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stereotactic treatment plans.

Methods: Isocentric shifts were quantified for two Elekta Synergy Agility Linacs
using the QualiForMed ISO-CBCT+ module, yielding the shift between kV and
MV isocenters, the gantry flex and wobble as well as the positions of couch
and collimator rotation axes. Next, the position of each field’s isocenter in the
Pinnacle treatment planning system was adjusted accordingly using a script.
Fifteen stereotactic treatment plans of cerebral metastases (0.34 to 26.53 cm?)
comprising 9—11 beams were investigated; 54 gantry and couch combinations
in total. Unmodified plans and corrected plans were measured using the Sun
Nuclear SRS-MapCHECK with the Stereophan phantom and evaluated using
gamma analysis.

Results: Geometric imprecisions, such as shifts of up to 0.8 mm between kV
and MV isocenter, a couch rotation axis 0.9 mm off the kV isocente,r and gantry
flex with an amplitude of 1.1 mm, were found. For eight, mostly small PTVs D98
values declined more than 5% by simulating these shifts. The average gamma
(2%/2 mm, absolute, global, 20% threshold) was reduced from 0.53 to 0.31 (0.32
to 0.30) for Linac 1 (Linac 2) when including the isocentric corrections. Thus,
Linac 1 reached the accuracy level of Linac 2 after correction.

Conclusion: Correcting for Linac geometric deviations during the planning pro-
cess is feasible and was dosimetrically validated. The dosimetric impact of the
geometric imperfections can vary between Linacs and should be assessed and
corrected where necessary.
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1 | INTRODUCTION

Irradiation of small intracranial lesions requires high
accuracy. Several recommendations exist for technical
requirements for the geometric accuracy of stereotac-
tic treatment machines, the more stringent demanding
1 mm localization accuracy in end-to-end tests'2 or 5%
to 3%2S dose agreement between measured and calcu-
lated dose. While dedicated machines for high precision
and accuracy irradiations exist, these recommendations
can typically also be met with conventional linear accel-
erators (Linacs). Despite all efforts to improve patient
positioning and delivery accuracy, mechanical imperfec-
tions of these machines remain.®-® With the increasing
consideration of irradiation of multiple metastases as
a treatment option,” and the increasing use of single-
isocenter multi-target irradiations,'® geometric problems
come even more into the focus.

These include the alignment of the different Linac
rotation axes (gantry, collimator, couch), the positioning
of MLC banks and individual leaves, the alignment of the
MV isocenter with the kV imaging isocenter, gravitational
effects such as gantry sagging and mechanical play
of different components. Machine quality assurance
typically covers these aspects. The Linac isocenter
position is often evaluated by star shots on film, 3D
radiochromic dosimeters,® or by using the Winston-Lutz
test'’ in combination with the portal imager. All tests
are, however, limited to spatial verification excluding
dosimetric information. The dosimetric verification of
the irradiation accuracy on a plan-by-plan basis can be
performed using dedicated measurement devices.'? '3

Different geometric deviations affect a dose distri-
bution by different degrees. Wack et al* analyzed the
impact of different geometric imperfections on small cir-
cular cerebral lesions in a planning study, finding that the
dose to the target volume can change to a clinically rele-
vant degree due to realistic offsets between MV and kV
isocenters, missing alignment of the rotation axes and
due to gantry sag. It was further shown that a measured
dose distribution was more similar to a plan in which the
anticipated geometric shifts were included than to the
original plan. This validated the implementation of the
proposed correction. The suggested procedure did pre-
dict the changes, but did not correct for the geometric
deviations before treatment.

These findings need inclusion into the clinical plan-
ning process to improve the irradiation accuracy. Con-
sequently, a different planning protocol is necessary
and plan-by-plan validation seems necessary. This work
reports on the procedure used to include the necessary
corrections into the treatment planning process and its
application to fifteen different clinical stereotactic treat-
ment plans for brain lesions covering a wide range of
different angular combinations and irradiation volumes
on two different Linacs. The successful application of the
correction procedure was validated by measurements.

