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Abstract: The small static and composite fields occur in clinic while implementing
Intensity Modulated Radiotherapy (IMRT), Volumetric Modulated Arc Therapy (VMAT),
Stereotactic Radiosurgery (SRS) and Stereotactic Body radiotherapy (SBRT). These small
fields are limited by constrains related to radiation beam origin and the measurement
instruments available in the field. The clinical need of these fields is in achieving the
homogenous and conformal dose in the tumour. The radiation beam source cannot be
modified in any radiation unit until a change in its design is done. So, the range of
radiation detectors like ionization chambers, scintillation detectors, silicon diodes and films
have been extensively used for small field dosimetry. The plastic scintillator Exradin W2
has been tested to be the best available detector among the range of detectors for small and
very small fields. The use of any detector in small field dosimetry must be accompanied by
another standard detector and the data should be supported by Monte Carlo simulation
studies if possible. Also, appropriate choice of Patient Specific Quality Assurance (PSQA)
device is necessary to ensure the accurate dose delivery to the patients.
Keywords: Small field dosimetry, Detectors, Plastic Scintillators, patient specific QA.
Introduction
The use of small static and composite fields has significantly increased in past few years. The
inception of modern sophisticated radiotherapy units like GammaKnife (Elekta AB
Stockholm, Sweden), CyberKnife (Accuray Inc. CA), Tomotherapy (Accuray Inc. CA) and
Brainlab (Brainlab AG, Germany) and sophisticated collimator systems have made it very
easy and user friendly to implement the Stereotactic treatments in clinic. Although, the
complexity in technical operations, these systems promises very conformal dose delivery to
the tumours while the resulting sharp dose fall-off helps sparing surrounding normal
tissues[1-4]. The tailored dose distribution can be achieved very efficiently by the small field
openings ranging from 2 cm to submillimeter levels.
The static collimator openings in modern GammaKnife units ranges from 4 mm to 16 mm in
a hemispherical arrangement, in TomotTherapy the variable openings can be achieved by
binary operation of multileaf collimators (MLCs). The CyberKnife units have iris of different
openings and can deliver radiation from various directions. The Brainlab microMLCs have
variable openings with a minimum leaf width of 2.5 mm. The planar and non-coplanar beam
delivery results in more conformity and reduced plan complexity [5-8]. The conventional
linear accelerators have the standard MLCs of 1 cm, 0.5 cm and 0.25 cm width to modulate
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the radiation beam fluence. The fluence is delivered by a series of static or dynamic leaf
segments forming a composite field.
The clinical advantages of these technologies are only possible if the small radiation fields
are modelled accurately in the treatment planning systems (TPS) and their dosimetry is
performed with profound accuracy and confidence with high precision. The high dose rate
flattening filter free (FFF) beams, which are new to the conventional radiation units are also
being extensively used in radiosurgery application, owing to their advantage of high dose rate
and hence reduced treatment time [9-10]. Also, there is change in beam spectra with
decreasing field size which poses another challenge. The small field dosimetry is limited by
various constraints related to radiation beam source and the dosimeters used for
measurements. It is emphasized that the acquisition of radiation beam data should be done by
a Medical Physics expert, rather than simply accepting the vendor’s data for patient
treatment, especially for treatments involving small and complex fields [11 , 12].
Numerous researches have been published describing the dosimetry of small fields, detectors
for small field dosimetry and its clinical implementation. This article aims to review the basic
physics of small photon fields, their dosimetry formalisms and approaches for PSQA in
treatments involving small fields, keeping in mind the current commercial availability of the
equipment.
Physics of small fields
Theory of Small Radiation Fields: There is no consensus definition as to what constitute a
small field. However, the field size less than 3 × 3 cm2 is widely being used and is considered
outside conventional treatment field and needs special attention [13-15]. In more details, the
Institute of Physics and Engineering in Medicine (IPEM) defines a small field as “the field
having dimensions smaller than the lateral range of charged particles that contribute to the
dose deposition at a point of measurement along the central axis”. Generally, a field size
smaller than 4×4 cm2 is treated as nonconventional. This field size less than 3 × 3 cm2 for a
6MV photon beam are referred to as small field [16-17,19].
Charles et al. [14] has defined a field size of lateral dimensions smaller than 15 mm as very
small field. He has simulated a 6 MV beam in BeamNRC [18] MC code to include the effects
of collimator scatter and source occlusion individually. This approach demands special
attention in selection of detectors for very small fields and also, to check the accuracy of
beam models for such small beam openings.
The small fields are limited by photon source related and detector related constraints. The
small field parameters are affected by partial occlusion of radiation beam source, which cause
a decrease in radiation output and extension of penumbra width over field edges and a
breakdown of the classical definition of radiation field size by Full Width Half Maxima
(FWHM) [13, 15-17, 19-20]. Also, beam hardening has been reported with decreasing
collimator openings. Another limiting factor is the availability of suitable detectors for small
field dosimetry. Most active dosimeters have limited resolution in small and relatively
inhomogeneous beam and cause a measurement error along the measurement direction.
Under the effects of volume averaging and response variations, low density detectors under
respond and high density detectors over respond in the medium [21-22]. The effect is more
pronounced in heterogeneous media. Alongside, the density effect of detectors produces large
perturbations breaking down the ideal Bragg-Gray conditions [23-25].
These conditions pose a serious challenge to the Medical Physicists in selection of
appropriate radiation detectors, strategies for beam data measurements in small and very
small static and composite fields. Concerns raise regarding the accuracy of beam modelling,
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specially the transport of secondary charge particles generated by interactions in TPS
according to the requirements of the algorithms.
Formalism for Small Field Dosimetry
International Atomic Energy Agency (IAEA) and American Association of Physicists in
Medicine (AAPM) has published a report about the dosimetry of small and non-standard
fields [28]. This report gives the guidelines for small field dosimetry in conventional and
dedicated radiosurgery systems. The formalism follows the recommendations of the
international dosimetry code of practice (CoP) of IAEA [26] and AAPM [27] based on
absorbed dose to water (𝑁𝐷𝑤𝑄0 ) calibration.
This formalism has suggested three different field definitions to be considered for dosimetry
of specialized and complex treatments. The machine specific reference field (fmsr) has been
