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Purpose: Radiosurgery using the Leksell Gamma Knife® (LGK) Icon™ is an established technique
used for treating intracranial lesions. The largest beam field size the LGK Icon can produce is a
16 mm diameter sphere. Despite this, reference dosimetry on the LGK Icon is typically performed
using ionization chambers calibrated in 10 × 10 cm2 fields. Furthermore, plastic phantoms are
widely used instead of liquid water phantoms. In an effort to resolve these issues, the International
Atomic Energy Agency (IAEA) in collaboration with American Association of Physicists in medi-
cine (AAPM) recently published Technical Report Series No. 483 (TRS-483) as a Code of Practice
for small-field dosimetry. TRS-483 includes small-field correction factors, k fmsr, f ref

Qmsr,Q0
, intended to

account for the differences between setups when using small-field modalities such as the LGK Icon,
and conventional setups. Since the publication of TRS-483, at least three new sets of values of
k fmsr , f ref
Qmsr ,Q0

for the LGK Icon have been published. The purpose of this study was to experimentally
investigate the published values of k fmsr, f ref

Qmsr,Q0
for commonly used phantom and ionization chamber (IC)

models for the LGK Icon.
Methods: Dose-rates from two LGK units were determined using acrylonitrile butadiene styrene
(ABS) and Certified Medical Grade Solid Water® (SW) phantoms, and PTW 31010 and PTW 31016
ICs. Correction factors were applied, and the resulting dose-rates compared. Relative validity of the
correction factors was investigated by taking the ratios of dose-rate correction factor products. Addi-
tionally, dose-rates from the individual sectors were determined in order to calculate the beam attenu-
ation caused by the ABS phantom adapter.
Results and Conclusions: It was seen that the dose-rate is underestimated by at least 1% when using
the ABS phantom, which was attributed to fluence perturbation caused by the IC and phantom adap-
ter. Published correction factors k fmsr , f ref

Qmsr ,Q0
account for these effects to varying degree and should be

used. The SW phantom is unlikely to underestimate the dose-rate by more than 1%, and applying
k fmsr , f ref
Qmsr ,Q0

could not be shown to be necessary. Out of the two phantom models, the ABS phantom is
not recommended for use in LGK reference dosimetry. The use of newly published values of k fmsr , f ref

Qmsr ,Q0

should be considered. © 2020 The Authors. Medical Physics published by Wiley Periodicals LLC on
behalf of American Association of Physicists in Medicine [https://doi.org/10.1002/mp.14561]
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1. INTRODUCTION

Stereotactic radiosurgery using the Leksell Gamma Knife®

(LGK, Elekta Instrument AB, Stockholm, Sweden) is a well-
established modality used to treat a multitude of intracranial
lesions. Currently there are more than 300 LGK centers
worldwide treating more than 80 000 patients annually.1 The
LGK Icon™ produces a radiation beam via 192 60Co sources
which are evenly distributed along a conical surface. The
conical surface is divided into eight sectors which can be
individually programmed to align with circular collimators
yielding fields with diameters 4, 8, or 16 mm. The 60Co

beams coincide at a focal point, resulting in a small compos-
ite field with steep dose gradients.

While the LGK Icon boasts highly conformal dose distri-
butions, the amount of absorbed dose in the patient is a sub-
ject of controversy. The LGK Icon cannot realize the
reference field conditions in terms of field size, geometry,
and phantom material advocated in clinically used Codes of
Practice (CoPs), for example, Technical Reports Series No.
398 (TRS-398) published by the International Atomic Energy
Agency (IAEA), and Task Group 51 (TG-51) published by
the American Association of Physicists in Medicine
(AAPM).2,3 In particular, the reference field size of 10 cm ×
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10 cm cannot be conceived by the LGK Icon, whose largest
field is 16 mm in diameter. It is known that as the field size
gets small (field half width or field radius <~2 cm for
6–15 MV photon beams; <~0.6 cm for 60Co beams), small-
field dosimetric phenomena emerge, leading to an underesti-
mation of dose output if not accounted for.4–7 The issues of
small fields are not unique to the LGK Icon and are present
in other radiosurgery modalities such as the CyberKnife® and
TomoTherapy® Hi-ART® (Accuray, Inc., Sunnyvale, CA,
USA), as well as linear accelerators with micro multi-leaf col-
limators.

In the absence of formal CoPs for small-field dosime-
try, methodology for LGK reference dosimetry has histori-
cally been decided independently by clinics. Typically,
LGK Icon dose-rates are determined using ionization
chambers (ICs) calibrated in conventional reference condi-
tions (i.e., according to TRS-398 or TG-51) along with
spherical plastic phantoms in a 16 mm diameter field, or
using an air kerma-based approach, that is, Task Group 21
(TG-21).8 There is thus a mismatch in field size, geome-
try, and phantom material, for which the calibration coeffi-
cients of the ICs are obtained.

