Filmless methods for quality assurance of Tomotherapy using ArcCHECK
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Purpose: Tomotherapy delivers an intensity-modulated radiation therapy (IMRT) treatment by the
synchronization of gantry rotation, multileaf collimator (MLC), and couch movement. This dynamic
nature makes the quality assurance (QA) important and challenging. The purpose of this study is to
develop some methodologies using an ArcCHECK for accurate QA measurements of the gantry
angle and speed, MLC synchronization and leaf open time, couch translation per gantry rotation,
couch speed and uniformity, and constancy of longitudinal beam profile for a Tomotherapy unit.
Methods: Four test plans recommended by AAPM Task Group 148 (TG148) and the manufacturer
were chosen for this study. Helical and static star shot tests are used for checking the leaves opened at
the expected gantry angles. Another helical test is to verify the couch traveled the expected distance per
gantry rotation. The final test is for checking the couch speed constancy with a static gantry. Arc-
CHECK can record the detector signal every 50 ms as a movie file, and has a virtual inclinometer for
gantry angle measurement. These features made the measurement of gantry angle and speed, MLC syn-
chronization and leaf open time, and longitudinal beam profile possible. A shaping parameter was
defined for facilitating the location of the beam center during the plan delivery, which was thereafter
used to calculate the couch translation per gantry rotation and couch speed. The full width at half maxi-
mum (FWHM) was calculated for each measured longitudinal beam profile and then used to evaluate
the couch speed uniformity. Furthermore, a mean longitudinal profile was obtained for constancy check
of field width. The machine trajectory log data were also collected for comparison. Inhouse programs
were developed in MATLAB to process both the ArcCHECK and machine log data.

Results: The deviation of our measurement results from the log data for gantry angle was calculated to
be less than 0.4°. The percentage differences between measured and planned leaf open time were found
to be within 0.5% in all the tests. Our results showed mean values of MLC synchronization of 0.982,
0.983, and 0.995 at static gantry angle 0°, 45°, and 135°, respectively. The mean value of measured
couch translation and couch speed by ArcCHECK had less than 0.1% deviation from the planned val-
ues. The variation in the value of FWHM suggested the couch speed uniformity was better than 1%.
The mean of measured longitudinal profiles was suitable for constancy check of field width.
Conclusion: Precise and efficient methods for measuring the gantry angle and speed, leaf open time,
couch translation per gantry rotation, couch speed and uniformity, and constancy of longitudinal
beam profile of Tomotherapy using ArcCHECK have been developed and proven to be accurate com-
pared with machine log data. Estimation of the Tomotherapy binary MLC leaf open time is proven to
be precise enough to verify the leaf open time as small as 277.8 ms. Our method also makes the
observation and quantification of the synchronization of leaves possible. © 2016 American Associa-
tion of Physicists in Medicine [https://doi.org/10.1002/mp.12009]
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As the development of rotation radiotherapy has grown rapidly
in the past decade, many advanced techniques such as intensity
modulated radiation therapy (IMRT), helical Tomotherapy,
and volumetric arc therapy (VMAT) have been widely used in
radiotherapy.'” Tomotherapy delivers IMRT technique using a
rotating linear accelerator which is capable of radiating a
6-MYV photon beam continuously while the couch moves into
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the gantry.® A compressed air-driven binary multileaf collima-
tor (MLC) is used in Tomotherapy for intensity modulation by
controlling the open time for each leaf. Therefore, the perfor-
mance of MLC is crucial to the final outcome of a Tomother-
apy treatment. Moreover, due to the helical delivery pattern,
Tomotherapy is much more complex compared to the conven-
tional Linac, hence the dosimetry verification and machine
quality assurance (QA) are particularly important to assure the

treatment safety and accuracy.” '
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Ton chamber and film measurements with a manufacturer-
supplied Virtual Water cylinder phantom were widely used
for dosimetry verification of patient treatment plans in helical
Tomotherapy.'>'* However, film QA using EDR2 has been
reported to be easily affected by the development process
which introduces uncertainty to the calibration curve.'>'®
Devices with 2D arrays also have successful applications in
helical Tomotherapy QA'”'® despite the possible limitation
due to its directional dependency.*° The ArcCHECK (Sun
Nuclear, Melbourne, FL, Australia), a cylindrical acrylic
phantom with an array of spirally arranged diode detectors,
has been found to be well suited for QA of VMAT, IMRT,
and Tomotherapy,”' 2 since the cylindrical design of Arc-
CHECK removes rotational dependence of the detectors.

