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Chapter 4: Treatment Planning I: Isodose Distributions
The central axis depth dose distribution by itself is not sufficient to characterize a radiation beam that produces a dose distribution in a three-dimensional volume. In order to represent volumetric or planar variation in absorbed dose, distributions are depicted by means of isodose curves, which are lines passing through points of equal dose. The curves are usually drawn at regular intervals of absorbed dose and expressed as a percentage of the dose at a reference point. Thus, the isodose curves represent levels of absorbed dose in the same manner that isotherms are used for heat and isobars, for pressure.
11.1. Isodose Chart

An isodose chart for a given beam consists of a family of isodose curves usually drawn at equal increments of percent depth dose, representing the variation in dose as a function of depth and transverse distance from the central axis.
The depth dose values of the curves are normalized either at the point of maximum dose on the central axis or at a fixed distance along the central axis in the irradiated medium.
The charts in the first category are applicable when the patient is treated at a constant SSD irrespective of beam direction. 
In the second category, the isodose curves are normalized at a certain depth beyond the depth of maximum dose, corresponding to the axis of rotation of an isocentric therapy unit. This type of representation is especially useful in rotation therapy but can also be used for stationary isocentric treatments. Figure 11.1 shows both types of isodose charts for a 60Co γ-ray beam.
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	Figure 11.1. Example of an isodose chart. A: Source to surface distance (SSD) type, 60Co beam, SSD = 80 cm, field size = 10 × 10 cm at surface. B: Source to axis distance (SAD) type, 60Co beam, SAD = 100 cm, depth of isocenter = 10 cm, field size at isocenter = 10 × 10 cm. (Data from University of Minnesota Hospitals, Eldorado 8 Cobalt Unit, source size = 2 cm.)






Examination of isodose charts reveals some general properties of x- and γ-ray dose distributions.

· The dose at any depth is greatest on the central axis of the beam and gradually decreases toward the edges of the beam, with the exception of some linac x-ray beams, which exhibit areas of high dose or “horns” near the surface in the periphery of the field. These horns are created by the flattening filter, which is usually designed to overcompensate near the surface in order to obtain flat isodose curves at greater depths.
· Near the edges of the beam (the penumbra region), the dose rate decreases rapidly as a function of lateral distance from the beam axis. As discussed in Chapter 4, the width of geometric penumbra, which exists both inside and outside the geometric boundaries of the beam, depends on source size, distance from the source, and source to diaphragm distance.
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If AB = s, the source diameter; OM = SDD, the source to diaphragm distance; and OF = SSD, the source to surface distance, then from the previous equation, the penumbra at depth d is given by:
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The penumbra at the surface can be calculated by substituting d = 0 in Equation 4.2.
· Near the beam edge, falloff of the beam is caused not only by the geometric penumbra, but also by the reduced side scatter. Therefore, the geometric penumbra is not the best measure of beam sharpness near the edges. Instead, the term physical penumbra may be used. The physical penumbra width is defined as the lateral distance between two specified isodose curves at a specified depth (e.g., lateral distance between 90% and 20% isodose lines at the depth of Dmax).
· Outside the geometric limits of the beam and the penumbra, the dose variation is the result of side scatter from the field and both leakage and scatter from the collimator system. Beyond this collimator zone, the dose distribution is governed by the lateral scatter from the medium and leakage from the head of the machine (often called therapeutic housing or source housing).

Figure 11.2 shows the dose variation across the field at a specified depth. 
	



	Figure 11.2. Dose profile at depth showing variation of dose across the field. 60Co beam, source to surface distance = 80 cm, depth = 10 cm, field size at surface = 10 × 10 cm. Dotted line indicates geometric field boundary at a 10-cm depth.






Such a representation of the beam is known as the beam profile. It may be noted that the field size is defined as the lateral distance between the 50% isodose lines at a reference depth. This definition is practically achieved by a procedure called the beam alignment in which the field-defining light is made to coincide with the 50% isodose lines of the radiation beam projected on a plane perpendicular to the beam axis and at the standard SSD or source to axis distance (SAD).

Another way of depicting the dose variation across the field is to plot isodose curves in a plane perpendicular to the central axis of the beam (Fig. 11.3). 
	



	Figure 11.3. Cross-sectional isodose distribution in a plane perpendicular to the central axis of the beam. Isodose values are normalized to 100% at the center of the field. The dashed line shows the boundary of the geometric field.






Such a representation is useful for treatment planning in which the field sizes are determined on the basis of an isodose curve (e.g., 90%) that adequately covers the target volume.

11.2. Measurement of Isodose Curves

Isodose charts can be measured by means of ion chambers, solid state detectors, or radiographic films (Chapter 8). Of these, the ion chamber is the most reliable method, mainly because of its relatively flat energy response and precision. Although any of the phantoms described in Chapter 9 may be used for isodose measurements, 
The ionization chamber used for isodose measurements should be small so that measurements can be made in regions of high dose gradient, such as near the edges of the beam. It is recommended that the sensitive volume of the chamber be less than 15 mm long and have an inside diameter of 5 mm or less. Energy independence of the chamber is another important requirement. Because the x-ray beam spectrum changes with position in the phantom owing to scatter, the energy response of the chamber should be as flat as possible. This can be checked by obtaining the exposure calibration of the chamber for orthovoltage (1–4 mm Cu) and 60Co beams. A variation of approximately 5% in response throughout this energy range is acceptable.

