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Purpose: Latest generation linear accelerators (linacs), i.e., TrueBeam (Varian Medical Systems,
Palo Alto, CA) and its stereotactic counterpart, TrueBeam STx, have several unique features, includ-
ing high-dose-rate flattening-filter-free (FFF) photon modes, reengineered electron modes with new
scattering foil geometries, updated imaging hardware/software, and a novel control system. An eval-
uation of five TrueBeam linacs at three different institutions has been performed and this work reports
on the commissioning experience.
Methods: Acceptance and commissioning data were analyzed for five TrueBeam linacs equipped
with 120 leaf (5 mm width) MLCs at three different institutions. Dosimetric data and mechanical
parameters were compared. These included measurements of photon beam profiles (6X, 6XFFF, 10X,
10XFFF, 15X), photon and electron percent depth dose (PDD) curves (6, 9, 12 MeV), relative photon
output factors (Scp), electron cone factors, mechanical isocenter accuracy, MLC transmission, and
dosimetric leaf gap (DLG). End-to-end testing and IMRT commissioning were also conducted.
Results: Gantry/collimator isocentricity measurements were similar (0.27–0.28 mm), with overall
couch/gantry/collimator values of 0.46–0.68 mm across the three institutions. Dosimetric data showed
good agreement between machines. The average MLC DLGs for 6, 10, and 15 MV photons were
1.33 ± 0.23, 1.57 ± 0.24, and 1.61 ± 0.26 mm, respectively. 6XFFF and 10XFFF modes had average
DLGs of 1.16 ± 0.22 and 1.44 ± 0.30 mm, respectively. MLC transmission showed minimal variation
across the three institutions, with the standard deviation <0.2% for all linacs. Photon and electron
PDDs were comparable for all energies. 6, 10, and 15 MV photon beam quality, %dd(10)x varied
less than 0.3% for all linacs. Output factors (Scp) and electron cone factors agreed within 0.27%, on
average; largest variations were observed for small field sizes (1.2% coefficient of variation, 10 MV,
2 × 2 cm2) and small cone sizes (<1% coefficient of variation, 6 × 6 cm2 cone), respectively.
Conclusions: Overall, excellent agreement was observed in TrueBeam commissioning data. This
set of multi-institutional data can provide comparison data to others embarking on TrueBeam com-
missioning, ultimately improving the safety and quality of beam commissioning. © 2013 American
Association of Physicists in Medicine. [http://dx.doi.org/10.1118/1.4790563]
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I. INTRODUCTION

One of the latest generations of linear accelerator (linac),
the TrueBeam (Varian Medical Systems, Palo Alto, CA) and
its stereotactic counterpart, the TrueBeam STx, have differ-
ent characteristics than previous linear accelerators. These in-
clude: several high dose rate flattening-filter-free (FFF) pho-
ton modes, reengineered electron modes with new scattering
foil geometry, and updated imaging hardware and software.
While the dosimetric characteristics of the TrueBeam STx
(Varian Medical Systems, Palo Alto, CA) FFF modes have
been aptly described in the literature, the STx houses the high-
definition multileaf collimator (HDMLC) with smaller leaf
projection at isocenter.1 In contrast, the TrueBeam is equipped
with a Millenium 120 leaf MLC. Furthermore, there are lim-
ited data on the new electron scattering foil geometries, and
how this compares to other linear accelerators. Overall, there
is a paucity of existing information in the literature on ex-
pectations related to the commissioning experience and ex-
pected nominal values for the TrueBeam geometry, partic-
ularly across multiple institutions with varied measurement
practices.

Given the differences in MLC characteristics between
the TrueBeam and TrueBeam STx, and the inherent dif-
ferences between the other Varian machines (i.e., Trilogy),
a summary of the mechanical and dosimetric properties
of this new treatment unit is desirable. This work details
the commissioning experience of five TrueBeam linacs,
including timelines, baseline beam parameters, mechanical
and multileaf collimator characteristics, end-to-end testing,
and final dosimetric verification. The overarching goal of this
work is to generate a set of data with technical guidelines
that may assist other institutions embarking on TrueBeam
commissioning, thereby improving the quality and safety of
the commissioning process.

II. MATERIALS AND METHODS

Five TrueBeam linacs at three institutions were compared
in this work: two at Henry Ford Health Systems (HFHS),
two at University of Texas-Southwestern (UTSW), and one at
University of Colorado-Denver (COL). At UTSW, two True-
Beam machines were considered “matched” with one mutual
dataset for the two units along with spot checked data. Match-
ing was performed by the physicists onsite after comparing
machine acceptance and commissioning scans, photon and
electron percent depth of ionization, and flatness and symme-
try. For all five machines, the following photon energies were
commissioned: 6X, 6XFFF, 10X, 10XFFF, and 15X. Electron
energies of 6, 9, and 12 MeV were commissioned on all ma-
chines, with 16 and 20 MeV electron energies commissioned
at two institutions and 15 and 18 MeV electron energies at
the third. All five TrueBeams presented in this work were
equipped with the 120 leaf Millenium MLC design, consist-
ing of two opposing leaf banks with leaves that move along
the X-axis. For the central 20 cm of the MLC, each leaf
has a width of 5 mm projected at isocenter, whereas for the

peripheral 10 cm on either side, the leaf width is increased
to 10 mm.

Varian’s Eclipse Treatment Planning System (Varian Med-
ical Systems, Palo Alto, CA) was used to commission
Anisotropic Analytical Algorithm (AAA) and Electron Monte
Carlo (eMC) calculation models for photons and electrons,
respectively, using the data collected. Table I outlines the es-
timated time required for each major acceptance and com-
missioning task based on all three institutions. Note that this
makes the assumption that no major setbacks are encountered
during the commissioning process.

