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Abstract

Objective. The advantages of highly localised, conformal treatments achievable with stereotactic radiotherapy (SRT) are
increasingly being extended to extracranial sites as stereotactic body radiotherapy with advancements in imaging and beam
collimation. One of the challenges in stereotactic treatment lies in the significant complexities associated with small field
dosimetry and dose calculation. This review provides a comprehensive overview of the complexities associated with stere-
otactic radiotherapy and the potential for detriment. Methods. This study is based on a comprehensive review of literature
accessible via PubMed and other sources, covering stereotactic radiotherapy, small-field dosimetry and dose calculation.
Findings. Several key issues were identified in the literature. They pertain to dose prescription, dose measurement and dose
calculation within and beyond the treatment field. Field-edge regions and penumbrae occupy a significant portion of
the total field size. Spectral and dosimetric characteristics are difficult to determine and are compounded by effects of tis-
sue inhomogeneity. Measurement of small-fields is made difficult by detector volume averaging and energy response. Avail-
able dosimeters are compared, and emphasis is given to gel dosimetry which offers the greatest potential for
three-dimensional small-field dosimetry. The limitations of treatment planning system algorithms as applied to small-fields
(particularly in the presence of heterogeneities) is explained, and a review of Monte Carlo dose calculation is provided,
including simplified treatment planning implementations. Not incorporated into treatment planning, there is evidence that
far from the primary field, doses to patients (and corresponding risks of radiocarcinogenesis) from leakage/scatter in SRT
are similar to large fields. Conclusions. Improved knowledge of dosimetric issues is essential to the accurate measurement
and calculation of dose as well as the interpretation and assessment of planned and delivered treatments. This review
highlights such issues and the potential benefit that may be gained from Monte Carlo dose calculation and verification via
three-dimensional dosimetric methods (such as gel dosimetry) being introduced into routine clinical practice.

The objective of the present work is to give an over- in terms of dose measurement and calculation.

view of stereotactic radiotherapy and radiosurgery
and to describe, in detail, the difficulties associated
with the small-fields employed in stereotactic tech-
niques in terms of dose measurement and calcula-
tion. Stereotactic radiotherapy and radiosurgery are
increasingly common treatment modalities. Figure 1
highlights this trend — with one paper relating to ste-
reotactic radiotherapy published in the early sixties
compared to over 1700 papers published in the last
four years. The emphasis of this paper is to meet the
objective of giving the reader an understanding of the
complexities associated with the use of small fields

Uncertainties in small-field measurements and cal-
culations can lead to incorrect prediction of patient
doses, which may lead to complications. The need
for accurate radiation delivery and confident knowl-
edge of the characteristics of the dose distributions
resulting from such small fields is highlighted. A
notoriously tricky endeavour, there are a number of
means for calculating and measuring the latter, and
these are discussed with a particular emphasis on the
use of the most promising technologies: three-
dimensional integrating gel dosimetry and Monte
Carlo radiation transport modelling. Whilst the focus
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Figure 1. An indication (based on a PubMed search of published
literature) of the increasing implementation of both intra- and
extra-cranial stereotactic radiotherapy. Note the logarithmic scale.
‘Stereotactic’ includes both intra- and extra-cranial.

is issues related to dosimetry (measurement and
calculation), difficulties related to positioning and
immobilisation are also discussed.

A contemporary definition of stereotactic radio-
therapy is defined here as ‘the use of beams of ionising
radiation from multiple directions intersecting at a
target (usually intracranial) spatially defined using a
fixed three-dimensional coordinate system’. Stereot-
actic radiosurgery may be defined similarly, with the
difference that it implies a single fraction treatment.
The term radio-surgery is something of a misnomer,
since it is a non-invasive operation. Stereotactic radio-
therapy/radiosurgery is often considered, by default,
to refer to intracranial treatments due to widespread
usage following the early adoption of such treatments
and the amenability of the cranium to frame fixation
and target localisation. This has led to the frequent use
of the term ‘extracranial stereotactic radiotherapy’ for
stereotactic body radiotherapy.

Stereotactic radiotherapy (SRT) and
radiosurgery (SRS)

Stereotactic radiotherapy and radiosurgery for
treatment of intracramial lesions

Intracranial SRT and SRS. The origins of stereotactic
intracranial surgery may be traced back to work first
presented at the 1906 meeting of the British Medical
Association in Toronto. In 1908, after several years
of use in studies of the structure and functions of the
cerebellum in various animals, Horsley and Clarke
published details of a stereotactic instrument that
incorporated a frame attached to the skull and a
three dimensional coordinate system that facilitated

the precise application of an insulated needle for exci-
tation or electrolysis [1]. Based on the same funda-
mental principles, stereotactic radiosurgery (SRS) is a
single fraction radiotherapy modality for the treatment
of intracranial lesions, employing stereotactic appara-
tus and multiple small beams delivered through non-
coplanar isocentric arcs. The word ‘radiosurgery’ is
attributed to Leksell, a neurosurgeon [2]. Initially,
SRS was used primarily for treatment of arteriovenous
malformations (AVM) [3,4] and other benign brain
lesions [5]. More recently, SRS has become increas-
ingly applied for the treatment of malignant brain
lesions, including primary tumours and metastases.
Stereotactic radiotherapy (SRT) refers to the same
procedure as SRS, but involves multiple dose frac-
tions. SRS and SRT rely on 3D localisation of the
lesion, utilising immobilisation devices. The stereotac-
tic apparatus is employed during imaging and treat-
ment for target localisation and head immobilisation.
This must be done with a high degree of accuracy,
necessitating meticulous quality assurance (QA) pro-
cesses. Conformity in dose is sought with use of col-
limated beams, optimised arc angles and multiple
isocentres. Alternatively, it is possible to dynamically
shape the field during rotation with use of mini-/
micro- multileaf collimators.

Stereotactic radiosurgery is typically delivered via
either the Leksell Gamma-Knife system (LGK; Elekta)
or with a conventional megavoltage (MV) linac. The
former is a commercialised piece of equipment incor-
porating a modified ®*Co unit with 201 convergent
beams directed through variable circular collimators
[6]. SRS with a linac is sometimes referred to as ‘x-ray
knife’ treatment. This involves the use of multiple non-
coplanar arcs of circularly or dynamically shaped fields
that converge on the isocentre. A stereotactic frame is
fixed to the patient’s head and locked onto the treat-
ment couch. The target coordinates are matched to the
machine isocentre with a high degree of precision.

In summary, there are several key points that may
be made regarding the efficacy of stereotactic
approaches:

1. SRT results in comparable survival rates and
better normal tissue sparing than conformal
radiotherapy [7-9].

2. The use of linac-based stereotactic techniques
(with a multileaf collimator) can be advanta-
geous, in terms of dose homogeneity and
normal tissue sparing [10-14].

3. The addition of intensity modulation to ster-
eotactic treatments results in improved dose
conformality and improved organ-at-risk
sparing [15-19].

The brain is known to exhibit sensitivity for acute
and delayed radiation damage. Review of published
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clinical data reveals a number of key trends regarding
complications following SRT and SRS:

1. There are a range of immediate SRT/SRS
potential side-effects, affecting about one
third of patients, though these are typically
moderate and short term [20].

2. Although accurate localisation reduces the
likelihood, there is potential for severe late
effects ranging from neurological impair-
ment to death [5,21-25].

3. Little is known about long-term neuropsy-
chological effects. Clinical findings show
children exhibit cognitive decline subsequent
to fractionated radiotherapy of brain tumours;
data for adults is comparatively scarce, with
preliminary finding suggesting some cogni-
tive function, such as memory, may be par-
ticularly vulnerable [26].

4. There is a risk of radiation-induced cancer
(particularly meningiomas [27]) resulting from
intracranial treatments in general [28-31];
however, the likelihood of radiation-induced
tumours becoming manifest following stere-
otactic techniques is relatively low [32].

5. There are reported cases of radiation
induced-induced tumours from stereotactic
radiosurgery, the majority of which are gliob-
lastomas [33-38].

Stereotactic radiotherapy and radiosurgery may
also be employed to extracranial regions. Generally
referred to as stereotactic body radiotherapy, though
the term extracranial stereotactic radiotherapy is often
still applied, is discussed in the following section.

Stereotactic body radiotherapy (SBRT)
and the need for accurate dose delivery:
The potential for radiation toxicity

Overview. As mentioned earlier, stereotactic radio-
therapy generally implies treatment of intracranial
lesions. An obvious extension is to apply similar
treatment techniques to small tumours at other ana-
tomic locations; such treatments are often referred
to as ‘extracranial stereotactic radiotherapy’ or ‘ste-
reotactic body radiotherapy’ (SBRT). A review of the
relevant scientific literature indicates that extracra-
nial treatments are of most interest in relation to the
lung, liver and the spine.

There are several key differences between confor-
mal or intensity-modulated radiotherapy and SBRT.
In the former case, doses of up to 3 Gy/fraction are
typically given over 10-30 fractions, whilst for SBRT
up to 45 Gy/fraction may be given in just a few (<5)
fractions. Margins are also of the order of millimetres

for SBRT, whereas intensity modulated radiotherapy
(IMRT) margins are typically of the order of centi-
metres. It is important to note this latter point, since
often treatment planning systems have a dose grid
resolution of the same order of magnitude as the
margins in the case of SBRT (e.g. 1-2 mm grid size
for AAA/PBC).

One critical element of SBRT is the use of a suit-
able immobilisation methodology. The earlier forays
into SBRT were facilitated by apparatus such as an
extracranial stereotactic frame proposed by Hamil-
ton et al. for treatment of spinal lesions [39] and a
body frame with vacuum bag implemented by Lax
et al. for treatment of lesions of the liver and lung
[40]. Ultimately, image-guidance may be considered
the ideal approach, with applications in not only ini-
tial patient setup but also real-time monitoring of the
target (or surrogate marker) during treatment.