Automatic devices for measuring isodose curves have been developed for rapid mapping of the isodose curves. These systems are designed to be either stand alone or computer driven. Basically, the apparatus (Fig. 11.4) consists of two ionization chambers, referred to as the detector A (or probe) and the monitor B. Whereas the probe is arranged to move in the tank of water to sample the dose rate at various points, the monitor is fixed at some point in the field to monitor the beam intensity with time. The ratio of the detector to the monitor response (A/B) is recorded as the probe is moved in the phantom. Thus, the final response A/B is independent of fluctuations in output. In the stand-alone system, the probe searches for points at which A/B is equal to a preset percentage value of A/B measured at a reference depth or the depth of maximum dose. The motion of the probe is transmitted to the plotter, which records its path, the isodose curve.

In the computer-driven models, the chamber movement of the probe is controlled by a computer program. The probe-to-monitor ratio is sampled as the probe moves across the field at preset increments. These beam profiles are measured at a number of depths, determined by computer program. The data thus measured are stored in the computer in the form of a matrix that can then be transformed into isodose curves or other formats allowed by the computer program.

A. Sources of Isodose Charts

Acquisition of isodose charts has been discussed (1). Atlases of premeasured isodose charts for a wide range of radiation therapy equipment are available from the sources listed in the 
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literature (2,3,4). In addition, isodose distributions may also be obtained from manufacturers of radiation generators or from other institutions having the same unit. However, the user is cautioned against accepting isodose charts from any source and using them as a basis for patient treatment without adequate verification. The first and most important check to be performed is to verify that the central axis depth dose data correspond with percent depth dose data measured independently in a water phantom. A deviation of 2% or less in local dose is acceptable up to depths of 20 cm. The edges of the distribution should be checked by measuring beam profiles for selected field sizes and depths. An agreement within 2 mm in the penumbra region is acceptable.
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	Figure 11.4. Photograph of a water phantom.






11.3. Parameters of Isodose Curves

Among the parameters that affect the single-beam isodose distribution are beam quality, source size, beam collimation, field size, SSD, and the source to diaphragm distance (SDD). A discussion of these parameters will be presented in the context of treatment planning.

A. Beam Quality

As discussed previously, the central axis depth dose distribution depends on the beam energy. As a result, the depth of a given isodose curve increases with beam quality. Beam energy also influences isodose curve shape near the field borders. Greater lateral scatter associated with lower-energy beams causes the isodose curves outside the field to bulge out. In other words, the absorbed dose in the medium outside the primary beam is greater for low-energy beams than for those of higher energy.

Physical penumbra depends on beam quality as illustrated in Figure 11.5. As expected, the isodose curves outside the primary beam (e.g., 10% and 5%) are greatly distended in the case of orthovoltage radiation. Thus, one disadvantage of the orthovoltage beams is the increased scattered dose to tissue outside the treatment region. For megavoltage beams, on the other hand, the scatter outside the field is minimized as a result of predominantly forward scattering and becomes more a function of collimation than energy.
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	Figure 11.5. Isodose distributions for different-quality radiations. A: 200 kVp, source to surface distance (SSD) = 50 cm, half-value layer = 1 mm Cu, field size = 10 × 10 cm. B: 60Co, SSD = 80 cm, field size = 10 × 10 cm. C: 4-MV x-rays, SSD = 100 cm, field size = 10 × 10 cm. D: 10-MV x-rays, SSD = 100 cm, field size = 10 × 10 cm.






B. Source Size, Source to Surface Distance, and Source to Diaphragm Distance—The Penumbra Effect

Source size, SSD, and SDD affect the shape of isodose curves by virtue of the geometric penumbra, discussed in Chapter 4. In addition, the SSD affects the percent depth dose and therefore the depth of the isodose curves.

As discussed previously, the dose variation across the field border is a complex function of geometric penumbra, lateral scatter, and collimation. Therefore, the field sharpness at depth is not 
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simply determined by the source or focal spot size. For example, by using penumbra trimmers or secondary blocking, the isodose sharpness at depth for 60Co beams with a source size less than 2 cm in diameter can be made comparable with higher-energy linac beams, although the focal spot size of these beams is usually less than 2 mm. Comparison of isodose curves for 60Co, 4 MV, and 10 MV in Figure 11.5 illustrates the point that the physical penumbra width for these beams is more or less similar.

C. Collimation and Flattening Filter

The term collimation is used here to designate not only the collimator blocks that give shape and size to the beam, but also the flattening filter and other absorbers or scatterers in the beam between the target and the patient. Of these, the flattening filter, which is used for megavoltage x-ray beams, has the greatest influence in determining the shape of the isodose curves. Without this filter, the isodose curves will be conical in shape, showing markedly increased x-ray intensity along the central axis and a rapid reduction transversely. 
The function of the flattening filter is to make the beam intensity distribution relatively uniform across the field (i.e., “flat”). Therefore, the filter is thickest in the middle and tapers off toward the edges.