2 |
21 |

MATERIALS AND METHODS

Quantification of isocenter shifts

Isocentric shifts were quantified for two Elekta Synergy
Linacs with Agility MLC (Elekta Medical Systems, Craw-
ley, UK) using Winston—Lutz tests. In more detail, the
patented test object called OTP-ISO+ (QualiForMed, La
Roche Sur Yon, France) was used. The OTP-ISO+ test
object is a plastic sphere containing several metallic
balls including a central one with 5 mm diameter. The
metallic balls are visible in the taken images and provide
information about the position of the isocenter using the
central ball and on the gantry angle using the outer balls.
The test object was aligned to the lasers in a preparatory
step.kV CBCT imaging was performed in a full clockwise
rotation using the collimator and filter cassettes combi-
nation labeled FOS10 (FO: blank filter with no effect on
the X-ray beam, S10: cassette with an opening that cre-
ates a small field of view with a diameter of 250 mm and
a nominal irradiated length at isocenter of 135.4 mm).
The shift between the initial position and the isocen-
ter of the kV image was determined using the Linac’s
XVI software. The phantom was moved by the indicated
amount using the iGuide software (Medical Intelligence,
Schwabmuenchen, version 2.2.3) and a robotic Hexa-
pod couch. The new position was again verified with
a second CBCT using the same preset but the oppo-
site rotation direction. This procedure tightly adheres to
our clinical protocol for stereotactic treatments. It also
means that the obtained corrections later used in the
correction script are valid only for positioning that is car-
ried out using CBCT imaging as all indicated distances
refer to the kV or MV isocenter. The laser position is irrel-
evant for the correction script.

To test the alignment of the MV isocenter and the test
object at its position in the kV isocenter, MV images of
15 x 15 cm? sized fields at 6 MV were acquired at 20 dif-
ferent gantry angles and 20 different collimator angles,
both spaced across 360°, and 13 different couch angles
ranging from 90° to 270°.

Analysis was performed using QualiForMed Qual-
imagic (version 6.17.5) software module 1ISO-CBCT+,
which is based on the work of Winkler et al.'* The offset
vector between kV and MV isocenter as well as the
offsets between couch or collimator rotation axes and
the gantry rotation axis, gantry flex, and wobble were
obtained from the software. In more detail, the Linac
MV isocenter was defined as the point with the smallest
distance to all three rotation axes (gantry, collimator, and
couch). The position of each axis and the kV imaging
center with respect to the Linac isocenter was detailed
in the analysis protocol together with graphical repre-
sentations of gantry sag and wobble. Here, sag refers to
the movement of the central beam along the gun-target
axis during gantry rotation, while wobble refers to move-
ments in the plane perpendicular to that axis. For the full
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Scheme of the correction procedure. Beam arrangement (lines), isocenters (dots), and PTV shape (contour) displayed in the top

row. Field shaped by MLC (white rectangles) relative to the PTV (3D object) displayed in the bottom row. (a) The beam configuration is set. (b)
Geometric deviations are accounted for by a script anticipating the isocentric shifts. Apertures are defined at this configuration. (c) The beams
are aligned to the ideal isocenter without changing the field shape. This plan is exported. (d) The resulting irradiation will provide target coverage

close to what was seen in the treatment planning system at step (b)

numerical information of the gantry sag and wobble, the
coordinates of the central ball as well as the positions
of the field edges along all directions were retrieved
from the software’s step-by-step mode. From these
coordinates, the gantry angle-dependent shifts were
calculated.

The measurements were repeated 8 times varying the
collimator angle during the gantry rotation from 0° to
90°, 180°, and 270° to account for any collimator angle-
dependent effect as well as using a gantry rotation in a
clockwise and counter-clockwise direction to assess its
effect on sag and wobble. The results were averaged to
obtain the values applied in the correction.

2.2 | Correction procedure
The direction of the beam is slightly shifted with a
gantry angle, which leads to a gantry-dependent isocen-
ter. The target point slightly moves with couch angle,
which adds to the isocentric shift. Combining the cor-
rections is straight forward. A script generated using
Pinnacle (Philips Radiation Oncology Systems, Fitch-
burg, WI, version 16.2) presented by Wack et al.* cre-
ates the true isocenter per beam direction. This is the
nominal isocenter shifted due to gantry sag and wobble,
the distance between CBCT and MV isocenter, the dis-
tance of the collimator axis and couch axis to the gantry
axis.

