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Abstract

For every course of radiotherapy treatment, the potential benefit has to be weighed against the risk of normal tissue
damage. Radiation-induced proctitis during and after radical radiotherapy for prostate cancer can be decreased by
reducing both the size of the target volume and the margins required around this volume. In the future, target
volumes could be reduced by both CT/MRI co-registration and dose painting using MR spectroscopy of choline
and citrate in the prostate. Improved immobilisation and image-guided radiotherapy should allow reduced margins
without compromising the effectiveness of treatment. Similarly, in breast radiotherapy treatment, lung and cardiac
complications can be reduced by better patient positioning and ensuring that doses to the heart and lung are minimised
during radiotherapy treatment planning. Cosmesis can be improved by using 3D breast planning techniques rather than
the conventional 2D approach. These ongoing improvements and developments in radiotherapy treatment planning
are leading to treatments which offer both better tumour volume coverage, and are minimising the risk of treatment-
related complications. In time, these changes should allow the escalation in dose delivered to the tumour volume with
the potential for increased cure rates.
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Introduction response curve with dose escalation leading to increased
tumour control rates. As shown in Fig. 1, there is

Every dose of radiation delivered to a patient, with thalso a dose—response curve for normal tissues and dose
aim of cure of a tumour, is limited by the possibi"tyescalation may lead to increased normal tissue damage.
of serious damage to normal tissues. This risk iEhe damage to normal organs depends upon the volume
of course inherent in all forms of medical therapy?f tissue irradiated, the dose delivered and the inherent
including drug therapy and surgery, and is not peculi#diosensitivity of the organ. Whilst the radiosensitivity
to radiotherapy. The balance between the probabiligf the organ cannot be easily altered, the volume of
of tumour control (TCP) and the risk of normal tissudissue irradiated and the dose delivered may be minimised
complications (NTCP) is a measure of the therapeutibrough careful design of the radiotherapy treatment
ratio of the treatment. Normal tissue damage canntchnique. This paper takes the examples of radical
be completely avoided because the doses necessaryagiotherapy to the prostate and breast to demonstrate
achieve tumour control usually overlap with those thatow improved tumour imaging and treatment delivery
can cause complications. For some tumours, such tashniques can minimise normal tissue damage and lead
carcinoma of the prostate, there is evidence of a dosw-an improvement of the therapeutic ratio.
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Prostate cancer may allow a good estimation of rectal wall volume
. . based on outlining the outer rectal wall only. This offers
Predicting rectal morbidity the potential for a more accurate measurement of the

Due to both the close proximity of the anterior rectafU€ rectal dose in this hollow organ without adding
significantly to planning time.

wall and the relative radiosensitivity of the rectum; Whilst th hni q ibed ab |
proctitis is the major morbidity associated with radical llst the techniques described above may accurately

radiotherapy to the prostate. In order to e1‘fectivelsgre_diCt the dose that quld ha".e been received by '_[he
monitor improvements in radiotherapy delivery, it i atient on the day of their planning CT scan, they wil

essential to have a method of accurately measuriﬁ'gt necessarily accurately model the dose received on
the radiation dose delivered to the rectum. In practic2ch subsequent treatment fraction (over 7 weeks of daily

. ) ) ]
the dose delivered is not measured during treatmeﬂfatmem)' Numerous studiés! have shown that both

but is predicted by computer systems used to plan t e position and the volume of the regtum may (.:h.ange
radiotherapy treatment. Along with any other organs [uer the course of treatment, S0 reducm_g_the validity of
risk (OAR), such as the bladder, the rectum is outlinedre rectal DVH as a predictor of rectal toxicity. In the next

in two dimensions on each axial slice of the planning Cs:rection, methods for reducing this variability in rectal size

scan to create a three-dimensional (3D) representation®td Position are examined.

the organ. A graph of the volume of the organ plotted 100
against the predicted dose may then be drawn as a dose

volume histogram (DVH) (Fig. 2). Some validation of the 80
predicative value of the rectal DVH has been providedss \
by Fiorino et all!l. They showed that if the volume &5 ©° \

of the rectum receiving over 50 Gy on the rectal DVH §

was above 60%-65% then this was associated with a@ *° N

increased risk of late rectal bleeding, a symptom of 20 S~

radiation-induced rectal damage. T~

o ™~
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Figure 2 Dose volume histogram (DVH) for rectum
in radical prostate radiotherapy showing that 20% of

50 the rectum receives over 50 Gy for this patient.

