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40 fractions over eight weeks. By contrast, in palliative set-
tings, single fraction treatment is common. This is because 
low doses of radiotherapy can provide tumour control for a 
short time (range of months) with minimal side effects.

Most EBRT is planned using CT imaging to locate the 
tumour and provide information on the patient’s shape 
and tissue density. Correlation with diagnostic imaging is 
essential. The diagnostic imaging modality that provides 
the best possible information on the position and extent of 
the tumour is used. For many tumours this will be magnetic 
resonance imaging (MRI). For some sites such as the brain, 
computerised image fusion is used alongside the planning CT 
scan to improve the accuracy of tumour localisation. Positron 
emission tomography-CT can aid radiotherapy planning for 
lung cancers and lymphoma by showing which anatomical 
areas contain tumour. Over the past 20 years, techniques that 
can align treatment more closely to the tumour have been 
developed. This approach is known as three dimensional 
conformal radiotherapy (3D-CRT), and it enables oncolo-
gists to spare more healthy tissue and reduce toxicity.3 IMRT 
represents a further development of this concept and will be 
discussed later.

Who needs radiotherapy?
A systematic review of national and international guidelines 
linked to detailed information on cancer incidence and stage 
estimated that 52% of patients with cancer should receive 
radiotherapy at some time during their illness, either for 
cure or palliation.4 The authors developed an optimal radio-
therapy utilisation tree for each cancer based on indications 
for radiotherapy taken from evidence based treatment guide-
lines and correlated this with epidemiological data.

In the curative setting, radical radiotherapy can be offered 
as the sole treatment. It can also be used with surgery, being 
given before (neoadjuvant) or after resection (adjuvant) 
(table).

Palliative radiotherapy plays a vital role in cancer care. A 
systematic review of 25 randomised controlled trials showed 
that it can reduce or eliminate pain from bone metastases 
in 60% of cases.5 Radiotherapy can also be used to palliate 
brain metastases, spinal cord compression, compressive 
symptoms from visceral metastases, and uncontrolled bleed-
ing—for example, haemoptysis or haematuria.

Radiotherapy plays an important role in the care of patients 
with cancer and forms part of the management of 40% of 
patients cured of their disease.1 Advances have been made 
in the past two decades, as improvements in engineering 
and computing have enabled technologies such as intensity 
modulated radiotherapy (IMRT), image guided radiotherapy 
(IGRT), and stereotactic radiotherapy (SRT) to be used in rou-
tine clinical practice.

This article explains newer radiotherapy techniques and 
aims to enable general practitioners and non-specialist clini-
cians to advise patients who come to them with questions. It 
will focus on external beam radiotherapy (EBRT), which is 
the most common form of treatment, delivered to 125 000 
patients a year in England.2

How does radiotherapy work?
X rays are a form of electromagnetic radiation that deliver 
their energy through waves called photons. These photons 
are produced by accelerating a stream of electrons and collid-
ing them with a metal target. High energy photons produce 
secondary electrons in human tissue. Electrons cause DNA 
damage which, if not repaired, proves fatal at cell division. 
Absorbed radiation doses are measured as joules per kilo-
gram, expressed in the unit gray (Gy).

EBRT is administered using a linear accelerator. These 
machines are roughly the size of computed tomography (CT) 
scanners and, for radiation protection purposes, are housed 
in thick walled bunkers.

EBRT usually uses high energy x rays, which penetrate 
deep into body tissue while relatively sparing the skin. 
Electrons can also be used for superficial treatments. These 
electrons can be derived from most linear accelerators (by 
removing the metal target) and provide a high dose to a 
depth of a few centimetres, with little dose beyond. Electrons 
are therefore often used to treat skin tumours. Proton beams 
(discussed later) can also be used for EBRT; the dose builds 
up to a peak and then falls off steeply with no dose beyond 
their finite range.

EBRT is normally delivered over multiple sessions (or 
fractions) to exploit differences in repair and repopulation 
between tumour cells and normal cells. For example, treat-
ment for prostate and head and neck cancer can extend to 
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What are the side effects?
With the exception of fatigue, toxicity is associated with the 
anatomical location of the radiotherapy fields. Common side 
effects are summarised in web table 1 (see bmj.com).w1-w13 A 
detailed discussion of the side effects of treatment is outside 
the aims of this review.