suggested for those fields, where the conventional reference field (fref) of 10 × 10 cm2 cannot
be established. This field must be as closely possible equivalent to fref. Also, a traceability
chain has been given between the fmsr and the calibration laboratory. The concept of plan class
specific reference (fpcsr) and clinical field (fclin) have also been given. The fpcsr can be either be
a single field or segment sequence for which full charged particle equilibrium can be
achieved in dosimetry. The fpcsr can be a 3D irradiated volume or a 4D delivery sequence
formed by small composite fields. The fclin tends to be the clinical field at the time of dose
delivery to the patient.
This new formalism is most applicable for the nonconventional delivery systems like
GammaKnife, CyberKnife, BrainLab and TomoTherapy. The formalism has same
recommendations as that of international CoP for conventional linear accelerators performing
SRS.
More recently, IAEA has adopted and modified the recommendations of Alfonso et al. [13] in
a new CoP for reference and relative dosimetry of small radiation fields used for external
beam radiotherapy with energies of nominal potential of 10 MV [28]. This approach has also
considered the FFF beams. This protocol does not have mention of any other modalities like
electrons and protons etc. It is based on the use of a ionization chamber that has been
calibrated in terms of absorbed dose to water NDw,Qo or NDw,Qmsr in a standard’s laboratory’s
reference beam of quality Qo or Qmsr respectively. It also provides guidance for
measurements of field output factors and lateral beam profiles at the measurement depth. The
aim is to establish uniform approach of small field dosimetry.
2.3. Detectors for small Field Dosimetry
The stereotactic fields demand for a detector with very high resolution and very small volume
having high sensitivity [20, 29]. Many researchers have studied the parameters like excellent
spatial resolution, a linear response with dose and dose rate, tissue equivalence, stable shortterm readings, isotropic response, low energy dependence and minimal background signal. A
wide range of detectors have been used in small fields including small volume ionization
chambers, solid state detectors like shielded and unshielded diodes, scintillators and
diamonds, MOSFETs, TLDs, OSLDs, radiochromic films and chemical dosimeters [28,30].
Some recent studies have discussed the feasibility of Dose Area Product and Cherenkov
radiations in small field dosimetry owing to its advantages of nearly zero perturbations in the
radiation field.
Ionization Chambers: The ionization chambers have been in use for radiation dosimetry
from a long time and are current standard for dosimetry of radiation beams. The calibrations
are all traceable to the ionization chambers of standard labs. These have been found to be
most reliable for dosimetry of small fields. Also, the calibration in terms of absorbed dose to
water NDW is most commonly available for ionization chambers only. Moreover, the ion
chambers are easily commercially available, less expensive, known history of stable response
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in a range of radiation beams, user friendly and hence has always be used either a primary or
reference dosimeter in small field dosimetry [31-34].
The traditional thimble type ion chambers of volume 0.3 cc – 0.6 cc are not suited for small
field dosimetry, due to large perturbations and volume averaging that leads to
underestimation of radiation dose at measurement point along beam central axis (CAX). The
small volume mini and pin-point ionization chambers have been tested for their response and
shows stable response for field size down upto 2 × 2 cm2, but below that these also shows
perturbations and volume averaging. However, the micro chambers of volume 0.002 cc –
0.01 cc to some extent shows promising results in small and very small fields but are limited
by their low sensitivity and effects of stem and wire irradiations[34-39].
Liquid ion chambers have been tested in small fields owing to their nearly water equivalent
density and hence unit mass stopping power and mass energy absorption coefficient ratios.
These detectors have high resolution even at small volumes and not compromised by
sensitivity simultaneously. But the liquid ion chambers are currently unavailable
commercially and hence cannot be evaluated further [40-41].
Silicon Diodes: The semiconductor technology has revolutionized the world with its compact
designs and rapid response [21, 32, 42-45]. These have been used in several applications in
radiotherapy. The diode detectors have been used for relative and in vivo dosimetry very
extensively. Commercial diode detectors are available with various vendors in range of
volumes ranging from 0.02 mm3 and much smaller. The diodes are necessarily very small
volume, highly sensitive and hence suited for small field dosimetry. The diodes are seen to
show higher directional dependence and hence are advised to use in an orientation with its
symmetric axis parallel to beam central axis.
The unshielded diodes (electron diodes) have been seen to show relatively better response in
small fields than the shielded diodes (photon diodes). The photon diodes under respond the
low energy scattered radiations due to tungsten shield [44].
Diamond Detectors: The diamond detectors have small volume and uniform structure that
makes it suitable for dosimetry with minimal perturbations [47-48]. The diamond detectors
have electron density nearly equivalent to that of human tissue and hence the corrections
required are very small, also, due to this, the mass stopping power and mass energy
absorption ratios varies to very small extent making it nearly energy independent. These
characters make diamonds very suitable for small field dosimetry. The natural diamonds,
which were initially used, has to be provided a bias voltage of 800 V, but the modern
diamond is synthesized by chemical vapour deposition (CVD) technique and shows best
results at zero bias [49-50].
Plastic Scintillator Detectors: Plastic and organic scintillators are based on the principle of
scintillation dosimetry, where the detected photon energy is transported through a
photomultiplier tube to produce the signal proportional to the absorbed dose. These
scintillators have seen to show very stable response in small fields. These have small yet
highly sensitive volume and profound stability making it superior to other detectors [44, 5154]. The plastic scintillators require very small corrections due to their nearly tissue
equivalent density and has seen matching with the Monte Carlo simulation results [25, 36].
The only issue in scintillators is the presence of Cherenkov light radiations, the methods for
correction of which have been proposed [48].
Chemical Dosimeters: Various chemical dosimeters including the radiochromic films have
been tested in small fields. The EBT 2 and EBT 3 radio chromic films have shown very
stable response and provide indeed the highest resolution [44, 48, 55-57]. However, these
films are limited by their mild response to Ultra-Violet (UV) radiations which may produce
errors in photon dose estimation. Also, the films are limited by their dose and dose rate
ranges.
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Fricke dosimeter and its derivatives have been tested in small field dosimetry and has shown
very good response. The response of chemical dosimeters is read by the UV spectrometry
method, which has seen limiting the dose range and resolution of these chemicals [58-59].
