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ABSTRACT

Advances in radiation therapy for cancer are reviewed, with
emphasis on TomoTherapy® Hi® Art,® a new system for
delivering therapy with a helical delivery system in which the

patient and the radiation source move in a manner similar
to that used for diagnostic CT scans. Simultaneously, the
intensity of the radiation beam is modulated by a computer
controlled mechanism. The Lancaster General Cancer Center
now offers this technology in a new state-of-the-art center.
(Fig. 1) The furst patient was treated on June 2, 2009. This
report summarizes the advantages, disadvantages, and appli-
cability of this device.

INTRODUCTION

Radiation therapy has been used as a cancer treatment
for more than 100 years, beginning shortly after the dis-
covery of x-rays in 1895 by Wilhelm Roentgen (Réntgen
in the original German).!

Radiation is still one of the most effective cancer treat-
ments available today. Radiation oncologists make use of
highly sophisticated, precise, and intricate instruments,
such as stereotactic devices, linear accelerators, brachy-
therapy, and radiopharmaceuticals, to precisely target
tumors with ionizing radiation.

Figure 1. The new TomoTherapy® Hi® Art® radiation therapy
delivery system at the Lancaster General Cancer Center.

During the past 50 years, the most common form of
radiotherapy has been external beam radiation therapy
(EBRT). Conventional EBRT uses a beam of high energy
x-rays or photons directed at the tumor from one to sev-
eral different directions, so that radiation is focused on a
target and surrounding healthy tissue is shielded. EBRT
is typically delivered via a linear accelerator, a machine
which produces and focuses photons towards the target,
with photons exerting their effects by ionization of mol-
ecules in tissues directly within their path (Figure 2).

The formation of thousands of intracellular free radicals
by ionization, notably hydroxyl radicals, damages the

Figure 2. A 6-18MV conwventional linear accelerator at Lancaster
General Cancer Center. The linear accelerator directs high energy
photons in a step and shoot fashion towards a target as demonstrated
by the blue beam. At bottom left is a close up view of the multi-

leaf collimator (MLC, blue arrow) which resides in the head of

the machine. The leaves of an MLC shape the beam. In IMRT,

the leaves continuously move in complex geometric patterns to
modulate the intensity of the beam. This results in highly conformal
distributions of radiation dose.
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DNA by binding to the DNA bases and causing single
and double stranded DNA breaks.? DNA damage is
then inherited through cell division. Normal cells have
intact mechanisms for repairing DNA damage, while
cancer cells generally have a diminished ability to repair
such sub-lethal damage, so a therapeutic window is
generated that is enlarged by fractionating radiotherapy
treatments.

At first, it was very difficult for therapeutic radiologists to
deliver enough radiation to kill a tumor without causing
painful or debilitating side effects. Even though normal
tissue can recover from exposure to radiation, there are
often side effects, and too much radiation can damage
normal tissue beyond repair.

Significant improvements have been made with con-
ventional EBRT during the past 50 years. As technol-
ogy has progressed, the ability of radiation oncologists
to conform radiation to their targets while minimizing
dose to normal tissues has greatly increased, and as a
result, treatment efficacy and tolerability have greatly
improved. By increasing the number of beams focused
on the target and the eventual ability to shape these
beams with simple and later complex blocking devices,
radiation plans became more conformal.

Despite these improvements, however, treatment plans
continued to have unwanted high doses of radiation well
outside the intended target. Over the past two decades a
novel, highly sophisticated technology, called intensity-
modulated radiation therapy (IMRT), has been developed
which allows precise coverage of targets regardless of
size or shape.

INTENSITY-MODULATED RADIATION THERAPY (IMRT)

In IMRT, very small beams, or beamlets, are aimed at a
tumor from many angles. During treatment, the radia-
tion intensity of each beamlet is controlled by a device
called a multileaf collimator (MLC) (Figure 2, left
lower corner). The collimator is a computer-controlled
mechanical device that modulates the shape and amount
of radiation delivered by blocking out some areas and
filtering others through movement of the leaves. The
beam’s intensity is thus modulated to distribute the
intended radiation dosage precisely in complex shapes
and patterns. As a result, the radiation dose is shaped to
the tumor geometry and bends around important healthy
tissues in a manner that would be impossible with con-
ventional radiation techniques.’