The modified protocol presented here is to incorpo-
rate these shifts already during the planning process
of plans using non-IMRT fixed beams. The modifica-

tions are included prior to the irradiation, as follows (see
Figure 1):

One point in the target volume is set as the ini-
tial isocenter. The necessary beams are included into
the plan. Here, the desired gantry, collimator, and
couch angles are already chosen (Figure 1a). Normally,
one would continue planning using this configuration.
Instead, the script is run, creating multiple new points,
one for each angle combination, and setting each beam
to its corresponding planning isocenter (Figure 1b). The
existing script was altered to contain the updated geo-
metric parameters for both Linacs. Next, planning is car-
ried out as usual and apertures are shaped, for exam-
ple by using block structures around the target volume
or by creating segments by hand until the desired dose
distribution is reached. This yields the “true” dose distri-
bution that needs to be reviewed. Upon accepting this
plan for treatment it needs to be verified that all MLC
positions will remain stationary, that is no blocks are
left in the fields, and that the number of monitor units
is set to a fixed value. All beams are aligned to the ini-
tial isocenter again (Figure 1c). At this stage, the plan is
exported to the record and verify system. In the exported
plan, the alignment of the field opening to the PTV in
the beams eye view will not match and the newly calcu-
lated dose distribution may not indicate complete cov-
erage of the PTV. Assuming fairly symmetric PTVs, this
visualizes the offset of the uncorrected beam to the tar-
get volume. The effect of the corrections on the dose
distribution can be estimated by comparing the dose dis-
tribution after application of the shifts to the one after
moving all beams back to the mean isocenter. Having
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anticipated and corrected the geometric shifts occurring
during the treatment, the resulting irradiation will pro-
vide target coverage close to what was initially planned
(Figure 1d).

2.3 | Dosimetric impact and validation
measurements

Fifteen recent clinical stereotactic treatments of the
brain region were extracted from the database and
replanned according to the above-mentioned procedure
keeping the original angles. Thus, for each plan, three
sets of beams were produced: One without any changes,
referred to as the original plan, and two with changes
to account for the geometric deviations observed in
Linac 1 and 2, called modification 1 and modification 2,
respectively. The test plans included 9—-11 beams each.
While the typical stereotactic treatment of a single lesion
sticks to a combination of ten fixed irradiation directions
according to departmental policy, further angular combi-
nations are usually chosen with respect to the PTV posi-
tion as well as the consideration of overlap when more
than one lesion is irradiated. In total, the fifteen test plans
included 54 different gantry and couch angle combina-
tions. The collimator angle was typically adjusted to the
PTV shape, so different collimator angles were included
in the test plans.

The dosimetric impact of the isocentric corrections
for the planned treatments was studied by comparing
the respective dose volume histograms (DVH). Treat-
ment plans using an ideal, point-like isocenter and plans
with the isocenter shifted by the predicted amount, with-
out readjusting the MLC, were compared. The minimum
dose to 98% of the target volume (D98) was determined
and serves as an indicator for the near-mimimum dose.

All three sets were measured using the SRS
MapCHECK inserted into the Stereophan for buildup
(Sun Nuclear Corporation, Melbourne, FL, USA). Here,
we used the SRS MapCHECK, which contains 1013
diodes with an area of 0.48 x 0.48 mm? and diago-
nally spacing of 2.47 mm center to center distributed on
a measurement plane. The system further allows irra-
diation from any couch and gantry angle combination
and, with the Stereophan, provides an outer geometry
similar in diameter to a head. We positioned it paral-
lel to the couch. Prior to the measurement, the phan-
tom was aligned to the kV isocenter using CBCT imag-
ing, following the typical procedure for patient treatments
and using the clinical head preset with filter settings
of FOS20 (like FOS10, but nominal irradiated length at
isocenter 276.7 mm). The array was cross-calibrated
using a 10 x 10 cm? 6 MV field with a known dose. As
this array allows irradiation from arbitrary angles without
the need to spare the electronics, all irradiations were
delivered as planned, including the couch angles. The
electronics were never in the entry path of the beam in
front of the detector array.