For beam scanning, the Blue Phantom water tank (IBA
Dosimetry GmbH, Germany), with scanning dimensions (i.e.,
servo range) of 48 × 48 × 48 cm, equipped with OmniPro
Accept software (v. 6.5 or 7.2) was used. All beam scan-
ning and data collection were performed in accordance with
professional guidelines, such as AAPM Task Group (TG)
Report Nos. 45 and 106,2, 3 providing detailed recommen-
dations on acceptance testing, beam commissioning, proper
measurement techniques, and detector selection—particularly
for small field sizes.4, 5 Specific detector information for all
institutions is shown in Table II. For field sizes ≤3 × 3 cm2,
small volume ion chambers or diodes were used per indus-
try recommendations as outlined in Table II, and acquisition
sampling time was increased to improve the signal to noise
ratio.3

II.A. Isocenter verification

During machine acceptance, a Varian procedure for isocen-
ter verification (“Isolock”) was used to evaluate the central
axis x-ray beam variation due to the gantry, couch, and colli-
mator rotation.6 Briefly, a collimated disk fixture is affixed to
the gantry interface mount, projecting a circular field onto the
MV imager. A tungsten BB, attached to a micrometer for fine
positioning, is extended off the treatment couch and centered
within the disk aperture at gantry angles of 0◦ and 90◦. MV
images were acquired using two different preprogrammed
treatment plans: one at 63 different gantry/collimator angles
and another with 13 different couch angles. Images were an-
alyzed with proprietary software to verify that (1) the central
axis x-ray beam variation due to the gantry and/or collima-
tor positions was confined to a sphere of 0.5 mm radius, and
(2) the central axis x-ray beam variation due to the gantry,
couch, and/or collimator positions was confined to a sphere
of 0.75 mm radius. Results from the Isolock tests were con-
firmed with an independent, EPID-based Winston Lutz (WL)
test7 to verify the isocenter stability was within a 1 mm tol-
erance. An example for HFHS included 12 portal images
acquired at various gantry, couch, and collimator angles to
assess isocenter movement. On each image, the difference
between the center of a 2 × 2 cm2, jaw-defined field and
the center of the WL phantom (5 mm diameter, radio-opaque
BB) was determined. Inplane deviations (�IP) and crossplane
deviations (�CP) from radiation isocenter (shown in Fig. 1)
were used to calculate the 3D offset of the BB location as
well as the collimator and couch excursion during rotation.
EPID images acquired at the four cardinal gantry angles were
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TABLE I. Acceptance and commissioning timeline used for commissioning the Varian TrueBeam at three institutions.

Task Estimated time commitment Estimated FTE

Customer acceptance procedure of the linac and image
guidance systems

2–3 weeks 1.0 physicist working with engineers

-Beam data acquisition (profiles, PDDs, factors:
output, MLC transmission, leakage)

4 weeks 2.0 physicists + 0.5 physicist for beam data
processing for modeling

-Preliminary TG-51 calibration
-Independent TLD verification of linac calibration
Beam modeling 1–2 weeks (offline) 1.0 physicist + 0.5 physicist for

independent review of beam modeling
process

-Misc. linac testing: isocentricity, MLC couch
transmission

2–3 weeks 2.0 physicists

-Misc. imaging testing: EPID, kV, and CBCT
-RapidArc commissioning 1 week 2.0 physicists
-Collection of wedge factors and profiles for Enhanced
Dynamic Wedge (including TPS verification)
-Verification measurements of TPS beam models 1 week 1.0 physicist
-Verification of secondary independent dose
calculation data and calculation (i.e., RadCalc)
Complete documentation of all
acceptance/commissioning tasks

1 week 1.0 physicist

Routine monthly QA, including mechanical and
output/calibration checks of the linac and QA of the
image-guidance systems

Ongoing: 1.5–2 days (10–16 h)/month 1.0 Physicist

Patient-specific QA (plan preparation, delivery,
analysis, and documentation)

Ongoing, patient load dependent: 1–2 h/patient 1.0 physicist

Routine annual QA including mechanical and output
checks of the linac and QA of the image-guidance
systems

Expected: 2 weeks (80 h)/year 1.0 physicist + 0.25 physicist for
independent verification

analyzed to determine the 3D BB offset with respect to the
radiation isocenter as follows:

(R−/L+) = (�CP, G0 − �CP, G180)/2,

(A−/P+) = (�CP, G90 − �CP, G270)/2,

(I−/S+) = (�IP, G0 + �IP, G90 + �IP, G180

+�IP, G270)/4.

The collimator and couch rotation excursions were defined as
the 2D BB centroid distance

√
�CP2 + �IP2, from the center

of the radiation field, averaged over all collimator and couch
angles, respectively.

II.B. Photon characterization

II.B.1. Photon data acquisition

PDDs and profiles were taken in accordance with the
Eclipse TPS algorithm manual. Field sizes ranged from 1
× 1 or 2 × 2 to 40 × 40 cm2 and were determined by
the jaw settings (i.e., data were acquired with the MLCs
parked). All mandatory and recommended beam data mea-
surements (PDDs, crossplane and inplane profiles) were per-
formed, as specified in the Eclipse manual for commissioning

AAA. The chamber position was automatically corrected
for the effective point of measurement in the acquisition
software.

II.B.2. Percent depth dose and profiles

Beam quality specifiers [i.e., PDD(10)x] were determined
in accordance with TG-51.8 PDD data at a variety of depths
and field sizes were tabulated and compared among linacs.
Penumbra was quantified and compared for all linacs for the
transverse and radial beam profiles for 6X, 10X, and 15X
beams. For FFF beams, however, the penumbra definition of
the spatial distance between the 80% and 20% values does not
apply, so the normalization technique introduced by Pönisch
et al.9 was employed. Briefly, penumbral widths were quan-
tified after rescaling the FFF beam profiles to a ratio of the
dose values at the inflection points in the penumbral regions
between the unflattened and FFF beams, which has also been
used in the literature.1, 10 In this work, we term this tech-
nique as “penumbra normalization.” Data were also tabulated
for polarity (Ppol) and ion collection efficiency (Pion) for all
photon energies using the two-voltage technique described in
Task Group 51 using a setup of 100 cm SSD, 10 × 10 cm field
size, at a chamber depth of 10 cm.8
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TABLE II. Detectors used in multi-institutional TrueBeam commissioning study.

