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GENERAL PRINCIPLES OF
RADIOSURGICAL PLANNING







WHAT IS THIS BOOK AND
WHAT IS RADIOSURGICAL
PLANNING?

PRELIMINARIES I: THREE CONFESSIONS, AN APOLOGY, AND A PROMISE

Before getting into the meat of radiosurgical planning, we want to share a few per-
spectives with you in the form of some confessions, an apology, and a promise.

First, we freely confess to three charges. We confess to having a bit of chutzpa—
well, maybe more than a bit—in writing a book on a subject for which we are not
the original movers and shakers. We hope that the many gifted radiosurgeons who
have shown us the way will forgive us, realizing that our efforts are based on a
genuine respect for their pioneering efforts and a voracious enthusiasm for what
radiosurgery can do in the right hands.

Our second confession is that our thoughts about radiosurgical planning are
biased, opinionated, and idiosyncratic. There are many ways to skin a cat—our goal
is only to share with you what has worked for us, not to present all sides to every
disagreement on matters of technique. And believe us, there is plenty of
disagreement.

Our last confession is to an informal style of writing that may put off some of
our more rigorous scientific colleagues. This is not your typical scientific exposition.
Yes, at times we will lecture you or take you down carefully thought-out paths, but
at other times we may simply offer advice or even berate you for imagined radio-
surgical transgressions. We use this style because we feel that radiosurgical planning
is a craft, and that crafts are best learned in an informal atmosphere reminding us
that much is still unknown and encouraging us to creatively explore. And also,
because it is so much more fun.

Now our apology. The field of radiosurgery is so vast that we know that we have
inadvertently omitted some important insights and tricks that some may consider
essential. We apologize for these omissions and hope you will write us so that we
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may share your experience in a future edition of this book (assuming we are fortu-
nate enough to have that opportunity!).

Finally, a promise. We promise that the radiosurgical plans shown in this book
are real unless otherwise stated. We occasionally use digital methods to erase an
errant red line or enhance contrast, and we have thickened the isodose lines for
clarity. But we have not bent or distorted the isodose lines themselves. What you
see is what we got.

PRELIMINARIES II: IS THIS BOOK FOR BEGINNERS OR EXPERTS?

Well, both. For beginners, we recognize that although the scientific literature on
radiosurgery is vast, there is very little published material about how to make the
plans themselves, and that most neophytes learn as an apprentice at the knee of a
master without benefit of printed instruction. This book is therefore designed to
turbocharge your entrance into the art of radiosurgical planning. We have included
a complete, self-contained course on how to construct radiosurgical plans that
encompasses everything from treatment philosophy to nuts-and-bolts advice on
how to get the isodose lines to do what you want. There are copious illustrated
examples, a text section that takes you from A to Z, a set of Gamma Knife exercises
to help you learn the art of planning, and even a simple (and admittedly limited)
Gamma Knife simulator included on the CD for your practice.

We have the expert in mind as well, and we believe that even the crustiest radio-
surgeon will find something new and useful in this book. As an expert, you already
know much of the information in our text section; but you may not be familiar with
how optical illusions can interfere with radiosurgical planning (see Chapter 5), or
you may not completely understand the interaction between asymmetric blocking
patterns and the Gamma angle (see Trick #55). The meat of the information for you
will be in the illustrated tricks, and we hope you experience them as if you are swap-
ping pointers and tips with a colleague. Some will be new to you, some you won’t
like, but they will make you think and it will be fun.

PRELIMINARIES lll: WHAT IS IN THIS BOOK?

This book is composed of three major parts. The first five chapters give a didactic
presentation of the basics of radiosurgical planning, both from the technical view-
point—how to construct a radiosurgical plan—and from a viewpoint emphasizing
that radiosurgical choices should arise from clinical decisions. In these chapters we
first discuss the details and planning strategies for the Gamma Knife, including the
new model called Perfexion. We then do the same for the CyberKnife, extending
our discussion to linear accelerators and extracranial radiosurgery. Despite the focus
upon these two devices, our discussion of the principles of radiosurgical planning is
broad and relevant no matter which machine you may be using. In particular, we
lay out the basic goals of radiosurgical planning and dwell on many of the practical
first choices that must be made when constructing a radiosurgical plan.