The cross-sectional variation of the filter thickness also causes variation in the photon spectrum or beam quality across the field owing to selective hardening of the beam by the filter. In general, the average energy of the beam is somewhat lower for the peripheral areas compared with the central part of the beam. This change in quality across the beam causes the flatness to change with depth. However, the change in flatness with depth is caused by not only the selective hardening of the beam across the field, but also the changes in the distribution of radiation scatter as the depth increases.

Beam flatness is usually specified at a 10-cm depth with the maximum limits set at the depth of maximum dose. By careful design of the filter and accurate placement in the beam, it is possible to achieve flatness to within ±3% of the central axis dose value at a 10-cm depth. This degree of flatness should extend over the central area bounded by at least 80% of the field dimensions at the specified depth or 1 cm from the edge of the field. The above specification is satisfactory for the precision required in radiation therapy.

To obtain acceptable flatness at 10 cm depth, an area of high dose near the surface may have to be accepted. Although the extent of the high-dose regions, or horns, varies with the design of the filter, lower-energy beams exhibit a larger variation than higher-energy beams. In practice, it is acceptable to have these “superflat” isodose curves near the surface provided no point in any plane parallel to the surface receives a dose greater than 107% of the central axis value (10).

D. Field Size

Field size is one of the most important parameters in treatment planing. Adequate dosimetric coverage of the tumor requires a determination of appropriate field size. This determination must always be made dosimetrically rather than geometrically. In other words, a certain isodose curve (e.g., 90%) enclosing the treatment volume should be the guide in choosing a field size rather than the geometric dimensions of the field.

Great caution should also be exercised in using field sizes smaller than 6 cm in which a relatively large part of the field is in the penumbra region. Depending on the source size, collimation, and design of the flattening filter, the isodose curves for small field sizes, in general, tend to be bell shaped. Thus, treatment planning with isodose curves should be mandatory for small field sizes. The isodose curvature for 60Co increases as the field size becomes overly large unless the beam is flattened by a flattening filter. The reason for this effect is the progressive reduction of scattered radiation with increasing distance from the central axis as well as the obliquity of the primary rays. The effect becomes particularly severe with elongated fields such as cranial spinal fields used in the treatment of medulloblastoma. In these cases, one needs to calculate doses at several off-axis points or use a beam-flattening compensator.

11.4. Wedge Filters

Frequently, special filters or absorbing blocks are placed in the path of a beam to modify its isodose distribution. The most commonly used beam-modifying device is the wedge filter. This is a wedge-shaped absorber that causes a progressive decrease in the intensity across the beam, resulting in a tilt of the isodose curves from their normal positions. As shown in Figure 11.6, the isodose curves are tilted toward the thin end, and the degree of tilt depends on the slope of the wedge filter. In actual wedge filter design, the sloping surface is made either straight or sigmoid in shape; the latter design is used to produce straighter isodose curves.
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	Figure 11.6. Isodose curves for a wedge filter. A: Normalized to Dmax. B: normalized to Dmax without the wedge. 60Co, wedge angle = 45 degrees, field size = 8 × 10 cm, source to surface distance = 80 cm.






The wedge is usually made of a dense material, such as lead or steel, and is mounted on a transparent plastic tray, which can be inserted in the beam at a specified distance from the source (Fig. 11.7). This distance is arranged such that the wedge tray is always at a distance of at least 15 cm from the skin surface, so as to avoid destroying the skin-sparing effect of the megavoltage beam.
	



	Figure 11.7. Photograph of a 45-degree wedge filter for a 4-MV x-ray linac (ATC 400).






Another class of wedges (not discussed here) are the dynamic wedges. These wedges are generated electronically by creating wedged beam profiles through dynamic motion of an independent jaw within the treatment beam. Dynamic wedges do not offer significant clinical advantages over the traditional metal wedges. Moreover, all wedges and compensators are now superseded by the new technology using dynamic multileaf collimators in conjunction with the intensity-modulated radiation therapy (IMRT).

A. Wedge Isodose Angle

The term wedge isodose angle (or simply wedge angle) refers to “the angle through which an isodose curve is titled at the central ray of a beam at a specified depth” (11). In this definition, one should 
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note that the wedge angle is the angle between the isodose curve and the normal to the central axis, as shown in Figure 11.6. In addition, the specification of depth is important since, in general, the presence of scattered radiation causes the angle of isodose tilt to decrease with increasing depth in the phantom. However, there is no general agreement as to the choice of reference depth. Some choose depth as a function of field size (e.g., one half or two thirds of the beam width), while others define wedge angle as the angle between the 50% isodose curve and the normal to the central axis. The latter choice, however, becomes impractical when higher-energy beams are used. For example, the central axis depth of the 50% isodose curve for a 10-MV beam lies at about 18 cm for a 10 × 10-cm field and 100-cm SSD. This depth is too large in the context of most wedge filter applications. As will be discussed in section 11.7, the wedge filters are mostly used for treating superficial tumors, for example, not more than 10 cm deep. Therefore, the current recommendation is to use a single reference depth of 10 cm for wedge angle specification (11).