A formalism was published by Alfonso et al.9 with the
intent of resolving the issue of dosimetry on machines
where replication of reference conditions is not possible.
The formalism introduced a concept of machine-specific ref-
erence (msr) fields and a small-field correction factor
k fmsr , f ref
Qmsr ,Q0

linking calibration conditions with machine condi-
tions, where k fmsr , f ref

Qmsr ,Q0
is defined as the ratio of calibration

coefficients for an IC under msr conditions and calibration
conditions. As the name implies, the msr field acts as a ref-
erence field and is uniquely defined for each type of
machine. For the LGK Icon, the msr field is defined as the
composite field constructed when all sectors are aligned
with 16 mm collimators, which is the largest conceivable
field. With msr fields defined, it is the vision that small-field
effects can be accounted for by applying the k fmsr , f ref

Qmsr ,Q0
correc-

tion factor. The formalism has been adopted into the Techni-
cal Report Series No. 483 (TRS-483, IAEA) CoP intended
for dosimetry of small static fields.10,11 At the time of publi-
cation of TRS-483, only one set of k fmsr , f ref

Qmsr ,Q0
values had been

published, and are therefore the only values included in the
CoP.12 Since the publication of TRS-483, at least three addi-
tional sets of k fmsr , f ref

Qmsr ,Q0
values have been published, all of

which exhibit slight differences in methodology and
results.13–15 Despite a surge of interest in small-field correc-
tion factors for the LGK Icon, few attempts have been made
to verify them experimentally.16,17 During commissioning of
an LGK Icon at Karolinska University Hospital, Stockholm,
Sweden, in September 2018, dose-rates were determined
using an acrylonitrile butadiene styrene (ABS) phantom,
and a Certified Medical Grade Solid Water® (SW) phantom.
A discrepancy in determined dose-rates between using the
two phantom models was seen (M. Fager, personal commu-
nication, 25 April 2019). While the discrepancy was
expected, its magnitude did not match the corrections pre-
dicted by the factors from TRS-483. In other words, the

correction factors in TRS-483 appeared to be inaccurate for
this case.

The aim of this study was to experimentally investigate all
published correction factors for two phantom types and two
IC models commonly used in LGK Icon radiation dosimetry,
and to assess whether the newly published correction factors
should be considered for inclusion in TRS-483.

2. MATERIALS AND METHODS

According the TRS-483 CoP, absorbed dose to water in
absence of a detector, Dfmsr

w,Qmsr
, is determined by.

Dfmsr
w,Qmsr

¼M fmsr
Qmsr

N f ref
D,w,Q0

k fmsr , f ref
Qmsr ,Q0

(1)

where
fmsr is the machine-specific reference field (= all eight

sectors aligned with 16 mm collimators for the LGK Icon);
f ref is the reference field used when calibrating the detec-

tor at the standards laboratory at a depth of 10 g cm-2 in
water in a source-to-axis setup;

Qmsr and Q0 are the beam qualities in the msr and calibra-
tion fields. While 60Co is typically used in both cases,
small-field effects may cause the beam quality at the point of
measurement in the msr field to differ from the calibration
beam quality;

Dfmsr
w,Qmsr

is the absorbed dose (Gy) to water in the absence
of a detector, in the field fmsr in a beam with quality Qmsr;

M fmsr
Qmsr

is the measured charge (C) in the field fmsr with
beam quality Qmsr, corrected for temperature, pressure,
humidity, polarity effects, recombination effects, and elec-
trometer;

N f ref
D,w,Q0

is the detector calibration coefficient (Gy C-1)
determined in the conventional reference field f ref in a beam
with quality Q0;

k fmsr , f ref
Qmsr ,Q0

is a small-field correction factor that accounts for
the differences in beam quality, field size, phantom material,
detector, and overall geometry between the reference and the
machine-specific conditions.

The small-field correction factor k fmsr , f ref
Qmsr ,Q0

is defined as the
ratio of detector calibration coefficients in the msr and refer-
ence fields. By making the approximation that measured
charge by a detector is proportional to average absorbed dose
within the detector sensitive volume, k fmsr, f ref

Qmsr,Q0
can be deter-

mined via.

k fmsr, f ref
Qmsr,Q0

¼N fmsr
D,w,Qmsr

N f ref
D,w,Q0

¼Dfmsr
w,Qmsr

=M fmsr
Qmsr

Df ref
w,Q0

=M f ref
Q0

≈
Dfmsr

w,Qmsr
=�Dfmsr

det,Qmsr

Df ref
w,Q0

=�Df ref
det,Q0

: (2)

where all the individual factors of the right-most term of Eq.
(2) can be numerically determined via Monte Carlo methods.
The to date published values of k fmsr, f ref

Qmsr,Q0
for two phantom and

IC models are summarized in Table I.
Two PTW 31010 and two PTW 31016 ICs (PTW Freiburg

GmbH, Freiburg, Germany) calibrated at either the Swedish
Radiation Safety Authority, Stockholm, Sweden, or PTW
Freiburg, Freiburg, Germany, were used in this study. These
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two IC models are commonly used in LGK Icon dosimetry,
particularly in Europe and Asia. The specifications of the IC
models are presented in Table II.