Type Model
Sensitive
volume Diameter Misc. Institution Tests performed

Cylindrical
ion chambers

Scanditronix
CC01

0.01 cm3 2 mm Steel central electrode HFHS, COL Electron OF and effective SSD (HFHS),
photon FS 2 × 22 and 3 × 32 (COL
photon OF and profiles <3 × 32)

Scanditronix
CC13

0.13 cm3 6 mm C552 central electrode HFHS,
UTSW, COL

Photon profiles ≥4 × 4 cm2 (UTSW and
COL) photon OF (FS ≥4 × 4 cm2)
electron cone factors and PDDs

Standard Imaging
Exradin A12

0.65 cm3 7.1 mm (outer shell) C552 central electrode HFHS MLC transmission, DLG

NE 2505/3A 0.6 cm3 6.3 mm Graphite wall, Al central
electrode

COL MLC transmission, DLG

PTW 31014 0.015 cm3 2 mm Al central electrode;
oriented in vertical
direction

UTSW Photon profiles ≤4 × 4 cm2

PTW 31013 0.3 cm3 5.5 mm Al central electrode,
graphite coated

UTSW MLC transmission, DLG, effective SSD

PTW 30013 0.6 cm3 5.5 mm Al central electrode,
graphite coated

UTSW MLC transmission, DLG

Diode field
detectors

Scanditronix PFD 0.12 mm3 2 mm Shielded HFHS Photon OF, ≤3 × 3 cm2

SunNuclear Edge
Detector

0.0019
mm3

Active detection area
(mm): 0.8 × 0.8

UTSW Photon OF ≤3 × 3 cm2; photon profiles
≤2 × 2 cm2

Detector array IBA Linear
Detector Array
(LDA99)

2.0 mm
diameter

5 mm spacing, 99
detectors

Hi-pSi diodes UTSW Wedge field profiles

IBA Matrixx
Planar Array

0.08 cm3 7.62 mm spacing,
1020 detectors

Vented pixel ionization
chambers

HFHS Wedge field profiles, IMRT
commissioning

Sun Nuclear
Profiler2

0.8 mm
diameter

4 mm diode spacing,
139 detectors

Hi-pSi diodes COL Wedge field profiles

FIG. 1. Winston Lutz results obtained post-acceptance for a Varian TrueBeam as measured with the portal imager. A positive discrepancy in the crossplane
direction indicates a shift to the right; a positive discrepancy in the inplane direction indicates an inferior shift. G = gantry angle, C = collimator angle, and
P = pedestal angle.
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II.B.3. Output factors (OFs)

For OF measurements, the field size was defined using the
jaws. OFs were acquired using a CC13 cylindrical ion cham-
ber for field sizes ranging from 3 × 3 cm2 to the largest field
size (30–40 cm on a side), and in all cases were normalized
to a 10 × 10 cm2 field size. One of the institutions measured
OFs for slightly different field sizes, particularly for the range
of 1 × 1 to 10 × 10 cm2. When necessary, data were lin-
early interpolated between values to facilitate a more direct
comparison. HFHS and UTSW acquired OFs at 100 cm SSD
and 5 cm depth for all linacs, whereas COL acquired OFs at
100 cm SAD, 10 cm depth. To correct for this, tissue phantom
ratios (TPRs), normalized to a depth of 10 cm were used to
correct COL’s output factors. Special consideration was given
for small field dosimetry, as outlined in Sec. II.B.4.

II.B.4. Small field dosimetry

Small field dosimetry presents known challenges due to the
interplay between the detector size/field dimension and the
loss of lateral charged particle equilibrium.4, 5 For small field
output factors, chamber selection and normalization meth-
ods were slightly different between institutions, although all
followed current literature recommendations3, 4 and utilized
a technique commonly referred to as “daisy chaining” that
serves to correct energy dependence of different detectors.11

At HFHS, a photon field diode (PFD) was used to acquire data
field sizes ≤4 × 4 cm2. An overlapping dataset was acquired
using the CC13 chamber for fields 3 × 3 and 4 × 4 cm2.
A correction factor was applied to the 1 × 1 and 2 × 2
cm2 field sizes by multiplying the average PFD reading at
that field size by the following correction factor: OF CC13(4
× 4 cm2)/PFD(4 × 4 cm2). Similar techniques were followed
by UTSW (diode detector used for 2 × 2 and 3 × 3 cm2,
CC13 for field sizes ≥3 × 3 cm2) with a correction factor
derived for the 2 × 2 cm2 field based on the overlapping
3 × 3 cm2 dataset. Similar methods were used at COL, al-
though a CC01 chamber and 4 × 4 cm2 reference field were
employed.

II.B.5. Leaf transmission and dosimetric leaf gap
(DLG) measurements

MLC transmission was measured separately for both MLC
leaf banks, with the rounded MLC leaf tips abutted un-
derneath the jaws to minimize the effects of intra- and in-
terleaf leakage in the transmission measurement. For four
TrueBeam linacs, a Farmer-type chamber (collecting volume
= 0.65 cm3) was used, and for the other (HFHS2), a CC13
was employed. The setup was the same for both HFHS linacs
and COL (90 cm SSD, 10 cm depth), although UTSW used a
100 cm SSD at a 10 cm depth. All measurements were per-
formed in water, with jaw sizes set to 10 × 20 cm, using DI-
COM plans provided by Varian.12 For each energy, average
transmission readings were calculated by averaging the re-
sults for each MLC bank. According to TG-50, the average
leaf transmission should be <2%.13

Using the same setup as for leaf transmission, the DLG—
or the factor used to account for the transmission through
rounded leaf edges—was measured for all photon energies
using a technique and DICOM plan files provided by the
manufacturer.14 Charge readings were measured for a vari-
ety of sliding MLC gap widths (1, 2, 4, 6, 10, 14, and 20 mm)
spanning 120 mm at a constant speed. The contribution of
the average MLC leaf transmission was accounted for, and a
plot was generated of the corrected gap reading versus the gap
size. A linear fit was performed, and the Y-intercept indicated
the DLG (in mm).

II.B.6. IMRT commissioning

At HFHS, IMRT commissioning was performed in accor-
dance with TG-119 recommendations with an emphasis on
the higher complexity plans provided by this Task Group15

for both TrueBeams commissioned. Verification of plan de-
livery involved point and planar dose measurements delivered
at the actual gantry angles using the CC01 chamber listed in
Table II and GAFCHROMICTM EBT2 film (International
Specialty Products, Wayne, NJ), respectively. Gafchromic
film processing and subsequent gamma analysis was per-
formed using a scan and transpose technique.16 Briefly, two
sets of films (calibration and treatment plan films) are irra-
diated in a slab phantom with one film flipped left-right to
compensate for nonuniform film response. After ∼12 h post-
irradiation, each film was scanned in four different orienta-
tions to mitigate nonuniform response of the scanner light
and detector elements. The scanned eight calibration and
eight plan images were averaged into one calibration and
one plan film image, respectively. Each color channel of the
calibration film was correlated to the reference dose matrix
to produce a third order polynomial calibration curve. Fi-
nally, each color channel of the plan film was converted to
a dose map using the corresponding calibration curve. Av-
erage dose maps of the red and green channels were corre-
lated to the treatment planning dose matrix for subsequent
analysis.