Toxicity can broadly be divided into early and late. Early 
toxicity is generally reversible, but it must be managed appro-
priately to avoid unnecessary gaps in treatment. It begins 
around two weeks into treatment, but symptoms tend to peak 
at two to four weeks after completion. Late toxicity occurs at 
least six months after treatment and may present after many 
years. Unlike early effects, these late effects are often irrevers-
ible. A multinational peer reviewed collection of guidelines 
has been developed that details these risks and their relation 
to dose. The guidelines are limited by being based on pooled 
data from individual studies, but if interpreted appropriately 
during radiotherapy planning this information can help 
minimise toxicity.6

Fatigue occurs in around 80% of patients receiving radio-
therapy and tends to peak in the second week, improving 
around four weeks after completing treatment.7 A thorough 
but non-systematic review reported that fatigue persists in 
a chronic form in about 30% of cases.7 Patients are advised 
to remain as active as possible. Exercise programmes may 
help, but robust data supporting fatigue prevention strate-
gies are lacking.

Other toxicities are specifically associated with the area 
of the body treated. The skin is commonly affected during 
treatment for more superficial tumours. Early skin effects 
include erythema and desquamation, whereas late effects are 
characterised by atrophy and telangiectasia. For example, 

23% of women who received adjuvant breast radiotherapy 
within the phase III trial, START B, at a dose of 40 Gy in 15 
fractions (current UK standard of care) reported a change in 
skin appearance of the treated breast at five years.8

Pelvic radiotherapy—for indications such as urological, 
bowel, and gynaecological cancers—is associated with 
several early and late effects (see web table 1). The likeli-
hood of certain side effects is largely dictated by the dose 
fractionation schedule, site treated, and any pre-existing 
comorbidities. Chronic symptoms such as dyspareunia, uri-
nary incontinence, and faecal incontinence can have a seri-
ous impact on quality of life. Their management should be 
coordinated with the treating oncologist, and in some cases 
further specialist opinions may be needed.9

Does radiotherapy increase the risk of subsequent cancer?
The risk of second cancers after radiotherapy increases over 
the decades after treatment and depends on the treated vol-
ume and dose.10 The risk is particularly relevant for younger 
patients with a good prognosis. A cohort study of more than 
25 000 patients established that patients with stage I semi-
noma have a relapse rate of 4% but an excess second cancer 
risk of 6% at 25 years after radiotherapy.11 Radiotherapy is 
now rarely used for these patients. For early treatment of 
breast cancer, the risks are lower. A cohort study of more 
than 180 000 patients that used the SEER (surveillance, 
epidemiology, and end results) database found an excess 
absolute risk of radiotherapy related second breast cancers 
and other solid cancers (such as lung cancer and sarcoma) 
of two and four cases per 10 000 person years, respectively.12 
This slight increase in second cancers is insignificant in most 
cases when compared with the risk of recurrence and death 

Common indications for radiotherapy 
Cancer Role of radiotherapy Example of indication Comments Outcomes
Breast Adjuvant treatment Early stage after wide local excisions In selected cases may be given 

intraoperatively (mature data awaited)w1
Reduces first recurrence at 10 years (from 35.0% to 19.3%); reduces 
15 year absolute risk of death from breast cancer by 3.8% (from 
25.2% to 21.4%) compared with no radiotherapyw2

High risk mastectomy patients Reduces local recurrence at 5 years (from 23% to 6%) and reduces 
15 year absolute risk of death from breast cancer by 5.4% (from 
60.1% to 54.7%) compared with no radiotherapyw2

After breast radiotherapy the hazard ratio for death from heart 
disease is 1.27 and lung cancer 1.78 compared with no radiotherapy 
(overall mortality still reduced)w3

Prostate Primary treatment Early stage Radiotherapy alone (brachytherapy in 
some cases) as a treatment option rather 
than surveillance or surgery