Regarding machine QA, as mentioned by AAPM Task
Group 148 (TG148), the treatment accuracy of Tomotherapy
system would be compromised if any inaccuracy or drift in
parameters of gantry rotation and table movement occurs dur-
ing a treatment."’ Thus, the accuracy of the gantry angle of
the system, the synchronization between couch translation
per gantry rotation and the ability of the system to correctly
synchronize the couch position with the beam delivery should
be tested periodically."" TG148 recommended several couch/
gantry tests in quarterly QA, which were originally raised by
Fenwick et al.” Although TG148 did not cover the TomoDir-
ect™ feature, it was strongly recommended by the manufac-
turer to perform a star shot test with a nonrotating gantry,
since a separate gantry positioning system was used for static
procedures in Tomotherapy.'? The details of these film-based
synchrony tests are briefly introduced below:

1.A. Helical and static star shot tests

The helical and static star shot tests were designed to verify
that the leaves open at the intended gantry angles for a helical
and static delivery, respectively. The helical star shot test which
had a total of 40 gantry rotations while the couch moved con-
tinuously and the central leaves No. 32 and 33 opened simulta-
neously for 277.8 ms at projections centered at 0°, 120°, and
240°. The plan set a gantry start angle of —2.5° to ensure the
projections were centered at the expected angles.

The static start shot test was used to check the gantry posi-
tions at the expected static angles 0°, 45°, 90°, and 135°,
respectively, without any couch movement and leaves No. 32
and 33 opened sequentially for a total of 20 seconds.

The angles could be directly measured on the irradiated
films using protractor. However, no information about gantry
speed could be provided by the film-based test.

1.B. Couch speed uniformity

A plan with a static gantry at 0°, 1-cm field width and con-
stant couch movement speed of 0.5 mm/s for a distance of
20 cm was designed to verify that the couch speed was con-
stant for a clinically typical speed. A profile along the Y-axis
was taken for analyzing the uniformity and no exact value of
couch speed was calculated. Note that the test requires a
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constant dose rate or a reference signal would be needed for
normalization.

1.C. Couch translation per gantry rotation

A helical plan with a 1-cm field width and a pitch of 1
opened the leaves for 180 degrees at the 2nd, 7th, and 12th of
the 13 total rotations. It was used to verify if the couch trav-
eled the expected distance per gantry rotation. The resulting
exposures on the film should be separated by 5 cm in the Y-
axis profile.

The machine QA methods recommended in TG148 are
mainly film-based with different setup involving solid water
slabs."" Although some QA methods based on a step wedge
phantom and on-board MVCT detector were developed by
Mikotajczyk and Althof et al.,*** which was further embed-
ded in the Tomotherapy Quality Assurance (TQA): a software
package for monitoring the machine status,”” there is little liter-
ature discussing about machine QA for Tomotherapy using an
independent or third-party tool. The ArcCHECK provides
some built-in functions for control point dose analysis and
MLC QA per control point for conventional Linac.®' The feasi-
bility of using ArcCHECK for machine QA for VMAT was
also studied by utilizing its cylindrical geometry and spiral pat-
tern of diodes distribution.*” In this study, we aim to develop
some novel methods based on ArcCHECK for machine QA
measurements of a Tomotherapy unit.

