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1.1 IMRT: General Overview and Early History

There are several published historical reviews of intensity-modulated radiation ther-
apy (IMRT), and this brief review will not recapitulate ground admirably covered by
others [1-3]. The purpose of this review is to provide an experiential narrative that
documents the emergence of IMRT beginning with the treatment of the first IMRT
patient.

Briefly, IMRT is an advanced process of radiation therapy used to treat malignant
and nonmalignant diseases. IMRT uses special beam modifiers to vary or modulate
the intensity of the radiation over the field of delivery. The purpose is to manipulate
the beam so that when all the radiation delivery is considered, the dose conforms
closely to the tumor or target volume within the patient. IMRT may use multiple
radiation beams of varying sizes and varying intensities to irradiate a tumor with
precision and accuracy. The radiation intensity of each part of the beam is con-
trolled, and the beam shape may change or multiple beams used throughout each
treatment. The goal of IMRT is to shape the radiation dose to avoid or reduce expo-
sure of healthy tissue and limit the side effects of treatment while delivering a thera-
peutic dose to the cancer.

Three-dimensional conformal radiation therapy (3DCRT) is a technique where
the beams of radiation used in treatment are shaped to match the tumor. 3DCRT
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technology emerged during the 1980s as CT information became more widely
available and special computer platforms were developed to model the depiction
and deposition of radiation dose over a CT image template. Previously, radiation
treatments matched the height and width of the tumor, meaning that substantial
healthy tissue was exposed to the full strength of the radiation beams. Advances in
imaging technology made it possible to visualize and treat the tumor more precisely.
Conformal radiation therapy uses the CT image targeting information to focus pre-
cisely on the tumor while avoiding the healthy surrounding tissue. This exact target-
ing made it possible to use higher levels of radiation in treatment, which are more
effective in shrinking and killing tumors.

While 3DCRT planning and delivery allows for accurate dose conformity to
irregular shapes, there are still limitations in the corrections that could be made. As
its name implies, intensity-modulated radiation therapy allows the modulation of
the intensity or fluence of each radiation beam, so each field may have one or many
areas of high-intensity radiation and any number of lower-intensity areas within the
same field, thus allowing for greater control of the dose distribution with the target.
Also, with IMRT, the radiation beam can be broken up into many “beamlets,” and
the intensity of each beamlet can be adjusted individually. By modulating both the
number of fields and the intensity of radiation within each field, we have limitless
possibilities to sculpt radiation dose. In some situations, this may safely allow a
higher dose of radiation to be delivered to the tumor, potentially increasing the
chance of a cure [4, 5].

The concept of inverse planning for intensity-modulated radiation therapy was
first elucidated by Anders Brahme [6]. His article was the first that demonstrated
intensity-modulated fields of radiation would lead to more conformal dose distribu-
tions that would spare normal tissue. The first article dealt with the problem of
inverse planning a target with complete circular symmetry. The article demonstrated
how to generate an annulus of uniform dose around a completely blocked central
circle by rotating a modulated beam profile.

Brahme later showed how inverse planning conceptually reverses the CT imag-
ing planning process [7]. With CT, radiation beams are analyzed using a computer
to produce an image. With inverse planning, the image, which is the ideal prescrip-
tion for three-dimensional dose deposition, is generated by the physician as an input
problem into a computer. The computer determines the position, shape, and inten-
sity of the radiation beams (or the beamlets) to produce this ideal 3D dose delivery,
thus fulfilling the prescription. Thus, the physician begins with the (ideal prescrip-
tion) image and ends with the IMRT radiation beams.

The clinical implementation of forward planning IMRT is relatively easy,
because it is closely related to conventional planning. Conventional forward plan-
ning mostly depends on the geometric relationships between the tumor and nearby
sensitive structures. Time and effort requirements for quality assurance, planning,
and delivery are similar to the experiences obtained with conformal radiotherapy.
Manual definition of the segments leads to intuitive choices of the segment shapes
based on the beam’s eye view option of the planning system. Forward planning
IMRT continues to be useful for the breast [8] and head & neck [9].
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In comparison, inverse planning is less dependent on the geometric parameters
but more on specification of volumes of tumor targets and sensitive structures, as
well as their dose constraints. Inverse planning is far less related to conventional
radiotherapy because the segment shapes are not defined manually and the number
of segments is usually considerably larger. There are on occasion complex clinical
situations which require the use of many beam directions and segments. In these
cases, inverse planning may be the more efficient strategy.