Similar outcomes to surgeryw4; 93% prostate specific antigen control 
with brachytherapy at 7 years in low risk diseasew5

Locally advanced EBRT is often used in combination with 
androgen deprivation therapy

74.1% and 71.4% prostate specific antigen control and overall 
survival, respectively, at 10 years for inoperable tumoursw6

Lung Primary treatment Locally advanced tumours or 
comorbidity

Optimal outcomes using CHART or 
chemoradiation; radical high dose 
treatment for small tumours

Concurrent chemoradiation improves 2 year survival by 8% 
compared with radiotherapy alonew7; CHART improves 2 year survival 
from 20% to 29% compared with conventional radiotherapyw8

Stereotactic ablative 
radiotherapy

Medically inoperable tumours Mature outcome data awaited

Head and neck Primary and adjuvant 
treatment

Can be used in most cancers to aid 
organ preservation

Often given with cisplatin 5 year survival: 80-90% in stage 1-2 tumours, 60-70% in stage 3-4 
tumoursw9

Rectum Neoadjuvant treatment To downstage bulky tumours at risk of 
involved resection margins

Given as short course (5 days) or long 
course (5 weeks) treatment

Cochrane review shows improved overall survival (by 2%) and local 
recurrence rates (heterogeneous across trials) compared with no 
radiotherapyw10

Gynaecological Primary and adjuvant 
treatment

Cervical cancer Primary chemoradiotherapy is standard of 
care in all but early stage I cervical cancers

Concurrent cisplatin and radiotherapy improves 5 year survival from 
60% to 66%w11

Endometrial cancer Adjuvant EBRT reduces locoregional recurrence from 8.5% to 2.5% 
compared with surgery alone but has no effect on survivalw12

Brain Primary and adjuvant After debulking surgery Concurrent temozolamide improves 
survival

At doses above 60 Gy improves median survival from 18 to 42 weeks 
compared with surgery alonew13

CHART=continuous hyperfractionated accelerated radiotherapy; EBRT=external beam radiotherapy.
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from the primary lesion. Nevertheless, patients must be fully 
informed because these data might affect their decisions 
about radiotherapy when alternative treatments are available.

Breast screening by mammography or MRI is an important 
consideration for people at higher risk of second cancers. A 
UK based cohort study in young patients who received supra-
diaphragmatic radiotherapy for Hodgkin’s disease found that 
the risk of breast cancer was similar to that of women with 
BRCA mutations.13 This was especially true in women who 
were treated under the age of 20 years. The maximum abso-
lute excess risk of breast cancer occurred at age 50-59 years 
(87.9 cases/10 000). In the United Kingdom, women given 
radiotherapy for Hodgkin’s lymphoma under the age of 35 
years are advised to have annual breast screening starting 
eight years after treatment. At the age of 50 years, they then 
join the national breast screening programme (mammog-
raphy every three years) but, because this is the time of the 
maximum excess risk, it has been argued that more intensive 
screening may be needed.13

Increased risks of cardiovascular events and stroke are also 
important, and the evidence has recently been reviewed.10 
A key retrospective study of survivors of Hodgkin’s disease 
showed a relative risk of 3.5 for death from myocardial infarc-
tion in patients receiving high dose radiotherapy.14 The risk 
varies greatly according to dose and tumour site.10 However, 
these findings are largely based on treatments using older 
techniques and may be overestimates. Smoking cessation 
and other lifestyle advice should be as standard. Moreover, 
the additional risk should be considered when using tools 
for estimating the risk of cardiovascular disease. Similarly, 
hypothyroidism occurs in almost 50% of patients after radio-
therapy for head and neck cancer, necessitating regular thy-
roid function checks, at least annually, for 10 years or more.15

How safe is radiotherapy?
The potentially devastating effects of maladministration 
reinforce the need to avoid complacency.16 The risk of death 
directly caused by radiotherapy errors is estimated at two per 
million courses in the UK and 15 per million courses in an 
international systematic review. For comparison, the risk of 
a crash on a commercial air flight is four per million depar-
tures.17 Within the UK, detailed national checks and proce-
dures are in place to ensure that the right patient receives the 
right treatment. In developed countries robust error reporting 
systems are an important learning tool.

