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Abstract

Radiotherapy is a localised treatment. The definition of tumour and target volumes for radiotherapy is vital to its
successful execution. This requires the best possible characterisation of the location and extent of tumour. Diagnostic
imaging, including help and advice from diagnostic specialists, is therefore essential for radiotherapy planning. There
are three main volumes in radiotherapy planning. The first is the position and extent of gross tumour, i.e. what can be
seen, palpated or imaged,; this is known as the gross tumour volume (GTV). Developments in imaging have contributed
to the definition of the GTV. The second volume contains the GTV, plus a margin for sub-clinical disease spread which
therefore cannot be fully imaged; this is known as the clinical target volume (CTV). It is the most difficult because

it cannot be accurately defined for an individual patient, but future developments in imaging, especially towards the
molecular level, should allow more specific delineation of the CTV. The CTV is important because this volume must
be adequately treated to achieve cure. The third volume, the planning target volume (PTV), allows for uncertainties
in planning or treatment delivery. It is a geometric concept designed to ensure that the radiotherapy dose is actually
delivered to the CTV. Radiotherapy planning must always consider critical normal tissue structures, known as organs
at risk (ORs). In some specific circumstances, it is necessary to add a margin analogous to the PTV margin around an
OR to ensure that the organ cannot receive a higher-than-safe dose; this gives a planning organ at risk volume. This
applies to an organ such as the spinal cord, where damage to a small amount of normal tissue would produce a severe
clinical manifestation. The concepts of GTV, CTV and PTV have been enormously helpful in developing modern
radiotherapy. Attention to detail in radiotherapy planning is vital, and does affect outcomes: ‘the devil is in the detail’.
Radiotherapy planning is also dependent on high quality imaging, and the better the imaging the better will be the
outcomes from radiotherapy.
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Introduction The role of radiotherapy in the treatment of
cancer

The purpose of considering how to define tumour aridadiotherapy plays a key role in the management
target volumes for radiotherapy is to optimise thisf patients with cancer. After surgery, radiotherapy is
treatment modality. Radiotherapy is a speciality whicthe most effective curative treatment for cancer. In
requires attention to detail in order to achieve the be2002, the Cancer Services Collaborative suggested that
results. It is also important to place radiotherapy in theadiotherapy alone is responsible for 78% of non-surgical
context of cancer treatments to fully appreciate its valueancer cures. Between 30 and 40% of the population
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will develop cancer, and at least half require radiotheraplye side effect profile of radiotherapy, and hence the
at some time in their illness. Of patients havingherapeutic rati&3. Implementation of techniques to
radiotherapy, about 60% are treated with curative interdpare normal tissue, such as conformal radiotherapy (vide
often in combination with surgery and chemotherapynfra), therefore allows a choice between (i) dose increase
In addition, radiotherapy has an important role in thg;ith a consistent level of side effects, or (i) the same dose
palliation of symptoms from cancer. with reduced side effects (see Fig. 1).
In fact, rather modest changes in dose both to the
. tumour and normal tissue can deliver a clinical advantage.
Tumour Normal tissue R
100- A B C For tumours, the effect of a dose increase can be
yd assessed from the slope of the plot of tumour control
probability (TCP) vs. radiotherapy dose. In the central
part of the curve, where TCP is 50%, the curve is
relatively straight. A parameter which describes the
percentage increase in TCP for a 1% increase in dose,
known as the Gamma-5Qs50) factor, can be a useful
way of estimating the benefit of dose escalation. There
is a large amount of literature on both laboratory and
clinical data suggesting that a 1% increase in dose
typically delivers a 1-2% increase in TCP. Thus, a 10%
: ey Dose dose increase, which is realistically achievable in many
1 2 settings, could achieve an improvement in tumour control
Cure with Cure with of 10-20%. This was achieved in a radiotherapy trial for
conventional RT conformal RT . .
head and neck cancer, where a 15% dose increase raised
the local control from 40 to 59% at 5 years; this indicates
a value forysg of 1.3341.