For lung treatments, a range of immobilisation
and positioning devices have been employed: the
Elekta Body Frame (Elekta Oncology, Stockholm)
with accuracies ranging from 1.8 to 5 mm [41-44],
the MI BodyFIX (Medical Intelligence, Schwabm-
uenchen) with accuracies ranging from 2.5 to 3 mm
[45] and the Leibinger Body Frame (Leibinger,
Freiburg) with accuracies of 2 to 4.4 mm [46]. For
liver treatments, the Elekta Body Frame has been
used with an accuracy of = 4.4 mm [41], the MI
BodyFIX has been employed with a reported accu-
racy of = 3.2 mm [45] and the Leibinger Body
Frame has been used for liver treatments with a
reported accuracy of 1.8-4.4 mm [47]. Tokuuye et al.
found motion was significantly reduced just by mak-
ing the patient lie ventrally on the couch and strap-
ping the jaw and arms down (achieving an accuracy
of approximately 5 mm) [48]. For spinal treatments
a range of approaches have been taken. These include
use of the MI BodyFIX with approximately millime-
tre accuracy [49], use of a body cast with ~3 mm
accuracy [50] and approaches using frameless real-
time tracking of fiducial markers achieving accura-
cies of approximately 2 mm [51].

Stereotactic body radiotherapy is facilitated by
such approaches to immobilisation, with further
distinctions from other techniques in methods and
importance of dose prescription/verification and
hypofractionation. The ultimate objectives remain the
same: the dose to the tumour volume must be maxi-
mised, whilst minimising doses to normal tissues; the
following discussion concentrates on the clinically
reported acute and delayed side-effects of SBRT.

SBRT of the lung. Complicated by the added issue of
tissue heterogeneities (see the following section on
charged particle equilibrium), small (=4 or 5 cm)
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lung tumours may be treated with SBRT. Hiraoka
et al. [52] identify several further complications,
namely: accurate body fixation; tumour motion due
to respiration; optimal treatment regimens; the lim-
ited data for normal tissue toxicity resulting from
large-fraction irradiation; and optimal fractionation
schemes. Figure 2 gives an overview of some studies
employing SBRT for the treatment of primary lung
cancers, with the local control specified (for median
follow-up varying between 11 and 43 months).

One key difficulty with treatment of lung tumours
is immobilisation in the presence of tumours moving
with patient respiration.

1. The first clinical stereotactic body frame
involved fixating patients using a vacuum
pillow, such that cranial SRT coordinates
could be employed for extracranial SBRT
[53,54].

2. Work on SBRT for lung tumours started
in earnest in the 1990s. Clinical outcomes
for SBRT were first published in Acta
Oncologica [55].

3. With regard to the issue of respiratory
motion, three methods are typically employed
to minimise its impact: respiratory holding,
regulation and gating. Respiratory holding
involves the patient holding their breath for
a period of beam-on time. Respiratory regu-
lation involves externally applied pressure to
control the diaphragm. Respiratory gating
involves alternating beam-on/off time accord-
ing to patient motion, where the latter is

100

reflected by the movement of external or
implanted fiducial markers.

What is considered as an ‘optimum’ treatment
plan differs between countries and undoubtedly
between individual centres.

1. The Japanese approach stresses dose homo-
geneity, with prescription specified at the
isocentre; whereas the United States approach
involves dose prescription at the PTV mar-
gin, with less concern for homogeneity.

2. The toxicity concerns relate mainly to pul-
monary complications, radiation pneumoni-
tis, haemoptysis and radiation esophagitis
[65]. Other concerns include the effect on
the central bronchus, pulmonary artery,
oesophagus, heart and spinal cord, for which
there has not been significant follow-up [66].
Toxicity falls into various grades defined by the
Radiation Therapy Oncology Group (RTOG,
United States) as outlined in Table I.

3. The ROSEL trial compared surgery with
radiosurgery for lung patients and suggested
guidelines for stereotactic body radiotherapy
incorporating, in particular, tighter normal
tissue dose constraints for complication min-
imisation [67]. The study also discusses the
caution that must be taken when calculating
dose distributions (and retrospectively inter-
preting clinical data) with simplistic algo-
rithms, as discussed later in the present
paper.

90
80 4 M

B Population, N 70 A
B Min Dose (Gy)
B Max Dose (Gy)
& Min Fractions
[0 Max Fractions
O Control (%)

Figure 2. An overview of some studies on SBRT for the treatment of primary lung cancer, showing the number of patients, N, dose,
number of fractions and local control rate. Median follow-up varied between 11 and 43 months [42,44,56-64].
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Table I. The Radiation Therapy Oncology Group (RTOG, United that better normal tissue sparing should be achiev-

States) definitions of the various grades of pulmonary toxicity.

able than conventional or conformal radiation deliv-

Toxicity grade Definition ery approaches.
1 Mild dry cough or dyspnoea on exertion
(DOE) not requiring clinical intervention 1. Radiation-induced liver damage (RILD) is
2 Cough requiring narcotic antitussives (cough dependent on dose and the irradiated vol-
suppressant) or dyspnoea not at rest ume, and a good review of reported RILD
3 Severe cough not responsive to narcotics, or

dyspnoea at rest; intermittent oxygen or

steroids may be required
4 Continuous oxygen or assisted ventilation 2.
5 Fatal

4. ‘There is strong contemporary interest in
radiobiological modelling as a means of
determining preferential dose distributions
and schedules for the minimisation of toxic-

ity and overall improved efficacy; Chi et al. 4.
presented an interesting paper recently link-
ing radiobiological modelling with patient
outcomes [68].

Milano et al. [69] provide a good review of nor- 5.

mal tissue toxicity following SBRT. Acute fatigue,
coughing and dermatitis are commonly reported.
Acute pneumonitis is also reported, though typically
not beyond grade 3. Figure 3 gives an overview of
the toxicity observed in some recent studies of SBRT
as applied to the lung.

SBRT of the liver. The liver is also amenable to ther-
apy with SBRT. The desired advantage of SBRT is

80
70
W Population, N 60
@ Min Dose (Gy) .
50 -

B Max Dose (Gy)
E Min Fractions 40 -
0 Max Fractions

O Toxicity, n

data may be found in a book chapter by
Herfarth and Minter [76].

Lax et al. [40] presented the first implemen-
tation of SBRT for liver malignancies.
Single fraction radiosurgery has been shown
to have detrimental consequences; Blomgren
et al. [55] treated five patients, one of whom
died two days after treatment, the other four
experiencing marginal recurrence.

More positive results were achieved using
hypofractionation; two patients died from
RILD (liver cirrhosis), but other patients
suffered at worst nausea, fever or chills post-
radiosurgery (N = 24) [53].

Wulf et al. [46] treated patients (N = 24)
with liver tumours using 3 X 10 Gy, result-
ing in 76% local control (with 12 month
follow-up). Wulf et al. [77] then published a
later study with better statistics (N = 39),
treating with a high dose (3 X 12.5 Gy, or
1 X 20 Gy) and low dose (3 X 10 Gy)
regime, yielding local control of 92% (with
12 month follow-up). The high dose group
exhibited better local control (100% and

Figure 3. Various recent studies reporting observations of toxicity at or above Grade 3 (refer to Table I for definition) post-SBRT. The
dose in Gy is given, along with the number of fractions. N refers to the total patient population, and 7 refers to the number of patients

exhibiting toxicity (these numbers are given explicitly in the figure) [57,70-75].
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82% at 1 and 2 years respectively) than the
low dose group (86% and 56% at 1 and
2 years respectively).

6. Data from a multi-centre United States trial
[78] showed local control (for N = 21) of
93% at 18 months.

Acute fatigue, nausea, diarrhoea and dermatitis
are commonly reported adverse reactions to SBRT
of the liver. However, grade =3 toxicity (such as
hepatic failure, bowel perforation/obstruction and
gastrointestinal bleeding) are rare; Figure 4 provides
an overview of reported toxicity at grades 3 or higher.
The most striking data in Figure 4 is that of the study
by Hoyer et al. [79]. The latter study relates to col-
orectal carcinoma liver metastases. Overall survival
was 67% and 13% after one and five years respec-
tively. Of the patients exhibiting toxicity grades of 3,
three patients had intestinal toxicity, two had nausea,
two had diarrhoea, ten had pain, and two had skin
reactions. Of the patients exhibiting grade 4 toxicity,
one had hepatic failure and one had pain. For the
patient who had fatal hepatic failure, 60% of the liver
received a dose >10 Gy and the patient received a
median liver dose of 14.4 Gy. Patients were given
three fractions over a period of 5-8 days; the other
studies in Figure 4 gave three fractions in 3—14 days
or six fractions in 14 days. Overall survival in the
Hoyer et al. study was 67% over one year to 13% over
five years, with local control of 86% over two years.

SBRT of the pancreas. Radiosurgery for tumours of
the pancreas is an emergent mode of therapy. Recent
data indicates that, of the forms of fatal cancer,
pancreatic cancer is the fourth most common (6%
of all fatal cancers) [82].

70

60
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20

10
1 2 2

0 [ i—|
Kavanagh et al. Hoyer etal.  Casamassina ct al. Tse etal.
(2006) (2006) (2008) (2008)

B Population. N @ Max Dose (Gy) O Toxicity, n
B Min Dose (Gy) @ Fractions

Figure 4. Various recent studies reporting observations of toxicity
at or above Grade 3 post-SBRT for liver lesions. The dose in Gy
is given, along with the number of fractions. N refers to the total
patient population, and n refers to the number of patients
exhibiting toxicity (the latter is shown explicitly in the figure)
[78-81].

1. Koong et al. [83] treated patients (N = 15)
for cancer of the pancreas using the Cyber-
Knife system, in three dose regimes (3
patients treated with 15 Gy, 5 with 20 Gy
and 7 with 25 Gy). No acute toxicity was
exhibited, and local control was achieved
with all patients in the high dose regime

2. The Cyber-Knife is differentiated from other
linac-based stereotactic units by being robot-
ically-mounted with an image guidance sys-
tem and circularly-collimated fields; there
are of the order of 150 Cyber-Knife units
worldwide, most of which are in the United
States.