TABLE 1 Obtained offsets in mm. The MV isocenter is defined
as the point with the minimum distance to all three rotation axes
(gantry, collimator, couch). The distance between collimator rotation
axis and isocenter is evaluated at gantry 0° and applied to all angles.
Values 0.5 mm and above are printed in bold. Data in brackets
indicates one standard deviation over three consecutive
measurements setting up the phantom new each time

Distance
Linac 2

Distance

Between Direction Linac 1

MV isocenter and kV
isocenter

left(—)/right(+)
down(—)/up(+)

-0.5(0.06) 0.2
0.3(0.06) 0.1

~0.8(<0.01) 0.2
0.9(0.12) 0.6
0.5(0.06) 0.8
0.5(0.06)  0.05

target(—)/gun(+)
left(—)/right(+)
target(—)/gun(+)

Couch rotation axis
and kV isocenter

Collimator rotation
axis and MV
isocenter

Gantry sag
(amplitude)

target(—)/gun(+) 1.1 (<0.01) 1.3

Gantry wobble
(amplitude)

left(—)/right(+)
down(—=)/up(+)

0.26 (0.11)  0.24
0.27 (0.08)  0.26

The dose distributions of all measured plans were
compared to the calculation of the original plan on a vir-
tual phantom using SNC Patient software (Sun Nuclear
Corporation, version 8.3) by means of gamma analysis.
The typically used gamma pass rate only categorizes
the measurement points into pass and fail. The actual
gamma value of each measurement point is a better
choice to quantify small differences. Therefore, average
gamma values including all measurement points were
obtained for an absolute global gamma 2%/2 mm with
a low dose threshold of 20%. This is an unusually high
threshold, but with 9 to 11 fields per plan, this choice
avoids detecting small geometric shifts at the beam
edges far from the target and restricts the analysis to
the more relevant region where dose contributions from
different beams overlap. All planned dose distributions
were calculated and exported using (1 mm)? voxel size.
While Low and Dempsey'® suggest using a spatial cri-
terion as three times the calculation grid size or more
for accurate calculation of gamma values in steep dose
gradient regions, here, for the calculation grid size of
1 mm a stricter criterion of 2%/2 mm was chosen, as
in Wack et al* (see this reference for a further discus-
sion of the choice). The common clinical choice of a
gamma pass rate was also evaluated for the 1%/1 mm
criterion.

3 | RESULTS

3.1 | Isocenter corrections

The results of the Winston-Lutz test are listed in Table 1.
Uncertainties based on three measurements with an
independent phantom setup are given for Linac 1 and
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FIGURE 2 Ratios of the minimal dose to 98% of the target
volume (D98) of plans not accounting for isocentric shifts to plan
plans accounting for isocentric shifts in the planning system. Beam
isocenters shifted according to the geometric deviations found for the
respective Linacs

are typically small compared to the magnitude of the
included corrections.

Linac 1 showed larger deviations than Linac 2 for the
distance between kV and MV isocenter. The distance
between the collimator and gantry rotation axes was
larger for Linac 1,too. The other parameters were similar
between the machines.

The sphere containing all beam centers from all stud-
ied directions including gantry, collimator, and couch
rotation had a diameter of 1.3 mm for Linac 1 and
1.2 mm for Linac 2. Thus, both Linacs are able to achieve
a targeting accuracy below 1 mm for all beams as stated
as minimum requirements in the AAPM-RSS Medical
Physics Practice Guideline 9.a for SRS-SBRT!'

3.2 | Dosimetric impact of the
corrections

The PTV coverage of the fifteen test plans was sensi-
tive to the application of the isocentric shifts (Figure 2).
The reduction of D98 values predicts the deviations
expected without the application of the corrections. It
generally showed a size dependence, with smaller target
volumes usually being prone to larger reductions. D98
values for some of the plans, typically with larger PTVs,
were indifferent to the corrections. In one case, D98 cov-
erage even decreased when introducing the shifts yield-
ing a ratio just above 1. Such a situation may arise even
though the correction works in general, for example, for
highly irregular target volumes and non-ideal apertures
in the initial plan combined with the finite size of the dose
grid in combination with submillimeter shifts. Differences

MEDICAL PHYSICS >

between the two Linacs were visible: While the geomet-
ric effects for Linac 2 did not exceed a 4% reduction of
D98, the dose coverage on Linac 1 was notably lower for
most cases with some exceptionally affected plans with
a D98 reduced by 20% in the extreme case of a very
small PTV.

