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A B S T R A C T

Large uncertainties in output factor (OF) small fields dosimetry motivated multicentric studies. The focus of the
study was the determination of the OFs, for different linacs and radiosurgery units, using new-generation de-
tectors. Intercomparison studies between radiotherapy centers improved quality dosimetry practices. Results
confirmed the effectiveness of the studies to uncover large systematic inaccuracies in small field dosimetry.

1. Introduction

In recent years the number of machines capable of delivering cranial
and extra-cranial stereotactic radiotherapy treatments (SBRT) has
substantially increased. However, such developments have not been
accompanied by dedicated training in terms of small field dosimetry.
This may lead to a possible increase of those dosimetric uncertainties
that represent the major features of small beams in comparison to wide
fields [1–3]. Sharing of the measured data in terms of output factors
(OF) for small fields, with regard to many different combinations of
machines and dosimeters [4–8], was promoted with a specific working
group focused on SBRT. Other had similar experiences [9,10], all with
the aim to quantify systematic inaccuracies of small fields dosimetry.

Small field dosimetry must account for the lack of charged particle
equilibrium (CPE) in the lateral direction. Moreover the dimension of
the active volume and the material composition and density of the
detector itself may influence the response in a different way when
compared with non-small radiation fields [11,12]. In order to solve
these issues, the International Atomic Energy Agency (IAEA) and the

American Association of Physicists in Medicine (AAPM) proposed a new
formalism for small field dosimetry in 2008 [13]. In this document, the
concept of output correction factor k for obtaining the dose-to-water
ratio between a clinical field (fclin) and a machine-specific reference
field (fmsr), based on the measured detector readings ratio (OFdet) has
been introduced. The correction factors can be derived either by a di-
rect calibration of the specific dosimeter in the two fields against a
primary standard or against a passive dosimeter such as alanine,
Thermoluminescent Dosimeters (TLDs) and radiochromic films, or by a
Monte Carlo (MC) simulation [14,15]. Moreover, in small beams the
positioning accuracy of the collimating devices is also important, since
e.g. 1 mm error in a 1×1 cm2

field setting can result in a 2–4% error in
the measured dose or OF [6].

The main objective of this experience was to assess the consistency
in small-field OF determination among a large number of centers,
equipped with a wide variety of machines, using different new gen-
eration detectors. This multicenter study is a secondary quality assur-
ance (QA) dataset and may be used as a robust baseline for a true audit
focused on small-field dosimetry.
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2. Methods and materials

A total of thirty centers were enrolled in this study, twenty-four
equipped with linacs of different manufactures and models (Varian and
Elekta) and six with radiosurgery units, and focused on small-field OF
determination using center-specific routine detectors and three new
generation detectors: PTW 60019 microDiamond, Exradin W1 Plastic
Scintillator (W1 PSD) and IBA new unshielded silicon Razor diode.

2.1. Linac study

Multi-centers studies were performed in four steps:

1. Twelve Varian and twelve Elekta centers performed measurements
of the detector readings ratio (OFdet), using fclin and fmsr, for nominal
square field sizes (NFS) ranging from 0.6 cm to 10 cm, employing in-
house routinely used detectors and the PTW 60019 microDiamond.
A comparison of experimental data obtained with in-house and
microDiamond detectors was performed [4];

2. The same centers measured TPR20/10, in-plane and cross-plane dose
profiles of 0.8× 0.8 cm2

field and OFdet for NFS ranging from
0.8 cm to 10 cm, using W1 PSD and correcting for the Cerenkov
effect as proposed by the manufacturer [5];

3. Each center was asked to measure in-plane and cross-plane dose
profiles and OFdet for square field size ranging from 0.6 cm to 5 cm
using Razor diodes [16]. According to Cranmer-Sargison [18], the
effective field size (EFS) was calculated as: EFS= A B· where A
and B correspond to the in-plane and cross-plane FWHM values.
OFdet, reported as a function of both NFS and EFS, were used to
determine a fit of the empirical data, following the equation by
Sauer [19]:
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where OF is the detector signal ratio; FS is the field size (NFS or EFS);
P∞, S∞, l, b and n are fit coefficients. In detail, P∞ represents the
maximum primary dose component; S∞ represents the maximum
scatter component. The point (detector reading SR=1; FS= 30mm)
was considered as a boundary condition.