B. Wedge Transmission Factor

The presence of a wedge filter decreases the output of the machine, which must be taken into account in treatment calculations. This effect is characterized by the wedge transmission factor (or simply wedge factor), defined as the ratio of doses with and without the wedge, at a point in phantom along the central axis of the beam. This factor should be measured in phantom at a suitable depth beyond the depth of maximum dose (e.g., 10 cm).

In cobalt-60 teletherapy, the wedge factor is sometimes incorporated into the isodose curves, as shown in Figure 11.6B. In this case, the depth dose distribution is normalized relative to the Dmax without the wedge. For example, the isodose curve at depth of Dmax is 72%, indicating that the wedge factor is already taken into account in the isodose distribution. If such a chart is used for isodose planning, no further correction should be applied to the output. In other words, the machine output corresponding to the open beam should be used.

A more common approach is to normalize the isodose curves relative to the central axis Dmax with the wedge in the beam. As see in Figure 11.6A, the 100% dose is indicated at the depth of Dmax. With this approach, the output of the beam must be corrected using the wedge factor.
11.5. Combination of Radiation Fields

Treatment by a single photon beam is seldom used except in some cases in which the tumor is superficial (e.g. skin cancers). The following criteria of acceptability may be used for a single field treatment: (a) the dose distribution within the tumor volume is reasonably uniform (e.g., within ±5%), (b) the maximum dose to the tissues in the beam is not excessive (e.g., not more than 110% of the prescribed dose), and (c) normal critical structures in the beam do not receive doses near or beyond tolerance. Whereas single fields of superficial x-rays are routinely used for treating skin cancers that are confined to a depth of a few millimeters, single megavoltage beams are used only in rare cases for which a combination of beams is either technically difficult or results in unnecessary or excessive irradiation of the normal tissues. Examples of a few treatments that use single megavoltage beams include the supraclavicular region, internal mammary nodes (anterior field), and the spinal cord (posterior field). Although the dose distribution is not ideal, the single-field technique in these cases results in simplicity of setup without violating the above criteria of acceptability.

For treatment of most tumors, however, a combination of two or more beams is required for an acceptable distribution of dose within the tumor and the surrounding normal tissues. Although radiation fields may be combined in many ways, the discussion here will be confined to the basic principles that are useful in treating tumors involving different sites.

A. Parallel Opposed Fields

The simplest combination of two fields is a pair of fields directed along the same axis from opposite sides of the treatment volume. The advantages of the parallel opposed fields are the simplicity and reproducibility of setup, homogeneous dose to the tumor, and less chance of geometric miss (compared with angled beams), given that the field size is large enough to provide adequate lateral coverage of the tumor volume. A disadvantage is the excessive dose to normal tissues and critical organs above and below the tumor.

A composite isodose distribution for a pair of parallel opposed fields may be obtained by adding the depth dose contribution of each field (Fig. 11.10). The manual procedure consists of joining the points of intersection of isodose curves for the individual fields that sum to the same total dose value. The resultant distribution shows the combined isodose distribution normalized to the individual beam weights. The beams are usually weighted in dose units of 100 at the depth of Dmax in the case of SSD techniques or at the isocenter for the isocentric techniques. For the example shown in Figure 11.10A, the minimum percent isodose surrounding the tumor is 110. This means that the minimum dose to the tumor (with a generous margin) is 110 rads if 100 rads are delivered at the depth of Dmax by each field. Thus, if the tumor dose were to be specified at this isodose level, one could calculate the Dmax dose and the treatment time for each field. For the isocentric plan shown in Figure 11.10B, the beam weights refer to doses delivered to the isocenter. Thus, the 190% isodose curve represents the specified minimum dosage level if each beam delivered 100 rads to its isocenter. Once the isocenter dose is calculated, one can determine the treatment time or monitor units as described in section 10.2.

A.1. Patient Thickness Versus Dose Uniformity

One advantage of equally weighted parallel opposed beams is that the dose distribution within the irradiated volume can be made uniform. However, the uniformity of distribution depends on the patient thickness, beam energy, and beam flatness. In general, as the patient thickness increases or the beam energy decreases, the central axis maximum dose near the surface increases relative to the midpoint dose. This effect, called tissue lateral effect, is shown in Figure 11.11 in which two opposing beams are placed 25 cm apart with the midpoint dose normalized to 100. The curves for cobalt-60 and 4 MV show that for a patient of this thickness parallel opposed beams would give rise to an excessively higher dose to the subcutaneous tissues compared with the tumor dose at the midpoint. As the energy is increased to 10 MV, the distribution becomes almost uniform and at 25 MV it shows significant sparing of the superficial tissues relative to the midline structures.
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	Figure 11.10. Composite isodose distribution for a pair of parallel opposed fields. A: Each beam is given a weight of 100 at the depth of Dmax. B: Isocentric plan with each beam weighted 100 at the isocenter.