There are two phantom models commonly used for LGK
Icon dosimetry: an acrylonitrile butadiene styrene (ABS)
phantom and a Certified Medical Grade Solid Water® (SW)
phantom (Fig. 1). Both phantom models are provided to
LGK centers by the vendor (Elekta). The SW phantom is
intended to be more equivalent to water than the ABS phan-
tom in terms of mass density, electron density, and atomic
composition. Still, the ABS phantom is more commonly used
in clinics for economic reasons. Both phantom models are
spherical with 16 cm diameters. The phantoms have slots for
inserts with holes drilled according to the geometrical specifi-
cations of specific detector models. The phantoms attach to
aluminum adapters specific to the phantom model. The adap-
ters attach to the LGK Icon couch, projecting the phantoms
onto the LGK Icon stereotactic space. Two ABS phantoms
and one SW phantom were used in this study. One unique
insert per IC-phantom combination was used, except for the

31010 IC - ABS phantom combination, where two duplicate
inserts were available.

The ABS phantom adapter is partially occluding the pri-
mary beam in sectors 3 and 7 [Fig. 2(a)], and has been shown
to attenuate the beam by approximately 1%.13,18 The studies
by Johansson et al.12 and Zoros et al.13 included the ABS
adapter in their simulations while the studies by Mirzakha-
nian et al.14 and Schaarschmidt et al.15 did not. The SW phan-
tom adapter is not directly in the primary beam path and its
effect on dose-rate is assumed to be negligible.

2.A. Detector orientation within the ABS phantom

There are two detector orientations commonly used in the
ABS phantom (Fig. 3):

1. Perpendicular orientation: The detector is oriented per-
pendicular to the LGK Icon stereotactic z-axis, offset
by 45° from the xz-plane. The correction factors by
Johansson et al.12 and Zoros et al.13 were determined
using the perpendicular orientation. Mirzakhanian
et al.14 determined correction factors using both detec-
tor orientations, though only the values determined
using the perpendicular orientation are included in this
study. If not explicitly noted, all ABS phantom mea-
surements were performed using the perpendicular ori-
entation in this study.

TABLE I. Published values of kfmsr ,fref
Qmsr ,Q0

for two phantom and ionization cham-
ber models.

Monte Carlo
code

Johansson
et al.12

Zoros
et al.13

Mirzakhanian
et al.14

Schaarschmidt
et al.15

PENELOPE EGSnrc EGSnrc GEANT4

ABS phantom

Includes
adapter?

Yes Yes No No

PTW
T31010

1.015
(0.4%)

1.022
(0.8%)

1.024 (0.9%) 1.002* (1.8%)

PTW
T31016

1.011 (0.4%) 1.023
(0.8%)

1.014 (0.9%) 1.006* (2.2%)

SW phantom

PTW
T31010

1.004
(0.4%)

1.008
(0.8%)

1.009 (0.9%) 0.997 (1.8%)

PTW
T31016

1.004
(0.4%)

1.005
(0.8%)

1.011 (0.9%) 1.005 (2.2%)

Combined Type A and Type B uncertainties are denoted in the parentheses
(k = 2). All values were numerically determined. Inclusion of the ABS adapter in
the simulated geometry is denoted. *A parallel detector orientation was used.

TABLE II. Specifications of the two ionization chamber models used in this
study.

Directional dependency ≤ �0.5% rotationally ≤ �0.5% rotationally

Electrode material Al 99.98 Al 99.98

IC model PTW Type 31010 PTW Type 31016

Sensitive volume 0.125 cm3 0.016 cm3

Wall material 0.55 mm PMMA
0.15 mm graphite

0.57 mm PMMA
0.09 mm graphite

Electrode diameter 1.1 mm 0.3 mm

The small sensitive volumes and low-directional dependency make these ioniza-
tion chambers appropriate for small-field dosimetry.

FIG. 1. The two phantom types and respective measurement setups used; (a)
ABS phantom; (b) SW phantom. [Color figure can be viewed at wileyonline
library.com]

FIG. 2. (a) Cut-away view (not to scale) of the ABS phantom (gray disk) and
phantom adapter (red squares) in the irradiation position. The beam focus is
the white dot in the geometric center. b) Example of a custom dose plan (dose
delivery view) designed for measuring the output of sector 2. [Color figure
can be viewed at wileyonlinelibrary.com]
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2. Parallel orientation: The detector is oriented centrally
and parallel to the z-axis. Note that the ABS adapter
obstructs the detector from lying exactly in the xz-
plane. The correction factors by Schaarschmidt et al.15

were determined using the parallel orientation.

In both detector orientations, the sensitive volume of the
IC is centered in the LGK Icon beam focus, however in the
perpendicular orientation part of the primary beam impinges
on the IC from behind.

Two LGK units were used in this study: one LGK Icon
and one LGK Perfexion™. Both LGK units were located at
Karolinska University Hospital, Stockholm, Sweden. The
LGK Icon has on-board imaging capabilities in terms of a
cone-beam computed tomography system, whereas the LGK
Perfexion does not. Aside from dose-rate (i.e., source activ-
ity), the LGK Perfexion is dosimetrically identical to the
LGK Icon in terms of beam quality and geometry. All deter-
mined dose-rates were corrected for the difference in source
activity between the LGK Icon and LGK Perfexion, as well
as the radioactive decay of the sources during the time span
of this study.