NEW TOOL TO HELP FIGHT CANCER

Conventional linear accelerators were adapted to per-
form IMRT utilizing a stop, point and shoot approach
to delivery. Each beam is focused from a specific direc-
tion, with each beam highly modulated by the computer
controlled MLC as discussed above.

TOMOTHERAPY

Recently, TomoTherapy Inc. developed a novel approach
to IMRT. While conventional radiation therapy machines
have been adapted and re-adapted to keep up with
advances in the field, the new TomoTherapy unit was
designed without legacy constraints.

TomoTherapy® Hi® Art® system is a new, advanced, state
of the art, helical IMRT delivery system with CT image
guidance. (Figure 2) The system was developed at the
University of Wisconsin-Madison and the first patient
was treated in 2003.*

TomoTherapy® Hi® Art® shares similar technology with
CT scanners, otherwise known as computerized tomog-
raphy. A small megavoltage x-ray source was mounted
in a fashion similar to that of a CT x-ray source, and the
geometry provided the opportunity to provide treatment
utilizing the continuous spiral 360 degree rotation of the
CT gantry (Figure 3). High energy photon radiation is
produced by the mounted megavoltage linear accelerator,
which travels around the gantry ring in a spiral fashion.

Figure 3. The TomoTherapy® Hi® Art®™ system delivers radiation
through a small megavoltage x-ray source mounted in a similar
fashion as a CT x-ray source. Radiation is delivered in a continuous
spiral 360 degrees rotation. (Image reproduced with permission from
TomoTherapy® Inc.)
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Figure 4. The patient slowly moves through the center of the gantry,
so each time the linear accelerator comes around, the beam is directed
at a slightly different plane. Radiation dose is modulated at every
angle to conform to the target. (Image reproduced with permission
from TomoTherapy® Inc.)

The linear accelerator moves in unison with a MLC. The
MLC has two sets of interlaced leaves that move in and
out very quickly to constantly modulate the radiation
beam as it leaves the accelerator. Meanwhile, the couch
is also moving, guiding the patient slowly through the
center of the ring, so each time the linear accelerator
comes around, the beam is directed at a slightly different
plane (Figure 4).

Typically, tens of thousands of beamlets are included in
one treatment session. A single beamlet corresponds to
the radiation emitted through an open leaf of the MLC
with the gantry at any given angle, during any given
rotation. TomoTherapy® Hi® Art® offers by far the most
beamlets of any form of IMRT, which translates to one of
the most precise conformal radiotherapy available.

NEW TOOL TO HELP FIGHT CANCER

IMAGE GUIDANCE RADIATION THERAPY (IGRT)

For any conformal radiotherapy system to be effective,
the anatomical position of the tumor and surrounding
healthy tissues must be accurately defined and localized.
TomoTherapy® Hi® Art® has the ability to perform a quick
CT scan before each treatment starts, to ensure the patient
is aligned accurately with the treatment plan (Figure 5).

In addition to localizing the target, physicians can also
monitor changes in tumor volume and anatomy dur-
ing the treatment course. For example, when a tumor
responds to treatment over a several week treatment
course, changes in tumor anatomy or in surrounding tis-
sues can occur. If not recognized, the target volume may
shift outside of the originally planned target, resulting in
a geographic miss, potentially compromising local con-
trol or cure. With TomoTherapy® Hi® Art®, review of CT
imaging ensures that geographic misses do not occur.

CLINICAL USES OF TOMOTHERAPY® HI*ART® RADIATION
THERAPY SYSTEM

TomoTherapy® Hi® Art® can be used to treat tumors of
various sizes, single or multiple tumors, one region of the
body or several regions, to the same dosage in every area
or to multiple different radiation dosages.