3. Hoyer et al. [84] reported that all patients
(N = 22) treated for advanced local pancre-
atic cancer with 45 Gy in 3 fractions devel-
oped grade 2—4 nausea and pain, with the
grade 3—-4 toxicities including diarrhoea,
nausea, pain, mucositis, ulceration.

4. In a later study, Koong et al. [85] employed
45 Gy IMRT with a single-fraction 25 Gy
radiosurgical boost (N = 16).Two patients had
acute grade 3 gastroparesis and one patient
exhibited late gastrointestinal bleeding.

SBRT of the spine. The spine, being the most com-
mon site for bone metastases, may benefit from
stereotactic radiosurgery because of the potential
to target spinal column metastases whilst sparing
critical tissues.

1. Gerszten et al. [86] treated 500 spinal metas-
tases in 393 patients using SRS, with doses
of 12.5-25 Gy to the 80% isodose curve
(with a mean dose to the spinal cord of 10
Gy). Long-term pain reduction was reported
by 86% of patients.

2. Gibbs et al. [87] used the Cyber-Knife to
deliver 16-25 Gy in 1-5 fractions (N = 74)
with a spinal cord limit of 10 Gy. Several
cases of severe myelopathy were reported
(though two of these patients had received
previous radiotherapy treatments); 84% of
patients reported resolution or improvement
of symptoms.

3. Ryu et al. [88] used SRS to treat patients
(N = 49) using 10-16 Gy (at the 90% isod-
ose curve), with 46% reporting complete
pain relief and 19% with partial relief, with
a one-year survival of 74%.

4. Yamada et al. [89] treated patients (N = 93)
using 18-24 Gy to the whole vertebrae; achiev-
ing local control of 90% (15 month follow-up)
and survival of 36% at 45 months.
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Concluding thoughts

Stereotactic radio-therapy and -surgery for the treat-
ment of tumours both intracranial and at other ana-
tomical locations is widely employed because of the
highly localised doses achievable. Furthermore, it is
a highly patienr-driven modality, because of its non-
invasive nature. However, the approaches described
invariably result in the irradiation of significant
healthy tissue, despite the small fields involved. SRS
(single fraction) and SRT (few fractions) are associ-
ated with high doses per fraction compared to other
techniques and, as such, accurate localisation is crit-
ical. Consequences for irradiated tissue are more
significant.

There are many contributing factors that influ-
ence the extent of complications in a given treatment.
The focus of the present work is that of small-field
dosimetry, which — if inaccurate — can lead to compli-
cations for the patient. Quality assurance (QA) pro-
cesses are routine in clinical radiotherapy departments
and it would be unusual for a given QA to be per-
formed incorrectly. Rather, the focus of the current
paper is to address issues associated with the accu-
racy of current dose measurement and calculation
methodologies as applied to stereotactic radiother-
apy. Consider, for example, SBRT of the lung.
There is a strong contemporary interest in motion
compensation; patient fixation devices typically have
accuracies of 2-5 mm. However, even if a tumour is
guaranteed to be ‘stationary’ and modern treatment
approaches facilitate precise delivery of planned
doses — if the accuracy of the calculated dose is poor
then this will have direct consequences for the patient.
Doses to the periphery of lung tumours may be of
the order of 10% lower than at the centre, which is
often not accurately predicted by treatment planning
systems [90]. It is worth bearing in mind that the use
of multiple convergent fields is of course advanta-
geous not only in the reduction of integral healthy
tissue dose but also results in a reduction in periph-
eral under-dosage. The study by Taylor et al. [90]
indicates that for circumstances where multiple
beams or arcs are employed the aforementioned
~10% under-dosage at the periphery of lung tumours
drops to the order of 5%. This is poorly predicted by
conventional treatment planning algorithms such as
pencil beam convolution, although better predicted
by the analytical anisotropic algorithm. This was
highlighted recently by Timmerman et al. [91], who
reported on the Radiation Therapy Oncology Group
0236 Phase II trial, whereby the prescribed 20 Gy per
fraction dose (totalling 60 Gy) was found to be only
18 Gy per fraction (totalling 54 Gy) — an error that
arose because of dose calculation inaccuracy. This
highlights the necessity for accurate dose calculation.

However, even if accurate dose calculation in treat-
ment planning could be guaranteed, it is still nonethe-
less subject to the accuracy with which doses were
measured during commissioning. Dose calculation
and dose measurement are of critical importance.

This necessitates accurate knowledge of dosimetry
— particularly of field edges and penumbra, which is
difficult in the case of small fields, where the periph-
ery occupies a large fraction of the field area. The
complexities with dose prescription, measurement
and calculation make understanding the dose char-
acteristics of small fields a challenging task. These
issues are discussed in the following sections.

The difficulty of dose prescription

One of the more complex issues in stereotactic radio-
therapy is the choice of prescription point or volume.
The system of prescribing and reporting described
by the International Commission on Radiation Units
and Measurements (ICRU) in their reports 52 and
60 is not commonly used for stereotactic procedures
[92,93]. While the concepts of clinical target volume
(CTV), internal target volume (ITV) and planning
target volume (PTV) are well accepted, the use of a
reference point for reporting is rare.

The reason for this is illustrated by Figure 5. If
one prescribes to a location in the target such as the
isocentre or the point of maximum dose, one would
expect that no point in the target receives much less
than the prescription dose; typically not more than
5% less [93]. In that case, the edge of the target
would align with the 95% isodose curve where the
dose fall-off is still relatively shallow. If one selects a
lower isodose curve for prescription, the dose gradi-
ent is much sharper, leading to better conformality.
The sacrifice in this case is reduced target homoge-
neity — as the maximum dose will typically exceed
the prescription dose by over 20%.

In different countries there is a different empha-
sis regarding the objective to be achieved when pre-
scribing stereotactic radiotherapy [94-99]. In Japan,
the emphasis is on dose homogeneity, in which case
prescribing to an ICRU reference point is appropri-
ate. In North America, the preferred approach is to
prescribe to an isodose curve covering the target (or
the large majority thereof). The latter method is also
more common in IMRT, whereby the inverse treat-
ment planning process uses dose volume constraints
that are more easily associated with prescription to
isodose volumes. The Scandinavian approach in par-
ticular deliberately employs quite inhomogeneous
dose distributions [100,101].

Ultimately, it is quite difficult to compare the
outcomes of clinical series that utilise the same
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Covering isodose

Low isodose Isodose line covering 98 % of

the volume

High isodose line
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3
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Figure 5. A sketch of a tumour and isodose curves illustrating
different concepts of dose prescription.

nominal dose but employ different prescription sys-
tems. In practice, many approaches are possible, as
illustrated in Figure 5. It is essential that reporting
of dose delivered to targets in stereotactic procedures
includes a clear description of the prescription rules.
As many of the extracranial targets are also subject
to motion, this must be taken into consideration
when prescribing [93,102].

Small field dosimetry
The complexities of small fields

Small, conformal fields are desirable for the
treatment of small lesions. The three-dimensional
dose distributions delivered by techniques such
as SRS, SRT and IMRT should conform tightly to
the PTV. This is particularly so in the case of SRS
where the relatively high doses in a single fraction
demand strict conformality. The historical limita-
tions in the implementation of small fields may have
included technical difficulties of small target localisa-
tion and the integration of diagnostic and therapeu-
tic procedures, in addition to a lack of dosimetric
data for small fields. Contemporary technology in the
field of radiotherapy has overcome many of these
technical limitations. However, there is still concern
regarding the use of small fields (generally below
about 4 X 4 cm?) because of a lack of detailed knowl-
edge about the characteristics of the radiation fields.
To deliver small-field treatments with confidence,
precise and accurate measurements of the dose pro-
files, percent depth-dose curves and output factors
for small fields are necessary for input into the clin-
ical planning software. There are difficulties associ-
ated with this arising from (i) the lack of electronic
equilibrium in small fields, and (ii) ‘detector volume
averaging’, which results from the finite volume of
the detector and has the effect of smoothing of the
penumbra.

Calculation of absorbed dose is significantly sim-
plified if a state of ‘radiation equilibrium’ exists in
the region of interest. For a detailed discussion of the
theory of radiation equilibrium, the interested reader
is referred to Ch. IV of Attix , Ch. II of Metcalfe
et al. [104,105] or Ch. I (Vol. I) of Kase et al.;
though there are many other good references.

In reality, the finite nature of media means that
equilibrium conditions are rarely completely met;
however, often for (one or more components of) a
radiation field, a state of equilibrium may be met, albeit
approximately, with a high degree of accuracy. Equiva-
lently to radiation equilibrium, ‘charged particle
equilibrium’ exists for a volume if each charged particle
of a certain type and energy exiting the volume is
replaced by a particle of the same type and energy
entering. The International Commission of Radiation
Units and Measurements [107] defines charged par-
ticle equilibrium as existing when “the energies, num-
ber and direction of the charged particles are constant
throughout the volume of interest”. The importance of
charged particle equilibrium is that, under these condi-
tions, dose (a measurable quantity) may be directly
related to the collision kerma (a calculable quantity,
proportional to the photon energy fluence).

As one would expect, there is a significant problem
relating to electronic disequilibrium of small fields
as the lateral range of electrons extends beyond the
radius of the field. As a result, small field dosimetry
can be inherently difficult — not only to measure, but
also to calculate. Furthermore, the density of the
medium also influences the degree of disequilibrium.
The range of electrons is inversely proportional to the
density of the medium in which they travel, hence, for
low density media, disequilibrium will exist even for
relatively large field sizes. As a result, because of the
densities and energies typical of radiotherapy, one must
be cautious with fields smaller than about 4 X 4 cm?.

