z'). Part (b) :dose 

distribution as measured in the coronal plane of the couch (X'Y'). Measurements 

were made on a spherical phantom of radius 8 cm using film as a detector. 
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lateral cross-sectional view, taken with the observation film oriented along the 

transverse plane tilted by 45°, (b) and (c) show the longitudinal cross-sections 

observed from the sagittal plane tilted by 45° and the coronal plane tilted by 45°, 

respectively. We see the cylindrical dose distribution in these films. Figure 5.5 

shows the same irradiations, but the planes of observation correspond to the Y'Z' and 

XY' planes in (a) and (b), respectively. These films show a slice taken through the 

cylinder. AH films verify that the method derived does in fact result in cylidrical dose 

distributions and that these distributions can be oriented in any arbitrary direction 

with the center of the cylinder placed into the isocenter of the linac. 

5.5 Summary 

Recent interest in radiosurgery has focussed on obtaining dose distributions of 

arbitrary shapes with arbitrary orientations within the brain. The tirst step will be 

from spherical to cylindrical isodose distributions. In this chapter we have derived a 

method, whereby the radiosurgical dynamic rotation ean be adapted to inelude 

collimator rotation such that a cylindrical target volume is treated directly during 

irradiation. The method consists of rotating the collimator and adjusting its 

longitudinal opening during the paths followed by the couch and gantry, such that the 

collimator field is al ways aligned with the longitudinal target axis and has tbe 

projected length of this axis. Transformation matrices relating vectors in the 

coordinate system of the couch to that Of tlte collimator enabled us to develop 

equations that allow the ealculation of collimator opening and rotation as a function of 

gantry angle 9, couch angular position cj) and the orientation of the target longitudinal 

axis in the cou ch coordinate frame given by (x',y',z'). 

Theoretically, continuous collimator motion is possible along with the 

simultaneous couch and gantry rotation but because the equations are somewhat 

complex this is difficult to implement in practice. In our preliminary studies, we 
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overcame this difficulty by dividing the path of the gantry into Il equal segments and 

delivering 1/11 of the total dose at each of these intervals. Prelimill~ry studies 

showed that the method is viable indeed. Cylindrical dose distributions were achieved 

with several arbitrary longitudinal axis orientations. Furthennore, the c1inically 

desired dose fall-off characteristics, resulting from spherical dynamic rotation 

radiosurgery, are maintained. This is because cylindrical dynamic rotation, in a 

similar manner to conventional dynamic rotation, avoids aIl parallel-opposed beams 

and spreads the entrance dose over a large surface area. 
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6.1 Summary 

Since the birth of radiosurgery in the 1950's, the subject has generated much 

cli'lical and experimental interest. With the recent advances in brain imaging and 

mapping this interest has increased greatly, and the role of radiosurgery has expanded 

to the treatment of a wide variety of brain diseases. Historically, the Gamma unit 

offered the first commercially viable means of perfonning radiosurgery. However, 

in recent years linear accelerator-based radiosurgery has been developed in several 

centers, and these techniques have become widesprcad in use. Radbsurgery with 

heavy charged particle beams, though developed before the Gamma unit, will never 

be a serious competitor to x-ray techniques because of the enormous costs of 

purchasing, operating and maintaining a cyclotron. In this thesis, wc haVf~ focussed 

on radiosurgical techniques using linear accelerators, as this is the machine available 

for radiosurgery jn our center. The specifie linac-based radiosurgery techniques 

discussed in sorne detail were the single plane rotation, the multiple non-copi anar 

converging arcs (both 4 and Il arcs) and the dynamic rotation radiosurgery . 

We have covered a variety of aspects concerning radiosurgery in general, and 

more specifically, linac-based radiosurgery in particular. We have discussed the 

techniques themselves, the beams used to irradiate the targets and our ability to 

adequately measure the parameters of these beams, the dose distributions resulting 

from different radiosurgical techniques, and a means of modifying currently 

available techniques to allow for a more versatile dose distribution shaping. 

The requirements put on tinear accelerators used in radiosurgery are quite 

stringent, bec au se of the high doses delivered and smaU volumes treated. Especially 

important is the spacial accuracy of dose delivery. This accuracy is essentially 

dependent on the isocentricity of both the gantry and the couch, and on the proper 

placement of additional circular field defining collimators about the machine's 

isocenter. Simple tests show that the spatial accuracy of linac-based radiosurgical 

techniques can be weIl within ±l mm, the present limit of target localization 
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techniques, providing that the linac is in a good mechanical condition and that 

radiosurgery is given with extreme care. Performing the se tests prior to patient 

treaunent will t'nsure proper placement of treaunent field collimators and verify the 

isocenter accuracy of the linac. 