4. Step 3 was repeated focusing on eight Varian TrueBeam centers [6].

The beam energy was 6MV for steps 1–3, and 10MV FFF (flattening
filter free) for step 4, respectively. The set-up conditions were 10 cm
depth in water phantom and SSD=90 cm. The FS were defined only by
the jaws with the MLC fully retracted for the Varian linacs and by both
secondary jaws and MLC for the Elekta linacs. The fmrs was 10×10 cm2

in the first two steps and 3× 3 cm2 in the third one. The measurements
were performed using two microDiamonds and two Razor diodes in
order to speed up the process. The National Institute of Ionizing
Radiation Metrology (INMRI) of the Italian institute for new technol-
ogies, energy and the environment (ENEA) carried out a complete
characterization of both diamond dosimeters and Razor diodes to en-
sure the dosimetric equivalence of the detectors. Only one W1 detector
was used.

Alfonso [13] correction factors kQclin Qmsr
fclin fmsr

,
, were not considered for

any of the studied detectors. Details on Linac models involved in the
studies have been previously specified [4–6].

2.2. Radiosurgery units study

Eight radiosurgery units including all clinically available models
were enrolled [7]. Inter-linac beam quality (TPR20/10) variations were
below 2%. For each unit, OFdet were measured for fixed cone diameters
from 5 to 60mm using PTW 60017 unshielded silicon diode (routine-
used detector for all centers), PTW 60019 microDiamond, W1 PSD and

IBA Razor diode. Measurements protocol has been previously described
[9]. Published MC output correction factors specific for radiosurgery
unit [9] were applied to PTW 60017 measured OFdet obtaining the field
output factor for each cone size [13] as:

= OF k PTWΩ · ( 60017)Qclin Qmsr
fclin fmsr

PTW
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For each radiosurgery unit, microDiamond, W1 PSD and Razor
measured OFdet, were compared to PTW 60017 unshielded silicon diode
MC corrected values [17]. The consistency of data over different units
was evaluated calculating the ratio Kdet for each cone size and detector
[7] as:

=K
OF k

OF

· (PTW 60017)fclin fmsr
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Det= PTW 60019, W1 PSD, Razor.
Kdet is an estimation of the correction factor kQclin Qmsr

fclin fmsr
,
, needed for the

specific detector. kQclin Qmsr
fclin fmsr

,
, is expected to show small changes (< 2%)

for the same detector among different radiosurgery units and models
[20,21].

Since our first aim was to evaluate the different detectors perfor-
mance in a multicentre context, complete results have been collected
only for fixed collimators.

For IRIS variable aperture collimator, OF were measured also with
PTW 60019 and PTW 60017 [8] but not with W1 PSD. Moreover, these
data were not included in the final analysis due to the increased un-
certainty in field size diameter defined with the IRIS collimator.

3. Results

3.1. Linac study

Deviations between routinely-used detectors and microDiamond
were within 2.7% for FS>2×2 cm2. For 1× 1 cm2 FS, OFdet mea-
sured with micro-ion chambers were lower than microDiamond values,
with differences up to 10%, while for silicon diodes a maximum over-
estimation of about 3% was found. MicroDiamond data standard de-
viation (SD) was within 2% in the range of investigated FS down to
1×1 cm2.

Beam quality characterization with W1 PSD showed an average
TPR20/10 value for 6 MV energy beam of 0.670 ± 0.01 (for Varian li-
nacs) and 0.686 ± 0.01 (for Elekta linacs). The OFdet values for both
Varian and Elekta linacs showed a limited spread of data for FS greater
than 2×2 cm2, with a SD<1.5%.

In the third step, when Razor OFdet data were reported as a function
of EFS and clustered by linac model, the proposed analytical functions
fit within 1% to the data for FS>2×2 cm2.