A TG-119 nine-field IMRT treatment plan using 6XFFF
consisting of a C-shape target (i.e., PTV) that surrounds a
central core avoidance [i.e., organ at risk (OAR)] structure of
1 cm radius was delivered. This plan was the most challeng-
ing, where the central core was to receive <20% of the tar-
get dose. Point dose measurements were conducted in both
low and high dose regions, in the central core and in the
middle of the PTV (2.5 cm anterior to isocenter), respec-
tively. TG-119 plans were also calculated and delivered us-
ing a RapidArc delivery technique. Composite point dose dif-
ferences were characterized as defined by TG-119: [(mea-
sured dose − plan dose)/prescription dose]. Note that this is a
unitless quantity. Results from HFHS TrueBeam 1 and 2 are
presented.

II.C. Electron characterization

All TrueBeam machines studied shared electron energies
of 6, 9, and 12 MeV. For high energy electrons, three linacs
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had 16 and 20 MeV, while UTSW commissioned 15 and
18 MeV for their two linacs. All mandatory and recom-
mended beam data measurements according to the Eclipse
algorithm manual (PDDs, crossplane and inplane profiles)
were performed for all available energies using a CC13
chamber at all institutions. Electron cone sizes ranged from
6 × 6 to 25 × 25 cm2 using standard cutouts. Beam
quality specifiers were determined as defined by TG-51
(i.e., R50, a quantity calculated from 50% of the maximum
ionization value on the depth-ionization curve).8 Electrons
were also characterized via other commonly used parame-
ters including practical range (Rp), the depth of 90% dose
level (often defined as the therapeutic range) (R90), depth
of maximum dose (Dmax), and the most probable energy
(Ep).17

II.C.1. Electron cone factors

At all three institutions, electron cone factors were mea-
sured using the CC13 chamber positioned at Dmax, 100 cm
SSD, and for the purpose of this paper, were normalized to the
15 × 15 cm2 electron cone. Mean, standard deviation (SD),
and coefficient of variation (defined as the ratio of standard
deviation to the mean) were computed for each cone factor
for the following: 6, 9, and 12 MeV for 5 linacs, and 16 and
20 MeV for 3 linacs.

II.C.2. Effective SSD

For two institutions, the effective SSD was determined
by taking measurements at each energy’s Dmax at varied air
gaps between the electron cone and water surface, plotting
the square root of I0/I and the gap distance (ranging from 0 to
15 cm), and determining the linear fit as outlined by Khan.18

Data were acquired for cone sizes 6 × 6 through 25 × 25
for all electron energies using standard cutouts. Note that at
higher electron energies, UTSW included 15 and 18 MeV,
whereas the HFHS TrueBeams had 16 and 20 MeV. Here,
HFHS used a CC01 detector, whereas UTSW used a PTW
0.3 cc detector. Clinical practice at COL involves measuring
cutout factors on an as-needed basis if the treatment is not at
standard 100 cm SSD, and therefore comparison data were
not generated for this institution.

II.D. Other characteristics

II.D.1. Couch transmission

The IGRT couchtop consists of two main sections: a
7.5 cm thick portion (water equivalence of 8.5 mm at
6 MV), and a 5 cm thin portion (water equivalence of 5.2 mm
at 6 MV). The outer shell is made of carbon fiber, while the in-
terior consists of a lightweight foam core. Couch transmission
measurements were performed in solid water with the detec-
tor placed at isocenter for all photon energies. First, 100 MU
were delivered using a 10 × 10 cm2 field size with no couch
perturbance. Then, measurements (100 MU) were made with
the thick and thin portions, as defined above, of the couch po-

sitioned over the chamber location. Percent transmission was
defined as the ratio of charge measured with the couch di-
vided by the charge measured without the couch in place and
converted to a percentage.

II.D.2. End-to-end testing

End-to-end tests, including CT simulation, treatment plan-
ning, localization, and dosimetric verification, were per-
formed to assess the overall accuracy of each TrueBeam com-
missioned. For HFHS1, the Lucy 3D QA Phantom (Standard
Imaging, Middleton, WI) designed for stereotactic QA with
MRI Isocentric Volume insert coupled with dosimetry anal-
ysis was used as described previously.19 Briefly, 2 mm CT
slices of the Lucy phantom were acquired, a central contour
(irregular region of interest created by mineral oil) was de-
lineated, and isocenter was set to the centroid of the con-
tour. Data were exported to treatment planning, and two plans
were generated: a single arc RapidArc, and a nine-field IMRT
plan. Data were transferred to the TrueBeam, MV/KV images
were used for localization, and the plans were delivered to a
PTW PinPoint chamber for point dose measurement. A sim-
ilar process was also followed for HFHS2. Here, the Rando
thorax phantom with an implanted BB went through the CT-
simulation process, a treatment plan (nine IMRT fields using
the BB as the isocenter) was derived following RTOG 0915
criteria,20 and Gafchromic film analysis was performed for a
nearby axial plane using the film dosimetry process described
in Sec. II.B.6. The plan was transferred to the TrueBeam
where the phantom was set up to external marks using the
lasers, initial BB localization was performed with a CBCT,
and then residual error was quantified via verification images
consisting of CBCT, an orthogonal KV set, and an orthogonal
MV set.

UTSW performed the IMRT head and neck credential-
ing test through the RPC for their end-to-end testing.21

The RPC anthropomorphic head phantom includes TLD
capsules to assess point doses in PTV and OAR re-
gions, as well as GAFChromic film at the center of the
PTV to assess dose profiles. A planning CT scan was
acquired, an IMRT plan was constructed, and the phan-
tom was localized using IGRT and subsequently irradi-
ated. Independent peer review was also performed via the
RPC for independent dosimetric validation (optically stim-
ulated luminescence detectors for each energy) (results not
shown).