Because of the small dimensions of radiosur 6ical beams, a suitable detector 

must be chosen to measure bearn parameters. We found that smaU sized ionization 

chambers and semiconductor diodes were quite adequ.\te for measurements not 

involving sharp dose gradients, such as percentage depth dose curves. In dose profile 

measurements, we found that these small detectors generally did not have the spatial 

resolution needed to precisely measure large changes in dose ovcr short distances. 

Thus, a digital imaging system used in film analysis was deveJoped for dosimetric 

purposes. The digital film densitometry system exhibited excellent spatial resolution, 

( ....0.2 mm), making this detector very sui table for small scale measurements. 

When measuring percent depth doses for the rarliosurgical fields, it was 

observed that the depth of dose maximum changed with field size, becoming smaller 

with decreasing field diameter. This is contrary to what would be expected for larger 

conventional radiotherapy field sizes. By measuring the various scatter components 

of the beams, il was shown that the shift in the depth of dose maximum is Ilot a result 

of collimator scatter, either photon or electron, but in fact is caused by electron 

scatter originating in the phantom. The effect was empirically explained using the 

probabilities of electron scatter as detennined by Compton theory in terms of the 

electron recoil angle and the corresponding electron kinetic energy or range. 

Dose distributions resulting from several Iinac-based radiosurgical techniques, 

single plane rotation, 4 converging arcs, Il converging arcs and dynamic rotation, 

were calculated and compared. It was found that methods avoiding parallel-opposed 

beams result in very similar dose distributions at relatively large isodose values, at 

low isodose values, however, the differences in techniques begin to manifest 

themselves, in tenns of more anisotropie and technique-specific dose distibutions. 

Comparing dose fall-offs down to the 20% isodose surface, 4 converging arcs, 11 
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converging arcs and the dynarnic rotation have essentially the same dose distributions. 

Measured dose distributions of the same treatment techniques verified the conclusions 

drawn from the calculated distributions. Only at low isodose surfaces was a slightly 

greater discrepancy between measured and calculated dose faIl-off distances 

observed. This was attributed to an over estimation of dose profile data, measured 

with an ionization chamber and used in the treatment planning system. 

Recent interest in radiosurgery has focussed on obtaining cylindrical dose 

distributions. We derived a method whereby the rotation of a rectangular collimator 

and adjustment of hs longitudinal opening during the paths followed by the couch and 

gantry results in a superposition of rectangular fields at the target volume. A 

cylindrical dose distribution is then obtained during rotation of the gantry. The 

equations governing collimator rotation and longitudinal opening are functions of the 

gantry angle, couch angle and target longitudinal axis coordinates in a frame of 

reference which is stationary with the couch. For a given target orientation and size, 

and for each couch and gantry position, the necessary collimator rotation and 

longitudial field size are calculated. The lateral collimator field size is set to the 

projection of the diameter of the target cylinder in the couch plane. Though 

subsequent work is still needed before implementing the method clinically, we have 

shown with preliminary studies that the proposed method is in fact viable. 

6.2 Future work 

Clinical radiosurgery has been in practice for many years now, including 

several years experience with linac-based radiosurgery. As a result, many of the 

technical aspects of radiosurgery, as well as the dose distributions resulting from 

specifie radiosurgical techniques, are weil known. However, even though the 

measurement of radiosurgical beam parameters may he relatively simple once proper 

detectors and measuring techniques are chosen, sorne of the implications of these 



..... 

120 

measurements are not that easily understood. It is clear from the measurements 

discussed in Chapter 3, that narrow photon beams exhibit properties not observed in 

conventional radiotherapy beams. The radiosurgical beams have diameters of the 

same order of magnitude as the range of the electrons generated in tissue by the 

incoming photon beam. The implications of this have been observed with the shift in 

the depth of dose maximum. By means of the Compton equations governing scatter 

of recoU electrons, we can understand conceptually the events causing the observed 

effect. However, work has yet to be done to determine the actual paths of the various 

scattered electrons and photons and to detennine exactly where they deposite thcir 

dose. Understanding this is the key to unden,t~nding th~se Harrow radiation beams. 

