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Abstract. Helical tomotherapy, a new approach for Intensity Modu-
lated Radiation Therapy, employs a fan-beam of radiation from a source
mounted in a CT-like ring gantry. Complex conformal dose delivery is
achieved by modulating the intensity of the radiation beam as the source
revolves about the patient. A particular benefit of helical tomotherapy
is the ability to perform in-situ CT imaging to confirm patient set-up,
and to reconstruct the dynamically delivered dose distributions. In this
paper we present the results of ongoing work to establish the potential
for tomotherapy using a Cobalt-60 radioactive source. Both dose deliv-
ery and megavoltage CT imaging data confirm the feasibility of image
guided radiation therapy using Cobalt-60 tomotherapy.

1 Introduction

There are about 4000 new cases of cancer in North America per year per one
million population. A major treatment for cancer is radiation therapy, and ap-
proximately 50% of all cancer patients receive radiation at some time during their
illness. In radio-therapy, tumours are treated by radiation from an x-ray unit or
radioactive source. The goal of treatment is to deliver a sufficient and uniform
dose to the target (to achieve tumour control) while minimizing the dose to nor-
mal tissue (to avoid complications). In the last four decades, radiation therapy
practice was improved: i) by the move from low energy radiation beams to more
penetrating megavoltage beams, ii) by the development of improved imaging to
localize tumours, and iii) by improved radiation dosimetry. It has been proposed
that external beam radiation therapy can be further improved by the precise
selection of the number of radiation beams and their geometry so as to obtain a
closer conformation of the delivered dose distribution to the target volume, that
is, by the implementation of conformal radiation therapy techniques [I]. For a
given photon beam energy, three main physical parameters may be manipulated
to achieve a distribution which better conforms to the desired volume: i) the
number and orientation of the radiation beams, ii) the shape of each beam, and
iii) the intensity of the radiation within each beam. A special implementation
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of conformal therapy, which manipulates all three of these parameters, is called
Intensity Modulated Radiation Therapy (IMRT). To date IMRT techniques have
been developed almost exclusively with linear accelerator (linac) x-ray units.

1.1 Tomotherapy and Cobalt Therapy

Tomotherapy is an implementation of IMRT proposed by Mackie et al.
based on a rotational IMRT delivery using a fan beam of radiation. Radiation
modulation is provided by a binary vane multi-leaf collimator (MLC) and, in he-
lical tomotherapy, the radiation source is mounted in a CT-like gantry. Complex
three dimensional dose distributions through a volume are achieved by modu-
lating, under computer control, the radiation intensity across the fan beam as
the source revolves around, and the patient is advanced through, the gantry.

The potential for 4 or 6 MV linac based helical tomotherapy has been well
established [3I4]. An important feature of tomotherapy is that the treatment
geometry provides a convenient means to perform on-line computed tomography
(CT) for patient set-up verification and dose reconstruction. This is achieved by
the addition of an arc of detectors in the gantry opposite the radiation source.
Patient imaging is achieved by reconstructing exit beam data (after the patient)
during a pre treatment scan using a constant low intensity irradiation. Dose
reconstruction, i.e., imaging of the delivered dose distribution, is achieved by
reconstruction of the exit beam data acquired during the IMRT delivery [3].
Research in megavoltage computed tomography (MVCT) with a linac based
tomotherapy unit has shown that high fidelity CT images can be obtained with
a reasonable scan time and dose [5].