Increased TCP using Conformal RT

TCP or NTCP (%)
wm
[—]

Figure 1 Diagrammatic plot of tumour control
probability (TCP) or normal tissue complication X ) .
probability (NTCP) vs. radiotherapy dose. Sparing ~ For normal tissue, a difference in dose to the breast of
normal tissues shifts the NTCP curve to the right (B approximately 10%, within the context of a radiotherapy

to C), allowing a lower incidence of normal tissue dose trial, achieved a demonstrable change in the
damage for the same dose (dose 1) or the same leveincidence of shape change The fact that a 10% dose

of NTCP for a higher dose (dose 2). This is the difference led to a 16% difference (24 vs. 40%) in
basis for an improvement in the therapeutic ratio. the number of women exhibiting a change in breast
This benefit can be the result of any measure which appearance at 5 years indicates that modest dose changes
reduces the normal tissue dose, for example including produce a clinical effect. This will usually apply whether
better target imaging, conformal radiotherapy, and the dose reduction is to the whole organ, such as the
improved patient immobilisation. breast, or part of an organ, such as can be achieved
with conformal radiotherapy. Thus, even a modest dose

Technological developments in radiotherapy are con h dad d |
tinuing apace, and are likely to confer further clinical"'¢aS€ to the tumour and a dose decrease to norma

benefit. For example, the Swedish Council on TechnolodifSué achieved using advanced radiotherapy planning are
Assessment in Health Care estimated in 1996 that tA@rth pursuing.
overall 5-year survival in patients receiving radiotherapy However, in radiotherapy, tumour and normal tissue
should be increased by approximately 10% over ttare inextricably linked. When delivering a tumoricidal
10 years following their report as the result of technicalose to the tumour, some normal tissue is inevitably
innovation, which includes imagify. irradiated. If normal tissue is spared, in dose or volume,
the incidence and severity of complications are reduced.
This shifts the dose-response curve for complication to
Fundamental principles of radiotherapy the right, allowing a choice between the same dose and
tumour control with reduced side effects, and a higher

There are three fundamental axioms of radiotherap e with increased tumour control and the same level of
which are relevant background to this topic. Firstly, a with 1 umou v

increase in radiotherapy dose to the tumour normalﬂprmal tissue (seg F'_g' 1). )
improves the probability of local control. Secondly, This preamble is intended to show that quite small
improving local control in the context of a localisedchanges in radiotherapy can achieve a significant
tumour achieves an improvement in the overall cumteration in clinical outcome. Therefore, attention to the
rate, because metastatic spread from local recurrerstgiail of radiotherapy planning is central to the current
is avoided. Finally, sparing normal tissues improveasnd improving therapeutic ratio.
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Radiotherapy as a localised cancer treatmentreatment volume to the shape of the target quite simply

. . ) . eliminates, or at least reduces, the radiation exposure of a
Radiotherapy is, by its nature, a localised treatment fPJrge volume of normal tissue (see Fig. 2).

localised tumours and in this respect is analogous torpis seems to imply that the introduction of conformal
surgery. Total body irradiation is an apparent excePt'Othiotherapy has led to a reduction in radiotherapy
but it is designed to treat all bone marrow and circulating, | mes and generally this has been the case. However
blood, and is a localised _tree_ltment.to_thls wholg-.bodé(a”y experience with computed tomography (CT)-based
target. Thus, disease staging is crucial in the decision Blanning showed that in some circumstances, such as
whether to employ radiotherapy as part of the treatmegii, yger cancer, volumes actually increased, compared to
strategy. Better imaging produces better staging, aggh o|der-style ‘square’ orthogonal localisation, because
leads to stage migration which actually gives the illusiof, o tumour was visualised and localised better.

of improving outcomes for all tumour stages. Staging is g, ther radiotherapy developments, such as intensity-

also relevant in defi_ning the extent _of radiotherapy, fqf,qqulated radiotherapy (IMRT), are beyond the scope
example whether to include loco-regional lymph nodes ¢ this article. However, IMRT is a form of conformal