Patients often ask if they will be “radioactive,” but once 
the beam is turned off there is no radiation exposure. This 
makes the treatment environment safe for relatives and staff, 
although they must vacate the room while the beam is on.

How is radiotherapy initiated?
Once a patient has consented to treatment they will attend a 
“planning CT scan.” Using these images, the precise arrange-
ment of radiotherapy beams for treatment is planned, usu-
ally by an oncologist in conjunction with a radiographer and 
medical physicist. Simpler plans, such as single fraction pal-
liative treatments, can be completed within an hour. More 
complex ones, such as those using IMRT, may take up to a 
week to allow for checking and verification of the plan. Each 
treatment session, or fraction, takes around 10-20 minutes, 
including time spent ensuring the patient is correctly posi-

tioned on the treatment couch. Patients receiving multiple 
fractions are usually reviewed, at least weekly, by a doctor to 
help manage treatment related side effects.

Newly introduced techniques in radiotherapy
IMRT, IGRT, and SRT are newer techniques that should be 
routinely available for all patients within the appropriate 
clinical context.

Intensity modulated radiotherapy (IMRT)
IMRT can create concave treatment shapes and steep dose gra-
dients. This maximises the sparing of normal tissues, particu-
larly if the tumour is wrapped around normal structures such 
as the spinal cord. Conventional radiotherapy typically uses 
a small number of beams, each with uniform intensity across 
the field. In contrast, IMRT uses multiple beams with a highly 
non-uniform dose across the field. This is achieved by dividing 
the beam into multiple “beamlets,” so that doses of varying 
intensity can be delivered to different parts of the field (figure).

IMRT is particularly useful for head and neck cancers 
because of the high number of important normal tissue 
structures within close proximity to the tumour. A phase III 
study randomised patients with squamous cell cancers of the 
oropharynx to conventional 3D-CRT or parotid sparing IMRT. 
It found a significant reduction in dry mouth at two years 
(29% v 83%; P<0.0001) with IMRT compared with 3D-CRT.18 
A systematic review published in 2010 of the benefits of IMRT 
identified 61 studies that compared it with conventional radio-
therapy.19 It found similar benefits at many other treatment 
sites, including reduced rectal toxicity in patients with prostate 
cancer. 

In breast cancer, improved dose distributions in patients 
with larger breasts decrease the risk of breast pain and improve 
long term cosmesis. Findings on local control and overall sur-
vival were generally inconclusive. However, consequent spar-
ing of normal tissue means that higher and potentially more 
effective doses could be used without the risk of increased 
toxicity; this is being investigated in current trials.

IMRT does have disadvantages. A consequence of using 
multiple beams to deliver radiation is that despite normal 
tissue being spared higher doses, a greater volume of tissue 
receives a lower dose. As a result, it has been suggested that 
IMRT may increase the risk of a second cancer from 1% for 
conventional radiotherapy to 1.75% at 10 years.20 It has been 
counter-argued that these figures are an overestimate and that 
risks from 3D-CRT and IMRT are similar.21 Considerable uncer-
tainty surrounds these estimates because they are generated 
from models of risk that are based on long term data obtained 
mainly from the follow-up of atomic bomb survivors. These 
people were exposed to a single whole body dose rather than 
fractionated high doses to specific parts of the body as used 
in radiotherapy.21

Provision of IMRT is variable worldwide, although availabil-
ity is generally increasing. For example, a survey of all cancer 
centres in Canada showed that the proportion of centres offer-
ing IMRT rose from 37% to 87% between 2006 and 2010.22 
In the UK, it increased from 46% to 81% between 2007 and 
2012.23  24 The key indicator for patients is access to this treat-
ment when needed: it has been estimated that about 33% of 
radically treated patients should receive IMRT.25 In the United 
States, 50% of patients receive IMRT, whereas in the UK this 
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cost effectiveness uncertain. Further studies investigating cost 
effectiveness are needed.