At this point in time, the spatial technology and physics-based solutions are more
advanced than our biological technology. Although we have the capability to plan
and calculate doses accurately to within millimeters (or better), we are limited in
our ability to identify microscopic disease with such accuracy and precision. We are
also limited by the difficulties of immobilizing a patient for the time duration of an
entire IMRT treatment (typically 15-30 min). Both patients and tumors move con-
sequent to voluntary movement and involuntary motion such as peristalsis and res-
piration. Additionally, patients often lose weight over the course of the treatment.
This renders the dosimetry inaccurate, and at some point the planning process must
be redone. The next direction in radiation oncology is to account for this movement
and is being called four-dimensional (4D) conformal radiotherapy (CRT), a logical
progression from 3DCRT. Researchers have recently developed megavoltage cone-
beam CT (MVCBCT) for clinical use. MVCBCT will allow the reconstruction of
the actual daily delivered dose based on the patient’s anatomy in real time. This will
lead to “adaptive radiotherapy,” the modulation of prescription and delivery based
on the actual daily delivered dose, as opposed to planned dose [10].

IMRT creates and delivers a designed and prescribed three-dimensional dose
distribution within a patient. In principle, modulated beams of radiation can be pro-
jected from any direction; however, most IMRT technologies do not enjoy this level
of flexibility. This discussion will only consider those technologies that use copla-
nar beam directions as these are commercially available. The beams may be narrow
(0.5-2.0 cm) fan beams, modulated in one dimension; this delivery system is termed
“tomotherapy.” The other major delivery schema uses divergent cone beams modu-
lated in two dimensions. The modulation may be performed using milled metal
(usually brass) blocks. More commonly, the modulation is accomplished by moving
the leaves of the multileaf collimator. This may occur while the leaves are stationary
during the time the beam is on (step-and-shoot IMRT), while the leaves move while
the beam is on (dynamic MLC IMRT), or while both the leaves and the gantry move
with the beam on (volumetric modulated arc therapy). For each of these techniques,
delivery consists of a series of beam configurations each associated with a specific
linear accelerator gantry angle. For each beam angle, a coplanar modulated beam is
projected toward the isocenter.

Consider the fan beam delivery technology discussed above. The narrow beam
rotation of a series of fan beams around a patient generates a dose distribution
within a slice. This is conceptually analogous to the slice thickness of a CT (com-
puterized tomography) scanner; therefore, this delivery technique was called tomo-
therapy. The first 2D IMRT unit consisted of add-on hardware to a conventional
linear accelerator; it was the NOMOS Peacock unit [11]. Later, a helical
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tomotherapy unit was introduced to the marketplace, the TomoTherapy Hi-Art unit
[12]. Continuing the CT analogy, to get a three-dimensional image representation of
a patient from a CT scanner, it is necessary to capture and present multiple image
slices. These CT slices may consist of a series of serial slices or a continuous helical
slice. In order to deliver the three-dimensional IMRT dose distribution in tomo-
therapy, it is necessary to irradiate the serial or helical series of slices with the
patient being positioned along the axis of rotation. In CT scanning, the axial resolu-
tion is limited by the slice thickness; similarly, in tomotherapy the axial resolution
of the dose distribution is limited by the slice thickness. The parallels between CT
scanners and tomotherapy treatment machines are seen in the ongoing development
of the technology. The first applications of tomotherapy are being delivered one
slice at a time, requiring accurate indexing of the patient between slices. The more
modern development of helical tomotherapy in which the patient is moved continu-
ously through the rotating fan beam can be compared with spiral (strictly helical)
CT. Tomotherapy is an excellent choice for certain patient disease presentations
such as head & neck cancer and some thoracic malignancies.