The suggestions of using Fourier Transformation Infra-Red (FTIR) or Nuclear Magnetic
Resonance (NMR) for readout is however to enhance the accuracy of these detectors but
simultaneously imposes a burden on the department budget and space requirements [58, 60].
Equipment for PSQA
The delivery of high dose per fraction in small fields is challenging the dosimetry in every
aspect. In previous sections we have discussed the physics and dosimetry of small fields for
commissioning and reference dosimetry. It is highly recommended by several national and
international bodies to perform the pretreatment PSQA to check the accuracy of dose
calculation, plan transfer and treatment delivery. The PSQA is necessarily required to ensure
the patient safety and enhance treatment quality [61-62].
Various commercial systems are available for PSQA, ranging from the point ion chambers to
diodes, two-dimensional films and detector arrays and three dimensional dose reconstruction
methods [40, 49, 52]. These commercial systems are either air or liquid filled ionization
chamber based or based on diode detectors in a two-dimensional fashion. PTW (PTW
Dosimetry, Germeny), IBA (IBA Dosimetry, Germeny), Sun Nuclear (SNC, USA) and
Standard Imaging (Standard Imaging Inc., USA) are the key commercial vendors that provide
2D and 3D detector arrays for pretreatment dose verification. Most vendors are providing
solutions for small field dose verification either in the same conventional detector array or as
a separate detector array. The associated, data analysis software utilize the approach of dose
difference and distance to agreement or combination of both in a single parameter called
gamma index (γ) analysis. 2D and 3D gamma analysis and anatomical dose maps are
provided in most of the systems [63-64].
The major requirement of a PSQA systems is to have a dosimetry system with highest
resolution, rapid response, real time data analysis and fast setup. The conventional film
scanner based system however provides the best resolution but have limitations in other
parameters like its response and readout times which cannot give real time results. The
commercial systems fulfil the requirements with an accuracy equivalent to or better than the
conventional film scanner system [65].
AAPM TG 218 [65] has extensively discussed various guidelines for the PSQA in IMRT on
various systems and also compared the vendors providing the PSQA dosimeter systems.
These guidelines provide a set of tolerance and action levels for IMRT plan verification.
These guidelines should be considered while establishing the PSQA plan in clinic for best
outcome of results.
Discussions
The small fields which usually occurs in the SRS treatments and in standard IMRT forms the
composite fields. The main constraints on these fields are source occlusion and availability of
suitable detectors. These constraints have been identified very early by Duggan [20] and Das
[29]. The impact of these parameters on the small field dosimetry is a reduction in beam
output, breakdown of FWHM to define field size by extension of penumbra edges and beam
hardening. The non-availability of sophisticated detectors has made it more difficult to
perform reference and relative dosimetry [13, 17, 19, 66]. With increasing use of small fields
in clinic a unified formalism for small field dosimetry was postulated by Alfonso et al. [13]
that discussed the use of fmsr in clinic and its traceability to the calibration conditions.
The definition of very small field size by Charles et al. [14] seems to be an awakening work
to attract attention towards these fields, this definition however needs a more specific
approach considering all types of beam defining arrangements such as MLCs, Jaws and
Cones etc. Also, the knowledge of all suitable detectors available, to give more accurate
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definition of small fields. It should consider the factors that determines the scale that a
radiation field has to be considered small or not.
The IAEA AAPM TRS 483 has modified the formalism of Alfonso et. al. [13] with little
modifications and extension to FFF beams [28]. This CoP has been evaluated by Haq et al.
[67] and they found that it has good correlation with the conventional CoP of IAEA and
AAPM for reference and relative dosimetry. They provided correction factors for several
detectors in fmsr on two different linear accelerators and suggested their use in clinical
practice. International Commission on Radiation Units and Measurements (ICRU 2014) has
suggested a more regressive use of Monte Carlo simulations in small field dosimetry to
determine accurately the correction factors mentioned in these protocols [68]. This CoP has
provided a detailed formalism for dosimetry and choice of dosimetry system and should be
followed for small field dosimetry.
Regarding radiation source related constraint of small field dosimetry, the scope in changing
the design of source or beam collimation mechanism is very small in conventional settings.
The major work has to be done on the radiation detectors. Various investigators have studied
a set of commercial dosimeters for small field dosimetry [13, 16, 20, 21, 32, 34, 43, 69-70].
Emphasis is given on the use of very small volume, highly sensitive detector having stable
response for dosimetry of these fields. The detector must also not be affected by change in
beam spectra, as in small fields the beam hardening takes place.
Ionisation chambers have been standard choice for dosimetry since very long. These are
found to be very stable in all beam conditions. The micro ionisation chambers have been
tested in small fields and has shown good results in small fields down upto 2 cm. Bouchard et
al. [21] has studies the micro ionisation chambers down upto 1 × 1 cm2 in a daisy chain
method to determine machine specific correction factor and has shown that PTW 31014,
PTW 31006 and IBA CC01 ionisation chambers have excellent results in terms of
reproducibility and stability. But, volume averaging and reduced resolution tend to violate the
cavity theory conditons and hence cause an underestimation of radiation doses. Owing to this,
Charles et al. [14] has suggested to measure the beam profiles and output factors
simultaneously for any particular field size to reduce such variations. It is also suggested to
make use of atleast two detectors to measure radiation beam parameters in small and very
small fields. Moreover, the dielectric liquid filed ion chambers had been a classic solution for
small field dosimetry, but it is no longer commercially available.
In recent times the detector technology has been revolutionised with commercial vendors
providing alternatives to the conventional ionisation chambers for relative dosimetry in small
fields. The shielded and unshielded diodes have been tested very extensively in small fields
and have some superiority in terms of its resolution. PTW diode 60018 and IBA SFD
(unshielded diode) has shown good response in small fields upto 1 × 1 cm2, however the PFD
(shielded diode) has larger variations in small fields [56]. These solid state detectors are
limited for relative measurements of beam profiles and PDD data. In output factor
measurements there variations have been reported even with the latest available diodes [51 ,
71]. Due to large variations in their constructions and their limited lifetime, they are not
stable and hence can’t be used for reference dosimetry.
The PSDs have been tested in recent times very extensively [54 ,72]. PSDs have small