The ability for patient position verification and dose reconstruction with to-
motherapy suggests that the technique is particularly well suited for adaptive
radiation therapy. Unlike other treatment modalities, radiation therapy is given
in multiple daily visits throughout the course of their care: a patient typically re-
turns to the radiation unit from 16 up to 40 times during treatment. In adaptive
radiation therapy [6/]7], one uses imaging data acquired during the treatment ses-
sion and, perhaps, dose delivery data to assess how well the planned treatment
has been achieved and to provide correction (see outline in Fig.[I]). A simple ver-
sion of the approach is to image the patient immediately prior to dose delivery,
compare the on-line image with the CT images used for treatment planning, and
correct the patient position if agreement is not within some set tolerance. A more
sophisticated approach would be to adjust the treatment plan (i.e., the 'program’
driving the intensity modulation) to accommodate the new patient position. If
one is able to determine the dose delivered during a given treatment, it may also
be possible to adjust subsequent radiation delivery to correct for deviations of
the dose delivery from the plan, for example, by adjusting the intensity modu-
lation the next day to add additional dose to volumes that received doses lower
than planned, or to give less radiation through volumes that were overdosed.
In tomotherapy, the MVCT imaging provides all the information required for
adaptive radiation therapy. Investigations have shown that even without image
reconstruction the exit beam data acquired by the detection system (i.e., the
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acquired sinograms) provide sufficient information for assessment of the setup
and dose delivery [3[g].
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Fig. 1. The process of adaptive radiation therapy (see text) in tomotherapy. The two
aspects indicated in the frames with heavy borders are inherent with the rotational
geometry of tomotherapy. Image guidance at treatment is achieved through MVCT of
the patient. If the patient setup agrees with the treatment planning then treatment
can proceed directly. If not then the patient can be moved or the treatment plan can
be modified. Our current investigations are devoted to assessing Co-60 for the features
in the dashed box.

The use of radioactive Cobalt-60 (Co-60) in radiation therapy applications
has a fifty-year long history. However, Co-60 has steadily fallen out of favour
in clinical practice over the last two decades. This has not been because of
the properties of the radiation beam, but rather because Co-60 units have not
kept pace with modern progress in treatment technology [9], in particular, there
has been little investigation of the potential for Co-60 conformal therapy. The
medical physics group at the Kingston Regional Cancer Centre has aimed to
modernize Co-60 radiation therapy by investigating the viability of Co-60 as the
radiation source in a tomotherapy device [TOJLT].

In this work we present results of the investigations of the potential of to-
motherapy using a Co-60 source for the dose delivery and megavoltage photon
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imaging required for adaptive radiation therapy. The goal is to develop a robust,
readily available, technology that could extend the use of sophisticated adaptive
techniques to smaller radiation clinics in Canada and the USA and to developing
countries.

Fig. 2. The components that comprise the benchtop Co-60 tomotherapy system. This
device mimics a tomotherapy treatment unit by rotating and translating the phantom
in three dimensions through a 1 x1 cm? pencil beam. The 2D scanning diode detector
apparatus, on the left, can scan a single detector in a plane to perform fan (and cone)
beam CT measurements.

2 Materials and Methods

Investigations were performed using computer modeling and simulation along
with measurements on a first generation benchtop Co-60 tomotherapy device,
shown in Fig. Bl The test device rotates and translates a phantom through a
1 ecm? pencil beam, or a 1x 35 cm? fan beam, with 1 mm translational and
1° rotational accuracy. Translating a phantom through the pencil beam with
variable translation speed mimics the intensity modulated fan beam of helical
tomotherapy. Image reconstruction and computer simulations of imaging and
of dose delivery were generated using in-house software written in the MatLab
programming language (Math Works, Natick, MA).

For CT imaging, an ISORAD n-type diode detector (Sun Nuclear Corp.,
Melbourne, FL) is added after the phantom to acquire transmission measure-
ments. The detector is kept stationary for imaging with the pencil beam (in a
15¢ generation CT geometry) or can be scanned in 1 dimension for fan beam (274
generation CT) imaging. The apparatus provides a simple, low-cost alternative
to a commercial detector array and is sufficient for assessing the viability of
Co-60 MVCT. Various types of phantoms (both in-house and commercial) have
been imaged.

A P-type Si diode with a 2.5 mm diameter and a 0.3 mm® volume (Scan-
ditronix Wellhofer, Bartlett, TN) was used to measure beam data required for the
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treatment planning. Additional beam measurements were performed with cali-
brated Kodak XV film (Eastman Kodak, Rochester, New York) digitized using
a Vidar film scanner (Vidar Systems Corp., Hinden, VA). A modified Milan-
Bentley technique [13] was used as the dose calculation engine in the treatment
planning software. The algorithm uses the semi-empirical depth dose data (well
approximated by a zero field size depth dose for the Co-60 pencil beam) and cross
beam profiles at multiple depths (modeled as a double Gaussian) to calculate
delivered doses.

