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Accurate machine-specific reference and small-field
dosimetry for a self-shielded neuro-radiosurgical system

Peter R. Jermain' | Bryan Muir> | Malcolm McEwen? | Ying Niu' | Dalong Pang’
"Department of Radiation Medicine, Medstar Abstract
Georgetown University Hospital, Washington, | - Background: The newly available ZAP-X stereotactic radiosurgical system

District of Columbia, USA . . . . . . .
is designed for the treatment of intracranial lesions, with several unique

features that include a self-shielding, gyroscopic gantry, wheel collimation,
non-orthogonal kV imaging, short source-axis distance, and low-energy mega-

2Metrology Research Centre, National
Research Council, Ottawa, Ontario, Canada

Correspondence voltage beam. Systematic characterization of its radiation as well as other
Dalong Pang, 3800 Reservoir Road NW, properties is imperative to ensure its safe and effective clinical application.

Lower Level (LL) Bles Bldg, Washington, BC Purpose: To accurately determine the radiation output of the ZAP-X with a
Email: pangd@georgetown edu special focus on the smaller diameter cones and an aim to provide useful

recommendations on quantification of small field dosimetry.

Methods: Six different types of detectors were used to measure relative output
factors at field sizes ranging from 4 to 25 mm, including the PTW microSilicon
and microdiamond diodes, Exradin W2 plastic scintillator, Exradin A16 and A1SL
ionization chambers, and the alanine dosimeter. The 25 mm cone served as
the reference field size. Absolute dose was determined with both TG-51-based
dosimetry using a calibrated PTW Semiflex ion chamber and measurements
using alanine dosimeters.

Results: The average radiation output factors (maximum deviation from the
average) measured with the microDiamond, microSilicon, and W2 detectors
were: for the 4 mm cone, 0.741 (1.0%); for the 5 mm cone: 0.817 (1.0%); for
the 7.5 mm cone: 0.908 (1.0%); for the 10 mm cone: 0.946 (0.4%); for the
12.5 mm cone: 0.964 (0.2%); for the 15 mm cone: 0.976 (0.1%); for the 20 mm
cone: 0.990 (0.1%). For field sizes larger than 10 mm, the A1SL and A16 micro-
chambers also yielded consistent output factors within 1.5% of those obtained
using the microSilicon, microdiamond, and W2 detectors. The absolute dose
measurement obtained with alanine was within 1.2%, consistent with combined
uncertainties, compared to the PTW Semiflex chamber for the 25 mm reference
cone.

Conclusion: For field sizes less than 10 mm, the microSilicon diode, micro-
Diamond detector, and W2 scintillator are suitable devices for accurate small
field dosimetry of the ZAP-X system. For larger fields, the A1SL and A16
micro-chambers can also be used. Furthermore, alanine dosimetry can be an
accurate verification of reference and absolute dose typically measured with
ion chambers. Use of multiple suitable detectors and uncertainty analyses were
recommended for reliable determination of small field radiation outputs.
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1 | INTRODUCTION

Stereotactic radiosurgery (SRS) has been increasingly
utilized for management of intracranial brain lesions
during the last decades."? This technique delivers a
high dose of precisely targeted radiation to the treat-
ment site over a limited number of fractions (typically
between one and five),> and provides effective tumor
control, minimizes radiation to healthy tissues, and
reduces overall duration of treatment* Several stud-
ies have demonstrated greater therapeutic benefits from
SRS versus whole brain radiotherapy (WBRT) or par-
tial brain radiotherapy (PBRT) for the treatment of
benign and malignant primary brain tumors and brain
metastases.””’ In addition, SRS is associated with fewer
neurological toxicities or poor cognitive outcomes (e.g.,
memory loss and emotional dysfunction) as compared
to WBRTZ10

Radiosurgery was ushered in with the development of
Gamma Knife by Swedish neurosurgeon Lars Leksell in
1968. Designed as a tool for treatment of deep-seated
neoplasms and vascular disorders of the brain, the first
Gamma Khnife unit focused radiation from 179 cobalt-60
sources to a single point in the brain to treat diseases."
In the early 1990s, the first linear accelerator-based SRS
system at University of Florida incorporated a design
with precision bearings to achieve desired targeting
accuracy.'? Further advances yielded improved immo-
bilization devices, frameless radiosurgery, and tools for
precision patient monitoring.'*~'® CyberKnife is another
modern SRS system that includes a compact lin-
ear accelerator attached to an articulated robotic arm
that can provide irradiation from multiple non-coplanar
angles.'® It delivers a 6 MV photon beam using inte-
grated image guidance and fixed cones or variable
aperture collimator (IRIS) to enable accurate delivery
of high doses of radiation to small, irregular-shaped
tumors.'”