The second part—Chapter 6 and 7—is what we call “Tricks and Picks,” and it is
really the core of the book. Starting with the Gamma Knife, we share with you a
list of practical tricks and hints that we believe are essential for good radiosurgical
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planning. Some are obvious, some are subtle, and some have been learned painfully
and over a great deal of time. They are organized by topic (Geometric Building
Blocks, for example) and cover a wide gamut of problems that you will face sooner
or later. We then do the same for the CyberKnife, again sharing with you an orga-
nized set of tricks and tips. CyberKnife planning, however, is so highly technical that
we picked only the details most salient to those planning for clinical purposes; hence
we call the list of CyberKnife tricks a list of “picks.” We have included more than
100 of these tricks and picks, and we hope that they will be helpful to your radio-
surgical practice.

The third part of this book—Chapter 8 and the Appendixes —is a collection of
three “extras.” The first is a series of essays we wrote as individuals about the effects
of the social environment of a radiosurgery center (our euphemism for conflicts
between surgeons, radiation oncologists, and physicists) upon the task of radiosurgi-
cal planning. Believing that these sensitive issues are both very real and infrequently
discussed in public, we have ignored our nervous inclination to omit our comments
and hope that you will find them useful if you face these thorny problems yourselves.
The second “extra” is a series of DICOM files provided on the accompanying CD
that can be loaded into the Gamma Knife software as a set of exercises. Each con-
sists of an MRI data set together with an artificial “tumor,” together with instruc-
tions and challenging radiosurgical tasks. The final “extra” is some software, also on
the CD, that we call a “Gamma Knife simulator,” although it is very limited and in
no way provides the full capability of the Gamma Knife software (and it cannot be
used for any clinical purpose at all, period). It will, however, allow you to place shots
within a radiosurgical field, see the results upon the dose distribution, and get a feel
for key concepts such as isodose lines, renormalization, and shot weights. It is meant
for the beginning radiosurgeon, but experts might enjoy playing with it for a period
of time. Full details for installation and use are included, and there is no license to
worry about—it is free.

Finally, we admit that our discussion is repetitive in parts and that some of the
details and techniques in the tricks overlap. We have chosen not to prune these
repetitive messages, believing that a certain amount of redundancy is a necessary and
helpful aid when learning a craft such as radiosurgical planning. Please bear with us.

But enough preliminaries. Let’s start!!

THE NEED FOR A PLAN

After more than 50 years of unrelenting technical refinements, modern radiosurgical
devices—the Gamma Knife, the CyberKnife, and the Novalis, to name just a few—
have become sophisticated tools capable of focusing radiation onto a desired target
with startling precision. The purpose of these devices is to allow the physician to
ablate pathological targets such as tumors with huge doses of radiation, a goal made
possible by the safety conferred by this extraordinary accuracy. In fact, the word
“radiosurgery” was coined by Leksell to reflect the surgical philosophy of tumor
annihilation and to distinguish this technique from that of radiotherapy in which
tumors are selectively poisoned with radiation rather than completely ablated.
These magnificent devices do not work automatically—they must be told what
to do. And it is the radiosurgeon who must specify where the radiation is to fall,



6 WHAT IS THIS BOOK AND WHAT IS RADIOSURGICAL PLANNING?

Figure 1.1. The 50% isodose line of a Gamma Knife radiosurgical plan is shown (yellow line). The
tumor within the line will receive the vast majority of the radiation.

where the radiation is not to fall, and, most importantly, which clinical choices are
to be made as part of the compromise that hides in every radiosurgical plan. It is
this process that we refer to as the craft of radiosurgical planning.

The planning tools for each of the radiosurgical devices are as magnificent as the
machines themselves. Images from MRI, CT, PET, and angiographic studies can be
blended into one visual database and succinctly displayed to the radiosurgeon. The
target is chosen, and sophisticated algorithms allow construction of isodose lines—
deformed circles showing where the dose is constant—designed to include the target
within a field of lethal radiation while excluding and protecting the surrounding
normal tissue (Figure 1.1). In a morning’s work at a quiet console in a darkened
room, intricate and precise plans can be constructed, leading to the bloodless eradi-
cation of pathology that is the goal of every radiosurgeon. Simply draw the isodose
lines where you want them.