Fig.3. Co-60 MVCT images from pencil beam imaging with the Co-60 benchtop
unit. The images are through slices of an anthropomorphic phantom used for radi-
ation dosimetry, the inserts show photographs of the corresponding slices. 3 mm air
holes for TLD placement are clearly observed.

3 Results and Discussion

The intent of the current work is to show that Co-60 tomotherapy potentially
provides the features required to undertake adaptive radiation oncology. To that
end we need established that Co-60 provides: i) MVCT image quality sufficient
to localize a patient during treatment, and ii) the ability to deliver conformal
dose distributions. We indicate the MVCT results by showing typical images (in
Figs. Bl and @)). Small high contrast features are readily seen in the images (i.e.,
the holes for thermoluminescent dosimeters in Fig. Bl and the glass containing
methanol in the 20% contrast inserts in Fig. M). These images illustrate that
Co-60 MVCT provides images useful for the accurate patient position determi-
nations required for adaptive therapy.

The accuracy of the treatment planning simulations of dose delivery have
been validated against measurements, and shown to be accurate [I3]. The me-
dian difference between in-house predicted and measured dose was 2% (< 1 cGy);
in high gradient regions, the planned and delivered isodose lines are within a frac-
tion of a millimeter. The ability to deliver complex conformal dose distributions
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Fig. 4. A 2"? generation fan beam MVCT image of a quality assurance phantom con-
taining various 3 cm inserts. The numbers specify the differences of each material’s
electron density compared to water (e.g., bottom insert has 2.8% contrast).

is indicated by a simulation of a clinically relevant treatment of a head and neck
tumour. The intent of the treatment is to deliver 100% of the dose to a mass on
the right side of the neck while treating a node on the contralateral side to only
70%. Figure [l shows that the desired dose distribution can be achieved with
the Co-60 tomotherapy unit. The dynamic IMRT treatment delivery required to
achieve the dose distribution in Fig. [l is illustrated in Fig. [ In this figure the
output of the in-house MatLab treatment planning software has been captured
for four specific orientations as the tomotherapy beam revolves about the tar-
gets. The right hand image in each pair shows the intensity modulation achieved
by the translation through the pencil beam at the given angle, i.e., this image
illustrates the fan beam intensity modulation inherent to tomotherapy. The left
hand image shows the integration of the dose as the source revolves about the
patient. At 360° the left hand image would give the dose distribution shown in
Fig. B Although the grey scale specifying dose in each image varies with angle,
the convention is that white shows high intensity or high dose regions in the right
and left images in each pair, respectively. The dose delivered at each orientation
is on the order of 2% of the total dose.

4 Conclusions

Our investigations of Cobalt-60 IMRT continue to confirm the strong potential
for Co-60 tomotherapy. Acquired images, including those of anthropomorphic
phantoms, confirm that Co-60 MVCT provides the anatomical visualization nec-
essary for adaptive radiation therapy. The conformal dose delivery capabilities
are also as required. Thus, a Co-60 tomotherapy device provides the major com-
ponents required of adaptive radiation therapy delivery. Future research will be
to examine dose verification from reconstruction of exit dose data, and to advance
the benchtop unit by incorporating a multileaf collimation for fan beam IMRT
and a detector arc for 3" generation MVCT. The next step will be to incorporate
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Fig. 5. A test of conformal dose delivery with the Co-60 tomotherapy unit. The physi-
cian has delineated two targets in a head and neck treatment, one to receive 100% of
the dose while the other receives only 70%. The left hand image shows isodose con-
tours on the CT image of the slice being treated, the right hand side shows the same
information in a gray scale wash.

Instantaneous Instantaneous

Total Dose Fluence Total Dose Fluence

Fig. 6. Four frames from a movie generated by the treatment planning software illus-
trating the dynamic Co-60 tomotherapy dose delivery required to achieve the distri-
bution in Fig.[Bl In each pair the right hand image shows the instantaneous fan beam
modulation pattern required at specific orientations as specified in degrees. The left
hand image shows the total dose as the delivery progresses. The dose distribution of
Fig. [blis achieved after a complete rotation. The gray scale changes with each image
to maintain dynamic range.
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the components from our enhanced benchtop unit into our clinical Co-60 unit to
investigate the practical implementation of Co-60 tomotherapy. The feasibility
of the required modifications to the Co-60 unit are being assessed.
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