The algorithms used to compute dose in contem-
porary radiotherapy treatment plans often assume
electronic equilibrium (this is discussed in greater detail
in section five of the present work). This can result in
the erroneous calculation of dose distributions, par-
ticularly in the vicinity of inhomogeneities and with
small fields. Treatment planning software requires mea-
sured dosimetric information as input. The measure-
ment of small fields for this purpose, and for the
purpose of delivery verification, is inherently difficult.

Measurement of small-field dose characteristics:
Difficulties of conventional methods and the potential
for three-dimensional dose verification using
radiosensitive gel dosimeters

The difficulty of small-field measurement: Volume aver-
aging. Stereotactic radiosurgery of small tumours



Stereotactic radiotherapy: Dosimerric complexities and the potential for detriment 491

was proposed almost 60 years ago [2], but difficulties
with the implementation of small fields for radio-
therapy still remain, with one significant issue being
the measurement of small fields. To perform measure-
ments of sufficient accuracy, the detector should be
media-matched and not perturb the radiation field.
A high degree of spatial resolution is required and,
as such, a detector with a very small sensitive volume
is required.

The use of a detector of finite size leads to a
detector volume averaging effect. In the case of very
small fields, significant errors can occur if the size of
the field approaches that of the active volume of the
detector. A notable effect (which can occur for any
field of sharp dose gradient) is broadening of the
penumbrae of the dose profiles. The clinical conse-
quence of this is systematic exposure of larger vol-
umes of healthy tissue in the region of the targeted
tumour. It also leads to miscalculation of dose vol-
ume histograms (DVH) as well as tumour control
and normal tissue complication probabilities (TCP
and N'TCP respectively) [108].

The complexities of small-field dosimetry is high-
lighted by the fact that much work is currently going
into the development of reference dosimetry proto-
cols specifically for small fields [109].

Available dosimeters and their potential Ilimitations.
Ionisation chambers are the standard radiation
dosimeter in a clinical medical physics department.
Absolute dosimetry with ionisation chambers for
small photon fields is often limited by the lack of
electronic equilibrium in the radiation field and the
size of the chamber cavity volume [110,111]. It is
important that the chamber cross-section be smaller
than the homogeneous dose regions in which it is
placed [112,113]; chamber positioning should be
known to better than 1 mm [114]. The finite size of
an ionisation chamber introduces a volume averaging
effect which can lead to overestimation of penumbra
[115,116]. Micro-ionisation chambers have been
developed to help overcome the volume limitation. A
study of a micro-chamber, Farmer chamber and
waterproof scanning chamber showed that the larger
the chamber, the greater the under-dose at the field’s
centre for small fields [117]. Calibration involves
the use of broad beams, which means that this dosi-
metric data may not be directly applicable in the case
of small fields. Stopping power ratios facilitate conver-
sion of dose in the chamber cavity to dose in sur-
rounding water. The depth dependence of water/air
stopping power ratios has been studied via Monte
Carlo simulation showing that, for a 6 MeV photon
spectrum, discrepancies of around 1% may exist
between broad and narrow fields [110,118,119], with
greater disparity for higher energies [120]. A study of

a new parallel-plate micro-chamber showed that the
dosimeter was under-responsive for small fields, as
verified by comparison with Monte Carlo simulation
[121]. Martens et al. showed that the PinPoint type
ionisation chamber over-responds to low energy
Compton scattered photons and is limited to fields
greater than 2 cm [122]. Water-proof sleeves for ioni-
sation chambers can result in discrepancies of up to
0.8% depending on the material and beam energy
[123]. All these works ultimately indicate that the
applicability of ionisation chambers to small field
measurements may be limited and a combination of
measurement modalities may be appropriate.

The use of smaller detectors may introduce other
problems. For instance, semiconductor dosimeters
such as silicon diodes and metal oxide semiconduc-
tors — field effect transistors (MOSFET) may be used
for small field dosimetry. These have the significant
advantage of small size and real-time readout.
However, diode detectors are not without limitations.
These include temperature dependence [124] and
dose rate dependence [125], between which there
also exists a correlation [126,127]. There is also a
directional dependence that arises from the junction
geometry [128,129]. There is typically an over-
response to low energy components of the spectrum;
diodes have been shown to overestimate output fac-
tors by up to 7% because of low-energy photons
[115]. For this reason, backscatter filters are some-
times used [124]. Correction factors are often needed
for the field size, focus to surface distance and phan-
tom thickness [127]. MOSFET dosimetry is achieved
via assessment of the radiation damage to the device;
the consequence of this is a radiation sensitivity that
changes over time and finite life. In general, the char-
acteristics of diodes must be checked, as they differ
even for the same type of diode produced by the same
manufacturer [130-132].

Kron gives a detailed overview of the application
of thermoluminescent detectors (TLD) in dosimetry
[104,133]. TLD have the advantage of small size and
are routinely used in clinical environments. TLD
are considered to be effectively water equivalent
[133,134]; the most common material used to con-
struct TLD is lithium fluoride doped with magne-
sium and titanium (LiF:Mg,Ti), or, more recently
with magnesium, copper and phosphorous — result-
ing in greater sensitivity [135,136]. Sensitivity
depends on composition and thermal history, and
may vary between and even within batches. Sensitiv-
ity has been shown to decrease at a rate of about
1.5% per 10 Gy of absorbed dose [136]. Supralinear-
ity is also an issue and must be corrected for. TLD
do not appear to exhibit significant dose-rate depen-
dence up to 10% Gy/s [137]. The TL signal does,
however, vary with the radiation quality in a manner
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that is most significant for low energy photons [104].
The use of high Z-number dopants may lead to over-
response because of the greater interaction probabil-
ity of low-energy photons. Above 1 Gy, the energy
response changes according to the energy spectrum
of photons and is not readily corrected for, poten-
tially resulting in a loss of precision for high doses.
Radiation attenuation within the TL material may
also have an effect, as does the readout process and
thermal history. Ultimately, the factors relating dose
to light emission are many and complex, which
means that TLD are often restricted to relative
dosimetry. TLD precision down to * 0.2% is pos-
sible [138], but typically a reproducibility of = 2%
for a single rod is achievable with effort [104].

Being very small and suited to use in regions of
high dose gradient, diamond detectors have been of
recent interest in dosimetry. Simply, these consist of
a diamond housed in a small cylinder with a bias
applied via two gold contacts — the resistance being
inversely proportional to the dose rate of the incident
radiation. Theoretical aspects have been studied by
Hoban et al [139]. A good overview of the advantages
of diamond detectors is provided by Laub et al [140].
They exhibit resistance to radiation damage of 0.05%
kGy~! [141], a sensitivity of approximately 0.05 uC
Gy! [142] and a stability of 0.67% SD (over 13
weeks) [139]. It has been shown that to obtain suf-
ficient response stability, pre-irradiation of several
Gy is required if the detector has not been used for
more than one hour. An extra dose is required if the
bias was left on while irradiation was interrupted —
even for a few minutes. The most apparent problem
is dose rate dependence, necessitating the use of cor-
rection factors [140].

Films are one of the earliest applied methods of
detecting x-rays and their use in a clinical environment
is standard practice. One problem with radiographic
film is the over-response to low-energy photons [143]
resulting from the high atomic number of the active
material. There are further processes that may result
in darkening of the film during processing that mean
film is not readily usable for absolute dosimetry.
Underexposure may occur when measuring low-
energy photons [144,145] with radiochromic films.
Broadly, disadvantages include energy dependence,
orientation of radiochromic films, processing condi-
tions, film density variation and inhomogeneities
due to air pockets inside the film jacket [146]. The
obvious limitation of film is the inability for n vivo
measurement and the restriction of two dimensional
planar dosimetry. Attempts to obtain 3D detail by
stacking radiographic films within a phantom [147]
are simple methods to obtain 3D dose information,
but are limited by the geometry of the positioning
structure and the loss of tissue-equivalence.

Published works dealing with the measurement of small
fields using various dosimeters. There are a number of
published studies describing the measurement of small
fields with various dosimeters. Garcia-Vicente et al.
[148] investigated the detector (2 mm diode and
5.5 mm ionisation chamber) size effect in conformal
radiotherapy (CRT) and found that organs at risk
(OAR) received higher doses when a 5.5 mm detector
was used to measure profiles as compared to when a
2 mm detector was used. The NTCP of the brain stem
in hypophysis chordoma treatments was doubled when
the larger detector was used. Laub and Wong [149]
investigated the effect of detector size on the dosimetry
of small fields and steep dose gradients in the context
of IMRT. They found discrepancies of 10% when
comparing measurements taken with film to calculated
profiles based on ionisation chamber measurements
used in commissioning the IMRT tool. Discrepancies
of around 6% were found (at isocentre) when using a
0.6 cm® Farmer chamber. In the same experimental
arrangement, differences of about 2% were found
when using a 0.015 cm? pinpoint ion chamber.

Dawson et al. studied the penumbra of %°Co,
6 MV and 31 MV x-rays using three commercially
available detectors (a silicon diode and two ionisa-
tion chambers) and a series of in-house ionisation
chambers of internal diameters between 0.3 and
1.4 cm. They demonstrated that the width of the
penumbrae increase linearly with the internal diam-
eter of the ionisation chamber. True penumbrae
were determined via extrapolation. Metcalfe et al.
[151] took a similar approach, extrapolating back
from measurements taken with multiple detectors of
different sensitive volumes. They measured the pen-
umbral width at D, with a diode, film and TLD.
The sensitive widths of these measurement systems
were 2.5, 2.0 and 1.0 mm respectively and the
80—20% penumbra was measured to be 3.6, 3.6 and
3.4 mm respectively. Westermark et al. [115] under-
took measurements using a diamond detector, liquid
ionisation chamber, plastic scintillator and two Si
diodes. One of the diodes was a double-diode using
two parallel opposed active volumes with compensat-
ing interface perturbations. The volumes of the scin-
tillator and ionisation chamber result in a broadened
penumbra. Deviations in output factors varied up to
around 10% amongst the detector types. The dia-
mond detector matched the ionisation chamber
within 1% for field sizes ranging from 3 X 3 cm?
to 15 X 15 cm?.