For TrueBeam centers, the fit of OFdet determined using Razor with
the EFS had R2>0.999 with a mean and maximum deviation from the
predicted OFdet of 0.5% and 1.9% (EFS= 0.6 cm), respectively. Fig. 1
shows the deviations between the fitted curve and the measured OFdet
as a function of NFS (A) and EFS (B) for the eight centers analysed in
step 4. The quality of the mathematical relation, quantified by the mean
deviation between the fitted and the measured data, was3.4% for NFS
and 0.5% for EFS. In both cases, the maximum differences were ob-
served for the 0.6 cm aperture (5.0% for NFS and 1.9% for EFS).

3.2. Radiosurgery units study

Kdet curves as a function of cone diameter for microDiamond (a),
W1 PSD (b) and Razor diode (c) are shown in Fig. 2, averaged over all
radiosurgery units. Good consistency was observed among different
centers: inter-center variability (percentage range) was below 2% for
diameters down to 0.75 cm and increased at 0.5 cm up to 2.1% for
microDiamond, 4.5% for Razor and 4.9% for W1 PSD, respectively. The
increased variability observed at 0.5 cm for Razor and W1 was partially
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due to the data measured in one center deviating from the mean Kdet

value for more than 2.5%. The determined semi-empirical output cor-
rection factors averaged over all centers remained within 2% for both
microDiamond and W1 PSD, while for Razor the mean factor at 0.5 cm
is 0.958.

4. Discussion

The lack of a national audit program for small-field dosimetry,
performed by independent institutions on a regular basis, boosted the
need for a multi-center dosimetric intercomparison to identify sys-
tematic dosimetric uncertainties.

In the context of a working group dedicated to small-field dosi-
metry, the main focus was the OF determination for different types of
linac and radiosurgery systems, in a multi-site and multi-detector

approach. Output corrections factors, to be applied to experimentally
determined ratios of detectors readings, were used only for radio-
surgery units diode results, for which well established published MC
values were available [20]. The application of correction factors to
linac results was not possible in consideration of the multiple models of
linacs and the large variety of routinely-used detectors.

In a preliminary investigation [4], OF measurements with routinely
used detectors and nominal FS were re-collected with deviations among
centers up to 10% for the 1×1 cm2

field size. The use of micro-
Diamond in the same condition reduced the SD of the OF by about 50%,
being below 2% down to 1×1 cm2 FS, in good agreement with the
results obtained by on-site quality audits performed by the Radiological
Physics Center in the USA [10]. The use of plastic scintillator detector
still yielded a large variability for FS below 2×2 cm2, with limited
spread of data (SD<1.5%) for FS greater than 2×2 cm2 [5]. Using the

Fig. 1. Difference between theoretical values and OFdet measured with Razor plotted as function of (A) NFS and (B) EFS for Truebeam linacs with 10-FFF MV beam [7]. Prediction Limits
(PL) with confidence interval of 95% for each fit are reported. Error bars are also shown. The coefficients of the mathematical relation has been reported by Cagni et al. [7].

Fig. 2. Kdet values obtained as the ratio between PTW 60,017 MC corrected values and the measured OFdet respectively for PTW 60019 microDiamond, Exradin W1 PSD and Razor diode.
Mean values and standard deviations over the enrolled Cyberkinfe centers are shown.
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NFS for data reporting, the comparison between OF measured by dif-
ferent detectors could be affected by differences in the calibration of the
collimating devices performed at different times [4].

Regarding the average TPR20/10 value for 6MV beam measured
with the PSD, the results were consistent with the reference value of
0.676 reported by the IAEA 398 [22].

This exploratory phase resulted in better defined guidelines on how
to design our subsequent studies. A multicentric [6] study on small-field
dosimetry was then performed using the 10 FFF MV beam on 8 True-
Beam linacs, with the awareness that EFS measurements were manda-
tory when comparing OF data over different centers. A strong re-
lationship between OFdet and the EFS was obtained and its suitability in
evaluating uncorrect OF was assessed indicating the Razor as a good
detector for small-beam OF evaluation.