ZAP-X from ZAP Surgical Systems, Inc., is the latest
development of radiosurgical systems. A prominent fea-
ture of the system is that the treatment vault together
with all associated radiation and imaging components
are enclosed in a thick steel spherical shell which
provides radiation shielding, eliminating the need for
construction of a typical vault.'® Inside the sphere, an
S-band linear accelerator mounted on a set of coupled
gimbals that rotate on dual axes around the isocenter'?
delivers non-coplanar 2.7 MV photon beams at a max-
imum dose rate of 1500 monitor units (MU) per min
through circular cones as small as 4 mm. Since initial
clearance by the Food and Drug Administration in the
United States in 2017, ZAP-X has successfully treated
over 1000 patients.

Common to all radiosurgical systems, small fields or
field segments are used to deliver radiation. Determi-
nation of dose for small fields presents a significant

technical challenge because of high-dose gradients,
lack of charged particle equilibrium, partial occlusion
of the radiation source, and detector volume averag-
ing effects?’ These factors can cause variation in
dose measurements (e.g., due to variations in mea-
sured output factors) of up to 30%, negatively impacting
the overall treatment efficacy and patient safety?® To
address the issue of accurate and consistent clini-
cal reference dosimetry, several protocols have been
developed over the years, including the widely adopted
Task Group (TG) report TG-51, its predecessor TG-21,
and TG-155 by the American Association of Physicists
in Medicine (AAPM), as well as the Technical Report
Series (TRS) TRS-398 from the International Atomic
Energy Agency (IAEA), and TRS-483, a joint report
from the AAPM and IAEAZ2'-25 TG-51 is specifically
for what are referred to as “standard” radiation fields,
but TG-155 and TRS-483 can be applied to small field
scenarios. Specific to radiosurgical applications, several
investigators have published their research on small
field dosimetry?6-2% However, there is limited agree-
ment about the optimal procedure and/or choice of
detector for small field dosimetry of the novel ZAP-X
radiosurgery system.

The goals of this study are to (i) validate the reference
dose measurement for ZAP-X, (ii) accurately determine
ZAP-X radiation output factors using a variety of avail-
able detector types and measurement techniques, and
(iii) develop a protocol that can be used reliably to
characterize small field radiation beam properties. To
realize these objectives, we provide a comparison of
detector types for output factors determined here for
ZAP-X and compare these results to those available
in the published literature as well as investigate gen-
eralized small-field output factors (e.g., from different
radiosurgery treatment machines).

2 | MATERIALS AND METHODS

2.1 | Reference dosimetry

The photon dosimetry formalism of AAPM’'s TG-51
report uses ionization chambers with a calibration
coefficient (N5° %0, absorbed-dose-to-water calibration
coefficient for a Cobalt-60 beam) traceable to an
Accredited Dosimetry Calibration Laboratory (ADCL),
which converts the measured signal to an absorbed
dose to water by Equation (1):

Dy = MkqNS°-%° (1)

where D, M, kg, and NS°~60 represent absorbed dose
to water (Gy), corrected ion chamber reading (C), beam
quality conversion factor, and absorbed-dose-to-water
calibration coefficient (Gy/C), respectively??
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For dose measurements, standard reference condi-
tions prescribed by the TG-51 protocol [e.g., reference
depth of 10 cm, source-surface distance (SSD) or
source-axis distance (SAD) setup of 100 cm, and field
size of 10 cm x 10 cm] cannot be established in ZAP-
X, as it uses small circular collimators ranging from
4 to 25 mm in diameter. The TRS-483 code of prac-
tice essentially modifies Equation (1) with an additional
multiplicative conversion factor to account for the differ-
ences in beam geometry (predominantly the field size),

Fonsrsf, P g .
ké"s” ’8‘ , where “msr” and “ref” refer to the machine-
msrs

specific and reference radiation fields, respectively. We
used a reference depth of 7 mm, SSD of 443 mm,
and collimator size of 25 mm. The 25 mm diameter
cone (largest field size for ZAP-X) is equivalent to a

2216 mm x 22.16 mm square field, obtained using

R=2 é, where A and P denote area and perimeter

VT P

of the corresponding square field size?° For this set
of conditions and the detectors proposed the informa-

tion in TRS-483 indicated that taking k'"s’ ffef =1 was

a reasonable assumption. This effect|vely reduces the
TRS-483 formalism to that of the standard TG-51 for-
malism routinely used in our clinic, allowing established
procedures to be followed. The final step is the selection
of kg in Equation (1). The ionization chamber chosen for
absolute dose measurements was an ADCL calibrated
PTW Semiflex ion chamber 31010 (PTW Dosimetry,
Freiburg, Germany), as this detector is intended for ref-
erence dosimetry of radiotherapy beams3° Currently,
there is no published data on experimental or Monte-
Carlo calculated kq factors for the nominal energy of
2.7 MV for this chamber type, and therefore, a value
of unity was selected through extrapolation. This was
based on the measured value of the beam quality spec-
ifier, %dd(10 cm), for the ZAP-X and the known kq
response of cylindrical chambers between Co-60 and
6 MV qualities.

