12.3. Treatment Verification

A. Port Films

The primary purpose of port filming is to verify the treatment volume under actual conditions of treatment. Although the image quality with the megavoltage x-ray beam is poorer than with the diagnostic or the simulator film, a port film is considered compulsory not only as a good clinical practice, but also as a legal record.

As a treatment record, a port film must be of sufficiently good quality so that the field boundaries can be described anatomically. However, this may not always be possible due to either very high beam energy (10 MV or higher), large source size (cobalt-60), large patient thickness (>20 cm), or poor radiographic technique. In such a case, the availability of a simulator film and/or a treatment diagram with adequate anatomic description of the field is helpful. Anatomic interpretation of a port film is helped by obtaining a full-field exposure on top of the treatment port exposure.

Radiographic technique significantly influences image quality of a port film. The choice of film and screen as well as the exposure technique is important in this regard. Droege and Bjärngard (32) have analyzed the film screen combinations commonly used for port filming at megavoltage x-ray energies. Their investigation shows that the use of a single emulsion film with the emulsion adjacent to a single lead screen3 between the film and the patient is preferable to a double emulsion film or a film with more than one screen. Thus, for optimum resolution, one needs a single emulsion film with a front lead screen and no rear screen. Conventional nonmetallic screens are not recommended at megavoltage energies. Although thicker metallic screens produce a better response, an increase in thickness beyond the maximum electron range produces no further changes in resolution (32).

Certain slow-speed films, ready packed but without a screen, can be exposed during the entire treatment duration. A therapy verification film such as Kodak XV-2 is sufficiently slow to allow an exposure of up to 200 cGy without reaching saturation. In addition, such films can be used to construct compensators for both the contours and tissue heterogeneity (33).

B. Electronic Portal Imaging

Major limitations of port films are (a) viewing is delayed because of the time required for processing, (b) it is impractical to do port films before each treatment, and (c) film image is of poor quality especially for photon energies greater than 6 MV. 
Electronic portal imaging overcomes the first two problems by making it possible to view the portal images instantaneously (i.e., images can be displayed on computer screen before initiating a treatment or in real time during the treatment). Portal images can also be stored on computer discs for later viewing or archiving. On-line electronic portal imaging devices (EPIDs) are currently being clinically used in several institutions, and some of them are commercially available. Many of the systems are video based; the beam transmitted through the patient excites a metal fluorescent screen, which is viewed by a video camera using a 45-degree mirror (34,35,36,37) (Fig. 12.13). The camera is interfaced to a microcomputer through a frame-grabber board for digitizing the video image. The images are acquired and digitized at the video rate of 30 frames per second. An appropriate number of frames is averaged to produce a final image. Depending on the computer software, the image data can be further manipulated to improve the image quality or perform a special study.

	


	Figure 12.13. Schematic diagram of video-based electronic portal imaging device.






One problem with mirror-based EPIDs is the large size of the mirror, which can pose practical problems. Wong et al. (38) have developed a system that replaces the mirror with a fiberoptics system to direct the fluorescent light to the video camera. The fiberoptics channels consist of thin clear polystyrene columns encased by a thin acrylic cladding. Because of the difference in the refractive indices of the two plastics, it is possible to conduct light without significant loss of intensity. This “light piping” is accomplished by the process of total internal reflection at the cladding interface.

Another class of EPIDs consists of a matrix of liquid ion chambers used as detectors (39,40). These devices are much more compact than the video-based systems and are comparable in size to a film cassette, albeit a little heavier. One such system developed at The Nederlands Kanker Institute consists of a matrix of 256 × 256 ion chambers containing an organic fluid and a microcomputer for image processing. Figure 12.14 shows an image obtained with such a device. Besides imaging, another potential use of this device is on-line patient dose monitoring. Further work is needed to develop this application.
	



	Figure 12.14. Example of a portal image. (Courtesy of Varian Associates, Palo Alto, CA.)






Yet another type of EPID uses solid state detectors. One approach employs a scanning linear array of silicon diodes. Another uses a linear array of zinc tungstate (Zn WO4) scintillating crystals attached to photodiodes. A review of these developments is provided by Boyer et al. (41).