Furthermore, semi-empirical output correction factors, Kdet, for
microDiamond, plastic scintillator and Razor detectors relative to MC
corrected silicon diode [7,8] were evaluated, in the setting of a multi-
centric study on radiosurgery systems. Radiosurgery Kdet values de-
termined by our multisite approach showed high consistency among
centers. This uniformity in results emphasizes the value of a multi-
center study as a useful tool to identify inaccurate data from a single
center. This was probably the case for the single center showing de-
viating results for 0.5 cm cone size for two of the analysed detectors.
The center was contacted to check the data but measurements could not
be repeated because in the meantime the system had been uninstalled.
Since we were not able to clarify the cause of this outlying result, it was
not removed from the final analysis. The semi-empirical output cor-
rection factors were confirmed by MC calculated output correction
factors within 1% for the radiosurgery unit M6 model, published after
the completion of our study [21]. The agreement with independently
calculate MC kQclin Qmsr

fclin fmsr
,
, is a further validation of the adopted metho-

dology.
In summary, a first step have been completed to develop a national

dosimetry audit also in collaboration with ENEA. Our intercomparison
studies supported the improvement of accuracy and safety in small-field
dosimetry, in particular using extreme caution when selecting the do-
simeter and its placement within the field essential to avoid gross errors
in the determination of small-field OF data. As soon as, the national
dosimetry audit will focus on determining small field OF, any chal-
lenges or difficulties in the proposed methodology will be addressed
using the experience of this study.
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Supplementary data associated with this article can be found, in the
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References

[1] Das IJ, Ding GX, Ahnesjö A. Small fields: nonequilibrium radiation dosimetry. Med

Phys 2008;35(1):206–15.
[2] Bouchard H, Seuntjens J, Duane S, Kamio Y, Palmans H. Detector dose response in

megavoltage small photon beams. I. Theoretical concepts. Med Phys
2015;42(10):6033–47.

[3] Andreo P. The physics of small megavoltage photon beam dosimetry. Radiother
Oncol 2017. http://dx.doi.org/10.1016/j.radonc.2017.11.001. (in press).

[4] Russo S, Reggiori G, Cagni E, Clemente S, Esposito M, Falco MD, et al. Small field
output factors evaluation with a microDiamond detector over 30 Italian centers.
Phys Med 2016;32(12):1644–50.

[5] Mancosu P, Pasquino M, Reggiori G, Masi L, Russo S, Stasi M. Dosimetric char-
acterization of small fields using a plastic scintillator detector: a large multi center
study. Phys Med 2017;41:33–8.

[6] Cagni E, Russo S, Reggiori G, Bresciani S, Fedele D, Iori M, et al. Technical note:
multicenter study of TrueBeam FFF beams with a new stereotactic diode: can a
common small field signal ratio curve be defined? Med Phys 2016;43(10):5570–6.

[7] Masi L, Russo S, Francescon P, Doro R, Frassanito MC, Fumagalli ML, et al.
CyberKnife beam output factor measurements: a multi-site and multi-detector
study. Phys Med 2016;32(12):1637–43.

[8] Russo S, Masi L, Francescon P, Frassanito MC, Fumagalli ML, Marinelli M, et al.
Multicenter evaluation of a synthetic single-crystal diamond detector for CyberKnife
small field size output factors. Phys Med 2016;32(4):575–81.

[9] Beierholm AR; Behrens CF, Sibolt P, Rønde HS, Biancardo SBN, Aznar MC et al.
Reference dosimetry and small-field dosimetry in external beam radiotherapy:
Results from a Danish intercomparison study. DTU Nutech 2014 No8(EN); 5–26.

[10] Followill DS, Kry SF, Qin L, Lowenstein J, Molineu A, Alvarez P, et al. The
Radiological Physics Center's standard dataset for small field size output factors. J
Appl Clin Med Phys 2012;13(5):3962. Erratum in: J Appl Clin Med Phys.
2014;15(2):356-357.