volumes, nearly tissue equivalent and has high sensitivity. Debnath et al. [48] has recently
developed an inorganic scintillation detector for use in small fields. They have tested it in
small fields upto 0.5 0.5 cm2 for output factors, absolute dose and PDD measurements and
found small variations of upto 0.5%. Casar et al. [60] have determined correction factors for
various diode detetors in accordance with IAEA AAPM TRS 483 guidelines. They have
adopted Exradin W1 PSD as standard dosimeter along with the EBT 3 films. They have
recommended their data as reference class and addenum to TRS 483.
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Recently Galavis et al. [72] have compared the Exradin W1 scintillator with novel Exradin
W2 scintillator. The issues of cherenkov radiations in W1 scintillator caused variations in
signal which has been temperature dependent. The Exradin W2 scintillator is provided with
an electrometer system to correct for the cherenkov radiations. Moreover its correction factor
has been found 1.0 and hence an ideal detector for measurement of output factors, beam
profiles and dept dose data [72].
Several investigators have studied different detectors for small field dosimetry and the only
thing common among all thse studies was the EBT films (EBT 2 and EBT 3)used as
reference dosimeter [56 , 57]. The films have quality of highest resolution along with its
stable response and once calibrated the whole batch can be characterised with the same
calibration curve. Hence it is suggestive to use the gafchromic films along with any other
detector for verification of small field parameters.
Concept of using dose area product (DAP) for small field dosimetry has been discussed
previously [73] In the scinario where most of the conventional dosimeters fails, the dose can
be estimated by using a large diameter plane parallel chamber the dose can be integrated as
function of area i.e. field size. It is also suggested to use ratio of DAP at 20 cm dept to that at
10 cm dept (DAPR20,10) for beam quality specifications in narrow beams [74]. This method
has been tested by against Monte Carlo simulations and found within 1% variation to the
conventional beam quality specifier; Tissue Phantom Ratio (TPR20,10).
The DAP is at present being used for dosimetry of interventional radiology applications, and
its use in Radiotherapy has never been reported earlier. Also, no specific detectors are
available for this application. However, the DAP concept is very unique at this time, which
can be used with minimal perturbation of the radiation beam. This concept must be taken for
further research and standardisation for small field dosimetry in clinic, the commecrial large
area plane parallel chambers designed for proton therapy dosimetry can be studied for this
application in photn beams.
Another emerging concept of estimating Cherenkov light radiation [75] for small field
dosimetry has been postulated. Glasar et al. [77] A water tank doped with tracer amounts of
fluorophore for better light emission has been utilized. The detection was done through lateral
detection using simple CMOS camera with room lights off. The authors have presented
different imaging approaches namely 1) simple detection of depth dose and off axis beam
profile and its agreement with reference; 2) the three dimensional tomography of such beams
using the filtered back projection method to recover 2D and 3D volumetric data by rotation of
phantom camera assembly and to obtain a real time two-dimensional imaging of IMRT and
VMAT plans in water phantom by Cherenkov imaging.
These methods show good agreement with the TPS values, but the 3D volumetric acquisition
and 2D image seems a less feasible method as it can only be done for a research dedicated
setup. This is a revolutionary concept as the Cherenkov radiations do not have any field size
or depth dependent response, thus can be utilized in small field dosimetry very efficiently and
accurately [76, 78, 79].
The pretreatment patient dose verification QA has been a paramount requirement for each
IMRT treatment as highlighted by AAPM [65]. The small treatments involving small fields
require special attention in this case, especially when the dose per fraction is very high.
Investigators [40, 80, 81] have characterized the commercially available detector arrays PTW
1000 SRS for SRS QA and has found it highly stable and suitable for such QA requirements.
They suggested that its spatial resolution is adequate enough to validate the static and
composite field QA. The results of this device were found to be equivalent to the EBT 2 film.
The γ passing criteria has also been discussed and it is emphasized that considering the large
fraction size and small number of fractions in stereotactic Ablative Body radiotherapy
(SABR), the demand for accuracy in gamma passing and its stringent limits has been
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increased and need careful implementations of the QA Programme as it involves the small
composite fields, dosimetry of which is limited by several constraints. Also, it has been
shown that the passing rates are dependent on the modulation index, and as the modulation
increases, the number of segments with small size increases. Thus, careful choice of detectors
and institute specific protocols are needed for such sophisticated system, considering the
problems in small field dosimetry. The authors guide towards a stringent criterion of gamma
passing in SABR and implementation of a 2D detector array [55, 82]. Also, it is seen that
SABR VMAT plans with a gamma passing criterion of 2%/1mm global, and find that this
criterion is most efficient and sensitive towards errors.
The implementation of exact standard approach of gamma analysis in the commercial
software is always a concern as AAPM 218 [65] has discussed. Also, more stringent
requirements of gamma analysis as discussed above are required to be implemented to
identify the errors which may reduce the pass percentage of analysed points. Schmitt et al.,
[83] has recently given guidelines for implementation of SRS and SBRT in clinic, these
guidelines must be followed for a comprehensive patient treatment course. The recent
standard guidelines [3, 5, 84] gave a thorough reference for all types of clinical and
Dosimetric aspects of small fields and should be implemented.
Conclusion
The small static and composite fields are commonly occurring in modern day radiotherapy.
Rather it be dynamic IMRT, VMAT or stereotactic treatments, the small fields play its role in
achieving dose conformity and reduce the normal tissue toxicity. It must always be borne in
mind that these complex treatments need due care and standard mechanism for their
implementation in clinic. The detectors must be chosen owing to clinical need, extensive
survey of literature and budget load of the institution. The plastic scintillators have been
proved to be the best choice till time for small fields, however, it must be cross examine with
other standard dosimeter like film of ionization chamber. The Monte Carlo simulation studies
are also an important aspect in radiotherapy dosimetry, hence its suggested to make use of
these simulations to validate the clinical data and determine correction factors. For PSQA, the
detectors available must be characterized and tested in small fields and clinic specific action
levels and passing criteria must be set following the standard guidelines. It is highly
suggested to follow standard guidelines while implementing the small fields in clinic.
Conflict of Interest No conflict of interest
References:
[1]