Image guided radiotherapy (IGRT)
All radiotherapy is delivered with imaging at the beginning 
and intermittently throughout treatment to ensure accuracy. 
IGRT uses imaging (often on a daily basis) just before radio-
therapy is delivered to allow positional correction if necessary 
so that the dose is correctly delivered to the target.27 This can 
be achieved with CT imaging or by implanting radio-opaque 
seeds, which allows the target to be identified using treatment 
x rays. This assures accurate treatment of the tumour and 
potentially allows smaller safety margins to be used, thereby 
sparing healthy tissue. The prostate, for example, is subject 
to a daily positional change of 15 mm or more in relation to 
bony landmarks; a recent review summarises evidence from 
the pre-IGRT era showing that this movement contributes to 
underdosage and reduced control of biochemical disease.28

Image guidance is crucial to the use of IMRT because steep 
dose gradients carry a risk of the target being given too low a 
dose and normal tissue being overdosed. Most machines that 
deliver IMRT also have IGRT capabilities, allowing imaging 
and treatment in a single session.

Lung cancers move with respiration and if this variation is 
great, four dimensional CT can be used to obtain a series of CT 
scans at different phases of the respiratory cycle.28 The infor-
mation can help define the motion of the tumour, which can 
then be targeted with respiratory gating. This involves track-
ing the patient’s respiratory cycle, commonly using surface 
markers, and delivering treatment at specific phases of the 
cycle.

The provision of IGRT is increasing in the UK, but reliable 
national data on its availability are not yet available. There is 
an associated additional cost, but no robust cost effectiveness 
studies have yet been published.

Stereotactic radiotherapy (SRT)
SRT involves highly targeted treatment. It has been used 
for many years to treat a variety of brain lesions, using tra-
ditional fractionations such as 60 Gy in 30 fractions. More 
recently it has been used to treat small discrete lesions in a 
limited number (one to five) of higher dose fractions.29 SRT 
is often administered using a frame to fully immobilise the 
patient, although frameless techniques are also available. 
Stereotactic radiosurgery refers to SRT delivered in just 
one session. SRT can be delivered using several different 
machines. These include specifically adapted standard lin-
ear accelerators, which use multiple beams from different 
angles centred on the tumour, and the Gamma Knife, which 
is designed exclusively to treat intracranial lesions.

Stereotactic ablative radiotherapy (SABR), also known 
as stereotactic body radiotherapy, refers to precise irradia-
tion of extracranial lesions. As a result of improvements in 
image guidance, it is now increasingly offered for sites 
including the lung, prostate, liver, and pancreas.30 It can 
be delivered using a standard linear accelerator, equipped 
for image guided IMRT. For mobile lesions tracking or gat-
ing technology can be used. The CyberKnife is a frameless 
robotic system consisting of a linear accelerator mounted on 
a robotic arm. It can deliver treatment with high accuracy and 
uses real time image guidance to track the tumour. To allow 

figure is currently 19%.23 Access in the UK is increasing rapidly 
and the 33% figure is expected to be reached by 2014.23

Despite its importance, there are few cost effectiveness 
data for IMRT and other newer radiotherapy techniques. A 
UK study reviewed 13 non-randomised studies in prostate 
cancer.26 The authors estimated the additional staff costs of 
providing IMRT at £1100 (€1370; $1750) per case. Using 
models of clinical outcome, the authors concluded that if the 
higher doses possible with IMRT (up to 81 Gy) improve overall 
survival, then IMRT would be cost effective. At the lower dose 
of 74 Gy currently recommended by the National Institute for 
Health and Clinical Excellence, conformal radiotherapy is safe 
and the cost benefit depends on the size of the reduction in 
gastrointestinal toxicity that can be achieved by using IMRT 
rather than conformal treatment. The authors concluded that 
the size of the benefit and its cost are unclear, which makes 