Sibata et al. [111] corrected for the ionisation
chamber detector size effect in beam profile mea-
surements by extrapolation to zero detector size and
a simple convolution method. Higgins et al. [152] also
implemented an analytical deconvolution algorithm
(similar to those used in radiology applications) to
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correct for the influence of the finite detector volume
on the measured dose. Chang et al. [153] undertook
a computational convolution approach to investigate
the detector averaging effect. This was found to match
penumbrae widths using the backwards extrapolation
approach described earlier. Garcia-Vicente et al. [154]
determined the spatial convolution kernel for several
detectors experimentally, and later used an analytical
solution of the integral equation for a general profile
fitting function using Gaussian convolution kernels
[155].Van’t Veld et al [156]. used the latter model and
measured data to determine the detector line spread
functions of an ionisation chamber exposed to various
energy sources. They found that, following correction,
larger volume detectors (such as the IC15, Wellhofer)
can then be used for high resolution relative dosime-
try. More recently, Sahoo et al. [157] employed
two semi-empirical methods to determine true pro-
files by elimination of the detector volume averaging
effect. The first method shifts the profile based on
published deconvolution methods, while the second
shifts the measured profile according to the value of
an analytical function related to the second derivative
of the real profile at a given point.

Figure 6 shows a comparison of different detector
types as applied to small-field measurements. The
main figure shows the relative central axis dose fac-
tors for stereotactic fields as a function of field diam-
eter (or diameter of equivalent area) for a 2 mm
plane-parallel ionisation chamber [158], silicon elec-
tron diode (Scanditronix, Wellhofer Germany),
Kodak EDR2 radiographic film (Kodak Inc.,
Rochester, NY), micro-MOSFET (Wollongong,
Australia), Type 31006 PTW PinPoint cylindrical
ionisation chamber (PTW-Freiburg, Germany) and
GafChromicType HS Radiochromic film (ISP Corp.,
Wayne, NJ). Measurements are in each case norma-
lised to the standard 10 X 10 cm? reference field.
Beneath the main figure is a plot of the same data
presented relative to the 2 mm plane-parallel ionisa-
tion chamber. Note that for 0.5 cm fields discrepan-
cies vary from a factor of 1.1 up to 1.7, and with
increasing field size the disparity between the differ-
ent measurement techniques decreases. This high-
lights the complexity of small-field measurement.

In summary, there are several key observations
that may be made regarding the measurement of
small-field dosimetric characteristics using common
dosimeters:

1. In general, there is good agreement between
various dosimeter types when measuring
beam characteristics of broad beams.

2. For small fields, however, different dosime-
ters exhibit poor agreement (deviations of up
to 10% may exist).
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Figure 6. The main figure shows a comparison of different detector
types as applied to small field measurement, based on data from
McNiven et al. [158]. Shown are the relative central axis dose factors
for stereotactic fields as a function of field diameter (or diameter of
equivalent circle) for a 2 mm plane-parallel ionisation chamber,
silicon electron diode, Kodak EDR2 radiographic film, micro-
MOSEFET, Type 31006 PTW PinPoint cylindrical ionisation chamber
and GafChromic Type HS Radiochromic film. Measurements are in
each case normalised to the standard 10 X 10 cm? reference field.
Beneath the main figure is a sub-plot of the same data presented
relative to the 2 mm plane-parallel ionisation chamber.

3. Measured penumbrae width increase linearly
with detector size.

4. “True’ penumbrae may be determined indi-
rectly via extrapolation or the use of decon-
volution methods following measurement
using multiple dosimeters of different effec-
tive volumes.

5. Clinical effects of detector volume average
include overdosing of organs-at-risk and
inaccurately calculated tumour control prob-
abilities and normal tissue complication
probabilities (because TPS calculations use
measured data).

Radiosensitive gels for small-field dosimetry. The ideal
dosimeter for stereotactic radiotherapy measure-
ments would necessarily possess properties such that
it would not be subject to volume averaging issues,
as well as being media-matched, so as not to perturb
the radiation field. Consequently, gel dosimeters —
which comprise both the detector and phantom
material — are a very promising tool for investigation
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of small fields. Their manufacture results in a mass
density close to that of water, and the effective atomic
number of the vast majority of gel dosimeters closely
matches that of water, for both photon and electron
interaction processes, over a broad energy range
[159,160]. For example, consider the densities of
PAGAT gel [161], water and soft tissue: which are
1026, 1000 and 1060 kg.m™> respectively; the spec-
trally-weighted effective atomic numbers (for a 6 MV
radiotherapy beam) are 3.40, 3.36 and 3.36 respec-
tively [159]. Furthermore, after accurate calibration,
gel dosimeters may be employed for absolute dosim-
etry [162-165]. Read-out of the gels may be per-
formed using magnetic resonance imaging (MRI),
optical computed tomography (OCT) or x-ray com-
puted tomography (CT).

There have been a number of publications detail-
ing the application of gel dosimetry to the small fields
involved in stereotactic radiotherapy.

Coffey et al. [166] used gel (XO) and TLD dosim-
etry to verify localisation and dose in a head phantom
irradiated using a Gamma-Knife unit. Schulz et al.
[167] used Fricke-based gels in a spherical glass phan-
tom to investigate dose distributions from a radiosur-
gery, reading out data using MRI. Guo et al. [168]
evaluated magnetic-resonance-guided Gamma-Knife
radiosurgery using a ferrous-sulphate gel dosimeter
irradiated using 4 mm collimators and read out via
MRI. Cosgrove et al. [169] studied the reproduc-
ibility of a polymer-type gel (polyacrylamide gel, PAG)
in the context of stereotactic radiotherapy, using plans
of varying complexity, using magnetic resonance
imaging to read out the gels. The relative dose distri-
butions matched quite well, though the gels measured
absolute doses up to >20% higher than the planned
doses (attributed to poor calibration). Ertl et al. [170]
used a BANG-type polymer gel to measure 8 and 14
mm dose profiles delivered with a Gamma-Kanife unit,
reading out doses via MRI. Gel measurements agreed
well with film and calculated doses. Grebe et al. [171]
used polymer gel dosimeters to investigate the
small-field doses shaped using a micro-multileaf col-
limator, in the context of dynamic arc radiosurgery
and radiotherapy. Pappas et al. [172] used VIPAR-
type gel dosimeters (read out with MRI), radiographic
film and a PinPoint ionisation chamber to investigate
5 and 10 mm stereotactic fields. A spatial resolution
of 0.13 mm was achieved with the gel, and a signifi-
cant difference was found between penumbral mea-
surements. The penumbrae from 5 mm and 10 mm
collimators were 1.34 mm and 1.70 mm as measured
with gel, 2.23 mm and 2.45 mm as measured with
film and 2.25 mm and 2.52 mm as measured with the
PinPoint chamber.

Audet et al. [173] used two variants of the PAG
type polymeric gel to measure stereotactic fields,

using an x-ray computed tomography unit to read
out the dose. The relative dose volumes for the PAG1
gel were within 3 mm for the 50% and 80% isodose
surfaces, while the PAG?2 gel exhibited poor contrast.
Novotny et al. [174] used polymer gel dosimetry
(read out using MRI) to characterise fields of 4—18
mm and a 4 mm field delivered to a rat-brain phan-
tom; results agreed closely with TPS predictions.
Novotny et al. [175] used thermoluminescent, semi-
conductor and gel dosimetry to study Gamma-Knife
dose distributions in the context of stereotactic radio-
therapy of a rat brain. Watanabe et al. [176] used
BANG-type polymer gels to measure Gamma-Knife
dose distributions, with a particular focus on the
effects of magnetic-resonance image distortion on
the obtained dosimetric data. The same phantoms
were CT-scanned for comparison. The authors found
a 1.3-2.3 mm (or 2 pixel) shift, the magnitude of
which varied with receiver bandwidth.

Boudou et al. [177] investigated the dose distri-
butions in synchrotron stereotactic radiotherapy with
a Fricke gel dosimeter and Monte Carlo calculations.
They found that the measured maximum dose was
significantly lower than the calculated dose, which
the authors attributed to ionic diffusion within the
gel. Isbakan et al. [178] used homogenous and het-
erogeneous gel phantoms to investigate Gamma-
Knife radiosurgery fields, reading out the dose data
using MRI. Spatial and dosimetric differences were
found between the measured and calculated data for
the inhomogeneous case. Papagiannis et al. [179]
used polymeric gel dosimeters to study clinical Gam-
ma-Knife fields, using MRI to read out the dosimet-
ric data. Measured and calculated target coverage
were 94% and 96% respectively. Watanabe et al
[180]. used BANG-type gel dosimeters to calculate
the tumour control probability (TCP) and the nor-
mal tissue complication probability (NTCP) for
Gamma-Knife treatments. TCP values based on
measured data were up to 7% smaller than those
based on calculated data, while NTCP values were
7-24% higher (for two-thirds of treatments). Pappas
et al. [181] investigated detector volume-averaging
and perturbation effects by comparing ion-chamber
measurements to equivalent volumes in a polymer
gel dosimeter, with the objective of differentiating the
latter two effects. The authors found that detector
composition, not just volume, is an important con-
sideration for small-field measurements.