But for several reasons, it is not that easy. First, the exact geometry of the target
is often not as simple as it appears, and making those stubborn isodose lines fit the
desired volume becomes an exercise in frustration (Figure 1.2). Second, it is not just
the isodose line that surrounds the tumor that must be cajoled into conformity.
The radiosurgeon must also fuss over the isodose lines that carry higher doses within
the tumor and the isodose lines that carry lower doses to larger volumes outside
the tumor. Unfortunately, all this fussing makes the planning process even more
difficult. Third, the volume of the tissue within each isodose line must be ruthlessly
trimmed because it is more risky to radiate a large volume of tissue than a smaller
volume, even at the same dose—a strange and evil property of radiation. Fourth,
the plan must be constructed to anticipate the choice of dose. A plan with a low
isodose line on the edge of the tumor can lead to huge doses within the tumor,
which may—or may not—be desirable. Finally, and perhaps most importantly, the
radiosurgeon always faces tough choices between tough compromises because no
plan can ever be perfect. Should the chosen isodose line include a little too much
normal tissue on one side of the tumor so that the optic nerve can be spared on the
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Figure 1.2. (A) A radiosurgical plan is produced from two-dimensional slices of the desired target,
which in this case is a sphere. The slices of the target are circles with diameters that depend on the
position of the slices. A single shot suffices to cover this target, as might be expected from the even
progression of the slices. (B) This irregular target, however, produces circles of the same diameter as
the sphere when sliced. A conformal radiosurgical plan will require several shots of different diameters,
demonstrating that the complexity of the plan cannot be estimated from the apparent simplicity of the
slices of the target.

opposite side, or should a larger dose to the optic nerve be allowed so that normal
tissue is not unnecessarily irradiated? As in real life, you can’t always get all that
you want.

And so radiosurgical plans are both essential for radiosurgery and difficult for
the radiosurgeon, requiring complex techniques to command intricate devices while
simultaneously satisfying clinical demands when the stakes are high. It is not a casual
game. Properly done, the act of radiosurgical planning should combine the angst of
professional chess and the technical intensity of competitive video gaming.

ISODOSE LINES AND DOSES

The amount of radiation absorbed by tissue is measured in units of Gray (Gy),
named after the British physicist and “father of radiobiology” Louis Harold Gray
(1905-1965). It is important to note that a Gy is not a measure of energy but instead
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is a measure of energy absorbed per mass of tissue: 1 Gy is defined to be a dose
leading to absorption of 1 joule per kilogram (for water and soft tissue, the relation-
ship between mass and volume is constant and so you can think in terms of cc if
you like). To say that a volume of tissue receives 20 Gy is to say that every cubic
centimeter absorbs 0.02 joules of energy. Note that the amount of energy absorbed
using standard doses is quite small, and it is the interaction of the radiation with the
tissue rather than the amount of energy that leads to the demise of the target. The
radiation of even the most powerful radiosurgical device will not heat up your
coffee.

Because the goal of radiosurgery is to deliver a high dose of radiation to a target
and virtually none to nearby normal tissue, the radiation delivered by a radiosurgical
treatment must vary tremendously between sites of high dose (within the tumor)
and sites of low dose (in surrounding tissues). In contrast to the homogeneous plans
of conventional radiotherapy which deliver a virtually constant dose of radiation to
the desired volume, radiosurgical dose distributions cannot therefore be summa-
rized by just one Gy value—there are too many values spread across the volume of
interest (Figure 1.3). A different and more complex system is therefore needed to
adequately describe the dose distribution of a radiosurgical plan.

The proper concept is that of isodose lines. On each slice of a radiographic image,
a line is drawn where the dose (in Gy) takes on a specific constant value. For
example, the 18-Gy isodose line in Figure 1.4A is a deformed circle showing which
sites receive exactly 18 Gy. The tissue within the circle receives more than 18 Gy, and
the tissue outside of the circle receives less. Note that isodose lines are usually
isodose circles but are nonetheless called lines.