II.D.3. Temporal stability

Output factors were reported for all five linacs for 6, 10,
and 15 MV photons, and 6, 9, and 12 MeV electrons at
monthly intervals from the commissioning date (5–8 months
of data/machine). 6XFFF and 10XFFF were not in clinical
use at UTSW due to compatibility issues with the record and
verify system, so they were omitted from the analysis. Two
of the institutions measured monthly output in a small water
tank, while the third used solid water coupled with a Farmer
chamber.
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III. RESULTS

III.A. Isocentricity

Gantry/collimator isocentricity ranged from 0.265 to 0.283
mm for all linacs, which were well within the Varian spec-
ification of a 0.5 mm radius. Larger variations were ob-
served for the couch/gantry/collimator isocenter axis where
radii ranged from 0.464 to 0.675 mm across the insti-
tutions, which was still within the Varian specification
(0.75 mm radius). An example of an independent Win-
ston Lutz test acquired with the EPID imager is shown in
Fig. 1. Quantitative analysis determined a 3D BB offset of
0.13, −0.50, and −0.38 mm in the lateral, anterior-posterior,
and superior-inferior dimensions. The average collimator and
couch rotation excursions were 0.32 ± 0.22 and 0.20 ± 0.10
mm, respectively. These deviations are well within the 1 mm
tolerance, as expected based on our Isolock results.

III.B. Photon measurements

III.B.1. Depth dose and profile agreement

Table III best summarizes photon metrics studied. For 6,
10, and 15 MV photon beam quality, %dd(10) varied less than
0.3% for all machines. The largest deviations in percent depth
doses between institutions occurred for the 30 × 30 cm2 field
sizes at 20 cm depths. Figure 2 shows the close agreement ob-
tained for 10XFFF and 15X at both 10 × 10 and 40 × 40 cm2.
Pion values were slightly higher for the FFF modes than their
flattened counterparts, while Ppol yielded similar values for all
energies. Close agreement in Pion and Ppol was observed for all
TrueBeam machines measured.

Penumbra measurements agreed well for 6X, 10X, and
15X (standard deviations of the mean values <0.5 mm). For
all energies, inplane penumbra values were larger than cross-
plane. For FFF modes, the “penumbra normalization” method
was employed, and this technique revealed a discrepancy for
COL’s 6XFFF 30 × 30 cm2 cross and inplane penumbra
calculations that deviated from other machines by ∼2.5 and
∼5 mm, respectively. Despite this calculated discrepancy,
Fig. 2 shows close agreement between inplane and crossplane
profiles for all TrueBeam linacs for both 6XFFF and 10XFFF,

with the exception of the increased low dose tails near
∼20 cm from central axis (CAX) for COL. The profiles for
all tails at ∼20 cm from CAX were elevated for all COL
data, including the flattened beams (not shown). It was dis-
covered that when the Wellhofer Blue Phantom2 system,
with coupled controller and two integrated electrometers, was
placed inside the linac vault on the treatment table, scatter
from the water tank biased the electrometer readings, thus,
contributing to higher out of field readings. PDDs were re-
measured once this was discovered, although the profiles
were deemed acceptable in the clinically relevant regions.
Because of the interference from the controller and its im-
pact on the 6XFFF, 30 × 30 cm2 field size, COL was omit-
ted from the mean and standard deviation calculations for
both inplane and crossplane profile penumbras, as stated in
Table III.

III.B.2. Leaf transmission and dosimetric
leaf gap measurements

Table IV summarizes the available data for the DLG and
MLC transmission for all photon energies. For HFHS2 and
COL, measured DLG values were optimized to fit Eclipse
dose calculations to measurements, in a manner similar to
Chauvet et al.22 These optimized parameters are reflected
in the table for the two machines. HFHS1 measured DLGs
were, on average, ∼0.4 mm less than the other two institu-
tions for all energies, despite using the same measurement
technique (vendor-supplied DICOM files and experimental
setup). The overall standard deviations of the DLGs were
less than 0.3 mm for all energies. MLC transmission showed
minimal variation across the three institutions. The largest
MLC transmission values were observed for 10X for all
institutions.

III.B.3. Output factors

After correcting for differences in OF setup conditions,
minimal variation was observed among relative photon out-
put factors. Figure 3 demonstrates the photon output fac-
tors for field sizes ranging from 4 × 4 to 40 × 40 cm2 as

TABLE III. Photon beam parameters. Average data ± standard deviation summarized for three institutions (five TrueBeam linear accelerators). All parameters
showed close agreement except as noted below. Penumbra values shown were taken at a depth of 10 cm using CC13 chambers. Field sizes 10 × 10 and 30
× 30 cm2 are tabulated.

Photon percent dose (%) Penumbra (mm)
Mean ± StDev Mean ± StDev

Transverse Radial
Energy 5 cm 10 cm 20 cm (crossplane) (inplane)

(MV) Ppol Pion 10 × 10 30 × 30 10 × 10 30 × 30 10 × 10 30 × 30 10 × 10 30 × 30 10 × 10 30 × 30

6X 0.999±0.002 1.003±0.002 85.8±0.2 87.6±0.3 66.2±0.3 70.6±0.6 38.1±0.3 44.3±1.0 6.82±0.13 9.02±0.42 7.67±0.15 10.06±0.42
10X 0.999±0.002 1.004±0.001 91.5±0.1 91.4±0.1 73.5±0.1 75.7±0.4 46.4±0.2 50.6±0.7 7.42±0.08 9.06±0.15 8.36±0.20 10.05±0.27
15X 0.998±0.002 1.005±0.001 94.1±0.2 91.8±0.2 76.6±0.1 76.6±0.3 49.9±0.2 52.4±0.6 7.56±0.06 8.98±0.15 8.13±0.11 9.62±0.26
6XFFF 0.999±0.001 1.006±0.002 84.3±0.2 86.3±0.2 63.3±0.1 67.5±0.3 34.5±0.2 39.9±0.4 6.96±0.22 9.49±0.21a 7.65±0.51 10.39±0.82a