To accomplish this, a Monte Carlo simulation of the beam is needed. This 

would allow each interaction of the incoming photon with electrons and subsequently 

of the recoil electrons with other electrons and nuclei in the material to be moni tored 

and thus understood. Future work on narrow radiation bt!ams therefore involves a 

Monte Carlo calculation to follow the histories of the photons which comprise the 

beam. Effects of dose deposition which can be difficult to observe and are not well 

understood will then, hopefully, he clarified. 

Another major aspect of future work, which has been introduced by this thesis, 

is the work still needed before the method for cylindrical dynamic rotation 

radiosurgery can be implemented clinically. Although our preliminary studies prove 

that the method does in fact result in cylindrical dose distributions, many furÛler tests 

and measurements are necessary to progress to clinical application. These include 

both technical and dosimetric aspects. As weil, studies should be undertaken to assess 

the possibility of treating targets of an even more general shape. 

Technical considerations address mainly the field defining collimator. The 

machine collimator is used in these irradiations, and the criteria applying to the 

additional circular collimators used in conventional radiosurgery must also hold here. 

The accuracy of the field dimensions, in terms of labeled vs. actual field size, must be 

measured. Naturally, the degree of precision of field dimensions in radiosurgery 
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needs to he much higher than in radiotherapy, and field sizes indicated on the machine 

must correspond exactly to the actual sizes at the isocenter. The sharpness of the 

defined field must also be determined. The additional collimators of spherical 

radiosurgery ensure that the beam penumbra is kept to a minimum, and thus make 

sharp dose fall-offs easier to achieve. A large penumbra will cause unnecessarily 

shallow dose fall-offs outside the target volume. If the machine collimator does not 

meet the criteria of accurately defined fields and a minimal penmnbra, then additional 

rectangular collimators may have to be considered. These additional collimators 

would he analogous to the additional collimators of spherical radiosurgery, but would 

need the added feature of adjustable width and length settings to make them suitable 

for the cylindrical dynamic rotation technique. 

The dosimetric aspects of future work are numerous, as essentially no dose 

measurements with non-spherical bearns have yet been made. Dose distribution 

measurements resulting from ueatment simulation with various target orientations 

must be made. This would allow measurement of the dimensions of the target 

defining isodose surface as compared to the collimator opening, Le., it would 

establish at which isodose curve the field size is defined. Physically, the collimator 

openings must be set such that the 90% isodose surface encompasses the target 

volume. Because of a strong beam divergence or unprecise collimator settings, this 

may not he We case initially. 

Bearn parameters must be measured for each beam used in a single treatment. 

These pararneters consist of dose profiles in several directions, percentage depth dose 

curves and relative dose factors. Furthermore, a means of detennining the treatment 

time needed of each individual beam, to deliver a given dose to the target volume, 

must be found. These times will differ for each beam because of the differences in 

field sizes and consequently in the relative dose factors. Finally, the possibility of 

implementing this technique in a treatrnent planning system, which would calculate 

the appropriate tissue-maximum ratios, isodose distributions and treatment times 

should be investigated. 
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LIST OF FIGURES 

FIGURE 1.1. The OBT stereotactic frame attached to the patient's he ad and 

patient positioned onto a tinac treatment couch in preparation for radiosurgery. The 

frame, the head and therefore the target volume are immobilized by means of a 

bracket fixed to the couch which holds the frame in place. Clearly seen is the frame's 

cubic structure and the orthogonal coordinate system associated with il. Target 

localization plates, enabling transfer of diagnostic infonnation to the patient, are 

shown in place. 

FIGURE 1.2. Points of beam entry into the patient's skull for various 

radiosurgical techniques: (a) Gamma unit, (b) single plane rotation with a linear 

accelerator, (c) multiple non-copi anar arcs with a linear acelerator and (d) dynamic 

rotation with a linear accelerator. 

FIGURE 1.3. Angle definitions and rotation directions for the gantry and couch 

rotation during linac-based radiosurgical procedures. In the single plane rotation, the 

couch is stationary at 0° and the gantry rotates from 0° to 3600
, in the multiple 

converging arcs techniques a series of arcs is given each with a diffeTent stationary 

couch position, and in the dynamic rotation the gantry and couch rotate 

simultaneously and continuously, the gantry from 300 to 3300 and the couch from 75° 

to -75°. 

FIGURE 1.4. Example of a radiosurgical treatrnent in progresse The patient lies 

in a supine position on the linac couch, with the head hanging over the edge of the 

couch. The frame, in this case the OBT frame, is immobilized by means of the couch 

bracket. This ensures immobilization of the target with respect to the linac's 

isocenter. Both fiducial marker plates and target localization pl".tes have been 
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removed to avoid interferenee with the radiation beam. The additional radiosurgical 

eollimator is seen in the tray holder of the gantry. Coueh and gantry are in the initial 

positions for the dynamic rotation technique, the gantry at 30°, the couch at 75°. 