Dose-rates were determined using Eq. (1) divided with
time. Charge was integrated over 1 min using a PTW Unidos
E Electrometer. Measurements were repeated until six consis-
tent values were achieved while avoiding trends. Measured
charge was corrected for temperature and pressure. Polarity
and recombination effects were determined once for each IC.
The electrometer, thermometer, and barometer were cali-
brated at SP Technical Research Institute of Sweden (SP). All
ICs were pre-irradiated with at least 10 Gy, and were con-
nected to the electrometer for at least 15 min before measure-
ments. Leakage current was less than 0.1% of the total

current. Chamber voltages of −400 V and +400 V were used
for the 31010 and 31016 ICs, respectively.

The dose-rate determined with the 31010 IC and SW phan-
tom was chosen as a baseline since this combination of equip-
ment was the one routinely used in the clinic, even though it
does not necessarily reflect the true dose-rate.

2.B. Ratios of dose-rates

The relative validity of the small-field correction factors
was investigated by evaluating the ratio of phantom measure-
ments, ζxa=b, and the ratio of detector measurements, ξax=y,

ζxa=b ¼
_D
0
phan:a

_D
0
phan:b

� kphan:a
kphan:b

" #
detector x

(3)

ξax=y ¼
_D
0
det:x

_D
0
det:y

� kdet:x
kdet:y

" #
phantom a

(4)

where _D
0
is the determined dose-rate not multiplied with the

small-field correction factor, and k≡k fmsr , f ref
Qmsr ,Q0

is the small-field
correction factor, for phantom a,b, and detector x, y. The val-
ues of ζxa=b and ξax=y are expected to be unity if the values of k
are accurate relative to each other.

2.C. Sector measurements

In order to investigate the attenuation caused by the ABS
phantom adapter, the dose-rate of each sector of the LGK
Icon was determined independently using both IC and phan-
tom models and custom dose plans [Fig. 2(b)] where only
one sector was open at a time. Both the perpendicular and
parallel detector orientations were used with the ABS phan-
toms. The beam attenuation was calculated (see Bhatnagar
et al.18 for details) and an attenuation correction factor β was
applied [Eq. (5)] to the values of k fmsr , f ref

Qmsr ,Q0
determined by

Mirzakhanian et al.14 to compensate for the absence of the
ABS adapter in their simulations, resulting in a fifth set of
correction factors.

k fmsr , f ref
Qmsr ,Q0

h i
β�Mirzakhanian

≡β � k fmsr , f ref
Qmsr ,Q0

h i
Mirzakhanian

(5)

where k fmsr , f ref
Qmsr ,Q0

h i
Mirzakhanian

is the original set of values by

Mirzakhanian et al.14 The factor β was not applied to the set
of correction factors by Schaarschmidt et al.15 since their cor-
rection factors were determined using the parallel detector
orientation. The beam output from each sector was also mea-
sured using the SW phantom to determine the relative source
strength in each sector.

2.D. Uncertainty analysis

Uncertainty was calculated in concordance with the Guide
of the Expression of Uncertainty in Measurement.19 The
uncertainty of the calibration coefficients ND,w was given in
the calibration certificates by the Secondary Standards

FIG. 3. The two detector orientations used with the ABS phantom: (a) per-
pendicular mode; (b) parallel mode (image has been horizontally flipped for
clarity); (c)-(d) 3D-renders of the perpendicular and parallel mode, respec-
tively. [Color figure can be viewed at wileyonlinelibrary.com]
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Dosimetry Laboratory at the The Swedish Radiation Safety
Authority. All uncertainties in this paper are expressed with
coverage factor k = 2. No correlation between any uncertain-
ties was assumed. Statistical significance was investigated
using a two-sample t-test and the level of statistical signifi-
cance was set to p ≤ 0.05. Uncertainties considered in this
study are presented in Table III under Results.

3. RESULTS

No significant differences in determined dose-rates were
seen between using the two ABS phantoms, the two 31010-
ABS phantom inserts, the two 31010 ICs, the two 31016 ICs,
and the LGK Icon and LGK Perfexion units. The setups for
measurements using these doublets of equipment were there-
fore treated identically, and the data were combined in the
subsequent analysis. Uncertainties considered in this study
are presented in Table III.

3.A. Small-field correction factors

Dose-rates normalized to the dose-rate determined with
the 31010 IC and SW phantom are summarized in Fig. 4 and
Table IV.

No significant difference was seen between the uncor-
rected dose-rates when using the 31010 and 31016 ICs with
the SW phantom [Figs. 4(a) and 4(b)]. All correction factors
(except Schaarschmidt et al.15 for the 31010 IC) increased the
dose-rate, but were not significantly different from the uncor-
rected value.

The uncorrected dose-rates when using the ABS phan-
toms [Figs. 4(c) and 4(d)] was significantly lower than when
using the SW phantom for the 31010 IC (−2.2%). This also
appeared to be the case for the 31016 IC (−1.3%), but was not
significant. All correction factors appeared to yield dose-rates
closer to the baseline for both ICs. For the 31010 IC, the cor-
rection factors by Zoros et al.13 and Mirzakhanian et al.14

yielded values close to the baseline (1.00 � 0.014 and

1.00 � 0.015, respectively). The value by Johansson et al.12

also appeared to improve the uncorrected value
(0.99 � 0.012). For the 31016 IC, the correction factors
Johansson et al.12 and Mirzakhanian et al.14 yielded values
close to the baseline (1.00 � 0.013 and 1.00 � 0.015, respec-
tively). For both ICs, the adapter-modified correction factors,
β�Mirzakhanian et al.,14 yielded values ~1% above the base-
line, as did the correction factors by Zoros et al.13 for the
31016 IC.