10XFFF 0.999±0.001 1.010±0.004 90.4±0.1 90.9±0.1 71.0±0.1 73.0±0.1 42.9±0.1 46.2±0.3 6.98±0.12 8.89±0.59 8.08±0.43 9.65±0.57

aCOL inplane and crossplane penumbra data for 6XFFF, 30 × 30 cm2 was omitted. See text for full description.
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FIG. 2. Inplane and crossplane profiles for 6XFFF and 10XFFF for different TrueBeam linear accelerators (10 × 10 and 30 × 30 cm2 field sizes shown). Data
were well-matched except for one institution in the low dose tail region. PDDs for all photon energies also demonstrated good agreement (10XFFF and 15X
shown for both 10 × 10 and 40 × 40 cm2).

measured with a CC13 chamber. Excellent agreement was
found among all output factors; the largest coefficient of vari-
ation was 0.5% for the 40 × 40 cm2 field at 6X. Small field
output factors are shown in Fig. 4 to better enhance small dif-
ferences in the deviations between machines. The maximum
standard deviation for all output factors studied was 0.01 for
the 10X, 2 × 2 cm2 field size (1.18% coefficient of variation).
The average coefficient of variation for all output factors stud-
ied was 0.28%.

III.B.4. IMRT commissioning

Composite Gafchromic film results from TG-119 are
shown in Fig. 5 for the “CShape-Hard” plan at the central core

level for HFHS1. The percentage of points passing the recom-
mended 3%/3 mm Gamma criteria was 99% for both the low
and high dose planes. Using the TG-119 definition of dose dif-
ference ratios (i.e., expressed as a ratio of prescription dose),
a composite point dose differences of 0.0056 (3.3 cGy differ-
ence) and 0.0088 (5.3 cGy difference) were measured for the
central core and high dose regions, respectively, at a prescrip-
tion dose of 600 cGy. For HFHS2, slightly better agreement
between the planned and measured dose differences were ob-
tained [TG-119 dose difference ratios were 0.000 (0.001 cGy
difference) and 0.004 (0.007 cGy difference) for the central
core and high dose regions, respectively, at a prescription dose
of 200 cGy].

A single arc RapidArc plan was also devised for the same
“CShape-Hard” plan, and the TG-119 defined dose difference

TABLE IV. Miscellaneous commissioning values for all photon energies combined. All data summarized for
three institutions (five TrueBeam linear accelerators).

Dosimetric leaf gap MLC transmission Thin couch transmission Thick couch transmission
Mean ± StDev (mm) Mean ± StDev (%) Mean ± StDev (%) Mean ± StDev (%)

6X FFF 1.16 ± 0.22 1.36 ± 0.11 97.26 ± 0.21 96.33 ± 0.40
6X 1.33 ± 0.23 1.58 ± 0.07 97.60 ± 0.24 96.84 ± 0.47
10X FFF 1.44 ± 0.30 1.63 ± 0.10 98.01 ± 0.11 97.22 ± 0.21
10X 1.57 ± 0.24 1.79 ± 0.04 98.17 ± 0.26 97.57 ± 0.35
15X 1.61 ± 0.26 1.74 ± 0.03 98.44 ± 0.05 97.85 ± 0.28
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FIG. 3. Photon output factors for five TrueBeam linear accelerators measured at three institutions. Excellent agreement was found among all output factors; the
largest coefficient of variation for all output factors greater than 4 × 4 cm2 was 0.5% for the 40 × 40 cm2 field at 6X.

FIG. 4. Small field output factors for all photon energies for five TrueBeam linear accelerators.
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FIG. 5. (a) Planned axial dose distribution at central core level (i.e., low dose region) of 6XFFF Hard C-Shape plan from the TG-119 test suite demonstrating
the C-Shape PTV with nearby cylindrical shaped organ at risk. (b) Gafchromic film measurement results for the lateral (x-y) profile comparing the planned
versus measured fluence in (b) low dose (level of core) and (c) high dose (level of PTV) regions. For (b) and (c), the labeled line indicates the planned dose,
whereas the truncated profile in the X-direction indicates the measured dose profile.

ratio was 0.0128 (7.7 cGy difference) and 0.0121 (7.2 cGy
difference) for the central core (low dose) and high dose re-
gions, respectively. For HFHS2, the same plan yielded TG-
119 results of 0.016 and 0.023 for the central core (low dose)
and high dose regions, respectively. Here, point dose chamber
results were 7.3% and 1.1% different for the central core and
high dose regions, respectively, for HFHS1, which were sim-
ilar to those obtained for HFHS2 (6.7% and 2.2% different
than expected for the same regions).

III.C. Electron characterization

PDD parameters for all electron energies studied demon-
strated excellent agreement, with <1 mm standard deviation
of the mean for all parameters evaluated (Table V). The elec-
tron beam quality specifier (R50) showed overall good agree-
ment between machines, with the largest difference occurring
at 12 MeV (1.5 mm range across four TrueBeam machines).

III.C.1. Electron cone factors

Electron cone factors were well matched for all energies
and field sizes, as shown in Fig. 6. The largest discrepancy
across all machines was observed for the 12 MeV, 6 × 6 cm

electron cone (maximum standard deviation = 0.0083 arbi-
trary units, CV = 0.87%). Over all electron cones and ener-
gies, the average CV was 0.23 ± 0.25%.

III.C.2. Effective SSD

Figure 7 demonstrates effective SSD measurements for
UTSW and two HFHS TrueBeam machines. Overall, close
agreement was observed between the HFHS machines for all
energies. UTSWs measured effective SSD tended to be lower
in magnitude for 6, 9, and 12 MeV compared to the other two
units, although the same general trends were observed. The
largest variation between all machines was observed for the
6 × 6 cm electron cone, particularly at lower energies (i.e.,
6 MeV). Here, UTSW was ∼3–4 cm shallower than the HFHS
measured machines.

III.D. Evaluation of other characteristics

III.D.1. Couch transmission

Table IV summarizes couch transmission results for the
thick and thin portions of the Varian IGRT Couch for all pho-
ton energies.
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TABLE V. Electron beam mean and standard deviation (STD) parameters for
three institutions for the 20 × 20 cm electron cone.