1.2  Early Phase, 1992-2002

Although the concept of IMRT and early algorithm for planning were developed in
Sweden [6, 7], clinical application did not begin until a fully integrated IMRT plan-
ning and delivery system, namely, the NOMOS Peacock system, was invented and
commissioned in 1993 by the collaborated effort between NOMOS [13-15] and
Baylor College of Medicine/the Methodist Hospital (Houston, TX, USA). After
obtaining investigational device exemptions and protocol approval by Baylor’s
Investigational Review Board, the first patient with brain metastases was to have
three brain tumors treated simultaneously using IMRT in September 1993. However,
at the eve of the treatment day, an exhaustive quality assurance (QA) testing discov-
ered a glitch in the MIMIC collimator. The treatment was therefore canceled. After
modification of the sensors for the moving vanes of the MIMiC was done and cor-
rection of the glitch was achieved, the first patient with a recurrent retropharyngeal
cancer was treated by the Peacock system in March 1994. The initial patients (adults
and children) were those with tumors in the brain or head & neck region where rigid
fixation of the head by the invasive “Talon” system was used. A detailed QA system
was developed [16]. Comparison between IMRT plan and stereotactic radiosurgery
plan or three-dimensional (3D) conformal plan was performed [17, 18]. Several
institutions such as Tufts New England Medical Center, University of Connecticut,
and University of Washington and a radiation oncology practice in Pittsburg and one
in Phoenix soon began treating patients with the Peacock system.

The rollout of the NOMOS Peacock IMRT system occurred in the summer of
1995. There was a concern that this paradigm shift of treatment delivery could
deliver less than a tumoricidal dose to a portion of the target each day, depending on
the plan configuration. There was much discussion and debate at this conference
about what was the optimal beam configuration for IMRT. There was general
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consensus that energy between 6 and 10 MV photons was acceptable, with the over-
all optimal energy being about 8 M'V.

By 1996, investigators at the Memorial Sloan Kettering Cancer Center began
IMRT treatment for prostate cancer with the Varian dynamic multileaf collimator
[19]. By July 1997, over 500 patients in the USA have received IMRT using the
Peacock system. Early results have been reported [20-23]. Institutions such as
Stanford University; UC, San Francisco; University of Washington; and others
(including a few in Europe) all started to investigate the clinical use of IMRT. It was
gradually recognized that rigid immobilization with an invasive device was not nec-
essary for the majority of patients. There was quite a controversy when the use of a
rectal balloon for treatment of prostate cancer was introduced [24]. Nonetheless,
many investigators eventually recognized the value, and later, rectal balloon was
adopted for proton therapy of prostate cancer. The early reports of clinical results of
IMRT were single institutional reports but provided tentative evidence of reduced
toxicity with IMRT [24-27].

A few important lessons were learnt during this period:

1. Understanding 3D anatomy on computerized tomography (CT) and magnetic
resonance (MR), as well as the locoregional pathway of the spread of cancers,
is of paramount importance when deciding on targets for treatment planning.

2. Significant improvement on the understanding of partial volume organ-at-risk
tolerance is needed.

3. Treating with IMRT most tumors at a particular site (rather than just the most
challenging cases) would more rapidly improve the skill, quality, and safety of
the entire radiation oncology team.

4. Using IMRT for the entire course of treatment would more likely achieve the
benefit of IMRT than using IMRT as a “boost” following the conventional 2D
treatment.

5. A rotational IMRT technique could improve the treatment plan over static
IMRT fields by increasing the “degrees of freedom” for beam angles.

6. If rotational technique is used, noncoplanar beams in most instances do not
significantly improve the dose distribution over coplanar beams.

7. The flattening filter in an accelerator is not necessary for IMRT.

8. A higher dose rate (than that in a standard accelerator), because of the large
monitor units required for IMRT, is desirable.

9. Beam energy higher than 10 MV is not necessary.

10. An accelerated fractionation scheme could be delivered once a day without
resorting to multiple fractions per day [20].

11. A rigorous quality assurance (QA) system is mandatory [16].

12. Although the planning algorithm is an “inverse” process, the choice between
the coverage of the target by the prescribed dose and the dose constraint to the
adjacent organ(s) at risk dictates the parameter input into the planning com-
puter to start the iteration. This is still a “forward” and somewhat “experienced-
based” process.
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The technical transition from conformal radiotherapy to IMRT was not always
smooth. This was substantially because the two treatment systems had their own
processes and terminologies. There was not a smooth path of connection between
them, nor were there common terms of evaluation. There were often trade-off deci-
sions to be made. For prostate patients, do we accept a lower rectum dose at the
expense of a higher integral dose to the pelvis? Do we need and desire the dose
escalation IMRT allows? Does the added complexity and cost of IMRT planning,
verification, and delivery justify itself in terms of benefit to the patient? Pretreatment
dose verification of the isodose curve plan became an important part of the quality
assurance process, and for good reason. During the initial years of implementation,
the accuracy of the treatment plan was not trusted by both physicians and physicists.
Many patients were delayed and plans redone before treatment could begin with
assurance of quality and safety. Today, verification hardware and software tools
have made the process much more efficient, and the overall quality of IMRT deliv-
ery has substantially improved. However, more progress must be made before we
see common implementation of adaptive therapy solutions [28].