Reducing the toxicity of prostate irradiation

control/ complications (%)

Probability of tumour

One of the most promising ways of reducing the toxicity
of radiotherapy to the prostate is by reducing the size
of the target volume. This may be achieved in two

Figure 1 Idealised dose-response curve. For main ways: by improving imaging used iq defining th_e
increase in dose from level 1 to 2 there is a small Prostate volume, and by reducing the margins used during

increase in tumour control but a much larger increase '2diotherapy treatment planning. _
in treatment complication probability. The first step in treatment planning is to define the

3D extent of the volume to be irradiated. In prostate

The predictive value of a rectal DVH is, howeveryadiotherapy this is usually the clinical target volume
directly dependent on the rectal volume which i$CTV). The CTV is defined as the demonstrable disease,
delineated. Although the rectum is a hollow organ, DVHplus a margin for sub-clinical spread. In this case, the
are often generated using outlines of the outer rectal wallTV therefore includes the whole prostate gland. CT is
and so consider the total rectal volume (including thilhe imaging modality of choice in radiotherapy treatment
rectal contents) as the OAR. It is likely, however, thgbtlanning, due to the useful electron density information,
a DVH of the rectal wall itself may be more clinically availability of scanners and lack of spatial distortion.
relevant than a DVH of the whole rectum. This DVH carCT is not, however, the best modality for visualisation
be calculated by carefully outlining both the outer andf the prostate. Magnetic resonance imaging (MRI)
inner rectal wall, so excluding the rectal contents. This kas become the most accurate method for evaluating
a more time-consuming practice, and may be difficult duemours of the prostate gland, using phased array
to the close proximity of the inner and outer rectal walpelvic coils or dedicated endorectal coils. Comparison
on the CT scans. An alternative method is described lbof CT/MRI delineation of the prostate shows that the
Meijer et al.l’l. They show that mathematical modellingaverage CT volume is 1.4 times greater than an axial
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MRI volumel®. The differences are at the apex, wherBearnaleyet al.l!? carried out a trial of patients with
CT adds around 6 mm inferiorly due to difficulty incarcinoma of the prostate randomised to conventional
defining the relation of the apex to the base of ther conformal radiotherapy treatment. After a median of
penid®, and the base of the prostate adjacent to tt86 years follow-up significantly fewer patients developed
seminal vesicles. Co-registration of CT planning imageadiation-induced proctitis and bleeding in the conformal
with MR images will provide more accurate and smallearm (34%) compared with after conventional treatment
prostate target volumes resulting in less rectal morbidit§s1%). Newer developments such as IMRT should allow
In addition to resulting in smaller volumes encompassirfgrther reductions in high dose volumes.
the prostate (and therefore reducing the volume oflt is very important to note that the volume of tissue
rectum included), the use of MRI also increases thehich is targeted by the radiation treatment is not
accuracy of target definition. The MRC RT-01 Triakconfined to the identifiable disease (or diseased organ).
target volume definition quality assurance programméfter the CTV has been defined (i.e. the prostate), a
evaluated 15 radiotherapists outlining three pati€hts further margin needs to be added to ensure that the
The most variable margins were prostatic apex, superimeatment delivered does actually result in the CTV being
prostate projecting into bladder and seminal vesiclonsistently treated. The planning target volume (PTV)
outlining, a conclusion confirmed by Fiorinet all’l. is the CTV with a 3D margin around it, acting as a
Parkef®! showed improved target volume localisatiorisafety margin’ for all of the uncertainties inherent in
using intraprostatic fiducial markers and MRI cothe radiotherapy process. If this safety margin can be
registered with CT images. The size of the CTV mageduced (by reducing the uncertainties in the treatment
be further reduced by careful evaluation of the need fwocess), so the volume of tissue treated and the
include the seminal vesicles within the treatment volumassociated treatment morbidity can be reduced. The