Dmax (cm) R50 (cm) R90 (cm) Rp (cm) Ep (MeV)

6 MeV
HFHS1 1.26 2.33 1.72 3.00 6.19
HFHS2 1.20 2.29 1.69 2.91 6.00
COL 1.26 2.41 1.79 3.07 6.32
UTSW 1.25 2.37 1.75 3.05 6.29
Mean 1.24 2.35 1.74 3.01 6.20
SD 0.03 0.05 0.04 0.07 0.14

9 MeV
HFHS1 1.98 3.50 2.67 4.37 8.91
HFHS2 2.00 3.50 2.68 4.35 8.87
COL 2.07 3.61 2.77 4.49 9.16
UTSW 2.08 3.63 2.78 4.50 9.19
Mean 2.03 3.56 2.73 4.43 9.03
SD 0.05 0.07 0.06 0.08 0.17

12 MeV
HFHS1 2.80 4.93 3.82 6.05 12.29
HFHS2 2.76 4.96 3.82 6.04 12.28
COL 2.82 5.01 3.89 6.15 12.50
UTSW 2.78 5.08 3.94 6.21 12.60
Mean 2.79 5.00 3.87 6.11 12.42
SD 0.03 0.07 0.06 0.08 0.16

16 MeV
HFHS1 2.90 6.57 4.99 8.08 16.38
HFHS2 2.85 6.58 5.04 7.94 16.10
COL 2.97 6.65 5.07 8.10 16.43
Mean 2.91 6.60 5.03 8.04 16.30
SD 0.06 0.04 0.04 0.09 0.18

20 MeV
HFHS1 2.35 8.23 5.97 10.17 20.61
HFHS2 2.5 8.22 6 10.05 20.38
COL 2.47 8.27 6.00 10.11 20.49
Mean 2.44 8.24 5.99 10.11 20.49
SD 0.08 0.03 0.02 0.06 0.12

III.D.2. End-to-end testing

For end-to-end testing for HFHS1, after localizing the
Lucy phantom scribes to the lasers, <0.5 mm in the ver-
tical, longitudinal, and lateral directions were needed for
proper isocenter alignment using an MV/KV orthogonal
pair. The nine-field IMRT plan demonstrated a 0.4% dif-
ference in overall point dose between the planned and
measured values (per beam range: −0.60% to 1.20%) and
the single arc RapidArc plan was −0.23% different from
expected.

For HFHS2, initial CBCT localization of the BB implanted
in the Rando thorax phantom was −0.8, 0.9, and 1.3 mm dif-
ferent from external laser alignment in the vertical, longitudi-
nal, and lateral directions, respectively. Residual error analy-
sis showed 0 mm discrepancy in the vertical and longitudinal
directions using three imaging modalities (CBCT, KV/KV,
and MV/MV orthogonal sets), although the lateral direction
showed a slight residual discrepancy for all imaging modal-
ities (0.2–0.3 mm). Gamma analysis of Gafchromic EBT3

film dosimetry in the axial plane revealed 99.8% of pixels
passed within scribed region at a 3%/3 mm distance to agree-
ment, and 94.7% pass rate using 2%/2 mm criteria as shown
in Fig. 8.

UTSW passed the head and neck RPC IMRT credential-
ing test. In the target (PTV) region, point doses measured
by TLDs had measured/institution ratios of 0.94–0.99 (RPC
acceptable criteria = 0.93–1.07). The organ at risk was as-
sessed via film profiles scaled to TLD dose values. Isodose
lines (mean of three levels) from institutional treatment plans
were used to measure the displacement between the measured
and expected dose gradients in the region between the PTV
and the OAR, with a 4 mm tolerance. This difference was cal-
culated to be 0 mm.

III.D.3. Temporal stability

Figure 9 demonstrates monthly central axis output mea-
surements for all photon energies available on the TrueBeam
units. As mentioned previously, flattening filter free modes
were not compatible with the record and verify system at
UTSW and were therefore unavailable for comparison. Elec-
tron energies followed similar patterns as the photons (data
not shown). Output was reduced at months 3 and 6 for all
energies at HFHS due to observed upward trends and an insti-
tutional limit of 1.5% of nominal calibration. Output was also
reduced at month 6 at COL, and at months 4 and 7 for UTSW
Machine 2.

IV. DISCUSSION

This study summarizes the commissioning experiences of
five TrueBeam linear accelerators at three different institu-
tions, including timelines, mechanical, and dosimetric param-
eters. Table I demonstrates the timelines and personnel re-
quired for commissioning and ongoing QA efforts, which are
slightly increased compared to standard linear accelerators
due to the extra photon modes available for the TrueBeam.
However, when compared to the expected commissioning and
QA effort for a NovalisTX that includes both OBI and Ex-
acTrac imaging systems, as well as Eclipse and iPlan Treat-
ment Planning system, the overall effort was similar.19 Over-
all, TrueBeam parameters demonstrated excellent agreement
across all machines. For example, MLC transmission showed
minimal variation across the five machines, with the standard
deviation <0.2% for all linacs studied. The largest transmis-
sion values were observed for 10X for all machines. This is
expected, as the increased pair production at 15X results in
lower overall transmission than at 10X. The relative photon
output factors were also in excellent agreement (largest stan-
dard deviation for all output factors was 0.01 for a 2 × 2 cm2

field at 15X, corresponding coefficient of variation of 1.2%).
For field sizes >10 × 10 cm2, the output factors for the FFF
modes tended have a smaller magnitude than their flattened
counterparts (i.e., 6XFFF and 6X, 10XFFF and 10X), which
is consistent with the literature.1
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FIG. 6. Electron cone factors for 6, 9, and 12 MeV for all five TrueBeam linear accelerators, with UTSW data representing two matched machines. 16 and
20 MeV data shown for three TrueBeam linear accelerators with mutual high energies.