The clinical advantage of IMRT is the greater control of dose to the normal tis-
sues, allowing greater escalation of dose to the tumor. Because the ratio of normal
tissue dose to tumor dose is reduced to a minimum with the IMRT approach, higher
and more effective radiation doses can safely be delivered to tumors with fewer side
effects compared with conventional radiotherapy techniques. IMRT also has the
potential to reduce treatment toxicity, even when doses are not increased. Currently,
IMRT is being used most often to treat cancers of the prostate, lung, head & neck,
and central nervous system. IMRT has also been used in limited situations to treat
breast and thyroid, as well as in gastrointestinal, gynecologic malignancies and cer-
tain types of sarcomas. IMRT may also be beneficial for treating pediatric malig-
nancies. Radiation therapy, including IMRT, stops cancer cells from dividing and
growing, thus slowing or stopping tumor growth. In many cases, radiation therapy
is capable of killing all of the cancer cells, thus shrinking or eliminating tumors.

It was widely felt and discussed that aggressive use of electrons, especially in the
head & neck area, would no longer be necessary or justified with IMRT. Planning
algorithms, it was felt, were adequate to control, optimize, and present the dose
properly in regions of sharp dose gradient. With proper selection of control points,
the dose distribution would match and exceed the best conventional forward plans
that utilized electrons. Many future IMRT machines would be built without electron
capability.

Both 2D and 3D IMRT delivery have been performed both with and without a
flattening filter. It was recognized in the NOMOS Peacock 1995 meeting that IMRT
could be easily if not optimally performed without a flattening filter in place. The
TomoTherapy Hi-Art machine was designed without a flattening filter. Modern con-
ventional linear accelerator machines are now offering the option of beam delivery
without the flattening filter in place. This has the advantage of increased dose out-
put, making the treatment times shorter. Also, there are some advantages of a sim-
pler photon spectrum with consequently better modeling of the beam within the
treatment planning system.
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The NOMOS MIMiC unit is an add-on collimator to a conventional linear accel-
erator. It delivers radiation in a tomographic fashion, one arc at a time. Each arc
radiates a slice with both entrance and exit dose. The slice thickness is determined
by the beamlet width: 0.85 cm in the 1 cm MIMIC mode and 1.7 cm in the 2 cm
mode. The table must be advanced manually between each arc, making this poten-
tially a very time-consuming treatment. The distance of table advance is defined by
the width of the beam from the MIMiC device. The resolution of beam intensity
modulation in the direction of couch motion is defined by the beamlet width. The
binary collimator leaves are driven by compressed air into the computer-determined
configuration during each moment of the delivery arc. This sound is described as
being like “popping corn.”

During the early years of IMRT, far more patients were treated with the NOMOS
Peacock equipment than with any other technology. Most of the pioneers in IMRT
gained most of their early experience with NOMOS equipment. Most disease sites
were considered to see if IMRT could offer any therapeutic gain. IMRT demon-
strated special promise for head & neck, prostate, and CNS treatments. It was deter-
mined that by using a collimator that narrows the fan beam, termed the “beak,”
NOMOS equipment could be used for stereotactic radiosurgery [29]. Several cen-
ters used the NOMOS equipment to treat cranial patients using arc vertex fields,
adding a degree of freedom in addition to coplanar IMRT delivery.

1.3 Later Phase, 2002-Present

By 2002, most radiation oncology centers in North America and Europe and a few
in Asia have become familiar with IMRT. About a third of radiation oncologists
were already users of IMRT, and about 90 % of nonusers were planning to imple-
ment IMRT within 3 years [30]. The first tomotherapy unit which could deliver
rotational IMRT and perform megavoltage scanning like a helical CT scan was
installed in the University of Wisconsin.