A variety of technologies are being explored to develop new EPIDs or refine the existing ones. For example, Varian Medical Systems has an EPID called PortalVision aS500, featuring an array of image detectors based on amorphous silicon (a-Si) technology (Fig. 12.15). Within this unit a scintillator converts the radiation beam into visible photons. The light is detected by an array of photodiodes implanted on an amorphous silicon panel. The photodiodes integrate the light into charge captures. The sensitive area of the EPID is 40 × 30 cm2 with 512 × 384 pixels, spatial resolution is 0.78 mm, and the readout image has about 200,000 pixels. This system offers better image quality than the previous system using liquid ion chambers.

	

View Figure



	Figure 12.15. Varian Portalvision system with a panel of amorphous silicon detectors mounted on the accelerator gantry. The mounting arm swings into position for imaging and out of the way when not needed. (Courtesy of Varian Associates, Palo Alto, CA.)






C. Cone-beam CT

A conventional CT scanner has a circular ring of detectors, rotating opposite an x-ray tube. However, it is possible to perform CT scans with detectors imbedded in a flat panel instead of a circular ring. CT scanning that uses this type of geometry is known as cone-beam computed tomography (CBCT).

In cone-beam CT, planar projection images are obtained from multiple directions as the source with the opposing detector panel rotates around the patient through 180 degrees or more. These multidirectional images provide sufficient information to reconstruct patient anatomy in three dimensions, including cross-sectional, sagittal, and coronal planes. A filtered back-projection algorithm is used to reconstruct the volumetric images (42).

CBCT systems are commercially available as accessories to linear accelerators. They are mounted on the accelerator gantry and can be used to acquire volumetric image data under actual treatment conditions, thus enabling localization of planned target volume and critical structures before each treatment. The system can be implemented either by using a kilovoltage x-ray source or the megavoltage therapeutic source.

C.1. Kilovoltage CBCT

Kilovoltage x-rays for a kilovoltage CBCT (kVCBCT) system are generated by a conventional x-ray tube that is mounted on a retractable arm at 90 degrees to the therapy beam direction. A flat panel of x-ray detectors is mounted opposite the x-ray tube. The imaging system thus provided is quite versatile and is capable of cone-beam CT as well 2-D radiography and fluoroscopy. All three major manufacturers of linear accelerators (Varian, Elekta, and Siemens) are offering this technology. The commercial names for these systems are Trilogy (www.varian.com), Synergy (www.elekta.com), and ONCOR (www.siemens.com). Figure 12.16 shows a picture of Elekta's Synergy. Figure 12.17 is 
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an example of kVCBCT of a lung cancer patient. It should be mentioned that the accelerator-mounted imaging systems are under constant development and some advertised features may be works in progress or currently not approved by the Food and Drug Administration. The reader can get the updated information by contacting the manufacturers or visiting their web sites.
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	Figure 12.16. Elekta Synergy linear accelerator with on-board imaging equipment. (Courtesy of Dr. Kiyoshi Yoda, Elekta K.K., Kobe, Japan).
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	Figure 12.17. Example of kilovoltage cone-beam computed tomography images of a lung cancer patient.






The advantages of a kVCBCT system are its ability to (a) produce volumetric CT images with good contrast and submillimeter spatial resolution, (b) acquire images in therapy room coordinates, and (c) use 2-D radiographic and fluoroscopic modes to verify portal accuracy, management of patient motion, and making positional and dosimetric adjustments before and during treatment. The use of such systems will be further discussed in Chapter 25 on image-guided radiation therapy (IGRT).

C.2. Megavoltage CBCT

Megavoltage cone-beam CT (MVCBCT) uses the megavoltage x-ray beam of the linear accelerator and its EPID mounted opposite the source. EPIDs with the a-Si flat panel detectors are sensitive enough to allow rapid acquisition of multiple, low-dose images as the gantry is rotated through 180 degrees or more. From these multidirectional 2-D images, volumetric CT images are reconstructed (43,44,45).

The MVCBCT system has a reasonably good image quality for the bony anatomy and, in some cases, even for soft tissue targets. MVCBCT is a great tool for on-line or pretreatment verification of patient positioning, anatomic matching of planning CT and pretreatment CT, avoidance of critical structures such as spinal cord, and identification of implanted metal markers if used for patient setup.

Although kVCBCT has better image quality (resolution and contrast), MVCBCT has the following potential advantages over kVCBCT:

· Less susceptibility to artifacts due to high-Z objects such as metallic markers in the target, metallic hip implants, and dental fillings

· No need for extrapolating attenuation coefficients from kV to megavoltage photon energies for dosimetric corrections

12.5. Corrections for Tissue Inhomogeneities

Applications of standard isodose charts and depth dose tables assume homogeneous unit density medium. In a patient, however, the beam may transverse layers of fat, bone, muscle, lung, and air. The presence of these inhomogeneities will produce changes in the dose distribution, depending on the amount and type of material present and on the quality of radiation.