Boudou et al. [182] continued earlier studies of
synchrotron stereotactic radiotherapy dose distribu-
tions, using a normoxic polymer gel (nPAG) and
Monte Carlo calculations. The gels were irradiated
within an anthropomorphic head phantom and read
out with magnetic resonance imaging. Isbakan et al.
[183] continued earlier studies of Gamma-Knife
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fields, using a MAGIC-type normoxic polymer gel
read out with MRI to investigate small-field dose
distributions in the vicinity of inhomogeneities (air
pockets). Wong et al. [184] used PAG-type gel
dosimeters to study 6 X 6 mm? and 18 X 18 mm?
fields. The penumbral dose was shown to drop off
more rapidly with the gel measured data compared
to data obtained using radiochromic film and diode
measurements. Geso et al. [185] used PAG-type gel
dosimeters and Gafchromic film to measure the
dose enhancement in the vicinity of an aneurism clip
— as relevant to intracranial stereotactic radiotherapy.
Dose increases of the order of 20% were observed
close to the clip surface. Results were verified using
Monte Carlo dose calculations. Pappas et al. [186]
undertook measurement of small fields with a pin-
point ion chamber, a diamond detector and a silicon
diode array, using measurements taken with a poly-
mer gel dosimeter as the reference data. Profiles
were obtained for 7.5, 15 and 30 mm small fields
that were delivered with a Brain.LAB conical colli-
mation device mounted on a Varian 600C Clinac.
Measurements of the full-width half~-maximum
(FWHM) obtained using gel were shown to match
the nominal fields well, compared to other dosime-
ters; see Figure 7. These kinds of measurements are
made complex by issues such as alignment of the
profile with the field diameter and energy response
effects due to scatter-influenced spectral changes.
Bjoreland et al. [187] used gel dosimetry to verify
treatment plans for AVMs, normalising to liquid
ionisation chamber measurements. The measured
and calculated dose distributions agreed within 3%
and 2 mm for 93% of points in the target volume
for all plans studied. Babic et al. [188] used radio-
chromic ferrous xylenol orange and leuco crystal
violet micelle gels to measure relative dose factors
and percent depth dose curves for beams of 4.9-28.1
mm produced with a stereotactic collimator mounted
on a Varian 2100EX. Data was read out with an
optical cone-beam computed tomography scanner
and compared to film measurements. Charest et al.
[189] evaluated an in-house stereotactic frame for
rat-brain irradiation. The authors removed the brains
of a rat and filled the cavity with a polymeric gel,
which was then irradiated using a Gamma-Kanife
unit. Pourfallah et al. [190] recently used a PAGAT-
type polymer gel dosimeter (read out with MRI) to
investigate the influence of inhomogeneities on the
dose distribution of Gamma-Knife fields.

The large number of studies employing gel dosim-
etry clearly reflects the recognition of its acceptance
for three-dimensional small-field dosimetry in a
research context. However — as evidenced by the
aforementioned papers — despite being used widely for
such applications since the mid-nineties, gel dosimetry
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Figure 7. (a) The agreement between nominal beam diameters
and those measured (FWHM) with VPL radiosensitive gel. The
v = x line indicates perfect agreement. (b) A comparison of beam
diameters as measured with various dosimeters, expressed as a
ratio with the measured data plotted in (a). The PinPoint detector
suggests larger penumbra, while the diamond and silicon diode
(DOSI) detectors give lower estimates of the penumbra. Based on
data from Pappas et al. [186].

is rarely used as part of routine clinical practice. There
are a number of limitations associated with gel dosim-
etry that must be overcome for this to be achieved.
For instance, it is often not practical to have a labora-
tory space within a clinical physics department that
facilitates chemical handling and the manufacture of
gel dosimeters. The reproducibility of gel dosimeters
is also an issue, requiring additional volumes of gel to
be made within the same batch for the purposes of
calibration. Read-out of gel dosimeters using MRI
requires not only development of an associated proto-
col, but MRI time and access are often difficult or
expensive to obtain. The advent of optical computed
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tomography for gel readout may help solve the latter
problem. However, these optical scanners are gener-
ally designed for light-absorbing gels such as Fricke
gels, which suffer from rapid ion diffusion, and the use
of polymeric gel dosimeters is not straightforward,
since these are light-scatterers and hence generate
artefacts that hide the true dose information.

Figure 8 compares output factors corresponding
to 5 mm, 7.5 mm and 10 mm beams from a
CyberKnife unit for different detector types. In the
case of the 5 mm field, there is good agreement
(within uncertainty) between the gel, Gafchromic
film and diode. In the case of the diode, there appears
to be (insignificant) overestimation of the output fac-
tor; this is most likely a consequence of the reduced
water equivalence of the Silicon detector, which
has been shown to result in such overestimation
[191]. The PinPoint detector tends to underestimate
the output factors, which is a consequence mostly of
volume averaging effects. Table II gives a qualitative
overview of the advantages and disadvantages of
various detector types for the measurement of small-
field dose distributions.

In addition to the measurement of dose for the
purposes of verification, accurate dose calculation is
of critical importance in a clinical context. Unfortu-
nately, the complex physics of small-field radiation
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Figure 8. This shows the measured output factors for 5 mm,
7.5 mm and 10 mm beams from a CyberKnife unit. The majority
of dosimeters give lower output factors than those measured
with gel (VIPAR). For the Gafchromic film [192,193], diode
[193-196] and PinPoint chamber [192,194,195] measurements
the error bars represent the standard deviation in different
published values while the error bars for the gel [192] and
TLD measurements [196] correspond to the uncertainty of the
published measurements.

(particularly in the vicinity of inhomogeneities) means
that dose computation using treatment planning
systems (TPS) is sometimes of questionable accuracy.
Some of the assumptions in TPS algorithms are not
always met (consider, in particular, electronic equilib-
rium), and approximations may not be valid. Although
every dose calculation algorithm incorporates some
level of approximation, full Monte Carlo dose calcula-
tion algorithms are often considered a ‘gold standard’
because they explicitly model the transport of radia-
tion and are frequently cited as the most reliable
reference calculation. In the following section, the use
of Monte Carlo dose calculation methods is reviewed
in the context of stereotactic radiotherapy.

Calculation of small-field dose characteristics
Dose calculation for treatment planning

Initially, treatment planning involved the use of empir-
ical techniques, which limits the treatment geometries
that can be employed confidently. Contemporary
radiotherapy treatment planning systems provide the
capacity to computationally determine the dose to be
delivered to a patient. Despite knowledge of radiation
transport equations, analytical dose algorithms lack
the generality required for use in treatment geome-
tries. Monte Carlo methods are often considered to
represent the gold standard in dose calculation, mod-
elling the interactions of all primary radiations and
those generated from subsequent secondary particle
cascades. This, however, is not widely adopted in a
clinical context because of the high demand on the
central processing unit (CPU) time. Hence, the option
most frequently employed is to adopt semz-analytical
algorithms.

A variety of algorithms exist, including what
Knoos et al. refer to as ‘type A’ algorithms that
employ path-length scaling (such as pencil beam)
and ‘type B’ algorithms that incorporate some
(approximation of) lateral electron transport (such as
AAA). While of acceptable accuracy for many appli-
cations, the use of TPS-calculated dose distributions
for very small fields is sometimes dubious — including
cases involving inhomogeneities. The reason for this
is that TPS algorithms incorporate a number of
approximations — such as the assumption of elec-
tronic equilibrium. Rather than provide a detailed
review on the features and accuracy of TPS algo-
rithms (readers are in this case referred to the review
by Ahnesjo and Aspradakis [197]), in this section
we will concentrate on the application of Monte
Carlo methods to small-field dose calculation. There
is clearly evidence of a trend towards the inclusion
of Monte Carlo modules in planning systems to
improve confidence when dealing with cases where
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Table II. A qualitative overview of the advantages and disadvantages of the different dosimeters as applied to small field dosimetry.

Dosimeter Advantages Disadvantages General comments
Ionisation High precision; wide variety of Zero-dimensional (0D) or one- Standard clinical tool for
chamber chambers available; real time dimensional (1D, by profile scanning); calibration; acquisition of data for
measurement; no dose rate geometry restricts applications; planning, QA.
dependence; standard dosimeter typically inappropriate for stereotactic
that is well documented and fields because of volume averaging
investigated. effects.
Radiosensitive Two-dimensional (2D) dose Single-use; energy and (to a lesser Standard clinical tool for
film information; integrative; good extent) dose dependence; geometry measurements in solid phantoms,

Semi-conductor

spatial resolution.

Small size; real-time measurement;
1D or arrays for (low-resolution)
2D information

may restrict applications.

Degradation (finite life and changing
radiation sensitivity); energy,
temperature, dose rate and directional
dependence; requires recalibration.

qualitative dosimetry, QA.

Diodes increasingly common
(MOSFET less so0); can be used
for water tank measurements and
n vivo.

TLD Small size; various materials and Precision typically lower than ionisation =~ Measurements in phantom (slab or
forms available; large number can chambers; read-out is delayed and anthropomorphic) and #n vivo;
be used; small size and lack of relationship between dose and light personal dosimetry; may be used
cables etc allows greater flexibility emission is very complex; sensitivity for inter-clinic comparisons.
in measurement geometrys; may change with history
standard LiF good for stereotactic
spectral qualities.

Diamond Small size; real time measurement;  Dose-rate dependence; requires pre- Have been used for measurement

detector no directional dependence. irradiation for stability (if not used of penumbra and stereotactic
for >1 hr). fields; CVD diamond used as
TLDs.
Radiosensitive Water equivalent; simultaneously Requires lab for manufacture or Limited clinical application; have
gel acts as phantom and dosimeter; as-needed purchase from commercial been used for stereotactic fields;
three-dimensional dose vendors; each batch requires commercially available; published
information; high spatial calibration; single-use; MRI readout ‘recipes’ allow in-house
resolution; large number of types may not be feasible at some clinics; manufacture. Polyurethane-based
available; integrative; multiple optical readout of polymer-type gels (e.g. Presage) solid dosimeters
readout methods; high flexibility nontrivial. show promise.
in geometry.
TPS accuracy might be limited. This indicates the 6. As the number of particle ‘histories’ that are

obvious future reliance on Monte Carlo techniques.