TomoTherapy® Hi® Art® is currently being used to
treat select tumors in the prostate, brain, head and
neck, lung, liver, pancreas, prostate, uterus as well as
other sites. One of the most exciting aspects of the

Figure 5. Daily CT image of prostate cancer patient fused with treatment planning CT. Corrected shifts
are made to ensure the patient is accurately aligned prior to treatment.
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TomoTherapy® Hi® Art® system is that tumors can be
treated radiosurgically.

RADIOSURGERY

Radiosurgery, also known as stereotactic body radio-
therapy (SBRT) when used to target lesions in the body,
is radiation treatment that delivers a very high dose of
radiation in one to five fractions with great precision and
localization. Unlike conventional fractionated radiother-
apy, which may require as many as 25-35 daily fractions,
with SBRT patients receive only one to five fractions.
SBRT has been used to treat tumors of the lung, pancreas,
liver, prostate, spine, head and neck, as well as benign
tumors. For centers without an intracranial stereotactic
radiosurgery technology, TomoTherapy® Hi® Art® may
be used to deliver single or multiple fraction stereotactic
radiosurgery (SRS) of intracranial lesions as well.

Recently, several studies of SBRT for medically inop-
erable Stage I non-small cell lung cancer have been
reported.”® Patients received 4-6 fractions of SBRT to a
total dose of 40-60 Gy. The local control rate ranged from
80-95% at 3 years with very little treatment related mor-
bidity. (About 10% of patients with intrathoracic lesions
10% have some signs of radiographic pneumonitis.)

An example of radiosurgery for a Stage I non-small cell lung
cancer is seen in figure 6. At this writing (July, 2009) only
short-term follow-up is available. The patient tolerated
treatment well, suffered no acute toxicities from treatment,
and is doing well thus far. It can take from 1 - 6 months to
demonstrate a complete radiographic response.

Typically, a re-staging CT chest study would be performed
2-3 months post-treatment.

TOMOTHERAPY AND PROSTATE CANCER

Radiotherapy (RT) is one of the established primary
modalities for treating prostate cancer. Approximately
30% of all prostate cancer patients who are treated
with curative intent receive RT, most with external
beam radiotherapy, and a substantial proportion will be
cured.”!® Studies have shown that IMRT/IGRT allows
significant escalation of radiation dose with excellent
biochemical control of disease with the same or less
treatment-related morbidity.'"'? With theTomoTherapy®
Hie Art® system, radiation is highly conformed to the
prostate, minimizing dose to surrounding bowel, bladder
and hips (Figure 7). Daily CT Image guidance ensures the
prostate is exactly localized prior to treatment.

Figure 6. Medically inoperable patient with Stage I non-small cell
lung cancer. The lesion is seen in three views. The patient received
SBRT to a total dose of 10.0 Gy times 5 fractions.

An exciting new development in the treatment of pros-
tate cancer is the potential for hypofractionated radio-
therapy.”’!® Currently prostate patients are required to
attend daily treatments, 5 days a week, over a treatment
course of 7-8 weeks. Treatment can be costly and disrup-
tive for patients, especially those not living close to a
cancer center. Recent improvements in technology, such
as TomoTherapy® Hi® Art,® allow high doses of radiation
to be delivered to the prostate in fewer fractions while
maintaining lower doses to adjacent bladder and rectum.
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Figure 7. A highly conformal radiation plan utilizing the
TomoTherapy® Hi® Art® treatment planning software for a patient
with early stage prostate cancer. In red, the high dose radiation
precisely encompasses the prostate. There is a steep dose gradient
(blue) surrounding the prostate. The dose of radiation delivered to
the adjacent bladder and rectum is small, significantly reducing the
potential for acute and/or chronic bowel or bladder complications.

This process is called hypofractionated stereotactic radio-
therapy. Clinical trials are ongoing and further research is
necessary before hypofractionated radiotherapy is offered
outside of a clinical trial.