3.B. Ratios of dose-rates

Values of ζABS=SW and ξ31010=31016 are summarized in
Fig. 5 and Table V.

The ABS/SW-phantom ratio, ζABS=SW, only the uncor-
rected dose-rate for the 31010 IC was significantly below
unity (−2.2%). For the 31010 IC [Fig. 5(a)], applying small-
field correction factors improved all ratios, bringing them
closer to unity, though tended to fall short by approximately
1%. The correction factors by Mirzakhanian et al.14 modified
with the adapter attenuation constant (+0.8%) performed the
best, rendering a ratio of 1.00 � 0.022. For the 31016 IC
[Fig. 5(b)], applying small-field correction factors appeared
to improve all ratios, with the correction factors by Zoros
et al.13 and the adapter-modified correction factors by Mirza-
khanian et al.14 performing the best, rendering ratios of
1.00 � 0.021 and 1.00 � 0.023, respectively.

The 31010/31016-IC ratio, ξ31010=31016, of uncorrected
dose-rates was within unity for all cases. None of the correc-
tion factors changed the ratio significantly.

3.C. Sector measurements

A reduction in measured beam output was seen in sectors
3 and 7 when measuring with the ABS phantom using a par-
allel detector orientation [Fig. 6(a)]. The value of β was deter-
mined to be 1.008 � 0.007, corresponding to an average total
percentage reduction in beam output by 0.8%. The average
determined dose-rate was 1.5% less for the perpendicular ori-
entation compared to the parallel orientation, which seemed
to emanate from a reduction in beam output from sectors 7
and 8 [Fig. 6(b)]. No apparent reduction in output was
seen in any sector when measuring with the SW phantom
[Fig. 6(c)].

4. DISCUSSION

4.A. Baseline vs. the true dose-rate

The dose-rate determined with the SW phantom and
31010 IC was used as a baseline for mathematical compar-
isons. This combination of equipment is commonly used in
clinics, and it was suspected that the SW phantom yields
dose-rates closer to the true value than the ABS phantom
does. Nevertheless, the baseline should not be interpreted as
the true dose-rate. Ideally a reference acting as the true dose-
rate would have been used. Microfluidic calorimeters for the

TABLE III. Uncertainties considered in this study.

Source of uncertainty Uncertainty (%)

Statistical (2σ) 31010-ABS 0.6

31010-SW 0.3

31016-ABS 0.8

31016-SW 1.1

Electrometer 0.5

ND,w 1.0

β 0.7

Total (excluding k fmsr , f ref
Qmsr ,Q0

) 31010-ABS 1.3

31010-SW 1.2

31016-ABS 1.4

31016-SW 1.6

Combined Type A and Type B uncertainties with a coverage factor k = 2 are dis-
played. The uncertainties of the kfmsr ,fref

Qmsr ,Q0
factors are presented in Table I.
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purpose of small-field dosimetry have been investigated, but
their practical feasibility remains to be proven.20 Thermolu-
minescent dosimeters were opted out of usage in this study
due to their intrinsically high uncertainties, and the use of
other detectors was limited by the available phantom inserts.
It was assumed that the SW phantom yields dose-rates closer
to the true value than the ABS phantom due to the absence of
fluence perturbation caused by the IC and phantom adapter.

Judging by the published values of k fmsr , f ref
Qmsr ,Q0

, the true dose-rate
is still underestimated by the SW phantom by roughly 1%,
though this could not be proven in this study.

4.B. The SW phantom vs. the ABS phantom

No significant difference in detector response was seen
between the 31010 and 31016 IC models when using the SW
phantom. The parallel detector orientation was used with the
SW phantom, and perhaps the difference in electrode diame-
ter between the two ICs plays a lesser role in this case. The
LGK radiation field is azimuthally symmetric, and there may
less beam perturbation caused by the electrode itself when in
the parallel orientation. The similar performance of the two
IC models with the SW phantom was predicted by most pub-
lished data, reporting values of k31010=31016

� �
SW≈1.12–14

For the ABS phantoms, the determined dose-rates were
seen to be on average lower than the dose-rates determined
with the SW phantom. This can mainly be attributed to three
reasons:

• Differences in material properties (electron density,
mass density). The role of phantom material electron
density on k fmsr , f ref

Qmsr ,Q0
has been shown to follow a linear

relationship.14 Different values for electron densities
were used in the studies by Johansson et al.12 and Zoros
et al.13, and this fact may therefore be reflected in the
different values of k fmsr , f ref

Qmsr ,Q0
. Using the method reported

in Mirzakhanian et al.14, the difference in k fmsr, f ref
Qmsr,Q0

is less
than 0.4%. Though it should be pointed out that the true
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FIG. 4. Determined dose-rates normalized to the baseline for the SW and ABS phantoms, along with the 31010 and 31016 ICs. The uncertainty bars correspond
to the combined Type A and Type B uncertainty with k = 2.

TABLE IV. Determined dose-rates (normalized), with applied small-field cor-
rection factors, for the ABS and SW phantoms, and 31010 and 31016 ioniza-
tion chambers.