General purpose Monte Carlo radiation

simulated increases the inherent statistical

uncertainty decreases, and thus the better
the estimation of the quantity of interest.

transport codes

Monte Carlo radiation transport simulation explic-
itly models the interaction of individual particles,
overcoming many of the limitations of contemporary
treatment planning algorithms. The key elements
of the Monte Carlo method applied to radiation
transport are:

1. Particles are generated according to distribu-
tions describing the radiation source.

2. A (pseudo-) random number generator pro-
vides random numbers in the interval [0,1].

3. Probability distribution functions based on
interaction cross sections are sampled.

4. Particles are stepped distances between
events (collision/scatter).

5. Each individual outcome is ‘scored’ (accu-
mulated) for specified quantities of interest
(such as the dose deposited in a volume).

There is a general scientific consensus that Monte
Carlo dose calculation may be used as a standard by
which to compare other calculation or measurement
methods. There are numerous available Monte
Carlo radiation transport codes that may be employed
for the investigation of stereotactic fields. These
include the Electron Gamma Shower (EGS) codes
(including EGS4, EGS5 and EGSnrc), the Monte
Carlo N-Particle (MCNP) code [198],and GEANT4
[199]. These codes were originally developed for
high-energy applications. As indicated in Figure 9,
in the context of stereotactic radiotherapy the EGS
codes are most frequently employed. Aside from
confidence in the accuracy of the transport algo-
rithms, the reason for the widespread use of this
code in particular is likely to be due to the easy
implementation of the BEAM package, which makes
component-by-component modelling of a linear
accelerator readily achievable.
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Studies employing EGS4 and EGSnrc for
small-field dose calculation

The majority of papers dealing with Monte Carlo
calculations in the context of stereotactic radiother-
apy from the late 1990s to early 2000s employed
EGS4. Heydarian et al. [110] studied field sizes
between 7 mm and 23 mm from a Siemens Meva-
tron, comparing various dosimeters to Monte Carlo.
Scielzo et al. [200] investigated SRS treatment
planning using Monte Carlo for a Varian 2100C,
observing significant differences with the TPS par-
ticularly near inhomogeneities. Verhaegen et al. [119]
investigated spectral properties for field sizes between
1.25 cm and 5 cm on a Varian 600SR. Monte Carlo
calculations agreed with measurements within sev-
eral percent subsequent to detector volume correc-
tion. De Vlamynck et al. [201] compared a diamond
detector and parallel plate ionisation chamber to
Monte Carlo for an Elekta SL25, observing slight
discrepancies in penumbra. Cheung et al. [202] com-
pared GafChromic film to Monte Carlo for field sizes
between 4 mm and 18 mm on a Gamma-Khnife unit;
discrepancies of up to 10% were attributed to issues
of energy dependence. Westermark et al. [115] com-
pared various dosimeters against Monte Carlo for
field sizes =4 mm from a Varian 2100C. Haryanto
et al. [203] compared various detectors against Monte
Carlo for scatter factors (field sizes of 1-15 cm) on
an Elekta Sli. Deng et al. [204] investigated commis-
sioning of Monte Carlo treatment planning for SRS
(for a Cyber-Knife unit), comparing measurements to
Monte Carlo and attributing an observed difference
of 9.5% to detector volume averaging. Paskalev et al.
[205] looked at field sizes of 1.5-3 mm from a Varian
Clinac-18, comparisons with film showing a maxi-
mum discrepancy of 0.3 mm. Deng et al. [206] devel-
oped a multiple source model using EGS4 to represent
their Cyber-Knife SRS unit (field sizes of 5-60 mm).

PENELOPE EGSnrc
11% 50%
MCNPX
3%

EGS4
36%

Figure 9. A breakdown of 37 relevant scientific papers (employing
general Monte Carlo codes) indicates that the Electron Gamma
Shower codes are the primary codes employed in the study of
stereotactic fields, with EGS4 being employed most frequently
in the early 2000s and EGSnrc being employed in the late
2000s.

Tsougos et al. [207] investigated an in-house 6 MV
SRT unit design using Monte Carlo methods and
various dosimeters. Jin et al. [208] used an EGS4-
based code (MCSIM) to optimise SRT beam mar-
gins, for a Siemens Primart.

The majority of recent (past several years) publi-
cations employ EGSnrc — an evolution of EGS4.
Jones et al. [209] studied 0.5-10 cm fields and found
that the TPS significantly under- or over-estimated
dose with small fields in the vicinity of heterogene-
ities. Capote et al. [210] compared Monte Carlo cal-
culations to micro-ionisation chamber measurements
for a Siemens Primus Clinac, observing differences
of up to 9% in the penumbral regions. Jones and Das
[211] compared TPS algorithms to Monte Carlo
(using published Mohan et al. [212] spectra) and
found discrepancies for field sizes under 3 cm. Lydon
[213] investigated fields sizes from 1 mm to 30 mm
from a Siemens Primus, compared various detectors
to Monte Carlo calculations, and found the TPS
underestimated doses by up to 45% for the very
small fields. Ding et al. [214] described commission-
ing of Monte Carlo models for SRS applications,
comparing calculations with measurements (and
finding detector-detector variation) for a Varian
Trilogy. Araki et al. [191] investigated field sizes from
5-60 mm for a Cyber-Knife unit, comparing Monte
Carlo to measured data. Sterpin et al. [215] com-
pared the anisotropic analytical algorithm (AAA)
TPS to Monte Carlo and measurements on an Elekta
SL.25 linac, generally finding good agreement except
near inhomogeneities. Sanchez-Doblado et al. inves-
tigated [216] field sizes of 5-10 mm on a Siemens
Primus, comparing various detectors against Monte
Carlo calculated scatter factors, and showed the
influence of spot-size. Cheng et al. [217] investigated
field sizes of 1-10 cm on a Varian 2100, extrapolated
data to a ‘zero’ field size, and compared Monte Carlo
to measured data for tissue maximum ratios. Ding et
al. [218] studied the accuracy of TPS calculated dose
distribution by comparison to Monte Carlo for clin-
ical fields with a Varian 2100. Paschialis et al [219].
investigated the characteristics of an in-house colli-
mator design using Monte Carlo methods and mea-
sured data, for a Siemens Primus. Zhao et al [220].
looked at the small fields (1-2.5 cm) from a Tomo-
Therapy unit, finding that Monte Carlo generally
agreed well with film (99.8% of voxels meeting the
2%/2 mm ‘y-criterion. Scott et al. [221] investigated
field sizes from 1 cm to 10 cm from a Varian 2100C,
comparing Monte Carlo to various detectors, the
latter exhibiting up to 18% variation in output
factors for the 0.5 cm field. Sham et al. [222] mea-
sured spot sizes from the Varian 21EX, comparing
measurements to Monte Carlo for field sizes of
1.5-5 mm. Ding et al. [223] compared Monte Carlo
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to measurements with a 0.6 mm diode for 7.5-30
mm field sizes. Francescon et al. [195] compared
Monte Carlo calculated scatter factors with those
measured for field sizes between 5 mm and 10 mm
for a Cyber-Knife unit. Heydarian et al. [224] char-
acterised the SRS linac beams from an Elekta Syn-
ergy-S using Monte Carlo methods. Scott et al [225].
showed that the output factors for sub-centimetre
fields (from aVarian 2100C) are very sensitive to the
dimensions of the electron-beam incident on the
bremsstrahlung target. For linac-based SRT, Belec
et al. and Kairn et al. constructed models of the
BrainLAB mini-multileaf collimator with different
levels of geometric accuracy and efficiency, both yield-
ing results that match experiment well [226—228].
Moiseenko et al. demonstrated, using EGSnrc, the
limited accuracy and questionable appropriateness of
simplistic treatment planning algorithms for SBRT of
the lung. They found that potentially just three quar-
ters of the PTV is covered by the 95% isodose line.
In summary:

1. EGS was the Monte Carlo code of choice for
stereotactic radiotherapy applications in the
1990s.

2. Comparisons of EGS to treatment planning
calculations revealed discrepancies of up to
5% and 20% for PTVs in homogeneous and
heterogeneous regions respectively.

3. Dosimeter measurements have been com-
pared to EGS for field sizes of the order
of millimetres, with the Monte Carlo code
used to identify issues of detector volume
averaging.

4. EGSnrc is currently the most frequently
employed full Monte Carlo code for stereo-
tactic radiotherapy applications.

5. EGSnrc has highlighted poor treatment
planning system dose calculations, particu-
larly in the vicinity of heterogeneities (in par-
ticular lung).

6. EGSnrc has been used to verify detector
measurements of stereotactic fields, and has
informed the correction of output factors for
small field sizes.

7. Recalculation of patient plans using EGSnrc
has revealed the caution with which one
must interpret clinical trial data (where
delivered doses are often significantly lower
than indicated by the TPS).

Studies employing other available codes for
small-field dose calculation

Other codes have also been employed for the study
of stereotactic fields, albeit with less frequency than

the EGS-based transport codes. Boudou et al. [229]
used MCNPX to investigate the potential for syn-
chrotron-based SRT (with beam energies of 50-85
keV). Moskvin et al. [230] verified PENELOPE for
Monte Carlo calculation of Gamma-Knife SRS fields
against measured data and calculations by other
authors (using EGS4). Two years later, Moskvin
et al. [231] investigated the effects of inhomogene-
ities using PENELOPE and a heterogeneous phan-
tom (again, for their Gamma-Knife unit), and found
that the TPS underestimated dose by up to 7%. Lax
et al. [232] compared pencil beam and collapsed
cone-convolution algorithms to PENELOPE calcu-
lations (for a Varian 2300CD), finding that the pen-
cil beam in particular significantly overestimated
dose. Panettieri et al. [233] compared three TPS
algorithms to PENELOPE Monte Carlo calculations
for a Varian 2100CD. The TPS were found to over-
estimate dose by up to 10% in the periphery of the
gross-target volume.