[11] Underwood TSA, Winter HC, Hill MA, Fenwick JD. Detector density and small field
dosimetry: Integral versus point dose measurement schemes. Med Phys 2013;40(8).
082102-1-16.

[12] Francescon P, Cora S, Cavedon C. Total scatter factors of small beams: a multi-
detector and Monte Carlo study. Med Phys 2008;35(2):504–13.

[13] Alfonso R, Andreo P, Capote R, Huq MS, Kilby W, Kjäll P, et al. A new formalism for
reference dosimetry of small and nonstandard fields. Med Phys
2008;35(11):5179–86.

[14] Francescon P, Cora S, Satariano N. Calculation of (k(Q(clin), Q(msr))(f(clin), f(msr))
for several small detectors and for two linear accelerators using Monte Carlo si-
mulations. Med Phys 2011;38(12):6513–27.

[15] García-Garduño OA, Lárraga-Gutiérrez JM, Rodríguez-Villafuerte M, Martínez-
Dávalos A, Celis MA. Small photon beam measurements using radiochromic film
and Monte Carlo simulations in a water phantom. Radiother Oncol
2010;96(2):250–3.

[16] Talamonti C, Russo S, Falco MD, Bartoli A, Cagni E, Strigari L, et al. Relative Signal
Ratios using an unshielded silicon detector: data from 30 centers [abstract]. Radioth
Oncol 2017;123(Suppl 1):S779.

[17] Russo S, Masi L, Dicarolo PR, Doro R, De Martin E, Fumagalli ML, et al. New Razor
silicon diode for Cyber Knife small beam relative dosimetry: a multi-site evaluation.
Radiother Oncol 2017;123(Suppl 1):S412–3.

[18] Cranmer-Sargison G, Charles PH, Trapp JV, Thwaites DI. A methodological ap-
proach to reporting corrected small field relative outputs. Radiother Oncol
2013;109(3):350–5.

[19] Sauer OA, Wilbert J. Measurement of output ratios for small photon fields. Med
Phys 2007;34(6):1983–8.

[20] Francescon P, Kilby W, Satariano N, Cora S. Monte Carlo simulated correction
factors for machine specific reference field dose calibration and output factor
measurement using fixed and iris collimators on the CyberKnife system. Phys Med
Biol 2012;57:3741–58.

[21] Francescon P, Kilby W, Noll JM, Masi L, Satariano N, Russo S. Monte Carlo simu-
lated corrections for beam commissioning measurements with circular and MLC
shaped fields on the CyberKnife M6 system: a study including diode, microchamber,
point scintillator, and synthetic microdiamond detectors. Phys Med Biol
2017;62:1076–95.

[22] Absorbed Dose Determination in External Beam Radiotherapy. An International
Code of Practice for Dosimetry Based on Standards of Absorbed Dose to Water,
Technical Report Series No. 398, IAEA, Vienna, 2000.