Partin’s table§! are used to determine if the seminalincertainties which are accounted for by the PTV margin
vesicles are likely to be involved and therefore need &re numerous, and include mechanical variations of the
be included. Excluding seminal vesicles from the CT\eatment machine, positional uncertainties of the patient
reduces the volume of irradiated rectum by 40%-88 on the couch, patient internal organ motion and clinician
and hence affects the risk of long-term complications. variability in tumour volume delineation. Of these,
In addition to better defining the whole prostateincertainties due to patient positioning and internal organ
organ, new imaging modalities may be used to highligimotion are most susceptible to monitoring and reduction.
areas within the prostate that require a higher dosagdarge amount of effort has been expended to ensure that
of radiation. MR spectroscopy (MRS) using spectrthe patient undergoing radiotherapy to the prostate lies
from protons in choline and citrate can be used ton the couch in a consistent manner from initial planning
define the gross tumour volume (GTV) because prostafd scan to subsequent daily treatments. Immobilisation
secretions contain high concentrations of citrate. ldevices have been developed, and their efficacy assessed
prostate tumours, there is a reduction in citrate productiasing portal images taken during radiotherapy treatment.
and hence citrate levels fall and higher choline levelBhe gold standard of immobilisation is called indexed
are produced due to increased epithelium proliferatiommobilisation. Devices are relocated (indexed) onto the
turnover of cell membrane lipids. Combined MRS andouch top, ensuring that the patient lies on the same
T2 weighted axial MR helps to improve the localisatiopart of the couch on a daily basis. This ensures that
of GTV and prediction of extracapsular extension. Thisiachine variations due to daily movement of the patient
may permit dose painting with higher doses aimed are minimised. Ideally, the patient would be relocated on
these detailed maps of tumour cells using intensitp the treatment couch with their head, pelvis and legs
modulated radiotherapy treatment (IMRT). In additionimmobilised. This three pointimmobilisation ensures that
choline levels have been shown to correlate with Gleastime patient is consistently straight, and un-rotated in all
gradd!!! so predicting tumour behaviour and giving thehree planes.
potential for biological conformality. In this way, high Whilst the positional uncertainties due to patient
dose areas may be limited to within the prostate glamqmbsitioning may be improved through immobilisation
itself, further reducing dose delivered to the rectum ardkvices, it is more difficult to reduce the uncertainties
the risk of radiation induced proctitis. due to internal organ motion. It has been shown that the
The other main way in which toxicity of radiotherapyposition of the prostate varies both between treatment
to the prostate may be reduced is through a greafeactiond!® and during the treatments themsektés
conformance of the treated volume of tissue to th€he inter fraction variability is largely due to variations
actual tumour volume. This conformance of the higi rectal filling, and to a lesser extent bladder filliHg.
dose volume to the tumour volume is termed conformals the rectum empties, so the prostate gland moves pos-
radiotherapy, and naturally reduces the overall volunteriorly. This movement may be reduced through dietary
of tissue irradiated. This should result in less normadvice (starting a low fibre diet prior to radiotherapy)
tissue damage but it is important to show that thisr more actively managed through endo-rectal balloons
translates into a clinically relevant decrease in morbiditinserted for each radiotherapy treatmi&®lt
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A newer approach is to acknowledge the variation in
prostate position during radiotherapy, and to measure and Treatment Fleld
compensate for this. This approach is collectively known
as image-guided radiotherapy. An example is to implant
fiducial markers (e.g. gold grain seeds) into the prostate
prior to treatment planning and to use the visualisation
of these markers as an indication of the prostate
position during treatment. Images may be generated
through the megavoltage X-ray treatment beams that
show the position of these markers and allow the
treatment to be adapted on a daily basis to ensure target
coveragé'’l.