[2]

[3]

[4]

[5]

D. Hartgerink et al., “Linac based stereotactic radiosurgery for multiple brain
metastases: guidance for clinical implementation,” Acta Oncologica, vol. 58, no. 9.
Taylor
and
Francis
Ltd,
pp.
1275–1282,
02-Sep-2019,
doi:
10.1080/0284186X.2019.1633016.
L. Leksell, “Stereotactic radiosurgery,” Journal of Neurology, Neurosurgery and
Psychiatry, vol. 46, no. 9. BMJ Publishing Group, pp. 797–803, 01-Sep-1983, doi:
10.1136/jnnp.46.9.797.
A. C. Hartford et al., “American college of radiology (ACR) and American society for
radiation oncology (ASTRO) practice guideline for intensity-modulated radiation
therapy (IMRT),” American Journal of Clinical Oncology: Cancer Clinical Trials, vol.
35, no. 6. pp. 612–617, Dec-2012, doi: 10.1097/COC.0b013e31826e0515.
W. Lutz, K. R. Winston, and N. Maleki, “A system for stereotactic radiosurgery with a
linear accelerator,” Int. J. Radiat. Oncol. Biol. Phys., vol. 14, no. 2, pp. 373–381, Feb.
1988, doi: 10.1016/0360-3016(88)90446-4.
J. M. Moran et al., “Safety considerations for IMRT: Executive summary,” Med.
3602

European Journal of Molecular & Clinical Medicine
ISSN 2515-8260

[6]
[7]

[8]

[9]

[10]

[11]

[12]

[13]
[14]

[15]
[16]
[17]
[18]
[19]

[20]

[21]

[22]

[23]
[24]

Volume 07, Issue 07, 2020

Phys., vol. 38, no. 9, pp. 5067–5072, 2011, doi: 10.1118/1.3600524.
J. Arndt, “Gamma Knife Dosimetry &amp; Treatment Planning,” 1999.
AAPM Radiation Therapy Committee. Task Group 42., Stereotactic radiosurgery.
Published for the American Association of Physicists in Medicine by the American
Institute of Physics, 1995.
S. H. Benedict et al., “Stereotactic body radiation therapy: The report of AAPM Task
Group 101,” Medical Physics, vol. 37, no. 8. John Wiley and Sons Ltd, pp. 4078–
4101, 2010, doi: 10.1118/1.3438081.
G. Budgell et al., “IPEM topical report 1: Guidance on implementing flattening filter
free (FFF) radiotherapy,” Physics in Medicine and Biology, vol. 61, no. 23. 2016, doi:
10.1088/0031-9155/61/23/8360.
S. Balik, P. Qi, A. Magnelli, S. T. Chao, J. H. Suh, and T. Zhuang, “Comparison of
Spine SRS VMAT plans with Flattening Filter Free 6 MV or 10 MV beams,” Int. J.
Radiat.
Oncol.,
vol.
102,
no.
3,
p.
e507,
Nov.
2018,
doi:
10.1016/j.ijrobp.2018.07.1436.
J. B. Smilowitz et al., “AAPM Medical Physics Practice Guideline 5.a.:
Commissioning and QA of Treatment Planning Dose Calculations - Megavoltage
Photon and Electron Beams,” J. Appl. Clin. Med. Phys., vol. 16, no. 5, 2015, doi:
10.1120/jacmp.v16i5.5768.
Verhaegen F., Das I. J. and Palmans H. "Monte Carlo Dosimetry Study of a 6 MV
stereotactic Radiosurgery Unit," Physics in Medicine & Biology, Volume 43, Number
10, 1998
R. Alfonso et al., “A new formalism for reference dosimetry of small and nonstandard
fields,” Med. Phys., 2008, doi: 10.1118/1.3005481.
P. H. Charles et al., “A practical and theoretical definition of very small field size for
radiotherapy output factor measurements,” Med. Phys., vol. 41, no. 4, 2014, doi:
10.1118/1.4868461.
Indra J Das, “Small ﬁelds: Nonequilibrium radiation dosimetry,” Med. Phys. 35,1, p.
208, January 2008, doi: http://dx.doi.org/10.1118/1.2815356.
M. M. Aspradakis et al., “IPEM report 103: Small field MV photon dosimetry.” 2010.
I. J. Das, J. Morales, and P. Francescon, “Small field dosimetry: What have we
learnt?,” in AIP Conference Proceedings, 2016, doi: 10.1063/1.4954111.
D. W. O. Rogers, B. Walters, and I. Kawrakow, “BEAMnrc Users Manual.”
M. M. Aspradakis, “Small Field MV Photon Dosimetry,” World Congr. Med. Phys.
Biomed. Eng. Sept. 7-12, 2009, Munich, Ger., 2009, doi: 10.1007/978-3-642-034749_239.
D. M. Duggan and C. W. Coffey, “Small photon field dosimetry for stereotactic
radiosurgery,” Med. Dosim., vol. 23, no. 3, pp. 153–159, 1998, doi: 10.1016/S09583947(98)00013-2.
H. Bouchard, J. Seuntjens, S. Duane, Y. Kamio, and H. Palmans, “Detector dose
response in megavoltage small photon beams. I. Theoretical concepts,” Med. Phys.,
2015, doi: 10.1118/1.4930053.
J. M. Lárraga-Gutiérrez, “Experimental determination of field factors (ΩQclinQmsrfclin,
fmsr
) for small radiotherapy beams using the daisy chain correction method,” Phys.
Med. Biol., 2015, doi: 10.1088/0031-9155/60/15/5813.
F. H. Attix, Introduction to Radiological Physics and Radiation Dosimetry. Weinheim,
Germany: Wiley-VCH Verlag GmbH, 1986.
S. Kumar, J. D. Fenwick, T. S. A. Underwood, D. D. Deshpande, A. J. D. Scott, and A.
E. Nahum, “Breakdown of Bragg–Gray behaviour for low-density detectors under
electronic disequilibrium conditions in small megavoltage photon fields,” Phys. Med.
3603