_D �k fmsr , f ref
Qmsr ,Q0

= _D
SW
31010

PTW 31010 PTW 31016

SW phantom

Uncorrected 1 � 0.012 1.00 � 0.020

Johansson et al.12 1.00 � 0.012 1.01 � 0.020

Zoros et al.13 1.01 � 0.014 1.01 � 0.021

Mirzakhanian et al.14 1.01 � 0.015 1.01 � 0.022

Schaarschmidt et al.15 1.00 � 0.021 1.01 � 0.030

ABS phantom

Uncorrected 0.98 � 0.017 0.99 � 0.018

Johansson et al.12 0.99 � 0.018 1.00 � 0.019

Zoros et al.13 1.00 � 0.019 1.01 � 0.020

Mirzakhanian et al.14 1.00 � 0.019 1.00 � 0.020

β�Mirzakhanian et al.14 1.01 � 0.021 1.01 � 0.021

Schaarschmidt et al.15 0.98 � 0.025 0.99 � 0.029
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values of the electron density of the ABS and SW mate-
rials are not conclusively known, and the impact on
k fmsr , f ref
Qmsr ,Q0

could thus be greater than 0.4%. The effect of
mass density on k fmsr , f ref

Qmsr ,Q0
has not been investigated in

particular, but it is not likely to contribute the difference
significantly given the close values of the reported mass
densities between the SW and ABS phantom models.
Novotny et al.21 investigated the constancy of mass den-
sity of 13 ABS phantoms and saw a percentage output
variation in the range from −0.72% to 0.48%. However,
in this study, the two ABS phantoms performed remark-
ably similarly (�_DABS1=

�_DABS2 ¼ 1:000�0:016).
• Attenuation caused by the ABS adapter. The attenuation

caused by the ABS adapter was determined to be 0.8%.
This is comparable with previous studies which deter-
mined the attenuation to be on the order of 1%.13,18

Meanwhile, the SW phantom adapter does not attenuate
the beam directly. This emphasizes the importance of
including the ABS adapter when determining k fmsr , f ref

Qmsr ,Q0
,

and perhaps to a greater extent, the unfitness of the
ABS phantom for use in reference dosimetry.

• Difference in detector orientation. The measurements
using the SW and ABS phantom were performed with
the parallel and perpendicular detector orientation
respectively. When the detector is in the perpendicular
orientation, the IC stem and cable are directly in the pri-
mary beam path. Stem effects caused by the IC stem
being in the primary beam have been shown to artifi-
cially increase the detector signal.22 Though in this
study an overall decrease was seen, suggesting that
beam fluence perturbation caused by the IC plays a
greater role in this case.
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FIG. 5. Ratios of determined dose-rates with applied small-field correction factors using SWand ABS phantom models, and 31010 and 31016 ionization chamber
models. The uncertainty bars correspond to the combined Type A and Type B uncertainty with k = 2.

TABLE V. Ratios of determined dose-rates with applied small-field correction factors using SW and ABS phantom models, and 31010 and 31016 ionization cham-
ber models.

ζ31010ABS=SW ζ31016ABS=SW ξSW31010=31016 ξABS31010=31016

Uncorrected 0.98 � 0.017 0.99 � 0.021 1.00 � 0.020 0.99 � 0.019

Johansson et al.12 0.99 � 0.018 0.99 � 0.022 1.00 � 0.021 1.00 � 0.020

Zoros et al.13 0.99 � 0.021 1.00 � 0.024 1.00 � 0.023 0.99 � 0.022

Mirzakhanian et al.14 0.99 � 0.021 0.99 � 0.025 1.00 � 0.024 1.00 � 0.023

β�Mirzakhanian et al.14 1.00 � 0.023 1.00 � 0.026 * †

Schaarschmidt et al.15 0.98 � 0.031 0.99 � 0.038 0.99 � 0.035 0.99 � 0.034

*The adapter attenuation factor β is not applicable when using the SW phantom.
†The adapter attenuation factor β is canceled out in this case.
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If the material differences between the phantoms are
neglected by setting the material factor kmaterial = 1, and we
only consider the impact of the phantom adapter, kadapter, and
the detector orientation, korientation, factoring the three contribu-
tions ðktotal¼ kmaterial � kadapter � korientation ¼ 1 �1:008 �1:015Þ for
the ABS phantom yields a −2.3% expected difference in deter-
mined dose-rates between using the ABS and SW phantom.
This agrees with the difference between the phantom models
seen in this study for the 31010 IC (−2.2% � 1.7%), but likely
to a lesser extent with the 31016 IC (−1.3% � 1.8%). Since
neither the phantom material properties nor the beam attenua-
tion caused by the ABS adapter should depend on the IC
model used, it appears the orientation factor (=1.5%) for the
31016 IC has been overestimated. The output differences for
the two detector orientations were determined as a secondary
objective from the sector tests in this study, which were only
performed once per orientation and IC and may be considered
statistically weak. Indeed, Mirzakhanian et al.14 investigated
the difference in beam perturbation caused by the IC stem,
wall, electrode, cavity, and volume averaging via MC simula-
tions, and instead saw a 0.8% decrease in detector response for
the 31016 IC for the perpendicular orientation as compared to
the parallel orientation. This value agrees with the dose-rate
discrepancies seen in this study. It is clear the perpendicular
detector orientation will decrease the apparent dose-rate, and
this should be clarified in CoPs.