Monte Carlo codes optimised for radiotherapy
applications

The complexity of non-equilibrium dosimetry
means that Monte Carlo calculated small-field dose
distributions would be the clinical ideal; however,
prohibitively long computation times restrict routine
clinical use. The discussion thus far has deliberately
focused on general purpose Monte Carlo codes
which are capable of modelling a large number of
particle types and interaction modes over a very
broad energy range. The advent of simplified Monte
Carlo TPS algorithms that employ some simplifica-
tions and approximations are likely to be an improve-
ment over other contemporary TPS algorithms.
These include hybrid approaches in treatment plan-
ning systems whereby some component of the calcu-
lation is undertaken with Monte Carlo whilst others
are undertaken using more computationally efficient
algorithms [234,235]. Another strategy is to employ
a Monte Carlo code which has been entirely opti-
mised for radiotherapy applications. See the TG105
report for greater detail on the clinical implementa-
tion of Monte Carlo [236]. Table III summarises
available Monte Carlo codes optimised for radio-
therapy. Ultimately, it is probable that a high-effi-
ciency full Monte Carlo model that explicitly
simulates all aspects of radiation transport will remain
the ultimate desideratum. Such a code, if one could
be made to run within a clinically-acceptable time-
frame, would be attractive because of its flexibility,
in the sense that functionality beyond the most com-
mon treatment conditions would be available.
Rogers and Mohan [237] suggest comparisons in
terms of geometry (both homo- and hetero-generous),
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uncertainties and issues of approximations in the
underlying physics. Figure 10 shows a comparison of
simulation times for various full Monte Carlo and
treatment planning optimised Monte Carlo codes,
relative to EGS4, achieved when using a simple stan-
dard geometry specified by Rogers and Mohan. This
indicates the speed that may be achieved with the
TPS Monte Carlo implementations.

Ultimately, while such codes will likely be a sig-
nificant improvement over traditional TPS algorithms,
one must be cautious not to make the inference that
Monte Carlo dose calculation in a treatment planning
system necessarily refers to explicit modelling of
all particles and their progeny. The reason for the
strong interest in Monte Carlo methods as applied to
stereotactic radiotherapy is the increased confidence
it gives in the accuracy of calculated dose distribution,
which can be very complex for small fields.

Aside from the complexity of in-field doses, TPS
algorithms also fail to accurately calculate ouz-of-field
doses, as shall be discussed in the following section.

Out-of-field dose from stereotactic fields

Treatment planning systems (TPS) are normally
commissioned using measured data that extend only
a few centimetres beyond the field edge, with pen-
umbra defined as 80 to 20% of the maximum dose
for the field. Dose extending outside the field is not
intended to be used for the overall calculation of the

dose distribution or contribute to the inverse optimi-
sation procedure. As a result, one would expect the
dose distributions predicted by the TPS to be inac-
curate in regions far from the primary field. Even
low-dose regions in close proximity to the main
treatment field have been shown to be calculated
inaccurately by treatment planning systems. In inten-
sity-modulated radiotherapy it is possible for radia-
tion several centimetres beyond the field edge to
be within the PTV. Jang et al. [250] showed this
recently for intensity-modulated radiotherapy by
comparison to Monte Carlo dose calculation using
the EGSnrc user code.

There is a significant body of work relating to the
measurement and calculation of out-of-field doses
for external beam radiotherapy [251]. However, there
is relatively little literature pertaining to peripheral
doses from stereotactic techniques. While treatments
such as intensity-modulated radiotherapy involved
doses of a couple of Gy over a large number of frac-
tions to achieve a total of 60-70 Gy, stereotactic
radiotherapy often employs doses of 10-20 Gy per
fraction in a hypofractionated regime of few frac-
tions. The out-of-field doses from each individual
fraction are thus of interest. Most investigations have
been concerned with out-of-field doses from SRT
rather than SBRT. Ioffe et al. [252] assessed the dose
rate as a function of distance from the isocentre in
an anthropomorphic phantom for Gamma-Knife
treatments. Maarouf et al. [253] estimated the doses

Table III. A summary of different Monte Carlo codes optimised for radiotherapy applications.

Code Ref. Description

MMC [238,239] Macro Monte Carlo (MMC) implemented in commercial TPS (‘eMC’, Varian) for electron
beams. Data pre-calculated with EGSnrc for electrons in small spherical voxels. Transport
through CT phantom based on latter.

PEREGRINE [240] Simulates radiation through collimators using pre-calculated source input. Source obtained
using BEAM modelling of linac head. Transport through beam shapers involves several
approximations [241].

MCDOSE [242,243] Based on EGS4. Modifications (for efficiency) are mostly to electron transport algorithms.

Uses source model for accelerator head; input into patient-specific beam modifiers
(tongue-and-groove effect in mini-multileaf collimators ignored). Shown to match EGS4
well in various geometries [243].

Voxel Monte Carlo (VMC) originally intended for electron beams; photons incorporated

later (XVMC). Kawrakow and Fippel later developed VMC+ +, with modifications such as
relativistic spin and ‘exact’ multiple scattering [247]. VMC-based codes being incorporated
into commercial TPS packages by several vendors, including Elekta, Brain[.LAB, Nucletron

Monte Carlo Vista (MCV) implemented as part of commercial TPS (Pinnacle, Philips

Radiation Oncology Systems). Accelerator head modelled with BEAM, stored and used as
input for patient-specific geometries. Patient-specific calculations may be performed using
DOSXYZnrc (an EGSnrc usercode), VMC++ or MCVRTP — a code developed by

VMC, XMVC,VMC++  [244-246]

and Varian.
MCV [248]

Philips (based on EGS4).
RTMCNP [249]

Radiotherapy-oriented MC code, functions as a pre-processor for MCNP4. Only

implemented for research applications so far. Source library is used, and RTMCNP
converts patient CT into lattice geometry with set number of defined media. Patch used to
modify standard transport algorithms.
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Figure 10. A comparison of the simulation times of various
treatment planning optimised and full Monte Carlo radiation
transport codes. The data is based on that compiled by Chetty et al.
[236]. The times presented are relative to EGS4 (which were
performed using the PRESTA algorithm and in a Cartesian
geometry, DOSXYZ). The simulations were undertaken for the
simple geometry specified by Rogers and Mohan [237], under
which conditions the codes generally agreed within 1%. Note the
logarithmic scale.

Monte Carlo code

received by organs at risk and assessed the risk of late
effects (such as secondary tumours or hereditary dis-
orders) following stereotactic linac radiosurgery of
intracranial tumours. Thermoluminescent detectors
were placed superficially at various anatomic loca-
tions of interest, with measured doses in the order of
cGy and mGy. Hasanzadeh et al. [254] also under-
took TLLD measurements in an anthropomorphic
phantom, measuring dose in untargeted organs for
Gamma-Knife radiosurgery. In the same year, Petti
et al. [255] used TLDs to measure the dose at various
depths and distances outside the treatment field for
Cyber-Knife treatments of a thorax lesion and brain
lesion in an anthropomorphic phantom. Peripheral
doses were found to be two to five times higher than
a comparable Gamma-Knife treatment and up to four
times higher than an IMRT treatment, with the rela-
tively large peripheral dose attributed to leakage result-
ing from the different shielding designs. Chuang
et al. [256] investigated reduction of out-of-field doses
from the Cyber-Knife system resulting from a shield-
ing upgrade, with the observation that doses were
generally reduced by 20 to 55%. Di Betta et al.
recently compared out-of-field doses from stereotactic
treatments with a linac with MMLC, linac with
cones, Cyber-Knife, TomoTherapy and Gamma-
Knife. Doses to the testes (for instance) were 0.28 1.1,
1.6, 2.2, 5.8 and 10 mGy for the Gamma-Kanife, linac
with MMLC, TomoTherapy, linac with cones, Cyber-
Knife (with shielding) and Cyber-Knife (no shielding)
respectively [257].

The latter studies mentioned have focused on
the Cyber-Knife and Gamma-Knife systems. More
recently, Taylor et al. [258] investigated out-of-field

doses from mini-multileaf collimator shaped fields.
The authors found doses of the order of cGy in out-
of-field regions — a substantial dose in radiation pro-
tection terms — and observed that simple treatment
strategies such as aligning the craniocaudal direction
of the patient with the x-plane of the collimator can
reduce dose by up to an order of magnitude. The
latter result was confirmed in a later study of doses
in small-field radiotherapy of paediatric patients,
whereby Taylor et al. [259] found that doses are on
average 40% less along the x-plane, compared to the
y-plane (where x- and y-planes are defined by the
direction of motion of the x- and y-jaws respectively).
Furthermore, the authors also found that far from
the primary field about half the out-of-field dose is
due to leakage; that the use of a multi-mode linac
with a bending magnet resulted in dose about 40%
higher than the straight waveguide single-mode unit,
and that coplanar treatments with beams avoiding
the trunk of the body can reduce dose to organs at
risk by an order of magnitude. Ultimately, there has
been relatively little study of out-of-field doses from
stereotactic fields, and more studies are needed to
assess the magnitude of peripheral doses and the
potential for radiation-induced complications, such
as carcinogenesis, cardiac and respiratory problems.
This is particularly so for paediatric patients and
those with a non-malignant primary, whose life
expectancy is otherwise long.

Conclusions

Despite the concept of stereotactic radiotherapy
having existed for half a century, there are nonethe-
less difficulties associated with the clinical use of
small radiation fields resulting from issues of elec-
tronic disequilibrium and detector volume averaging
effects. An overview of the clinical efficacy of intra-
and extra-cranial stereotactic radiotherapy and
radiosurgery has been given, with a deliberate
emphasis on the potential for detriment. High reso-
lution dosimetry is of key importance, and in this
regard three-dimensional gel dosimetry shows great
promise for dose measurement. Monte Carlo radia-
tion transport is capable of accurate small-field
dose calculation in heterogeneous media. However,
the limitations of both gel dosimetry and Monte
Carlo techniques currently restrict routine clinical
implementation. Improvements in technology includ-
ing motion compensation strategies and image guid-
ance (including on-board or in-room imaging for
image-guided radiotherapy) will serve to increase the
use of stereotactic body radiotherapy. The challenges
around dosimetry and dose calculation remain of
high importance in stereotactic radiotherapy and
stereotactic body radiotherapy.
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