i

Figure 1.3. Gamma Khnife plan showing isodose lines. Each isodose line represents a different dose.
The isodose line shown in yellow (50%) surrounds the tumor. The higher isodose lines shown in green
(60%, 75%, and 90%) indicate areas receiving higher doses, demonstrating the high degree of hetero-
geneity of the plan. Note the large number of isodose lines needed to describe the dose distribution.
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Figure 1.4. (A) The yellow isodose is positioned at the tumor margin. All tissue within this line receives
at least 18 Gy. Tissue within the inner green circle receives at least 28 Gy, while tissue within the outer
green circle receives at least 12Gy. The red dot indicates the site of maximum dose, in this case
40Gy. (B) The same plan with the isodose labels normalized so that the maximum dose is labeled as
100%. The 18-Gy line is therefore labeled as 18/40 = 45%, the 28-Gy line is labeled as 28/40 = 70%,
and the 12-Gy line is labeled as 12/40 = 30%. (C) Plan constructed so that the tumor is contained
within the 50% isodose line and so that the optic chiasm (indicated by the arrow) lies outside of the
25% isodose line. This is a method to limit the dose to the optic chiasm to 25% of the maximum dose
or less.

Plotting several isodose lines gives the radiosurgeon a good overview of the
radiation distribution that can be used to modify the plan and select the ultimate
dose. The tissue receiving higher doses is displayed by the inner, smaller isodose
lines, and the maximum dose delivered by the plan is displayed as a dot at the center
of these concentric isodose lines. The outer isodose lines that denote tissue receiving
lower doses are larger and usually more irregular. Visualization of the isodose lines
is essential to adjust the plan to deliver high doses to the target and deliver low
doses to normal tissue.

Plotting the isodose lines in Gy may be an efficient way to display the radiation
distribution, but it is not the most convenient method of radiosurgical planning. This
is because of the natural order in which tasks occur during the planning process.
The radiosurgeon first manipulates the isodose lines to maximize the dose delivered
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to the target, while minimizing the dose given to normal tissue and avoiding certain
“critical structures.” It is these relative relationships—high dose to target, low dose
everywhere else—that matter most and that are determined early in planning.
Assigning an actual dose in Gy to the isodose lines in these early phases can create
confusion because as the location of the isodose lines changes during the creation
of the plan, reassignment of dose might be required to keep doses high on the target
and low everywhere else.

A more convenient method is therefore to express the isodose lines as a percent-
age of the maximum dose that will eventually be given (as in Figure 1.4B), as well
as to set that dose only when the geometry of the plan has been finalized. For
example, we might surround a tumor with the 50% isodose line—meaning that this
line will receive a dose equal to half of the maximum dose that will be chosen later.
And we might construct the plan so that the optic nerve (a structure sensitive to
radiation) will receive only 25% and so that the majority of the tumor receives 70%,
as shown in Figure 1.4C. Once these relationships are established, the plan is com-
pleted by choosing a maximum dose. A choice of 40 Gy will surround the tumor with
the 20-Gy isodose line (50% of 40Gy), limit the dose to the optic nerve to 10 Gy
(25% of 40Gy), and ensure that most of the tumor receives 28 Gy (70% of 40 Gy).

Choosing the maximum dose is equivalent to choosing the dose for the 100%
isodose line, and it simultaneously determines the dose for all the other isodose
lines. For clinical reasons, it is often convenient to choose the dose for an isodose
line different than 100%, but this choice still determines the doses for all of the
remaining isodose lines. For example, many radiosurgeons will limit the dose to the
optic nerve to 8 Gy. In the example above, choosing 8 Gy for the 25% isodose line
will accomplish this task and produce a maximum dose of 32 Gy. The isodose line
surrounding the tumor then receives 16 Gy, while the majority of the tumor will be
covered by 22.4Gy (70% of 32 Gy).

The choice of the maximum dose determines the dose assigned to all the isodose
lines and, in particular, determines the dose given to the tumor (preferably high)
and that given to the various normal critical structures surrounding the tumor (pref-
erably low). This crucial decision is not rote—there is no one single dose that serves
every patient equally well. Like any other crucial medical decision, the choice of
maximum dose should instead be individualized by the available scientific data, the
radiosurgeon’s experience, and the patient’s wishes. We like to say that there is
nothing black and white about Gray.