FIGURE 2.1. Schematie diagram of a typical isocentric linear accelerator 

showing the basic components. 

FIGURE 2.2. 

photon mode. 

Detailed sehematic diagram of the linac head when operating in the 

FIGURE 2.3. Degrees of freedom for treatment set-up on a linear accelerator. 

The gantry rotates about a horizontal axis of rotation, the couch about a vertical axis 

and the collimator rota tes about the beam axis. Ail axes of rotation intersect at the 

isocenter which is indicated by means of two si de lasers and one ceiling laser. 

FIGURE 2.4. Charaeteristie curves for radiographie film (Kodak XV II) used in 

our experiments. OpticaI density of irradiated films as measured with the RFA 

densitometer for different film batehes is plotted against dose. The films were 

irradiated to different doses at a variety of depths in a polystyrene phantom. 

FIGURE 2.5. Characteristic curves for radiographie film used in our experiments 

and measured with the digital video imaging system. Light intensity passing through 

the irradiated film and reaching the camera is related to a grey seale ranging from 0 

to 250. The same film densities will result in different intensity readings for different 

Iens aperture openings and camera magnifications. The films were irradiated to 

known doses in a polystyrene phantom at a depth of 2.5 cm. 

FIGURE 3.1. Geometry of experimental set-up used in measurement of 

radiosurgical beam parameters. Shown is an example of an additional radiosurgieal 
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field collimator and its positioning with respect to the machine collimator. Also 

shown is a tissue equivalent phan tom at 100 cm from the target. 

FIGURE 3.2. Tests to determine spatial accuracy of dose delivery in dynamic 

rotation radiosurgery. Part (a) is for single field data of vertical beams at isocenter. 

Superposition at isocenter of parallel-opposed fields for part (b) two vertical beams 

and part (c) two lateral beams. Part (d) is for the rotation of couch through 1800 

during irradiation at isocenter by a vertical beam. The tests are performed using film 

as a detector for a selection of treatment collimators used clinically at our center. 

FIGURE 3.3. Aligrunent of several radiation fields defined by the l cm treatment 

collimator at isocenter. Part (a) alignment of two parallei-oppos~d vertical radiation 

fields and light field as indicated by a pin prick through the laser point marking the 

center of the light field. Parts (b). (c). and (d) show the alignment of four radiation 

fields. The film is placed at isocenter perpendicular to the vertical beam, parallel to 

the vertical beam and at a 45° angle to the vertical beam for films in parts (a), (b) and 

(c), respectively. The orientation of the film and the incident beams are shown 

schematically in the top portion of the figure. 

FIGURE 3.4. Alignment of parallel-opposed vertical fields obtained with the 1 

cm diameter treatment collimator shifted with respect to the laser indicated isocenter. 

Part (a): collimator is offset from central position by 0.5, 1 and 2 mm in the 

longitudinal direction, and part (b): collimator is offset by same amounts in the lateral 

direction. 

FIGURE 3.5. Dose profiles as measured with a variety of detectors at a depth of 

2.5 cm in a tissue equivalent ph an tom with a 10 mm diameter collimator in part (a) 

and a 30 mm diameter collimator in part (h). 
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FIGURE 3.6. Off-axis ratios measured with the digital imaging densitometry 

system at four depths in polystyrene phan tom: 25 mm, 105 mm, 185 mm and 265 

mm. Part (a) 10 mm diameter coIlimator and part (b) 30 mm diameter collimator. 

FIGURE 3.7. Percentage depth doses measured with a variety of detectors in a 

tissue equivalent phantom for (a) 10 mm diameter collimator and (b) 30 mm diameter 

collimator. 

FIGURE 3.8. Average percentage depth doses measured in a tissue equivalent 

phantom with a variety of detectors for several field sizes: 10 mm diameter 

collimator, 30 mm diameter collimator and a lOxl0 cm2 field. 

FIGURE 3.9. Percentage depth doses for a 1 cm diameter collimator and a lOxl0 

cm2 square field measured with a parallel plate ionization chamber in a polystyrene 

phantom at an SSO=100 cm. Shown is the build-up region for both fields from the 

surface of the phantom to a depth of 30 mm. 

FIGURE 3.10. Depth of dose maximum plotted as a function of circular field 

diameter. 