3.3 | Validation measurement results

The agreement between the calculated dose distribu-
tion and the measured dose on the phantom typically
improved when the geometric deviations were corrected
during the planning process (Figure 3). Geometric cor-
rections for Linac 2 only led to a small improvement
of the average gamma (2%/2 mm) from (0.32 + 0.06)
to (0.30 + 0.06). Applying the corrections to Linac 1
reduced the average gamma from (0.53 + 0.06) to
(0.31 + 0.05), producing results very similar to Linac
2. The improvement was statistically significant as con-
firmed by a t-test for connected samples yielding p < 0.01
and p = 0.03 for Linac 1 and 2, respectively. As there
were several plans that already had gamma passing
rates of 100% on Linac 2 prior to the correction, the
analysis of the average gamma was carried out to show
further improvements.

An estimation of uncertainties for the gamma analysis
based on three repeated measurements of an exem-
plary plan each with an independent setup is included
(Figure 3a).

4 | DISCUSSION

Geometric imperfections of the Linac isocenters, rota-
tion axes, and gravitational effects can alter the dose
distribution and were typically most pronounced for
small targets. Differences between two matched Linacs
were clearly observable. A correction of the geo-
metric deviations using a script during the treat-
ment planning process was feasible and improved
the agreement between planned and measured dose
distributions.

The necessary corrections for the script were
retrieved from measurements. All corrections are of the
same order as those reported by Wack et al. for the
same two Linacs, which were described as stable over
time.* However, this should be verified by each user for
their machine prior to implementing a correction and be
reflected in the additional QA needs coming with the
use of such a correction procedure. The newly obtained
values (Table 1) are not identical to those reported by
Wack et al* having carried out routine recalibration and
a larger repair on Linac 1 affecting the beam steering
and having switched to a different protocol using an
improved test object for the Winston—Lutz test and in the
meantime. The observed gantry sag amplitude of 1.1 to
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FIGURE 3 (a) Average global gamma (2%/2 mm, absolute,

global) for original plans and plans corrected for geometric deviations
by applying isocentric shifts for two different Linacs. Exemplary
uncertainties are indicated as two standard deviations from three
measurements. (b) Changes in average gamma values between the
corrected and the original plan. (¢) Gamma pass rates (1%/1 mm,
absolute, global, 10% threshold)

1.3 mm is comparable to literature data. For nine Elekta
Linacs the average sag (in the in-plane direction) was
1.19 mm.” For 12 Varian accelerators of different mod-
els, the sag was within 1 mm for all Linacs®

For most irradiations of small lesions on a non-
perfectly aligned Linac, a decline in coverage compared
to the planned dose distribution is expected for geo-
metric reasons. For some cases, only minor changes
can be expected. Since dosimetric consequences were
generally larger for smaller target volumes, one possi-
ble course of action is applying a correction procedure
especially to smaller lesions. However, in some cases
even the coverage of larger volumes could be consider-
ably improved when applying the script. The PTV shape
plays a role here. Therefore, it may be useful to first run
the script on a preliminary plan to estimate the dosimet-
ric impact of the geometric deviations for the individual
plan.Limiting the application of the correction procedure
to only those plans that benefit, reduces additional plan-
ning and quality assurance workload.

As a second point, the findings also illustrate that there
may be differences between structural identical Linacs.
While the consequences of individual offsets are not a
priori clear, their inclusion into a comprehensive correc-
tion procedure visualizes the dose effects. This helps
identify the Linac to be preferred in institutions with mul-
tiple available Linacs. In our case, Linac 1 and Linac 2
are each worse than the other in at least one geomet-
ric parameter. Ultimately, Linac 1 greatly profits from cor-
rections, while improvements on Linac 2 are marginal.
Therefore, the geometrical errors should be quantified
for every clinical Linac with high accuracy. Here, it was
done by means of the QualiForMed equipment. Fre-
quent measurements showed that the shifts are con-
stant over time. Even for shifts below 1 mm an improve-
ment of the accuracy could be shown. Especially for
small targets, the improvement is relevant. Moreover, the
application of the correction procedure demonstrates
how much individual parameters influence the dose dis-
tribution of certain plans, so it becomes clearer where
to concentrate efforts for further improvements. In our
case, the coincidence of the kV imaging isocenter and
the MV isocenter on Linac 1 is such a parameter. A first
attempt should be the mechanical correction of system-
atic offsets on the machine level and the residual effects
should then be corrected on the software level. Addition-
ally, it may be necessary to adapt the correction soft-
ware to the dominating types of Linac geometric impre-
cisions. For example, the couch wobble correction was
small compared to the other corrected geometric param-
eters and neglected here, but may have to be included
for other machines.