2. MATERIALS AND METHODS

The film-based QA plans recommended by TG148 were
delivered without any modification in our studies. All measure-
ments were performed using ArcCHECK on a Tomotherapy
unit, which consists of 60 binary leaf pairs of 6.25-mm width at
isocenter and is equipped with the Dose Control System (DCS).
The ArcCHECK consists of 1386 diode detectors which are
arranged in a spiral pattern with a length of 21 cm and a diame-
ter of 21 cm. The distance between adjacent diodes in each col-
umn is 1 cm. The ArcCHECK is also capable of saving a movie
file which takes a snapshot of the detector signals every 50 ms.
The feature of virtual inclinometer has also been utilized to
record the gantry angle during the plan delivery.

The ArcCHECK was adjusted for couch sag and isocentri-
cally set up for 1.A. For covering the whole irradiated area in
1.B and 1.C, the ArcCHECK was moved 10 cm out of bore
relative to the isocenter.

MATLAB programs were developed to process these mea-
sured movie files. Every test was repeated 10 times in differ-
ent days for observing the stability and feasibility of our
proposed methods.

2.A. Gantry angle

When delivering the helical star shot test, the virtual incli-
nometer tool of the ArcCHECK was used to measure the gan-
try angle at each snapshot, it would record multiple angle
values for each 5° projection with leaves opened. A mean
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value and the corresponding time for each projection were
calculated. The gantry speed could then be calculated simul-
taneously. The machine trajectory log data were also collected
and analyzed for comparison.

For the static star shot test, due to the detector distribution
of the ArcCHECK, one detector picking up the signal was
located on the beam entry side while the other one was located
at the beam exit side for gantry angles except 0°. Since the
detector is either close to the edge or out of radiation field at
gantry angle 90°, which may cause larger uncertainty, we
decide not to analyze the measurement data for 90°.

2.B. MLC synchronization and leaf open time

For the static star shot test, since the gantry and couch
were stationary, the open time for leaves No. 32 and 33 could
be easily obtained by calculating the full width at half maxi-
mum (FWHM) of the corresponding detector signal versus
time curve, respectively. However, in helical star shot test, for
each 5° projection with leaves opened, the detector signal ver-
sus time data would be collected from two adjacent detectors
closest to the beam central line. To reduce the influence from
the beam transverse profile and relative change in the dis-
tance between the detector and the x-ray source caused by the
gantry rotation, the start time of leaf open was decided by the
ramp-up of the detector which was closer to the leaf open
position, while the stop time of leaf open was calculated from
the ramp-down of the other detector. The whole process is
illustrated in Fig. 1, which also shows a typical detector sig-
nal plots for two adjacent detectors in helical test.

2.C. Couch translation per rotation

Due to the spiral pattern of the diodes’ distribution, when
one of the diodes of the ArcCHECK located at the beam
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center, the dose profile as measured by the row of diodes
which surrounded the center diode should have a symmetrical
pattern if the Tomotherapy unit and all diodes were in good
condition.

For quantitatively evaluating the symmetry of a profile
normalized to its maximum, we divided the profile measured
by one row of 67 detectors: (Dy, Dy, ..., Dgy) into left half A:
(Dl, D2, ey D33) and I'ight half B.'(D35, D367 ey D67)’ while

D34 was the maximum point. Then, we defined a shape
parameter as:

_>la-8
> |A+ B|

By searching the local minimum of the S parameter, the
beam center at different times could be located, which made
the calculation of the couch translation possible by assuming
a constant couch speed. An illustration of the measurement

principle and a typical detector signal plot at the beam center
are shown in Fig. 2.

S

2.D. Couch speed and uniformity

Since the test of couch speed uniformity is a plan with sta-
tic gantry at 0°, the location of the beam center is between
two adjacent detectors by using the same method mentioned
in 2.C. With the location of beam centers and the correspond-
ing time, the couch speed could be easily calculated.