OTHER TUMOR SITES

Many other patients may benefit from the Tomotherapy®
Hie Art® technology. Figure 8 shows a treatment plan
for a patient with tumor involving the cervical spine.
With TomoTherapy® Hi® Art® treatment, the full dose
of radiation was delivered while sparing the esophagus,
significantly reducing treatment morbidity. The patient
did not develop an acute radiation mucositis/esophagitis.
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Figure 8. A highly conformal radiation plan utilizing the
TomoTherapy® Hi® Art® treatment planning software for a
patient with a cervical spine tumor. With sparing the posterior
pharynx and esophagus, the patient did not develop an acute
radiation mucositis/esophagitis.

If conventional radiation techniques had been used, the
likelihood of a grade 2 or 3 phayrngitis/esophagitis with
the dose this patient received would have been >50%.

POTENTIAL DISADVANTAGES OF IMRT/TOMOTHERAPY

IMRT and thus TomoTherapy® Hi® Art® may not be
appropriate for all patients requiring radiotherapy. In
IMRT, though the region that is exposed to high dose
radiation is highly conformal, low doses of radiation
are typically spread over a larger volume of normal tis-
sue compared with conventional radiation treatments.
Therefore, the total absorbed dose to the individual, called
the integral dose, is much higher in patients receiving



IMRT. As IMRT is a new technology, the absolute risks
of a higher integral dose are not completely known at
this time.

In general, most tissues tolerate low doses of radiation
well and the risk of acute or chronic damage to exposed
normal tissues is very small. However, following exposure
to low dose radiation there is a slightly increased risk of
radiation-induced second malignancies years or even
decades following treatment.!” Though this risk is very
small for adults, it is significantly higher in pediatric and
young adult patients.?*?! Therefore, when the potential
benefits of a more precise treatment plan are small, a
conventional radiation plan with a lower integral dose
may be preferable.

For example, consider a pediatric patient who needs
45 Gy" of radiation to the mediastinum. This dose can
certainly be focused from 360 degrees via TomoTherapy,
with the 45 Gy isodose line kept precisely around the
contoured mediastinum, but the lungs, soft tissues, etc.
will receive low-dose radiation (5 Gy or less). In contrast,
conventional radiation treatment from two fields, front to
back, would limit all radiation to the pathway that encom-
passes the mediastinum. The anterior and posterior chest
would receive higher doses, but the risks to those regions
are very small, and there would be no radiation outside of
those two fields (in this case laterally). The total absorbed

*Gray (Gy). The international system unit of radiation dose expressed in
terms of absorbed energy per unit mass of tissue. 1 gray = 1 Joule/kilogram
and also equals 100 rad.

NEW TOOL TO HELP FIGHT CANCER

dose, the integral dose, with the conventional two-field
technique would be smaller, as would the carcinogenic
risk. The mediastinum would receive the same therapeu-
tic dose regardless of method. Since pediatric and young
adult cancer patients can have high cure rates and many
decades to live, a conventional treatment plan would be
preferable in the case described.

Finally, overconfidence in the accuracy of imaging may
increase the chance of missing lesions that may be invis-
ible on the planning scans (and therefore not included
in the treatment plan) or that move between or during a
treatment (for example, due to respiration or inadequate
patient immobilization). Lastly, it may not be clinically
necessary or cost effective to offer an expensive and
resource-consuming treatment to patients who would not
benefit from highly conformal radiation treatment.

CONCLUSION

TomoTherapy® Hi® Art® is a highly precise radio-
therapeutic delivery system with state of the art image
guidance. When highly conformal radiation plans are
indicated, it allows radiation oncologists to minimize
high doses of radiation to healthy tissues while ensuring
coverage of the intended treatment volume. It allows
treatment of tumors that might have been considered
untreatable in the past due to close proximity of vital
organs and structures. It has stimulated research into the
development of new radiotherapeutic treatment options
with the focus on reducing treatment length and toxicity
while increasing local control and survival for patients
with cancer.
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