The correct irradiation depends on the correct appli-
cation of the script, which creates a need for additional
validation of the planning process. For example, in one
case, the script was unintentionally applied to a point
other than the planned isocenter. Additional care must
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be taken that the plan is prepared for the correct Linac
keeping in mind any last-minute changes. Moreover, the
beam configuration must be fixed prior to applying
the corrections. Any corrections of the beam angle after
the script has been run lead to the wrong corrections
being applied. Although the details of possible sources
of error may vary depending on the treatment planning
system and planning workflow, there is an additional risk
added by applying the corrections. Quality assurance of
individual treatment plans on the exact machine used
for treatment becomes necessary. As these checks of
treatment plans will become routine, a reliable but quick
method needs to be chosen. For the checks to reveal
any errors, the setup of the phantom needs to be car-
ried out in the same way as the patient setup, which
would typically be a CBCT. Phantom irradiation must be
possible from any direction to record also non-coplanar
fields. Further, the used device needs spatial resolution
that is high enough to be sensitive to small changes.
Over that, voxel sizes below 1 mm would be desirable
for dose calculation. Spatial resolutions for calculation
and measurement are limited and of the same order
as our findings. However, reducing the grid size in the
planning system is not meaningful as the planning sys-
tem was commissioned, thus optimized and validated,
at a calculation resolution of 1 mm. Further reduction of
the grid size gave a lower average gamma for all test
cases. Nevertheless, the resolutions were high enough
to demonstrate the effects.

In summary, in addition to implementing the correc-
tion script in the TPS regular constancy checks are nec-
essary in the clinic: The obtained isocentric shift values
serving as input into the correction script need to be ver-
ified at regular intervals, ideally at the same intervals as
suggested for constancy checks of geometric parame-
ters for stereotactic radiotherapy, as detailed for exam-
ple in the AAPM-RSS Medical Physics Practice Guide-
line 9.a. for SRS-SBRT.! The correct application of the
script for each treatment plan including the inclusion of
the correct Linac needs to be validated, ideally with a
measurement on the respective Linac.

Average gamma values comparing the measured with
the calculated dose distributions are the basis to judge
the accuracy of the irradiation with and without the cor-
rection procedure (Figure 3). The indicated uncertainty
of the average gamma is given as a mean value of three
repeated measurements. The main contributions to the
uncertainties were the setup of the measurement device
using image-guidance and geometric reproducibility of
the Linac field sizes, gantry, collimator,and couch angles.

An improved agreement of the measured and the cal-
culated dose was demonstrated after carrying out the
correction procedure. The validation of the correction
script was carried out using a planar instead of a three-
dimensional array, based on the availability of measure-
ment devices with high resolution. All measurements
were done with the array-oriented parallel to the couch
top. In principle, the phantom allows any orientation of
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the measurement plane. While orienting the array with
its measurement plane perpendicular to the couch top
in a second measurement would provide additional infor-
mation on the positioning accuracy in the third direction
(up-down), it would also double the measurement time.

Given a detector spacing of 2.47 mm and detector
area of 0.48 x 0.48 mm?, the filling factor is an issue. The
dimensions of the SRS MapCHECK diodes are capable
to detect gradient shifts of the order of 1 mm, hence,
just in the range of the corrections. Real penumbrae
are in the range of 5 mm and distance errors are well
detectable. Empirically (Figure 3), we found that the aver-
age gamma is very sensitive to the small sub-millimeter
shifts.