1.3.1 TomoTherapy Hi-Art Machine at the University
of Wisconsin

The TomoTherapy Hi-Art unit was designed and developed at the University of
Wisconsin, Madison. A linear accelerator was mounted on a CT gantry using a slip-
ring configuration. This allowed the linear accelerator to move in an arc so that a fan
beam could be delivered in a continuous helical motion while the table is also
advanced continuously. The energy of the unit was 6 MV photons. The unit was also
capable of imaging a patient by lowering the energy to about 2 MV and utilizing a
special CT detector array. Thus, the patient could be first imaged and then treated
without changing machines or position. The TomoTherapy Hi-Art was the first pop-
ular image-guided radiation therapy (IGRT) treatment unit [31].
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1.3.2 Verification of IMRT by the NOMOS MIMiC
and the Wisconsin Machine

Early on, it occurred to those developing IMRT technology that the IMRT plan
could be delivered to an IMRT dose verification phantom. It was a simple matter
first to execute the plan onto the image of the phantom stored in the treatment plan-
ning system. The purpose of the IMRT dose verification phantom is to verify dose
distributions and absolute dose values produced by IMRT beams, either subbeams
or total beams. The phantom may be loaded with film, ion chambers, or thermolu-
minescent dosimeters. The verification is performed by irradiating the IMRT verifi-
cation phantom and by comparing the measured phantom values and the calculated
values of the radiotherapy treatment planning system. If the values match within a
certain preset dose and distance, the plan is considered valid. Almost all early IMRT
dose validation was performed in this manner [32].

The first commercial treatment planning system (TPS) available with an inverse
planning code for IMRT was originally known as Peacock Plan from the NOMOS
Corporation. It uses a simulated annealing algorithm and was originally designed to
plan for delivery with the MIMIC technique. The beam modeling algorithm was a
relatively simple ray-tracing algorithm optimized for speed to arrive at an inverse
planned solution on the computer technology available in the mid-1990s.

Corvus was developed by the NOMOS Corporation after recognizing the need
for a more sophisticated and accurate computer algorithm that would calculate dose
distributions not only for the MIMiC but also for conventional plans. This algorithm
employed a finite-size pencil beam (FSPB) convolution algorithm, which it incor-
porated during the final optimization process. It also allowed conventional planning
of patient volumes with the boost volume to be calculated using the MIMiC delivery
system [11].

The TomoTherapy planning system was developed by the same team that pro-
duced the Pinnacle system, and the photon calculation algorithms are similar. The
TomoTherapy planner uses a simplified optimization algorithm, but performs the final
dose calculation with its version of the superposition convolution algorithm. This
results in very accurate calculations when presented with heterogeneities such as lung
or air cavities in the head & neck region. The workstation uses an array of processors
to reduce greatly the optimization time required to optimize a plan. The TomoTherapy
planner does not calculate dose for conventional linear accelerators. It is possible,
however, to export the dose grid from the TomoTherapy planner to a conventional
planning system using DICOM RT exchange. This would allow the summation of
conventional plans with TomoTherapy plans on an external workstation [33].

Later, volume-based IMRT such as VMAT and RapidArc and cone-beam CT on
accelerators were introduced [34]. The planning systems have continued to improve
including the addition of Monte Carlo-based algorithms and class solutions which
have emerged to render planning more efficient [35—37]. With the introduction of
four-dimensional (4D) CT and techniques of motion management, IMRT for mov-
ing targets such as those in the lung and liver became feasible and increasingly used.
The National Cancer Institute in the USA published guidelines for the use of IMRT
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in clinical trials [38], and cooperative groups in North America and Europe increas-
ingly allowed the use of IMRT in certain protocols. In addition to large nonrandom-
ized series on lung cancer, prostate cancer, head & neck cancer, and anal cancer
[39-44], results of a few randomized studies became available to provide class 1
evidence of the benefit of IMRT in head & neck cancer and prostate cancer [45—47].
In 2006, Hall raised the issue of total body exposure to leakage radiation because of
the high number of monitor units used in IMRT and the resultant possibility of an
increase in second malignancy (especially in children) [48]. Since then, improve-
ments in the design of the multileaf collimator for IMRT have occurred. In 2010,
Varian introduced a flattening filter-free accelerator with significantly higher output
of monitor units per minute. At present, radiation treatment facilities without IMRT
are a distinct rarity in North America and Europe, and increasing proportion of
patients is being treated with IMRT. Hypo-fractionated schedules are being intro-
duced for many tumor sites. Stereotactic body irradiation for lung cancer, liver
tumors, and vertebral metastasis most frequently utilizes the technique of IMRT.

14  Summary

It would be reasonable to state that the introduction of IMRT has “revolutionized”
radiation therapy. IMRT has proven to be a “versatile” technology that could pro-
vide excellent radiation dose distribution and in some cases better tumor control and
lesser side effects. Further improvement of therapeutic ratio would likely require
another genre of radiation, such as protons. Randomized studies are under way to
determine if proton therapy could indeed produce a better outcome than what the
best photons could do with IMRT.
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