FIGURE 3.11. Percentage depth doses in the build-up region for an equivalent 

square field (17.7x17.7 mm2) and a circular field (20 mm diameter) as measured 

with the parallel plate ionization chamber in a polystyrene phantom. Both fields have 

an area of 3.14 cm2• 

FIGURE 3.12. Compton differential scattering cross-section calculated for various 

incident photon energies as a function of electron scattering angle cf1. 

FIGURE 3.13. Compton differential scattering cross-section calculated for the 
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x-ray energy spectrum of a 10 MV linear accelerator as a function of electron 

scattering angle ,. 

FIGURE 3.14. Probability per MeV that a Compton recoil electron scattered at a 

given angle ~ will have a particular range R. 

FIGURE 3.15. Schematic diagram explaining the observed shift in depth of dose 

maximum. Electrons are scattered at a most probable angle of _8 0 with an average 

range of -17 mm. In (a), (b), (c) and (d) as field size increases, the additional 

peripheral electrons con tribu te to the central axis dose, causing depth of dose 

maximum to increase. Yet if field size is further increased as in (e), the peripheral 

electrons will no longer have large enough range to reach the central axis, resulting in 

a saturation of the observed shift in dmax' The dashed horizontal line indicates the 

field size for each of the diagrams, and the solid vertical line represents the central 

axis. 

FIGURE 4.1. Isodose distributions in three orthogonal planes (transverse, sagittal 

and coronal) for several treatment techniques, (a) single plane rotation, (b) 4 

converging arcs, (c) Il converging arcs and (d) dynamic rotation, as calculated for an 

8 cm radius spherical tissue equivalent phantom with the 1 cm diameter collimater. 

Shown in each distribution are the 90%,50%,20%,10% and 5% isodose curves. In 

sorne cases the 5% and even the 10% isodose curves continue beyond the limits shown 

in the figures. 

FIGURE 4.2. The steepest and shallowest dose fall-off curves for various 

linac-based radiosurgical techniques as calculated on a spherical phantom of radius 8 

cm with the 1 cm diameter treatment collimator. Percentage doses are plotted as a 

function of distance, in mm, from the target center. AlI intermediate dose fall-offs lie 

in the shaded region between the two extreme curves. Shown are (a) single plane 

l, 

1 
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rotation, (b) 4 converging arcs, (c) Il converging arcs and (d) dynamic rotation. 

FIGURE 4.3. The steepest and shallowest dose faU-off curves for various 

linac-based radiosurgical techniques as calculated on a spherical phantom of 8 cm 

radius with the 1 cm diameter collirnator. The percentage doses are nonnaIized to 

100% at the isocenter and plotted as a function of distance from the target center. 

Curves (a) represent the steepest and shallowest fa Il-off for single plane rotation, 

curves (b) for 4 converging arcs, curves (c) for Il converging arcs, curves (d) 

dyn~mic rotation and curves (e) for the Gamma unit (7). The curves are ploued on 

the same axes to facilitate comparison between dose fall-offs obtained with the various 

techniques. 

FIGURE 4.4. The steepest and shallowest dose faIl-off curves for various 

Iinac-based radiosurgical techniques as calculated on a spherical phantom of radius 8 

cm with the 2 cm diameter treatment collimator. The percentage doses are 

normalized to 100% at the isocenter and plotted as a function of distance from the 

target center. Ali intermediate dose fall -offs lie in the shaded region between the two 

extreme curves. Shown are (a) single plane rotation, (b) 4 converging arcs, (c) Il 

converging arcs and (d) dynamic rotation. 

FIGURE 4.5. The steepest and shallowest dose fall-off curves for various 

Iinac-based radiosurgical techniques as calculated on a spherical phantom of radius 8 

cm with the 3 cm diameler trealment collimator. The percentage doses are 

nonnalized to 100% at the isocenter and plotted as a function of distance from the 

target center. Ali intermediate dose fall-offs lie in the shaded region between the two 

extreme curves. Shown are (a) single plane rotation, (b) 4 converging arcs, (c) Il 

converging arcs and (d) dynamic rotation. 

FIGURE 5.1. Degrees of rotational freedom and definition of coordinate systems. 
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The XYZ coordinate frame is fixed in the treatment room with the origin at the 

isocenter. The X'Y'Z' is the coordinate frame fixed with respect to the couch and 

rotating with the couch through an angle 'll in the XY plane about the Z axis. 111e 

X"Y"Z" frame is fixed in the gantry head, rotated through angle e in the YZ plane 

about the X axis. Angle 'If gives the collimator rotation in the X"Y" plane about the 

Z" axis, which is also the beam axis. The triple primed frame X'''Y"'Z'" is the fixcd 

frame rotated about this axis. 