4.C. Comparison of kfmsr,fref
Qmsr,Q0

values

For the ABS phantom, when using the perpendicular ori-
entation, the dose-rate is underestimated by at least 2% and
1% for the 31010 and 31016 ICs, respectively, if not corrected

for. The k fmsr , f ref
Qmsr ,Q0

values included in TRS-483 improve the esti-
mated dose-rates for both ICs, yielding values close to the
SW-determined dose-rates (though it should be noted that

only the values of k fmsr , f ref
Qmsr ,Q0

determined by Johansson et al.12

are included in TRS-483, hence the CoP lacks any values of

k fmsr , f ref
Qmsr ,Q0

intended for the parallel detector orientation). The

ABS phantom along with the TRS-483 CoP may therefore
serve as an economical compromise in lieu of using a SW
phantom. However, if the true dose-rate is ~1% greater than
the SW-determined dose-rate as predicted by most published

values of k fmsr , f ref
Qmsr ,Q0

, then the values of k fmsr , f ref
Qmsr ,Q0

by Zoros et al.13

and Mirzakhanian et al.14 may be more appropriate for the
ABS phantom. Modifying the latter values to account for the
ABS adapter may further yield dose-rates closer to the true
value, as supported by the values of phantom ratios ϕABS=SW,
but this remains to be proven. Extending the study by Mirza-
khanian et al.14 to include the ABS adapter in their simula-
tions would be of interest. Noteworthy is the similarity in
determined dose-rates of the sectors not obstructed by the
ABS adapter when using the ABS phantom in the parallel
orientation and the SW phantom [Fig. 6(a)]. Indeed, the dif-
ferences in material properties seemed to have a negligible

impact on k fmsr, f ref
Qmsr,Q0

since the attenuation by the ABS adapter
combined with the difference in detector orientation manages
to fully account for the difference in determined dose-rates
between using the SW and ABS phantoms. This implies that
the detector orientation and thus fluence perturbation plays a
greater role than perhaps expected, and that the ABS phan-
tom may be able to perform similar to the SW phantom if the
ABS adapter was modified not to occlude the primary beam
and to force a parallel detector orientation. Thorough investi-
gation of the difference in detector response between the two
orientations may shed light on this question.

The small-field correction factors for the SW phantom
published in TRS-483 do not deviate from unity significantly,
nor do the factors determined by Zoros et al.13 or Schaarsch-
midt et al.15 and justifying their use may be difficult in their
current state. The factors by Mirzakhanian et al.14 while sig-
nificantly greater than unity could still not be proven to be
useful in this study. These facts speak in favor of using the
SW phantom.

The correction factors by Schaarschmidt et al.15 were not
useful given their large uncertainties. Their correction factors
for the ABS phantom were determined using the parallel
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FIG. 6. Determined dose-rates for the individual sectors normalized to the mean of the parallel measurements; a) When using the parallel orientation; b) When
using the perpendicular orientation; c) As well as a control using the SW phantom. The uncertainty bars correspond to the combined Type A and Type B uncer-
tainty with k = 2.
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detector orientation but were still included in this study for
elucidating on the issues of detector orientation ambiguity.

Differences in published values of k fmsr , f ref
Qmsr ,Q0

may be traced
to differences in; code: all groups used different Monte Carlo
codes; geometry: for example, inclusion of the ABS adapter;
detector modeling: the exact specifications of the ICs are not
publicly known and various degrees of simplifications may
have been used; phantom material specifications: see Table
II; reference field conditions: when determining Df ref

w,Q0
and

�Df ref
det,Q0

in Eq. (2), only Johansson et al.12 and Zoros et al.13

used the same reference field conditions as those defined in
TRS-398 (and thus the same reference conditions the ICs
used were calibrated under) while Mirzakhanian et al.14 and
Schaarschmidt et al.15 both defined the source-surface dis-
tance as 100 cm instead of the source-detector distance. Fur-
thermore, Schaarschmidt et al.15 used a reference depth of
10 g cm−2 instead of 5 g cm−2. The impact of many of these
differences is debatable, but nevertheless serves as a testa-
ment for the need of standardizing LGK Icon dosimetry pro-
tocols.

4.D. In practice

Care must be taken when using the ABS phantom for LGK
Icon dosimetry, based on the detector orientation ambiguity
and the adapter beam attenuation. The ambiguity of detector
orientation when using the ABS phantom has resulted in at
least one LGK dosimetry study using the parallel orientation,
but applying the small-field correction factors from TRS-483
(which are intended for the perpendicular orientation).16 Like-
wise, the factor k fmsr , f ref

Qmsr ,Q0
itself has been determined for different

detector orientations among published studies. The inconsis-
tency of detector orientation use is traced to the fact that the
design of the ABS phantom allows for both detector orienta-
tions, as well as the absence of any mention of detector orien-
tation in the TRS-483 CoP. If the ABS phantom is used, it
should be clearly defined which detector orientation to use.
Care must also be taken to ensure the correction factors are
applicable to the chosen detector orientation. Unfortunately,
this is currently not possible if relying solely on the TRS-483
CoP.10 Out of the two phantom models investigated in this
study, the SW phantom is recommended for LGK Icon
dosimetry since the deviation from the true dose-rate is not
expected to exceed 1% when using 31010 or 31016 ICs. The
determination of dose-rate also experienced less dependence
on IC model when the SW phantom was used, which is most
likely a consequence of the parallel detector orientation. The
ambiguity of detector orientation is eliminated when using the
SW phantom, as the design only allows for a parallel detector
orientation. Lastly, the SW phantom adapter does not occlude
the primary beam path at all.