Another alternative to check geometric accuracy leav-
ing out dose information are checks using the portal
dosimetry system, irradiating each field with a radio-
opaque object in the isocenter and evaluating the field
position with respect to the isocenter. This method
reaches its limits with many non-coplanar fields due to
possible collisions of the couch with the imager at var-
ious positions. Additionally, images of non-central seg-
ments do not contain an isocentrically placed object.
Due to the limitation of both methods, a true three-
dimensional phantom would be ideal, for instance,
based on radiochromic material or gel. The comparison
of three-dimensional dose distributions in the patient
anatomy (Figure 4) illustrates the advantages of such
an analysis. Besides, we recommend testing the cor-
rect implementation of a correction procedure by cor-
recting and validating the improvement for single fields
from gantry and couch combinations including com-
mon and extreme angles before moving to clinical
plans.

While it was shown for one planning system that
applying corrections to stereotactic irradiations leads to
higher geometric and, consequently, dosimetric accu-
racy, and that it is feasible to correct geometric inac-
curacies using a script in the Pinnacle planning sys-
tem, the general idea of the correction procedure can
be used ubiquitously, independent of the planning sys-
tem, irradiation technique, and location. The proposed
correction improves the irradiation of stereotactic irra-
diations for static beam angles, such as fixed fields or
IMRT. Especially small lesions treated with stereotactic
body radiotherapy profit from the corrections of gantry
sag and wobble. The correction procedure is applica-
ble to IMRT plans. Ultimately, it is desirable to imple-
ment the corrections also to the individual control points
of VMAT plans from any angle, which is currently not
possible with the Pinnacle planning system. Alterna-
tively, the necessary modifications of leaf positions may
also be done in the digital imaging and communica-
tions in medicine (DICOM) RTPLAN files directly instead
of using the planning system. Ideally, the Linac con-
trol software performs the necessary corrections. Addi-
tionally, some changes of the geometry are approxi-
mated as isocenter shifts in this correction procedure.
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(a) sagittal

(b) transversal

(c) frontal

FIGURE 4 Exemplary gamma analysis (1%/1 mm, no threshold) in the patient anatomy visualized using Sun Nuclear 3DVH software
comparing the dose distributions of the original plan with the plan including the isocentric corrections. Points failing the gamma criterion are

indicated as red or blue, the dose distribution is indicated in white

For example, the gantry tilt, due to gravitational effects,
is described by the gantry flex. An alternative to correct
these effects is an adjustment with the rotation of a six-
degree-of freedom couch, which brings technical chal-
lenges as it requires synchronization of the correction
script with the couch. However, additional benefits can
be expected for irradiation of multiple targets using a
single isocenter.

5 | CONCLUSIONS

Geometric deviations of the isocenter can lead to
reduced dose coverage when irradiated on standard C-
arm Linacs compared to the visualization of the dose
distribution in the TPS. The magnitude of the effect
depends on both the PTV size and shape and the
Linac’s geometric accuracy. It was shown that a correc-
tion of the isocentric shifts during the initial planning pro-
cess and the dosimetric validation is feasible. Follow-
ing this procedure leads to better agreement between
measured and calculated dose distributions than for
the uncorrected plans. Consequently, the accuracy of
the delivered dose distribution to a patient could be
improved. As the necessary corrections vary even for
Linacs of the same type, it should be evaluated which
of the available Linacs and which plans profit from a
correction. Necessary quality assurance of the plans
after manipulations with the script can be performed with
available commercial measurement phantoms although
a phantom measuring in true 3D would be desirable.

ACKNOWLEDGMENTS
The authors thank Sun Nuclear Corporation for the loan
of an SRS-MapCHECK for the dosimetric validation of
the proposed geometric correction procedure. This pub-
lication was supported by the Open Access Publication
Fund of the University of Wuerzburg.

Open access funding enabled and organized by
Projekt DEAL.

AUTHOR CONTRIBUTIONS

S.W,R.S.,and O.S. designed the study and critically dis-
cussed the results. R.S. and S.W. prepared and carried
out the experiments and analyzed the data. S.W. wrote
the manuscript with input from all authors.

CONFLICT OF INTEREST
The authors declare no conflict of interest.

REFERENCES

1. Halvorsen PH, Cirino E, Das IJ, et al. AAPM-RSS Medical Physics
Practice Guideline 9.a.for SRS-SBRT. Journal of Applied Clinical
Medical Physics.2017;18(5):10-21.