Furthermore, it is obvious that the detectors under irradia-
tion are capable of measuring a beam profile while the couch
is moving along the longitudinal direction. Two columns of
detectors, which are located on top of the ArcCHECK almost
symmetrically, were chosen for analysis in this study. A total
of 34 profiles were collected and a five-order one-dimen-
sional median filter was applied to remove the spike noise.
According to TG148, the method of measuring the beam

Gantry Rotation

Detector 1 Detector 2

FiG. 1. Tllustration of the principle described in 2.B. for the measurement of leaf open and close time in helical star shot test. [Color figure can be viewed at

wileyonlinelibrary.com]
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Fic. 2. Illustration of the principle described in 2.C for locating the beam center. [Color figure can be viewed at wileyonlinelibrary.com]

profile relies on uniform couch motion.'" The drift of couch
speed would lead to a change in the measured beam profile.
Therefore, after the FWHM was calculated for each profile,
the variation in FWHM could be used to evaluate the couch
speed uniformity.

2.E. Constancy of longitudinal beam profile

All 34 profiles measured as described in 2.D were used to
calculate a mean which represented the beam profile for single
measurement. The mean profile and its FWHM measured on
the first day were chosen to be the benchmark. All measure-
ments conducted on different days were compared with the
benchmark using gamma analysis with a 2%/0.1 mm criterion.
Since TG148 also suggest an alternative way of using film
dosimetry to monitor the longitudinal beam profile for consis-
tency,'" we also irradiated films with a setup simulating the
location of the detectors in ArcCHECK measuring the profile.

We should emphasize that our measured longitudinal
beam profiles were different from those measured using ion-
ization chamber under the standard topographic plan setup in
TG148 and could not be directly compared with the reference
data provided by the manufacturer.

3. RESULTS

Although ten measurements were taken, for elucidating
the performance of our proposed methods, only a typical
measurement result is presented for 3.A, 3.B, and 3.D.

3.A. Gantry angle

Table I shows the mean and standard deviation (SD) of
measured gantry angles by ArcCHECK for both helical and
static star shot tests. For helical test, the difference between
the mean measured angle and the expected value was less
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TasLE 1. Results of gantry angle measured by ArcCheck for both helical and
static star shot tests.

ArcCHECK result
Expected angle (°) Mean (°) SD (°) Difference (°)

Helical 0 359.9 0.3 —0.1
120 119.9 0.2 —0.1

240 239.8 0.2 -0.2

Static 0 0.0 0.5 0.0
45 44.8 0.5 -0.2

135 134.6 0.5 —-0.4

than 0.2°, which was comparable to the gantry phase angle
difference in TQA helical step wedge test. The mean mea-
sured angle for static test had a deviation as large as 0.4°
which should be caused by the location of those irradiated
detectors in the ArcCHECK as mentioned in 2.A. Further-
more, the SD was also extended to be 0.5°. For further study-
ing the accuracy of our method, we extracted the machine
trajectory log data of a delivered plan. After synchronization
with the log data, the plots of both our measured and
machine-recorded gantry angle versus time are shown in
Fig. 3(a). The mean deviation of our measurement results
from the log data for the total 40 rotations was calculated to
be less than 0.25°. Figure 3(b) shows how the gantry speed
varies with time. The mean measured gantry speed was
18.02°/sec with an uncertainty £+ 0.07°/sec, which was very
close to the plan setting of 18.00°/sec and the mean value of
18.02°/sec calculated from log data.

3.B. MLC synchronization and leaf open time

The machine-recorded leaf open time which was obtained
from the post-treatment data of MV detector confirmed the
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FiG. 3. (a) Plots of gantry speed versus time for measured results by Arc-
Check and data extracted from machine log file. (b) Plots of gantry angle ver-
sus time for measured results by ArcCheck and data extracted from machine
log file. [Color figure can be viewed at wileyonlinelibrary.com]

plan setting of leaf open time. The mean measured leaf open
time with its SD by ArcCHECK for both helical and static
plans are shown in Table II. The percentage differences
between measured and expected values were calculated to be
within 0.5% in all the tests. Figure 4 shows the plots of mea-
sured leaf open time versus plan delivery time for helical plan
at gantry angle 0°, 120°, and 240°, respectively. The maxi-
mum deviation of measured open time was as large as 14 ms.
For the static test, Fig. 5 shows how the measured signals
from detectors vary with time at static gantry angle 0°, 45°,
and 135°. Since the detector that is located at the beam exit
would produce low signal to noise ratio due to beam attenua-
tion by the ArcCHECK, this caused a relatively higher stan-
dard deviation on the result as shown in the Table II and
Fig. 5. The moment when one leaf was closed and the other
was opened could be clearly observed in the plots, that is, the
region in the rectangle in Fig. 5. If leaves are synchronized
perfectly, the sum of the two detectors’ response should be
one when the leaf state is “in transition”. Our results show

TasLE II. Results of leaf open time measured by ArcCheck for both helical
and static star shot tests.