European Journal of Molecular & Clinical Medicine
ISSN 2515-8260

Volume 07, Issue 07, 2020

Biol., vol. 60, no. 20, pp. 8187–8212, Oct. 2015, doi: 10.1088/0031-9155/60/20/8187.
[25] J. D. Fenwick, G. Georgiou, C. G. Rowbottom, T. S. A. Underwood, S. Kumar, and A.
E. Nahum, “Origins of the changing detector response in small megavoltage photon
radiation fields,” Phys. Med. Biol., vol. 63, no. 12, p. 125003, Jun. 2018, doi:
10.1088/1361-6560/aac478.
[26] International Atomic Energy Agency., Absorbed dose determination in external beam
radiotherapy : an international code of practice for dsimetry based on standards of
absorbed dose to water. International Atomic Energy Agency, 2001.
[27] P. R. Almond et al., “AAPM’s TG-51 protocol for clinical reference dosimetry of
high-energy photon and electron beams,” 1999.
[28] IAEA, “Dosimetry of Small Static Fields Used in External Beam Radiotherapy An
International Code of Practice for Reference and Relative Dose Determination,”
Vienna, 2017.
[29] I. J. Das, M. B. Downes, and A. Kassaee, “Choice of Radiation Detector in Dosimetry
of Stereotactic Radiosurgery-Radiotherapy,” J. Radiosurgery, vol. 3, no. 4, pp. 177–
186, 2000, doi: 10.1023/A:1009594509115.
[30] A. Sors et al., “An optimized calibration method for surface measurements with
MOSFETs in shaped-beam radiosurgery,” Phys. Medica, vol. 30, no. 1, pp. 10–17,
Feb. 2014, doi: 10.1016/j.ejmp.2013.03.005.
[31] E. B. Podgorsak, “Radiation Oncology Physics: A Handbook for Teachers and
Students,” IAEA, Vienna, 2005.
[32] F. Sánchez-Doblado et al., “Ionization chamber dosimetry of small photon fields: A
Monte Carlo study on stopping-power ratios for radiosurgery and IMRT beams,” Phys.
Med. Biol., 2003, doi: 10.1088/0031-9155/48/14/304.
[33] IAEA, “Implementation of the International Code of Practice on Dosimetry in
Radiotherapy (TRS 398): Review of testing results Final report of the Coordinated
Research Projects on Implementation of the International Code of Practice TRS 398 at
Secondary Standards,” IAEA, 2005.
[34] I. J. Das, A. Downes, M.B., Kassaee, “Choice of Radiation Detector in Dosimetry of
Stereotactic Radiosurgery-Radiotherapye,” J. Radiosurgery 3 177., doi:
https://doi.org/10.1023/A:1009594509115.
[35] E. Pantelis et al., “On the implementation of a recently proposed dosimetric formalism
to a robotic radiosurgery system,” Med. Phys., vol. 37, no. 5, pp. 2369–2379, 2010,
doi: 10.1118/1.3404289.
[36] K. Fukata, S. Sugimoto, C. Kurokawa, A. Saito, T. Inoue, and K. Sasai, “Output factor
determination based on Monte Carlo simulation for small cone field in 10-MV photon
beam,” Radiol. Phys. Technol., vol. 11, no. 2, pp. 192–201, 2018, doi:
10.1007/s12194-018-0455-4.
[37] W. U. Lauba and T. Wong, “The volume effect of detectors in the dosimetry of small
fields used in IMRT,” Med. Phys., 2003, doi: 10.1118/1.1544678.
[38] D. Czarnecki and K. Zink, “Monte Carlo calculated correction factors for diodes and
ion chambers in small photon fields,” Phys. Med. Biol., 2013, doi: 10.1088/00319155/58/8/2431.
[39] S. Vargas Castrillón and F. Cutanda Henríquez, “Choice of a Suitable Dosimeter for
Photon Percentage Depth Dose Measurements in Flattening Filter-Free Beams.,” J.
Med. Phys., vol. 42, no. 3, pp. 140–143, 2017, doi: 10.4103/jmp.JMP_11_17.
[40] M. Markovic, S. Stathakis, P. Mavroidis, I. A. Jurkovic, and N. Papanikolaou,
“Characterization of a two-dimensional liquid-filled ion chamber detector array used
for verification of the treatments in radiotherapy,” Med. Phys., vol. 41, no. 5, p.
051704, May 2014, doi: 10.1118/1.4870439.
3604