2. Schmitt D,Blanck O, Gauer T, et al. Technological quality require-
ments for stereotactic radiotherapy. Strahlentherapie und Onkolo-
gie. 2020;196(5):421-443.

3. Velten C,Wang Y-F,Adamovics J, Wuu C-S. 3D isocentricity anal-
ysis for clinical linear accelerators. 202047 (4):1460-1467.

4. Wack LJ,Exner F,Wegener S, Sauer OA. The impact of isocentric
shifts on delivery accuracy during the irradiation of small cere-
bral targets—Quantification and possible corrections. Journal of
Applied Clinical Medical Physics.202021(5):56—64.

5. Brezovich IA, Wu X, Popple RA, et al. Stereotactic radiosurgery
with MLC-defined arcs: verification of dosimetry, spatial accuracy,
and end-to-end tests. 2019;20(5):84—98.

6. Borzov E, Nevelsky A, Bar-Deroma R, Orion |, Dosimetric
evaluation of the gantry sag effect in clinical SRS plans.
2019;1(1):20180026.

7. Rowshanfarzad P, Riis HL, Zimmermann SJ, Ebert MA. A com-
prehensive study of the mechanical performance of gantry. EPID
and the MLC assembly in Elekta linacs during gantry rotation.
2015;88(1051):220140581.

8. Rowshanfarzad P, McGarry CK, Barnes MP, Sabet M, Ebert MA.
An EPID-based method for comprehensive verification of gantry,
EPID and the MLC carriage positional accuracy in Varian linacs
during arc treatments. Radiation Oncology.2014;9(1):249.

9. Kraft J, Zindler J, Minniti G, Guckenberger M, Andratschke N.
Stereotactic Radiosurgery for Multiple Brain Metastases. Current
Treatment Options in Neurology.2019;21(2)6.

10. Palmer JD, Sebastian NT, Chu J, et al. Single-Isocenter Multitar-
get Stereotactic Radiosurgery Is Safe and Effective in the Treat-
ment of Multiple Brain Metastases. Advances in Radiation Oncol-
ogy. 2020;5(1):70-76.

11. Winston KR, Lutz W. Linear accelerator as a neurosurgical tool
for stereotactic radiosurgery. Neurosurgery. 1988;22(3):454-464.



JOURNAL OF APPLIED CLINICAL

WEGENER ET AL. MED'CAL PHYS'CS 9of9

12. McCulloch J, Pawlowski J, Kirby N, et al. Patient-specific 15. Low DA, Dempsey JF. Evaluation of the gamma dose distribution
dose quality assurance of single-isocenter multiple brain comparison method. Med Phys. 2003;30(9):2455-2464.
metastasis stereotactic radiosurgery using PTW Octavius 4D.
2020;21(9):107-115.

13. Rose MS, Tirpak L, Van Casteren K, et al. Multi-institution valida-

tion of a new high spatial resolution diode array for SRS and How to cite this article: Wegener S,
SBRT plan pretreatment quality assurance. 202047(7):3153— Schindhelm R, Sauer OA. Implementing
3164. ’

14. Winkler P, Bergmann H, Stuecklschweiger G, Guss H. Intro- _corre_ct!ons of isocentric Shlft? fo.r ?he StereOt?CtIC
ducing a system for automated control of rotation axes, |rrad|at|or_1 of cerebral targets: Clinical validation.
collimator and laser adjustment for a medical linear accel- J Appl Clin Med Phys. 202223 e13577.

erator. Physics in Medicine and Biology. 200348(9):1123— https://doi.org/10.1002/acm2.13577
1132.



https://doi.org/10.1002/acm2.13577

	Implementing corrections of isocentric shifts for the stereotactic irradiation of cerebral targets: Clinical validation
	Abstract
	1 | INTRODUCTION
	2 | MATERIALS AND METHODS
	2.1 | Quantification of isocenter shifts
	2.2 | Correction procedure
	2.3 | Dosimetric impact and validation measurements

	3 | RESULTS
	3.1 | Isocenter corrections
	3.2 | Dosimetric impact of the corrections
	3.3 | Validation measurement results

	4 | DISCUSSION
	5 | CONCLUSIONS
	ACKNOWLEDGMENTS
	AUTHOR CONTRIBUTIONS
	CONFLICT OF INTEREST
	REFERENCES