S. Clemente et al. Physics and Imaging in Radiation Oncology 5 (2018) 93–96

96

http://dx.doi.org/10.1016/j.phro.2018.03.007
http://refhub.elsevier.com/S2405-6316(17)30083-0/h0005
http://refhub.elsevier.com/S2405-6316(17)30083-0/h0005
http://refhub.elsevier.com/S2405-6316(17)30083-0/h0010
http://refhub.elsevier.com/S2405-6316(17)30083-0/h0010
http://refhub.elsevier.com/S2405-6316(17)30083-0/h0010
http://dx.doi.org/10.1016/j.radonc.2017.11.001
http://refhub.elsevier.com/S2405-6316(17)30083-0/h0020
http://refhub.elsevier.com/S2405-6316(17)30083-0/h0020
http://refhub.elsevier.com/S2405-6316(17)30083-0/h0020
http://refhub.elsevier.com/S2405-6316(17)30083-0/h0025
http://refhub.elsevier.com/S2405-6316(17)30083-0/h0025
http://refhub.elsevier.com/S2405-6316(17)30083-0/h0025
http://refhub.elsevier.com/S2405-6316(17)30083-0/h0030
http://refhub.elsevier.com/S2405-6316(17)30083-0/h0030
http://refhub.elsevier.com/S2405-6316(17)30083-0/h0030
http://refhub.elsevier.com/S2405-6316(17)30083-0/h0035
http://refhub.elsevier.com/S2405-6316(17)30083-0/h0035
http://refhub.elsevier.com/S2405-6316(17)30083-0/h0035
http://refhub.elsevier.com/S2405-6316(17)30083-0/h0040
http://refhub.elsevier.com/S2405-6316(17)30083-0/h0040
http://refhub.elsevier.com/S2405-6316(17)30083-0/h0040
http://refhub.elsevier.com/S2405-6316(17)30083-0/h0050
http://refhub.elsevier.com/S2405-6316(17)30083-0/h0050
http://refhub.elsevier.com/S2405-6316(17)30083-0/h0050
http://refhub.elsevier.com/S2405-6316(17)30083-0/h0050
http://refhub.elsevier.com/S2405-6316(17)30083-0/h0055
http://refhub.elsevier.com/S2405-6316(17)30083-0/h0055
http://refhub.elsevier.com/S2405-6316(17)30083-0/h0055
http://refhub.elsevier.com/S2405-6316(17)30083-0/h0060
http://refhub.elsevier.com/S2405-6316(17)30083-0/h0060
http://refhub.elsevier.com/S2405-6316(17)30083-0/h0065
http://refhub.elsevier.com/S2405-6316(17)30083-0/h0065
http://refhub.elsevier.com/S2405-6316(17)30083-0/h0065
http://refhub.elsevier.com/S2405-6316(17)30083-0/h0070
http://refhub.elsevier.com/S2405-6316(17)30083-0/h0070
http://refhub.elsevier.com/S2405-6316(17)30083-0/h0070
http://refhub.elsevier.com/S2405-6316(17)30083-0/h0075
http://refhub.elsevier.com/S2405-6316(17)30083-0/h0075
http://refhub.elsevier.com/S2405-6316(17)30083-0/h0075
http://refhub.elsevier.com/S2405-6316(17)30083-0/h0075
http://refhub.elsevier.com/S2405-6316(17)30083-0/h0080
http://refhub.elsevier.com/S2405-6316(17)30083-0/h0080
http://refhub.elsevier.com/S2405-6316(17)30083-0/h0080
http://refhub.elsevier.com/S2405-6316(17)30083-0/h0085
http://refhub.elsevier.com/S2405-6316(17)30083-0/h0085
http://refhub.elsevier.com/S2405-6316(17)30083-0/h0085
http://refhub.elsevier.com/S2405-6316(17)30083-0/h0090
http://refhub.elsevier.com/S2405-6316(17)30083-0/h0090
http://refhub.elsevier.com/S2405-6316(17)30083-0/h0090
http://refhub.elsevier.com/S2405-6316(17)30083-0/h0095
http://refhub.elsevier.com/S2405-6316(17)30083-0/h0095
http://refhub.elsevier.com/S2405-6316(17)30083-0/h0100
http://refhub.elsevier.com/S2405-6316(17)30083-0/h0100
http://refhub.elsevier.com/S2405-6316(17)30083-0/h0100
http://refhub.elsevier.com/S2405-6316(17)30083-0/h0100
http://refhub.elsevier.com/S2405-6316(17)30083-0/h0105
http://refhub.elsevier.com/S2405-6316(17)30083-0/h0105
http://refhub.elsevier.com/S2405-6316(17)30083-0/h0105
http://refhub.elsevier.com/S2405-6316(17)30083-0/h0105
http://refhub.elsevier.com/S2405-6316(17)30083-0/h0105

	A multi-center output factor intercomparison to uncover systematic inaccuracies in small field dosimetry
	Introduction
	Methods and materials
	Linac study
	Radiosurgery units study

	Results
	Linac study
	Radiosurgery units study

	Discussion
	Declarations of interest
	Supplementary data
	References