4.F. Comparison to other work

Drzymala et al.16 conducted a round-robin study compar-
ing TG-21, TG-51, TG-51 modified with the correction fac-
tors by Johansson et al.12 as well as in-air measurements.

Four phantoms and two ICs were used, and included the
ABS and SW phantom, along with one 31010 IC. The TG-21
protocol with the ABS phantom was used as a reference.
Dose-rates within 1.5% of the reference were seen in 88% of
the cases for TG-21, 70% of the cases for TG-51, and 93% of
the cases for the modified TG-51, implying that the correc-
tion factors by Johansson et al.12 are accurate, even though it
appears the parallel instead perpendicular detector orientation
was used for the ABS measurements. Noteworthy is that the
average dose-rate determined using the SW phantom was
~1% lower than the TG-21/ABS reference.

Mirzakhanian et al.17 recently investigated TRS-483 using
the correction factors by Mirzakhanian et al.14 and compared
it to TG-21 and TG-51. Three phantoms and three ICs were
used, and included the ABS and SW phantoms and a 31010
IC. On average, dose-rates determined using TG-51 were
1.6% and 1.2% lower than those determined with TG-21 and
TRS-483. Applying the correction factors yielded dose-rates
consistent within 0.4%. For the 31010 IC, the average dose-
rate was ~1.7% higher when using the SW phantom as com-
pared to the ABS phantom when using the TG-51 protocol.
For the ABS phantom, the dose-rates were also on average
1.6% greater when using the parallel detector orientation as
opposed to the perpendicular orientation. The results pre-
sented by Mirzakhanian et al.17 agree with this study, in that
applying the correction factors by Mirzakhanian et al.14

accounted for the differences between the SW phantom and
ABS phantom.

4.E. Clinical implication

Many LGK centers worldwide rely on the ABS phantom
along with either 31010 or 31016 ICs or other small IC models
such as the Exradin A16, for reference dosimetry. It can be
assumed that small-field correction factors have not been
widely applied, meaning that clinical dose-rates are at least
1–2% below the true dose-rate, leading to a corresponding
overdosage of patients. Furthermore, while the msr field is
sometimes used clinically, it is rarely ever used exclusively.
Clinical fields are shaped using a combination of “shots,”
where each shot consists of solely, or a combination of, the 4,
8, and 16 mm diameter fields. Individual sectors may also be
blocked completely. Small-field dosimetric effects become
more prominent with decreased field size. For this reason,
output factors (OF) for the 4 and 8 mm diameter fields, using
the msr field as a reference, have been determined numeri-
cally and experimentally and are included in TRS-483.13,23

The values of the OFs are in the order of several percent
which the reference small-field error propagates throughout.
Clearly, the true absorbed dose in patients is of much uncer-
tainty, and accurate determination of the reference dose-rate
is the first step in decreasing it.

4.F. Future work

While published values of k fmsr, f ref
Qmsr,Q0

exist for a variety of
phantom and IC models, only two phantom models and two
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IC models were used in this study. The SW and ABS phan-
toms are de facto standard phantoms for use in LGK Icon
dosimetry, though alternatives have been proposed and inves-
tigated.16,24–26 Likewise, the 31010 and 31016 IC models are
used in most LGK centers in Europe and Asia. Meanwhile,
LGK centers in North America tend to use Exradin A16 ICs,
which unfortunately was not available in this study, but
would have been of great interest to investigate given the rela-
tively large values of k fmsr , f ref

Qmsr ,Q0
determined for the A16 IC for

both phantom models. Additionally, thorough experimental
investigation of the difference between the parallel and per-
pendicular detector orientations for various IC models would
be of great interest.

5. CONCLUSION

Dose-rates were determined using two phantom models
and two ionization chamber models, and five different sets of
small-field correction factors were applied. Small-field correc-
tion factors k fmsr , f ref

Qmsr ,Q0
appear useful for dosimetry with the ABS

phantom but should be used carefully. For the SW phantom,
they may be difficult to justify unless more precise dosimetry
can be performed. The ABS phantom is not recommended for
LGK Icon reference dosimetry due to the ambiguity of detector
orientation and the beam attenuating phantom adapter, leading
to a likely underestimation of dose-rate. The SW phantom is
recommended for LGK Icon radiation reference dosimetry due
to the forced parallel detector orientation and attenuation-free
phantom adapter. Detector orientation and phantom adapter
type seem to be more relevant than phantom material or ion-
ization chamber model. The correction factors by Zoros et al.13

and Mirzakhanian et al.14 performed at least as well as the cor-
rection factors in TRS-483 and should be considered for use in
LGK dosimetry.
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