The effects of tissue inhomogeneities may be classified into two general categories: (a) changes in the absorption of the primary beam and the associated pattern of scattered photons and (b) changes in the secondary electron fluence. The relative importance of these effects depends on the region of interest where alterations in absorbed dose are considered. For points that lie beyond the inhomogeneity, the predominant effect is the attenuation of the primary beam. Changes in the associated photon scatter distribution alters the dose distribution more strongly near the inhomogeneity than farther beyond it. The changes in the secondary electron fluence, on the other hand, affects the tissues within the inhomogeneity and at the boundaries.

For x-ray beams in the megavoltage range, where Compton effect is a predominant mode of interaction, the attenuation of the beam in any medium is governed by electron density (number of electrons per cm3). Thus, an effective depth can be used for calculating transmission through non–water-equivalent materials. However, close to the boundary or interface, the distribution is more complex. For example, for megavoltage beams, there may be loss of electronic equilibrium close to the boundaries of low-density materials or air cavities. For orthovoltage and superficial x-rays, the major problem is the bone. Absorbed dose within the bone or in the immediate vicinity of it may be several times higher than the dose in the soft tissue in the absence of bone. This increased energy absorption is caused by the increase in the electron fluence arising from the photoelectric absorption in the mineral contents of the bone.

12.6. Tissue Compensation

A radiation beam incident on an irregular or sloping surface produces tilting of the isodose curves. Corrections for this effect were discussed in section 12.2. In certain treatment situations, however, the surface irregularity gives rise to unacceptable nonuniformity of dose within the target volume or causes excessive irradiation of sensitive structures such as the spinal cord. Many techniques have been devised to overcome this problem, including the use of wedged fields or multiple fields and the addition of bolus material or compensators. Areas having a smaller thickness of tissue can also be blocked for the last few treatments to reduce the dose in these areas.

	
	

	



	Figure 12.26. Schematic representation of a compensator designed for an irregular surface. (From Khan FM, Moore VC, Burns DJ. The construction of compensators for cobalt teletherapy. Radiology. 1970;96:187, with permission.)






Bolus is a tissue-equivalent material placed directly on the skin surface to even out the irregular contours of a patient to present a flat surface normal to the beam. This use of bolus should be distinguished from that of a bolus layer, which is thick enough to provide adequate dose buildup over the skin surface. The latter should be termed the buildup bolus.
Placing bolus directly on the skin surface is satisfactory for orthovoltage radiation, but for higher-energy beams results in the loss of the skin-sparing advantage. For such radiations, a compensating filter should be used, which approximates the effect of the bolus as well as preserves the skin-sparing effect. To preserve the skin-sparing properties of the megavoltage photon beams, the compensator is placed a suitable distance (≥20 cm) away from the patient's skin. Yet the compensator is so designed that its introduction in the beam gives rise to isodose curves within the patient that duplicate, as closely as possible, those for the bolus.
A. Design of Compensators

Figure 12.26 illustrates schematically the use of a compensator to provide the required beam attenuation that would otherwise occur in the “missing” tissue when the body surface is irregular or curved. Because the compensator is designed to be positioned at a distance from the surface, the dimensions and shape of the compensator must be adjusted because of (a) the beam divergence, (b) the relative linear attenuation coefficients of the filter material and soft tissues, and (c) the reduction in scatter at various depths when the compensator is placed at a distance from the skin rather than in contact with it. To compensate for this scatter, the compensator is designed such that the attenuation of the filter is less than that required for primary radiation only. These considerations and others have been discussed in the literature (68,69,70,71,72,73,74).

Minification of the compensating material for geometric divergence of the beam has been achieved in many ways. One method (68,70,71,72) constructs the compensator out of aluminum or brass blocks, using a matrix of square columns corresponding to the irregular surface. The dimension of each column is minified according to the geometric divergence correction, which is calculated from the SSD and the filter to surface distance. Khan et al. (75) described an apparatus that uses thin rods duplicating the diverging rays of the therapy beam (Fig. 12.27). The rods move freely in rigid shafts along the diverging paths and can be locked or released by a locking device. The apparatus is positioned over the patient so that the lower ends of the rods touch the skin surface. When the rods are locked, the upper ends of the rods generate a surface that is similar to the skin surface but corrected for divergence. A plastic compensator can then be built over this surface (73). Beck et al. (76) and Boge et al. (77) have described Styrofoam cutters (Fig. 12.28) that work on a pantographic principle and use a heating element or a routing tool mechanism for the hollowing of the Styrofoam. The cavity thus produced is a minified version of the patient surface, which can be filled with the compensator material.