FIGURE 5.2. Results of a test to deterrnine the spatial accuracy of the machine 

collimator rotation about the isocenter. The machine collimator was set to give a 

longitudinal opening of 3 cm and a lateral opening of 1 cm at the isocenter. The couch 

remained stationary, while the gantry rotated through 360°. The dose was delivered 

in Il equal intervals along the gantry's palh. Part (a): dose distribution of a lateral 

cross-section of the cylinder as mcasurcd in the transverse (Y'Z') plane. Parts (b) and 

(c) show longitudinal cross-sectional vicws as mcasured in the sagittal (X'Z') and 

coronal (X'Z') planes, respectively. Measurements were made on a spherical 

phantom ofradius 8 cm, using film as a detector. 

FIGURE 5.2. Results of a test to deterrnine the spatial accuracy of the machine 

collimator rotation about the isocenter. The machine collimator was set to give a 

longitudinal opening of 3 cm and a lateral opening of 1 cm at the isocenter. The couch 

remained stationary, while the gantry rotated through 360°. The dose was delivered 

in Il equal intervals along the gantry's path. Part (a): dose distribution of a laterai 

cross-section of the cylinder as measured in the transverse (Y'Z') plane. Parts (b) and 

(c) show longitudinal cross-sectional views as measured in the sagittal (X'Z') and 

coronal (X'Z') planes, respectively. Measurements were made on a spherical 

phantom of radius 8 cm, using film as a detector. 

FIGURE 5.4. Dose distributions obtained by irradiating a tilted cylindrical target 
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with a longitudinal axis oriented along a vector pointing from the origin to 

(0.75,0.75,1.1) in couch frame of reference with the origin corresponding to the 

target center. The target of diameter 1 cm and length 3 cm was irradiated with the 

cylindrical dynamic rotation technique utilizing the gantry, couch and collimator 

rotation, as weIl as adjustable collimator longitudinal opening. The dose was 

delivered in Il equal intervals along the gantry's path of rotation. Part (a): dose 

distribution of a lateral cross-section of the cylinder as measured in a plane tilted 45° 

with respect to the transverse plane (Y'cos45° Z'). Parts (b) and (c) show 

longitudinal cross-sectional views as mcasured in planes tilted by 45° from the sagittal 

plane (X'cos45° Z') and coronal plane (X'cos45° Y'), respectively. Measurements 

were made on a spherical phantom of radius 8 cm, using film as a detector. 

FIGURE 5.5. Dose distribution obtained by irradiating a tilted cylindrical target 

with a longitudinal axis oriented along a vector pointing from the origin to 

(0.75,0.75,1.1) in the couch frame of reference with the origin corresponding to the 

target center. The target of diameter 1 cm and length 3 cm was irradiated with the 

cylindrical dynamic rotation technique utilizing the gantry, couch and collimator 

rotation, as well as adj us table collimator longitudinal opening. The dose was 

delivered in Il equal intervals along the gantry's path of rotation. Part (a): dose 

distribution as measured in the transverse plane of the couch (Y'Z'). Part (b) :dose 

distribution as measured in the coronal plane of the couch (X'Y'). Measurements 

were made on a spherical phantom of radius 8 cm using film as a detector. 
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LIST OF TABLES 

TABLE 3.1 The relative contributions to scatter into various components, 

relative dose factor, collimator factor and scatter factor for different radiosurgical 

field sizes. Data for a standard 1 Ox 10 cm2 radiotherapy field is includrd for 

comparison. 

TABLE 3.2 Depth of dose maximum measured in a tissue equivalent phan tom 

with a parallei plate ionization chamber for several radiosurgical field sizes. The 

depth of dose maximum for the lOxlO cm2 field is inc1uded for comparison. 

TABLE 4.1. Minimum and maximum dose fall-off distances in mm from 90% 

isodose surface to 50%, 20% and 10% isodose surfaces as calculated with the 

treatment planning system for single plane rotation, 4 converging arcs, Il converging 

arcs and dynamic rotation. The calculations were done on a spherical phantom of 

radius 8 cm with (a) the 1 cm diameter collimator, (b) 2 cm diameter collimator and 

(c) 3 cm diameter collimator. In sorne cases, for the single plane rotation, maximum 

dose fall-offs extend beyond the range of the calculated distribution and are therefore 

not av ail able. 
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