	



	Figure 11.11. Depth dose curves for parallel opposed fields normalized to midpoint value. Patient thickness = 25 cm, field size = 10 × 10 cm, source to surface distance = 100 cm.






	



	Figure 11.12. Ratio of maximum peripheral dose to the midpoint dose plotted as a function of patient thickness for different beam qualities. Parallel opposed fields, field size = 10 × 10 cm, source to surface distance = 100 cm.






The ratio of maximum peripheral dose to midpoint dose is plotted in Figure 11.12 as a function of patient thickness for a number of beam energies. Such data are useful in choosing the appropriate beam energy for a given patient thickness when using parallel opposed fields. For example, acceptable uniformity of dose, that is, within ±5%, is achievable with cobalt-60 or 4- to 6-MV beams for thicknesses of about 15 cm or less (e.g., head, neck, and extremities). However, for thicknesses of 20 cm or greater (e.g., thorax, abdomen, and pelvis), 10-MV or higher energies must be used to spare the normal subcutaneous tissues.
A.2. Edge Effect (Lateral Tissue Damage)

When treating with multiple beams, the question arises whether one should treat one field per day or all fields per day. Wilson and Hall (17) have discussed this problem in terms of cell survival curves and Ellis's time-dose-fractionation formula (18,19). For parallel opposed beams, they have shown that treating with one field per day produces greater biologic damage to normal subcutaneous tissue than treating with two fields per day, despite the fact that the total dose is the same. Apparently, the biologic effect in the normal tissue is greater if it receives alternating high- and low-dose fractions compared with the equal but medium-size dose fractions resulting from treating both fields daily. This phenomenon has been called the edge effect, or the tissue lateral damage (20). The problem becomes more severe when larger thicknesses (e.g., ≥20 cm) are treated with one field per day using a lower-energy beam (e.g., ≤6 MV). In such cases, the dose per fraction to the subcutaneous tissues, although delivered on alternate days, becomes prohibitively high.

A.3. Integral Dose

One way of comparing dose distributions for different-quality beams is to calculate the integral dose for a given tumor dose. Integral dose is a measure of the total energy absorbed in the treated volume. If a mass of tissue receives a uniform dose, then the integral dose is simply the product of mass and dose. However, in practice, the absorbed dose in the tissue is nonuniform so rather complex mathematical formulas are required to calculate it.

For a single beam of x- or γ radiation, Mayneord (21) formulated the following expression:
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	where ∑ is the integral dose, D0 is the peak dose along the central axis, A is the geometric area of the field, D is the total thickness of patient in the path of the beam, D1/2 is the half-value depth or the depth of 50% depth dose, and SSD is the source to surface distance. The term [image: image25.png]


is a correction for geometric divergence of the beam.
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	Figure 11.13. Integral dose as a function of photon beam energy, when 1,000 rad are delivered at a midpoint of a 25-cm-thick patient. Field size, 10-cm diameter at a source to surface distance of 100 cm. (Redrawn from Podgorsak EB, Rawlinson JA, Johns HE. X-ray depth doses for linear accelerators in the energy range from 10 to 32 MeV. Am J Roentgenol. 1975;123:182.)






Because integral dose is basically the product of mass and dose, its unit is the gram-rad or kilogram-gray or simply joule (since 1 Gy = 1 J/kg). Figure 11.13 shows the integral dose as a function of the energy of radiation for a tumor dose of 1,000 rad (1 rad = 10-2 Gy) at a depth of 12.5 cm in the patient of 25-cm thickness treated with parallel opposed beams (22). The curve shows a useful result, namely the higher the photon energy, the lower the integral dose.

Although it is generally believed that the probability of damage to normal tissue increases with the increase in the integral dose, this quantity is seldom used clinically to plan dosages or predict treatment outcome. However, it does provide qualitative guidelines for treatment planning for selecting beam energy, field sizes, and multiplicity of fields. As a general rule, one should keep the integral dose to a minimum, provided the adequacy of tumor irradiation and the sparing of critical organs are not compromised.

B. Multiple Fields

One of the most important objectives of treatment planing is to deliver maximum dose to the tumor and minimum dose to the surrounding tissues. In addition, dose uniformity within the tumor volume and sparing of critical organs are important considerations in judging a plan. Some of the strategies useful in achieving these goals are (a) using fields of appropriate size, (b) increasing the number of fields or portals, (c) selecting appropriate beam directions, (d) adjusting beam weights (dose contribution from individual fields), (e) using appropriate beam energy, and (f) using beam modifiers such as wedge filters and compensators. Although obtaining a combination of these parameters that yields an optimal plan is time consuming if done manually, treatment-planning computers are now available that can do the job quickly and accurately. Some of these systems are highly interactive so that the user can almost instantly modify, calculate, and examine various plans to select one that is clinically superior.