2.2 | Radiation source

All measurements presented in this study were per-
formed at MedStar Georgetown University Hospital
using the ZAP-X SRS system (ZAP Surgical Systems,
Inc., San Carlos, California, USA). The ZAP-X unit uti-
lizes a novel, linear accelerator-based design with a
gyroscopic-like gantry supporting both axial and oblique
rotation around the isocenter to enable non-coplanar
beam delivery. As noted earlier, the 2.7 MV linear accel-
erator is capable of a 1500 MU/min dose rate, with
a SAD of 45 cm. A tungsten wheel collimator (8 cir-
cular sizes from 4 to 25 mm defined at the 45 cm
isocentric plane) is used to define the field size and a
3 degree of freedom (DOF) table is used for position-
ing the patient. Following United States FDA approval in
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2017, a ZAP-X system was installed at the hospital in
2020 for treatment of intracranial lesions. Initial accep-
tance testing and commissioning included beam data
collection (e.g., PDDs, off-axis ratios, etc.) and absolute
output calibrations (based on TG-51), and Imaging and
Radiation Oncology Core (IROC) thermoluminescent
detector (TLD) protocols.

2.3 | Radiation detectors

Absolute dosimetry was performed using a Semiflex
ionization chamber and alanine dosimeters. In addi-
tion, six different types of detectors (summarized in
Table 1) were used to determine the relative output
factors including a microSilicon diode, microDiamond
detector, W2 plastic scintillator, A16 and A1SL ionization
chambers, and alanine dosimeters 3040

The PTW 60023 microSilicon diode (PTW Dosime-
try, Freiburg, Germany) is an unshielded, p-type silicon
diode designed to yield high-dose stability, low dose per
pulse dependence, and limited sensitivity to temperature
variations (usually < 0.1 %/K)2" The active volume is
0.03 mm3 with a radius of 0.75 mm and thickness of
18 ym, whereas total dimensions are 7 mm (diameter)
and 45.5 mm (length). The detector exhibits a directional
response of < 1% for rotation around the chamber axis
or tilting the axis up to + 20°. In addition, no bias voltage
is required to operate the microSilicon.

The PTW 60019 solid-state microDiamond detector
(PTW Dosimetry, Freiburg, Germany) is a synthetic, sin-
gle crystal diamond detector that closely approximates
radiation response of water (e.g., absorbed dose) at all
beam energies.2%3? It uses an extremely small active
volume (0.004 mm3) and exhibits minimal dependence
on temperature (< 0.8 %/K) or variation in response
based on direction or angle of incidence of the radia-
tion (< 1% for + 20°). The microDiamond is well suited
for measurements in fields as small as 4 mm x 4 mm
and required no external bias for operation.?®

lonization chamber data for output factor measure-
ments was collected using the Exradin A1SL thimble ion
chamber and Exradin A16 micro ion chamber (Standard
Imaging Inc., Middleton, Wisconsin, USA) 2334 whereas
the PTW 31010 Semiflex ionization chamber (PTW
Dosimetry, Freiburg, Germany) was used for absolute
dosimetry3%-35 The A1SL model has a collector diam-
eter of 1.0 mm and length of 4.4 mm. The outer
shell diameter is 6.35 mm. The A16 model has a col-
lector diameter of 0.3 mm and length of 1.27 mm,
whereas the outside diameter of the shell is 3.4 mm.
Collecting volumes for A1SL and A16 devices are
0.053 and 0.007 cm?, respectively. The Semiflex cham-
ber has a nominal sensitive volume of 0.125 cm?3. All
ion chambers were operated at the polarizing voltage
of =300 V.
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TABLE 1 Characteristics of six detectors used for output factor measurements.
Sensitive Active volume
Detector type Model material (mm?) Reference point (from manufacturer)
Diode microSilicon 60023 (PTW Silicon 0.03 On diode axis, 0.9 mm from chamber tip
Dosimetry)
Diode microDiamond 60019 (PTW Synthetic 0.004 On detector axis, 1 mm from detector tip,
Dosimetry) diamond marked by ring
Plastic scintillator Exradin W2 (Standard Imaging) Polystyrene 1.0 Center of the cylindrical volume of the
detector and 1.3 mm from the tip
lonization chamber ~ Exradin A16 (Standard Imaging) Gas (air) 7.0 Centroid of collecting volume of the
detector
lonization chamber  Exradin A1SL (Standard Imaging)  Gas (air) 53.0 Centroid of collecting volume of the
detector
Alanine dosimeter Harwell Alanine (Harwell L-Alanine 51.0 Center position of the pellet holder