A tissue-equivalent compensator designed with the same thickness as that of the missing tissue will overcompensate (i.e., the dose to the underlying tissues will be less than that indicated by the standard isodose chart). This decrease in depth dose, which is due to the reduction in scatter reaching a point at depth, depends on the distance of the compensator from the patient, field size, depth, and beam quality. To compensate for this decrease in scatter, one may reduce the thickness of the compensator to increase the primary beam transmission. The compensator thickness should be such that the dose at a given depth is the same whether the missing tissue is replaced with the bolus in contact or with the compensator at the given distance from the skin surface. The required thickness of a tissue-equivalent compensator along a ray divided by the missing tissue thickness along the same ray may be called the density ratio or thickness ratio (73) (h′/h in Fig. 12.26). Figure 12.29 gives a plot of thickness ratio, t, as a function of compensator to surface distance, d. t is unity at the surface and decreases as d increases.
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	Figure 12.27. An apparatus for the construction of 3-D compensator in one piece. (From Khan FM, Moore VC, Burns DJ. An apparatus for the construction of irregular surface compensators for use in radiotherapy. Radiology. 1968;90:593, with permission.)
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	Figure 12.28. Schematic diagram of a Styrofoam cutter fitted with a routing tool for constructing compensators. (Redrawn from Boge RJ, Edland RW, Mathes DC. Tissue compensators for megavoltage radiotherapy fabricated from hollowed Styrofoam filled with wax. Radiology. 1974;111:193, with permission.)
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	Figure 12.29. A plot of density ratio or thickness ratio as a function of compensator distance for a uniformly thick compensator. 60Co γ rays, field size = 10 × 10 cm, source to surface distance = 80 cm, compensation depth = 7 cm, and tissue deficit = 5.0 cm. (From Khan FM, Moore VC, Burns DJ. The construction of compensators for cobalt teletherapy. Radiology. 1970;96:187, with permission.)







The thickness ratio depends, in a complex way, on compensator to surface distance, thickness of missing tissue, field size, depth, and beam quality. However, a detailed study of this parameter has shown that τ is primarily a function of d (for d ≤20 cm) and that its dependence on other parameters is relatively less critical (73,78). Thus, a fixed value of τ, based on a given d (usually 20 cm), 10 × 10-cm field, 7-cm depth, and tissue deficit of 5 cm, can be used for most compensator work.

The concept of thickness ratios also reveals that a compensator cannot be designed to provide absorbed dose compensation exactly at all depths. If, for given irradiation conditions, τ is chosen for a certain compensation depth, the compensator overcompensates at shallower depths and undercompensates at greater depths. Considering the limitations of the theory and too many variables affecting τ, we have found that an average value of 0.7 for τ may be used for all irradiation conditions provided d greater than or equal to 20 cm. The same value has been tested to yield satisfactory results (errors in depth dose within ±5%) for 60Co, 4-MV, and 10-MV x-rays (78).

In the actual design of the compensator, the thickness ratio is used to calculate compensator thickness (τc) at a given point in the field:
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where TD is the tissue deficit at the point considered and ρc is the density of the compensator material.

A direct determination of thickness (τ/ρc) for a compensator system may be made by measuring dose at an appropriate depth and field size in a tissue-equivalent phantom (e.g., polystyrene) with a slab of compensator material placed in the beam at the position of the compensator tray. Pieces of phantom material are removed from the surface until the dose equals that measured in the intact phantom, without the compensator. The ratio of compensator thickness to the tissue deficit gives the thickness ratio.

It may be mentioned that the term compensator ratio (CR) has also been used in the literature to relate tissue deficit to the required compensator thickness (79). It is defined as the ratio of the missing tissue thickness to the compensator thickness necessary to give the dose for a particular field size and depth. The concepts of compensator ratio and the thickness ratio are the same, except that the two quantities are inverse of each other (i.e., CR = TD/tc = ρc/τ).
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