In section 11.5A, I discussed the case of two parallel opposed fields. Although the technique results in uniform irradiation of the tumor, there is little sparing of the surrounding normal tissue. In fact, the dose to the peripheral tissues can be significantly higher than the midline dose. Reduction of dose to subcutaneous tissue and normal tissue surrounding the tumor can be achieved by using a combination of three or more fields. Figure 11.14 illustrates various multiple-field arrangements in which the beam enters the patient from various directions, always directed at the tumor. Thus, by using multiple fields, the ratio of the tumor dose to the normal tissue dose is increased. Figure 11.15A,B shows typical examples of multiple fields, one used for treatment of the esophagus and the other, for the prostate gland. Figure 11.15C illustrates a fixed SSD-type technique in which the beam weights are delivered to Dmax points. In actual practice, one may use a combination of parallel opposed fields and multiple fields to achieve the desired dose distribution.

Although multiple fields can provide good distribution, there are some clinical and technical limitations to these methods. For example, certain beam angles are prohibited because of the presence of critical organs in those directions. Also, the setup accuracy of a treatment may be better with parallel opposed than with the multiple angled beam arrangement. It is, therefore, important to realize that the acceptability of a treatment plan depends not only on the dose distribution on paper, but also on the practical feasibility, setup accuracy, and reproducibility of the treatment technique.

	



	Figure 11.14. Schematic diagram showing examples of multiple fields. A: Two opposing pairs at right angles. B: Two opposing pairs at 120 degrees. C: Three fields: one anterior and two posterior oblique, at 45 degrees with the vertical.






11.6. Isocentric Techniques

Most modern machines are constructed so that the source of radiation can rotate about a horizontal axis. The gantry of the machine is capable of rotating through 360 degrees with the collimator axis moving in a vertical plane. The isocenter is the point of intersection of the collimator axis and the gantry axis of rotation.

A. Stationary Beams

The isocentric technique of irradiation consists of placing the isocenter of the machine at a depth within the patient and directing the beams from different directions. The distance of the source from the isocenter, or the SAD, remains constant irrespective of the beam direction. However, the SSD in this case may change, depending on the beam direction and the shape of the patient contour. For any beam direction, the following relationship holds:
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where d is the depth of the isocenter. Knowing the depth and position of isocenter from one direction such as the anterior posterior, the SSD can be calculated according to Equation 11.2 and set up from that direction. Then the positioning of subsequent fields simply requires moving the gantry and not the patient.

Although all techniques for which SSD ≤ SAD can be carried out isocentrically, the major advantage of this method is the ease with which multiple field setups (three or more) can be treated when all fields are treated the same day. This technique not only dispenses with the setting up of SSD for each beam direction, but also relies primarily on the accuracy of machine isocentricity and not on the skin marks, which are unreliable points of reference in most cases. 
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The treatment calculations for isocentric treatments have been presented in section 10.2A.2. Figure 11.15A,B shows examples of isodose distribution for isocentric techniques.
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	Figure 11.15. Examples of multiple field plans. A: Three-field isocentric technique. Each beam delivers 100 units of dose at the isocenter; 4 MV, field size = 8 × 8 cm at isocenter, source to axis distance (SAD) = 100 cm. B: Four-field isocentric technique. Each beam delivers 100 units of dose at the isocenter; 10 MV, field size = 8 × 8 cm at isocenter, SAD = 100 cm. C: Four-field source to surface distance (SSD) technique in which all beams are weighted 100 units at their respective points of Dmax; 10 MV, field size = 8 × 8 cm at surface, SSD = 100 cm.






B. Rotation Therapy

Rotation therapy is a special case of the isocentric technique in which the beam moves continuously about the patient, or the patient is rotated while the beam is held fixed. Although this technique has been used for treating tumors of the esophagus, bladder, prostate gland, cervix, and brain, the technique offers little advantage over the isocentric technique using multiple stationary beams. For example, the esophagus can be treated equally well with three fields; the prostate gland and bladder, with four fields (sometimes combined with parallel opposed fields); and the brain, with two or three fields or with wedges, depending on the size and location of the tumor. Many times it is a matter of individual preference, although one technique may offer particular advantages over the  other in regard to patient positioning, blocking, and the size of volume to be irradiated. Especially when intricate blocking is required, rotation therapy should not be attempted.

Rotation therapy is best suited for small, deep-seated tumors. If the tumor is confined within a region extending not more than halfway from the center of the contour cross section, rotation therapy may be a proper choice. However, rotation therapy is not indicated if (a) the volume to be irradiated is too large, (b) the external surface differs markedly from a cylinder, and (c) the tumor is too far off center.

Calculation for rotation therapy can be made in the same way as for the stationary isocentric beams, except that a reasonably large number of beams should be positioned around the patient contour at fixed angular intervals. The dose rate at the isocenter is given by:
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where [D with dot above]ref is the reference dose rate related to the quantity [T with bar above], which may be average tissue-to-air ratio (TAR) or tissue-maximal ratio (TMR) (averaged over all depths at the selected angles). In the case of TARs, [D with dot above]ref is the dose rate in free space for the given field at the isocenter. A method of manual calculations based on this system was discussed in section 9.4D. If the TMRs are used, [D with dot above]ref is the Dmax dose rate for the given field at the SAD. Using the TMR system discussed in Chapter 10:
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where [D with dot above]0 is the Dmax dose rate for a 10 × 10-cm field at the SAD, and Sc and Sp are the collimator and phantom scatter correction factors for the given field size at the isocenter. In the case of a linear accelerator, [D with dot above]0 is the monitor unit (MU) rate (assuming 1 MU = 1 rad [cGy] at the isocenter for a depth of Dmax for a 10 × 10-cm field).