Dosimeters)

Plastic scintillator measurements were obtained using
the Exradin W2 detection system (Standard Imaging
Inc., Middleton, Wisconsin, USA) 36 Components include
scintillator material that is water equivalent with no tem-
perature, energy, or dose rate dependencies. The W2
detector utilizes a sensitive scintillator (1.0 mm diame-
ter x 1.0 mm long) encapsulated in a 2.8 mm diameter
x 42 mm long housing, ideal for radiosurgery small field
measurements. The scintillating fiber is coupled to an
optical fiber (1.0 mm diameter x 4.0 m long) that trans-
mits light for readout. Exposing the active volume of the
W2 to ionizing radiation produces Cherenkov light in
addition to scintillation light. Cherenkov radiation occurs
when secondary charged particles propagate through
the plastic scintillator faster than the phase velocity
of light in the transparent medium.27:38 A correction
is applied to separate components of scintillation light
from background light in the W2 detector system.

Alanine dosimeters (Harwell Dosimeters Ltd, Didcot,
UK) can be used to determine absolute dose traceable
to primary standards. When irradiated, alanine dosime-
ters form stable free radicals (signal decay is < 2%
per year) and the dose absorbed is proportional to the
concentration of free radicals, which can be measured
using an electron paramagnetic resonance (EPR) spec-
trometer. Alanine pellets are tissue equivalent, damage
resistant, highly uniform (+ 2 mg), and facilitate repro-
ducible dose measurements with overall uncertainty of
less than 1%. Alanine/EPR dosimetry has been applied
to measure radiation therapy level doses for mailed
dosimetry audits.3940

A PTW MP3-XS system (PTW Dosimetry, Freiburg,
Germany) was used for detector placement in water and
a PTW UNIDOS electrometer (PTW Dosimetry, Freiburg,
Germany) was used for data collection for the diodes
and chambers. The holders for alanine dosimeters were
constructed at the National Research Council (NRC)
of Canada, alanine pellets loaded into the holders and
sealed at NRC, then carried to the ZAP-X facility by two

of the co-authors (MM, BM). After irradiation, they were
brought back to Canada for analysis.

2.4 | Absolute dose and output factor
determination

In the general measurement setup (Figure 1), photon
beams were directed vertically down toward the detec-
tor. The central axis of the detector was positioned either
perpendicular to the central axis of the beam in the
case of ion chambers, or parallel to the central axis of
the beam in the case of diode or scintillation detectors,
and submerged in the MP3-XS three-dimensional water
tank at a depth of 7 mm. A depth of 7 mm was used
because it corresponds to the depth of maximum dose
for the ZAP-X system. The water tank was leveled using
a precision digital level to be within + 0.02° of the hori-
zon and the setup alignment was periodically confirmed
throughout the measurements. The exact arrangement,
setup configuration, and measurement procedure were
specific to each detector.

For the ion chamber measurements, both the original
TG-51 and a TG-51 addendum protocol were followed
for dose calibration and correction of the raw electrom-
eter reading?>*! The polarity correction is generally
small for MV photon beams but cannot be ignored for
micro-chambers such as the A16.*2 Leakage currents
can be a significant issue for chambers with very small
volumes, and therefore, care was taken to ensure leak-
age was not a significant contributor to the measured
signal.

For the W2 plastic scintillator, the Cherenkov light
ratio (CLR) and system gain coefficient (G) must be
determined through the manufacturer-recommended
calibration procedure, and then used to obtain the
Cherenkov-corrected detector signal*® The scintillator
was read out using a MAX SD electrometer (Standard
Imaging Inc., Middleton, Wisconsin, USA).
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FIGURE 1

Photographs of the (a) ZAP-X system and (b) field-defining collimator (red arrow identifies one of the eight circular apertures).

Also displayed are two observation windows and the flat panel kV detector. In panel (c), the general measurement setup is shown. A 3D water
phantom specially designed for ZAP-X was mounted on the dedicated phantom holder (red bracket), aligned manually to the mechanical
isocenter of the ZAP-X, and leveled through translation and rotation of the couch. A front pointer was used for isocenter location determination.

(a)
_Threaded cap

O-ring \1cm

®—-/Ala nine pellets

©

/
Holder

FIGURE 2

: /Threaded cap
/C lcm
O-ring \
Spacer » Alanine pellet
Holder

Deconstructed drawings of the alanine pellet holders, where the alanine pellets are inserted into the hollow portion labelled

“Holder” Panel (a) shows the “Semiflex” alanine holder containing two alanine pellets, while panel (b) shows the “microSilicon” alanine holder
containing one alanine pellet. On both panels, a 1 cm line indicates the scale. The midpoint of the alanine pellets is 7.5 mm from the end of the
holder in (a) and the midpoint of the alanine pellet is 4.4 mm from the end of the holder in (b).