PDDs shown in Fig. 2 demonstrated close agreement for
the 10XFFF and 15 MV photons. Inplane/crossplane profiles
for FFF modes were well matched between machines, with
the exception of the low-dose tails for COL as described in
Sec. III. Over all energies studied, inplane penumbra val-
ues were slightly larger than crossplane, which is consistent
with the literature.23 Despite being well matched among in-
stitutions, average measured penumbra values for 6, 10, and
15 MV beam energies were slightly larger (∼1–2 mm) than
what have been reported for two other analyses of TrueBeam
machines.23, 24 The likely cause of this discrepancy is the se-

lection of ionization chamber that was employed for mea-
surements, as Chang et al.23 used a combination of high-
resolution diode detectors (i.e., stereotactic field detector)
and ion chambers (CC01 and CC13) to measure their dosi-
metric data. High resolution diodes and chambers are desir-
able to describe penumbra regions, which was performed for
all small field dosimetry in this work. Overall, close agree-
ment in polarity and ion collection efficiency was observed
for all photon energies studied. Pion values were slightly
higher for the FFF modes than their flattened counterparts,
with 10XFFF yielding the largest correction (1.010 ± 0.004

FIG. 7. Effective SSD results for two institutions, four linacs with new scattering foil geometries for the TrueBeam. UTSW represents a single dataset for
matched machines.
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FIG. 8. End-to-end testing for a Rando thorax phantom for a TrueBeam machine. (a) Axial plane of the planned dose distribution, (b) exposed
GAFCHROMICTM EBT3 film from an axial plane near isocenter, (c) CBCT localization with the crosshairs indicating the BB location, (d) planned axial
dose distribution at the level of film, (e) corresponding axial film dose distribution, (f) film gamma analysis results with 3% dose difference and 3 mm distance
to agreement [99.8% of pixels passed within region of interest, with scale indicating gamma (unitless quantity)], (g) film gamma analysis results with 2% dose
difference and 2 mm distance to agreement (94.7% of pixels passed within region of interest), (h) corresponding horizontal (X-dimension) and (i) vertical
(Y-dimension) profiles for planned and delivered film doses.

arbitrary units), which agrees with what has been reported in
the literature.23, 25

Some systematic differences were also observed in the
commissioning data. For example, HFHS1 MLC DLG values
were ∼0.4 mm less than the other institutions across all pho-
ton energies. However, these HFHS data of smaller magnitude
demonstrated closer agreement to the DLG values presented
in the recent work by Chang et al.23 (i.e., mean DLGs for three
TrueBeam machines at the same institution ranged from 0.71
to 0.96 mm for 6XFFF and 15 MV, respectively). On the other
hand, Ong et al.26 recently reported a DLG of 1.37 mm for
10XFFF, which was similar to the overall mean value across
measured TrueBeams. All institutions in this work used the
same DICOM plan files and measurement setup as defined
by the manufacturer. Nevertheless, matched DLG values can-

not be expected between institutions and different machines,
namely, due to slight differences in MLC calibration, me-
chanical uncertainties, and construction discrepancies of the
leaves.22 It has been suggested that systematic differences in
the DLG of ∼0.6 mm may yield ∼2% change in the equiva-
lent uniform dose for standard head and neck IMRT plans.27

The most complex TG-119 IMRT commissioning treatment
plan results were illustrated for HFHS1 and 2. For the IMRT
plan at the central core (low dose region), the composite point
dose was 0.0056, while the TG-119 value for 10 institutions
was 0.009 ± 0.025.15 In the high dose region, 0.0088 was cal-
culated as compared to the TG-119 result of −0.001 ± 0.036.
Gafchromic film analysis of the high-dose region revealed
∼99% pass rate at a gamma level of 3%/3 mm. Overall, strong
agreement with reported TG-119 values gives confidence in
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FIG. 9. Monthly central axis output measurements for all photons available on the TrueBeam units. Flattening filter free modes were not compatible with the
record and verify system at UTSW, and were unavailable for comparison.

the TrueBeam IMRT commissioning and beam modeling pro-
cess. While specific measurements were not repeated among
beam energies to develop institution-specific confidence lev-
els, a variety of plans were calculated for each photon energy
to offer further assessment of initial IMRT verification.

Direct comparison for the 6XFFF TrueBeam RapidArc
plan to TG-119 was not possible, as TG-119 does not pro-
vide confidence limits for arc therapy. Recently, a comprehen-
sive multi-institutional study was conducted by the European
TrueBeam Council that explored patient-specific plan verifi-
cation for IMRT and RapidArc plans using TrueBeam FFF
modes.28 Detailed RapidArc commissioning was beyond the
scope of this work, although references are available in the
literature for other linear accelerators.6, 14

Consistent results were demonstrated for the electron beam
quality specifier (R50) across four machines, with the largest
difference occurring at 12 MeV (1.5 mm). Effective SSD
measurements were in strong agreement for the two HFHS
TrueBeams, whereas measurements for UTSW were lower
in magnitude. Despite the dispersion in results between in-
stitutions shown in Fig. 7, particularly for the 6 × 6 cm2, a
similar spread of values was observed by Chang et al.23 for
three TrueBeam machines measured at the same institution,
presumably with the same equipment (i.e., effective SSD for
6 × 6 cm2 6 MeV range = 65.4–69.1 cm).

For end-to-end testing, one institution passed the RPC
head and neck IMRT credentialing test to provide an in-
dependent verification of the entire treatment planning and
delivery process. Notably, the mean displacement between
planned and measured isodose lines was 0 mm, which was
less than the average displacement summarized in TG-119
(1.1 ± 1.3 mm) for 10 institutions.15 These results suggest
that the treatment planning and delivery processes, including
IMRT, were within practice guidelines.

Review of the monthly output measurements for all insti-
tutions suggested that periodic adjustment of machine out-
put was necessary at all institutions. General upward drifts
were observed over the first 6 months of clinical use. This
phenomenon has been documented in the literature for other
linacs, with steep upward output trends of up to 2% observed
within the first 2–3 months postcommissioning, and stabiliza-
tion occurring about 2–3 years later.29 Such output drifts may
be related to changes in the dose monitoring capabilities in-
cluding drifts in measurement electronics and in the sealed
monitor chambers.29

Despite having varied commissioning approaches and us-
ing different detectors, excellent agreement was found with
all of the parameters measured at three institutions. This work
highlights a variety of techniques used to achieve similar
commissioning goals, and is by no means all-inclusive. For
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example, no wedge results (profiles or wedge factors) were
included in this work, largely because all three institutions
performed only verification measurements for enhanced dy-
namic wedges for non-FFF photon modes (6X, 10X, and
15X). Other ways to strengthen this work would be to in-
clude more institutions in the analysis and to repeat some
measurements to increase the overall fidelity of the reported
values. Nevertheless, this multi-institutional data of five dif-
ferent TrueBeam machines provides useful comparison.

V. CONCLUSION

Overall, strong agreement was observed for all institutions,
despite having varied equipment and acquisition techniques.
This multi-institutional dataset may help other institutions
embarking on TrueBeam commissioning, and is hoped to be
of significant value to the medical physics community.
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