ISODOSE LINES VERSUS ISODOSE SHELLS

Our radiosurgical targets, of course, are three-dimensional objects that are not
restricted to a single tomographic plane. Likewise, the one-dimensional isodose lines
we create for a radiosurgical plan are in fact components of two-dimensional isodose
surfaces that also exist in three-dimensional space. And it is the configurations of
these surfaces that determine the efficacy and safety of the radiosurgical plan.
The three-dimensional nature of our targets and isodose shells add complexity
to radiosurgical planning. In order to treat a tumor to (say) the 50% level, it is not
enough to surround the tumor with a 50% isodose line in a single tomographic
slice—we must do so for every slice in which the tumor appears so that the two-
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By contrast, radiosurgeons embrace nonhomogeneity and seek hot spots as
useful features of the radiosurgical plan that can enhance efficacy. This interesting
strategy works because the volumes of radiosurgical fields are smaller than those
of conventional radiotherapy, allowing the use of high doses without a prohibitive
risk of radionecrosis. By using a low isodose line to surround the tumor, the plan
becomes more flexible because of the larger number of available isodose lines
within the treated field. For example, if a 50% isodose line is used at the tumor
margin, all of the isodose lines between 50% and 100% are available to the radio-
surgeon for customization. A 70% hot spot might be deliberately created to lie at
the center of greatest contrast enhancement—thus directing higher doses of radia-
tion to the tumor core than could be achieved with conventional radiotherapy—or
might be “steered” away from critical structures such as the internal auditory canal
when treating an acoustic neuroma. The use of nonhomogeneity to selectively vary
the dose at different sites within the target is a major advantage and further justifies
the term “radiosurgery”.

SELECTION OF ISODOSE LINES

At this point it should be clear that the choice of isodose line has major effects upon
the plan and should be made with the same deliberation and clinical considerations
as the surgeon’s choice of an operative approach. Choosing a high isodose line at
the target’s margin—80%, for example—will impose a relatively constant dose
throughout the target—that is, will be more homogeneous. As we mentioned before,
homogeneity is usually desirable in conventional radiotherapy, but can defeat the
ability of radiosurgery to deliver very high doses to a tumor’s interior. Use of a
lower marginal isodose line—50%, for example—preserves this ability, providing
the flexibility to “steer” a hot spot to a desired site. Isodose lines as low as 30% are
occasionally used to deliver a low dose to the margin of a tumor adjacent to a criti-
cal structure, while still delivering an extremely high dose to the deeper (and safer)
portions of the tumor. In other words, a steeper dose gradient is constructed to
answer the clinical need.

Many radiosurgeons routinely choose the 50% isodose line for their prescription
isodose line, observing that the dose surrounding the central axis of a single shot
falls most sharply at approximately the 50% isodose level. This choice can be chal-
lenged because the 50% isodose line may not be the site of the highest dose gradient
for complex plans involving several shots; for an example, see Paddick and Lippitz
(2006). Furthermore, the choice of isodose line should also be based on the effects
on the volumes of the lower isodose shells. For example, the volume of the 25%
isodose shell is often lower when a 40% isodose line is used to outline the tumor
than for the more standard 50% isodose line (Paddick and Lippitz, 2006). This
means that the plan using the 40% isodose line will offer less risk by exposing less
tissue to less radiation, while at the same time delivering a higher maximum dose
of radiation to the interior of the tumor. In practice, there might also be disadvan-
tages to more intense “hot spots” if the interior of the target contains functioning
tissue or if the volume of the hot spot is large. The important lesson for the radio-
surgeon is to review all of the isodose lines—both the low and high—when choosing
a prescription isodose line.
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Two other practical considerations can influence the choice of isodose line. On
occasion, coverage of a large tumor is difficult with higher isodose lines, prompting
a choice of the 40% isodose line with careful attention to the size and location of
any internal hot spots. Also, inverse planning algorithms may force the use of a
higher isodose line because they often do not allow the use of low isodose lines
without prohibitive sacrifices in conformality.

SO WHAT IS RADIOSURGICAL PLANNING?

We can now answer the question posed by the title of this chapter. Radiosurgical
planning is the construction of isodose shells and a choice of dose so that the target
receives as high a dose as possible while maintaining safe doses to surrounding
normal tissue and other critical structures in consonance with the clinical demands
posed by the individual patient. In other words, like a surgical operation, radiosurgi-
cal planning is the combination of a technical task with a clinical judgment. The
nuances of these choices and the tricks for the construction of clinically useful plans
are the main topic of this book.
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