Alanine dosimeters consist of 60 mg alanine pel-
lets (L-Alanine with 9.1% paraffin wax binder—Harwell
Dosimeters, Oxfordshire, UK) in holders machined to
mimic other detectors used in this work, such that the
same methods for set-up and irradiation procedure can
be applied for alanine dosimeters and other detec-
tors. The waterproof alanine holders were machined
from polyoxymethylene (POM, trade name Delrin) and
have identical outer dimensions to the PTW Semiflex
31010 ionization chamber or the PTW microSilicon
diode. Manufacturing drawings of the holders are shown
in Figure 2. The “Semiflex”alanine holders contained two
alanine pellets, while the “microSilicon” alanine holders
contained one alanine pellet. Alanine dosimeters were
irradiated to known doses close to 20 Gy. Ten “Semiflex”
alanine holders (20 alanine pellets in total) were irradi-
ated in separate set-ups with beams from the ZAP-X
using the 25 mm collimator with the axis of the holders
perpendicular to the beam axis. The point of measure-

ment for these holders for all irradiations was the center
of the alanine pellets, which is at the midpoint of the
holder along the beam axis. Ten “microSilicon” alanine
holders (ten alanine pellets in total) were irradiated in
separate set-ups with beams from the ZAP-X using the
10 mm collimator with the axis of the holder parallel to
the beam axis. The point of measurement for these hold-
ers was the center of the alanine pellets, which is 4.4 mm
from the end of the holder along the beam axis. No cor-
rection for volume averaging was applied for the alanine
dosimeters.

Absolute radiation output was measured multiple
times during experiments using alanine dosimeters as
well as the calibrated PTW Semiflex ion chamber. Val-
idation measurements using alanine dosimeters were
repeated 10 times for statistical uncertainty determina-
tion. The largest 25 mm diameter cone served as the
reference field size. In addition, output for the 10 mm
cone was also measured but due to its size, the alanine

d ‘9 “¥T0T ‘60TYELYT

:sdpy woxy papeoy;

wdee,

ASULII suowwo)) daAneal) ajqeorjdde ayy Aq pauroAos ale sa[d1LIE Y asn Jo SN 10J KIeIqIT AUI[UQ A3[IAY UO (SUONIPUOD-PUB-SULId)/W0d" K[ 1M KIeIqI[aul[uo//:sdny) SUonIpuoy) pue swia ], 3y 23S *[$702/60/90] uo Areiqi aurjuQ A3[IA\ ‘[1ouno)) yoreasay [euoneN Aq 11,1 dw/zo01 01/10p/wod Kofim K



OUTPUT FACTOR DETERMINATION FOR ZAP-X

“2 | \EDICAL PHYSICS

dosimeter was not used for the smaller 7.5,5,and 4 mm
cones.

Alanine read out was performed using the NRC
Bruker EMX spectrometer (Bruker Corporation, Biller-
ica, Massachusetts, USA) with a high-sensitivity cavity
(HS0105). The peak-to-peak amplitude of the EPR
spectrum obtained for each irradiated alanine pellet was
normalized by the mass of the pellet and corrected by
subtracting the background of the signal for an unirra-
diated alanine pellet. The signal was normalized to the
peak-to-peak intensity from the spectrum obtained from
a fixed ruby to account for environmental fluctuations.

The dose delivered to the alanine pellets was deter-
mined using a calibration curve generated by irradiating
alanine dosimeters from the same batch of alanine
pellets used for the ZAP-X irradiations in the NRC
cobalt-60 reference irradiator. Absorbed dose to water
in the cobalt-60 beam is traceable to the NRC primary
standard water calorimeter** Doses between 15 and
800 Gy were delivered for calibration measurements.
The alanine dosimeters were read out after a period of
48 h to ensure free radical production had stabilized.

To minimize the possibility of contamination or envi-
ronmental effects, alanine pellets were loaded and
hermetically sealed in the holders at NRC and carried
to MedStar Georgetown University Hospital. Irradiated
control alanine dosimeters were used to monitor the
impact of travel on alanine dosimeters, as they went from
Ottawa, Ontario, Canada, to the Washington, District of
Columbia, USA area, and back. Four control dosimeters
were irradiated to 20 Gy, one was irradiated to 15 Gy,
and one was irradiated to 25 Gy. Two of the 20 Gy
controls remained at NRC and the other four controls
travelled with the alanine dosimeters to be irradiated
in the ZAP-X beam. Read out of the control dosime-
ters was performed before and after sending alanine
dosimeters.

Measurements performed using the diode and dia-
mond detectors were perhaps the simplest to obtain and
analyze as these require no additional corrections.