Example of an intensity modulated radiotherapy plan for head and neck cancer. Panels A and 
B: Target and normal tissue structures are outlined before preparation of the dose plan. The 
complex three dimensional shapes and anatomical associations can be seen. The tumour target 
is delineated into three parts, representing different levels of tumour burden. The primary gross 
tumour itself (T68 red) will receive 68 Gy, the surrounding area with high risk of direct tumour 
involvement (T60 light brown) will receive 60 Gy, and the nodal areas at risk of microscopic 
disease (T54 pink) will receive 54 Gy. Some of the important normal structures—the eyes, parotid 
salivary glands, brain stem, and spinal cord—are also shown. Other structures have been 
omitted for clarity. Panels C and D: Intensity modulated radiotherapy dose plan. Use of advanced 
computing techniques allows different doses to be “painted” on to different target areas, while 
minimising the dose to important structures. The high dose is delivered to the complex target, 
which is concave posteriorly, avoiding the spinal cord 
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deposited up to, but not beyond, a specific depth within tis-
sue. When compared with photons, this limited range allows 
improved target volume coverage, with reduced doses to the 
normal tissue beyond.32  33 This is expected to reduce the risks 
of late effects, including second cancers and cardiovascular 
risk, which are particularly relevant when treating children 
and young adults.34 

A recent systematic review that summarised the current 
evidence base for proton beam therapy noted a lack of evi-
dence from randomised phase III trials.34 Current indica-
tions in adults include spinal and base of the skull tumours, 
although this is based on single institution cohort studies.35 
In the US this treatment is widely used for prostate cancer. 
Although excellent results can be obtained, the only clinical 
trials compared different doses given with protons, and there 
is no evidence from randomised trials that protons improve 
outcomes compared with photons when given at the same 
dose.33

In the UK, patients suitable for proton beam therapy can 
now be referred abroad under the NHS Proton Overseas Pro-
gramme. The government has committed to fund two proton 
therapy units for children and adults with specific indica-
tions. It is intended that clinical provision will be combined 
with high quality research to help expand the evidence base 
for this treatment.36

What is the future of radiotherapy?
The evolution of radiotherapy will continue, fuelled by 
improvements in imaging, computing, and engineering, com-
bined with a greater understanding of tumour biology. Radio-
therapy trials currently recruiting within the UK are shown in 
web table 2 (see bmj.com). Ensuring the availability of newly 
established techniques to patients who would benefit from 
them poses an important challenge, particularly in the face 
of economic constraints. It is hoped that more precise delivery 
of radiotherapy coupled with strategies to enhance tumour 
cell killing, such as chemoradiation, will enable more can-
cers to be cured with fewer side effects. As these strategies are 
developed, it is vital that their implementation is supported by 
evidence from intelligently designed phase III trials.37
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The physical properties of protons enable the dose to be 
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ANSWERS TO ENDGAMES, p 46	 For long answers go to the Education channel on bmj.com

ANATOMY QUIZ
Magnetic resonance imaging of lumbar spine
A: Facet joints 
B: Right L4 nerve root (exiting nerve)
C: Right L5 nerve root (transiting nerve)
D: L4/L5 disc
E: Cerebrospinal fluid
F: Cauda equina rootlets

STATISTICAL QUESTION
Parametric statistical tests for independent 
groups: numerical data
Student’s t test (answer b) would most likely have been used to 
compare the treatment groups in the mean difference in mean 
change in BMI z score over three years from baseline.

PICTURE QUIZ
A case of loin pain: a cause close to the heart
1	 This is an arterial phase contrast enhanced computed tomogram of the 

abdomen. Contrast is absent beyond the proximal segment of the left 
renal artery, with non-enhancement of the left kidney. A wedge shaped 
area of non-enhancement is also seen in the right kidney, consistent with 
a renal infarct. The findings are consistent with bilateral renal emboli.

2	 Transthoracic echocardiography.
3	 Atrial fibrillation is the most common cause of intracardiac thrombosis. 

Ventricular thrombus formation may occur after acute myocardial 
infarction, in a left ventricular aneurysm, and in dilated cardiomyopathy.

4	 Silent myocardial infarction in a patient with type 2 diabetes complicated 
by intracardiac thrombosis, with embolism to the kidneys and spleen.

5	 Conservative management is with anticoagulation to minimise the risk of 
further embolic events. Revascularisation of the ischaemic kidney may 
be attempted by localised or systemic thrombolysis, thrombectomy, or 
surgical embolectomy.