Measured leaf

Gantry open time (ms) Expected leaf
angle (©) Leafno.32and 33 opentime (ms) % Difference
Helical 0 2789 + 6.8 277.8 0.4
120 278.0 £ 6.5 277.8 0.1
240 2776 £ 6.4 277.8 —0.1
Leaf
Leaf no. 32 Leaf no. 33 no.32 Leaf no. 33
Static 0 19962 £ 1.8 1999.1 £ 0.8 2000.0 —0.2 —0.1
45 19985 £ 09 1996.6 £ 7.1 2000.0 —0.1 —-0.2
135 1991.2 £ 29 1991.5 £ 43 20000 —0.4 —0.4
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Fic. 4. Plots of leaf open time versus plan delivery time for measured results
by ArcCheck at gantry angle 0°, 120°, and 240°, respectively. [Color figure
can be viewed at wileyonlinelibrary.com]

mean values of 0.982, 0.983, and 0.995 at static gantry angle
0°, 45°, and 135°, respectively.

Since current methods for measuring the leaf open time
were mostly based on the sinogram collected from MV detec-
tor,>** our proposed method succeeds to provide an inde-
pendent check for the timing accuracy of the machine.

3.C. Couch translation per rotation

The measured couch translation agrees well with the plan
setting. The mean separation of all measurements was calcu-
lated to be 49.970 with an uncertainty of £ 0.033 mm. The
precision of our method is comparable or even better than
film. The shaping parameters of all located beam centers
were less than 0.01. A small displacement of 0.152 mm in
longitudinal direction which was the longitudinal resolution
of ArcCHECK could change the shaping parameter from
0.009 to 0.08. Therefore, the shaping parameter was proved
to be sensitive enough for our purpose even when the setup
error was included.

3.D. Couch speed and uniformity

Figure 6(a) shows the plot of ArcCHECK-measured
couch speed versus time. The calculated speed based on
data retrieved from machine log file is also presented for
comparison. Our result shows a mean value of
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FiG. 5. Plots of normalized measured detector signal versus time at static gantry angle 0°, 45°, and 135°, respectively. The region marked by a rectangle shows
an example of MLC synchronization. [Color figure can be viewed at wileyonlinelibrary.com]

0.5002 mm/s with an uncertainty + 0.0025 mm/s, which
agrees very well with both the plan setting of 0.5 mm/s
and the machine log data of 0.5005 mm/s. The total ten
consecutive measurements of the mean couch speed with
its SD are also shown in Fig. 6(b), which proves the
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stability of our method. Furthermore, if we focused on the
mean couch speed during the plan delivery, only the first
and last located beam centers would be used for calcula-
tion, which would certainly give a smaller uncertainty less

FiG. 6. (a) Plots of couch speed versus time for measured results by ArcCheck in single measurement. (b) Mean couch speed with its standard deviation for ten
consecutive measurements. [Color figure can be viewed at wileyonlinelibrary.com]
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FiG. 7. Measured longitudinal beam profiles by 17 detectors in the same
column. [Color figure can be viewed at wileyonlinelibrary.com]

The measured beam profiles by one column of detectors
are shown in Fig. 7. The distance indicated in the figure was
calculated by multiplying a couch speed of 0.5 mm/s. The
mean of FWHM for all profiles was calculated to be
8.950 mm, with an uncertainty of £+ 0.014 mm. The maxi-
mum deviation of FWHM was found to be less than 0.6%,
which indicated a stable couch speed during the plan deliv-
ery. After analyzing all of the ten measurements, the maxi-
mum deviation and the maximum SD of FWHM, which were
less than 1% and 0.5%, respectively, proved that the tolerance
of 2% from TG148 is still applicable in our test. Our pro-
posed method combined the advantages of both film and
TQA step wedge and was able to measure the couch speed
and uniformity at the same time.