Field sizes were defined using circular collimators with
diameter of 4,5,7.5,10,12.5,15,20,and 25 mm at 45 cm
SAD. The 25 mm collimator served as the reference
field size for absolute dose validation and for determin-
ing relative output factors. Reported output factors were
calculated by averaging data over all measurements for
that detector and field size. To ensure accurate detector
positioning, the radiation-field center was determined by
scanning the 10 mm field and repeated multiple times
throughout the measurements.

2.5 | Uncertainties

Measurement uncertainties can be challenging to esti-
mate in small-field dosimetry, but are essential for the
proper interpretation of results.

TABLE 2 Uncertainty budget for NRC measurements of alanine
dosimeters irradiated in the ZAP-X beam in terms of absorbed dose
to water.

Standard
Component of uncertainty uncertainty (%)
Realization of reference dose (NRC 0.4
primary standard)

Signal measurement—calibration 0.2
Environment effects—calibration 0.1

Mass of pellet 0.05
Spectrometer reproducibility 0.25
Calibration fit 0.35
Signal measurement—irradiation 0.20
Volume averaging 0.25
Energy dependence correction factor 0.35
Environment effects—irradiation® 0.2
Transportation of dosimeters® 0.25
Combined standard uncertainty (k = 1) 0.85

aTemperature at irradiation was supplied by CCI staff, an uncertainty of 0.3°C
is assumed.

bTakes into account possible signal variation (e.g., due to environmental effects
or free radical recombination).

TABLE 3 Uncertainty budget for dose determination following
the modified TG-51 procedure using an ionization chamber
calibrated in Co-60.

Standard

Component of uncertainty uncertainty (%)
SSD, depth, field setting 0.25
Signal measurement—~M,,,, 0.2
Correction factors—Prp, Pyol, Pions Pleak 0.2
Volume averaging (Pyp) 0.25

Npw (ADCL) 0.75

ka 0.4
Assignment of kq 0.2
Stability of reference chamber 0.2

Beam stability during measurements 0.2
Combined standard uncertainty (k = 1) 1.02

Adapted from the TG-51 Addendum and valid for the 25 mm ZAP-X field.

251 | Absolute dose measurement

Table 2 shows the uncertainty in the absorbed dose to
water obtained using alanine dosimeters and Table 3
shows the uncertainty in the absorbed dose to water
obtained using an ionization chamber.

2.5.2 | Relative dose measurement

One can use Table 3 as a starting point for estimat-
ing uncertainties for relative measurements recognizing
that, when comparing output factors, either for the same
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TABLE 4 Cone output factors for five radiation detectors, including the microSilicon and microDiamond diode detectors, W2 plastic

scintillator, A1SL thimble ion chamber, A16 micro ion chamber.

Cone diameter Output factors

(mm) microSilicon microDiamond w2 A1SL A16
4 0.749 0.739 0.736 - -

5 0.824 0.818 0.809 - -

7.5 0.910 0.914 0.899 - -

10 0.946 0.949 0.942 0.913 -
125 0.965 0.966 0.962 0.951 0.951
15 0.976 0.977 0.975 0.971 0.961
20 0.990 0.991 0.990 0.99 0.981
25 1.000 1.000 1.000 1.000 1.000

detector for different field sizes, or for different detectors
at the same field size,a number of components are com-
mon and therefore cancel (e.g., Np, kg). At the same
time, other components may increase in magnitude
(e.g., volume averaging, beam stability). A reasonable
uncertainty estimate for comparing output factors for
different detectors is 0.4% and for comparing field
sizes (same detector) the uncertainty is somewhat less,
0.3%.

3 | RESULTS

3.1 | Output factors

Table 4 shows radiation output factors obtained for the
ZAP-X radiosurgical system. In total, 93 independent
measurements were performed across all six detectors.
Reported values for the microSilicon, microDiamond,
and W2 detectors were averaged over five, one, and two
sets of measurements at each field size, respectively.
Output factors for the ionization chambers were deter-
mined for only field sizes of 10 to 25 mm (A1SL model)
and 12.5 to 25 mm (A16 model).

Figure 3 displays output factor versus cone diameter
for the different detector systems. The W2 scintilla-
tor yielded lower measurement variability as compared
to the microSilicon diode. Specifically, output factor
uncertainty for the W2 ranged from 0.1% (15 mm
cone) to 0.14% (4 mm cone), whereas the range was
0.1% (20 mm cone) to 0.49% (5 mm cone) for the
microSilicon.