Following staging, radiotherapy planning requires Ve%diotherapy, so the same principles apply.
specific definition of the location and extent of the

primary tumour. Information is also required about the

extent of spread around the tumour itself, and the location

of regional lymph node spread. Knowledge of anatomy Definitions for radiotherapy planning

and an understanding of the pathology of tumour spread

are essential. During the 1990s, developments in radiotherapy technol-
It is important for radiation oncologists to recognis@gy, especially computer technology which introduced

that diagnostic radiologists and radiographers can pléje potential to plan radiotherapy dose in three dimen-

an important role in helping to define optimum scanningions, led to the recognition that concise definitions

protocols for use in radiotherapy planning. of both the primary tumour and possible areas of
Itis clear that diagnostic imaging guides the definitiolcal spread were requiréed). As well as the obvious

of the tumour extent in almost all sites. However, fo@pplication to planning radiotherapy for individual

a successful outcome after radiotherapy, every singd@tients, definitions of target volumes are essential

tumour cell must be eradicated, including those whidler radiotherapy protocols in multi-centre trials where

have invaded beyond gross, palpable or imagealgiformity in planning is required, and to allow reporting

disease. In radiotherapy planning, therefore, a margdhresults from different centres.

must be added to account for this microscopic spread_AHhOUgh strict definitions might have been usable with

This margin extends outside the gross tumour, sometinig¢ older ‘square’ style of planning, in the era before

for a surprisingly large distance. Here is the fundamentalodern imaging or radiotherapy planning systems the

difference between the extent of tumour assessed Bycertainties in target localisation and dose were so large

current diagnostic cancer imaging and the final definitidhat such definitions would have offered little advantage.

of a target volume for radiotherapy planning. Now that we can use diagnostic quality imaging
directly in radiotherapy planning, imported electroni-

cally, itis possible to treat the tumour reliably (i.e. ‘hit the
Conformal radiotherapy—a definition target’) whilst avoiding normal tissue. To maximise the

advantages of modern systems we must be very clear in
The concept of conformal therapy is to conform théhe specification of the radiotherapy target. Sophisticated
high dose volume as accurately as possible to the targéanning requires robust thinking during the planning
shape, which is an intuitively obvious concept. Broadlyrocess, with adherence to planning protocols, whether
conformal therapy employs geometric field shaping tocal or multi-centre.
follow the shape of the target. This is the obvious part. Successful radiotherapy also requires the patient to
The older ‘square’ style of radiotherapy planning, whiche positioned reliably and reproducibly with respect to
pre-dates 3D computer systems, required the use thé treatment machine, normally a linear accelerator.
orthogonal radiographs to delineate the furthest extent@bnsiderable effort and subtlety are needed to achieve
the tumour or target in relation to the bony anatomy of thiais goal. During radiotherapy planning, it is essential
patient. This would produce six points, representing the know the position of the patient in 3D space with
furthest extent in each dimension. However, generally monsiderable accuracy. This adds a level of difficulty and
attempt could be made to shape the target, so that thésdifferent from standard diagnostic imaging. Ultimately,
six points define a cuboid structure. Since most tumouttse radiotherapy plan must include information to
grow with a pattern more like a sphere or spheroidiorrectly locate the patient on the linac. The most
the inclusion of the extra normal tissue in the cornergraightforward method is to locate the patient so that the
of the cube simply leads to irradiation of (much) morésocentre of the linac, i.e. its centre of rotation, lies within
normal tissue to the full target dose. The conformation dlie target.
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Treatment volumes compared

Traditional 3D conformal
‘square’ planning planning

Figure 2 The shape of the treatment volume from two techniques of radiotherapy planning. On the left is

a cuboidal shape based on old-fashioned ‘square’ planning from orthogonal radiographs; on the right is a
spherical shape produced from conformal planning. The two volumes are designed to treat the same tumour
target, but the sphere is half the volume of the cube.

GTV, CTV, PTV

Gross tumour volume

Clinical target volume

Planning target volume

Figure 3 Diagram to illustrate the main radiotherapy planning volumes, taken from ICRU Report 50.

Specific target volumes for radiotherapy  The original concepts of the GTV and CTV were
planning detailed in Report 50 from The International Commission
of Radiation Units and Protection (ICRU) in 1968

There are three main volumes to be considered #{'€ report also described the principle of the margin
radiotherapy planning, though only the first two of theseeded for uncertainty in the process of planning and
volumes are of real interest to diagnostic colleaguéiglivery, i.e. the PTV. The concept of the PTV was
(see Fig. 3). The first of these two volumes is théefined in ICRU Report 62 in 1999, and this added
position and extent of the primary tumour; this idurther information about organs at risk (ORs) and the
known as the gross tumour volume (GTV). The secoriteed, in certain specific circumstances, to add a margin
volume surrounds the GTV and describes the extent i§fr uncertainty around an OR to produce a planning
microscopic, un-imageable tumour spread; this is know@tgan at risk volume (PRV). Interestingly, Report 62 was
as the clinical target volume (CTV). Once these twepecifically triggered by the increasing availability of
volumes are established, the third volume, the plannimgnformal radiotherapy, where margins are more critical,
target volume (PTV), which allows for uncertainties irand the need to describe normal tissue doses in more
planning or delivery, must be added, and the normal tissdetail. These two reports set out an underlying philosophy
structures in the vicinity of the target must be consideretbr prescribing, recording and reporting radiotherapy,