European Journal of Molecular & Clinical Medicine
ISSN 2515-8260

Volume 07, Issue 07, 2020

[41] E. Chung, E. Soisson, and J. Seuntjens, “Dose homogeneity specification for reference
dosimetry of nonstandard fields,” Med. Phys., 2012, doi: 10.1118/1.3669487.
[42] L. N. McDermott, R. J. W. Louwe, J.-J. Sonke, M. B. van Herk, and B. J. Mijnheer,
“Dose-response and ghosting effects of an amorphous silicon electronic portal imaging
device,” Med. Phys., vol. 31, no. 2, pp. 285–295, Jan. 2003, doi: 10.1118/1.1637969.
[43] E. Pappas et al., “Small SRS photon field profile dosimetry performed using a PinPoint
air ion chamber, a diamond detector, a novel silicon-diode array (DOSI), and polymer
gel dosimetry. Analysis and intercomparison,” Med. Phys., 2008, doi:
10.1118/1.2977829.
[44] J. Morin et al., “A comparative study of small field total scatter factors and dose
profiles using plastic scintillation detectors and other stereotactic dosimeters: The case
of the CyberKnife,” Med. Phys., vol. 40, no. 1, p. 011719, Jan. 2013, doi:
10.1118/1.4772190.
[45] P. Winkler and D. Georg, “An intercomparison of 11 amorphous silicon EPIDs of the
same type: Implications for portal dosimetry,” Phys. Med. Biol., vol. 51, no. 17, pp.
4189–4200, 2006, doi: 10.1088/0031-9155/51/17/005.
[46] W. Lechner, H. Palmans, L. Sölkner, P. Grochowska, and D. Georg, “Detector
comparison for small field output factor measurements in flattening filter free photon
beams,” Radiother. Oncol., 2013, doi: 10.1016/j.radonc.2013.10.022.
[47] T. S. A. Underwood, B. C. Rowland, R. Ferrand, and L. Vieillevigne, “Application of
the Exradin W1 scintillator to determine Ediode 60017 and microDiamond 60019
correction factors for relative dosimetry within small MV and FFF fields,” Phys. Med.
Biol., 2015, doi: 10.1088/0031-9155/60/17/6669.
[48] E. Chung, H. Bouchard, and J. Seuntjens, “Investigation of three radiation detectors for
accurate measurement of absorbed dose in nonstandard fields,” Med. Phys., 2010, doi:
10.1118/1.3392247.
[49] P. Andreo, H. Palmans, M. Marteinsdóttir, H. Benmakhlouf, and Å. Carlsson-Tedgren,
“On the Monte Carlo simulation of small-field micro-diamond detectors for
megavoltage photon dosimetry,” Phys. Med. Biol., 2015, doi: 10.1088/00319155/61/1/L1.
[50] José Manuel Lárraga-Gutiérrez Paola Ballesteros-Zebadúa, Miguel RodríguezPonce, Olivia Amanda García-Garduño and Olga Olinca Galván de la Cruz “Properties
of a commercial PTW-60019 synthetic diamond detector for the dosimetry of small
radiotherapy beams,” Phys. Med. Biol., 2015, doi: 10.1088/0031-9155/60/2/905.
[51] S. Tanny, N. Sperling, and E. I. Parsai, “Correction factor measurements for multiple
detectors used in small field dosimetry on the Varian Edge radiosurgery system,” Med.
Phys., vol. 42, no. 9, pp. 5370–5376, Aug. 2015, doi: 10.1118/1.4928602.
[52] L. K. Webb, E. K. Inness, and P. H. Charles, “A comparative study of three small-field
detectors for patient specific stereotactic arc dosimetry,” Australas. Phys. Eng. Sci.
Med., vol. 41, no. 1, pp. 217–223, Mar. 2018, doi: 10.1007/s13246-018-0622-2.
[53] Y. Qin et al., “Technical Note: Evaluation of plastic scintillator detector for small field
stereotactic patient-specific quality assurance,” Med. Phys., vol. 44, no. 10, pp. 5509–
5516, Oct. 2017, doi: 10.1002/mp.12471.
[54] S. B. C. Debnath et al., “High spatial resolution inorganic scintillator detector for highenergy X-ray beam at small field irradiation,” Med. Phys., vol. 47, no. 3, pp. 1364–
1371, Mar. 2020, doi: 10.1002/mp.14002.
[55] J. Kim, S.-Y. Park, H. Kim, J. Kim, S.-J. Ye, and J. Park, “The sensitivity of gammaindex method to the positioning errors of high-definition MLC in patient-specific
VMAT QA for SBRT,” Radiat. Oncol., vol. 9, no. 1, p. 167, Jul. 2014, doi:
10.1186/1748-717X-9-167.
3605

European Journal of Molecular & Clinical Medicine
ISSN 2515-8260

Volume 07, Issue 07, 2020

[56] J. M. Lárraga-Gutiérrez, D. García-Hernández, O. A. García-Garduño, O. O. Galván
De La Cruz, P. Ballesteros-Zebadúa, and K. P. Esparza-Moreno, “Evaluation of the
Gafchromic® EBT2 film for the dosimetry of radiosurgical beams,” Med. Phys., 2012,
doi: 10.1118/1.4752211.
[57] S. Mayers, “Characterisation of gafchromic EBT2 film for use in radiation therapy
dosimetry,” 2011.
[58] M. M. Eyadeh, K. A. Rabaeh, T. F. Hailat, and F. M. Aldweri, “Evaluation of ferrous
Methylthymol blue gelatin gel dosimeters using nuclear magnetic resonance and
optical techniques,” Radiat. Meas., vol. 108, pp. 26–33, Jan. 2018, doi:
10.1016/J.RADMEAS.2017.11.004.
[59] L. N. De Oliveira, C. S. Guzmán Calcina, M. A. Parada, C. E. De Almeida, and A. De
Almeida, “Ferrous Xylenol Gel Measurements for 6 and 10 MV Photons in Small
Field Sizes,” 2007.
[60] L. S. Del Lama, P. C. D. Petchevist, and A. de Almeida, “Fricke Xylenol Gel
characterization at megavoltage radiation energy,” Nucl. Instruments Methods Phys.
Res. Sect. B Beam Interact. with Mater. Atoms, vol. 394, pp. 89–96, Mar. 2017, doi:
10.1016/j.nimb.2016.12.045.
[61] Y. Pan et al., “National survey of patient specific IMRT quality assurance in China,”
Radiat. Oncol., vol. 14, no. 1, p. 69, Apr. 2019, doi: 10.1186/s13014-019-1273-5.
[62] R. Abdullah, N. R. Nik Idris, A. Zakaria, A. L. Yusof, M. Mohamed, And N. I.
Mohsin, “Measurement of Dosimetric Parameters and Dose Verification in
Stereotactic Radiosurgery (SRS),” J. Sains Kesihat. Malaysia, vol. 13, no. 1, pp. 39–
49, Jun. 2015, doi: 10.17576/jskm-2015-1301-06.
[63] D. A. Low, W. B. Harms, S. Mutic, and J. A. Purdy, “A technique for the quantitative
evaluation of dose distributions,” Med. Phys., vol. 25, no. 5, pp. 656–661, May 1998,
doi: 10.1118/1.598248.
[64] G. A. Ezzell et al., “Guidance document on delivery, treatment planning, and clinical
implementation of IMRT: Report of the IMRT subcommittee of the AAPM radiation
therapy committee,” Med. Phys., vol. 30, no. 8, pp. 2089–2115, Aug. 2003, doi:
10.1118/1.1591194.
[65] M. Miften et al., “Tolerance limits and methodologies for IMRT measurement-based
verification QA: Recommendations of AAPM Task Group No. 218,” Med. Phys., vol.
45, no. 4, pp. e53–e83, Apr. 2018, doi: 10.1002/mp.12810.
[66] I. J. Das et al., “Accelerator beam data commissioning equipment and procedures:
Report of the TG-106 of the Therapy Physics Committee of the AAPM,” Med. Phys.,
vol. 35, no. 9, pp. 4186–4215, Aug. 2008, doi: 10.1118/1.2969070.
[67] M. S. Huq, M. Hwang, T. P. Teo, S. Y. Jang, D. E. Heron, and R. J. Lalonde, “A
dosimetric evaluation of the IAEA-AAPM TRS483 code of practice for dosimetry of
small static fields used in conventional linac beams and comparison with IAEA TRS398 , AAPM TG51 , and TG51 Addendum protocols,” Med. Phys., 2018, doi:
10.1002/mp.13092.
[68] ICRU, “Prescribing, Recording, And Reporting Small Beam SRT,” J. Int. Comm.
Radiat. Units Meas., vol. 14, no. 2, pp. 31–53, 2014, doi: 10.1093/jicru/ndx012.
[69] I. Das, O. Sauer, and A. Ahnesjo, “WE‐A‐137‐01: Small Field Dosimetry,” in Medical
Physics, 2013, vol. 40, no. 6, p. 465, doi: 10.1118/1.4815493.
[70] P. H. Charles et al., “The effect of very small air gaps on small field dosimetry,” Phys.
Med. Biol., 2012, doi: 10.1088/0031-9155/57/21/6947.
[71] B. Casar, E. Gershkevitsh, I. Mendez, S. Jurković, and M. S. Huq, “A novel method
for the determination of field output factors and output correction factors for small
static fields for six diodes and a microdiamond detector in megavoltage photon
3606