Table 5 presents a comparison of output factors mea-
sured with the W2 versus those from the other detectors.
Output factors agreed to within 1.8% between W2 and
diodes for all the cone-shaped fields. The maximum
deviation of 1.8% was between W2 and microSilicon
at 5 mm field size. Percent differences in output factor
were larger (0.4%-1.8%) at field sizes < 7.5 mm and
lower (0%—0.7%) for the field sizes > 10 mm. Results

for W2 and diode detectors exhibited an average differ-
ence in output factors of 0.6% over all field sizes. Larger
differences were observed between the W2 and ion
chambers. The greatest deviation occurred at 10 mm,
where the measured output factor of A1SL was 3.2%
lower as compared to W2.

3.2 | Absolute dose measurement and
verification

For alanine dosimetry, measurements were averaged
for ten repeated set-ups with the 10 and 25 mm cone
sizes. Results for the intensity of the control alanine
dosimeters were within 0.4%, independent of dose or
whether the dosimeters stayed at NRC or traveled to the
Washington, District of Columbia area, suggesting little
impact of travel on the results obtained using alanine.

Since alanine measurements were obtained for two
field sizes, it is possible to obtain an output factor and
for the 10 mm field size this was comparable to results
from the other detectors. For example, at 10 mm field
size, output factors were 0.942 and 0.931 for the W2 and
alanine dosimeter, respectively (1.2% difference). More
important is the comparison of the dose measured using
alanine with that obtained using a PTW 31010 ionization
chamber. In the machine-specific reference field with a
circular field size of 25 mm, the delivered dose (based
on ion chamber) was 19.98 Gy, while the dose measured
using alanine was 19.75 Gy, a difference of 1.2%. For
the smaller field size of 10 mm, the dose delivered was
18.96 Gy, while the dose measured using alanine was
18.38 Gy, a difference of 3.1%.

4 | DISCUSSION

Stereotactic radiosurgery requires precisely targeted
dose delivery to achieve optimal therapeutic response
and minimize normal tissue complications. One of the
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TABLE 5

Percent difference in output factors measured with the W2 scintillator and other detectors.

Cone diameter

% Difference (W2 vs.

% Difference (W2 vs.

% Difference

% Difference

(mm) microSilicon) microDiamond) (W2 vs. A1SL) (W2 vs. A16)
4 -1.7% -0.4% - -

5 -1.8% -1.1% - -

7.5 -1.2% -1.6% - -

10 -0.4% -0.7% 3.2% -

12.5 —-0.3% -0.4% 1.2% 1.2%

15 -0.1% -0.2% 0.4% 1.5%

20 0.0% -0.1% 0.0% 0.9%

25 0.0% 0.0% 0.0% 0.0%

challenges for any SRS system lies in accurate deter-
mination of radiation output factors for small field sizes
commonly employed in SRS treatment. Previous reports
have documented general disagreement in the SRS
community regarding output factors for field sizes <
10 mm,*®> which may vary by ~35% based on detector*®
These dosimetric uncertainties can propagate through
the treatment planning system and impact gamma pass-
ing rates (+ 12.4%) measured by patient specific quality
assurance depending on target size*” Therefore, it is
critical to select a detector or detectors and a calibra-
tion protocol that facilitates accurate, reliable small field
dosimetry measurements. The goal of this work was

to assess radiation output factors for the novel ZAP-
X radiosurgical unit using six commercially available
dosimeters (Table 1).

The diodes and micro chambers used in this study
cover the range of the commonly used detectors for
absolute as well as relative dosimetry determination
suitable for SRS systems. The consistent output factors
for cones larger than 10 mm show their suitability for
such field sizes. For cones less than 10 mm, only the
diodes and W2 scintillator provided consistent output
factor values, a result of their smaller size relative to the
micro chambers. The micro chambers used in this study
are some of the smallest ion chambers commercially
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available and our results indicate the limitations of ion
chambers in ultra small radiation fields.

Alanine dosimetry provided independent verification
with direct traceability to primary standards. The alanine-
derived absolute dose measurements had + 0.85%
uncertainty (see Table 2), compared to around 1% for
the Semiflex ion chamber derived dose. The difference
is mainly due to the different traceability of the two sys-
tems (NRC for the alanine, ADCL for the ion chamber).
The agreement, therefore, of 1.2% for the absolute dose
measured between chamber and alanine in the 25 mm
reference field is well within combined uncertainties. The
larger difference of 3.1% for the 10 mm field is outside
the 95% confidence level for the combined uncertainties.
However, the uncertainty budgets presented in Tables 2
and 3 are for the machine-specific reference field. Uncer-
tainties will be larger for the smaller 10 mm field because
volume averaging will play a larger role given the rel-
atively large size of the alanine dosimeters and the
simplified TG-51 procedure used with the Semiflex ion
chamber*® Further investigation with smaller alanine
dosimeters, to reduce volume averaging, is warranted.
In addition, an accurate determination of the kg factor
for the 2.7 MV photon beam of the ZAP-X system, as
well as clinical reference dosimetry utilizing TG-155 or
TRS-483 protocols, will also be valuable.