3.E. Constancy of longitudinal beam profile

Figure 8 shows the measured profiles by different detec-
tors and the gamma analyses when comparing their measured

13

profiles with the calculated mean profile. For a clear illustra-
tion, only 6 of the total 34 profiles were selected. A mean
value of gamma indexes less than 0.1 suggests that the calcu-
lated mean profile is a good representation of longitudinal
beam profile.

Day-one benchmark and the film-measured profile are
shown in Fig. 9(a), while [Fig. 9(b)-9 (j)] show the gamma
analyses for measurements conducted on nine different days.
The FWHM of film measurement was calculated to be
9.002 mm, which was close to our benchmark 8.960 mm.
Gamma analysis was not performed for the film since the
result would be affected by the film calibration curve and the
detector response at the penumbra region. The mean and
maximum gamma index and FWHM for measurements from
day 2 to day 10 were also shown in Table III. The maximum
of gamma indexes were all less than 0.5, which proved the
feasibility of constancy check for longitudinal beam profile
using ArcCHECK.

4. DISCUSSION

In the gantry angle measurement for helical star shot test,
compared with the film-based method recommended by
TG148 which shows an averaged result of several rotations,
our proposed method was capable of measuring the gantry
angle for each projection in all 40 rotations and make the
gantry speed measurement possible. However, in the static
angle measurement, our proposed method showed no addi-
tional advantage over film due to the design and detector
arrangement of ArcCHECK. Although our measured static
angle was obtained by calculating the mean of the inclinome-
ter reading from beam entry and beam exit detectors, the
additional uncertainty coming from the error propagation was
compromised by such algorithm. Thus, the intrinsic uncer-
tainty of virtual inclinometer, which is 4+ 0.5° according to
Ref. 31, turns out to be determinate.

Fortunately, the static star shot test provided us more infor-
mation about the status of MLC during plan delivery. Our
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FiG. 8. Measured profiles by six detectors and the corresponding gamma analyses. [Color figure can be viewed at wileyonlinelibrary.com]
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method made the observation and quantification of the syn-
chronization of leaves possible. We also believe that multiple
deliveries of the plan at a single static angle will reduce the
uncertainty by increasing the signal to noise ratio. The Arc-
CHECK measures continuously when the gantry was rotating
in MLC open time measurement for the helical plan. There-
fore, we may need to consider the change in the distance
between the detector and the beam central line, which affects
the response of the detector in consequence. The gantry
speed of helical start shot plan was set to be 18.00°sec,
which caused a ~ 1.65-mm shift of the detector’s position rel-
ative to the beam central line between 50-ms snapshots of the
ArcCHECK measurement. According to the transverse beam
profile of our measured beam data, the induced dose differ-
ence for a 1-cm central region at 3.3-cm depth, which is the
water equivalent depth for the detectors, is less than 0.3%. As
a result, the uncertainty caused by this effect is negligible.
The ability of our method to discover leaf errors was as small

as = 18.5 ms with 99% confidence interval, which was lar-
ger compared with = 8.31 ms from Chen et al.** The reason
is believed to be due to the limited updating rate of movie
data, which was 20 Hz in our case while it was 300 Hz in the
study by Chen et al.

It should be noted that the plan for couch translation per
gantry rotation was not originally designed for our purpose. It
was a coincidence that we succeeded in locating the beam cen-
ter during the leaf open time and confirmed this specific plan
was also usable in our method. Careful calculation should be
conducted to find a suitable pitch if a user-defined helical plan
is created for applying our method. Although the uncertainty
of detector location might be compromised due to the large
amount of detectors used, we should emphasize that our
method depends on an accurate array calibration of the diodes
of ArcCHECK. Any substantial drift of the detector response
may lead to a wrong location of the beam center. Therefore, a
regular calibration of ArcCHECK may be needed.