Example

	A patient is to receive 250 rad at the isocenter by rotation therapy, using 4-MV x-rays, 6 × 10-cm field at the isocenter, and a SAD of 100 cm. If [image: image35.png]TMR



calculated according to the procedure in section 9.4D is 0.746, calculate the number of monitor units to be set on the machine if the machine output is set at 200 MU/min and given Sc (6 × 10) = 0.98 and Sp (6 × 10) = 0.99. From Equation 11.4:
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or:
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D= 200 X 0.98 X 0.99 X 0.746
1448 rad /min





Gantry rotation speed is set so that 345 MU are delivered at the conclusion of the rotation. Some machines perform only one rotation, whereas others can perform a specified number of arcs or rotations in a pendulum manner. Most modern machines allow for automatic adjustment of rotation speed to deliver a preset number of monitor units by the end of a single rotation. The determination of complete isodose curves for rotation therapy by manual means is very time consuming. It is essentially the same procedure as used in multiple fixed beams, but with a large number of beams. The isocentric isodose chart (Fig. 11.1B) in which isodoses are normalized to a point at depth on the central axis is used with the isocenter placed at the point of normalization. By summing the isodose values at selected points while the chart is placed at different angles, the dose distribution can be determined relative to the isocenter. Because of the tedium involved in the procedure, this task is ideally suited for computer application. Such programs are available with commercial treatment-planning computers.

Figure 11.16 shows three examples of isodose distribution for rotation therapy: (a) 100-degree arc rotation, (b) 180-degree arc rotation, and (c) full 360-degree rotation. It should be noted that whereas the maximum dose for the 360-degree rotation occurs at the isocenter, for the partial arcs it is displaced toward the irradiated sector. This illustrates an important principle that in arc therapy or when oblique fields are directed through one side of a patient, they should be aimed a suitable distance beyond the tumor area. This is sometimes referred to as past pointing. The extent of past pointing required to bring the maximum dose to the tumor site depends on the arc angle and should be determined for an individual case by actual isodose planning.
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	Figure 11.16. Examples of isodose distribution for rotation therapy. A: Arc angle = 100 degrees. B: Arc angle = 180 degrees. C: Full 360-degree rotation; 4 MV, field size = 7 × 12 cm at isocenter, source to axis distance = 100 cm.






11.7. Wedge Field Techniques

Relatively superficial tumors, extending from the surface to a depth of several centimeters, can be irradiated by two “wedged” beams directed from the same side of the patient. Figure 11.17A shows isodose distribution of two angled beams with no wedge in the beams. It is seen that in the region of overlap of the beams, the dose distribution is quite nonuniform. The dose is highest in the superficial or proximal region of overlap and falls off to lower values toward the deeper areas. By inserting appropriate wedge filters in the beam and positioning them with the thick ends adjacent to each other, the angled field distribution can be made fairly uniform (Fig. 11.17B) . Each wedged beam in this case has a reduced dose in the superficial region relative to the deeper region so that the dose gradient in the overlap region is minimized. The dose falls off rapidly beyond the region of overlap or the “plateau” region, which is clinically a desirable feature.
There are three parameters that affect the plateau region in terms of its depth, shape, and dose distribution: θ, Φ, and S, where θ is the wedge angle (section 11.4A), Φ is the hinge angle, and S is the separation. These parameters are illustrated in Figure 11.18. The hinge angle is the angle between the central axes of the two beams and the separation S is the distance between the thick ends of the wedge filters as projected on the surface. Cohen and Martin (3) have discussed in detail how θ, Φ, and S can be adjusted to achieve a desired plateau.
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	Figure 11.17. Isodose distribution for two angled beams. A: Without wedges. B: With wedges; 4 MV, field size = 10 × 10 cm, source to surface distance = 100 cm, wedge angle = 45 degrees, and each beam weighted 100 at the depth of Dmax.






There is an optimum relationship between the wedge angle θ and the hinge angle Φ that provides the most uniform distribution of radiation dose in the plateau:
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This equation is based on the principle that for a given hinge angle the wedge angle should be such that the isodose curves from each field are parallel to the bisector of the hinge angle (Fig. 11.18). Under these conditions, when the isodoses are combined, the resultant distribution is uniform.

Equation 11.5, although helpful in treatment planning, may not yield an optimum plan for a given patient contour. The relationship assumes that the wedge isodose curves are not modified by the surface contour. In practice, however, contours are usually curved or irregular in shape and thus modify the isodose distribution for the wedged beams. As a result, the isodose curves for the individual fields are no longer parallel to the bisector of the hinge angle, thus giving rise to a nonuniform distribution in the overlap region. This problem can be solved by using compensators (discussed in Chapter 12), which make the skin surface effectively flat and perpendicular to each beam. An alternative approach is to modify the wedge angle (using a different wedge angle filter from that given by Equation 11.5) so that a part of the wedge angle acts as a compensator and the rest as a true wedge filter. The main objective is to make the isodose curves parallel to the hinge angle bisector. Although the latter approach obviates the need for a compensator, the determination of an optimum wedge angle may not be easy if planning is done manually. The former method, on the other hand, is well suited for manual calculations since all one needs is a compensator and an atlas of precalculated isodose distributions for a variety of θ, Φ, and S values. This method, however, becomes technically difficult to implement if complicated secondary blocking is required in addition to the compensator and the wedge filter.