Previously, a few other groups have published
small field dosimetry data with applications to radio-
surgery. For CyberKnife system, Al Kafi et al. con-
cluded micro-ionization chambers, diodes, and scin-
tillators are suitable for small field output factor
measurements,’’ whereas Francescon et al. demon-
strated variations in output factors up to 9%, as
measured by microchambers*® For the ZAP-X system,
Weidlich et al. showed that peripheral dose fall-off mea-
surements depend on the type of detector used (e.g.,
microSilicon diode, microDiamond, film, etc.)2® while
Sorensen et al. determined a modified TG-51 protocol is
ideal for absolute dose measurements, although water
tank setup is challenging due to limited space inside the
treatment unit?® Meanwhile, Pinnaduwage et al. showed
minimal differences in beam data collected with three
different diodes (PTW 60012 Diode E,PTW 60018 SRS
Diode, and Sun Nuclear EDGE)2’ Given these find-
ings, continued development of practical guidelines for
ZAP-X clinical dosimetry is imperative.

Agreement between the diodes, scintillator, ionization
chambers, and alanine dosimeter (Table 4) is consistent
with generalized small field output factor measurements
reported by other groups. For example, Jacgmin et al.
investigated application of the Exradin W2 and IBA
RAZOR Diode Detector to SRS small field dosimetry.>°
The two detectors yielded output factors that agreed
within 1.3%—1.8% across the range of measured field
sizes (MLC-defined field sizes of 1x1 cm? to 3x3 cm?,
as well as fixed cone-defined field sizes of 4 —17.5 mm
diameter). Furthermore, Al Kafi et al. demonstrated that

MEDICAL PHYSICS——

PTW Diode (TM 60016), PTW Diamond (TM 60003),
Exradin W1, and Exradin W2 detectors produced out-
put factors with 1%—2% differences for nominal cone
sizes between 0.5 and 5.0 cm20 In that study, the mea-
sured data were in good agreement with Monte Carlo
simulated field output factors. Each radiation detection
system that measures dosimetric parameters for small
fields has advantages and limitations. Diode detec-
tors have high spatial resolution due to their small
size, but exhibit dependence on the incident energy
and dose rate. Diamond detectors are compact and
water equivalent, although O’Brien et al. noted the PTW
microDiamond over-responds to small radiation fields
resulting in biased correction factors.®>' Despite favor-
able dose response linearity of ionization chambers,
their relatively large active volume usually limits utility
for small field measurements. Plastic scintillators pro-
vide superior spatial resolution with no dependence on
energy, temperature, or dose rate; however, scintillation
systems require sophisticated calibrations to remove
Cherenkov radiation and have an accumulated dose
dependence due to radiation damage of the sensitive
material 25-38 Alanine dosimeters are tissue equivalent
and enable absolute dosimetry, although EPR readout
equipment is expensive and rarely available in most
facilities. In addition, the relatively large size of the ala-
nine dosimeter may limit its suitability to fields less than
10 mm.

In this study, the microSilicon diode, microDiamond
detector, and W2 scintillator yielded output factors for
all cone sizes (4 —25 mm) (Table 4). The A1SL and
A16 ionization chambers provided output factors at
10 —25 mm and 12.5 —25 mm, respectively. We did
not use the A1SL and A16 ion chambers to mea-
sure fields < 10 mm in diameter due to unreliable
setup and volume averaging effects. Alanine dosimetry
allowed dose measurements for the 10 mm collima-
tor and 25 mm reference cone. All detectors produced
consistent output factors within statistically acceptable
variations at field sizes greater than 10 mm (Figure 1).
For fields less than 10 mm in diameter, the microSili-
con, microdiamond, and W2 produced consistent data.
The larger output factors obtained using the diodes com-
pared to the W2 may be due to over-response of diode
detectors at small field sizes. Furthermore, larger dis-
crepancies at the smallest field sizes (< 7.5 mm) may
be related to detector alignment, perturbation effects,
and/or the lack of charge particle equilibrium.

5 | CONCLUSION

This is the first study that used six types of detectors
to characterize small field output factors for the ZAP-X
radiosurgery system. Our results demonstrate that the
PTW microSilicon, PTW microDiamond, and Exradin W2
are suitable for output factor determinations in fields
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as small as 4 mm in diameter. The A1SL ion chamber,
A16 microchamber, and alanine dosimeter were better
suited for measurements in field sizes of 10 mm or larger.
Agreement among devices is consistent with the find-
ings of other groups. Lower measurement variability with
the W2 plastic scintillator may indicate it has more reli-
able performance than the popularly used microSilicon
diode. Alanine measurements also provided an indepen-
dent method of validating the dose determined using a
calibrated ion chamber, with the results for the largest
reference field showing very good agreement consistent
with the measurement uncertainty of 1.3%.
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