Target volumes for radiotherapy 157

which has been essential for the successful developmeptead, normally based on historical series rather than
of modern radiotherapy. the extent of tumour quantified in an individual patient.
The PTV was reviewed in 2003 by an expert groupor example, for high-grade gliomas it is standard
under the auspices of the British Institute of Radiologgractice to apply a uniform margin around the gross
(BIR)[8]. Their report details how to calculate the PT\Mumour to account for microscopic infiltration, regardless
margins required, and gives worked examples for &f individual considerations. This margin is based on
number of sites. This report has been most valuableiopsy and post-mortem series, and is large enough to
These volumes are best discussed in a little more detaibncompass the maximum extent of invasion seen in
(almost) any patient (see Fig. 4).
GTV The extent of the CTV margin depends upon imaging
techniques: as these have got more effective at localising
This is the easiest volume to define, though nd@foss tumour, so the edge of the gross tumour has
necessarily to localise. The GTV is essentially the gro&gpically expanded and the CTV margin contracted,
demonstrable location and extent of tumour. It is whahough the final size of the CTV may have remained
can be seen, palpated or imaged (see Fig. 4). As wellth¢ same. The CTV is also the biggest area in
a primary site, gross tumour involving lymph nodes owhich developments in diagnostic imaging, especially
spread into adjacent soft tissue should be included in th#lecular imaging techniques, will enhance radiotherapy
GTV. Typically, it is considered that the GTV correspondglanning.
to the part of the tumour where the tumour cell density Typically, the spread of tumours is restrained by
is highest. This may have implications for choice ofome anatomical barriers, and it is important that this
radiotherapy dose, since tumour control requires a highaformation is used to modify the CTV during the process
dose if the initial tumour cell number is larger. of radiotherapy planning. For example, gliomas normally
In the post-operative setting where the tumour hato not penetrate the skull, so the CTV can be constrained
been excised, the GTV is no longer evident. Althougwithin it (see Fig. 4). Soft tissue sarcomas of the limb are
it is not necessary to attempt to outline a GTV if theestricted in their axial spread by inter-muscular septa,
tumour has been resected, the position of the CTV mus the CTV does not have to extend beyond them (see
be derived from the site of the original GTV. ThereforeFig. 5). Additionally, the CTV does not have to extend
some method of reconstruction of the original tumouseyond the surface of the patient.
is necessary. This applies to rare tumours such as sofin some tumour sites it is a definite advantage to
tissue sarcomas (Fig. 5), but also to common cancers sixgh able to use more than one imaging modality to
as breast cancer, where localisation of the tumour bethn radiotherapy. CT is normally used as the basis for
may be important. Modern developments in imaging anddiotherapy planning for a number of reasons. Firstly,
image matching are sure to be of help in the future. it contains density information which can be used to
Although conceptually the GTV is usually the easiestalculate treatment beam attenuation, which improves
to define, in practice the edges of the GTV are nahe accuracy of dosimetry calculations. Secondly, it is
necessarily always clear. Better imaging to delineateliable in representing shape and position, including the
gross tumour would be helpful. It is also clear that differaccurate position of fiducial markers. These are used to
ent imaging modalities may contribute different aspectscate the patient with respect to the treatment machine,
of GTV localisation. For example, CT and magnetiare applied to the outside of the patient, and in an MRI
resonance imaging (MRI) may be complimentary, angbuld be subject to distortion because they lie in the
positron emission tomography (PET) may for exampleast homogeneous part of the magnetic field. Finally, the
help to differentiate normal nodes from those involved byatient can usually be positioned in the CT scanner in

tumour. the treatment position, which is not possible with MRI.
For example, treatment of the chest typically requires
cTV the patient to be positioned with the thorax elevated on