TasLE III. Mean and maximum gamma index and FWHM for measured longitudinal beam profile from day 2 to day 10 compared with day 1 benchmark.

Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8 Day 9 Day 10
FWHM 8.921 8.933 8.956 8.947 8.938 9.002 8.991 8.955 8.921
Mean y 0.115 0.086 0.077 0.088 0.072 0.118 0.097 0.114 0.056
Max.y 0.333 0.296 0.264 0.291 0.262 0.385 0.284 0.338 0.283
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With noise added
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FiG. 10. Benchmark profile with and without 0.6% noise added. The inner
graph shows the enlarged details around the peak. [Color figure can be
viewed at wileyonlinelibrary.com]

It might be noticed that, after the beam centers for the lon-
gitudinal profiles were located, the couch speed could also be
calculated. However, this method would be greatly affected
by the uncertainty from the location of detector. According to
the manufacturer, the distance from spiral band to spiral band
and distance between detectors along the length of the spiral
were 10 & 0.25 mm.>' In the worst scenario, it could lead to
an additional error of 0.025 mm/s to a single value calculated
from two adjacent beam centers. Besides, compared with our
proposed method using shaping parameter, this method also
suffered from the stability of beam output.

Although the measurement of the mean couch speed was
convenient and accurate, it would be inappropriate to directly
evaluate the uniformity from [Fig. 6(a)], due to the uncer-
tainty of detector location and drift of array calibration which
were difficult to be quantified. The uncertainty of the FWHM
measured from a longitudinal profile should mainly come
from detector response, machine output, and couch speed.
The uncertainty coming from detector consistency and
machine output could be evaluated from (Fig. 5), which gave
a value of 0.6%. For studying the impact on FWHM mea-
surement, we added a 0.6% noise to the benchmark profile as
shown in Fig. 10 and recalculated the FWHM. We repeated
100 times to obtain a SD of 0.16% for the FWHM. Thus, we
were able to conclude that the uncertainty coming from the
couch speed solely should be less than 0.47%. Tomotherapy
claims that the position accuracy of translation is better than
1.0 mm. For a treatment length of 20 c¢m, the induced uncer-
tainty for couch speed should be less than 0.5%. This was
comparable to our observation.

Our measured result for longitudinal profile was the mean
of 34 profiles, which made it less vulnerable to machine out-
put variation and setup error. The accurate results suggest our
method could be an alternative to the current QA procedure
involving ionization chamber and electrometer. It is reason-
able to believe that our method should also work for 2.5 cm
and 5.0 cm field width. More results of profile measurements
including all three clinical field widths and comparison with
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the method using ionization chamber will be discussed in our
future studies.

Unlike the gantry-related tests in TQA helical step wedge
procedure which achieved indirect results by comparing the
measurements with the reference data, our method measured
the real-time gantry angle. However, TQA step wedge tests
did have an obvious advantage in timing accuracy due to the
repetition rate of 300 Hz. Thus, the results related to timing
would certainly have better accuracy, for example, in gantry
period difference and MLC open time. Besides, the result for
couch speed measurement had an uncertainty of 0.2%,”
which was also slightly better than our 0.5%. While the so
called “MLC flash center difference” was used to represent
the MLC synchrony, it was actually an averaged result of all
leaves under all-open and all-close status. Our proposed
method for MLC synchrony tested one-open-one-close status
which was not studied in TQA and one diode corresponding
to one specific leaf made the diagnosis for single leaf
possible.

5. CONCLUSION

This study has proposed several novel methods for mea-
suring the gantry angle and speed, MLC synchronization and
leaf open time, couch translation, couch speed and unifor-
mity, and constancy check for longitudinal beam profile of
Tomotherapy using ArcCHECK. The results have been pro-
ven to be accurate compared with machine log data and can
provide much more information than film-based methods.
The experimental setup is easy and convenient, which makes
it possible to create an all-in-one workflow for routine QA of
Tomotherapy.
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