It can be seen that the whole process of radiotherapy
from initial definition of the tumour volume through to
the actual delivery of the treatment may be improved
though improved imaging techniques. These techniques
allow a smaller tumour volume to be defined (CTV)
and a smaller safety margin used to cover this
volume (PTV). These improvements, in conjunction
with new conformal radiotherapy techniques give the
potential for significantly reducing rectal toxicity for

patients undergoing radical radiotherapy for prostate \ Card|ac Sh|e|d|ng

cancer.

Breast cancer Figure 3 Radiotherapy treatment planning film
for breast radiotherapy showing cardiac shielding.

Given postoperatively, radiotherapy for early breasflaximum heart distance (MHD) =1 cm, central
cancer reduces the local recurrence rate from around 3%%g distance(CLD) = 2 cm.
to 10%418]. Due to the position of the breast overlying
the chest wall, the irradiated volume may include parts of
the lung and, in left-sided disease, the heart. Morbidity Pneumonitis
must be kept to negligible levels, especially for patients

with ductal carcinomén situ (DCIS) and good prognosis |yradiation of lung tissue during breast radiotherapy may
tumours with cure rates of 80%-95%. be associated with acute pneumonitis and/or late lung
fibrosis depending on the volume of lung irradiated and
other coincident lung pathology. Lung symptoms after
Cardiac morbidity breast radiotherapy do not correlate with chest radiograph
findingd??l and assessment of lung reactions can best be
Overview analyses for breast radiotherapy given in theade by asking the patient. In an individual patient, the
1960s and 1970s show an increase in non-breast candgk of pneumonitis must be weighed against the risk of
deaths amongst patients given breast radiothét8py regional node recurrence. When the risk of recurrence is
This mortality from treatment was largely due tdigh, supraclavicular nodes are treated with an anterior
cardiovascular deaths associated with early techniquéis|/d which includes the apex of the lung, resulting in
which often included myocardium and large vessels in ttan increased percentage of lung volume irradiated than
target volume. Traditionally, radiotherapy to the breasturing breast radiotherapy alone.
is localised using plain X-ray film. The films taken Women with good prognosis breast tumours and
represent the final treatment field borders, which areegative lymph nodes have the breast only irradiated
‘glancing’ across the breast and chest wall. On these tward the rates of moderate pneumonitis are less than
dimensional images, the extent of the heart within thE24[23]. The chance of recurrent breast tumour in these
field may be measured from the heart shadow, termed thhemen is very low, and so it is critical to minimise the
maximum heart distance (MHD) (Fig. 3). Correlation hasolume of lung irradiated. Consequently, there has been
been shown between the MHD and the percentage riskaufnsiderable interest in trying to quantify and limit the
cardiac normal tissue complication probabif}. Part volume of lung irradiated.
of the left anterior descending artery lies within the high It has been shown that the perpendicular distance from
dose area for some patients with left-sided breast candie posterior tangential field edge to the posterior part of
and may be the end organ at ri&K. the anterior chest wall at the centre of the field, termed
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the central lung distance (CLD), is a good predictor dangential breast treatment fields is reduced. In order to
the percentage of ipsilateral lung volume tre&8dand consistently reproduce the deep inspiration achieved dur-
symptomatic pneumoniti®l. If the CLD is kept below ing treatment planning, either respiratory monitof%

2 cm then the amount of lung volume treated is likelpr mechanical suspension of breatH#f}j known as

to be low (100-125 c’) and hence the incidence ofactive breathing control (ABC) need to be used.
pneumonitis is minimal.