	



	Figure 11.18. Parameters of the wedge beams: θ is wedge angle, Φ is hinge angle, and S is separation. Isodose curves for each wedge field are parallel to the bisector.






Equation 11.5 suggests that for each hinge angle one should use a different wedge angle. However, in practice, selected wedge angles (i.e., 15 degrees, 30 degrees, 45 degrees, and 60 degrees) are adequate over a wide range of hinge angles.

In modern radiation therapy, complex treatment techniques are frequently used, which may involve wedge filters, compensators, field blocking, and field reductions, all for the same patient. Manual treatment planning is difficult for such cases. For this reason, in many institutions, all complex treatments, including wedged fields, are planned by computer as a matter of standard practice.

.

Figure 11.20 is a schematic representation of various volumes that the ICRU Report no. 50 (24) recommends to be identified in a treatment plan. Delineation of these volumes is greatly facilitated by 3-D imaging but the concept is independent of the methodology used for their determination.

A.1. Gross Tumor Volume

The gross tumor volume (GTV) is the gross demonstrable extent and location of the tumor. It may consist of primary tumor, metastatic lymphadenopathy, or other metastases. Delineation of GTV is possible if the tumor is visible, palpable, or demonstrable through imaging. GTV cannot be defined if the tumor has been surgically removed, although an outline of the tumor bed may be substituted by examining preoperative and postoperative images.

A.2. Clinical Target Volume

The clinical target volume (CTV) consists of the demonstrated tumor(s) if present and any other tissue with presumed tumor. It represents, therefore, the true extent and location of the tumor. Delineation of CTV assumes that there are no tumor cells outside this volume. The CTV must receive adequate dose to achieve the therapeutic aim.

A.3. Internal Target Volume

ICRU Report no. 62 (25) recommends that an internal margin (IM) be added to CTV to compensate for internal physiologic movements and variation in size, shape, and position of the CTV during therapy in relation to an internal reference point and its corresponding coordinate system. The volume that includes CTV with internal margin (IM) is called the internal target volume (ITV).
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	Figure 11.20. Schematic illustration of International Commission of Radiation Units and Measurements volumes. (From International Commission of Radiation Units and Measurements. Prescribing, Recording, and Reporting Photon Beam Therapy. ICRU Report 50. Bethesda, MD: International Commission of Radiation Units and Measurements; 1993.)






A.4. Planning Target Volume

The volume that includes CTV with an IM as well as a setup margin (SM) for patient movement and setup uncertainties is called the planning target volume (PTV). To delineate the PTV, the IM and SM are not added linearly but are combined rather subjectively. The margin around CTV in any direction must be large enough to compensate for internal movements as well as patient motion and setup uncertainties.

A.5. Planning Organ at Risk Volume

The organ(s) at risk (OR) needs adequate protection just as CTV needs adequate treatment. Once the OR is identified, margins need to be added to compensate for its movements, internal as well as setup. Thus, in analogy to the PTV, one needs to outline planning organ at risk volume (PRV) to protect OR effectively.

Figure 11.21 schematically illustrates the process of outlining PTV and PRV. This process is intended to make the radiation oncologist think methodically and analytically when outlining targets and organs at risk instead of taking a wild guess. Although absolute accuracy in either case cannot be assured, the objective of this approach is to minimize errors by paying attention to details.

It is also important to point out that there is a common tendency among practitioners to draw target volumes based on GTV with little margins to account for subclinical disease, organ motion, or setup uncertainties. The so-called conformal radiation therapy is a double-edged sword—a high degree of plan conformity can create a high probability of geographical miss. Thus, great caution must be exercised in designing PTV and PRV. It is just as important to know the limitations of the system as it is to know its capabilities.

A.6. Treated Volume

Additional margins must be provided around the target volume to allow for limitations of the treatment technique. Thus, the minimum target dose should be represented by an isodose surface that adequately covers the PTV to provide that margin. The volume enclosed by an isodose surface that adequately covers the PTV to provide that margin is called the treated volume. The treated volume is, in general, larger than the planning target volume and depends on a particular treatment technique.

A.7. Irradiated Volume

The volume of tissue receiving a significant dose (e.g., ≥50% of the specified target dose) is called the irradiated volume. The irradiated volume is larger than the treated volume and depends on the treatment technique used.
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	Figure 11.21. Schematic representation of International Commission of Radiation Units and Measurements (ICRU) volumes and margins. (From International Commission of Radiation Units and Measurements. Prescribing, Recording and Reporting Photon Beam Therapy [supplement to ICRU Report 50]. ICRU Report 62. Bethesda, MD: International Commission on Radiation Units and Measurements; 1999.)
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