a wedge-shaped board and the arms above the head,

The CTV contains the demonstrable GTV plus a margihich can be accommodated in a CT. A similar argument
for sub-clinical disease spread. On occasion, there magplies to a number of other sites, including the breast.
be a second CTV, for example in a regional lymph node, Clearly, additional information may be available from
where there is no obvious GTV present. The CTV isther imaging modalities, especially MRI. The most
important because this volume must be adequately treateblust and reliable way to incorporate MRI data into
if cure is to be achieved. It is assumed that the tumothie radiotherapy planning process is to electronically
cell density in the CTV is lower than in the GTV andco-register the data and introduce this directly into
consequently the radiotherapy dose may be lower. the planning system. An example is shown in Fig. 6.

Typically, the CTV margin cannot be fully imaged. Itlt is likely that additional imaging will need to be
is perhaps the most difficult of all the margins becausetroduced for direct use in planning, including newer
it requires clinical assessment of risk and extent &Rl sequences, MR spectroscopy, PET imaging, and
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Figure 4  Planning volumes for a patient with WHO Grade 4 glioma (glioblastoma). (a) Planning CT showing

contrast-enhancing tumour. (b) The GTV is the visible tumour. (¢) A margin for microscopic spread has been
added to make the CTV; the margin is the same in all directions except that it is restricted by the skull. (d) The

PTV has been added outside the CTV to account for uncertainties in planning and execution of treatment; this
extends beyond the inner table of the skull.

later molecular imaging. Some development in cdPTV
registration techniques is likely to be needed for these.

Occasionally, where different imaging modalities ardhe PTV is really a geometric concept designed to ensure
used, there may be uncertainties in the accuracy of dbatthe radioth(_arapy prescription dose is act_ually delivery
registration of the modalities. If one modality is displacelf the CTV. It is a volume related to the isocentre of

relative to the other, provided the size and direction ca{ne linear accelerator rather than to the anatomy of the

be measured or estimated, this can be corrected at tﬂ?st'em' For this reason, the PTV may extend beyond

. . . natomical barriers such as bony margins, and may even
s?age: or aIIowgd for in the CTV. However, if the size an xtend outside the patient (Figs 4 and 5).
direction of a discrepancy are unclear or unknown, theyln ICRU Report 627, margins were suggested to

should be addressed as part of the PTV (see below). Thig:qunt for variations in size, shape and position of the
can be summarised thus: ‘if there is certainty about therv in relation to anatomical reference points, perhaps
uncertainty (of co-registration), it can be dealt with in thes the result of the filling of the stomach or bladder or
CTV, if there is uncertainty about the certainty (of the comovement due to respiration. This volume was called the
registration), it should be addressed as part of the PTVinternal margin. To this was to be added a set-up margin
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Figure5 CT planning scan for a patient with a soft tissue sarcoma of the (anatomical) posterior compartment
of the thigh. The tumour has been resected so no GTV exists. (a) The CTV is shown, restricted anteriorly by
the femur and intermuscular septa. (b) The PTV has been added outside the CTV and in places extends beyond
the outside of the patient.

to take into account all the uncertainties in planning spreadsheet in which to calculate margins, and provides
patient positioning and beam positioning. These conceglite-specific recommendations.
are useful in understanding the basis of the PTV margin.

In ICRU Report 6271, it was accepted that underORs

some circumstances, these margins need not be added

arithmetically, but rather in quadrature, for examplQRS are normal tissues whose radiation sensitivity

where movements do not occur in the same direction giluences treatment planning or the prescribed radiation

the same occasion. The report also acknowledged tfi@S€- Both systematic and random errors apply to ORs

under some circumstances the PTV might have to ISt as much as to the CTV. In that case, a margin should

reduced, and very occasionally the CTV reduced as wel¢ @dded to the OR, which is analogous to the PTV
argin around the CTV, and generates the PRV.

in order to limit dose to an adjacent critical normal tissud" . )

This is an important concept, especially in circumstancesHoweV,er’ qddlng a PRV around an OR will very

where higher radiotherapy doses are being alttempted_substantlally increase the volume of the normal tissue
In its report of 2008, the BIR showed how to structures and may present dilemmas concerning the

calculate the PTV margin in more detail. It suggester(f’fldiOther‘elloy dose to the target. Fortunately, this is only

abandoning the internal and set-up margins proposed feded in certain circumstances. It is helpful to create