European Journal of Molecular & Clinical Medicine
ISSN 2515-8260

Volume 07, Issue 07, 2020

beams,” Med. Phys., vol. 46, no. 2, pp. 944–963, Feb. 2019, doi: 10.1002/mp.13318.
[72] P. E. Galavis, L. Hu, S. Holmes, and I. J. Das, “Characterization of the plastic
scintillation detector Exradin W2 for small field dosimetry,” Med. Phys., vol. 46, no.
5, pp. 2468–2476, May 2019, doi: 10.1002/mp.13501.
[73] A. Djouguela, D. Harder, R. Kollhoff, A. Rühmann, K. C. Willborn, and B. Poppe,
“The dose-area product, a new parameter for the dosimetry of narrow photon beams,”
Z. Med. Phys., vol. 16, no. 3, pp. 217–227, 2006, doi: 10.1078/0939-3889-00317.
[74] M. Pimpinella et al., “Feasibility of using a dose-area product ratio as beam quality
specifier for photon beams with small field sizes,” Phys. Medica, vol. 45, pp. 106–116,
Jan. 2018, doi: 10.1016/J.EJMP.2017.12.012.
[75] G. F. Knoll, Radiation detection and measurement. John Wiley, 2010.
[76] R. Zhang et al., “Real-time in vivo Cherenkoscopy imaging during external beam
radiation therapy.,” J. Biomed. Opt., 2013, doi: 10.1117/1.JBO.18.11.110504.
[77] B. W. Pogue, A. K. Glaser, R. Zhang, and D. J. Gladstone, “Cherenkov radiation
dosimetry in water tanks-video rate imaging, tomography and IMRT & VMAT plan
verification,” in Journal of Physics: Conference Series, 2015, doi: 10.1088/17426596/573/1/012013.
[78] A. K. Glaser, R. Zhang, J. M. Andreozzi, D. J. Gladstone, and B. W. Pogue,
“Cherenkov radiation fluence estimates in tissue for molecular imaging and therapy
applications,” Phys. Med. Biol., vol. 60, no. 17, pp. 6701–6718, Sep. 2015, doi:
10.1088/0031-9155/60/17/6701.
[79] A. K. Glaser, R. Zhang, D. J. Gladstone, and B. W. Pogue, “Optical dosimetry of
radiotherapy beams using Cherenkov radiation: The relationship between light
emission and dose,” Phys. Med. Biol., 2014, doi: 10.1088/0031-9155/59/14/3789.
[80] B. Poppe, T. S. Stelljes, H. K. Looe, N. Chofor, D. Harder, and K. Willborn,
“Performance parameters of a liquid filled ionization chamber array,” Med. Phys., vol.
40, no. 8, p. 082106, Aug. 2013, doi: 10.1118/1.4816298.
[81] M. Markovic et al., “Clinical evaluation of a two-dimensional liquid-filled ion
chamber detector array for verification of high modulation small fields in
radiotherapy,” J. Med. Phys., vol. 44, no. 2, pp. 91–98, Apr. 2019, doi:
10.4103/jmp.JMP_4_19.
[82] J. F. M. Colodro, A. S. Berná, V. P. Puchades, D. R. Amores, and M. A. Baños,
“Volumetric-modulated Arc Therapy Lung Stereotactic Body Radiation Therapy
Dosimetric Quality Assurance: A Comparison between Radiochromic Film and
Chamber Array.,” J. Med. Phys., vol. 42, no. 3, pp. 133–139, 2017, doi:
10.4103/jmp.JMP_130_16.
[83] D. Schmitt et al., “Technological quality requirements for stereotactic radiotherapy:
Expert review group consensus from the DGMP Working Group for Physics and
Technology in Stereotactic Radiotherapy,” Strahlentherapie und Onkologie. Springer,
pp. 1–21, 24-Mar-2020, doi: 10.1007/s00066-020-01583-2.
[84] I. Sechopoulos et al., “RECORDS: improved Reporting of Monte CarlO RaDiation
transport Studies: Report of the AAPM Research Committee Task Group 268,” Med.
Phys., vol. 45, no. 1, pp. e1–e5, Jan. 2018, doi: 10.1002/mp.12702.

3607