Reducing the toxicity of breast irradiation

In breast radiotherapy utilising traditional tangential
glancing fields, it is the posterior aspect of the treatment
fields that can irradiate both the heart and lung. A
consequence of this is that techniques that minimise heart
dose also tend to minimise lung dose. Where radiotherapy
to the breast is localised using plain X-ray film, the
basic precaution is to ensure that the MHD and CLD are
kept within acceptable limits. A MHD less than 1 cm
and a CLD less than 2 cm are the criteria used for
planning tangential breast fields to minimise heart and
lung morbidity. It is sometimes the case that in order
to adequately irradiate the entire breast CTV, the MHD
cannot be minimised sufficiently. In this case it may be

necessary to use cardiac shielding, where the treatmg{ﬁure 4 CT generated digitally reconstructed

field is shaped to specifically exclude the heart fro%diograph (DRR) of breast treatment field showing
the treatment fields. In a series of 17 left-sided bre t cardiac shielding is not compromising dose to

cancer patients, Hurkmares al.[2®] found that by using iiined tumour bed in this patient
a conformal technique which shaped the radiation fields '
to the shape of the breast, the NTCP for late cardiac
mortality was reduced from 5.9% (for rectangular fields)
to 4.0%. Due to the glancing nature of the treatment
fields, the addition of shielding may have consequencgs patients with large breasts, studies have indicated
for coverage of the breast tissue lying medially and tendency for a greater level of dose inhomogeneity
laterally to the heart. In order to ensure adequate CTwhen conventional 2D (non-CT) planning methods are
coverage, the use of full CT data in radiotherapy planningsed®°l. In 2D planning the distribution of radiation is
is highly recommended. Through the use of CT data, diptimised on a single axial slice through the centre of
may be possible to identify the post lumpectomy cavityhe breast, and the distribution superiorly and inferiorly
which is at highest risk of recurrence, and to ensure thigt not calculated. If a plan generated is this way is
coverage is not compromised by the shielding. Fig. dnalysed in 3D (using CT data) it is often seen that
shows a digitally reconstructed radiograph (DRR) of thgreas of high dose occur in the superior and inferior
same patient imaged in Fig. 3. The tumour bed has begsrtions of the breast. A consequence of this is that if
outlined on each axial slice and it can be clearly se&D Gy is the prescribed dose to 100% on the central
that the cardiac shielding is not compromising coveragglice, parts of the breast off-axis may receive up to
of this volume of higher risk breast tissue. 110% per fraction. The breast at these points receives
Attempts have been made to reduce cardiac doge: biological equivalent of 58 Gy. Yarnolet al.l3!
delivered during breast radiotherapy through positiongéported a randomised study of standard 2D breast
manoeuvres. An effective and simple method is teadiotherapy vs. 3D intensity modulated radiotherapy in
immobilise the patient for treatment with their armspatients receiving radiotherapy for early breast cancer.
raised above their heads, instead of with their arnfhey demonstrated that the dosimetric improvements of
at right angles as is more traditionally used. Cannejie IMRT treatment resulted in a significant improvement
etal.l7], found that in this position the lateral chest walln cosmetic results when compared with the conventional
tissues were raised superiorly and anteriorly, allowing glanning method.
reduced cardiac dose for the same breast tissue coverage.
It is fortuitous that this position is also most suitable for
CT scanning. Conclusion
A similar positional advantage may be gained through
respiratory manoeuvres. A number of centres have shoWhe reduction of treatment-related morbidity is at the
that in deep inspiration the volume of heart within théorefront of developments in radiotherapy planning and

Cosmesis
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treatment. This improvement is a necessary first step in
the move towards dose escalation, with the potential for

improved cure rates.
Technology that is enabling the reduction in treatment-

[11]

related morbidity is varied, but improvements in imaging
underpin the advances taking place. In treatment sitd$2]
where the use of CT data is well established (such

as radical prostate radiotherapy), the addition of othe[53

imaging modalities (such as MRI) is improving the
accuracy of tumour volume and organ at risk definition.
This is allowing a greater conformance of the treatmerié4!
to the tumour volume and reducing the margin of normal
tissue needed. The delivery of treatment is also improving
with a move towards real time (on-line) correction of field[15]
placement, again reducing the size of treatment margins
needed. In treatment sites where the use of CT is not yet
widely established (such as radical breast radiotherapy),
the evidence is mounting for a need to move from a 2016]
approach to a 3D approach to treatmentplanning.

For both of these sites more complex treatment delivery
techniques such as IMRT, which allow intricate shaping;;
of the treatment to the tumour volume, are becoming
more commonly used as evidence for their efficacy is
established.
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