ICRU Report 62 and replacing these with a systema PRV aroung an .OF lwhohse cliamagfe IS eITpeuaIIy
error margin and a random error margin. The CTV plu angerous, and particularly where loss of a small amount

the systematic error margin gives the systematic tar ftnormal t_ls_sue f“’”? rad|a_1t|on damage would prod_uc_e
volume (STV), and the addition of the random erro severe clinical manifestation. A good example of this is

margin gives the PTV. The distinction between systemaﬁge spinal cord, a 'serial’ tissue in organisation (analogous

and random errors in the radiotherapy process is al Q an electrical circuit), whose damage is catastrophic

very helpful. Broadly, systematic errors arise in treatme??r tgg paSeRrC/t. i?(rjound t/?/ﬁi shplnjl Coc;dtr']t '? i’;\drw:able f
preparation, whereas random errors are attributable padd a 0ses ch excee € tolerance o
: . . ~the spinal cord are intended. It must be accepted that
errors in execution. This report shows how to deal wit ) :
I . some interaction between the PTV and a PRV may be
errors and uncertainties, and how to combine them, . . 7
. A . ._necessary, and may influence the prescribed radiation
Typically, a larger margin is required for preparation LT
. . . dpse and dose distribution.
errors than for execution errors since some blurring 0
the execution errors happens over a course of treatment.
Although errors in setting up the patient are always 3D,
it is extremely difficult to measure the 3D error. The
BIR report provides a method in which the error in eaconcepts of conformal therapy have most often been

dimension can be incorporated separately. It also contasygplied to radical, curative radiotherapy. However, the

Radical and palliative radiotherapy
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Figure 6 Example of the value of image co-registration for radiotherapy planning, which allows planning
based directly on the MRI data. (a) Radiotherapy planning CT scan showing right acoustic schwannoma.
(b) Diagnostic MRI, which shows the schwannoma clearly. (c) Electronic co-registration of the diagnostic
MRI with the planning CT within the radiotherapy planning system. The intersection point can be moved as
necessary.

concepts of conformal radiotherapy apply equally well Conclusion

to palliation, where avoidance of normal tissue side

effects is intrinsic in the concept of good palliative carerpe concepts of GTV, CTV and PTV have been
Within the palliative setting, it may be reasonable to setghormously helpful in allowing radiation oncologists to
minimal CTV margin, or perhaps to use no CTV margigjevelop treatment protocols. All of these volumes are
at all. Clearly, this is a clinical decision which is patienterucially dependent on high quality imaging. Imaging to
specific. define the gross tumour is essential as the starting point
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for a radiotherapy treatment plan. Imaging of tumous
spread, which has enormous potential for future devel-
opment, is essential to contribute to the determination of
the CTV. Further imaging of the surrounding anatomy is
necessary to define critical normal structures. Finally, h
assessing the margin required for a PTV, errors intrinsic
in scanners, electronic transfer protocols, accuracy of
co-registration of different imaging modalities, and thg
quality of the imaging are all factors to be considered.
Attention to the technicality of planning is important,
and deviation from optimum protocols has been shown
to reduce local control and cure. For radiotherapy, these
is no doubt that ‘the devil is in the detail’.

It should be obvious that radiotherapy planning is com-
pletely dependent on diagnostic imaging, and benefits
from the close involvement of diagnostic radiologists and
radiographers.

(1]

Key points

(2]

e The definition of tumour and target volumes for

radiotherapy is vital to the successful execution of [3]

radiotherapy.

A
e Attention to the detail of radiotherapy planning [

actually improves outcomes.

e Radiotherapy requires the best possible diagnostidd

imaging to define the location and extent of the
tumour.

(6]

e The GTV describes what can be seen, palpated or

Delineation of the CTV is likely to benefit from
future developments in imaging, especially towards
the molecular level.

The PTV allows for uncertainties in planning or
treatment delivery, and is designed to ensure that the
radiotherapy dose is actually delivery to the CTV.

The PTV is a geometric concept designed to ensure
adequate treatment of the CTV, and can therefore
extend outside the patient in some circumstances.

Normal tissue must be considered in radiotherapy
planning, and relevant structures are termed organs at
risk (ORs).
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